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EXECUTIVE SUMMARY
This report presents a staﬁstical method of evaluaﬁng éeometﬁc tolerances of casting
products using point cloud data generated vby cbordinatg measuring machine (CW) process.
The focus of this repért kis to present a statistical-based approach t§ evaluate the diﬁ‘erenées in
dimensional and form variations or tolerances of casting products as affected by castiﬁg gating
system, molding material, casting thickness, and casting orientation at the mold-metal interface.
Form parameters such as flatness, parallelism, and other geometric profiles such as angularity,
casting length, and height of casting products were obtained and analyzed ﬁofn CMM point cloud
data. |
" In order to relate the dimensional and form errors to the factors under consideration such
as flatness and parallelism, a factorial analysis of variance and statistical test means methods were
performed to identify the factors that contn'bufed to the casting distortion at the mold-metal
interface. The results of some of the statistical analyses have been provided, for three casting
thicknessei Yain, ¥2in., and % in. Three sand molding materials for the research included: resin-
bonded sanci, lost foam silica sand, and lost fqarn (carbon) low éxpansion sand.
US Departrhent of Energy (DOE) and American Foundrymen’s Society funded this
research work. The research was carried out jointly by University of Alabama in Tuscaloosa,
Florida A & M University in Tallahassee, General Motors Company, Mercury Marine Cémpany,

Willard Industries, and CMI Test Center.




The summary of the research is as follows:

1. CMM point cloud data have been statistica}ly analyzed sucéessﬁﬂly to evaluaté casting
distortion. |

2. This research has eétablishéd that casting distortion (or casting quality) is influenced by the
following parameters: casting thickness, orientation, gating system, and type of molding |
mafen'al of diﬁ'erent degrees.

- 3. The quality parameters monitored for the distortion include: casting length, height, thickness,
parailelism, ﬂamesg, and casting angularit& (angle).

4. From the analyses, it was found that resin bonded sand, top gating, and orientation down

contributed most to the casting distortion

vii




 CHAPTER 1
 INTRODUCTION

Metal cast products have improveci greatly'in the last two decades due to the use of
statistical process control techniques. However, thin sand castings still lack the dirhensional
accuracy needed for certéin applications. - Controlling ’;he dimensions of thin sand castings is a
priority. The focus of this research work was to present a statistical épproach to evaluate the
dimensional and form variations that exist as gating System, molding material, casting thickness,
and orientation of the casting are varied;

The objective of manufacturing is to produce products of specific shapes, sizes, finishes,
and complexity. The quality of the manufactured part is the measure of the extent to which a part
conforms to the needs of desires of the customer or usef. Qualify assurance is the mechanism that
is respohsible for mamtammg consistent broduct quality. Under the umbrella of quality aésurance
is quality Ac‘ontrol. Statistical quality control techniques have allowed castings to greatly improve
over the bpast twenty years, yet conﬁolﬁng casting dimensions is a challenge that foundries must N
tackle. AIlevigting this problem will allow foundies to remain ‘competitive' and to maximize the |
‘production of dimensionally optimal products.

1.1.1 Description of Problem

In the foundry industry, challenges often come about in maintaining the dimensional andb

form' integrity of thin »metaAl casting products because they are generally nonlinear in nature.

Casting distortion is caused by air gap formation at the mold-metal interface. This phenomenon




haé not been suécessﬁﬂly modeled; thus, air gap formation is not fully understood [Piwonka et al.,
1995]. Figure 1.1 illustrates the process of air gap formation. Figure 1.1(a) indicates the
temperature profile immediately after the molten metal is poured kwhich is before air gai) has
formed. As the metal begins to | solidify, it contfacts, while the sand mold -expands. - The
expansion of the mold does not compensate for the contrﬁction of the metal; vthus, an air gap
‘forrns. | Figure i.l(b) indicates the temperature profile after formation of the air gap. ‘This
occurrence is the function of tfxree meéhanisms [Ho and Pehlke, 1984]. They are surface
interaction of the metal and mold, the tranéformatikon of metal and mold materials, the effects of

geometry. The air gap that is formed at the mold-metal interface decreases the heat transfer rate.

temperature »
Before profile  After

y F 4

liquid sand mold liquid  sdlid gy gap  sandmold
A B

Figure 1.1 Heat transfer at mold-metal interface.
Thus, the solidification process c;f the casting retards. This air gap may cause serious dimensional
prdblems, such as warping or castihg distortion. The focus of this Vwork was to present a
statistical approach for evaluating the effect of gating systeni, molding material, casting thickness,

and orientation on casting dimensional and form variations. -




CHAPTER 2
LITERATURE VSURVEY

This chapter provides a survey of the factors affecting casting accuracy, sand casting
processes, tolerance evaluation and stétistical analysié.
2.1 Fac;om Affecting Casting Accuracy

There has been some study of the heat transfer at the mold-metal interface. Nishida and
other scientists studied the process of the air gap formation at the casting mold interface for pure
~ aluminum, an aluminum alloy (A1-13.2 pct Si) and cast iron [Niéhida et. al., 1986]. The ;esulfs
showed that in a thin air | gap, the heat through the air gap was transferred mainly by heat
conduction. In addition, they kfound that the shépe of the casting induced different movements on
the mold wall. In cylindrical castings, the mold wall moved outward inimediately after pouring
~ and remained in that pdsition until thé solidification had greatly advanced, while flat éurfac’:es
pressed in on the casting aﬁer pouring énd theﬁ it moved outward with the casting.

Ho and Pehlke [1984] characterized the thsical mechanisms of heat transfer at the metal-
mold interface by proposing that the cause of air gap formation was due to the friction between
the casting and the sidewall. Théy also indicated that the shrinkage expeﬁenced by sidewalls due
to the evaporation of their volatile components; They also found that the heat transfer coefficient
may remain relatively low if non-conforming contacts (i.e. oxide films and mold coatings) were

present even when no air gap is formed. The thermal resistance due to the air gap




has been studied by Ross and Stoute [1962]. Their study showed that the thermal resistance due
to air gap formation has a direct effect on Kcooling and casting solidification. Sugiyama [1975],
Sun [1970], and Prétes [1972] have obtained some reliablé data experimentallyb for the heat
_transfer coefficient. - They measured the heat t,ransfer‘ coefficient by a Adne-dilhensi\oxllalr
solidification, immersion method, ‘and ﬂliidity test in a mold. However, Vthé relationship between -
casting shape, thickness, orieniation, mold mateﬁal, and gating system has not yet been fully
determined. Furthermore, it is unknown as to what extent these factors influence air gap
formation. |
2.1.1 Effect of Air Gap Formation on Casting Distortion

Initially, the effect of tﬁe mold-metal air gap formation was found in continuous cast steel
slabs [Tieﬁ et al.; 1982] and [Richmond, 1990]. ’They formed modéls that showgd that .air gap
formation redﬁces metal resistance to Vdeformation. The air gap slows down the cooling process.
Thus, an uneven cooling and unéven shrinking is introduced in the metal. As this occurs, the ,
solidified metal begins to pull the parts of the casting that have higher temperature and least
' resistance into deforrhation. Figure 2.1 illustrates th_e effect of air gap formation on ;:asting
f distortion. This same argument is vahd in sand molds. There is gréater dimensionai accuracy in
sand castings with no air gap formation [Woodbury, 1995]. The lost foam process is proof of this
argument. Lost foam processes produce dimensionally superior castings in comparison with
green sand castings because, the sand collapses around the pattern and when the foam pattemn is

‘burned away, the air gap is entirely eliminated.
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- Figure 2.1 Casting Distortion Resulting from Air Gap Formation ‘
2.1.2 Effect of Casﬁng Thickness and'Orientation on Castihg Distortion
" Piwonka and Berry ;tudied the impbrtance of interfacial heat transfer in 1993 [Piwonka
and Berry, 1993]’. They found that when the actual heat traﬁsfer coefficient is higher than the
value used in ‘the simulated theoretical model, very Iittlg error is introduced at solidiﬁcation time.
However, when th.ek actual heat transfer coefficient is lower than the one used in the model
~ (meaning an air gép has fo'rmed),k a substantial error is introduced. In addition, this error
increased when the casting thickness decreased. Therefore, casting tMchess is an important
-factor in casting distortion. Orientation also affects the way casting solidifies. Since gravity pulls
the metal inside the mold, the parts at the bottom have the tendency to stay in contact with the
mold wall. This eliminates the air gap formation in these areas. Wbodbury and others found that
in some cases changing the casting orientation elinﬁnates casting problems.
2.2 Sand Casting Process
The casting process 1s a méthod by which an object is formed by pouﬁng liquid metal into
a mold, allowing it to solidify, breaking the mold, and machining the final casting product. There

is no limitation in the size of the object that can be made. The process is very flexible.




Objects can be made with high tolerance aﬁd good surface roughness (texture)j There are a
Variety of materials that may be used fc;r‘casting. The different t&pes of casting pfoces_ses include:
sand, precision investment, shell-mold, die caéﬁng, slush mold, cenfr‘ifugal, permanent mold, die
casting and plaster mold casting processes. Ferrous metals are generally used for sandr casting, -
shell-mold casting, and investment césting. Nonferfous materials may be ﬁsed.fér any of these .
processes [Owusu, 1996]. |

Sand mold casting is the most ﬁopular castihg process. Due to its lév{ cost and high
temperature resistance, ninety percent of all castings ‘ar.e produced via sand mold casting.
Common metal candidates include iron and steel as well as, alunﬁnum, brass, bronze and
magnesilim. The basic foundry supplies for sand castings (materials and equipment necessaryb to
?roduce a casting) include molding materials, molding equipmeﬂt, foundry tools, patterns and
melting equipment. The general procedure for sand casting process is shown in Figure 2.2.
2.2.1 jCore

The core is a body of material, usuélly sand, used to produce a cavity in orron a casting.
A core is used to create passageways (hqles) ina césting and may be used to fbrm the water
jacket in a water-cooled engine block. For example, a hole on a casting may be used to form air
space between the cooling fins of an air-cooled cylinder. The characteristics of a sand core are
that they must have dry strength, xhust give off minimal -gas, must crumble easily,bat.xd it must be
collapsible, i)enneéble, temperature resistant (high), durable aﬁd formable. Cores are often made
of dry sand/baked sand. Cores are made similar io molds. They are shaped by a cofe box and are
dried in dryers. Groovés or vents aré cut into cores that do not naturally have vénts. A mold

assembly with a core is shown in Figure 2.3.
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Figure 2.2 Flow Diagram Showing General Procedure for Sand Casting Process

Figure 2.3 Sand Mold Assembly with a Core




2.2.2 Patterns
- The pattern is used to prepare and produce a mold cavity. The different types of patterns
are loose pattern andv mounfed patterns. The loose pattern contains not only the shape of the
casting, but also, the sprue and riser. | ‘It is made of one or two parts split between the cope and
the drag. A mounted pattern is pennahently fastened to a board. It is easier thaﬁ a loose pattern
to store. Also, the gating system is often mounted on a match plate. A pattern may be solid or
split. Patterns are often made of Wood. Other_\materia_ls may include metal, plaster, sand, and
plastic. |
2.2.3 Mold
The sand mold is made in a flask. The flask is the wood or metal frame in which the mold
'is made. The flask must be strong enough to withstand the sand ramming. 1t‘must resist fché
pressure of the molten metal. The flask is cofnpn'sed of two parts to include: cope (top section)
and the drag (bottomb section). If the depth of the cope or drag is needed to increase, an
intérrﬁediary section is used. It uses what is called the cheek. The components in the mold are '
the gates, risers, chills, pouring basin, etc. or gating system. The basic gating system is shown in
Figure 2.4. The gating system introduces the liquid metal with minimal ﬁ0vement (turbulence),
regulates the rate of entry, allows complete filling of the cavity and promote a temperature
gradient within the casting to help the metal solidify evenly. The gate delivers the liquid to the
mold cavity. The riser feeds the metal by gravity into the casting to keep it from shrinking. The
choke aids in the metal distribution by caﬁsing certain sections of the casting to solidify faster thaﬁ
other parts. The sprue acts as a reservoir from the pour basin. ’fhe mnnef connects the sprue to

the skim bob and gate. The skim bob is used to trap the slag. Figure 2.5 shows the sand mold

and its main features..
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2.2.4 Mold Making Procedure
- Tools used for this process include a ﬂask, rammer and riddle. Clay énd water bond green

sand, while organic or inorganic cheﬁﬁcals bond dry sand. Figure 2.6is a pictorial of the rﬁold
making proceduré. The moldihg sand is filled ipto the lower flask, and the battem is put down on
the molding board. The upper and lower flask are put together with some parts t§ make the gate
and the gas vénts and filled ﬁth thé sand as éhown in Figlire 2.6a. The sand is then fammed with
~ a wedge shaped rammer as shown in Figure 2.6b. The remainder of t};e sand is scraped off the
mold as shown in Figure 2.6¢c. The mold may be hardened chemically, see Figure 2.6d». The flask
is then removed. Figures 2.6(f-g) éhow sand‘ mold examples. The metal is melted in an induction
furnace to over 1500 degrees C. The metal is then poured. After the casting solidifies, it is then
hammered out of th'e mold. |
2.3 Types of Mqlding and Casting Proéesses

There are #everal kinds of molding processes. The bonding method, niold ‘forming
method, and sand types are the distinction between them.
1. Sand molding (or sand casﬁng)

a. Green-sand molding

| b. Dry-sand molding

c. Core-sand molding

d. Shell molding.
Miscellaneous sand-moldiz;g processes: pit and floor molding, cement-bonded sand, ak-get sand,
loam molding, CO; process, hot box, e&c.,
2. Investment (or precision) ﬁlolding

3. Ceramic molding

12




4, Plaster molding

5. Graphite moldi/ng‘

The major casting processes are classified as follows:
1. Sand casting

2. Permanent-mold casting

W

. Die casting
4, Centﬁﬁgd casting
6. Precision investment casting
Each of these processes has théir oﬁvﬁ field of appropriate applicatio@ with vceftain advantages
| and limitations. In’this study, the focus is on sand casting. The sand aggregates studied were
resin-bon&éd sand (rbs), lost foam silica sand (Ifss), and lost foam low expansion (Ifle).
- 2.3.1 Resin Bonded Sand |

Resin bonded sand is chemically bonded. In the process, a reactive binder and a catalyst
are mixed with' the sand prior fo molding. The hardening rg:action takes place without further
treatment. The mold ;strengthens over time. This prqce;s is carried out within a limited period
before hardening occurs.
Advanté,ge: More accurate castings than green sand molds
Disadvantage: More expénsive than green sand Castiflg.
2.3.2 Lost Foam Casting

H.F. Shroyer was granted a patent for the lost foam casting ﬁrocess. The patent was for a
cavity-less casting method, using a polystyrene foam pattern embedded in fraditional green sand.

The method is characterized by a polyétyrene foam pattern left in the sand that is decomposed and

13
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Figure 2.6. Pictorial Illustration of Sand Casting Process
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evaporated by the molten metal. As the molten metal is poured it replaces the foafn pattern,
preéisely duplicating all of the features of the pattern. - |
Tﬁis casting process requires that a foam pattern bey_p_roduced for every casting made.
_ The polystyrene pattern requires a lot of energy to degrade,.the metal-polymer interface has large
thermal gradients. This means that the molten metal cools faster than it would if it were poured
into an empty cévity. Accordingly, the fluidity of the molten frietal is less than in sand casting.
| The polystyrene pattern is made using a prehea{.ted die (usually aluminum). Heat is
applied to fuse and bond the beads together. The pattern is then coated with a water-based
reﬁ'aétory slurry,‘ dried and ﬁlacgd in a flask. The flask ié filled with loose fine sand, which
surrounds and supports the pattern. The sand may be dried or mixed with bonding agents to give
it additional strehgth‘. Then, without removing the polystyrene pattern, the molten metal is poured
~ into the mold. The pattern vaporizes and the metal fills the moid cavity. The heat degrades the
polystyrene and the degraded pattern evaporates and is ygnted into the surrounded 's;and and into
the atmdﬁphere. Basically, the shape desirgd is carved m the foam, thé foam is covered with layers
of fiberglass and epoxy, and then the foam is melted aWay when the metal is poured.
Advantages:;
| 1. It is simple because there are no parting lines, cores, riser systems; hence it has design
flexibility, |
2. Inexpensive flasks can be used.
3. Polystyrene is inexpeﬁsive and can be designed into complex shapes and fine details.
4. The resuiting casting requires minimum finishing and cleaning operations.
5. This process is eéonomical for long pro;iuction rﬁns.

6. It can easily be automated.

15




7. Fast
8. Easy to Repair .
Ijisadvéntages: v
1. Energy Cost: :
é. Die Cost: Application of heat to fuserand bopd the beads together to make the pattern-
b. High heat gradienté reqﬁired for vaporizing the pattern | o
2. Flimsy on flat areas ‘
3. Pattemn destroyed
4. Can easily become heavy
23.2.1 Los}t Foam Applications
| Lost foam Casﬁng process may be applied' in al_xtornotive, marine, aerospace, and
construction industries, requiring x—rayr and other soundness testing:

2.3.2.2 Tolerance

Depending on size, geomet;y, and complexity, a linear tolerance of +/- 0.005 in.fin. is
standard for the lck)stAfo‘am casting procesé. Silica sand is not the sand type of choicé ‘in terms of
tolerance. Eliminating the use of silica sand in the lost foam casting system will result in ﬁghter
tolerances. This can be achieved by a concerted effort by thé foam paﬁern producer, the qas?i"ng

| producer, and the casting user and will often result in a lost foam casting that substantially reduces

‘V or completely eliminates post casting machining. Carbon sand is conéidered to be low expansion

sand and will result in tighter tolerance specifications.

2.3.2.3 Types of Metals
Aluminum; ’ 356 319 355 333
Copper Based Alloys: Gray Iron Class25 Class30  Class 35 Class 50

16




Ductile Iron
Steel and Low Carbon Steel |

2.3.2.4 Cost

The cost savings offset the cost increase fqr the lost foam casting process. This cost
savings is due to the reductiqn in machining of the raw castihg because of the tighter, near-net .
shape and net shape tolerances achieved. Many parts that often require milling, turning, dﬁlﬁng,
and grinding can be cast with only minimal finish stock. ‘Also, combining multiple cdmponents
and casting them as one casting results in great cost reduction.
2.4 Coordinate Measuring Machine (CMM) and Point Cloud Data

Coordinate Measuring Machines (CMM) generate ppint cloud data from an object, such
as: the casting surface. This data may be processed and parameter .caiculatiéns may be made.
There are many different methods of data processing, yet, their accuracy is questionable. The
most popular algorithm, least‘squares method, is said to not give the minimum toleré.nce zone as
 required b§ ANSI standards. Some of the other altematiyes do not always give the minimum
zone. Ineffective methods open the door to producer’s risk (o error): acceﬁting that a part is
: within specifications when it is not. This error results in.money and confidence loss. A possible
method of data processing is capturing the ppint cloud data and doing form calculations; on a
computer using cutting edge algorithms.
2.5 Statistical Methods for Evaluation of Geometric and Dimensional Variations

There is much research in the arena of tolerance evaluation or metrology of manufactured
parts. Minimum zone is a popular method of determining tolerance deviati.éns. Tﬁe methodology
of minimum zone is calculating the maximum dimensional error by locating the minimum

deviation among all the sampled coordinates using various optimization schemes. Yet, this




method requires that the entire deviation space be examined. However, CMM assigns point
clouds to a sample of the data. Therefore, errors often occur. For exaiﬁple, all sampled
deviations may‘be found to be within tolerance, bﬁt since Vall‘ the data have not been eXaﬁﬁne’d
some non-sampled deviations may in fact be out of bound. Thergfore, minimum zone ié not an |
effective method for tolerance evaluation of CMM sampled data [Menq et. al 1990]. Sin;:e CMM
sampling does not meet the criteria, different number of sampling ﬁoints at different fneasurement
locations will always ;yield different results.;

Some work has been done to construct models to attack this problem. Sobh and his
cblleagues attemptéd a probabilistic appfoach [Sobh et ql. 1994].. In their research, they
constructed geometric entities using uncertainty models for the objects that contained noisy
measurements and proceeded to do reasoning on the uncertain geometﬁe;. Menq and his
research team’s method assumed normally distributed points in which the sainplihg space is
related tb the process capabﬁity [Mengq et al. 1990]. This method proves fhat the sampling
intensity (number of Vsampled points) does not depend on the tolerance or manufacturing alone,
but depends on a combination of both factors. Thus, the number of sampled points is rgduced as
the pfocess capability increases. |

There has also been an\attempt to solve the problem by niodeling uncertain geometry.
Kendall and Morap studied the theories of stochastic geometry [Kendall and Moran 1963]. They
examined a method of choosing distributions on geometric elements that p‘rovide a consistent
interpretation of physical géonietric elements. Robotics research also presents some usable |
theories for dealing with uncertain geometry. Durrant-Whyte modéled a sensor in a manner that

- explicitly accounts for the uncertainty encountered in robot operations [Duxfant’-Whyte 1984 and

1986].




2.5.1 Dimensional and Form Variatib‘n Evaluation

It would be ideal to 'manuf"acture parts to exact size. Yet, because it is often impractical, a
tolerance range is established. The fbi'm tolerance is the permittéd deviation of the actual part
feature from the nominal feature. Thgse forms include lines, planes, circles, and éylinders. Other
- form features include curves and freé-form surfaces. The tolerances that correspond to these
forms are straightheSS, ﬂatness,‘ circularify (roundness),.cylindﬁcity,_.énd proﬁie of curves or
~surfaces. The standards by which ther tolerance zones are specified are set by the Américan
National Standard Institute (ANSI), and International Standard Organization (ISO).

Ih order to evaluate tdleﬁmce érror, an ideal feature must first be established from the
actual measurementé such that déviétions of the feature can be determined. In general, form

features and errors can be expressed as follows [Menq, 1990]

X(©)=N(®)+c(®) | @D
where 0 is a set of independent variables, X(B) is the measurement value at 8, N(0) is the idéal
value of the fqrm feature at 0, and €(0) is the deviation ét 0.

| The ideal form can be the nominal design value or the best least-square fit. For CMM
sampling, the corresponding 0, for each point is not really known. Therefore, thg deviation of a
smple point is minimized by
&} = min| X; - N.9) | - 22
where, the point error g; is found by minimizing the difference between the measured value X; and
the nominal value N(t,0), and t represents the tolerance allowed in the designed.
2.5.2 Linear Dimensions

The Euclidean distance is the linear distance between two coordinate points (x3, yi, Z1) and




(X2, Y2, z2). It is calculated using equation 2.3.
DIST = SQRT[(x; - x1)* + (y2 - yo)* + (22 - z1)*] | (2.3)

In this expressjon, DIST is the desired linear distance, SQRT' is the square robt, and x, vy, z
are the\coérdinates fdr points 1 and 2.

2.5.3 Surface Flatness Evaluation -

Since sampled inspection does not measu‘ré all data points. It is possible‘ to infér that a
surface is flat when it actually is not. A rgsult of all the measpred sampled points_ being within the
tolerance limit that does hot necessarily indiéate a flat surface. If any poiﬂt is outside. the
tolerance, the surface is not cﬁoﬁsidered flat since it is assumed that the CMM machine has
negligible measurement error. Theréfore, it is necessary to calculate the variance of the sample
points to see if the variation of the surface is acceptable [Mengq, ef a/. 1990]. This examination is
based on a hypothesis test by

Hy=06=0Cn o 249
and ‘ '
Hi=oc=o0. | | (2.5)
The nullvhypothe'sis states that thek feature variation, o, equals the expected variation G, of the |
~ process in control, while the altemative'hypothesis states that the feature error, o, reaches‘the
tolerance limit, ;. Therefore, a critical value (L) must be defined and set up such that
s < L (Accept)

and .
s > L (Not Accepted).

The selection of L along with the estimator s (sampled deviation) provides sufficient
confidence in the test such that

PssLlo=on)=1-y | (2.6)
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And -
Ps>Llo=0)=1-8. | | 2.7

where Y is the risk of rejection of a surface that is good and & is the risk that a bad surface which
1 nbt satisfactory is selected. This is illustrated in Figure 2.7. The relationship between the

sample variance s’ and the true variance is given by

Ao = ns/c? , N (2.8)
~ where . is a chi-square dis;ﬁbution with n degrees of freedom.
Therefore, equation 2.6 becomes
| | P(s*<1? lo= Om) = P(%a> S.'LG/cm‘é) =1-y | 2.9

which gives : : : ( S
- L?=((ay G ). , (2.10)

\x

Figure 2.7. Sampling Plan Determined by Operating Characteristic Curve
Similarly, equation 2.7 becomes
P(s*>1%| o =0) =P <Lnc})=1-5 1D

and B '
' L? = (%14 OO/ , ‘ (2.12)

Setting equations 2.10 and 2.12 equal, the following equation is obtained
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(in;y / xzn:l-'y) = (01/Om) . (2.13)
Knowing that for n > 30, the quantity /2 xj is distributed approximately normal with

~mean of u =/2n and variance of 6* = unity '[Bendat and Piersol, 1983]. Then

27 =«/27§—>N(«/§;, 1) . (214
and having ' ' '
s—0o
z= T (2.15)
and o
| s=.-—-j20-—n +o . ' (2.16)
Thus, ‘ |
L-o ' :
P Zst - m=P S-————m =1 - 217
@sUlo=o)=Pe< —po)=1-y @I
and
L= T +Om (2.18)
Let oy = ko, (k> 1), where k is the process capability ratio ' |
' ' L-ko '
P(s*>1*|c=0)=P(z> —k_o_',,,_/—«/—zm—;)=1-8 o ,(2'19)
and ,
z,_sko
L="2=" + kon ' 2.20
\/Z—n - KG, | ( )

By setting equations 2.18 and 2.20 equal, the relationship between sample size and process

capability (given that the process is normally distﬁbutéd) is obtained, such that
7 ' , ‘ _1_ k2 _s-z, ’ : '
‘ , n=5" 1_¢ : : . (2.21)
And the critical value L becomes

L=——""4+g¢, (2.22)
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Figure 2.8 shows the relationship between the sample size and the process capabilify. The sample
size can be greatly reduced to estimate the value of the form tolerance when the process capability
is high.
2.5.4 Flatness Error Evaluation uSing Non—linéar Optimization Technique

Flatness is defined as “a condition of a surface having all elements in one plane”
according to ANSI Y14.5M standards. This method of calculating ﬂatnegs error of the casting 1s
similar to a mathematical model developed by Cheraghi ;et al. at the Wichita State University
(Cheraghi et al;1996). Thi§ method uses a non-linear optimization approach to calcuiate the exact
values of flatness errors as defined by the ANSI Y14.5M standards on geommdé dimeﬁsioning |
and tolerance. The measurements are takeninx, y, z coordinates on the walls’ surface with the z-
axis representing the direction in which the flatness will be measured. The z coorciinates measure

the variation on the surface of the casting as shown in Figure 2.9.

250

Sampling Stze
(n) 4

10 12 14 16 18 20 22

Process Capahility (K values)

Figure 2.8 Sampling Size vs. Process Capability [Meng; et al 1990]
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To obtain the exact value of the surface flatness, two plahes parallel to the x-y plane (representing
the ideal surface of the walls) a distance of # apart must be found to define the flatness tolerance

zone. The nonlinear optimization problem is expreSséd

Minimize 4= ~Z min + Z max S (223)

Subject to: -

Z, =t B (229
- 2,=0 i=1,2,..,n (2.25)

where, Z,= -x; cos O siny + y;sinf + z; cos Ocosy + z
and #is the distance representing the flatness error.

This method provides exact flatness errér values and has a short computational time.
2.5.5 Evaluation of Parallel Surfaces

In order to evaluate the parallelism error of surfaces, it is necessary to find the distance
between the points oh opposite locations of the planes that are being evaluated. From these
distances, the difference between the shortest distance and the iongest distance gives the

parallelism error. Mathematically, it is expressed as
Eparallelism = max(distas) - min(distas) (2.26)

where, Eparallelism is the difference between the maximum distance between planes A and B. The ]
™ _ '
distance is computed using equation 2.3. Figure 2.10 illustrates the parallelism error between

two planes.
2.5.6 Calculation of the Tapered Angle

opposite side
The euclidean distance, equation 2.3, and tan 0 =—P-.P'——':—
adjacent side

were used to calculate the tapered angle; yielding
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S5+ (- o)+ (- %)’

S0+ G2 )+ )

cos 8=

(2.27)
Figure 2.11 shows the parameters used in this equation. These angles are based on the
assumption that the walls of the casting are fairly straight. »
2.6 Statistical Analysis of Dimensional Data |

Thé statistical analysis of the dimensional data includes the factorial analysis of variance
and the tests on means.
2.\6.1 Aﬁalysis of Variahce

Analysis | of variance (ANOVA) procedures separate the variation observable on a
response into two basic components: variation due to assignable causes and random or chance
vaﬁation. Assignable causés refer to known or suspected sources of variation that coﬁld be
corrected during the conduct of the experiment. Random or chance variation includes the effects
of all other sources that could not be controlled or measured during the expen'ment except by
statistical modéling. The statistical model for the sand casting dimensional data are

Yigktr = ,uxjk) T ey, ' ‘ (2.28)

In this equation, y;u. is the measured dimensions of t?ie sand casting due to the different factor
level combinations. The number of repeat tests are represented by 7 = 1, 2, 3. The levels for the
molding method are represented by 7 = 1,2, 3. Similarly, j=1,2,3;k=1,2,3;/=1,2,3,
represent the levels for the gating System, the casting orientation and thickness, respectively. In
this model g is the effect of the assignable causes and e is ihe random error of the experiment.
The assignable cause portion of the model can be further decompbsed into teﬁns representing the

main effects and the interactions among the four model factors
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Bir = p+ G+ fi+ ne+ 8+ (af)y + (app + (@du + (BYx |
- (B + (19 + (i + (@B + (B + (B 2.29)

The subécript i in 2.29 represents molding material level, the subscript j represents the gating
system levels, the suEsqript k represents the orientation levels, the subscript / represents "che<
thickness levels, the r represents the three replicates. The parameters in 2.29 having é. single
subséript représenting main effects for the- factor identified Ey the subscript. TWo-factor
interactions are modeleci,by the terms having two subscripts, and the i:hree-factor ipteraction by
terms having three subscripts, and so on. The first teﬁn in the equation 2.29 represents, the over
all‘response mean. The interaction component in 2.29 models the 'joint effects that cannot be
suitably accounted for by the main effects. Each interaction effect measures the incremental joint
over what can be measured by the main effects and lower-ordOer in‘teractioﬁs. Thus, a two-factor
interaction 1s présent in a model only if the main eﬁ'écts cannot adequately model the effects of
two factors on the response. Similarly, a three-factor interaction is included’ only if the three main
effects and the three two-factor interactions do not satisfactorily model the effebts of the factors
on the response. In order for the parameters in 2.29 to be unique the following constraints are

imposed:

2.a~0, 28570, ;7k=0,---, Z(ﬂa)ij=0,2(ﬂa)ij=0,--.,. (2.30)

- Thus, the constraints require that each of the parameters in 2.30 be equal to zero. The ANOVA
table shows the sum of squares (SS) for each of the factors. They are computed and their degrees
of freedom are obtained by subtracting one in the case of the main factors and multiplying the

degrees of freedom of the interaction factors. The mean square error is the ratio between the sum
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Figure 2.9 Flatness Error Evaluation using Non-linear Optimization Technique
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Figure 2.11 Parameters to Compute Tapered Angle
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of squares and the degreés of freedom for each factor-level combination. The symbolic analysis 6f
variance for the four factors is the shown in Table 2.1.
2.6.2 The F -Test

In order to find out if the diﬁ’erehCes on casting dimensions are due to assignabie causes or
random error, the F-test was implemented. The F-test distribution function tests the hypothesis
that a particular main effect or interaction is zéro. The correspondiﬁg F-ratio should be around
one, since bothAthe numeraior and the denominétor of the F-statiétic are estimating the same
quantity, which is the érror variance. If the null hypothesis is false, the numerator mean square
will tend to be larger that the error mean square. Thus, large F-ratios lead to rejection of the

hypothesié of no factor effects. The F-test applies under the assumptions that both sampled

populations are normally distributed, and the samples are random and independent.

- Table 2.1. Symbolic Analysis of Variance Table

Source of Sum of Degrees of Mean F-Value
Variation Squares Freedom Square
A SSa a-1 SS./df(A) MS,/MSg
B SSp b-1 SSp/df(B) MSp/MSE
C SSc. c-1 SS/Af(C) MS/MSg
D SSp d-1 SSp/df(D) MSpy/MSe -
AB SSan (a-1)b-1) SSp/df(AB) MS,s/MSz
AC SSac (a-D(c-1) SSac/df(AC) MS,c/MSg
AD SS.p - (a-DA-1 SSp/df(AD) MS,p/MSg -
BC SSgc (b~Dc-1) SSpc/df(BC) MSpc/MSg
BD SSep (b-Hd-1) SSpp/df(BD) MSep/MSg
CD SSco (c-1)d-1 SScp/df(CD) MSp/MSg
ABC SSABC' (a - 1)(b ;12 (C -l) SSAsc/df(ABC) MSAB(:/MSE
ABD SSasp (a-D(b-D(-1)| SS,p/d{ABD) MS s5p/MSe
ACD SSaco {a-D(c-1Xd-1) | SSicp/d{ACD) MSacp/MSz
BCD SSgep (b-1c-1)d-1) SSep/df(BCD) MSepc/MSe
ABCD SSapcp (a-Db-1)(c-1) | SSppcp/df(ABC) MSspcp/MSg
-1
Error abed (m -1) SSg SSg/df(Error)
Total abcdm - 1 TSS
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Mathematically the F-ratio is expressed
F= (s}z/'c;gz)/(szz/cf,g). (@31
In this equation, s° is the sample variance and o7 is the population variance. This equation is
‘reduced to the ratio of the sample variances because it is assumed that the population variances
are equal. Therefore, their ratio is unity.

The hypothesis tests procedure as follows:

One tailed test Two-tailed test
H, o= or’ H,: 67 = of (2.32)
H,: o < of ; H,: o =0 | - (2.33)
Test statistic: Test statistic:
F=s’ls? _ F = si*Isi when s/ > s (2.34)
F=s5%/s,” when s_;2> 57 (2.35)
Rejéction region: ' Rejection region:
F>F, F>Fy when s/° > 5, (2.36)
orF# F.» whens’>s; | / 2.37)

where F, énd F.» are based on v; = numerator degrees of freedom and v, = denominator degrees
of freedom; v, and v; are the degrees of freedom for the numerator and de’nominat\c;r sample
variances, respectively.
2.6.3 Tests on Means

If the F-test results in the rejection of the null hypothesis, the treatment rﬁeans are equal.
Yet, it is required to know which of the means differ and by how much. Confidence intervals can

be placed on the difference between the various pairs of treatment means in an experiment.

For p treatment means, then ¢ = p (p-1)/2. | ' (2.38)




where ¢ pairs» of means that can be compared. If it is nécessary to have 100(1 -a) pércent
confidence that each of the ¢ confidence intervals contains the true difference, multiple intervals
will have to be formed using a smaller value of o than would a single interval. There are a
number of procedures available for making multiple comparisons. 'Among the procedures are
Duncan’s multiple range test, Tukey’s procedure, Newman-Keuls test and Scheffe’s test.
2.6.3.1 Duncan’s Multiple Range Test.
Application of Dunéag’s multiple-range test requires that the averagés be ordered from
smallest to largest. Each based on sample size n. They are considered sigrﬁﬁcaﬁtly different if
| %- ¥| >R | e
where, |
R,= a(opp,v) MSgi)'> - (2:40)
and q(ay;p,v) is the studentized-range critical point based on comparing the largest and the
smallf;st of p‘ averages, MSg is the mean squared error based on »v degrees of freedom, and the
-experimentwise significance level is o and n is the number of obsérvations in ihe treatment being
compared. The experimentwise sigtﬁﬁcance level is related to a comparisonwise level o through
the 'equé,tion: |
op=1 -v(1 Y @
In this procedure, the two most extreme averages. are compared first. The difference
between the largest and the smallest‘of p = k factor-level or interaction averages is compared
using Ry in equation 2.40 with the ’experimentwise significance level of ai.. If this averages are
not found significantly different with k = p, testing stops and all the averages are declared not

significantly different at the 1000y percent significance level.
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This is equivalent t.o the non-rejection of Hy: py -y = ... = piy. If the two extreme averages are
significantly different, testing continues. |

The ﬁext step is to compare ‘the largest average with the second smallest and the smallest
- average with the second largesﬁ, each test using 2.40 and 2.41 with p=k-1. I neither of these
tests is statistically significant, testing ceases and only the two extreme averages are judged
significantly different. If one or both of the tests are statistically significant, tésting continues with
the group(s) of averages for which the tvx;o extremes have beén déc;lared signiﬁcaﬁtly different.
Testing continues in this fashion until no further significant differences are obtained.
2.6.3.2 Tukey’vaeast Signiﬁcancé Diﬂ'erence (TSD)

Tukey’s procedu;e controls the experimentwise error rate for multiple comparisons when
all averages are based on the same number of observations. - The stated experimentwise error rate -
is very close to the correct value even when the sample sizes are not equal. The critical value
used in the TSD fo;mﬁla' is the upper 100a peréent point for the difference between the largest
and smallest of k averages. This difference is the range of k averages, and the critical point is
obtained from the distribution of range statistic.

In Tukey’s procedure, two averages, ;; and }_1,-, based on n; and n; observations
respectively, are significantly diﬂ\'e‘rent if

i- yi >TSD (2.42)
where | |
TSD = q(oi;p,v)(MSe [ +ny))2)%, . (2.43)
in which g(a;p, V) is the studentized range statistic, k is the number of averages being compared,
MSk is the mean squared error from an ANOVA fit to the data baséd on v degrees of freedom,

and « is the experimentwise error rate.
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2.6.3.3 Newman-Keuls Range Test.

The computational stéps are the same as Duncan’s procedure. However, the values that
determine the critical’ranges are different. Application of the Newman-Keuls range test requires
that the averagés be ordered from smallest to largest. Each based on sample size n. They are o
considered significantly diﬁ'érent if

% W ONe ~_ e
where |
N; = q(op:p,v) (MSe/n)™”, - (2.45)
and q(o,;p,v) is the studentized-range critical point based on comparing the largest and the
smallest of p averages, MSg is the mean squared error based on v degrees of freedom, and the
experimentwise significance level is o, and n i§ the number of observations in the treatment being
compared. The experimentwise significance level is related to a comparisonwise level o through
equation 2.46
| ap=1-(1-0f " | (2.46)

In this procedure, the (two fnost extreme averages are compared first. The difference
between the largest and the émallest of p=k factor-level or vintéraction averages is compared
| using Ny in equation 2.45 with the experimentwise significance level of oy. Ifth;se averages are
not found sigﬁiﬁcantly different with k = p, testing stops and all the averages are declared ﬁot
significantly diﬁ'erent‘ at the 1000y percent significance level. This is equivalent to non-rejection
of Hy: pi-p2=...=py. Ifthe two extreme averages are significantly different, testing continﬁes.

The next step is to compare the largest average with the second smallest and the smallest

average with the second largest, each test using equations 2.45 and 2.46 with p =k- 1. If neither
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of these tests are statistically significant, testing ceases and only the two extreme averages are
judged significantly different. If one or both of the tests are statistically significant, testing
continues with the group(s) of averages for which the two extremes have beén declared
significantly different. Testing continues in this fashion until no further significant differences are
obfained.
2.6.3.4 Scheffe’s Test
The Scheffe’s test is similar to the Tukey’s test in that a single critical difference value is
computed regardless of whether the means to be compared are immediately adjacent, or if several
other means fall between those being compared. The major computational difference is that
Scheffe’s test makes use of the F table versus the studentized range tables for the other tests. The
Scheffe’s test is also more stringenf than Tukey’s test and thus the probability of Type I error is
lower. /
Two means are considered significantly different if equation 2.47 is true when
| yi- ¥4 >S5, | (2.47)
where, | |
Sy =[N - DF1"? [2MSg / n) (2.48)
in which N is the number of groups and F is the F valﬁe for k degrees of freedoms within the
group, (N -1), and v is the degrees of freedom of the error in the analysis of variance. MSE is the

mean square errqr and 7 is the number of observations.
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CHAPTER 3
DATA COLLECTION, EVALUATION AND ANALYSIS
In the project entitled, “Application of Statistical Methods for Analyzing the Relationship
between Castinngistortion, Mold Filling, and Interfacial Heaf Transfer in Sand Molds”, the effect
of gating, thickness, orientation and sand type on form and dimensional errors is analyzed. In the
projeo;.:t, aluminum metal was poured. The four variable factors involved in the investigation have

been summarized below and the same have been delineated in Table 3.1.

Vén'able Factor Level of Factor
1. Molding Method (M): - Resin bonded sand molding method

Lost foam molding with silica bonded sand method
Lost foam with low expansion (carbon)sand molding
method ,
2. Gating System (G): Top-gated system
Bottom-gated system
~ Side-gated system
3. Casting Orientation (O): Up, Down, Sideways
4. Casting Thickness (T): Y4, Y2, and % inch.

The four variable factors have three levels each and each level has three replications. The letters
MG, O, and T as defined above represent the variable fé,ctors. The subscripts 1, 2, and 3
represent levels of the factors and the X's represent three replications at each level. A few of the
design of experiment tables for the calculated parameters are located in Appendix A.

The statistical analysis used in this investigation includes Analysis of Variance (ANOVA)

for full factorial randomized experiment. Randomized complete block design technique was used
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for controlling expeﬁmehtal variability due to parallelism. Newman-Keuls Test of Means was
| performed to obtain the effect of differences of means for the sample data.

The data received for the resin-bonded castings included: three orientations, namely
opening up, opening down and opening laterally. The opening up and opening down castings had
two gating‘ systems, top and bottom. The opening laterally castings used.four gating systems: top,
bottom, and two side gating systems, one ﬁlhng through the flanges and the other side gating
'ﬁlling through the top 'ridge. All the orientation and gating combinations were cast in three
different levels of thickness. There were three replicates made of each casting combination; but
not all proved viable. There were no side-gated data received from the resin-bonded sand
castings (rbs). The dat# received for the lost foam With low expansion carbon sand molding
method and lost foam with silica sand molding (lfle and Ifss) included all three orientations, gating
systems (top, bottom, and side), and three levels of thickness (Y4, Y2, % inch). There were thrée
replicates made of each combination.

Figure 3.1 provides schematic diagrams of the orientation and gating systems eaned in
this research work. The ANOVA was performed on the three data sets. In addition to the
analysis of variance, Newman—Keuls statistical tests of means were performed where statistical
significance was obs_erved; Finally, a group of charts including scatter plots, histograms, noxmé.l |
probability diagrams and box plots were,/ used to graphicaily confirm the analytical résults from
ANOVA and Test of Means.

Scatter plots made it possible to visualize the trend 6f the data and its distribution around

the mean.  Similarly, the histograms revealed the frequency distribution of the data.




Bottom Gating ] Top Gating
Crientation Up Oriertstion Up
Bottom Geting )
Orientation Down Top Geti
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Figure 3.1 Schematic of Orientation and Gating Systems
The normal probability diagrams showed whether the data normally distributed. The box plot was
used to view the range of the data points as‘ well as the niean. |
In order t§ study the variation of the distortion on sand céstings, casting characteristics
were analyzed. These characteristics include flatness, thickness, parallelism, césting angle, length,
and height. Figﬁre 3.2 is a four view drawing of the casting. The hash marks indicate where the
Coordinate Measuring Machine (CMM) measured surfac;e coordinates for the point cloud data. .
3.1 Data Collection: Preprocessing of Data for Statistical Analysis
CMI Test Center (CMI) used a CMM to measure the point cloud data. Table 3.2 shows a
sample of the point cloud data sent from CMI. In order to get the data into a functional format, it

was necessary to preprocess the data.
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The steps used in preprocessing the data for statistical analysis are as listed below.

[y

The point cloud data were received in comma delimited form in Microsoft Excel files.

The files were edited so that only the point cloud coordinates were in the files. These
coordinates were arranged in a Jong row with each set of x, y, z coordinates after the other
(X1, ¥1, 21, X2, ¥2, Z2... )

The files were opened in a text editor and separated into the ordered triple sets so that when
viewed in Excel, there were three columns of data corresponding to the coordmate axes(x, y,
z). There were 180 rows and 3 columns.

When opened in Excel, the data were separated into 3 sections with 60 points in each. Each
section contained the points for each replicate (1, 2, 3).

The data were broken down into the individual replicates on separate worksheets within each
workbook.

Each set of point cloud data for the replicates were divided up into the respective geometrical
entity represented (e.g. edge points, right flange, inner left wall, etc.) '

Each file (workbook) is representative of one casting orientation, gating, thickness, and sand :

type.

Tabie 3.2 Sample CMM Point Cloud Data from CMI

Part Program  mlbx75

Inspector IS

AFSWS

MLBX

Nominal -0.46267 2.46322 -0.35968 0 2.15707 8.41401 -0.76627 0
#NAME? 0 0 0 0.5 0 0 0 0.5
#NAME? 0 0 0 0.5 0 0 0 0.5

Seq# Datatype 1X 1Y 1Z 1DS 2X 2Y 2Z 2DS |
6/10/97 20:08] -0.46508 | 2.465562 { -0.34047 1 0.019518| 2.15495 | 8.416134] -0.74892 1 0.017639
6/10/97 20:35] -0.46586 | 2.46634 | -0.33414 ] 0.025951]2.147165] 8.423862} -0.686 |0.081507
6/10/97 20:54| -0.46648 | 2.466955] -0.3291210.031037]2.151773 | 8.4192881 -0.72324 | 0.043705

3.2 Data Analysis

Data Analysis is the evaluation of the data variations, associated with the calculated

| parameters, such as: flatness, casting tapered angle, parallelism, and linear distances (lengtlx,

thickness, and height) of the castings.

38




Figure 3.2 Four View Drawing of the Casting (Mailbox)
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The nominal values as provided in conjunction with the project are indicated as follows

Length (inch) = 6"
Height (inch) = g*!
Parallelism (inch) = 0
Thickness (inch) = Ya, %, %
Flat@ess (in;:h) = 0
Casting Angle (degrees) = 82

3.2.1 Flatness Evaluation

The flatness of the plane surfaces was calculated using the Nonlinear Optimization method as
detailed in the Literature Survey section. “The nonlinear program was coded in C programming
language. This method requires that the evaluation plane bé relatively parallel with the xz plane,
meaning that the flatness error is measured in the y direction. Therefore, some of the data needed to
be rearranged. The ;1rrangement of data for the flanges was fine, but the data for the inner walls of
the casting were in the yz plane and needed to be manipulated. This was remedied simply by
switching the x and y columns (basically a rotation of axes) in the data ﬁles.A In order for the
program to read the data, the data must be in a text file, thus the raw data for the flanges and
walls were copied from Excel and placed into a text file so fhat the program could read the data.

The flatness indices generated by the program were stored in text files and copied back into Excel
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Table 3.3 Flatness Worksheet (0.25 inch)

CECEEEEELEEEEELEEEL:

Left Flange Flatness

Rep1

Rep2

Rep3

0.012935

0.013662

0.014674

0.03245

0.02176

0.014237

0.008731

0.009309

0.024521

0.007215

0.027715

0.016905

0.011571

0.006366

0.012523

0.009505

0.036035

0.010901

0.008961

0.005837

0.007399

0.006735

0.005149

0.008138

0.007212

0.004631

0.010762

0.011588

0.009577

0.006972

0.013515

0.010137

0.008043

0.005749

0.008792

0.003127

0.005029

0.007252

0.009229

0.0058%4

0.021856

0.004864

0.008773

0.008492

0.004029

0.001428

0.003593

0.009957

0.00607

0.002988

0.00524

0.003384

0.010898

0.010458

Left Wall Flatness

SSESEYESEEESESEEEER

Repl

Rep2

Rep3

0.010207

0.007354

0.013675

0.018216

0.011647

0.007128

0.010528

0.017995

0.018362

0.009471

0.018352

0.029116

0.014219

0.02607

0.015715

0.007994

0.011009

0.008176

0.016619

0.016787

0.016703

0.00682

0.00742

0.005181

0.016712

0.005816

0.009716

0.017762

0.004341

0.023283

0.01681

0.013218

0.020062

0.025717

0.014637

0.024603

0.007319

0.009923

0.007347

0.013375

0.005343

0.013257

0.006586

0.009263

0.018357

0.008553

0.007586

0.013787

0.007974

0.011638

0.006394

0.008971

0014418

0.013464

SSEEY¥SESSEEYSSIEEEYS

Rep1

Rep2

Rep3

0.036616

0.074457

0.03629

0.181809

0.122948

0.058175

0.007408

0.040378

0.053052

0.018779

0.042132

0.031649

0.134544

0.073681

0.044145],

0013127

0.051024

-0.030049

0.619931

0.039233

0.329582

0.019637

0.023701

0.030751

0.080055

0:077857

0.12408

0.019526

0.03902

0.063054

0.008154

0.010423

0.019614

0.090187

0.03024

0.029533

0.032293

0.041927

0.039602

0.030441

0.024383

0.018511

0.089748

0.02361

0.0687838

0.004139

0.050933

0.021718

0.021058

0.02367

0.009404]

0.052951

0.06347

0.076058

Right Wall Flatness

Repl

Rep2

Repd

0.025197

0.013263

0.093224

0.032088

0.040024

0.177846

0.022667

0.041416

0.050389

0.042769

0.060123

0.118547

0.011941

0.004608

0.106884

0.057124

0.048472

0.024532

0.054214

0.027195

0.040704

0.016604

0.023969

0.006156

0.018055

0.012279

0.023918

\

0.03102

0.019873

0.014762

0.032457

0.031188

0.014697

0.050625

0.110769

0.065259

0.010203

0.010705

0.015612

0.030328

0.045034

0.033702

0.084529

0.088799

0.114245

0.018066

0.043239

0.028038

0.035637

0.013439

0.01297

0.100449

0.069747

0.030077

41

[CELEEEEECEEEEEEELEE




3.2.2 Evaluation of Parallelism

The first step in calculating the parallelism was fo place the point cloud data represenﬁng
the inner walls into the Parallelism workshéet within each workbook. Then the data points were
sorted for each replicate sé that the points from the right inner wall lined up nexf to the points on
the left inner wall (rnirrof points). Thus, the y-axis was sorted. Then, the distance between these
mirror points was calculated using the Euclidean distance formula as given in gquation 2.3. The
average of the difference between the maximum and minimum distances of each replicate is the
parallelism index. The index was calculated automatically in Excel by wntmg a simple cell
formula. Table 3.4 is a Parallelism Calculation Worksheet and Table 3.5 shows the indices.
3.2.3 Calculation of Tapered Angle

Equation 2.27 requires that thé distance in the y-axis be relatively the same on the inner
and outer walls in order to maintain the trigonometric relationship. This can be seen in Figure

2.11. Further, if the vertical distance is represented by the y-axis, it can be seen that (y,—-y,)

must equal (ys-y2) for the cosine relationship to hold. Upon viewing the data (inner and outer
wall data pasted into the Casting Angle worksheet), the y-coordinates of the inner wall were a
greater‘di'stance apart in the y direction than the y-coordinates on the outer wall. Consequently, if
the points were input directly int§ equation 2.27, there wc?uld be a mathematical error since the
inverse cosine of a number greater than one does not exist. Therefore, an #dditional point on the
inner wall was determined using linear ixltéipolation. This would give an inner wall y displacement
similar to the y displacement of the outer waﬂ makmg equation 2.27 valid. ‘The linear
interpolation equation requires that two points be known and that one of the coordinates for the

desired point be known.
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Table 3.4 Parallelism Calculation Worksheet

Inner Right Wall " Inner Left Wall
X Y Z x y VA Xdiff sq ydiff sq zdiff sq distance
6.088231 1.2689 - -7.9344 0.003227 1.2689 -7.9344 3702727368 0 0 6.085004
6.097964 1.2689 -5.2896 -0.011662 1.2689 -5.2896 '37.32752936 0 0 6.109626
6.091801 1.2689 ~2.6448 -0.01047 1.2689 -2.6448 37.23771136 0 0 6.102271
6.080119 2.9099 -71.9344 -0.006811 2.9099 -7.9344 37.05071682 0 0 6.08693
6.083248 2.9099 -5.2896 -0.006431 2.9099 -5.2896 37.08419032 0 0 6.089679
6.087119 ) 2.9099 -2.6448 0.010985 2.9099 -2.6448 37.18687239 0 0 6.098104
6.070778 4.5508 -7.9344 -0.005117 4.5508 -7.9344 36.91650005 0 (V] 6.075898
6.071899 4.5508 -5.2896 -0.001905 4.5508 -5.2896 36.89109503 0 0 - 6.073804
6.072398 4.5508 -2.6448 -0.002328 4.5508 -2.6448 36.90229598 0 0 6.074726
X Y . x y Z Xdiff sq yiiff sq zdiff oq distance
6.047667 1.2689 -71.9344 0.007978 1.2689 -7.9344 36.47784322 0 0 6.039689
6.070028 1.2689 -5.2896 -0.012193 1.2689 -5.2896 36.99341229 0 0 6.082221
6.068419 1.2689 -2.6448 <0.010648 1.2689 <2.6448 36.95505559 0 0 6.079067 .
6.059741 2.9099 -7.9344 0.008082 | 2.9099 -7.9344 36.62257665 0 1] 6.051659
6.060069 2.9099 -5.2896 -0.003938 2.9099 -5.2896 36.7721809 ‘0 0 6.064007
6.06194 2.9099 -2.6448 -0.007241 2.9099 -2.6448 36.83495801 0 0 6.069181
6.058674 4.5508 -7.9344 0.008233 4.5508 -7.9344 36.60783629 0 0 6.050441
6.059531 4.5508 -5.2896 0.002081 4.5508 -5.2896 36.6927005 0 0 6.05745
6.054229 4.5508 -2.6448 0.006308 .4.5508 -2.6448 36.57734842 0 0 6.047921
X Y z x Y ¥4 Xdiffsq ydiff aq zdiff sq distance
6.065334 1.2689 -7.9344 0.004808 1.2689 -7.9344 36.7299754 0 0 6.060526
6.077377 1.2689 -5.2896 -0.008461 1.2689° -5.2896 37.03742416 0 ] 6.085838
6.067954 1.2689 -2.6448 -0.011365 1.2689 -2.6448 36.9581195 0 0 6.079319
6.069826 2.9099 -7.9344 0.002698 2.9099 <7.9344 36.81004217 0 0 6.067128
6.068131 2.9099 -5.2896 -0.007543 2.9099 -5.2896 36.91381455 0 l 0 6.075674
6.059585 2.9099 -2.6448 -0.008425 2.9099 -2.6448 36.82074536 0 0 6.06801
6.061953 4.5508 -7.9344 0.00641 4,5508 <71.9344 36.66960102 0 0 6.055543
6.056711 4.5508 -5.2896 0.004976 4.5508 -5.2896 36.62349651 0 0 6.051735
6.049223 4.5508 -2.6448 0.0015 4.5508 -2.6448 36.57495348 0 0 6.047723
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Table 3.5 Parallelism Index

Replicate| Mux dist | min dist |parallelin
"1 | 6.10%26 | 6073804| 0.03582

2 6.082221 |6.039689| 0.042532
6.085838 | 6047723 0.038115

The y coordinate was the desired coordinate, therefore the x coordinate was the point to be

interpolated. Given this, the linear interpolation equation is shown in equation 3.1

=X)L,
" (yu —yl)

x X | (3.

where u, /, and m represent the upper, lower and middle points, respectively. This formula was
entered into the Casting Angle worksheet to determine the normalized point that would be input
into (2.27). Equation (2.27) was entered into the Casting Angle worksheet and the cell formula

intefpolated the point and determined the casting angle index. The angle was converted to

degrees from radians my multiplying the angle by 18%. Table 3.6 shows the Casting Angle

Calculation worksheet.
3.2.4 Calculations of Casting Dimensions

The equations for calsulating the linear distances (i.e. the thickness of the castings at the
top ridge, height, and the leﬁgth of the castings) were entered into the CMM point cloud data
worksheet. The worksheet contained the data for all three replicates. The distances were
calculated using the linear distance formula (x>-x;). The length was calculated using the z-
distance between the centér edge point (EP) and‘ back edge point (BEP) for each replicate. The
formula is (EP,-BEP,). | The height is calculated by using the following formula:

Average (Rp,-Average(min(Fp,)).
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where RP, denotes the r_idge points in the y-direction and min FP, denotes the lowest flange
points in the y-direction. The thickness was calculated by averaging the y-distance of the ridge
points and inner walls and taking the difference. Table 3.7 is a Height, Length, and Thickness
calculation worksheet. |

Table 3.6 Casting Angle Calculation Worksheet

Right Casting Angle Calculation(Replicate 1)
Replicate 1 v - Casting
, Outer right wall : inner right wall ' Angle

6.820275 | 2.026755 | -7.8129 | 6.088231 | 1.2689 ~7.9344 | 6.088231 1.2689 -7.9344 10.12

6.627267 | 3.52851 -7.8129 | 6.080119 | 2.9099 <7.9344 }6.0723776 425 -7.934
6.42457 | 5.029088 | -7.8129 | 6.070778 | 4.5508 ~7.9344 '
6.422561 | 5.028841 | -5.2653 | 6.071899 | 4.5508 -5.2896 | 6.097964 1.2689 -5.2896 10.12
6.621888 | 3.52785 -5.2653 | 6.083248 | 2.9099 <5.2896 | 6.074288 425 -5.2896
6.815204 | 2.026132 | -5.2653 | 6.097964 | - 1.2689 ~5.2896 c
6.814022 | 2.025987 | -2.7177 | 6.091801 | 1.2689 -2.6448 | 6.091801 | 1.2689 -2.6448 10.12
6.623176 | 3.528008 | -2.7177 | 6.087119 | 2.9099 -2.6448 [6.0741764 425 -2.6448

6.416798 | 5.028133.| -2.7177 | 6.072398 | 4.5508 ~2.6448

Right Casting Angle(Repl) | 10.12

Right Casting Angle Calculation(Replicate 1)
Replicate 1 v
outer left wall inner left wall
-0.351678 | 5.020136 | -7.8129 |-0.005117] 4.5508 ~7.9344 | 0.003227 | 1.2689 -7.9344 10.15
-0.519308 | 3.515252 | -7.8129 |-0.006811 | 2.9099 ~7.9344 1-0.0043522| 4.25 -7.9344
-0.674892 | 2.008901 | -7.8129 | 0.003227 | 1.2689 ~7.9344 :
-0.681185 | 2.009674 | -5.2653 | -0.011662} 1.2689 -5.2896 |-0.011662 | 1.2689 -5.289% 10.14
-0.519442 | 3.515268 | -5.2653 |-0.006431} 2.9099 -5.2896 {-0.0027993] 4.25 -5.2896
-0.351543 | 5.020119 | -5.2653 | -0.001905] 4.5508 -5.2896
-0.357016 | 5.020791 | -2.7177 |-0.002328} 4.5508 -2.6448 | -0.01047 | 1.2689 -2.6448 10.14
-0.524397 | 3.515877 | -2.7177 | -0.010985}| 2.9099 -2.6448 |-0.0030742} . 4.25 -2.6448
-0.687111 | 2.010401 | -2.7177 | -0.01047 | 1.2689 -2.6448 i

Left Casting Angle(Rep1) ! 10.15




Table 3.7 Height, Length, and Thickness Calculation Worksheet

Length
Edge points(z-values) ~ back edge points(z-values)
Replicate1 | Replicate 2 | Replicate 3 Replicate1| Replicate2 | Replicate 3
- -0.447461 0373175 | -0.376152 -9.258259 -9.1825 9194202 | Lengthl Length 2 Length 3
middle | -0.774418 0.779279 | -0.763303 -8.566546 -8.52613 -8.520512 7.79 .75 776
0414694 | -0342567 | 0.356066 52738 9.185958 | -9.1839%(4 ‘
Height
ridge points(y-values) right flange(y-values) left flange(y-values)
Replicate 1 | Replicate 2 | Replicate 3 Replicate 1| Replicate2 | Replicate 3 | Replicate1 | Replicate 2 | Replicate 3
8.818637 8.776808 8.805258 . -0.038625 0.119717]  -0.085829 -0.125554 -0.131836 -0.118149
8.831355 8783336 | 8812826 -0.037679, 0119969 -0.079898| -0.122384 0.124316 0.116732
8.843286 8.789744 8.820552 -0.021643 0.147657)  0.079773| -0.114303 -0.127921 -0.114424
average | 8.83109267 | 8.783296 | 8.8128787 ‘ : '
Ridge points(y-values),averages Flange average Height1 Height2 Height3
8.83718933 8.78652 8.8167153 -0.076698) -0.128569333| -0.099134167, 891 8.92 8.92
Thickness
ridge points(y- Inner wall ridge(y-values)
values) . ‘
Replicate 1 | Replicate2 | Replicate 3 Replicate 1 | Replicate 2 | Replicate 3 | Thickness 1 | Thickness 2 | Thickness 3
8.818637 8.776808 8.805258 8.520976 8.464262 8.50427 0.297661 0.312546 0.300988
8.831355 8.783336 8.812826 8.548627 8.477321 8517008 | 0282728 | 0.306015 0.295818
8.843286 8.789744 8.820552 8.548036 8.47589 8.51755 0.29525 0.313854 0.303002
' Thickness 0.29 0.31 0.30
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CHAPTER 4

METHOD IMPLEMENTATION AND ANALYSIS

The implementation of the methodology involved many’steps. Initially, the data was
preprocessed; Then, the form barameters were calculated from the point cloud data collected
from the castings. The analysis of variance (ANOVA) statistical analysié was then performed.
Finally, the Newman Keuls Test of Means was performed. The characteristic parameters of the
 castings that were analyzed in this research are summarized in the following statements.

1. Flatness of the flanges and inner walls of the casting |
2. Parallelism of the inside walls of the casting

. The tapered angle of the outside walls of the casﬁng

W

N

. Casting height
5. Wall thickness of the top of the casting
7. Length of the top ridge of the casting
4.1 Statistical Analysis

The statistical analysis was performed in order to dete;mine the effect of the factors (gating,
orientation, tlﬁckness, and sand type) on the form parameters. Tables 4.1 — 4.4 are samples of the
factorial analysis of variance (ANOVA) performed kon the data. Samples of the remaining Tables
are located in Appendix C. The ANOVA results were analyzed for significant contributors at the

95 percent confidence level.
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The index being analyzed in Table 4.1 is the left flange ﬂafness of the entire set of % inch
casting data. According to the analysis of variance (ANOVA) of this index, the mold type (M)
factor and orientation-mold type (OM) factor interacﬁon are affecting the left flange flatness at
the 95 pércent confidence level. Newman Keuls is perform‘e‘d on the‘mold type (M) due_to the
significance indiéated at the mold factor; thus, mold type (M) has a more significant contribution
td the distortion than orientation (O). Table 4.2 is the ANOVA for the height of the %4 inch lost
foam low expansion castings. According to the table, neither gating (G) or oriehtation (0)
significantly affects thé height of the lost foam low expaﬁsion castings; thus, no test of means was
performed. Table 4.3 is the ANOVA for the left wall flatness of the resin-bonded castings. The
factor interactién of gatmg-oﬁehtaﬁoh (GO)is signiﬁcantly affecting the left wall flatness. Since
there was no sighiﬁcance indicated for the single factors (G and O), both gating (G) and
oﬁentation (O) were affecting left wall flatness equally; therefore, the Newman Keuls test was
unnecessary. Table 4.4 is the ANOVA for the parallelism of the lost foam silica sand castings.
The factor interaction of gating and orientation (GO) and gating (G) are affecting the parallelism |
of the lost foam silica sand castings.‘ Since there was signiﬁéance for the singie factor gating,
gating has a greater effect on the parallelism error. Newman Keuls must be performed in this
case. : N

The Newman Keuls test of mean was performed on the significant factors found in the
analysis of the ANOVA ftables at the 95 percent confidence level. The purpose of the test of '
means is to determine which factor levels have the greatest effect on the distortion. Tai:les 4.5 énd
4.6 are the Newman Keuls test of nieans (5 percent significance level) performed based on the
analysis of ANOVA Tables 4.1-4.4. Table 4.5 is the Newman Keuls on the mold type of all of the

Ve left ﬂénge flatness data. The Newman Keuls test of means indicates that M1 is the mold
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factor level that is contributing to the left flange flatness error of all of the % inch casting data;

therefore, resin-bonded sand is the mold type contributing to the left flange flatness error for this

data set. Basically the way the table is interpreted is M1 is more significant than M2, M1 is more

significant than M3, and M2 is more significant than M3; therefore, M1 is most significant. Table

4.6 is the Newman Keuls on the gating of the % inch lost foam silica sand parallelism data. The

test of means indicates that top gating (G1) is the gating type contributing most to the % inch lost

foam silica sand parallelism error. The analysis performed on the %~ and %~ data is similar,

Chapter 5 details the full results of the ANOVA and Newman Keuls test of means.

Table 4.1 Factorial Analysis of Variance of Left Flange Flatness of all % inch castings

Total 0.0015 53

Number of Factors =3 Number of Replicates = 3

Factor ’ Levels

G=Gating System -2

O=0Orientation : 3

M=Sand Type : 3

F F :

Source SS DF MS F P 0.01 significant? 0.05 significant?
GOM 402E-05 4 1.01E-05 0.5479 0.7017  3.890307 FALSE 2.633534 FALSE
GO 7.03E-05 2 3.52E-05 1.9162 0.1619 5.247898 FALSE 3.259444 FALSE
GM 0.0001 2 5.87E-05 3.1998 0.0526 5.247898 FALSE 3.259444 FALSE
G 1.07E-05 1 1.07E-05 0.5812 0.4508 7.395556 FALSE 4.113161 FALSE
oM 0.0003 4 6.79-05 3.7023 0.0127 3.890307  FALSE 2.633534 TRUE
o) 6.88E-05 2 3.44E-05 1.8739 0.1682 5.247898 FALSE 3.258444 FALSE
M 0.0002 2 0.0001 5.997 5.70E-03 5.247898 TRUE 3.259444 TRUE
Error 0.0007 36 1.84E-05 .
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Table 4.2 Factorial Analysis of Variance of Height of Lost Foam Low Expansion Castings (% in.)

Number of Factors=2
Factor

Number of Replicates=3
Levels ’

G=Gating 2
O=O0Orientation 3
F F o

Source ss DF Ms F P 0.01 significant? 0.05  significant?
GO 0.0086 2 0.0048  2.2083 0.1525 6.926598 FALSE 3.88529 FALSE
G 0.0083 1 0.0083 3.809 0.0747 9.330279 ° FALSE  4.747221 FALSE
o) ; 0.0088 2 0.0044 2.0252 0.1747 6.926598 FALSE 3.88529 FALSE
Error 0.026 12 0.0022 '
Total 0.0526 17

Table 4.3 Factorial Analysis of Variance: Left Wall Flatness of Resin Bonded Castings(%s in.)

Number of Factors=2 Number of Replicates=3
Factor Levels
G=Gating 2
C=Orientation 3
F F
Source SS DF MS F P 0.01 significant? 0.056  significant?
GO 00002 2 0.0001 54367 0.0209 6926598 FALSE  3.88529 TRUE
G 467605 1 467E05 22668 0.158 9330279 FALSE 4.747221 FALSE
o] 233E06 2 1.17E-06 00566 0.9452 6.926598 FALSE 3.88529 FALSE
Ermror 00002 12 2.06E-05 '
Total 00005 17
Table 4.4 Factorial Analysis of Variance:  Parallelism of Lost Foam Silica Sand
Castings(Y4in.)
Number of Factors Number oﬁepli“cates
Factor Levels ‘
G=Gating -2
O=Orientation 3
‘ F F s
Source SS DF MS F P 0.01 significant? 0.05 significant?
160 0.0208 4 0.0052 3.6063 0.0251 4.57902 FALSE 292775 TRUE
G 0.0227 2 0.0114 7.8834 0.0035 6.0129 TRUE 3.55456 TRUE
0 0.0042 2 0.0021 14484 0.2611 6.0129 FALSE  3.55456 FALSE
Error 0.0259 18 0.0014
Total 0.0736 26
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Table 4.5 Newman Keuls Test of Means on Mold Type of the Left Flange Flatness Data(% in.)

Newman Keuls Test of Means on Mold Type for
Left Flange Flatness Data(0.25 in.)

ColName Count Mean Std.Dev. Std.Exrxr
--------------- . ST b T S
M1 .18 0.01061111 0.00615619 0.00145103

M2 18 0.00822222 0.0047%8651 0.00113055

M3 18 0.01316667 0.00346834 0.00081750
————————— e m b ———— fmm— e ——— o ————————

Newman-Keuls' Test
Significance Level: 0.05

Variables ‘ | Mean Diff | Critical Value |
Significant
M1 Vs. M2 0.00238889 0.00000000 YES
M1 Vs. M3 0.00255556 0.00000000 YES
M2 Vs. M3 0.00494444 0.00000000 YES

4

Table 4.6 Newman Keuls Test of Means on Gating System of Lost Foam Low
Expansion Parallelism Data(% in.)

Newman Keuls Tes‘t of Means on Gating for
Lost Foam Silica Sand Parallelism Data( 6.25 inch)

‘ColName Count  Mean. Std.Dev. Std.Err.

.- + Feaea + - [ TP
Gl 9 0.1314 0.0534 “0.0178
G2 9 0.2012 0.0422 0.0141

T +ost +

| Newman-Keuls' Test

Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant

Gl Vs, G2 0.0698 0.0000 YES




CHAPTER S
RESULTS

5.1 Data Analysis

| From the charts and analysis, there were differences noted between the nominal and calculated
values. Overall, the nominal values of the resin bonded éasting parameters varied more thah the
lost foam processes parameters. The lost foam low expansion casting parameters varied the least.
Samples of the figures used in these analyses included surfacé plots (Figure 5.1), box plots (Figure
5.2), histograms((Figﬁre 5.3) and scatter plots (Figure 5‘.4)'. The surface plot of flatness shows
the three-dimensionai variations in flatness. Box plots show the spread of the data around the
mean. Histograms show the noi'mal distribution features of the data. Scatter Plots show the two-
dimensional variation in the data.
5.2 Statistical Analysis Results

The statistical analysis showed that the factors (gating, orienfation, sand mold type, and

thickness) definitely have an effect on casting distortion. Factorial analysis of variance was
performed on all of the data for each mold’ type separately and collectively. The analysis was
performed ‘on three orientation levels (down, up, and left), three thickness le\;els (%4, Y2, and %
~ inch) and three mold type levels (resin bonded sand, lost foam low expansion, and lost foafn silica
sand). Two gating systems (top and bottom) were analyzed for all three-sand types and analysis
for varations due to side gating was pei‘formed solély on the lost foam processes (sincé this was

the only side gating data available. Newman Keuls test of means was performed on the significant




factors as determined by the ANOVA. The results of the analyses are summarized in Tables 5.1-
5.4. The tables outline the significant contributors to the distortion of the parameters (leﬁ' wall
\ﬂatneés, height, etc)ata =5 ;ﬁercent level. ). In the tables, ALL indicates that “all’é factor levels
contributedequally to the casting distorﬁon. The dash “-“ means that from the ANOVA analysis,
the effect‘of the factor was not significant. The cofnplete set of factorial analysis of vanance
(ANOVA) and Newman Keuls is ldcated in Appendix B.

Table 5.1 | shows the results of the analysis performed on all of the % inch castings.
According to the analysis, the éigniﬁcant contributors to the distortion are the resin-bonded sand,
orientation déwn and top gating (See Table 5.1 a). From Table 5.1 b and d, it can be seen that
the % inch lost foam silica sand and resin bonded sand casﬁngs are distortedkby oﬁenfatioﬁ down
and top gating, while the distortion of the low expansion castings afe primarily due to orient#tion
down (Table 5.1 ¢). Table 5.2a-d shows the analysis performed on all of the ¥ inch castings. The
analysis indicated that all gating levels equally affected the height and right flange flatness of the
lost fdam silica sand castings, left flange flatness and left wall flatness of the resin bonded castings

‘and the right flange flatness of the of the lost foam low expansion castings. All orientation levels
equally affected the right flange flatness of the lost foam silica sand casﬁngs, height of the resin
| bonde@castings,‘ and length, parallelism, left wall ﬂatnesé, and right wall flatness and right flange
flatness of the lost foam low expansion castings. Top gatiné affected the right wall flatness of the
resin-bonded castingsv and orientation up affected the length of the lost foam low expansion
castings. The analysis performed on‘the % inch castings indicated that ofientation down and top
gating characterized the distortion of the lost foam silica sand castings (See Table 5.3). The low
expansion and resin bonded castings are equally affected by all orientation and gating levels. The

low expansion castings are mostly affected by the orientation.
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Table 5.4 shows the results of the all of the castings. The results for_ all of the resin-
bonded sand castings are shown in Table 5.4a. According to the analysis, all orientation
configurations equally affected the thickness, height, length, left casting angle, and left flange
flatness. The thickness, length, and parallelism was affected by the % inch thickness, while the %
inch thickness significantly affected the left and right casting angle, and right flange flatness. Top
gating contributed significantly to the height distortion. All gating configurations equally affected
the left casting angle and left flange flatness.

Table 5.4b shows the results for all of the lost foam low expansion castings. The
parallelism and left casting angle were affected by Y% inch thickness, the right flange flatness and
right wall flatness were affected by the % inch thickness and the thickness was affected by % inch
thickness. All orientation configuration configurations equally affected the height, length, and
right flange flatness. Down orientation significantly contributed to the distortion of the left flange
flatness. All gating configurations affected the right flange flatness equally.

Table 5.4c shows the results for all of the lost foam silica sand castings. The thickness,
height, parallelism, left casting angle, right casting angle were affected by the % inch thickness.
All thickness levels contributed equally to the right flange flatness, left wall flatness, and right wall
flatness. Orientation down affected the thickness, height, length, and right casting angle. Side
orientation affected the left flange flatness. Top gating affected the thickness and i)arallelism. All

gating, orientation, and thickness levels affected the right flange flatness.
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Figure 5.1 Surface Plot of Flatness
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Figure 5.2 Box Plot of Left Flange Flatness of all 0.25 inch castings

56




Histogram of Left Casting Angle of RBS 0.25 inch Castings
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Figure 5.3 Histogram of Left Casting Angle Resin Bonded Sand (0.25 inch)
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Scatter Plot of Parallelism of all 0.25 inch
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Figure 5.4 Scatter Plot of Parallelism of all 0.25 inch Castings
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Table 5.1 Significant Contributors to Distortion of ¥4 inch Casting (o0 = 0.05)

(Results of Statistical Analysis)

Significant Factor Effect seen for 0.25 inch

a: All 0.25 inch castings

Characteristic Gating |Orientation| Mold Type
Thickness - - -
Height - - Resin Bond
Length - Down Resin Bond
Parallelism - - LF Silica
Left Casting Angle - - -
Right Casting Angle - - Resin Bond
Left Flange Flatness - - Resin Bond
Right Flange Flatness - - Resin Bond
Left Wall Flatness Top Down Resin Bond
Right Wall Flatness Top Down -

b: Lost Foam Silica Sand

Characteristic Gating |[Orientation
Thickness Top Down
Height - Down
Length - Down
Parallelism Top -
Left Casting Angle - -
Right Casting Angle - -
Left Flange Flatness - Down
Right Flange Flatness - -
Left Wall Flatness - -
Right Wall Flatness - -
S
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¢: Lost Foam Low Expansion

Characteristic

Gating

Orientation

Thickness

Height

Length

Down

Parallelism

Left Casting Angle

Right Casting Angle

Left Flange Flatness

Right Flange Flatness

Left Wall Flatness

Right Wall Flatness

d: Resin Bonded Sand

Characteristic

Gating

Orientation

Thickness

Down

Height

Top

Length

Parallelism

Left Casting Angle

[Right Casting Angle

Left Flange Flatness

Right Flange Flatness

Left Wall Flatness

Right Wall Flatness




S

Table 5.2 Significant Contributors to Distortion on 0.50 inch Castings (¢, = 0.05)

(Results of Statistical Analysis)

Significant Factor Effect seen for 0.50 inch Castings

a: All 0.50 inch Castings

¢: Resin Bonded Sand

Characteristic Gating |Orientation| Mold Type
Thickness - - ALL
Height Resin Bonded
Length - ALL Resin Bonded
Parallelism - - Low-Expan.
Left Casting Angle - - Resin Bonded
Right Casting Angle - - -

Left Flange Flatness - - -

Right Flange Flatness| ALL - Silica Sand
Left Wall Flatness ALL ALL ALL
Right Wall Flatness - - Low-Expan.

b: Lost Foam Silica Sand

Characteristic Gating |Orientation
Thickness - -
Height ALL -
Length - -
Parallelism - -

Left Casting Angle - -
[Right Casting Angle - -

Left Flange Flatness - -
Right Flange Flatness| ALL ALL

Left Wall Flatness

Right Wall Flatness
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Characteristic Gating |Orientation
Thickness - -
Height - ALL
Length - ALL
Parallelism - ALL
Left Casting Angle - -
Right Casting Angle - -
Left Flange Flatness ALL -
[Right Flange Flatness - -
Left Wall Flatness ALL ALL
Right Wall Flatness Top ALL

d: Lost Foam Low Expansion

Characteristic Gating |Orientation
Thickness - -
Height - -
Length - Up
Parallelism - -

Left Casting Angle - -
Right Casting Angle - -

Left Flange Flatness - -
Right Flange Flatness ALL ALL

Left Wall Flatness

Right Wall Flatness




Table 5.3 Significant Contributors to Distortion on 0.75 inch castings (o = 0.05)

(Results of Statistical Analysis

Significant Factor Effect seen for 0.75 inch Castings

a: All 0.75 inch castings

¢: Lost Foam Low Expansion

Characteristic Gating Orientation
Thickness ALL ALL
Height ALL ALL
Length - -
Parallelism - -

Left Casting Angle - -
Right Casting Angle - -

Left Flange Flatness - ALL
Right Flange Flatness - -

Left Wall Flatness - ALL

Characteristic Gating |Orientation| Mold Type
Thickness - - Resin-Bond
Height - ALL Resin-Bond
Length - - Resin-Bond
Parallelism - - Resin-Bond
Left Casting Angle ALL ALL
Right Casting Angle - ALL Resin-Bond
Left Flange Flatness - - -
Right Flange Flatness - ALL ALL
Left Wall Flatness - - Resin-Bond
Right Wall Flatness - - Resin-Bond

Right Wall Flatness

b: Lost Foam Silica Sand

Characteristic Gating [Orientation
Thickness Top -
Height - Down
Length - , Down
Parallelism - Down
Left Casting Angle - -
Right Casting Angle Top -

Left Flange Flatness - ALL
Right Flange Flatness - -

Left Wall Flatness - ALL

Right Wall Flatness

d: Resin Bonded Sand

Characteristic Gating Orientation
Thickness - -
Height ALL ALL
Length - -
Parallelism ALL ALL
Left Casting Angle ALL ALL
Right Casting Angle - ALL
Left Flange Flatness . ALL ALL
Right Flange Flatness - -
Left Wall Flatness - -
Right W all Flatness ALL -




Table 5.4 Significant Contributors to Distortion on all castings (o = 0.05)

(Results of Statistical Analysis)

Significant Factor Effect seen for ALL :

a: Resin Bonded Sand Castiﬂgs

c: Lost Foam Low Expansion

Characteristic Gating |Orientation [Thickness
Thickness - ALL 0.75
Height - ALL
Length - ALL ALL
Parallelism - - 0.5
Left Casting Angle - - 0.5
Right Casting Angle - - -
Left Flange Flatness - Down ~
Right Flange Flatness ALL ALL 0.25
Left Wall Flatness - - -
Right Wall Flatness - - 0.25

Characteristic Gating |Orientation| Thickness
Thickness - ALL 0.75
Height Top ALL ALL
Length - ALL 0.75
Parallelism - - 0.75
Left Casting Angle ALL ALL 0.5
Right Casting Angle - - 0.5
Left Flange Flatness ALL ALL -
Right Flange Flatness - - 0.5
Left Wall Flatness - - -
Right Wall Flatness - - -
b: Lost Foam Silica Sand

Characteristic Gating [Orientation| Thickness
Thickness Top Down 0.75
Height - Down 0.75
Length - Down -
Parallelism Top - 0.75
Left Casting Angle - - 0.75
Right Casting Angle - Down 0.75
Left Flange Flatness - Side -
Right Flange Flatness| ALL ALL ALL
Left Wall Flatness - - ALL
Right Wall Flatness - - ALL




CHAPTER 6
CONCLUSIONS

The purpose of this work was to use statistical analysis as a viable tool in the foundry
industry. The primary objective was to determine the effect of gating, orientation, mold type, and
thickness on casting distortion. The use of the analysis methodologies in this work has proven
that statistical analysis may be used with confidence in the foundry as well as other industries.

The statistical analysis confirmed that the type of gating systems, orientation, mold type,
and thickness indeed influence the quality of the casting. The factorial analysis of variance
determined the effect of each factor on each parameter (length, height, thickness, parallelism,
casting angle, and flatness). The test of means was an effective method for determining the factor
level effects. It is noted that there may have been errors introduced to the castings in association
with process error, human error, batch error, multiple mold error, etc. Yet, for this analysis, it
was assumed that all of the parameter variations found were solely due to the gating, orientation,
thickness, and mold type.

For all of the castings, the thickness levels, orientation, and gating significant contributed
to the distortion of the parameters. For all of the resin-bonded castings, % and ¥ inch thickness
played a significant role in casting distortion. Gating and orientation also played crucial roles in
the distortion. Orientation down, % inch thickness, and top gating affected the lost foam silica
sand castings. The thickness level (%, %2 , ¥ inch) most significantly affected the lost foam low

expansion castings compared with the orientation and gating.
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Resin bonded sand, orientation down, and top-gating most affected all of the ¥ inch castings. The
most significant contributor to the distortion the % and % inch castings was resin bonded sand.
Also, the analysis indicated that side gating did not significantly contribute to the distortion of the
castings. In conclusion, resin bonded sand, orientation down, and top gating were the significant
contributors to the distortion of the castings.
6.1 Future Work

A gap formation model may now be developed based upon the findings that gating,
orientation, mold type, and thickness affect casting distortion. This model may be used to control
casting distortion. The information may be used in casting solidification simulation software. The
algorithms used to calculate the dimensional variations may be coded into the coordinate-
measuring machine. The understanding of point cloud data combined with neural networks may
be used in a foundry setting to determine, classify, alleviate, énd remedy dimensional variation
errors. By controlling and measuring the errors associated with the process, batches, etc., it is
possible to more accurately determine the effect of gating, orientation, thickness, and mold type
on the parameter distortion. The same study may be performed on different ferrous metals such

as cast iron and steel.

A
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APPENDIX A

(Experimental Design of the Project)
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Table A.1 Experimental Design of the Project

(Thickness)
Mold Type :
M1 M2 M3
Thickness
Orientation Gating T1 -T2 T3 T1 T2 T3 T1 T2 T3
G1 08}os|los|os}o5]|05}03]|03]03]|0826]/0834|0782] 0.52| 0.62 |0.584]0.318|0.258]0.248] 0.74}0.75]0.74| 051|051 | 05 |0.242]|0.246] 0.2428
01 G2 08| 08]08}06)05]05]03]03]03]0747]0.755)0.754]0535]0.521]0.507}0.231}0.231]0.234} 0.75| 0.74} 0.74] 05 | 0.40] 051]0.239 0.239] 0.2476
G3 -l -b -l -1 -1-1-1-1077107540.75(0508|0515]|0.509]0.246 0.24 ] 0.251] 0.74} 0.74] 0.74| 051} 051 | 05 |0.241]0.239] 0.2344
Gl 08]09]08105/05]05]03})03]03]0.755]0.756|0.749]0.512]10.503}0.515}0.239}0.239|0.243]0.75| 0.75§0.74}1 05| 05 ] 0.6 |0.239]| 0.235] 0.2278
02 G2 08{08(08]05[05]05(03](03]03]{0751]0753{0.749(0.507( 0.51 |0.519]0.227]|0.239}0.232{ 0.73] 0.73[ 0.74| 0.6 | 05 | 0.5 {0.2440.246] 0.2453
G3 - - - - - - - - - 10.75310.748] 0.75 0.506{ 0.52 }0.519]0.234]| 0.24 {0244} 0.74] 0.73| 0.74| 05| 05 | 051 0.237{0.242} 0.2435
Gl 08108|08]05]05}05]03]03}03]0.752}0.751|0.748]0.503] 0.51 {0.511]0.237}0.246]0.229} 0.74| 0.74} 0.74} 05 | 0.49| 0.51]0.241]0.242] 0.2385
03 G2 08{08]08[05]105]06]03]03]03}0.78]0.777|0.772|0.547| 0.64 |0.50210.255]0.309}0.282]1 0.74| 0.74]0.74] 05| 05 | 05 | 0.436]|0.382| 0.4095
G3 - - - - - - - - - J075]1075]076|051]051| 05 - . - ]1074|0.74|0.74] 0.49]| 0.49{ 0.5 |0.242]| 0.246] 0.2428
Gl=Top gating  Ol=Down T1=3/4 inch thickness M1=Resin Bonded Sand

G2 = Bottom gating O2=Up

G3 = Side gating  O3=Side

T2=1/2 inch thickness
T3=1/4 inch thickness

M2=Lost Foam Low Expansion
M3=Lost Foam Silica Sand
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Table A. 2 Experimental Design of the Project

(Height) E
Mold Type
Mi M2 [ M3
Thickness
Orientation| Gating T1 T2 T3 T1 T2 T3 T1 T2 T3
Gl |89|89]|89|89]|89|89]|89]|88]|88] 87 |8707]8.672] 8.673]8.766}8.688|8.696|8.658| 8.71 | 8.63| 8.63]8.61| 8.59| 8.62| 8.61|8.745] 8.644 | 8.7979
01 G2 |89|89189]|89|89]89]|89]|89|89]|8578]8632|8616| 8.645 |8.632]8.636]|8.656|8.656]|8.656| 8.63| 8.62| 8.6 | 8.59] 8.6 | 8.59]8.651]8.686] 8.6194
G3 bl - - - - -] - 186348631]8.622) 8.638 | 8.635]|8.625] 8.62 |8.652|8.712] 8.62| 8.64) 8.63 | 8.61] 68.61| 8.6 18.678]8.699] B.6631
Gl |89|89]|89{89]|88]89]89]89)89]|8623|8621|8.608| 8586 |8.59%|8.653|8.698]8.677|8.672} 8.61|8.63|8.61|8.61]8.61]|8.61|8742|8.721] 8.6914
02 G2 |89|89|89|89]89]89]|89]89|89]|8611]8613] 859 | 8.639 |8.625|8.637]|8.669]8.667|8.668| 8.59|8.61| 8.6 | 8.61| 8.6 | 8.61|8.671|8.601] 8.6357
G3 - - - - - -8 - | - [8614]8631(8.604] 859 |8.637]8.607]8.613] 872 |8.704] 8.61]8.61] 8.6 | 8.61]8.61]8.59}8.655]8.621] 8.6377
Gl |89]|89]89]|89]88]|89]|89]89]89]86l16|8614|8.606| 8.618 | 8.778| 8.617| 8.598]8.638| 8.609| 8.62| 8.62| 8.63| 8.6 | 8.61| 8.6 | 8.696] 8.683 | 8.6884
O3 G2 |89]|89]89]|89|89]|89|89]89] 88| 866 |8644]8.658] 8.583 |8.617{8.576] 8.61 | 8.643|8.841|8.63]|8.63|8.63| 86| 86 | 8.6 |8795]8.771| 8.783
G3 - - - - - - -] - [8615]8614|8.612] 8.641 |B.618{8.629( - - - |861}862]8861) 8.6 |861|859]8708]8651}87029
G1=Top gating  Ol=Down T1= 3/4 inch thickness M1=Resin Bonded Sand

G2 = Bottom gating O2=Up
G3 = Side gating

0O3=Side

T2=1/2 inch thickness
T3=1/4 inch thickness

M2=Lost Foam Low Expansion
M3=Lost Foam Silica Sand
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Table A. 3 Experimental Design of the Project

(Length)
Mold Type
M1 M2 M3
Thickness
Orientation| Gating T1 T2 T3 T1 T2 T3 T1 T2 T3
Gl |7.744|7.782|7.815{7.847| 7.79 | 7.779| 7.774] 7.76 | 7.73 | 6.478]| 6.479] 6.47 | 6.496 | 6.485} 6.494] 6.425] 6.421| 6.427] 643 | 644 | 645] 6.44 | 6.44 | 645 6.29 | 6.15 | 6.3024
01 G2 | 774 |7.821| 7.73 | 7.78 | 7.821|7.788| 7.792| 7.747} 7.757 | 6.455 | 6.488 | 6.482} 6.48 | 6.479|6.499] 6.458| 6.458] 641 | 644 | 6.44 ) 6.44| 64 | 644 6.44 | 6.413|6.436] 5.803
G3 - - - - - - - - - 16.484]6.48916.475|6.518]6.484|6.473| 6449} 6.459| 6.433| 642 | 6.46 | 6.44 | 6.43 | 6.44 | 6.44 | 6.279] 6.414| 6.3795
G1 |7.759|7.775|7.837}7.799} 7.834| 7.82 | 7.774| 7.82117.721 | 6.482| 6.484 | 6.461} 6.479| 64721 6477 | 6452 | 6.416]6433| 6.4 | 6.44 | 641] 6.44 | 644 | 6.44 | 6.424] 6.442] 6.4364
02 G2 7799|7747 7.784| 7.80817.819} 7.823| 7.793| 7.807| 7.785| 6.464 | 6.468 | 6.482| 6.485| 6.475 | 6.478| 6.442| 6.436 | 6.438] 6.42 | 6.43 | 6.44 | 6.43 | 643 | 6.44 | 6.357]7.028] 6.6925
G3 - - - - - - - - - |6473|6.462]6.467|6488|6.496]|6.489]6.4356.434] 6.442] 6.44 | 643 | 6.44 | 6.44 | 643 | 6.44 | 6432 6.406| 6.3577
G1 {7.7617.743(7.7714 7.735{ 7.794 | 7.741{ 7.747| 7.751| 7.771 | 6.484 | 6.462 | 6.46 | 6.452(6.449{6.443|6.396(6.392}6417] 644 | 6.44 | 645 6.45| 6.45 | 6.44 | 6.426 | 6.435 6.3945
03 G2 |7.781|7.748)7.787|7.796 | 7.809| 7.82 | 7.767| 7.782| 7.757 | 6.464 | 6.463 | 6.467] 6.47 16.472| 6.464]| 6.419|6.419]| 6.418] 6.45] 6.45 | 645 | 6.44 | 645 | 6.43 | 6.03 | 6.201| 6.116
G3 - - - - - - - - - |6.466]6.465] 647 | 6478|6497} 6.462] - - - | 643 6.45) 643 | 6.44 | 6.45] 6.43 | 6.408] 6.443 ) 6.4482
G1 = Top gating Ol1=Down T1=3/4 inch thickness M1=Resin Bonded Sand
G2 = Bottom gating 0O2=Up T2=1/2 inch thickness M2=Lost Foam Low Expansion
G3 = Side gating 03=Side T3=1/4 inch thickness M3=Lost Foam Silica Sand
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Table A. 4 Experimental Design of the Project

(Parallelism)
Mold Type
§ Mi1 M2 M3
Thickness
Orientation | Gating T1 T2 T3 T1 T2 T3 T1 T2 T3
Gl 0.103] 0.089]0.0871 0.062] 0.114] 0.105] 0.24 |0.311]0422]0.059] 0.092| 0.148 | 0.059| 0.05 | 0.141]0.058] 0.077]0.052| 0.03] 0.03§ 0.04 | 0.06 | 0.04 | 0.04 | 0.166] 0.204 | 0.1682
O1 G2 0.088) 0.07110.065} 0.09910.116] 0.076 { 0.036] 0.043 | 0.038] 0.056 0.069| 0.207 | 0.027 ] 0.022] 0.096] 0.065] 0.044) 0.09 | 0.04 ] 0.04 } 0.05| 0.02 ] 0.03 | 0.03 J0.189]0.163| 0.2816
G3 - - - - - - - - - 10.05210.068{ 0.08810.18410.0671 0.0291 0.062{ 0.08 | 0.204| 0.04 { 0.03 | 0.03{ 0.02] 0.03 | 0.03 | 0.111} 0.12 | 0.196
Gl 0.056 0.067 | 0.058] 0.07 | 0.122] 0.067 } 0.124 ] 0.065] 0.466 | 0.066] 0,136 0.105] 0.141§ 0.072] 0.061 1 0.047] 0.064] 0.03 | 0.05] 0.05) 0.06 | 0.03 | 0.03 | 0.03 } 0.029] 0.082] 0.0958
02 G2 0.058| 0.065] 0.09 | 0.126] 0.11 | 0.121]0.077] 0.097]0.053] 0.067]| 0.5 }0.034]0.019}0.025}0.033] 0.055} 0.039} 0.091| 0.06 | 0.05 | 0.07 | 0.04 ] 0.03 | 0.05}0.931]0.952] 0.9418
G3 - - - - - - - - - ]10.056]0.046§0.036]0.111]0.073} 0.062| 0.04 |0.086]0.049] 0.05 | 0.05] 0.07 | 0.05 | 0.04 | 0.04 | 0.173] 0.206{ 0.1808
Gl 0.048] 0.039]0.034 ] 0.054 | 0.071]0.059} 0.105] 0.089| 0.05 | 0.123]0.093 0.087].0.077{0.054| 0.07 | 0.036]0.054] 0.068| 0.02] 0.04 | 0.02 ] 0.07 | 0.05] 0.03 | 0.142] 0.143] 0.1531
O3 G2 [0.088(0.073[0.095{0.042] 0.062 0.098{ 0.04410.072| 0.336 | 0.123] 0.132{ 0.141 | 0.118 | 0.064 | 0.063 | 0.038] 0.073{ 0.016{ 0.03 | 0.03 | 0.03 | 0.03 | 0.05| 0.03 | 0.237]0.176] 0.206
G3 - - - - - - - - - 10.07510.025} 0.06 {0.045]0.107} 0.042] - - - 100510041005 0.04] 005 0.06§0.095{0.186{ 0.1252
7
G1 =Top gating O1=Down T1=3/4 inch thickness M1=Resin Bonded Sand

G2 = Bottom gating O2=Up
G3 = Side gating

O3=Side

T2=1/2 inch thickness
T3=1/4 inch thickness

M2=Lost Foam Low Expansion
M3=Lost Foam Silica Sand
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Table A.5 Experimental Design of the Project

(Left Casting Angle)
Mold Type
M1 M2 M3
Thickness
Orientation | Gating T1 T2 T3 T1 T2 T3 T1 T2 T3
Gl |101] 101]1013]10.11{1011{10.11} 1011} 1011 | 10.12| 10.12} 10.12| 10.12} 10.12} 10.12| 10.12| 10.12{ 10.13{ 10.14] 101 | 10.1 | 10.1 | 10.1] 101 | 101 | 1012 10.13] 10.117
01 G2 [101]1009f 101 | 101 | 101 | 101 [1015[10.12{10.12[10.11]10.12{ 10.11[ 10.12| 10.12| 10.12] 10.12| 10.12{ 10.12] 10.1 | 10.1 | 10.1 | 10.1 | 10.1 | 10.1 | 10.12]10.12] 10.12
G3 -l - - b - - - - -] - j112]1012f1012|1012| 10.11{ 1012 1013] 10.12] 10.13] 101 | 10.1 { 101 | 101 | 101 | 101 | 10.12] 10.12] 10.122
G1  ]1011}10111011] 101 10.11}10.11 1013} 10.12[ 10.14 ] 10.12] 10.11{ 10.12] 10.12} 10.12| 10.12] 10.15] 1012} 10.13] 10.1 | 101 | 101 | 10.1 ] 10.1 } 10.1 | 10.14]10.12] 10.122
02 G2 [1011]1011{1011|10.11}10.11}10.11}10.12] 1012{10.12| 10.12] 10.12] 10.12| 10.12] 10.12 10,12} 10.12] 10.12| 1012 10.1 | 101 | 10.1 ] 101 | 10.1 | 101 | 10.12]10.12] 10.116
G3 -1l -1t -1-1-1-1-1-1- [wijr11}1011}1012]1012|1012{10.1210.14|10.13] 10.1 | 101 | 10.1 | 10.1 | 10.1 | 101 §10.12} 10.12] 10.122
G1 10,13[10.13| 10.13] 10.11] 10.1 {10.13]10.14{10.11}10.12{10.11{10.11}10.11] 10.12} 10.11} 10.12]| 10.13{ 10.12} 1012} 10.1 | 10.1 | 10.1 | 10.1 | 10.1 | 10.1 | 10.12]10.12} 10:12
o3 G2 10.1 | 10.11}10.11}10.11] 10.11| 10.11] 10,12} 10.11§ 10.1 {10.12}10.12| 10.12]10.12] 10.12| 10.12{ 10.13| 10.14] 10.13] 10.1 | 10.1 | 10.1 | 10.1 § 10.1 | 10.1 | 10.12]10.12] 10.1
G3 -1 -1 -1 -1 -1 -1 -1 -1 - J0azf1012)1012f1012]1012)1012f - | - } - ]101}101}101]101]101] 101]1012}10.12f 10118
G1 = Top gating Ol1=Down T1=3/4 inch thickness M1=Resin Bonded Sand
G2 = Bottom gating 02=Up T2=1/2 inch thickness M2=Lost Foam Low Expansion
G3 = Side gating O3=Side T3=1/4 inch thickness M3=Lost Foam Silica Sand
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Table A. 6 Experimental Design of the Project

(Right Casting Angle)
Mold Type
M1 M2 M3
Thickness
Orientation | Gating T1 T2 T3 T1 T2 T3 T1 T2 T3
Gl 10.11{10.11} 10.1 }10.12} 10.1 §10.11|9.828]9.877]10.02}10.11{10.11{10.12]| 10.12] 10.13]10.07} 10.1 } 10.06]10.16] 10.1 | 10.1} 10.1 { 10.1 | 10.1 | 10.1 | 10.29] 10.26| 10.275
01 G2 10.12]10.1310.12|10.13] 10.1 |10.13]10.12}10.12]10.11|10.11}10.12| 10.11} 10.12] 10.12] 10.12] 1011} 10.11] 10.1 { 10.1 | 10.1 | 10.1 } 10.1 } 10.1 ] 10.1 } 10.19]10.22| 10.148
G3 - - - - - - - - - 11012}1012]10.12110.12}10.12]10.12110.11110.11}10.14} 10.1 | 10.1 | 10.1 } 10.1 } 101 § 10.1 ] 10.16 10.19] 10.168
G1 10.13|10.13§10.11] 10.11] 10.08]| 10.11] 10.08| 10.1 | 9.899] 10.11}10.11}10.12]10.07{10.12}10.14| 10.11 | 10.17] 10.13] 10.1] 10.1] 10.1] 10.1 | 10.1 | 10.1 | 10.12] 10.17| 10.205
02 G2 10.12}10.11]10.11}10.08| 10.1 | 10.1 }10.08} 10.07}10.13} 10.13|10.11| 10.1 {10.11{10.11]10.12]10.11| 10.11{10.18} 10.1 | 10.1] 10.1 | 10.1 | 10.1 | 10.1 {10.22]| 10.25| 10.234
G3 - - - - - - - - - }1012]10.14|10.12}10.12} 10.12| 10.12{ 10.11] 10.13]| 10.14| 10.1 | 10.1] 10.1 | 10.1 | 10.1 | 10.1 | 10.21] 10.25] 10.188
Gl 10.14]10.14]10.15] 10.11{ 10.14| 10.1 | 10.09|10.11}10.11{10.12}10.12| 10.11} 10.11]10.15]10.12| 10.13} 10.14} 10.17]| 10.1 § 10.1 | 10.1 { 10.1 { 10.1 | 10.1 } 10.15{10.17} 10.151
o3 G2 [10.12]1012]10.13}10.12}10.11| 10.1 |10.13|10.12}9.636] 10.11}10.12} 10.12| 10.15| 10.12| 10.11 | 10.09} 10.08§ 10.14 | 10.1 | 10.1 | 10.1 | 10.1 | 10.1 | 10.1 ] 10.25{10.22} 10.2
G3 - - - - - - - - - 11011710.12{10.12|10.11]10.11]10.11] - - - {101}101]101}10.1]101110.1]10.18{10.21| 10.19
G1 = Top gating O1=Down T1=3/4 inch thickness M1=Resin Bonded Sand
G2 = Bottom gating 02=Up T2=1/2 inch thickness M2=Lost Foam Low Expansion
G3 = Side gating 03=Side T3= 1/4 inch thickness M3=Lost Foam Silica Sand
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Table A.7 Experimental Design of the Project

(Left Flange Flatness)
Mold Type
M1 M2 M3
Thickness
Jrientation|Gating T1 T2 T3 T1 T2 T3 T1 T2 T3

G1 [0.007}0.00610.019] 0.006} 0.02 | 0.016] 0.003| 0.005] 0.009} 0.012} 0.006| 0.013] 0.01 | 0.036 | 0.011 0.007] 0.005] 0.008] 0.008 | 0.007 | 0.009 | 0.005 | 0.005 | 0.006 | 0.006 | 0.007] 0.014
O1 G2 | 0.01 [0.008]0.003]0.009] 0.01 |0.019]0.006] 0.01 {0.004|0.032]0.022{0.014]0.013] 0.014 | 0.015] 0.009 | 0.009 0.025| 0.003| 0.009] 0.006 | 0.008 | 0.007 | 0.004 [ 0.012]0.012] 0.014
G3 - - - - - - - - - |0.007]0.028]0.017} 0.013| 0.011 ] 0.005] 0.006]| 0.018] 0.018] 0.005| 0.092 | 0.048{ 0.013 | 0.007 | 0.012 | 0.016] 0.024 0.013
G1 j0.008]0.004}0.014]0.006 | 0.008} 0.006| 0.02 | 0.006] 0.015 | 0.006 0.009] 0.003] 0.006 } 0.022 | 0.005 0.005| 0.007] 0.009] 0.006 | 0.008 | 0.012 | 0.011 | 0.02 | 0.011 | 0.02 }0.015] 0.014
02 G2 |0.003]0.004] 0.02 | 0.016]0.004 | 0.005] 0.016| 0.005] 0.007] 0.009] 0.006} 0.015 | 0.007] 0.005}0.011]0.012| 0.01 | 0.007| 0.013 | 0.015| 0.03 ]| 0.014 | 0.037 | 0.013 | 0.013] 0.018| 0.015
G3 - - - - - - - - - |0.019]0.016]0.016 ] 0.009] 0,014} 0.007] 0.014] 0.01 | 0.008] 0.05 { 0.01 | 0.03 | 0.007 | 0.003 | 0.026 | 0.015|0.017| 0.03
G1  |0.034]0.028{0.022] 0.033] 0.067] 0.024] 0.025( 0.015[ 0.012[0.003] 0.011{ 0.01 | 0.004 [ 0.011]0.005{0.004 0.003 0.01 | 0.008 | 0.017{ 0.01 | 0.015] 0017 0.01 |0.011]0.0120.009
03 G2 |0.0080.004]0.013] 0.005] 0.009( 0.004 0.005] 0.013] 0.015 | 0.009] 0.008 | 0.004 | 0.001 | 0,004 0.01 | 0.005| 0.006| 0.007| 0.008 | 0.008 | 0.008 | 0.013 | 0.012 | 0.01 |0.015]|0.015} 0.015
G3 - - - - - |- - - |0.014] 0.01 | 0.01 |0.006f0.003|0.005] - - - 10014} 0011 001 | 0.019] 0.028 | 0.008 | 0.008]0.012] 0.008

G1 = Top gating O1=Down
G2 = Bottom gating O2=Up
G3 = Side gating O3=Side

T1=3/4 inch thickness
T2=1/2 inch thickness
T3=1/4 inch thickness

M1=Resin Bonded Sand
M2=Lost Foam Low Expansion
M3=Lost Foam Silica Sand
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Table A. 8 Experimental Design of the Project

(Right Flange Flatness)

Mold Type
M1 M2 M3
Thickness
Orientation | Gating T1 T2 T3 T1 T2 T3 T1 T2 T3
G1  |0.022§ 0.01 |0.067}0.009} 0.009|0.012] 0.012{ 0,021 } 0.008 | 0.135] 0.074{ 0.044 | 0.013] 0.051] 0.03 | 0.02 |0.024}0.031| 0.01 | 0.01 } 0.06 | 0.02] 0.02 | 0.02 | 0.021| 0.08 | 0.0872
o1 G2 {0.019]0.027|0.008 0.007] 0.002| 0.023} 0.01 [0.008]0.017]0.182]0.123| 0.058{ 0.037] 0.074 | 0.036| 0.007} 0.04 [0.053} 0.13 | 0.04 [ 0.07 | 0.03 | 0.03 | 0.02 | 0.054| 0.05 | 0.0518
G3 0.019] 0.042] 0.032] 0.073 0.067| 0.048] 0.061 | 0.127 | 0.072] 0.01 | 0.01 ] 0.01 | 0.06 | 0.03 | 0.01 | 0.065|0.125] 0.0362
G1  ]0.009]0.008] 0.115| 0.006 | 0.034 ] 0.006 ] 0.021]0.008 | 0.019| 0.09 | 0.03 | 0.03 | 0.03 {0.024]0.019] 0.032}0.042] 0.04 | 0.17 | 0.03 } 0.02] 0.04 | 0.01 | 0.04 | 0.035 0.028] 0.2081
02 G2 10.017]0.017] 0.069] 0.02 }0.006]0.021| 0.013] 0.017] 0.037] 0.62 | 0.039} 0.659| 0.08 } 0.078] 0.124| 0.02 | 0.039{0.063} 0.01 | 0.02 | 0.17} 0.01 | 0.02 ] 0.03 | 0.139] 0.044 | 0.0911
G3 0.17 | 0,043} 0.084] 0.016] 0.029] 0.017| 0.008| 0.01 | 0.02 | 0.02 | 0.03 | 0.03 | 0.05 | 0.03 | 0.02 | 0.063] 0.145| 0.047
G1  ]0.038]0.036] 0.014 | 0.019] 0.024] 0.009] 0.019] 0.031 [ 0.019 0.053 | 0.063] 0.076 [ 0.019] 0.021] 0.02 | 0.01 |0.013{0.007{ 0.03 | 0.02 | 0.01 | 0.03{ 0.03 | 0.02 | 0.026]0.099] 0.0347
O3 G2 |0.023}0.018{0.043| 0.007} 0.004] 0.006] 0.009} 0.018{ 0.01 | 0.09 | 0.024|0.069] 0.004 ] 0.051 | 0.022] 0.008| 0.003] 0.006 | 0.02 | 0.02 | 0.02] 0.04 | 0.06 | 0.02 | 0.037] 0.118] 0.071
G3 - - - - - - - - - |0.016]0.048] 0.007] 0.021] 0.024 ] 0.009] - - - J001]001}001]002]003]001]0092}0.154] 0.129
G1 = Top gating O1=Down T1=3/4 ir M1=Resin Bonded Sand M1=Resin Bonded Sand

G2 = Bottom gating O2=Up
G3 = Side gating

03=Side

T2=1/2 ir M2=Lost Foam Low Expansion M2=Lost Foam Low Expansion
M3=Lost Foam Silica Sand

T3=1/4 ir M3=Lost Foam Silica Sand
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Table A.9 Experimental Design of the Project

(Left Wall Flatness)
Mold Type
M1 M2 M3
Thickness
Orientation | Gating T1 T2 T3 T1 T2 T3 T1 T2 T3

Gl1 0.045] 0.03810.021 ] 0.025] 0.0431 0.027]0.036} 0.032] 0.04 |0.014]0.026] 0.0160.008 0.011 | 0.008 | 0.007 { 0.007] 0.005] 0.025{ 0.02 } 0.014 | 0.017 | 0.017 | 0.017] 0.01 | 0.01] 0.01
01 G2 0.015} 0.02 {0.016]0.038| 0.04 {0.02910.04610.039| 0.05 | 0.018§0.012]0.007] 0.01 | 0.008}0.014] 0.011{0.018]0.018] 0.015 | 0.026 | 0.021 | 0.107 | 0.196 | 0.018} 0.01 { 0.02 | 0.007
G3 - - - - - - - - - 10.009}0.019]0.029]0.011{ 0.009] 0.011] 0.011]0.013] 0.008§ 0.018 | 0.017 | 0.017 | 0.015 } 0.018 | 0.016] 0.01 | 0.01] 0.006
G1 0.037]10.04110.037§0.029] 0.032] 0.03 §0.029]0.033] 0.029] 0.026] 0.015] 0.025] 0.013] 0.005] 0.013 ] 0.007] 0.01 }0.008] 0.014 | 0.016 | 0.017 | 0.016 | 0.014 | 0.022{ 0.01 { 0.01 ] 0.006
02 G2 0.01310.028]0.033} 0.04 | 0.04 } 0.055} 0.039{ 0.03] 0.038] 0.017} 0.017] 0.033]0.017{ 0.006] 0.01 |0.018]0.005{ 0.023] 0.017 | 0.022 | 0.019 | 0.018 | 0.011 | 0.022} 0.01 | 0.01] 0.011
G3 - - - - - - - - - 10.008§0.011]0.011]0.011}0.007]0.008] 0.017] 0.013§ 0.02 | 0.018 | 0.02 ]| 0.019 | 0.012 | 0.02 | 0.014] 0.01 | 0.02] 0.007
G1 |0.033[0.014]0.019] 0.02| 0.033] 0.013}0.022] 0.026 | 0.018} 0.009} 0.014] 0.013] 0.011] 0.013] 0.014 | 0.012] 0.018} 0.015| 0.011 | 0.021 | 0.017 | 0.011 | 0.014 | 0.021] 0.01 | 0.01 ] 0.008
o3 G2 - |0.021]0.043]|0.072] 0.026| 0.026{ 0.03|0.032| 0.027| 0.041]0.007] 0.009] 0.018 | 0.009] 0.008| 0.014 } 0.005| 0.01 | 0.01 | 0.023 | 0.023 | 0.023 | 0.01 | 0.016 | 0.01 | 0.02 | 0.01] 0.013
G3 - - - - - - - - - 0.01 10.007| 0.01 |0.00810.012]0.006] - - - 0.013] 0.021 1 0.019 ] 0.012 | 0.014 } 0.016] 0.01 { 0.01| 0.02

G1 = Top gating O1=Down T1=3/4 inch thickness
G2 = Bottom gating O2=Up T2=1/2 inch thickness
G3 =Side gating  O3=S5ide T3=1/4 inch thickness

M1=Resin Bonded Sand
M2=Lost Foam Low Expansion
M3=Lost Foam Silica Sand
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Table A. 10 Experimental Design of the Project

(Right Wall Flatness)
Mold Type
M1 | M2 M3
Thickness
Orientationy Gating T1 T2 T3 T1 T2 T3 T1 T2 T3
G1 0.03510.031| 0.09 ]0.022] 0.039] 0.036| 0.031 | 0.024 | 0.024 | 0.012] 0.005] 0.107 | 0.057 } 0.048 0.025] 0.017] 0.024 | 0.006| 0.018 | 0.019 | 0.02]0.023] 0.023 | 0.023 | 0.023| 0.04 | 0.04
01 G2 0.01 10.022] 0.014 | 0.046 0.047| 0.037] 0.037] 0.033] 0.042] 0.032] 0.04 | 0.178] 0.025] 0.013] 0.093] 0.023| 0.041] 0.05 | 0.017} 0.021 | 0.02]0.015] 0.018 | 0.012 § 0.042] 0.03] 0.1
G3 - - - - - - - - - 10.043}1 0.06 ] 0.11910.139{ 0.06 [ 0.00910.049} 0.06 | 0.06 | 0.021] 0.022]0.02| 0.02 { 0.017 | 0.143 | 0.025] 0.03 | 0.03
G1 0.02710.01710.112] 0.021} 0.038] 0.022] 0.02 {0.025) 0.02 {0.051}0.111]0.065{ 0.03 }0.045]0.039] 0.01 } 0.011}0.016] 0.024 | 0.01 | 0.01]0.017] 0.016 } 0.013 { 0.008] 0.04] 0.01
02 G2 0.01 0.013] 0.02 }0.046§ 0.032] 0.036§ 0.033] 0.028] 0.04| 0.054 | 0.027] 0.081 | 0.018} 0.012]0.029] 0.031| 0.02 | 0.015} 0.015] 0.018 | 0.02] 0.013} 0.012 | 0.017] 0.01 | 0.01] 0.01
G3 - - - - - - - - - 10.021] 0.06 | 0.03 ]0.042}0.037}0.034]0.032]0.031]0.015] 0.02 } 001 |0.02]0.015] 0.022 } 0.018 | 0.015] 0.03{ 0.05
G1 0.044]0.064 | 0.029] 0.018] 0.018] 0.012]0.026]{0.023] 0.02 § 0.1 | 0.07 | 0.03 | 0.055] 0.046]0.0180.018] 0.038] 0.043] 0.018 | 0.015 | 0.02] 0.016} 0.016 | 0.013 | 0.017] 0.01] 0.03
03 G2 0.024 1 0.029{0.054 | 0.028{ 0.033| 0.037 0.045{ 0.028 0.044 | 0.085{ 0.089{ 0.114 | 0.018{ 0.043 | 0.028 | 0.009{ 0.026{ 0.011{ 0.011 | 0.011{ 0.01 { 0.012{ 0.019 { 0.019 { 0.052| 0.02| 0.04
G3 - - - - - - - - - ]10.043]0.02910.038}0.036) 0.013]0.013] - - - 10.018] 00111 0.01}0.013] 0.016 | 0.012] 0.02 | 0.04} 0.05
G1 = Top gating O1=Down T1= 3/4 inch thickness M1=Resin Bonded Sand
G2 = Bottom gating ./ 0O2=Up T2=1/2 inch thickness M2=Lost Foam Low Expansion
G3 = Side gating 0O3=Side T3=1/4 inch thickness M3=Lost Foam Silica Sand
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APPENDIX B

(ANOVA and Newman Keuls)
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Source
GOT
GO

GT

oT

Error

Total

Table B.1 Factorial Analysis of Variance Thickness of Resin Bonded Castings
(all)

SS
0.0027
0.0006
0.0001
0.0004
0.0015
0.0037
2.4372
0.0113

2.4575

Number of Factors
Factor
G=Gating
O=0Orientation
T=Thickness
DF MS F
4 0.0007 2.1275
2./ 0.0003 0.9464
2 5.86E-05 0.1868
1 0.0004 1.3099
4 0.0004 1.181
2 0.0018 5.8593
2 1.2186 3885.551
36 0.0003
53

Number of Replicates

Levels
2
3
3

P
0.0974
0.3976
0.8304
0.26
0.3356
0.0063
0

80

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?

FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?

FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE



Source
GOT
GO

GT

oT

Error

Total

Table B.2 Factorial Analysis of Variance Height of Resin Bonded Castings

S8
0.0014
0.0044
0.0008
0.0043

0.005

0.002
0.0041
0.0096

0.0316

Number of Factors

Factor
G=Gating
O=0Orientation
T=Thickness
DF MS F
4 0.0003 1.2769
2 0.0022 8.2081
2 0.0004 1.5904
1 0.0043  16.0489
4 0.0013 4.7338
2 0.001 3.7013
2 0.0021 7.7584
36 0.0003

(¢,
w

(all)

Levels
2
3
3

P
0.2971
0.0012
0.2178
0.0003
0.0036
0.0345
0.0016

81

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
TRUE
FALSE
TRUE
TRUE
FALSE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE



Source
GOT
GO

GT

G

oT

o)

T

Error

Total

Table B.3 Factorial Analysis of Variance Length of Resin Bonded Castings

1]
0.0005
0.0002
0.0006
0.0004
0.0011
0.0044
0.0263
0.0046

0.0381

Number of Factors

Factor
G=Gating
O=0rientation
T=Thickness
DF MS
4 0.0001
2 0.0001
2 0.0003
1 0.0004
4 0.0003
2 0.0022
2 00131
36 0.0001
53

F
0.9149
0.9595
2.3997
3.1504
2.1631

17.0789 6.08E-06
102.6046 1.35E-15

(all)

Number of Replicates

Levels
2
3
3

P
0.4658
0.3927
0.1051
0.0844
0.093

82

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE




Source
GOT
GO

GT

G .
oT

o

T
Error

Total

Table B.4 Factorial Analysis of Variance Parallelism of Resin Bonded Castings

Number of Factors

Factor
G=Gating

O=0rientation

T=Thickness

$S DF Ms
0.0549 4, 0.0137

0.0445 2 0.0223
0.0532 2 0.0266
0013 1 0013
0.0054 4 0.0013
0.0141 2  0.0071
00599 2 0.3
01723 36 0.0048
0.4174 53

F
2.8689
46524

5.657
27127
0.2797
1.4735
6.2606

(aly

Levels
2
3
3

P
0.0368
0.016
0.0079
0.1083
0.8892
0.2426
0.0046

83

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307

- 5.247898

5.247898

significant?

FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE

F
0.05
2.633534
3.259444
3.250444
4.113161
2.633534
3.259444
3.259444

significant?
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE



Table B.5 Factorial Analysis of Variance Left Casting Angle of Resin Bonded Castings

(al

Number of Factors Number of Replicates

Factor Levels

G=Gating 2

O=Orientation 3

T=Thickness 3

F F

Source 88 DF MS F P 0.01 significant?  0.05 significant?
GOT 0.0006 4 0.0002 2.2933 0.0783  3.890307 FALSE 2.633534 FALSE
GO 0.0005 2 0.0002 3.4268 0.0434 5247898 FALSE 3.259444 TRUE
GT 0.0002 2 8.36E-05 1.2268 0.3052 5.247898 FALSE 3.259444 FALSE
G 0.0004 1 0.0004 6.4986 0.0152 7.395556 FALSE  4.113161 TRUE
oT 0.0005 4 0.0001 1.9545 0.1225 3.890307 FALSE 2.633534 FALSE
0 0.0005 2 0.0002 3.5362 0.0396 5.247898 FALSE 3.259444 TRUE
T 0.0014 2 0.0007 10,5837 0.0002 5.247898 TRUE 3.259444 TRUE
Error 0.0025 36/ 6.81E-05
Total 0.0066 53
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Source
GOT
GO

GT

G

oT

(0]

T

Error

Total

Table B.6 Factorial Analysis of Variance Right Casting Angle of Resin Bonded Castings

SS
0.0534
0.0403
0.0069
0.0023
0.0076
0.0017
0.0783
0.2116

0.4021

Number of Factors

Factor
G=Gating
O=Orientation
T=Thickness
DF MS
4 0.0134
2 0.0201
2 0.0034
1 0.0023
4 0.0019
2 0.0008
2 0.0391
36 0.0059
53

F
2.272
3.4242
0.5868
0.3966
0.3252
0.1427
6.658

(aln

Levels
2
3
3

P
0.0805
0.0435
0.5614
0.5328
0.8592
0.8675
0.0035

85

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE



Source
GOT
GO

GT

G

oT

(o)

T.
Error

Total

Table B.7 Factorial Analysis of Variance Left Flange Flatness of Resin Bonded . Castings

$S
0.0005
0.0011
0.0002
0.0008
0.0003
0.001
0.0002
0.0021

0.0062

Number of Factors
Factor
G=Gating
O=0Orientation
T=Thickness

DF

Ivovasanmns

MS
0.0001
0.0006

8.03E-05
0.0008
7.81E-05
0.0005
8.39E-05
5.92E-05

F
2.1872
9.5365
1.3571
12.898
1.3205
8.7834
1.4172

ll)

Levels
2
3
3

P
0.09
0.0005
0.2703
0.001
0.281
0.0008
0.2556

86

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE

F
0.05
2.633534
3.2590444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE




Source
GOT
GO

GT

oT

Error

Total

Table B.8 Factorial Analysis of Variance Right Flange Flatness of Resin Bonded Castings
(all)

Number of Factors

Factor
G=Gating
O=Orientation
T=Thickness
SS DF MS
3.79E-05 4 9.46E-06
0.00056 2 0.0002
6.26E-06 2 Y 3.13E-06
0.0001 1 0.0001
3.03E-05 4 7.57E-06
0.0003 2 0.0001
0.0002 2 9.87E-05
0.0028 36 7.69E-05
0.0039 53

F
0.123
3.0883
0.0407
1.6584
0.0985
1.8519
1.2829

Levels
2
3
3

P
0.9733
0.0578
0.9602
0.206
0.9823
0.1716
0.2896

87

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

F .
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE




Source
GOT
GO

GT

G

oT

(o)

T

Error

Total

Table B.9 Factorial Analysis of Variance Left Wall Flatness of Resin Bonded Castings ‘
(all)

S8
0.0011
0.0005
0.0004
0.0003
0.0009
0.0003
0.0001

0.003

0.0066

Number of Factors

Factor
G=Gating
O=0rientation
=Thickness
DF MS
4 0.0003
2 0.0003
2 0.0002
1 0.0003
4 0.0002
2 0.0002
2 5.17E-05
36 8.25E-05
53

F
3.3953
3.2831
2.1825
3.5081
2.7857
1.8673
0.6266

Levels
2
3
3

P
0.0187
0.049
0.1275
0.0692
0.041
0.1692
0.5401

88

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?

FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
TRUE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE




Source
GOT
GO

GT

G

oT

(o)

T

Error

Total

Table B.10 Factorial Analysis of Variance Right Wall Flatness of Resin Bonded Castings

SS
0.0003
0.0005
0.0051

7.41E-06

0.0007
0.0001
0.0003
0.0098

0.0168

Number of Factors

Factor

G=Gating

O=0rientation

T=Thickness

DF MS F
4 B8.18E-05 0.2999
2 0.0002 0.8513
2 0.0025 9.2658
1 7.41E-06 0.0271
4 0.0002 0.6568
2 536E-05 0.1965
2 0.0002 0.5754
36 0.0003

53

(all)

Levels
2
3
3

P
0.8761
0.4353
0.0006
0.8701
0.626
0.8224
0.5676

89

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE




Source
GOT
GO

GT

G

oT

(o)

T

Error

Total

Table B.11 Factorial Analysis of Variance: Height of Lost Foam Low Expansion Castings
(all)

S8
0.0179
0.0149
0.0069
0.0036
0.0058
0.0089
0.0125
0.0627

0.1332

Number of Factors

Factor
G=Gating
O=0rientation
T=Thickness
DF MS
4 0.0045
2 0.0075
2 0.0034
1 0.0036
4 0.0014
2 0.0045
2 0.0083
36 - 0.0017
53

F
2.5664
4.2839
1.9726
2.0684
0.827
2.5538
3.5968

Number of Replicates

Levels
2
3
3

P
0.0546
0.0214
0.1539
0.159
0.5168
0.0918
0.0377

90

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE




Table B.12 Factorial Analysis of Variance: Right Wall Flatness of Lost Foam Low Expansion Castings

Source
GOT
GO

GT

oT

Error

Total

S8
0.0026
0.0021
0.0017
0.0005
0.0039
0.0016
0.0133
0.0451

0.0708

Number of Factors
Factor

G=Gating
O=Orientation
T=Thickness

DF MS F
4 0.0006 0.516
2 0.001 0.8295
2 0.0008 0.6774
1 0.0005 0.4222
4 0.001 0.772
2 0.0008 0.6393
2 0.0067 5.308
36 0.0013

53

4

(all)

Levels
2
3
3

P
0.7244
0.4444
0.5143
0.52
0.5506
0.5336
0.0095

91

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE

F
0.05
2.633534
3.259444
3.250444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
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Table B.14 Factorial Analysis of Variance: Left Wall Flatness of Lost Foam Low Expansion Castings

(all)

Number of Factors Number of Replicates

Factor Levels

. G=Gating 2

O=Orientation 3

T=Thickness 3

F F

Source Ss DF Ms F P 0.01  significant? 0.05  significant?
GOT 0.0002 4 4.69E-05 1.9366 0.1254 3.890307 FALSE  2.633534 FALSE
GO 881E-05 2 4.41E-05 1.8174 0.177 5247898 FALSE  3.259444 FALSE
GT 6.74E-05 2 3.37E-05 1.3911 0.2618 5.247898 FALSE 3.259444 FALSE
G 1.50E-06 1 1.50E-06 0.0619 0.805 7.395556 FALSE  4.113161 FALSE
oT 0.0002 4 5.093E-05 2.4461 0.064  3.890307 FALSE 2633534 FALSE
o] 0.0001 2 5861E-05 23155 0.1132 5.247898 FALSE 3.259444 FALSE
T 0.0004 2 0.0002 7.2429 0.0023 5.247898 TRUE 3.259444 TRUE
Error 0.0009 36 242E-05
Total 0.0019 53

93




Table B.15 Factorial Analysis of Variance: Left Flange Flatness of Lost Foam Low Expansion Castings

Source
GOT
GO

GT

G

oT

(0]

T

Error

Total

S8
0.0001
7.81E-05
0.0002
4.27E-05
9.23E-05
0.0006
6.86E-05
0.0012

0.0024

(all)

Number of Factors Number of Replicates

Factor Levels

G=Cating 2

O=0rientation 3

T=Thickness 3

F

DF MS F P 0.01
4 271E-05 0.7888 0.5401 3.890307
2 3.91E-05 1.1363 0.3322 5.247898
2 9.09E-05 2.6444 0.0848 5.247898
1 4.27E-05 1.2414 0.2726 7.395556
4 231E-08 0.6713 0.6162 3.890307
2 0.0003 9.2365 0.0006 5.247898
2 3.43E-05 0.9978 0.3786 5.247898
36 3.44E-05

53

94

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE




Table B.16 Factorial Analysis of Variance: Left Casting Angle of Lost Foam Low Expansion Castings
(all)

Source
GOT
GO

GT

G

oT

8]

T

Error

Total

1
0.0002
0.0002

3.10E-05
2.67E-07
6.42E-05
1.90E-07
0.0013
0.0008

0.0025

Number of Factors
Factor
=Gating
O=0Orientation
T=Thickness

DF
4
2
2
1
4
2
2

36

53

ms
4.53E-05
8.91E-05
1.55E-05
2.67E-07
1.61E-05
9.50E-08
0.0006
2.14E-05

F
2.1183
4.159
0.7226
0.0125
0.7491
0.0044
30.238

Levels
2
3
3

P
0.099
0.0237
0.4924
0.9117
0.5651
0.9956

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898

1.97E-08 5.247898

95

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE




Table B.17 Factorial Analysis of Variance: Right Casting Angle of Lost Foam Low Expansion Castings
(alt)

Source
GOT
GO

GT

oT

Error

Total

SS
0.0011
0.0008
0.0013

8.66E-05
0.0018
0.0016
0.0007
0.0197

0.0273

Number of Factors
Factor
G=Gating
=Qrientation
T=Thickness
DF MS F
4 0.0003 0.4982
2 0.0004 0.7756
2 0.0007 1.2253
1 B8.66E-05 0.1583
4 0.0005 0.8278
2 0.0008 1.503
2 0.0004 0.6777
36 0.0005
53

Levels
2
3
3

P
0.7372
0.468
0.3056
0.6931
0.5163
0.2361
0.5141

96

Number of Replicates

E
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

E
0.05
2.633534
3.259444
3.259444
4113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE




Source
GOT
GO

GT

G

oT

(o}

T

Error

Total

Table B.18 Factorial Analysis of Variance: Length of Lost Foam Low Expansion Castings
(alh

§S
0.0005
0.0002
0.0006
0.0004
0.0011
0.0044
0.0263
0.0046

0.0381

Number of Factors

Factor
G=Cating
O=0Orientation
T=Thickness
DF MSs
4 0.0001
2 0.0001
2 0.0003
1 0.0004
4  0.0003
2 0.0022
2 0.0131
36 0.0001
53

E
0.9149

0.9595

2.3997
3.1504
2.1631

17.0788 6.08E-06
102.6046 1.35E-15

Number of Replicates

Levels
2
3
3

p
0.4658
0.3927
0.1051
0.0844
0.093

97

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

FALSE
FALSE
FALSE
FALSE

FALSE *

TRUE
TRUE

F

significant? ( 0.05

2.633534
3.259444
3.259444

4.113161

2.633534
3.259444
3.259444

significant?

FALSE
FALSE
FALSE
FALSE

"FALSE

TRUE
TRUE




Table B.19 Factorial Ahalysis of Variance: Parallelism of Lost Foam Low Expansion Castings
(all)

Source
GOT
GO

GT

G

oT

o

T

Error

Total

ss

0.0061
0.0049
0.0025
0.0013
0.0037
0.003
0.0189
0.042

0.0825

Number of Factors

Factor

G=Gating

O=0Orientation

T=Thickness

pr’ Ms F
4 0.0015 1.3167
2 0.0024 2.0834
2 0.0012 1.0706
1+ 0.0013 1.0948
4 0.0009 0.8013
2 0.0015 1.2954
2  0.009%4 8.0851
36 0.0012

53

Levels
2
3
3

P

- 0.2823

0.1393
0.3535
0.3024
0.5324
0.2862
0.0013

98

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

Number of Replicates -

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE

F
0.05
2.633534
3.250444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE




Source
GOT
GO .
GT

G-

oT

0

T

Error

Total

Table B.20 Factorial Aﬁalysis of Variance: Thickness of Lost Foam Low Expansion Castings
‘ (all)

8s
0.0005
0.0203
0.0005
0.0003
0.0014
0.0075
2.4048
0.0218

2.457

Number of Factors
Factor Levels
G=Gating 2
O=Orientation 3
T=Thickness 3
DF MSs F P
4 0.0001 0.2179 0.9267
2 0.0101 16.6954 7.41E-06
2 0.0002 0.3939 0.6773
1 0.0003 0.4514 0.506
4 0.0003 0.5604 0.6928
2 0.0037 6.1471 0.0051
2 1.2024 1982.49 0
36 0.0006
53
J/ 99

Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556

3.890307

5.247898
5.247898

_significant?
~ FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

I

significant?
FALSE
TRUE

" FALSE
FALSE
FALSE
TRUE -
TRUE




Source
- GOT
GO

GT

G

- oT

o

T

Error

Total

Table B.21 Factorial Analysis of Variance: Height of Lost Foam Silica Sand Castings
(all)

S§s
0.0177
0.013

© 0.0008

0.0015
0.0068
0.0061
0.1018
0.0204

0.1332

Number of Factors
Factor

G=Gating

O=OQrientation
T=Thickness

DF MS F

4 0.0044 7.7947
2 0.0065 11.4652
2 0.0004 0.7462
1 0.0015 2.7087
4 0.0017 3.0185
2 0.003 5.3521
2 0.0509 89.8565
36 0.0006

. 53

Levels
2
3
3

P
0.0001
0.0001
0.4813
0.1085
0.0303
0.0092

1.01E-14

100

Number of Replicates

F
0.01
3.880307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?

TRUE
TRUE
- FALSE
FALSE
FALSE
TRUE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
TRUE
TRUE
FALSE
- FALSE
TRUE
TRUE
“TRUE
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Table B.23 Factorial Analysis of Variance: Right Flange Flatness of Lost Foam Silica Sand Castings
‘ (all)

Source
GOT
GO

GT

G

oT

(0]

T

Error

Total

S$s
0.0805
0.063
0.0483
0.0455
0.0516
0.0653
0.1307
0.2645

0.7495

Number of Factors

Factor
G=Gating
O=0rientation
=Thickness
DF MS
4 0.0201
2 0.0315
2  0.0241
1 0.0455
4 0.0129
2 0.0327
2/ 0.0654
36 0.0073
53

F

274

4.2875
3.2857
6.1969
1.7574
4.4467
8.8957

Number of Replicates

Levels
2
3
3
F F
P 0.01 significant?  0.06 ~ significant?

0.0435 3.890307 FALSE 2633534 TRUE
0.0214 5.247898 FALSE  3.259444 TRUE
0.0489 5.247898 FALSE  3.259444 TRUE
0.0176 7.395556 FALSE  4.113161 TRUE
0.1589 3.890307 FALSE = 2.633534 FALSE
0.0188 5.247898 FALSE  3.259444 TRUE
0.0007 5.247898 TRUE 3.250444 TRUE
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Table B.24 Factorial Analysis of Variance: Left Wall Flatness of Lost Foam Silica Sand Castings

Source . 88
GOT 0.0002
GO 8.81E-05
GT 6.74E-05
G 1.50E-06
oT 0.0002
o] 0.0001
T 0.0004
Error 0.0009
Total 0.0019

Number of Factors

Factor
G=Gating
O=0Orientation
T=Thickness

=

F Ms

4.69E-05
4.41E-05
3.37E-05
1.50E-06
5.93E-05
5.61E-05

0.0002

2.42E-05

Srovmvranve s

333
o

F
1.9366
1.8174
1.3911
0.0619
2.4461
2.3155
7.2429

(all)

Number of Replicates

Levels
2
3
3

P
0.1254
0.177
0.2618
0.805
0.064

0.1132

0.0023
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F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE

" FALSE
'FALSE
FALSE
FALSE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE




Table B.25 Factorial Analysis of Variance: Left Flange Flatness of Lost Foam Silica Sand Castings

Source
GOT
GO

GT

G

oT

0]

T

Error

Total

S8
0.0001
7.81E-05
0.0002
4.27E-05
9.23E-05
0.0006
6.86E-05
0.0012

0.0024

/

Number of Factors

Factor
G=Gating
=Orientation
T=Thickness
DF MS
4 271E-05
2 3.91E-05
2 9.09E-05
1 ' 4.27E-05
4 231E-05
2 0.0003
2 3.43E-05
36 3.44E-05
53

F
0.7888
1.1363
2.6444
1.2414
0.6713

' 9.2365

0.9978

(all)

2
3
3

P
0.5401
0.3322
0.0848
0.2726
0.6162
0.0006
0.3786
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Number of Replicates
Levels

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307

5.247898

5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE

F
0.05
2633534
3.259444
3.250444
4.113161
2.633534
3.250444
3.250444

significant?
FALSE
FALSE
FALSE
FALSE -
FALSE
TRUE
FALSE



Source
GOT
GO

GT

G

oT

0

T

Error

Total

B.26 Factoriél Analysis of Variance: Left Casting Angle of Lost Foam Silica Sand Castings

§8
0.0001
5.32E-05
2.58E-05
4.39E-05
5.51E-05
8.25E-05
0.0001
0.0005

0.0011

Number of Factors
Factor
G=Gating
O=0Orientation
T=Thickness
DF MS F
4 3.39E-05 2.3151
2 2.66E-05 1.8161
2 1.29E-05 0.8798
1 4.39E-05 29985
4 1.38E-05 0941
2 412E-05 2.8148
2 T713E-05 4.8647
"36 1.47E-05
53/

(all)

2
3
3

p
0.076
0.1772
0.4236
0.0919
0.4515
0.0731

0.0135
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Number of Replicates
~ Levels )

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

F
0.05
2.633534
3.259444

3.259444

4.113161
2.633534
3.259444

3.259444

significant?

FALSE
FALSE
FALSE-
FALSE
FALSE
FALSE
TRUE



Table B.27 Factorial Analysis of Variance: Right Casting Angle of Lost Foam Silica Sand Castings

Source
GOT
GO

GT

G

o7

(o)

T
Error

Total

1]

0.0184

0.009
0.0014
0.0004
0.0026
0.0016
0.1021
0.0074

0.1428

Number of Factors

Factor
G=Gating

O=0rientation

T=Thickness

'DF  MS

0.0046
0.0045
0.0007
0.0004
0.0006
0.0008
0.051
0.0002

Sronvsannas

¢ ]
w

(al

Levels
2
3
3

F p
223856 2.38E-09

21.7871 6.30E-07
3.5252 0.04
1.95612 0.171

3.1607 0.0252
3.7821 0.0323
248.5019 8.56E-22
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Number of Replicates

F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE

F
0.05
2.633534

3.250444

3.259444
4.113161
2.633534
3.259444
3.259444

significant?
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE



Source
GOT
GO

GT

G

oT

(o)

T
Error

Total

Table B.28 Factorial Analysis of Variance: Length of Lost Foam Silica Sand Castings
(all)

88
0.1562
0.0818
0.0036
0.0024
0.2663

0.111
0.0739

0.531

1.2262

4
Number of Factors
Factor
G=Gating
O=0rientation
T=Thickness
_DF MS F
4 0.0391 2.6478
2 0.0409 2.7731
2 0.0018 - 0.1229
1 0.0024 0.1629
4 0.0666 4.5141
2 0.0555 3.7641
2 0.0369 2.5039
36 0.0147
53

Levels
2
3
3

P
0.0491
0.0758
0.8847
0.6889
0.0047
0.0328
0.0959
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Number of Replicates

F

0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

~ significant?

FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE

F
0.05
2.633534
3.259444

 3.259444

4.113161
2.633534
3.259444
3.259444

significant?
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE



Source
GOT
GO

GT

G

oT

o)

T.
Error

Total

Table B.29 Factorial Analysis of Variance: Parallelism of Lost Foam Silica Sand Castings
(all)

S
0.0029
0.0034
0.0151
0.0074
0.0149
0.0022
0.1887
0.0187

0.2534

S .
Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3
T=Thickness 3

F
DF MS F P 0.01

4 0.0007 1.4093 0.2506  3.890307
2 0.0017 3.2427 0.0507 5.247898
2 0.0075 14.4775 2.43E-05 5.247898
1 0.0074 14.2065 0.0006 7.395556
4 0.0037 7.1702 0.0002 3.890307
2 0.0011 2.1543 0.1307 5.247898
2 0.0944 181.2317 1.61E-19 5.247898
36  0.0005
53
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significant?
FALSE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE

F
0.05
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.259444

significant?
FALSE
FALSE

" TRUE
TRUE
TRUE
FALSE
TRUE




Source
GOT
GO

GT

G

oT

o)

T

Error

Total

Table B.30 Factorial Analysis of Varianceﬁ Thickness of Lost Foam Silica Sand Castings

§8
0.0176
0.0096
0.0118
0.0043
0.0199
0.0084
1.9984
0.0021

2.072

Number of Factors
Factor

GC=Gating
O=0Orientation
T=Thickness

DF MS F
4 0.0044 74.355
2 0.0048 80.9879
2 0.0059 09,9961
1 0.0043 72.2434
4 0.005 84.0902
2 0.0042 71.254
2 09992 . 16923.77
36 5.90E-05

53

S

(al)

Number of Replicates

Levels
2
3
3

P
6.78E-17
4.73E-14
2.00E-15
3.96E-10
9.40E-18
3.05E-13
0
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F
0.01
3.890307
5.247898
5.247898
7.395556
3.890307
5.247898
5.247898

significant?

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE'
TRUE

F.
0.056
2.633534
3.259444
3.259444
4.113161
2.633534
3.259444
3.250444

significant?
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE




Source

Error

Total

Source
- GO
G

]
Error

Total

Source

Error

Total

Source
GO

G

O
Error

Total

Table B.31 Factorial Analysis of Variance

Resin Bonded Castings
- (0.25 inch) ‘

Number of Factors =2 Number of Replicates = 3
Factor Levels
G=Gating System 2
O=Crientation 3

Leff Flange Flatness.

F F
S8 DF 'MS F P 0.01  significant? 0.05  significant?

431E05 2 2.16E05 0.728 0.503 6926598 FALSE 3.88529  FALSE

467E-05 1 4.67E-05 1.5779 0.233 9330279 FALSE  4.747221 FALSE
00002 2 9.96E-05 33621 0.0693 6.926598 FALSE 3.88529  FALSE
0.0004 12 2.96E-05

0.0006 17
Right Flange Flatness
F F
SS DF MS F 0.01  significant? 0.05  significant?

2.00E-04 2 1.00E-04 18406 02008 6.926598 FALSE 3.88529  FALSE
201E-05 1 201E-05 03406 05703 9.330279 FALSE 4747221 FALSE

0.0001 2 6.95E-05 1.1802 03405 6926598 FALSE 3.88529  FALSE
.0.0007 12 5.89E-05 »

0.0011 17 -
Left Wall Flatness

SS - DF MS F P 0.01  significant? 0.05 significant?
00001 2 S507E05- 0.958 04112 6926598 ° FALSE 3.88529 FALSE
0.0003 . 0.0003 54454  0.0378 9.330279 FALSE  4.747221 TRUE
0.0005 - 2 - 0.0003 50294  0.0259 - 6.926598 FALSE 3.88529 TRUE
0.0006 12 529E-05 ' '

(o]

0.0016 17
Right Wall Flatness

F F
SS DF MS F | 4 0.01  significant? 0.05  significant?
2.10E-05 2 1.05E-05 03474 0.7134 6.926598 FALSE 3.88529  FALSE
8.00E-04 1 B8.00E-04 251636 0.0003 9330279 TRUE 4747221  TRUE
583E-05 2 292E-05 09651 04087 6.926598 FALSE = 3.88529  FALSE
0.0004° 12 3.02E-05

00012 17
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Table B.32 Factorial Analysis of Variance

Resin Bonded Castings
(0.25 inch)
Number of Factors = 2 Number of Replicates = 3
Factor _ : Levels
G=Gating System 2
-~ O=Orientation 3
Height
i -F F
Source SS DF MS - F P .01  significant? 0.05  significant?
GO 0.0033 2 1L70E-03 3.1661 0.0787 6926598 FALSE  3.88529 FALSE
G 00038 1 0.0038 7.1934 0.02 9330279 FALSE @ 4.747221 = TRUE
O 00035 2 0.0018 33673 0.0691 6926598 FALSE  3.88529 FALSE
Error 0.0063 12 0.0005
Total 0.0169 17
Length
F F
Source SS DF MS F P 0.01  sigmificant? 0.05  significant?
GO 0.0002 2 7.98E-05 0.3691 0.6989 6926598 FALSE 3.88529 FALSE
G Q0008 1 0.0008 3.7416 0.077 9.330279 FALSE 4.747221 FALSE
O 0.0024 2 0.0012 5.493 0.0202 6926598 FALSE 3.88529 TRUE
Error 0.0026 12 0.0002
Total 0.0059- 17
Left Casting Angle
F ' F
Source SS DF MS F 4 0.01  significant? 0.05  significant?
GO 00008 2 400E-04 37114 00556 6926598 FALSE 388529 FALSE
G ~  284E-05 1 284E-05 02789 0.6071 9330279 FALSE 4747221 FALSE
o 00002 2 00001 11281 0.3557 6926598 FALSE  3.88529 FALSE
Error 0.0012 12 0.0001
Total 0.0022 17
Right Casting Angle
F F
Source SS DF MS ~ F | 0.01  significant? 0.05  significant?
GO 00922 2 46lE-02 26597 0.1106 6926598 FALSE  3.88529 FALSE
G 9.10E-03 1. 9.10E-03 0.5254  0.4324 9330279 FALSE 4.747221 FALSE
(0] 0.007 2 00035 02007 08208 6.926598 FALSE 3.88529 FALSE
Error 0208 12 00173
Total 03163 17
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Source
GO

G

0]

Error

Total

Source
GO

Error

Total

5SS
0.0957
0.0646
0.0129
0.1648

0.3379

SS

Table B.33 Factorial Analysis of Variance

Resin Bonded Castings
(0.25 inch)

Number of Factors =2 ‘Number of Replicates = 3
Factor Levels

G=Gating System 2

O=Orientation 3

Parallelism
. \ F F
DF MS F P 0.01 significant? 0.05  significant?

2 00478 34831 0.0642 6926598 FALSE 3.88529 FALSE
00646 47028  0.0509 9330279 FALSE 4.747221 FALSE
2 00065 04714 0.6352 6926598 FALSE  3.88529  FALSE
12 - 0.0137 ‘

(=

17

- Thickness
F F

'DF MS F P 0.01  significant? 0.05 significant?

1.18E-05 2 5.89E-06 0.0341 0.9666 6.926598 FALSE 3.88529  FALSE

1.80E-05

0.0025
0.0021

-0.0046

1 1.80E-05 0.1044 - 0.7522 9330279 FALSE 4.747221 FALSE
2 00013 - 73535 0.0082 6.926598 TRUE 3.88529 TRUE
12 0.0002

17
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Table B34 Factorial Analysis of Variance

Resin Bonded Castings
(0.50 inch)
Number of Factors =2 Number of Replicates = 3
Factor Levels
G=Gating System 2 -
O=Orientation 3 '
Left Flange Flatness
F F
Source Ss DF MS F P 0.01  significant? 0.05  significant?
GO 00013 2 0.0006. 58537 00168 6.926598 FALSE 3.88529 TRUE
G 00006 1 00006 5.6597 0.0348 9.330279 FALSE 4.747221 TRUE
18] 00008 2 00004 3.7161 0.0555 6.926598 FALSE 388529 FALSE
Error 0.0013 12 0.0001
Total 0.004 17
Right Flange Flatness
F : F
Source SS DF MS F P 0.01 significant? 0.05 significant?
GO 00001 2 741E-05 038617 0447 6926598 FALSE 3.88529  FALSE
G 569E-05 1 b5.69E-05 0.6619 04317 9330279 FALSE 4.747221 FALSE
18] 8.81E-05 2 441E-05 05126 0.6115 6.926598 FALSE 3.88529  FALSE
Error 0001 12 8.59E-05
- Total 0.0013 17
Left Wall Flatness
F F
Source S8 DF MS F P 0.01  sigmificant?  0.05 _ significant?
GO 00001 2 507E05 0958 04112 6.926598 FALSE 3.88529 FALSE
G 00003 1 00003 54454 00378 9330279 FALSE 4747221 TRUE
18] 00005 2 0.0003 5.0294 00259 6.926598 FALSE 3.88529 TRUE
Error 0.0006 12 5.29E-05 .
Total 0.0016 17
Right Wall Flatness
F F
Source SS DF MS F P 0.01  significant? ~ 0.05  significant?
GO 3.21E-05 2 1.61E-05 0.3345 0.7222 6.926598 FALSE 3.88529 FALSE
G 00007 1 00007 155741 00019 9.330279 TRUE 4747221  TRUE
6] 00006 2 00003 57789 0.0175 6.926598 FALSE 3.88529 TRUE
Error 0.0006 12 4.80E-05 '
Total 0.0019 17
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Seurce
GO

G

o
Error

Total

Source

Error

Total

Source

Error

Total

Source

Error

Total

SS
0.0009
0.0006
0.0013
0.0015

0.0043

Ss
0.0005
0.0002

- 0.0029
0.0005

0.0041

S8
3.60E-05
7.36E-05

0.0001
0.0006

0.0008

SS
10.0002
6.81E-07

© 0.0012
0.0029

0.0043

Table B.35 Factorial Analysis of Variance
Resin Bonded Castings

(0.50 inch)’

Number of Factors = 2

Number of Replicates = 3

Factor » Levels
G=Gating System 2
O=Orientation 3
Height
. F
DF MS F P 0.01
2 5.00E-04 3.6468 0.0579 6.926598
1 0.0006 44439 00567 9.330279
2 00006 51016 0.0249 6.926598
12 0.0001
17
Length
F
DF MS F P 0.01
2 0.0003 6.627 00115 6.926598
1 0.0002 4.0794 0.0663 9.330279
2 00014 35.2632 9.45E-06 6.926598
12 4.08E-05
17
Left Casting Angle
F
DF MS F | 4 0.01
2 1.80E-05 03681 0.699% 6.926598
1 736E-05 15065 0.2432 9.330279
2 6.75E-05 1.3824 02882 6.926598
12 4.89E-05 ‘
17
Right Casting Angle
F
DF MS F P 0.01
2 0.0001 0.5 0.6186 6.926598
1 681E-07 00028 0.9583 9.330279
2 00006 25105 0.1228 6.926593
12 0.0002
17
114

F
significant?  0.05  significant?
FALSE  3.88529 FALSE
FALSE  4.747221 FALSE
FALSE  3.88529 TRUE

F
significant?  0.05  significant?
FALSE 3.88529 TRUE
FALSE 4747221 FALSE
TRUE 3.88529 TRUE

F
significant?  0.05  significant?
FALSE 3.88529  FALSE
FALSE = 4747221 TFALSE
FALSE 3.88529  FALSE

F
significant?  0.05  significant?
FALSE  3.88529  FALSE
FALSE 4.747221 FALSE
FALSE 3.88529 FALSE




Source
GO
G

O
7 Error

Total

Source
GO

G

L0
Error

Total

SS
0.0008
0.0009
0.0049
0.0061

0.0128

SS
0.0005
0.0004
0.0007

0.002

0.0036

Table B.36 Factorial Analysis of Variance
Resin Bonded Castings
(0.50 inch)

Number of Factors = 2

Factor

G=Gating System
O=Orientation

DF MS F
2 00004 0.7761
1 0.0009 1.7801
2 00025 - 4.8467
12  0.0005

17 -

DF MS F
2 00003 1.5315
1 00004 23155
2 00004 21977
12 0.0002

17 -

Number of Replicates = 3

Levels
2
3
Parallelism .
F ~F
P 0.01  significant? 0.05  significant?

0482 6.926598 FALSE ~ 3.88529  FALSE
0.2069 9.330279 FALSE  4.747221 FALSE
0.0286 6.926598 FALSE 3.88529 TRUE

Thickness
F . F ,
P 0.01  significant? 0.05  significant?
0.2556 6.926598 FALSE 3.88529 FALSE
0154 9330279 FALSE 4.747221 FALSE
0.1537 6.926598 FALSE 3.88529 FALSE
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Table B.37 Factorial Analysis of Variance

Resin Bonded Castings
v (0.75 inch) .
Number of Factors =2 - Number of Replicates = 3
Factor Levels
G=Gating System 2
O=Orientation 3
Left Flange Flatness
' F F
Source SS DF MS F P 0.01  significant? 0.05  significant?
GO 0.0003 2 0.0002 4.2353 0.0406 6.926598 FALSE 3.88529 TRUE
G 00003 1 0.0003 6.6681 0024 9330279 FALSE 4747221 TRUE
o 00003 2 0.0002 4.3922 0.037 6.926598 FALSE 3.88529 TRUE
Error 0.0005 12 3.97E-05
Total 0.0014 17
Right Flange Flatness
F F
Source SS DF MS F P 0.01  significant? . 0.05  significant?
GO 00001 2 741E-05 08617 0447 6.926598 FALSE 3.88529  FALSE
G 569E-05 1 5.69E-05 0.6619 04317 9330279 FALSE 4.747221 FALSE
O 881FE-05 2 . 441E-05 05126 0.6115 6.926598 FALSE 3.88529  FALSE
Error 0001 12 8.59E-05 : _
Total 0.0013 17
Left Wall Flatness
F F
Source ' SS DF MS - F P 0.01  significant? 0.05  significant?
GO 00015 - 2 0.0008 44897 0035 6.926598 FALSE 3.88529 TRUE
G 3.20E-05 1 3.20E-05 0.1874 0.6727 9.330279 FALSE 4.747221 FALSE
o 00002 2 982E-05 0.575 05775 6.926598 FALSE 3.88529 - FALSE
Error 0.002 12 0.0002 . ‘
Total 0.0038 17
Right Wall Flatness
F ‘ F
Source SS DF MS F P 0.01  significant?  0.05  significant?
GO 00007 - 2 00004 04989 0.6192 6.926598 FALSE 3.88529  FALSE
G 00036 1 0.0036 4.803 0.0489 9330279 FALSE 4747221  TRUE
0] 00002 2 00001 0.1425 0.8686 6.926598 FALSE 3.88529  FALSE
Error 00089 12 0.0007
Total 00134 17
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Source

Error

Total

Source
GO

G
18]
Error

Total

Source

Error

Total

Source
GO

G
0]
Error

Total

S8
0.0015
0.0008
0.0022
0.0018

0.0063

SS.
1.42E-05
4.29E-05

0.0002
0.0015

0.0018

SS
0.0003
0.0005
0.0006
0.0006

0.0021

SS

0.0012 -

0.0001
0.0012
0.0007

0.0032

Table B.38 Factorial Analysis of Variance

Resin Bonded Castings
(0.75 inch)

Number of Factors =2 Number of Replicates = 3
Factor Levels

G=Gating System 2

.O=Crientation 3

Height
_F F
DF MS F P 0.01  significant? 0.05  significant?

2 0.0007 5.019 0.0261 6.926598 FALSE 3.88529 TRUE
- 0.0008 5.3251 0.039% 9330279 FALSE  4.747221 TRUE
2 00011 73818 0.0081 6.926598 TRUE 3.88529 TRUE
12 ° 0.0001

ot

17

Length
F F
DF MS F P 0.01  significant?  0.05  significant?
2 7.12E06 0056 09458 6.926598 FALSE  3.88529  FALSE
1 429605 0337 05723 9330279 FALSE 4.747221 FALSE
2 00001 0908 04293 6926598 FALSE  3.88529 FALSE
12 0.0001

17

Left Casting Angle
F : F
DF MS F P 0.01 - significant?  0.05  significant?
2 00002 27953 01008 6.926598 FALSE 3.88529 FALSE
0.06005 94517 0.0096 9.330279 TRUE 4.747221 TRUE
2 0.0003 6.0455 0.0153 6.926598 FALSE 3.88529 TRUE
12 5.37E-05

oy

17

Right Casting Angle
_ F F
DF MS F P © 0.01  significant? 0.05  significant?
2 00006 10.0607 0.0027 6.926598 TRUE 3.88529 TRUE
00001 . 1.98 0.1848 9330279 FALSE 4.747221 FALSE
2 00006 95522 00033 6926598 TRUE 3.88529 TRUE
12 6.09E-05

bt

17
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Source
GO

G

@)

Error

Total

Source
GO
G

4]
Error

Total

SS
0.003
0.0007
0.0016
0.0014

0.0067

SS .
0.0027
0.0001
0.0019
0.0072

0.012

Table B.39 Factorial Analysis of Variance

Resin Bonded Castings
(0.75 inch)

Number of Factors = 2 Number of Replicates =3
Factor Levels

G=Gating System 2

O=Orientation , 3

Parallelism - .
DF MS F P 0.01  gignificant? 0.05  significant?

2 00015 126439 0.0011 6.926598 TRUE  3.88529  TRUE
1 0.0007 589 0.0318 9330279 FALSE 4.747221 TRUE
2 0.0008 65426 0.012 6.926598 FALSE  3.88529 TRUE
12 0.0001 '

17

Thickness
F F
DF MS F P 0.01  significant? 0.05  significant?
2 0.0014 2275 01453 6.926598 FALSE  3.88529 FALSE
00001 0.2125 0.653 9330279 FALSE 4747221 FALSE
2  0.0009 1.5697 0.248 6.926598. FALSE 3.88529 FALSE
12 0.0006

-t

17
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Source

Error

Total

Source

Source
GO

G

o

Error

Total

SS
4 21E-05
5.69E-05
6.54E-05
0.0002

0.0004

SS
0.0001
2.22E-05
0.0031
0.0022

0.0054

S8
0.0002
4.67E-05
2.33E-06
0.0002

0.0005

SS
0.001
0.0006
0.0035
0.0132

0.0183

Number of Factors

Table B.40 Factorial Analysis of Variance
Lost Foam Low Expansion Castings

Factor
G=Gating

DF

-2
1
2
12

17

DF
2
1
2
12

17

DF
2
1
2
12

17

DF
2

N =

12

17

- O=Orientation

MS
2.11E-05
5.69E-05
3.27E-05
1.89E-05

MS
6.04E-05
2.22E-05

0.0016
0.0002

MS
0.0001
4.67E-05
1.17E-06
2.06E-05

MS
0.0005

0.0006
- 0.0018
~ 0.0011

(0.25 inch) ,
Number of Replicates
Levels
2
3
Left Flange Flatness
F
F P 0.01
1.1147 0.3597  6.926598
3.0118 0.1082 9.3302788
1.7324 02183  6.926598
Right Flange Flamess
- F
F P 0.01
0.3291 0.7259  6.926598
0.1211 0.7339  9.3302788
8.4508 0.0051  6.926598
Left Wall Flatness
F
F 0.01
5.4367 0.0209  6.926598
2.2668 0.158 9.3302788
0.0566 - 0.9452  6.926598
Right Wall Flatness
- F
F P 0.01
0.4538 0.6457  6.926598
0.5482 0.4733  9.3302788
1.6136 0.2395  6.926598
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significant?

FALSE
FALSE
FALSE

significant?
FALSE
FALSE
TRUE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

F
0.05
3.8852903

" 4.7472213 -

3.8852903

F
0.05
3.8852903
4.7472213
3.8852903

F
0.05
3.8852903
4.7472213

3.8852903

\i

F
0.05
3.8852903
4.7472213
3.8852903

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
TRUE

significant?
TRUE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE




Source
GO

G

0
Error

Total

Source
GO

G

0
Error

Total

Source
GO -
G

0
Error

Total

Source
GO

SS
0.0096
0.0083
0.0088

0.026

0.0526

SS
0.0002
0.0008
0.0024
0.0026

0.0059

SS
0.0003

2.33E-05
4.19E-05

0.0007

0.0011

SS
0.0013
0.0012

DF
2
1
2
12

17

DF

N = N

12

17

DF
2
1
2

12

17

DF

Table B.41 Factorial Analysis of Variance

Lost Foam Low Expansion Castings

(0.25 inch)
Height
‘ F
MS F P 0.01
0.0048 2.2083 0.1525  6.926598
0.0083 3.809 0.0747 9.3302788
0.0044 2.0252 0.1747  6.926598
0.0022
Length
: F
MS F P 0.01
7.98E-05  0.3691 0.6989  6.926598
0.0008 3.7416 0.077  9.3302788
0.0012 5.493 0.0202  6.926598
0.0002
Left Casting Angle
- F
MS F P 0.01
- 0.0002 2.5673 0.118 6.926598
2.33E-05 0.3754 0.5515 9.3302788
2.09E-05 0.3365 0.7208  6.926598
6.22E-05
-Right Casting Angle
F
MS F P 0.01
0.0009 0.8531 0.4504  6.926598
0.0012 1.169 0.3009 9.3302788
1.2592  0.3188  6.926598

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

F
0.05
3.8852903
4.7472213
3.8852903

F
0.0
3.8852903
4.7472213
3.8852903

F
0.05
3.8852903
4.7472213
3.8852903

F
0.05
3.8852903
47472213

3.8852903 .

significant?
FALSE
FALSE
FALSE

_significant?
FALSE
FALSE

TRUE

significant?
FALSE
FALSE
FALSE

significant?

FALSE N
FALSE

FALSE



Source
GO

G

o
Error

Total

Source
GO

G

0o
Error

Total

Table B.42 Facto;ial Analysis of Variance
Lost Foam Low Expansion Castings

R (0.25 inch)
Number of Factors Number of Replicates
Factor Levels
G=QGating -2
O=Orientation 3
Parallelism
F
SS - DF MS F P 0.01
0.0056 2 0.0028 - 1.5301 02559  6.926598
520E-05 1 520E-05 0.0284 0.8691 9.3302788
0.0052 2 0.0026 1.4118 0.2814  6.926598
0.022 12 0.0018 ' :
0.0328 17
: Thickness
F
SS DF MS F P 0.01
0.0058 2 0.0029 7.6652 0.0072  6.926598
1.99E-05 1 1.99E-05 0.0523 0.8229 9.3302788
0.0017 2 0.0009 2.2622 0.1467  6.926598
0.0046 12 0.0004
0.012] 17
121

significant?
FALSE .
FALSE
FALSE

significant?
TRUE
FALSE
FALSE

F
0.05
3.8852903
4.7472213

3.8852903

F
0.05
3.8852903
4.7472213

3.8852903

- significant?
FALSE
FALSE
FALSE

significant?
TRUE
FALSE
FALSE




Source
GO

Error

Total

Source
GO

G

0
Error

Total

Source
GO

G

o
Error

"Total

Source
GO

Error

Total

SS
8.33E-06
5.00E-05
0.0004
0.0007

0.0011

SS
0.0035
0.0043

0.004
0.0042

0.016

ss
1.30E-05
0
8.33E-06
0.0002

©0.0002

SS

0.0003

0.0004
0.0007
0.0056

0.0069

LaUDL L Uil vy LA PERLIAS L v vy

(050 inch)

Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3
Left Flange Flatness
. F
DF MS F ) 0.01
2 417E-06 0.0707 0.89321 6.926598
1. 5.00E-05 . 0.8483 0.3752 9.3302788
2 0.0002 3.0094 0.0872  6.926598
12 5.89E-05 '
17
Right Flange Flatnessb
F
DF MS F P 0.01
-2 0.0017 4.9576 0.027  6.926598
1  0.0043  12.3498 0.0043 9.3302788
2 0.002 5.6589 0.01886  6.926598
12 0.0004
17
Left Wall Flatness
F
DF MS F P 0.01
2 6.50E-06 0.5043 06162  6.926598
1 0 8.11E-28 1 9.3302788
2 417E-06 - 0.3233 0.7299.  6.926598
12 1.29E-05
17
Right Wall Flatness
F
DF MS. F P 0.01
2 0.0001 0.2815 0.7595  6.926598
1 0.0004 0.8413  0.3771  9.3302788
2 0.0003 - 0.7022 0.5148 . 6.926598
12 0.0005 '
17

significant?
FALSE
FALSE
FALSE

significant?
FALSE
TRUE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

F
0.05
3.8852903
47472213
3.8852903

F
0.05
3.8852903
4.7472213
3.8852903

F
0.65
3.8852903
4.7472213
3.8852903

F
0.05
3.8852903
4.7472213
3.8852903

significant?
FALSE
FALSE
FALSE

significant?
TRUE
TRUE
TRUE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE



Source

GO

G

0]
Error

Total

Source
GO

G

0o
Error

Total

Ss
0.0049
0.0037
0.0007

- 0.0145

0.0239

Ss
0.0088
7.36E-06
0.0042
-0.0156

0.0287

Table B.45 Factorial Analysis of Variance
Lost Foam Low Expansion Castings -

Number of Factors
Factor
G=Gating
O=QOrientation
DF MS
2 0.0025
1 0.0037
2 0.0004
12  0.0012
17
DF MS
2 0.0044
1 7.36E-06
2 0.0021
12 0.0013
17

2.0413
3.0491
0.3074

F
3.3083
0.0057

1.613

(0.50 inch)
Number of Replicates
Levels
2
3
Parallelism
F
P 0.01 significant?
0.1726  6.926598 FALSE

0.1063 9.3302788  FALSE
0.741 6.926598 FALSE

Thickness
F
P 0.01 significant?
0.0678 6.926598 FALSE
0.9413  9.3302788 FALSE
0.2396  6.926598 FALSE

124

F
0.5
3.8852903
4.7472213

3.8852903.

F
0.05
3.8852903
47472213
3.8852903

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE




Source

Error

~ Total

Source
GO

G

0
Error

Total

Source

Error

Total

Source
GO

G

0
Error

Total

SS
0.0001
0.0001

0.0003

0.0003

0.0009

SS

- 01399

0.0895
0.1099
0.2581

0.5974

SS
3.88E-05
2.22E-05

0.0003
0.0005

0.0009

SS
0.0034
0.0012
0.0013
0.0264

0.0323

Table B.46 Factorial Analysis of Variance
Lost Foam Low Expansion Castings

i (0.50 inch)
Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3
Left Flange Flatness
, F
DF MS F P 0.01 significant?

2 6.81E-05 26923 ' 0.1082 6.926598 FALSE
0.0001 4.6505 0.052 93302788  FALSE
2- 00002 6.0725 0.0151 6.926598 FALSE
12 2.53E-05

amd

17
Rightv Flange Flatness
F
DF MS F | 4 0.01 significant?

2 0.07 ~ 3.2531 0.0743  6.926598 FALSE

1 0.0895 4.1596 0.064 93302788  FALSE

2 0.055 2.5554 0.119  6.926598 FALSE
12 0.0215

Left Wall Flatness
F
DF MS F 0.01 significant?
2 1.94E-05 0.4943 0.6219 6.926598 FALSE
1 2.22E-05 0.5666 04661 9.3302788 FALSE
2 0.0002 4.3187 0.0387 6.926598 FALSE
12 3.92E-05

17
Right Wall Flainess
: ' F
DF MS F | 0.01 significant?

2 0.0017 0.7757 0.4822 6.926598 FALSE
1 0.0012 0.5616 0.4681 9.3302788  FALSE
2 0.0006 0.2912 . 0.7525 6.926598 FALSE
12 0.0022 ' ’

125

F , »
. 0.05 significant?
3.8852903 FALSE
" 4.7472213 FALSE
3.8852903 TRUE-

F
0.05  significant?
3.8852903 FALSE
4.7472213 FALSE
3.8852903 FALSE

F :
0.05 significant?

3.8852903 FALSE
47472213 FALSE
3.8852903 TRUE

F
0.05 significant?
3.8852903 FALSE
47472213 FALSE
3.8852903 FALSE




Source
GO

Error

Total

Source
GO
G

)]
Error

Total

Source
GO

Error

Total

Source
GO’
G

0

Error

Total

SS
0.0119
0.0015
0.0047

0.0029

0.021

SS
1.42E-05
4.29E-05

0.0002
0.0015

0.0018

SS
4.00E-05
5.01E-06
1.71E-05

1.52E-05-

7.73E-05

S8

. 1.52E-05

1.66E-05
6.45E-05
0.0009

0.001

DF

~ Table B.47 Factorial Analysis of Variance
- Lost Foam Low Expansion Castings

MS
0.006

0.0015
0.0023
0.0002

MS
7.12E-06
4.29E-05

0.0001
0.0001

MS
2.00E-05
5.01E-06
8.53E-06
1.26E-06

MS
7.59E-06
1.66E-05
3.22€E-05
7.43E-05

(0.50 inch)
Height
F
F P 0.01
24,5254 S5.77E-05 6.926598
6.3565 0.0268 9.3302788
9.6696  0.0032 6.926598
Length
F
F P 0.01
0.056 0.9458  6.926598
0.337 0.5723  9.3302788
0.908 0.4293  6.926598
Left Casting Angle
F
F P 0.01
15.8325 0.0004 6.926598
3.967 0.0697 9.3302788
6.7468 0.0109  6.926598
Right Casting Angle
' F
F P 0.01
0.1021 0.8037  6.926598
0.2237  0.6447 9.3302783
04337 0.6579 6.926598
126

significant?
TRUE
FALSE
TRUE

significant?
FALSE
~FALSE
FALSE

significant?
TRUE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

F
0.05
3.8852903
4.7472213

3.8852903

F
0.05
3.8852903
4.7472213
3.8852903

F
0.05
3.8852903
4.7472213
3.8852903

F
0.05
3.8852903
47472213
3.8852903

significant?
TRUE
TRUE
TRUE

significant?
FALSE
FALSE
FALSE

- significant?

TRUE
FALSE
TRUE

significant?
FALSE
FALSE
FALSE




Seurce
GO

G

0]

Error

Total

Source

GO

- G

14
Error

Total

SS
0.0005
3.64E-05
0.0008
0.0055

0.0069

SS

0.0061 ~

0.0007
0.0029
0.0016

0.0114

Table B.48 Factorial Analysié of Variance
Lost Foam Low Expansion Castings

(0.50 inch)
Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation ‘ 3

Parallelism
F F

‘DF MS F P 0.01 significant? 0.05 significant?

2 0.0002 0.5048 0.6159 6.926598 FALSE  3.8852903 FALSE
1 364E-05 0.0792  0.7832 9.3302788 FALSE  4.7472213 FALSE
2 0.0004 0.9219 04242 6.926598 FALSE  3.8852903 FALSE
12 0.0005 ' '

Thickness
. F F « o
DF MS F P 0.01 significant? 0.05 significant?
2 0.00231 22.3388 0.0072  6.926598 TRUE 3.8852903 TRUE
1 0.0007 5.2988 0.8229 9.3302788 FALSE 47472213 TRUE
2 0.0014 10.5852 0.1467 6.926598 TRUE 3.8852903 TRUE
12 0.0001
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Source

Error

Total

Source

Error

Total

Source

GO
G

0]
Error

Total

Source

Error

Total

SS
0.0001.

' 6.90E-05

0.0002
0.0003

0.0007

SS
0.0053
0.0035
0.0034

0.046

0.0533

SS
2.77E-05
9.19E-06
2.96E-05

0.0003

0.0004

SS
0.0019
0.0007
0.0015
0.0056

0.0097

Table B.49 Factorial Analysis of Variance

Lost Foam Silica Sand Castings

- -(0.25 inch)
Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3

Left Flange Flatness
: F
DF MS F P 0.01

3.64E-05 22837  0.1002 4.579022
3.45E-05 2.1651  0.1437 6.012897
8.14E-05 5.1093  0.0175 6.012897
18  1.59E-05

NN

26
Right Flange Flatness
F
DF MS F P 0.01

4 0.0013  0.5215  0.7211 4.579022
2 0.0018 0.6934  0.5128 6.012897
2 0.0017 0.6727  0.5227 6.012897
18  0.0026 .

26
- Left Wall Flatness
F
DF = MS F P 0.01
4 6.93E-06 0.3929 0.811 4.579022
2 4.59E-06 0.2605 0.7735 6.012897

2 148E-05 0.8403 0.4478 6.012897
18 1.76E-05

26

" Right Wall Flatness
' F
DF MS F P 0.01
4 00005 15623 02271 4579022
2 0.0003 1.0697 0.364  6.012897
2 00007 23988  0.1192 6.012897
18  0.0003
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significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

F
0.05
2.927749
3.554561
3.554561

F
0.05
2.927749
3.554561
3.554561

F
0.05
2.927749
3.554561
3.554561

F
0.05
2.927749
3.554561
3.554561

significant?
FALSE
FALSE
TRUE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE




Source
GO

G

(0]
Error

Total

Source

Error

Total

Source

Error

Total

Source
GO
G

0]
Error

Total

SS
0.0316
0.0086
0.0141
0.0218

0.0762

SS
0.3633
0.0137
0.2588
0.5417

1.1775

Ss
0.0002
6.20E-05
4.93E-05
0.0003

0.0006

SS
0.0331
0.0031

0.001
0.0099

0.0471

Lost Foam Silica Sand Castings
(0.25 inch)
Number of Factors * Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3
Height
: F
DF MS F P 0.01
4 0.0079 6.5195  0.002 4.579022
2 0.0043 3.5415 0.0505 6.012897
2 0.0071 5.8292 0.0112 6.012897
18 0.0012.
26
Length _
F
DF MS F P 0.01
4 0.0908 3.0186 0.0455 4.579022
2 0.0068 0.2272 0.799 6.012897
2 0.1294 43 0.0298 6.012897
18  0.0301 - )
26
Left Casting Angle
. F
DF MS ‘F P - 0.01
4 417E05 2.2304 0.1063  4.579022
2  3.10E-05 1.6569 0.2185 6.012897
2. 246E-05 13169 02926 6.012897
18 1.87E-05 :
26
Right Casting Angle
F
DF MS F P 0.01
4 0.0083 15.0229 1.46E-05 4.579022
2 0.0016 2.8134 0.0865 6.012897
2 0.0005 0.8909 0.4276 6.012897
18  0.0006
26

Table B.50 Factorial Analysis of Variance

126

significant?
TRUE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
TRUE
FALSE
FALSE

F
0.05
2.927749
3.554561
3.554561

F
0.05
2.927749
3.554561
3.554561

F
0.05
2.927749
3.554561
3.554561

F
0.05
2.927749
3.554561
3.554561

significant?
TRUE
FALSE
"TRUE

significant?
TRUE
FALSE
TRUE

significant?
FALSE
FALSE
FALSE

significant?
TRUE -
FALSE
FALSE




Source

Error

Total

Source

Error

Total

SS
0.0208
0.0227
0.0042
0.0259

0.0736

SS
0.0355
0.0208
0.0197
0.0016

0.0777

Table B.51 Factorial An;;lysis of Variance

2 0.0021 14484  0.2611 6.012897
18  0.0014

26
Thickness
: F
DF MS F P 0.01
4 0.0089 © 97.5895 6.03E-12 4.579022
2 0.0104 114.1509 5.95E-11 6.012897

2 0.0099 108.2233 9.27E-11 6.012897
18 9.10E-05 :

26
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significant?
FALSE
TRUE
FALSE

Lost Foam Silica Sand Castings
(0.25 inch) '
Number of Factors ~ Number of Replicates
Factor Levels
- G=Gating 2
O=Orientation 3
Parallelism
‘ F
DF MS F P 0.01
4  0.0052 3.6063 0.0251 4.579022
2 00114 78834 0.0035 6.012897

significant?
TRUE
TRUE
TRUE

F
0.05
2.927749
3.554561
3.554561

F
0.05
2.927749
3.554561
3.554561

significant?
TRUE
TRUE
FALSE

significant?
TRUE
TRUE
TRUE
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Table B.52 Factorial Analysis of Variance
{ost Foam Silica Sand Castings

(0.50 inch)
Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3
Height
. F _ F :
Source 88 DF Ms F P 0.01 significant? 0.05 significant?
GO 0.0002 2 7.65E-05 2.8389 0.0978  6.926598 FALSE 3.88529 FALSE
G 0.0001 1 0.0001 4,916 0.0467 9.330279 FALSE 4.747221 TRUE
o 0.0002 2 7.99E-05 29682 0.0897 6.926598 FALSE = 3.88529 FALSE
Error 0.0003 12 2.69E-05
Total ~  0.0008 17
Length
F F
Source §§ DF MS F , P 0.01 significant? 0.05 significant?
GO 6.15E-05 2 3.07E-05 0.2451 0.7865 6.926598 FALSE  3.88529 FALSE
G 0.0005 1 0.0005 3.6286 0.081 9330279 FALSE 4.747221 FALSE
o 0.0002 2 0.0001 0.919 4.25E-01 6.926598 FALSE 3.88529 FALSE
Error 0.0015 12 1.00E-04
Total 0.0023 17
Parallelism o
‘ F F
Source 88 DF Ms F P 0.01 significant? 0.06  significant?
GO 0.0006 2 0.0003 3.123 0.0809 6.926598 FALSE  3.88529 FALSE
G 0.0003 1 0.0003 25752 0.1345 9.330279 FALSE 4.747221 FALSE
o] 0.0002 2 B8.03E-05 0.8097 0.4679 6.926598 FALSE  3.88529 FALSE
Error 0.0012 12 9.92E-05
Total 0.0022 17 ‘
Thickness
- F F
Source 88 DF WMS. F P 0.01 significant? 0.0§ significant?
GO 237E-05 2 1.18E-05 0.3544 0.7087 6.926598 FALSE  3.88529  FALSE
G . 2.56E-05 1 2.56E-05 0.7657 0.3987 9.330279° FALSE 4.747221 FALSE
0 8.82E-05 2 4.41E-05 1.3207 0.3031 . 6.926598 FALSE 3.88529 FALSE
Error 0.0004 12 3.34E-05 )
Total 0.0005 17
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Source
GO

e

0
Error

Total

Source
GO

G

0
Error

Total

Source
GO

Error

Total

Source
GO

Error

Total

S8
8.33E-06
5.00E-05

0.0004
0.0007

0.0011

ss
0.0035
0.0043
0.004
0.0042

0.016

ss
1.30E-05
0
8.33E-06
0.0002

0.00p2

Ss
0.0003
0.0004
0.0007
0.0056

0.0069

Table B.53 Factorial Analysis of Variance
Flatness of Lost Foam Silica Sand Castings

(0.50 inch)
Number of Factors - Number of Replicates
Factor Levels
-G=Gating 2
O=Orientation 3

Left Flange Flatness
F
DF MS F P 0.01 significant?
2 417E-06 00707 0.9321 6.926598 FALSE
1 5.00E-05 0.8483 03752 9.330279 FALSE
2 0.0002 3.0094 0.0872 6.926598 FALSE
12 5.89E-05

17
Right Flange Flatness
F
DF MS F P 0.01  significant?

2 0.0017 4.9576 0.027 6.926598  FALSE
0.0043  12.3498  0.0043 9.330279 TRUE
2 0.002 5.6589 0.0186 = 6.926588  FALSE
12 0.0004

—

17
Left Wall Flatness
F
DF Ms F P 0.01  significant?
2 G6.50E-06 0.5043 0.6162 6.926598 FALSE
1 0 8.11E-28 1 9.330279 FALSE

2 A417E-06 03233 07299 6.926598 FALSE
12 1.29E-05 -

Right Wall Flatness
F
DF mMs F P 0.01  significant?
2 0.0001 02815  0.7595 6.926598 FALSE
1 0.0004 08413 03771 9.330279 = FALSE
2 00003 07022 05148 6.926598 FALSE
12 0.0005 ‘ .
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F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529
4.747221
3.88529

significant?
FALSE
FALSE
FALSE

significant?
TRUE
TRUE
TRUE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE




Source
GO

G

(o)
Error

Total

Source
GO

G

0
Error

Total

1]
2.50E-05
1.15E-05
7.48E-05

8.23E-05

© 2.00E-04

S8
7.52E-06
3.07E-05
6.58E-05

0.0004

0.0005

Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3

Left Casting Angle

F

DF MS F P 0.01  significant?
2 1.25E-05 1.8202 0.204 6.926598 FALSE

1
2
12

17

Table B.54 Factorial Analysis of Variance
Lost Foam Silica Sand Castings
(0.50 inch)

1.15E-05 1.6696  0.2206 9.330279  FALSE
3.74E-05 54527 0.0207 6.926598  FALSE

6.86E-06
Right Casting Angle
F
Ms F P 0.01  significant? .

3.76E-06 0.1056  0.9006 6.926598  FALSE
3.07E-05 0.8606 0.3718 9.330279 FALSE
3.29E-05 0.9236  0.4236 6.926598 FALSE

3.56E-05
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'F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529
4.747221
3.88529

significant?
FALSE
FALSE
“ TRUE

_ significant?

FALSE
FALSE
FALSE



Source
GO

G

0
Error

Total

Source
GO

Error

Total

Source
GO

Error

Total

Source
GO

G

0
Error

Total

SS
0.0004
0.0001
0.0013
0.0014

0.0033

S8
9.42E-05
6.78E-05
5.26E-06

.0.0001

0.0003 -

SS
5.60E-06
3.00E-04
0.0023
10.0008

0.0035

SS

0.0002

0.0001
0.0014
0.0013

0.003

Table B.55 Factorial Analysis of Variance
Lost Foam Silica Sand Castings
(0.75 inch)

Number of Factors
Factor
G=Gating
O=Orientation

-t

12

17

MS
0.0002
0.0001
0.0006

- 0.0001

MS
4.71E-05
6.78E-05
2.63E-06

1.17E-05

MS
2.80E-06
3.00E-04

0.0012
7.04E-05

.\v

MS
7.55E-05
0.0001
0.0007
0.0001

F
1.8332
0.8333
5.3338

F
4.0103
5.7757

0.2241

0.0398
4.0336
16.6647

0.6796
0.9669
6.4315

Number of Replicates

Levels
2
3

Height

P
2.02E-01
0.3793
0.022

Thickness

P

-4.64E-02
0.0333
0.8025

Parallelism

P
0.9611
0.0677
0.0003

Length

0.5253 -
0.3449
0.0126
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F
0.01
6.926598
9.330279

6.926598

F
0.01
6.926598
9.330279
6.926598

F
0.01
6.926598
9.330279
6.926598

F
0.01
6.926598
9.330279
6.926598

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
FALSE

significant?
FALSE
FALSE
TRUE

significant?

FALSE
FALSE
FALSE

F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529
4747221

3.88529

F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529

4747221

3.88529

significant?
FALSE
FALSE
TRUE

significant?
TRUE
TRUE
FALSE

significant?
- FALSE -
FALSE
TRUE

significant?
FALSE
FALSE
TRUE



Source
GO

G

0
Error

Total

Source
GO

Error

Total

Source
GO

G

(o]
Error

Total

Source

GO
G

O
Error

Total

]
0.0001
0.0001
0.0003
0.0003

0.0009

Ss
0.1399 .
0.0895
0.1089
0.2581

0.5974

Ss
3.88E-05
2.22E-05

0.0003
0.0005

0.0009

SS
0.0034
0.0012
0.0013
0.0264

0.0323

Table B.56 Factorial Analysis of Variance
Flatness of Lost Foam Silica Sand Castings

(0.75 inch)

Number of Factors Number of Replicates
Factor Levels
G=Gating 2
O=Orientation 3

Left Flange Flatness

F

DF MS F P 0.01  significant?

2 681E-05 26923 0.1082 6.926598  FALSE
0.0001 4.6505 0.052 9.330278 FALSE
2 00002 6.0725 0.0151 6.926598 FALSE
12 2.53E-05

-

Right Flange Flatness
F
DF MSs F P 0.01 significant?

2 0.07 3.2531 0.0743 -6.926598  FALSE
1 0.0885 4.1596 0.064 9.330279 FALSE
2 0.055 2.5554 0.119 6.926598  FALSE
12 0.0215

Left Wall Flatness
. F
DF ms F P 0.01  significant?
2 1.94E-05 0.4943 0.6218 6.926598 FALSE
1 222E-05 0.5666 0.4661 9.330279 FALSE
2 0.0002 4.3187 0.0387 6.926558 FALSE

12 3.92E-05
7 ;
Right Wall Flatness
DF MS F P 0.':)1 significant?

2 0.0017 0.7757  0.4822 6.926598 FALSE "
‘1 0.0012 0.5616 - 0.4681 9.330279 FALSE

2 00006 02912 0.7525 6.926598  FALSE
12 0.0022
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F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529
4.747221

3.88529

F
0.05
3.88529
4.747221
3.88529

F
0.05
3.88529
4747221
3.88529

significant?
FALSE
FALSE
TRUE

significant?
FALSE
FALSE
FALSE

 significant?

FALSE
FALSE
TRUE

significant?
FALSE
FALSE
FALSE



T

Table B.57 Factorial Analysis of Variance
Lost Foam Silica Sand Castings

(0.75 inch)

Number of Factors Number of Replicates

Factor Levels '

G=Gating 2

=Orientation 3

Left Casting Angle
: F F
Source SS DF ~ MS F P 0.01  significant? 0.06  significant?
GO 1.19E-05 2 §65.93E-06 0.521 0.6067 6.926598  FALSE 3.88529 = FALSE
G 2,28E-07 1 2.28E-07 0.0201 0.8896 9.330279 FALSE  4.747221 FALSE
o 217E-05 2 1.09E-05 0.9543 0.4125 6.926598 FALSE 3.88529 FALSE
Error 1.00E-04 12 1.14E-05
Total 2.00E-04 17
Right Casting Angle ‘
F F

Source - S8 DF MS F P 0.01 significant? 0.05  significant?
GO 2.38E-05 2 1.19E-05 0.7692 0.4849 6.926598 FALSE 3.88529  FALSE '
- G 1.00E-04 1 1.00E-04 9.031 0.011  9.330279 FALSE  4.747221 TRUE
o 1.70E-05 2 8.52E-06 0.55 0.5909 6.926598 FALSE 3.88529 FALSE
Error 0.0002 12 1.55E-05

Total 0.0004 17
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Newman Keuls Test of Means on Mold Type of
Height Data ( 0.25 inch)

ColName Count Mean StdDev. StdErr.
-+ +- + -+

Ml 18 88862 00315 0.0074

M2 18 86424 00556 0.0131

M3 18 87012 00605 00143

=,
T T T

Newman-Keuls' Test
Significance Level: 0.05

Varisbles | MeanDiff | Critical Value | Significant

Ml Vs M2 0.2438 0.0000 YES
Ml Vs. M3 0.1850 0.0000 YES
M2 Vs M3 0.0588 0.0000 YES

Newman Keuls Test of Means on Mold Type of
Length Data ( all 0.25 inch)

ColName Count Mean StdDev. StdErm.

e .
T T

Ml 18 7.7686 = 0.0256 0.0060

M2 18 6.4266 0.0187 0.0044
M3 18 6.3593 0.2598 0.0612
At o+ +
Newman-Keuls' Test
Significance Level: 0.05
Variables | MeanDiff | Critical Value | Significant

Ml Vs M2 1.3421 0.1296 YES

Ml Vs. M3 1.4093 0.1638 YES

M2 Vs. M3 0.0673 0.1296 NO

Newman Keuls Test of Means on Mold Type for
Parallelism Data( all 0.25 inch)

ColName Count Mean Std.Dev. Std.Err.

_|L >y 3 4.

Ml 18 01482 0.1410 0.0332

M2 18 0.0994 00439 0.0104
M3 18 0.1663 0.0589 0.0139
Newman-Keuls' Test -
Significance Level: 0.05
Variables | Mean Diff | Critical Value | Significant
MI Vs M2 - . 0.04838 0.0000 YES
Ml Vs. M3 0.0181 0.0000 YES

M2 Vs, M3 0.0669 0.0000 - YES .




Newman Keuls Test of Means on Mold Type for
Right Casting Angle Data( all 0.25 inch)

ColName Count Mean Std.Dev. Std.Err.

S— + +
M1 18 10.0357 0.1364 0.0321
M2 18 10.1225 0.0324 0.0076

M3 18 102086 0.0434 0.0114

P . -+ -
3 T ¥ T

Newman-Keuls' Test
Significance Level: 0.05

Varigbles | MeanDiff | Critical Value | Significant

Ml Vs. M2 0.0868 0.0000 YES
Ml Vs M3 0.1730 0.0000 YES
M2 Vs. M3 0.0861 0.0000 YES

Newman Keuls Test of Means on Gating for
Right Wall Flatness Data( all 0.25 inch)

ColName Count Mean StdDev. StdEm.

S + +
Gl 27 0.0226 0.0101 0.0019
G2 27 0.0322 0.0185 0.0036
Newman-Keuls' Test
Significance Level: 0.05
Variables | MeanDiff | Critical Value | Significant
Gl Vs Q@2 0.0096 0.0000 YES

Newman Keuls Test of Means on Orientation for
Right Wall Flatness Data( all 0.25 inch)

ColName Count Mean StdDev. StdErr.

-+ 4. -+

L] T L3 +

01 18 0.0344 0.0194 0.0046
o2 18 0.0199 0.0099. 0.0023
o3 18 00279 00128 0.0030

Newman-Keuls' Test
Significance Level: 0.05

. Variables | MeanDiff | Critical Value | Significant
Ol Vvs. O2 f 0.0145 0.0000 YES
Ol Vs O3 0.0065 0.0000 YES

02 Vs O3 0.0080 0.0000 YES
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Newman Keuls Test of Means on Orientation for
Lost Foam Silica Sand Height Data( 0.25 inch)

ColName Count Mean Std.Dev. StdErr.

ot + +

o1 6 86905 0.0683 0.0279

o2 6 86770 0.0529 00216
03 6 87360 00520 00212

Newman-Keuls' Test

Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant

01 Vs O2 00135 © 00000 YES

Ol Vs O3 0.0455  0.0000 YES

02 Vs O3 00596  0.0000 YES

Newman Keuls Test of Means on Orientation of
Lost Foam Silica Sand Length Data (0.25 inch)

ColName Count Mecan StdDev. StdEm. | -

L — + +

01 6 6.2475 0.2420 0.0988

o2 6 6.5633 0.2551 0.1041
O3 6 62672 0.1751 0.0715
— + +
Newman-Keuls' Test
Significance Level: 0.05
Variables | MeanDiff | Critical Value | Significant -

Ol Vs O2 0.3158 0.0000 YES

01 Vs 03 : 0.0197 0.0000 YES

02 Vs. O3 0.2961 0.0000 YES

Newman Keuls Test of Means on Orientation of
Lost Foam Silica Sand Left Flange Flatness Data( all 0.25 inch)

ColName Count Mean StdDev. StdEr.

- - e 3
T T

01 6 0.0108 00035 00014

02 6 00158 0.0026 0.0011
O3 6 00128 0.0026 0.0010

Newman-Keuls' Test

Significance Level: 0.05 :

Variables | MeanDiff | Critical Value | Significant

Ol Vs. 2 0.0050 0.0000 YES

01 Vs. O3 0.0020 0.0000 YES

02 Vs. O3 0.0030 0.0000 YES
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Newman Keuls Test of Means on Gating for
Lost Foam Silica Sand Parallelism Data( 0.25 inch)

ColName Count Mean Std.Dev. StdEm.

S — + +

Gl 9 01314 0.0534 00178

G2 9 02012 00422 00141
-+ + -+ +
Newman-Keuls' Test
Significance Level: 0.05
Variables | MeanDiff | Critical Value | Significant
Gl Vs G2 0.0698 0.0000 YES

Newman Keuls Tést of Means on Orientation of
Lost Foam Low Expansion Length Data (0.25 inch) .

ColName Count Mean StdDev. StdErm.

. . =, 4=

T 01 6 6.4330 0.0202 0.0082

02 6 64362 00119 00049
03 6 64104 00128 0.0052

Newman-Keuls' Test

Significance Level: 0.05

Varisbles | MeanDiff | Critical Value | Significant

01 Vs O2 00032  0.0000 YES

Ol Vs O3 00226 00000 YES

02 Vs O3 00258  0.0000 YES

Newman Keuls Test of Means on Orientation for
Lost Foam Low Expansion Right Flange Flatness Data( 0.25 inch)

ColName Count Mean StdDev. StdEm

+ . . 4

O1 6 00292 0.0161  0.0066

02 6 00393 00141 0.0058
03 6 00078 0.0034  0.0014
et + +
Newman-Keuls' Test
Significance Level; 0.05
Variables | MeanDiff } Critical Value | Significant
01 Vs. 02 0.0102 0.0000 YES
01 Vs O3 0.0213 0.0000 YES
o2 Vvs O3 0.0315 0.0000 YES
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Newman Keuls Test of Means on Gating for
Resin Bonded Sand Height Data (0.25 in.)

ColName Count Mean Std.Dev. StdErm.

S — + +

Gl 9 88717 0.0294 0.0098
G2 9 89006 0.0279 0.0093 .
Newman-Keuls' Test
Significance Level: 0.05
Variables | MeanDiff | Critical Value | Significant
Gl Vs. Q2 0.0289 0.0000 YES

Newman Keuls Test of Means on Gating for
Resin Bonded Sand Castings of Left Wall Flatness Data( 0.25 inch)

ColName Count Mean StdDev. StdErm.

+ 4 -t

4

Gl 9 0.0294 0.0068 0.0023
G2 9 0.0380 0.0074 0.0025
Newman-Keuls' Test
Significance Level: 0.05
Variables | MeanDiff | Critical Value | Significant
Gl Vs @ 0.0086 0.0000 YES

Newman Keuls Test of Means on Orientation of
Resin Bonded Sand Casting Left Wall Flatness Data (0.25 inch)

ColName Count Mean Std.Dev. StdErr.

S + +

01 6 0.0405 0.0066 0.0027
02 6 0.0330 00045 0.0018
03 6 00277 0.0081 0.0033

- Newman-Keuls' Test

Significance Level: 0.05

" Variables | MeanDiff | Critical Value | Significant

Ol Vs 02 0.0075 0.0000 YES

01 Vs O3 0.0128 0.0000 YES

02 Vs. O3 0.0053 0.0000 YES

138




Newman Keuls Test of Means on Mold Type of Thickness Data (all 0.50 inéh)

ColName Count Mean StdDev. StdEm.
S S + +.
M1 18 10.1106 0.0111 0.0026
M2 18 10.1151 0.0021 0.0005
M3 18 10.1163 0.0032 0.0007
et + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ml Vs M2 0.0046 0.0058 NO
Ml Vs. M3 0.0057 0.0074 NO
M2 Vs, M3 0.0012 0.0058 NO

Newman Keuls Test of Means on Mold Type of Height Data (all 0.50 inch)

ColName Count Mean StdDev. StdEm.
SN SO S +
Ml 18 88712 0.0159 0.0037
M2 18 86424 0.0556 00131
M3 18 86024 0.0067 0.0016

L— + +

Newman-Keuls‘b Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant

Ml Vs M2 0.2288 0.0288 YES
Ml Vs M3 0.2688 0.0365 YES
M2 Vs, M3 0.0400 0.0288 YES

Newman Keuls Test of Means on Orientation of Length Data (all 0.50 inch)

ColName Co;m’t Mean StdDev. StdEm.

4. - -

Teennat

o1 18 69081 06502 0.1532
o2 18 69111 0.6594 0.1554
o3 18 6.8947 06462 0.1523

o — + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs O2 - . 0.0030 0.5594 NO
O1 Vvs. O3 _ 0.0134 0.5594 NO
02 Vvs. O3 0.0164 0.7069 NO
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Newman Ket_xls Test of Means on Mold Type of Length Data (0.50 inch)

ColName Count Mean StdDev. StdEm.
R + +

M1 18 7.8000 0.0292° 0.0069

M2 18 6.4748 0.0155 0.0036

M3 18 6.4390 00115 0.0027

4. e . .
T T ¥ T

‘Newman-Keuls' Test
Significance Level: 0.05

Mean Diff | Critical Value | Significant

Variables |
Ml Vs. M2 - 13252 0.0173 YES
Ml Vs M3 1.3611 0.0219 YES
M2 Vs M3 0.0358 0.0173 YES

Newman Keuls Test of Means on Mold Type of Parallelism Data (0.50 inch)
ColName Count Mean Std.Dev. StdErmr

1. 4

Ml 18 00874 0.0274 0.0065
M2 18 00663 0.0375 0.0083
M3 18 0039 00114 0.0027

e +: t

Newman-Keuls' Test
Significance Level: 0.05

Mean Diff | Critical Value | Significant

Varigbles |
Ml Vs M2 00211  0.0237 NO
Ml Vs. M3 0.0479  0.0299 YES
M2 Vs. M3 00268  0.0237 YES

Newman Keuls Test of Means on Mold Type of Left Casting Angle Data (0.50 inch)
Dev. StdEm.

-

ColName Count Mean Std

Ml 18 10.1086 0.0070 0.0016
M2 18 10.1165 0.0010 0.0002 -
M3 18 10.1175 0.0034 0.0008 ‘

)= =,
T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant

Ml Vs M2 0.0079 = 0.0039 YES
Ml Vs, M3 0.0089 0.0049 YES
M2 Vs M3 0.0010 0.0039 NO
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Newman Keuls Test of Means on Gating of Right Flange Flatness Data (0.50 inch)

ColName Count Mean Std.Dev. Std.Err.

L + +

Gl 27 0.0221 00113 0.0022
G2 27 0.0323 0.0294 0.0056

~+ ~+: +:

o,
T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Gl Vs QG2 0.0101 0.0156 NO '

Newman Keuls Test of Means on Mold Type of Right Flange Flatness Data(0.50 inch)

ColName Copnt Mean StdDev. StdEm.

+ 3

et +-
M1 13 0.0124 0.0088 0.0021
M2 18 0.0407 0.0307 0.0072

M3 18 0.0284 0.0121 0.0029

- . b,
T T T

4
T

Newman-Keuls' Test
Significance Level: 0.05

Variables { MeanDiff | Critical Value ] Significant
Ml Vs M2 0.0283 0.0214 YES
Ml Vs. M3 0.0161 0.0169 NO
M2 Vs. M3 0.0123 0.0169 NO

Newman Keuls Test of Means on Gating of Left Wall Flatness Data(0.50 inch)

ColName Count Mean StdDev. StdErm.
RS + +

Gi 27 00185 00089 0.0017

G2 27 00306 00391 00075

- = -
T t 4

-
T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Gl Vs G2 0.0121 0.0199 NO
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Newman Keuls Test of Means on Orientation of Left Wall Flatness Data(0.50 inch)

ColName Count Mean Std.Dev. StdErr.
o1 18 00352 00464 00109
o 18 00219 00134 00031
03 18 00166 00076 00018

_ et —+ +

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
01 Vvs. O2 0.0133 0.0242 NO
01 Vs. O3 0.0186 0.0306 NO
02 Vs O3 0.0053 0.0242 NO

Newman Kenls Test of Means on Mold Type of Left Wall Flatness Data(0.50 inch)

ColName Count Mean Std.Dev. Std,ErrA‘

~+. 4. e

~t

Ml 18 00319 0.0095 0.0022
M2 1§ 0.0106 0.0032 0.0008
M3 18 0.0311 0.0466 0.0110

e . 4 .
Trmmey——} T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ml Vs M2 0.0213  0.0299 NO
Ml Vs. M3 0.0009 00236 NO
M2 Vs. M3 0.0204  0.0236 NO

Newman Keuls Test of Means on Mold Type of Right Wall Flatness Data(0.50 inch)

ColName Count Mean StdDev. StdEm.
——. + + :
Ml 18 0.0316 0.0106 0.0025
M2 18 0.0357 0.0202 0.0048
M3 18 00164 00038 0.0009

A= 3 .
T T T

.
T

" Newman-Keuls' Test
- Significance Level: 0.05

Variables | MeanDiff | Critical Value ] Significant
Ml Vs M2 0.0041 0.0114 NO
Ml Vs. M3 0.0152 0.0114 YES
M2 Vs. M3 0.0193 0.0145 YES
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Newman Keals Test of Means on Mold Type of Thickness Data(0.75 inch)

ColName Count Mean StdDev. StdEm
oot + +

M1 18 08153 00266 0.0063

M2 18 07661 0.0259 0.0061

M3 18 0.7403 ‘ 0.0043 0.0010

S — +

3,
T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ml Vs M2 0.0492 0.0185 YES
Ml Vs, M3 0.0750 0.0234 YES
M2 Vs. M3 0.0257 0.0185 YES

Newman Keuls Test of Means on Orientation of Height Data(0.75 inch)

ColName Count Mean StdDev. Std.Em.

+ . -

01 18 8.72599898 0.13568314 0.03198082
02 18 8.70201522 0.13657236 0.03219041

0] 18 8.71321281 0.12243775 0.02885886
S — + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant
01 Vs O2 0.02398376  0.14281819 NO
01 Vs. O3 0.01278617 0.11301266 NO
02 Vs O3 0.01119759 0.11301266 NO

Newman Keuls Test of Means on Mold Type of Height Data(0.75 inch)

ColName Count Mean Std.Dev. StdErr.

4. -t

M1 18 8.89197778 0.01920126 0.00452578 -~
‘M2 18 8.63164534 0.03518775 0.00829383
M3 18 8.61760390 0.01384923 0.00326430

3~ + .
T T T

Newman-Keuls' Test '
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant
Ml Vs, M2 0.26033244  0.02100777 YES
Ml Vs. M3 0.27437388  0.02654828 YES
M2 Vs. M3 0.01404144 0.02100777 NO
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Newman Keuls Test of Means on Mold Type of Length Data(0.75 inch)

ColName Count Mean StdDev. StdErr.
et + + :
M1 18 7.77364889 0.03022763 0.00712472
M2 18 6.47175056 0.01033537 0.00243607
M3 18 6.43646533 0.01333097 0.00314214

S S + + :

Newman-Keuls' Test
Significance Level: 0.05

Varisbles | MeanDiff | Critical Value | Significant

Ml Vs M2 1.30189833  0.01714657 YES
Ml Vs M3 1.33718356 0.02166874 YES
M2 Vs. M3 0.03528522  0.01714657 YES

Newman Keuls Test of Means on Mold Type of Parallelism Data(0.75 inch)

ColName Coynt Mean StdDev. StdErr.
A et + +
Ml 13 0.07070522 0.01992391 0.00469611
M2 18 0.12436383 0.10281243 0.02423312
M3 18 0.04243789 0.01430679 0.00337214
S S + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant

Ml Vs M2 0.05365861  0.05235652 YES
Ml Vs. M3 0.02826733  0.05235652 NO
M2 Vs. M3 0.08192594 0.06616483 YES

Newman Keuls Test of Means on Gating of Left Casting Angle Data(0.75 inch)

ColName Count Mean StdDev. Std.Err.

S + +
Gl 25 1.012E+001 0.00786165 0.00157233 :
Q2 25 1.011E+001 0.00649340 0.00129868 . k

- e,
T T ¥

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Gl Vs QG2 0.00369429  0.00412415 NO
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Newman Keuls Test of Means on Mold Type of Left Casting Angle Data(0.75 inch)

ColName Count Mean Std.Dev. Std.Erm.

4 e, ~

Ml 18 1.011E+001 0.01112025 0.00262107
M2 18 1.012E+001 0.00213178 0.00050246
M3 18 1.012E+001 0.00316470 0.00074593

=, e, =
4 T T T

Newman-Keuls" Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ml Vs, M2 0.00456111  0.00582358 NO
Ml Vs. M3 0.00574732 0.00735946 NO
M2 Vs M3 0.00118621 0.00582358 NO

Newman Keuls Test of Means on Orientation of Right Casﬁng Angle Data(0.75 inch)

ColName Count Mean StdDev. StdEm.

S — +

4=
T

o1 18 1.011E+001 0.00777704 0.00183307
02 18 1.012E+001 0.00922293 0.00217387
03 18 1.012E+001 0.01209642 0.00285115

4. 4 .
T Y T

+.
4

Newman-Keuls' Test
Significance Level: 0.05

Variables' | MeanDiff | Critical Value | Significant
Ol Vs. O2 0.00125561  0.00846248 NO
Ol Vs. O3 0.00768896  0.01069435 NO
02 Vs O3 0.00643335 0.00846248 NO

Newman Keuls Test of Means on Mold Type of Right Casting Angle Data(0.75 inch)

ColName Count Mean Std.Dev. Std.Ermr.

e,

M1 18 1.012E+001 0.01380946 0.00325492
M2 18 1.011E+001 0.00762451 0.00179711
M3 18 1.011E+001 0.00464524 0.00109489

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ml Vs. M2 0.00922778  0.01029377 NO
Ml Vs. M3 0.00880602  0.00814550 YES
M2 Vs. M3 © 000042175 0.00814550 NO
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Newman Keuls Test of Means on Oﬁgntation of Right Flange Flatness Data(0.75 inch)

ColName - Count Mean Std.Dev. StdErmr.

 — + +

01 18 0.06009427 0.05137171 001210843
02 18 0.11766073 0.19680023 0.04638626
03 18 0.03767907 0.02304666 0.00543215

Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant
Ol Vs. 02 0.05756646 0.10139447 NO
01 Vs. 03 . 0.02241520 0.10139447 NO
02 Vs. O3 0.07998166  0.12813587 NO

Newman Keuls Test of Means on Mold Type of Right Flange Flatness Data(0.75 inch)

ColName Count Mean StdDev. StdErm.
L + +

Ml 18 0.03107550 0.02768484 0.00652538
M2 18 0.13656749 0.18748411 0.04419043

M3 18 0.04779109 0.05273101 0.01242882
— + +

Newman-Keuls' Test
Significance Level: 0,05

Variables | MeanDiff | Critical Value | Significant
Ml Vs M2 0.10549199  0.12314061 NO
Ml Vs. M3 0.01671560  0.09744170 NO
M2 Vs. M3 008877639  0.09744170 NO

Newman Keuls Test of Means on Mold Type of Left Wall Flatness Data(0.75 inch)

ColName Count Mean StdDev. StdErr.

+ + +

Ml 180.03036907 0.01497323 0.00352923
M2 18 0.01643461 0.00717842 0.00169197
M3

18 0.01911688 0.00415048 0.00097828

. S— + —+

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ml Vs, M2 0.01393446 0.01071422 YES
Ml Vs. M3 0.01125219 0.00847821 YES
M2 Vs. M3 0.00268227 0.00847821 NO
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Newman Keuls Test of Means on Mold Type of Right Wall Flatness Data (0.75 inch)

ColName Count Mean StdDev. StdEm.

3 -+

Ml 18 0.03575841 0.02814753 0.00663444
M2 18 0.06948364 0.04357828 0.01027150
M3 180.01661418 0.00433221 0.00102111

3=

T wnwnet + t

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ml Vs M2 0.03372522  0.02578687 YES
Ml Vs M3 0.01914424  0.02578687 NO
M2 Vs. M3 0.05286946  0.03258780 YES

Newman Keuls Test of Means on Gating for Lost Foam Silica Sand Height Data(0.50 inch)

ColName Count Mean Std.Dev. StdErmr.

e

G1 9 86051 0.0059 0.0020
G2 9 85997 0.0067 0.0022

oo o 4. 4.
t T T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Gl Vs G2 00054 00076 NO

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Left Casting Angle Data (0.50 inch)

ColName Count Mean Std.Dev. Std.Err.

4=

01 6 10.1178 0.0037 0.0015

02 6 10.1198 0.0028 0.0011 ) ™
03 6 10.1148 0.0014 0.0006 : :

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs O2 0.0020  0.0000 YES
Ol Vs O3 0.0030  0.0000 YES
02 Vs. O3 0.0050  0.0000 YES
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Newman Keuls Test of Means on Gating for Lost Foam Silica Sand Thickness Data (0.75 inch)

ColName Count Mean StdDev. StdErm.
‘ S + +

Gl 9 0.7423 - 0.0037 0.0012

G2 9 0.7384 0.0040 0.0013

.
y

.
T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Gl Vs. G2 0.0039 0.0000 YES

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Height Data (0.75 inch)

ColName Count Mean Std.Dev. StdErm.

S — + +

o1 6 86205 0.0125 0.0051
02 6 86061 0.0143 0.0058
o3 6. 86261 0.0060 0.0025

Newman-Keuls‘ Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant

01 Vs O2 0.0144 0.0000 YES
Ol Vs. O3 0.0056 0.0000 YES
02 Vs. O3 0.0200 0.0000 YES

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand '
Length Data (0.75 inch)

ColName Count Mean StdDev. StdEm.

.
1

01 6 64402 0.0067 0.0027

02 6 64242 0.0162 0.0066
03 6 64450 0.0032 0.0013

T T Y

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs 02 0.0160 0.0000 YES
01 Vs O3 0.0049 0.0000 YES
02 Vs. O3 0.0209 0.0000 YES
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Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Parallelism Data (0.75 inch)

ColName Count Mean StdDev. StdEm.

+ . -+

T

01 6 00380 0.0090 0.0037
02 6 00581 0.0102 0.0042
- 03 6 00312 0.0064 0.0026

. . <=, o,
T T T T

Newman-Keuls' Test
Significance Level: 0.05

Variables . | MeanDiff | Critical Value | Significant
Ol Vs O2 00201 © 0.0000 YES
Ol Vs O3 0.0068 0.0000 YES
02 Vs O3 0.0269 0.0000 YES

Newman Keuls Test of Means on Gating for Lost Foam Silica Sand
Right Casting Angle Data (0.75 inch)

ColName Count Mean StdDev. StdErmr.

.
T

Gl 9 10.1170 0.0034 0.0011

G2 9 10.1115 0.0041 0.0014

Newman-Keuls' Test
Significance Level: 0.05

Variables | ‘Mean Diff | Critical Value | Significant
Gl Vs. QG2 0.0056 0.0000 YES

Newman Keuls Test of Means on Gating for Lost Foam Silica Sand
: Thickness Data (all)

ColName  Count Mean StdDev. StdErm.

+. - — N

Gl 27 04949 0.2094 0.0403
G2 27 0.5127 0.1889 0.0364

= . . =,
T T 4 T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Gl Vs. QG2 . 0.0178 0.0000 YES
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Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Thickness Data (all)

ColName Count Mean StdDev. StdErr.
R S + +
01 18 0.4953 0.2094 0.0494
02 - 18 0.4946 02103 0.0496
(0} 18 05214 0.1825 0.0430

S — + +

Newman-Keuls' Test
Significance Level: 0.05

Varisbles | MeanDiff | Critical Value | Significant

Ol Vs O2 0.0007 0.0000  YES
O1 Vs O3 0.0261 0.0000 YES
02 Vs. 03 0.0268 0.0000. YES

Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
Thickness Data (all)

ColName Count Mean StdDev. StdEm.

T1 18 07403 0.0043 0.0010
T2 18 05020 0.0056 0.0013

T3 18 0.2691 0.0654 0.0154
Aot + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Tl Vs. T2 0.2384 0.0000 YES
Tl Vs. T3 0.4712 0.0000 YES

T2 Vs. T3 0.2329 0.0000 YES

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Height Data (all)

ColName Count Mean StdDev. StdErm.

. - -

T e

01 18 8.6366 0.0554 0.0131
02 18 8.6297 0.0455 0.0107
03 18 8.6548 0.0663 0.0156

.. 4. 4.
T T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant

OF Vs. O 0.0069 0.0000 YES
Ol Vs O3 - 0.0183 0.0000 YES
02 Vs. O3 0.0251 0.0000 YES
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Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
Height Data (all)

ColName Count Mean -Std.Dev. Std.Err.
S + +

Tl 18 86176 0.0138 0.0033

T2 18 8.6024 0.0067 0.0016

T3 18 87012 0.0606 0.0143

S +

Newman-Keuls' Test
Significance Level: 0.05

Varisbles | MeanDiff | Critical Value | Significant

Tl Vs. T2 0.0152 0.0000 YES
Tl Vs. T3 0.0836 0.0000 YES
T2 Vs. T3 0.0988 0.0000 YES

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Length Data (all)

ColName Count Mean Std.Dev. StdErr.

.

01 18 6.3741 0.1607 0.0379
02 18 - 6.4754 0.1528 0.0360
03 18 6.3853 0.1281 0.0302
Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs. O2 0.1013 0.0000 YES
Ol Vs O3 0.0111 0.0000 YES

02 Vs. O3 0.0901 0.0000 YES

Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
, Parallelism Data (all) ;

ColName Count Mean Std.Dev. StdErr.
S -+ +

Tl 18 0.0424 00143 0.0034

T2 18 0.0394 00114 0.0027

T3 18 02922 03042 0.0717

4 A= e, e,
¥ T T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
TI Vs. T2 0.0030 0.0000 YES
Tt Vs. T3 0.2498 0.0000 YES
T2 Vs. T3 0.2528 0.0000 YES




Newman Keuls Test of Means on Gating for Lost Foam Silica Sand
Parallelism Data (all)

ColName Count Mean StdDev. StdErr.

R S— + +

T1 18 10.1163 0.0032 0.0007
T2 18 10.1175 0.0034 0.0008
T3 18 10.1192 0.0075 0.0018
Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant
Tl Vs. T2 00012  0.0000 YES
Tl Vs. T3 0.0028  0.0000 YES
T2 Vs. T3 0.0017  0.0000 YES

Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
Left Casting Angle Data (all)

ColName Count Mean StdDev. StdEm.

At +

Tl 183 10.1163 0.0032 0.0007
T2 18 10.1175 0.0034 0.0008
T3 18 10.1192 0.0075 0.0018
S + +
Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant
TI Vs. T2 00012  0.0000 YES
Tl Vs. T3 0.0028  0.0000 YES
T2 Vs. T3 0.0017  0.0000 YES

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Right Casting Angle Data (all)
ColName Count Mean Std.Dev. StdEm. .

S + +

01 18 10.1548 0.0623 0.0147

02 18 10.1428 0.0484 0.0114

03 18 10.1421 0.0421 0.0099
rtanmeet- + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs O2 0.0120 0.0000 YES
Ol Vs. O3 0.0127 0.0000 YES
02 Vs. O3 0.0007 0.0000 YES
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Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
: Right Casting Angle Data (all)

ColName Count Mean Std.Dev. StdErm.

RS + +
T1 18 . 10.1143 00046 00011
T2 18 10.1188 0.0056 0.0013

T3 18 10.2066 0.0479 0.0113
ot + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Tl Vs. T2 0.0045 0.0000 YES
T1 Vs. T3 0.0924 0.0000 YES
T2 Vs. T3 0.0879 0.0000 = YES

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
' Left Flange Flatness Data (all)

ColName Count Mean StdDev. StdEm.

S +

Ol - 19 0.0078 0.0033 0.0007
02 19 00151 0.0077 0.0018

03 19 0.0115 0.0036 0.0008
S S— + + :

Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant
01 Vs O2 ' 0.0073 0.0055 ' YES
01 Vs. O3 0.0038 0.0044 NO
02 Vs. O3 0.0036 0.0044 NO

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand 7
Right Flange Flatness Data (all)

ColName Count Mecan StdDev. StdEm.
A et + —+

01 18 00446 0.0316 00074

o2 18 0.0621 0.0638 0.0150

O3 18 0.0402 0.0290 0.0068
A et + +

Newman-Keuls' Test
Significance Level: 0.05

Variables } Mean Diff | Critical Value | Significant
Ol Vs O 0.0174 0.0381 NO
Ol Vs. O3 0.0044 0.0381 NO
02 vs. O3 0.0218 0.0481 NO
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Newman Keuls Test of Means on Orientation for Lost Foani Silica Sand
Left Flange Flatness Data (0.75 inch)

ColName Count Mean Std.Dev. StdErm.

Aot + +

0)] 6 00071 0.0022 0.0009
02 6 0.0139 00085 0.0035
‘03 6 00100 0.0037 0.0015

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs. O2 0.0068 0.0103 NO
01 Vs O3 0.0029 0.0081 NO
02 Vs O3 0.0039 0.0081 - NO

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
Left Wall Flatness Data (0.75 inch)

ColName Count Mean StdDev. StdErr.

4 .

Y

01 6 0.0200 0.0048 0.0020
o2 6 0.0177 0.0027 0.0011
o3 6 00197 0.0049 0.0020

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs. O2 00023  0.0080 NO
Ol Vs O3 00003  0.0064 NO
02 Vs. O3 0.0020  0.0064 NO

Newman Keuls Test of Means on Orientation for Lost Foam Silica Sand
, Right Flange Flatness Data (0.50 inch) )

ColName - Count Mean StdDev. StdEm.

e .

o1 6 00243 00046 0.0019

02 6 00263 0.0127 0.0052
03 6 0.0347 0.0157 0.0004

T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Ol Vs. O2 0.0020 0.0178 NO
Ol Vs O3 0.0104 0.0224 NO
02 Vs. O3 ‘ 0.0084 0.0178 NO
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Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
Right Flange Flatness Data (all)

ColName Count Mean Std.Dev. Std
T1 18 0.0477 00528 0

T2 18 0.029 00114 0.0027
T3 18 0.0707 00481 0.0113

e, - .

T —t t T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
TI Vs. T2 0.0182 0.0358 NO
T1 Vs. T3 0.0229 0.0358 NO
T2 Vs. T3 0.0411 0.0452 NO

Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
Left Wall Flatness Data (all)

ColName Count Mean Std.Dev. StdErm.

+ . o,

T1 18 00191 0.0042 0.0010
T2 18 0.0311 0.0466 0.0110
T3 18 00111 0.0034 0.0008

. ~=. . i
T T T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Tl Vs. T2 0.0119 0.0232 NO
Tl Vs. T3 0.0080 0.0232 NO

T2 Vs. T3 0.0200 0.0294 NO

Newman Keuls Test of Means on Thickness for Lost Foam Silica Sand
Right Wall Flatness Data (all)

ColName Count Mean Std.Dev. Std.Ermr.

-+ . e, .
T T

T1 18 0.0166 0.0043 0.0010
T2 18 00164 0.0038 0.0009
- T3 18 0.0293 0.0218 0.0051

-+ .
T 3 T

Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant
Tl Vs. T2 0.0002 00112 NO
Tl Vs. T3 0.0127 0.0112 YES
T2 Vs. T3 0.0129 00141 NO
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Newman Keuls Test of Means on Gating for Lost Foam Silica Sand
Right Flange Flatness Data (all)

ColName Count Mean StdDev. StdErm.
ot + + ‘

Gl - 27 0.0452 0.0474 0.0091

G2 27 0.0527 0.0421 0.0081

ot + +

Newman-Keuls' Test
Significance Level: 0.05

Variables | MeanDiff | Critical Value | Significant
Gl Vs. G2 0.0075 0.0314 NO

Newman Keuls Test of Means on Gating for Lost Foam Silica Sand
Right Flange Flatness Data (0.50 inch)

ColName Count Mean StdDev. StdErm.

S +

Gl 9 00270 0.0096 0.0032
G2 9 0.0299 0.0147 0.0049

. . . =
Y T T T

Newman-Keuls' Test
Significance Level: 0.05

Variables | Mean Diff | Critical Value | Significant

Gl Vs. Q2 0.0029 0.0151 NO




