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ABSTRACT
Tautologically, castability is a critical requirement in any casting process. The two
most important factors impacting castability are the susceptibility of a metal to
hot tearing and the degree of casting fluidity a material possesses. This work
concerns itself with fluidity of molten metal. Since experimental investigations
into casting fluidity b egan, researchers have sought to maximize fluidity through
superheat, mold temperature, alloy chemistry, melt cleanliness, and mold design.
Researchers who have examined the published results in the field have remarked
on the difficulty of making quantitat ive comparisons and drawing conclusions
from the data. Ragone developed a horizontal vacuum fluidity apparatus and an
analytical expression for fluid length to help resolve these issues. This was
expanded on by Flemings et a/. Still, the comparison of results is complicated by
experimental uncertainties and a plurality of experimental procedures. This work
seeks to resolve these issues through an analysis of experimental uncertainties
present in existing fluidity tests and the development of an improved tes t and
procedure which is very precise, accurate, and reliable. Certain existing tests and
software packages have been shown to be unsuitable for quantitative fluidity
measurement. Expressions for experimental uncertainty in fluidity testing have
been derived. The capability to predict variations in fluidity as a function of alloy
chemistry and other variables whose range of values are intrinsic to the
economics of the process will help to more accurately determine the superheat
needed for successful castings and will in turn lead to a decrease in scrap rates.
This will enable metal casters to more reliably cast thin sections, and to reduce
cycle time or scrap rate to achieve productivity goals. Superheat was shown to
remain the dominant factor in fluidity, b ut the test allowed investigation of alloy
modifications within an alloy specification in this alloy system. Factors known to
have negative effects on structural properties were found often to have neutral
or positive impacts on fluidity. A deep understanding of variations in fluidity
measurements is the next necessary step in a century-long quest to understand

how best to make metal castings through the use of fluidity experiments.
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1 INTRODUCTION:

At t he sur f ac whatistflhidityog u eos tai amastafeelatlvalyr g i st

simple question. Having said that, the
already revealed one problem. Physicists define fluidity to be the inverse of
viscosity. Metallurgists, on the other hand, refer to the ability of a molten metal
to flow and fill a channel or cavity as fluidity. This is most often measured by the
length metal can flow through a given mold be fore freezing. A definition of
castingf l ui dity is presented below, but th
6what . 0
Theanswerto t he question o6why is fluidity i
is asking. There are at least three:

T To a foundry worker, the answer i s

an important property of cast alloys. The more fluid an alloy is, the m ore

easily it should be able to fill a given cavity. As the response of fluidity

with increasing superheat is known to be linear, fluidity directly relates to

the amount of superheat needed to fill a given cavity.

1 Theorists express interest in the impacts and causesof changes in fluidity,

principally as it relates to the study of solidification and interdendritic

metal flow. However, variations in precision and accuracy of fluidity

measurements make correlating data between experimenters problematic.

The majority of fluidity investigations in the last 25 years have focused on

maximizing fluidity with respect to precise alloy chemistry. The influence

of minor alloy additions is often slight when compared with that of

superheat, head pressure, or melt cleanliness.

1 A third answer, one which might satisfy an ambitious experimentalist, is
that there are believed to be significant problems with the repeatability

and precision of fluidity measurements. Surmounting these challenges so

that more accurate and repeatable measurements of fluidity can be
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conducted would be an important contribution in the area of
experimentation, and given the interest in fluidity from both theorists and
industrialists, these accomplishments would receive praise beyond the

scope of just the experimentalist community.

All of these answers are equally correct, but each touches on a different aspect

of the ways fluidity measurements are conducted and used. Herein, the

definition of fluidity shallbe: F1 ui di ty i s a mat erimtiaahdds abi | |
fill a given cavity, as measured by the dimensions of that cavity under

specified experimental conditions. It is understood that fluidity is heavily

dependent on heat flow during solidification, and many of the critical specified

experimental conditions will reflect this.

Past work in the field has focused on maximizing fluidity. However, this work
holds that decreasing the variations in fluidity is as important as determining
under which conditions fluidity is maximized. There are two main aspects to
variation in fluidity:
1 One is the standard deviation of test methods used in the lab to
determine fluidity.
1 The other is the range over which fluidity values will vary in a real casting
environment where alloy chemistry and temperature controls vary within

some range.

Based on the perceived potential for improvement in fluidity testing, and thus for
improvement in castings, a research project was begun. The literature review
revealed a lack of confidence in present testing methods, as is discussedin
greater length in that section. Following a comprehensive literature review,
theoretical calculations were performed to determine the most critical sources of
error. Preliminary tests were engaged in to determine how complex testing

equipment and procedures needed to be in order to produce repeatable and



reliable results and statistical tools were used to evaluate repeatability. These
results, along with the results of an informal industrial survey, helped to further
define the problem. An existing testi ng apparatus was located and refurbished,
and a new procedure was generated for it. Successive testing with well-
understood phenomena, such as superheat, as well as other questions of interest
allowed for further refinement of the apparatus and procedure. Attempts to
model the rapid filling of thin sections during these sorts of tests have revealed
that present commercial casting modeling software is no substitute for lab
foundry testing. These successive steps are detailed in the rest of this

dissertation.

The experimental techniques described here are most appropriate for cases
where cooling is dominated by heat transfer during rapid solidification, as
opposed to cases where solidification is slower and dominated by the mold heat
conductivity. A dissertation on an improved mold-dominated sand spiral test has
recently been completed by a colleague [1] , while theoretical calculations for

both cases are presented in this work.

The likely benefits of this work are threefold: A robust and reliable testing
apparatus and methodology will allow for comparisons between groups working
in different parts of the world, confidence in fluidity testing will improve, and

metal casters will be able to use the derived theoretical error equations and
testing methodologies to more closely fine-tune their processes to optimize scrap
rates, superheat, and alloy chemistry. More consistent fluidity should lead to

more consistent castings.



2 LITERATURE REVIEW:

2.1) History of Fluidity Tests

Since the earliest spiral castings of aluminum by Saito and Hayaschi in 1919 [2],
simple one-dimensional castings of metals have been conducted to determine
how well a given metal can fill a cavity. Their innovation was an improvement on
earlier techniques where metal was poured in a straight line, but where the
grade and temperature might not be equal 8 sand spirals insured uniform
levelness and temperature. Refinements on this technique by Ragone et a/. in
1956 [2, 3], along with analytical solutions for pure metals, were a great leap
forwardintheunder st anding of fluid | ength.
borosilicate glass tubes to directly observe metal velocity, and vacuum to draw
the melt into a horizontal channel, reduced experimental error as compared with
spiral castings. The work was expanded by M.C. Flemings et al. [4-7] to include
multi-phase alloy systems. Key to this development were micrographic
investigations that led to conclusions regarding the solidification mechanisms at
work. In brief, the flow of mostly -pure alloys stops by the growth of columnar
grains near the entrance of the mold, while flow in multi -component systems is
brought to a halt by nucleation of grains, often equiaxed de ndrites, which halt
flow near the tip after nucleating earlier in the casting and coarsening as they

flow, to the point of flow stoppage once a critical fraction solid is reached.

With this work as a foundation, investigations into the impact of foundry

variables such asmold coatings, alloying additions, head pressure, and especially
superheat have been investigated and correlated with mechanisms. Specific
investigations are often alloy or metal/ mold/coating specific in scope, but subtle
influences of minor variations in alloy purity can be detected with careful
application of fluidity testing . Some metal systems present special challenges.

Magnesium, for example, must be tested in vacuum or under a protective cover

Ragon



gas. Variants on the existing testing devices have been devised which take these

requirements into account [8-13].

2.1.1) Rheological Definition of Fluidity
In physics, fluidity has a very simple definition. Fluidity is defined as one over the
viscosity [14, 15], and the field of rheology contains numerous techniques for
measuring viscosity. This, however, is not what is meant when a metal caster
speaks of fluidity, as will be discussed below. Viscosity, it turns out, has little to
do with the casting fluidity within a single alloy system, as the chief interest of

the metal caster is when rheological flow ceases.

2.1.2) Me tal Casting Definition of Fluidity
At the surface, the question Awhat is fl ui
simple question. Metallurgists refer to the ability of a molten metal to flow and fill
a channel or cavity as fluidity. This is most often measured by the length metal

can flow through a given mold before freezing.

The answer to the question O6why is fluidit
is asking. There are at least three:
T To a foundry worker, the aHuglityeefersios fbec
a very important property of cast alloys. The more fluid an alloy is, the
more easily it should be able to fill a given cavity. As the response of
fluidity with increasing superheat is known to be linear, fluidity directly
relates to the amount of superheat needed to fill a given cavity.
1 Theorists express interests in the impacts and T causes of changes in
fluidity, principally as it relates to the study of solidification and
interdendritic metal flow. Variations in precision and accuracy of fluidity
measurements make correlating data between experimenters problematic,
however. The majority of fluidity investigations in the last 25 years have

focused on maximizing fluidity with respect to precise alloy chemistry. The



influence of minor alloy additions, however, is often slight when compared
with that of superheat, head pressure, or (in some alloy systems) melt
cleanliness.

1 A third answer, one which might satisfy an ambitious experimentalist, is
that there are believed to be significant pro blems with the repeatability
and precision of fluidity measurements. Surmounting these challenges so
that more accurate and repeatable measurements of fluidity can be
conducted would be an important contribution in the area of
experimentation, and given the interest in fluidity by both theorists and
industrialists, these accomplishments would receive praise beyond the

scope of just the experimentalist community.

All answers are equally correct, but each touches on a different aspect of the
ways fluidity measurements are conducted and used. Herein, the definition of
fluidity shallbe: F1 ui dity i s a material 6s abil
cavity, as measured by the dimensions of that cavity under specified
experimental conditions. It should be noted that one of the most critical of

those experimental conditions is heat flow during solidification.

2.2) Methods of Analysis

Most experimentation on fluidity is conducted in one of three ways. Metal is
poured into a spiral mold or otherwise cast into a ca vity or cavities having long
thin sections, extracted from a heated crucible by vacuum, or extruded from a
die casting machine into a tortuous die. In each case, it is the length which is
reported and specific parameters (superheat, mold material, mold coating, mold
temperature, other experimental conditions) must be precisely determined and
controlled for equivalent results. Even within one experiment (for example, two
experimenters at different labs working with the same alloy and following what
they believe to be the same procedure) results vary widely although qualitative

trends are comparable. In all three cases, microstructural examination of the

ity
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cross section, especidly near the end of the casting, is used to examine how
solidificati omk enk cdfafndOfsammelldéjcdavelpment work
for example, it is unclear which fluidity test should be performed . Experimenters
frequently report the results of both a sand spiral and a Ragone -style vacuum
suction apparatus or fin casting [13, 16-19], and since this covers a wide range
of solidification conditions it is a good general procedure for an alloy in tended for
a variety of solidification conditions. An alloy which is only expected to be cast in
die castings should be tested in a die casting fluidity die or Ragone glass tube
test, and an alloy intended only for sand casting ought to be tested in a sand
spiral test. Even so, there are many, many ways to conduct a particular test.

|l ndi cating that it wastyimpe staendt & pii g al @t oguf

precise.

2.2.1) Linear Mold Casting
The vast majority of fluidity tests involve a controlled f low of metal of known
composition and superheat into a channel of known temperature and constant
and known dimensions. Subsequent to solidification, the length of the resulting

sample is measured and reported as the fluidity of the metal in question [5, 16].

2.2.1.1) Sand Spiral
Spiral testing employs a simple concept to fluidity testing, but when all of the
details required for precise and repeatable experimentation are considered, the
final product is a great deal more complex. Liquid metal whose fluidity is to be
determined is poured into a cylinder which terminates in a long thin cavity. The
walls of this cavity might be sand or coated metal, heated or unheated, but the
idea is that the fluidity is equal to the length of the fina | casting which is
produced. The mold is coiled into a spiral so that the experimental setup does
not take up an excessivelylarge amount of space[5, 16] . An advantage of this
process is that through selection of the mold material, the test is correlated with

the specific casting procedure of interest, eg. sand casting for a sand spiral.
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Compared to its predecessor, a long linear sand mold along a foundry floor, the
spiral also takes up less room, is more likely to be level over its entire length,

and is more uniform in temperature.

Predating Ragone and Flemingset al.6 R-7] clarification of the solidification

mechanisms through the use of clear tubes and vacuum suction, early work was

performed by Kondic in 1950 [20], with sand spirals and mixed results. Other

experimenters [21, 22] refer to the theoretical work of Flemings et al. [4], but

conduct sand spiral tests rather than the vacuum t est s on whi ch FIl e mi
was based. Although Ragone did not make use of sand spirals in his research, his

work with vacuum suction was in part an attempt to overcome certain

experimental difficulties in working with sand spirals [2, 3] . Flemings and

Campbell both present diagrams of sand spirals in their discussions of fluidity [5,

16].

A common variation on the single sand spiral is the dual-spiral test [23],
although some experimenters have encountered problems with ensuring equal
pressure head, mold temperature, etc. to both spirals [24]. Although not spiral in
geometry, the serpentine test is similar to the spiral test in most critical respects
[25].

Much of Di Sabatinods work was dondl with r
24, 26-28]. Di Sabatino compares sand spiral results to those of a commercial
thin strip (N -Tec) mold [27], and finds that they have qualitatively similar

results. Her work built on previous work by Dahle et al. [29].

2.2.1.2) Horizontal  Suction
In the vacuum crucible method, metal is brought to a desired temperature in a
crucible. Melt is then extracted by a vacuum pump through a gl ass tube, and the

final length of the metal is reported as the fluidity. In the traditional Ragone
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setup [2-7], some portion of the melt was drawn against gravity due to a curve
inthetube. Ragoneds iIinitial procedure involved wu
of his vacuum-filled tube, but subsequent experimenters modified the procedure
not to use this feature. Ragone also made use of a high-speed camera to
monitor the metal filling the tube, and he observed that the melt velocity was
nearly constant until the very end (when flow stops). Subsequent experimenters
did not make use of a camera, but it was an important procedural detail of the
initial work by Ragone, and one of the reasons his glass tubes were an
improvement on existing procedures. Ragone worked with pure metals, but later
experimenters in the same laboratory worked with alloys, and met with
unexpected difficulties [6] . It was discovered that commercial levels of alloy
additions change the solidification mechanism such that flow stops at the tip,
rather than the entrance neck. Horizontal fluidity testers were used in the
investigation of the solidification mechanisms and microstructures [5] . The final

6crossing of tés and dott i n@BntishtFoundrysid of t h

paper [4] .

A diagram of Ragoneds horizontal wvacuum se
Flemings[5] and Campbell[16]. Researchers in fluidity whc
setup still sometimes provide diagrams of it to accompany discussions of fluidity

equations [29].

T

i T VACLUIM
« I ; JE——

I 4 e

Figure 2.2.1.2.A Schematically depicting sand spiral and horizontal vacuum

testing. [9]
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2.2.1.3) Vertical Suction
Comparable experimental procedue s t o Ragoneds exist which
vertically. These tests often cite the Ragone procedure without explicitly noting
the difference in their experimental construction, so that in an experiment with
no diagram, it is often unclear whether a vertical or horizontal vacuum suction
test was performed [10], [30]. According to White [15], velocity will be constant
in both vertical and horizontal suction tests until the forces of gravity and
pressure begin to equalize. Given the freezing lengths of fluidity tests, this point

is not reached during testing.

Vertical suction tests have been performed using different tube materials and
different bore sizes, which confirm the theoretical predictions of Flemings et al.
discussedin Section 2.3.1 with respect to heat transfer coefficient and mold
dimensions [31], [32].

Similar vertical tests in borosilicate glass have been performed with liquid metal
and SSM metal poured into a vertical tube with a funnel and without vacuum
[33], [34].

2.2.1.4) Permanent Mold T ests
Heated permanent molds with confined geometries, such as cast iron molds in a
spiral shape, are also used for fluidity testing . Heating the mold slows the cooling
rate and insures uniform temperature. In many respects these are similar to
sand molds, but the different materials allow for somewhat different geometries,

such as the N-Tec mold.

The N-Tec mold is a variation on the idea of a permanent mold spiral test.
Instead of pouring into a spiral of fixed cross section, metal feeds into five

6fingersé of varied cross section. The f|
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sum of the lengths in the five fingers. This procedure conflates the cavity
parameters with the fluidity of the metal. If the goal of the experiment was only
to investigate the impact of cavity thickness on a given melt, this might be valid,
but the N-Tec mold is intended to be a general test for fluidity measurements

[27, 35, 36].

Researchers investigating the impact of grain refiners and oxide inclusions in A-
Cu alloys made use of a permanent mold setup with integrated removable
stopper and thermocouple. It seems from their diagrams that there will be
thermal variations between the central and edge fingers [37, 38] . Such design

complications appear to be common in permanent mold fluidity designs.

Permanent mold metal finger tests can easily be modified for magnesium testing,
because steel is a preferred mold material for magnesium casting. One example
incorporated eight radial spokes from a central filling well, as well as appropriate
protective cover gas equipment [8] . Other groups present similar solutions to the

same problem [13].

A discussion of the repeatability of the N-Tec mold is included in Section 4.3 .

2.2.1.5) Die Casting M eander Dies
Fluidity measurement in die casting is generally conducted by injecting metal into
a tortuous cavity in a standard die casting machine, and the length of the final
casting is the measure of fluidity. Although results may vary widely between this
procedure and the permanent mold and vertical vacuum techniques discussed
above, it is similar in many ways. Procedural differences in surface coating, mold
temperature, cavity diameter, etc. have a profound impact on the resulting flu id

length [17].
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An important paper in die casting fluidity indicated that, unlike in permanent
mold, sand castings etc., solidification range is unimportant for die casting fluid
length [39]. The most immediate consequence of this work is that laboratory
tests of the type discussed in the rest of this thesis do not apply in the high
pressure, short time environment of a die casting machine. An exception would
be when Ragone-type testers are used to evaluate pure metal which is to be

diecast in a fluidity -critical die [40, 41] .

2.2.2) Fins, Plates and Blades
Fluidity tests in two and three dimensional molds, principally in casting fins,
plates, and blades have also been conducted. Kondic[42] encouraged such work
for educational purposes in metal casting education. These tests have also been
used with other alloy systems. Wrought alloy manufacturers, such as those
working with Al-Zn-Mg-Cu alloys, and aerospace turbine blade manufacturers
developing investment nickel superalloy fins have also employed these
techniques [43, 44] . Magnesium work toward high-temperature resistant Mg
alloys which also must be fluid must take into account the reactability of the
material in the mold design, further outlining the similarity between this
technique and the linear casting techniques, as both must be adapted in similar
ways [45] . In work on the impact of oxides on three dimensional thin walled

castings, Campbell evaluated the fluidity of plates and boxes [46] .

2.2.3) Other Tests
Some fluidity research involves novel approaches which are not easily covered by
this analysis. This observation is not to impugn the methods of these authors,
but merely to note that their work does not neatly fit i nto one of the categories
already discussed. Often, it seems that these tests are not measuring the same
things as the above tests, and are instead a form of rheometry. Other tests are

modifications of existing te st methods for unusual alloy circumstances [9] .



16

Exotic tests include forcing semisolid metal through a packed bed of beads [47],
novel simultaneous measurements of viscosity, density, and surface tension [48],
use of thin section fluidity tests to measure defects in zinc with a mind towards
controlling die soldering [41], and assessment of melt cleanliness viaa porous
filter [49]. In addition to a standard sand spiral test, Ware investigated casting
elbows, cylindrical castings, Tatur molds, etc. [50]. Frequently, these papers are

investigating rheological fluidity rather than casting fluidity [14].

2.2.4) Modeling and Pure Theory
Though finite element modeling is a recent development, treatments of the
fluidity of metals on the basis of theory are quite old. Some have attempted to
make predictions of fluidity purely on the basis of thermodynamic phase diagram
analysis [51] . Similarly, Chikov discusses the impact on fluidity of adding any
arbitrary transition met al to aluminum [52] . Work in this vein date back to 1936,
where Portevin discussed ternary alloy casting theory and gave some sand spiral

examples [53] .

While not the focus of this th esis, since there is activity in this area to model
fluidity tests as a test of the casting/ solidification software programs, it bears
mention [54]. Work in this area began quite early in finite element modeling,
though early codes were of necessity much simpler as a consequence of limited
computer resources [55] . Simulation of sand spirals is one example [56] . Often,
this work is more concerned with the modeling and pure math involved than with
the physical system being represented [57]. Recently, efforts have been made to
improve the modeling capability of thin sections, which would seem to relate
closely to fluidity testing, as this is another technique used to evaluate casting of

thin sections [58].
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2.3) Existing Body of Knowledge

FIluidity has seen great advances sinnce

large part to his work in developing the vacuum testing apparatus, which

Flemings et al. built upon [2-7]. Key points are discussed below.

2.3.1) Theory of Casting Length
Over a period of 8 years, Flemings and collaborators produced the fluidity
equations and outlined the solidification mechanisms which are at work in linear
castings during standard fluidity tests, for pure alloys as well as commercially
pure and commercially alloyed compositions. The most common reference source
for t hese SokfidatioreRrdcassyigvehich references the other

research papers[2-7].

The fluidity equation from Flemings [5] for metal with some superheat DT and a
mold which conducts heat rapidly is:

L = (p.*a*v)(H +c*DT)
2*h* (T, - T,)

eqn. 1

Ragone demonstrated that the influence of viscosity or a change in viscosity on
casting fluidity is minimal, and while the equations he presented did include a
viscosity term, subsequent formulations correctly dropped it as insignifi cant as

compared with other sources of experimental error [2] .

Flemings, Nyama, and Taylor [6] presented a more complex formulation:

A* r*v)(k*H, +cDT
Lf By )™ H, )*(1+£) eqn. 2a
S*h*(T-T,) 2
* / * *
where b = h*vp*a* DX egn. 2b
k'Jv
where,

Lf Final length, fluidity

Rag
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a channel radius
mold surface area (proportional to roughness)
S circumference of mold channel
DX  choking range
C specific heat of metal

(T-Tr) liquid metal temperature minus room temperature

T the time average melt temp in the fluidity test, approximately equal to
1
=(Tm+T'
2( )

To room temperature
h heat transfer coefficient at mold -metal interface
Tm  metal melting temperature

DT  superheat

k thermal conductivity of mold material
r density of metal

v velocity of metal flow

Hs Heat of fusion of metal

T 6 temperature of superheated metal entering flow channel
I crical solid concentration required to st

Fleming®d basi ¢ f @wtishwFouadryfnanpims:

(@*V,* p)(H)
2*h

L'= In ( T, ) but does not take into account supe rheat. An

alternate derivation is presented for mold -resistance dominated tests such as

sand spirals.

Metal/ mold resistance,or6h t yped expression:

%%
L = (prarV)(H) ean. 3
2*h*(T, - T,)

or with superheat:
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_(p*a*V,)(/H +c*DT)
2*h*(T-T.)

eqn. 4

f

The expression for mold dominated resistance, or 6 t h-te y erpéession, was:

a*p'\yp*V,*(/H +c'DT)
L, = = egn. 5
4% Jk* p*c(T-T,)
o Lf
Where / = (ﬁ)* egn. 6

dL/
dT

Where | is evaluated at T=Tm, and is called the critical solid concentration.

Flemings reports that the critical solid concentration is between 0.2 and 0.3
fraction solid, and Campbell gives 0.5 to 0.6 using slightly different criteria [5,
16, 59]. This is the fraction solid where the flow is choked off, as will be
discussed under flow stoppage mechanisms. Attempts to tie this choking off to
dendrite coherency by Dahle, as explored by Backerud were inconclusive. Dahle
did not find an unambiguous impact of de ndrite coherency measurements on
fluidity [29, 60, 61] . The specific fraction solid at which this takes place varies
with alloy composition and solidifying phase morphology. This critical fraction
solid is usually higher for die casting due to the increased pressure involved, but
the extent of increase is likely to depend on alloy -specific morphology
characteristics. Much work on determining the solid fractions where flow is
possible has been done in the area of SSM, interms of both alloy rheology and
thermodynamics, and this may have much to contribute in understanding how

this factor changes according to the specific casting and alloy conditions [62] .

These formulations of fluidity include a term T, which is the time average melt

temperature in the fluidity test, which is approximately equal to %(I’m+T').

(This takes into account the fact that the mold does not necessarily remain

isothermal throughout the test.)
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In Campbelld €asting[16], he gives the following equations for fluidity in mold

and metal-mold interface dominated cases.

Sand: I'—f:k*v*m eqgn. 7
m
05
Die: L_f:kV egn. 8
m h
Where:
k = a constant
m= casting modulus (Volume/Area)
V= velocity
This is a simplified form of Flemingsd fo

Campbell cites the paper by Niesse, Flemingset al. [7]. He also discusses the
impact of surface tension in filling narrow channels, which can impact filling and

fluidity through narrow channels [16].

2.3.2) The Impact of Alloy Composition on Solidification

Mechanisms
Ragoneds initial work was on pure metal s,
result of the growth of columnar grains near the point where metal first flows
into the channel. Small alloy additions, as occur in commercially pure materials,
display the same behavior with a reduction in fluidity. Eutectic alloys also behave
in much the same manner. Commercial alloys containing more significant alloying
additions cease flowing not as a result of columnar grain formation, but from the
the nucleation of equiaxed primary grains at that same point near the beginning
of the channel which subsequently flow down to the tip. When the fraction solid
of these primary grains crosses some critical threshold, metal flow is blocked [2-

7.
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Although increasing alloy additions typically reduce fluidity, there are some
important exceptions. Additions of silicon to aluminum increase the fluidity for
two reasons. First, the high heat of fusion of silicon prolongs metal flow. Second,
in the case of hypereutectic silicon, the morphology of primary silicon and
requisite undercooling result in prolonged metal flow [1, 17, 18, 24, 25, 30, 33,
35, 47, 56, 63-65].

Though a great deal of research has been done to determine the impact of minor
alloy additions, with some papers reporting minor increases of fluidity under one
set of conditions and other researchers reporting minor decreases in fluidity
under slightly different conditions, the aggregate impact of these small changes
in composition to overall fluidity is minor [1-7, 17, 18, 23, 27, 29, 35, 38, 43, 50,
52, 66-71]. As will be discussed in Section 2.3.3 , superheat is a much more
powerful mechanism for increasing fluidity. Similarly to the addition of minor
alloying elements, high hydrogen levels increase porosity but have no great

influence on metal fluidity [26] .

2.3.3) Superheat Effects
As can be seen in the equations developed by Flemings et al. (see alsoSection
2.3.1), and in the research which supports those equations, the response of
fluidity to superheat is linear [2-7]. Mold preheating has a similar effect, as can
be seen by examining the aforementioned equations, and as is shown
experimentally [12] . An apparent exception can be found in magnesium casting,
where increasing temperature also increases the rate of oxidation and so
contributes additional solid material which will choke flow. But before this occurs
a linear response is still seen. Similarly, high superheat temperatures in
aluminum metal matrix composites can also induce a reaction which rapidly

decreases fluidity [72] .
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2.3.4) Mold Surface T reatment
As can be seenin Section 2.3.1 , the heat transfer coefficient has a strong
influence on the fluidity of cast metals. This is reflected in research which shows
that by changing mold materials, applying mold coatings, and otherwise

retarding heat flow one may increase fluidity [4, 21, 22, 73 -86].

2.4) Theory of Error Analysis

As mentioned previously, while general trends exist, there is a great deal of
guantitative variation between even carefully conducted tests using the same
experimental method. When methodologies vary such as when results from
vacuum suction testing are compared with those from spiral testing, this high

degree of experimental uncertainty is exacerbated.

Much of what these tests measure is process dependent. The results of two
spiral tests, one with a boron nitride coated metal mold and another conducted
with green sand, will show quite different results depending on the interaction of
specific melts with the specific interface. Since wetability of the metal and mold
will vary as a function of alloy chemistry in these two cases, so too will the heat
transfer coefficients. (For an example of how heat transfer coefficients can vary
dramatically within a single experimental apparatus as a function of time, see
Farouk, Apelian, and Kim[76]). Asis known from the derived results above (see
Section 2.3.1), this will have a profound impact on the flow length, but this
behavior cannot be generalized, especially if mold coating is not the parameter
under investigation. Heat flow considerations are seldom considered, since, while
there are direct measurements of temperature and length, there are typically no

measurements of the heat transfer coefficients of the molds in question.

Compounding these problemsis the fact that, while experimental procedures and
setup are critically important to obtaining self-consistent results, to say nothing

of results reproducible by other researchers, there is not a standard for either
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experimental design or procedure. There are, instead, a variety of commercial

setups, home-built setups, and a wide range of precision in specifications of
experimental procedures. While there are widely known and reliable sources for

other physical properties, such as tensile strength, there is no such universal

database of quantitative fluidity data. Based on an analysis of
equations, presented above in Section 2.3.1, two standard tests are called for.

One standard vacuum fluidity test and one standard sand spiral test. Work to

improve the sand spiral test has already been performed by Di Sabatino[1].

The consequence of this experimental uncertainty is a general lack of faith in
reports of fluidity measurements. Many researchers feel that fluidity is inherently
unreliable, and if the concept were not so useful it would likely have been

discarded long ago.

Fortunately, statistical tools exist to define how well fluidity is known and what

determines its variation.

2.4.1 ) Gage Repeatability and Reliability and Measurement

System Variability
The method to be used to establish reproducibility and reliability in the
experimental procedures discussed later in this thesis, measurement systems
variability (MSV), is widely used in industry [87]. MSV is very similar to gage
repeatability and reliability (GR&R), another industrial measurement standard,
but GR&R is only intended for nondestructive tests of nominally identical samples
[88-90]. GR&R could be used to measure the diameter of 10 coins to establish
the accuracy of a micrometer, for instance. MSV might be used to analyze bomb
calorimeters which incinerate small quantities of petroleum that are not
guaranteed to be of equal volume or volatility due to uncertainties in the
chemistry of the fuel and volume dispensed into the apparatus. Terms and

procedures in GR&Rand MSV have been defined for ease of implementation by

Fl
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technicians, rather than mathematical rigor, as can be seen by comparing the
definitions from GR&Rand MSV with those in a standard statistics text [91-93].

Closer examination of the methodologies of MSV in concert with personal
communications with statisticians suggest that while GR&Rhas a firm theoretical
basis for the calculations and procedures it prescribes, MSV appears not to. It is
possible this foundation exists, but it was not presented along with the standard
text of procedures [94] . Still, examining the results of multiple people performing
the same test can provide a qualitative guide to the repeatability and accuracy of

a given test.

2.4.2 Formal Statistical Analysis of V. ariations
When a formula describes a phenomenon, it is possible to describe the variation
of that phenomenon in terms of the variations of its parameters, for example

with the equation below [95].

_ ().
T 00w ean. 92
then: \/( )2 +(dy) (I ) PTCCERCIE eqn. 9b
|q| u w
n dg _ dx
Forg" A — eqn. 10
ERRAT)
If: g=x+y.+z-u-v..-w egn. 11a
then: dg=+/(dX)? +(dy)? +...(d2)% + (du)® + (dv)® +...(dw)> egn. 11b

where dq is the relative uncertainty (i.e. q_true =q +/ - dq).

The above assumesthat there are small, random errors, where dx is the error in
X, and so on for the other variables. Although this sort of analysis is common in

physics, no work of this kind has been done with fluidity . Section 4.1 applies

this to Flemingsd eq4ati ons, di scussed

abo
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2.5) Commercial Importance of Fluidity

Numerous advisors to the metal casting industry have written about the
importance of process control in the foundry. Among the tests they advocate
performing are fluidity tests. Fluidity depends on metal which is free from oxides,
on having the proper superheat, and on being within an expected chemistry
range. Consequently, fluidity tests can help to establish the quality of metal

before parts are cast badly and must be scrapped [96-98].

Given the high part numbers involved in die casting, questions of repeatability
are especially important. Fluidity failure can result in increased scrap rates, and
the costs associated with scrap are known to be high in die casting [99, 100].
Thin sections are desirable for a variety of reasons, and can be achieved with
increased mean fluidity, but if that increase comes at the expense of increased
fluidity variation, this will have the undesirable effect of increasing scrap rates.
Often, the factors which can be adjusted to improve fluidity have other impacts
on the casting process, and so a careful tradeoff must be achieved to insure
there is enough fluidity, and a margin of safety, without causing deleterious side
effects. Greater fluidity is often achieved by increasing melt superheat, but as
will be discussed below, this has negative implications for die soldering. Mold
coatings can decrease the heat transfer coefficient, and thus increase fluidity,
but this may have a small negative impact on cycle time. While minor alloy
additions often have little impact on fluidity, the secondary alloy component s

(specifically, their heat of fusion and morphology) do contribute to fluidity.

This work to improve the laboratory testing of vacuum fluidity measurements is
largely focused on improving the repeatability of measurements by controlling
the various experimental parameters. After a controlled volume of melt is
collected, a thermocouple is inserted into it. When the metal cools to a pre -set
temperature, it is elevated such that the end of a borosilicate tube is immersed

in the melt, and vacuum is applied. T he measurement of that length is then
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made before the borosilicate tube is removed from the experimental setup, as
the rapid fracturing of the glass and other factors otherwise make it difficult to
determine the O6zero point. 6unfidrcontrollgch r epeat

experimental conditions the reliability of the test was established.

A continuing trend in engineering, including metal casting, is the application of
modeling software to problems of interest. These codes, in the case of casting
intended to predict filling, hot spots, etc. , are no more reliable than the data
upon which they are built. It is hoped that increased precision of fluidity testing
will have a positive impact on these modeling codes by allowing direct
comparison of simple geometries between simulation and the laboratory. Since
these codes do not include direct fluidity calculations, accurate experimental

tests of fluidity would seem to be a good independent check.

2.6) Area for Original Work

Much has already been accomplishedin the theoretical understanding of fluidity,
but there are still fertile areas for research. All of the above cited fluidity research
has sought to maximize fluidity, but the standard deviation of fluidity is also of
importance. There are two aspects to the standard deviation of fluidity results:
that of the test methods used to determine fluidity, and that occurring in the
industrial casting processes due to variations in alloy chemistry, superheat, mold
coating, etc. In order to investigate and improve the laboratory standard

deviation, methodological improvements are required.

In reviewing the above literature, there was little indication that results were
necessarily comparable between different lab apparatuses, even if they were of
the same nominal type and dimensions. Results can certainly be normalized and
compared qualitatively, but there is great skepticism as to the quantitative nature
of the results. If someone were to establish a standard test, or procedure for

comparing the fidelity of differ ing tests, this would be of great value to the field.
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Accompanying this dissertation is Appendix B: ACRC Fluidity Survey . This
survey only reflects practices within the consortium, but as these are leaders in
the field who have taken a progressive view as to the value of pre -competitive
research, trends within the consortium reflect the best of metal casting in
general. This study revealed how fluidity is actually used, and how often, in
industrial light metals casting. The following conclusions were drawn from the
survey:

1 The majority of consortium members use computer modeling software to
evaluate castability effects, including fluidity. (This software must be
based upon reliable fluidity tests, and does not provide an indication of
the uncertainty of its measurements.)

1 When fluidity testing is done directly, it is in the context of alloy or
process development.

T Ambi guity exists as to what is and i s n
variety of methodologies are used and skepticism of the results of internal
and external tests is high. A standard testing apparatus/procedure would

presumably alleviate these concerns.

2.7) Importance of this work

In increasing order of impact, the expected deliverables of this research are:

1 Existing experimental methods that determine fluidity will be quantitatively
analyzed

1 Animproved procedure for conducting and discussing fluidity
measurements will be implemented to further communications and
comparisons between different research groups

1 Validated formulas that highlight the most important factors which affect
variations in fluidity results will be produced

1 The factors affecting the variation of lab fluidity results also impact the

variation (standard deviation) of the fluidity of actual industrial castings.
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Through the above, simple calculations will allow anticipation of variations

in foundry practice from a small number of lab tests.

Quantitative predictive ability of the impact of alloy chemistry on the variations in
fluidity in foundry casting (sand casting, perm anent mold, etc.) will allow for
process parameter (alloy, superheat, mold composition and coating etc.)
selection not only to maximize fluid length but also to minimize variations in that
length in foundry practice. This, in turn will help to reduce scrap rate. More

consistent fluidity should lead to more consistent castings.
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3 METHODOLOGY:

This section details the procedures and equipment used to collect data in this
dissertation. Results of these methods are discussed below, inSection 4,

Results and Discussion . Throughout this work appropriate spark testing was
done on coupons prepared according to standard procedures to insure that metal

chemistries were in line with expectations.

Work in this dissertation fell into four categories, but in each phas e of work the
dependent variable was fluidity and its variation. (There were additional

dependent variables during MSV testing.)

A Phase 1: Preliminary experiments (detailed in Section s 3.2-3.3).
Independent variables included:
0 Superheat
Tube diameter
Depth of tube

Crucible/mold temperature

o O O O

Testing method (permanent mold versus vertical vacuum)
o Operator variation
A Phase 2: Confirmation of a reliable test (detailed in Sections 3.4 -
3.4.1).
Independent variables included:
0 Superheat
o Date of experiment
A Phase 3: Demonstration on variables of interest (detailed in Sections
3.5.1-35.7)
Independent variables included:
o Silicon content

o Iron and Manganese content
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Alloy system (binary hypereutectic Al/Si, pure Al, A356.2)
Grain refinement

Eutectic modification

Oxide leve

o O O o

o Degassing level
A Phase 4: Computer modeling
Independent variables included Phase 2 variables and, if the models

matched with experimental data, Phase 3 variables as well.

The following table, Table 3.A , indicates the number of data points comprising
each experimental run of the four phases discussed above. Data displayed in
Section 4 , Results , will often comprise the mean of multiple sets of points
conducted under the same experimental conditions. It also indicates where the

relevant methodology and results are reported. The full data for these

experiments is presented in Appendix A.

Table 3.A: Tableof N

Name Date Method Result T (C)

4 mm, meth. 1 321 421 6 nla

5 mm, meth. 1 3.2.1 4.2.1 6 nla

5 mm, meth. 2 3.2.1 4.2.1 19 nl/a

5 mm, meth. 2b 3.2.1 4.2.1 10 nl/a

5 mm, meth. 3 3.2.1 421 19 n/a

msv BD N-Tec 5/1/2007 3.3 4.3 10 700
msv BD Vac 5/3/2007 3.3 4.3 10 700
msv SL N-Tec 5/24/2007 3.3 4.3 10 700
msv SL Vac 5/10/2007 3.3 4.3 10 700
msv KS N-Tec a 5/4/2007 3.3 4.3 5 700
msv KS N-Tec b 5/10/2007 3.3 4.3 5 700
msv KS Vac 5/8/2007 3.3 4.3 10 700
SH-1 9/24/2007 3.4 4.4 10 680
SH-2 9/25/2007 3.4 4.4 9 680
SH-10 10/11/2007 3.4 4.4 10 680
SH-4 10/1/2007 3.4 4.4 10 700
SH-6 10/2/2007 3.4 4.4 10 700
SH-9 10/11/2007 3.4 4.4 10 700



SH-3
SH-11
SH-5
SH-7
SH-8
SH-12

no degas 1

no degas 2

no degas 3

degas high a
degas high b
degas high ¢
degas high d
degas low a
degas low b
degas low c
degas low d

nogrl
griviA
grivlB
grivlicC
grivliD
griv2 A
griv2B
griv2C
griv2D
griv2E
griv3A
griv3B
griv3C
griv4aD

A356.2 1
A356.2 2
A356.2 3
A356.2 4
A356.2 5
Si++ A
Si++B
Si++ C
Si+A
Si+B
Si+C
Si-A
Si-B
Si-C
Si--A
Si--B

9/27/2007
11/2/2007
10/1/2007
10/2/2007
10/2/2007
11/2/2007

1/24/2008
1/25/2008
1/28/2008
1/22/2008
1/22/2008
1/24/2008
1/24/2008
1/25/2008
1/25/2008
1/28/2008
1/28/2008

1/29/2008
1/29/2008
1/29/2008
1/29/2008
1/31/2008
1/31/2008
1/31/2008
1/31/2008
1/31/2008
2/4/2008
2/4/2008
2/4/2008
2/4/2008
2/4/2008

2/6/2008
2/7/2008
3/19/2008
3/20/2008
3/26/2008
2/6/2008
2/6/2008
2/6/2008
3/19/2008
3/19/2008
3/19/2008
3/26/2008
3/26/2008
3/26/2008
2/7/2008
2/7/2008

3.4
3.4
3.4
3.4
3.4
3.4

3.5.7
3.5.7
3.5.7
3.5.7
3.5.7
3.5.7
3.5.7
3.5.7
3.5.7
3.5.7
3.5.7

354
354
3.54
3.54
3.54
3.54
354
354
354
354
3.54
3.54
3.54
3.54

351
351
351
3.5.1
3.5.1
3.5.1
3.5.1
351
351
351
351
3.5.1
3.5.1
3.5.1
3.5.1
351
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4.4
4.4
4.4
4.4
4.4
4.4

45.7
45.7
4.5.7
4.5.7
4.5.7
4.5.7
45.7
45.7
45.7
45.7
4.5.7

454
454
45.4
45.4
45.4
45.4
454
454
454
454
454
454
454
454

451
451
451
45.1
45.1
45.1
45.1
451
451
451
451
45.1
45.1
45.1
45.1
451

10
10
10
10
10
10

15
10
10
14
15
15
14
10
10
10
10

10
10
10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

720
720
740
740
760
760

700
700
700
700
700
700
700
700
700
700
700

700
700
700
700
700
700
700
700
700
700
700
700
700
700

700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700



Si--C

baseline

Si addition A
Si addition B
Si 'reduction' A
Si 'reduction' B

very high Si A
very high Si B
very high Si C

no Sr baseline 1
no Sr baseline 2
no Sr baseline 3
SrivliA
SrivlB
SrivicC
Sriv2 A
Sriv2B
Sriv2C
Sriv3A
Sriv3B
Sriv3C

Fe/Mn A356.2 1
Fe/Mn A356.2 2
low Fe A

low Fe B

high Fe A

high Fe B

high Fe C

low Mn A

low Mn B

low Mn C

high Mn A

high Mn B

high Fe+Mn A
high Fe+Mn B

oxide A356.2 1
oxide Iv 1
oxide lv2 A
oxidelv2B
oxidelv2 C
oxide Iv3 A
oxidelv3 B
oxidelv3 C
borax A356.2 1
borax A356.2 2

2/7/2008

6/25/2008
6/25/2008
6/25/2008
6/25/2008
6/25/2008

6/18/2008
6/18/2008
6/18/2008

2/12/2008
6/11/2008
6/11/2008
2/12/2008
2/12/2008
2/12/2008
2/12/2008
2/12/2008
2/12/2008
6/11/2008
6/11/2008
6/11/2008

3/28/2008
4/4/2008
28-Mar
28-Mar
28-Mar
31-Mar
31-Mar
4/4/2008
4/4/2008
4/8/2008
4/8/2008
4/8/2008
4/1/2008
4/1/2008

4/11/2008
4/11/2008
4/11/2008
4/14/2008
4/14/2008
4/14/2008
4/14/2008
4/14/2008
6/12/2008
6/12/2008

351

351
351
351
3.5.1
3.5.1

3.5.1
351
351

3.55
3.5.5
3.5.5
3.5.5
3.5.5
3.55
3.55
3.55
3.55
3.5.5
3.5.5
3.5.5

3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2
3.5.2

3.5.6
3.5.6
3.5.6
3.5.6
3.5.6
3.5.6
3.5.6
3.5.6
3.5.6
3.5.6
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45.1

45.1
45.1
45.1
45.1
45.1

45.1
45.1
45.1

4.5.5
455
455
455
455
45.5
45.5
45.5
45.5
45.5
45.5
45.5

45.2
45.2
45.2
45.2
45.2
45.2
45.2
45.2
45.2
45.2
45.2
45.2
45.2
45.2

4.5.6
4.5.6
4.5.6
4.5.6
4.5.6
4.5.6
4.5.6
4.5.6
45.6
4.5.6

10

15
10
10
10
10

10
10

10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
13
13
10
15
15
14
13

10
10
10
10
10
10
10
10
10

700

700
698.5
698.5
702.5
702.5

700
700
700

700
700
700
700
700
700
700
700
700
700
700
700

700
700
700
700
700
700
700
700
700
700
700
700
700
700

700
700
700
700
700
700
700
700
700
700
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boraxIv1A 6/12/2008 3.5.6 456 10 700
boraxIlv1B 6/12/2008 3.5.6 45.6 10 700
borax Iv2 A 6/12/2008 3.5.6 45.6 10 700
boraxlv2 B 6/12/2008 3.5.6 45.6 10 700
borax Iv3 A 6/12/2008 3.5.6 45.6 10 700
borax Iv3 B 6/12/2008 3.5.6 45.6 10 700
pure Al 1 -tech a 6/13/2008 3.5.3 453 9 670
pure Al 1 -tech b 6/13/2008 3.5.3 453 9 670
pure Al 2 -tech a 6/13/2008 3.5.3 45.3 10 670
pure Al 2 -tech b 6/13/2008 3.5.3 45.3 10 670
combined

baseline n/a 3.4.1 4.4.1 288 700

3.1 Uncertainty Calculations
The expressions for the uncertainty of variables resulting from the multiplication,

addition, and raising of other uncertain terms ( Equations 9-11) were applied to
the expressions given by Flemings in his British Foundryman paper for fluidity in
terms of other experimental variables ( Equations 4-6) in accord with standard
mathematical practices of algebraic substitution to calculate the uncertainty [4,
95]. As indicated in the earlier discussion of those equations, this involves

assuming independent random errors.

3.2 Development of Experimental Apparatus
Practical means of statistical analysis for experimental results have been

available for some time, and present a number of tools to evaluate variations in
experimental results. Given an expression for the property of interest, fluidity, in
terms of simpler parameters, it is possible to calculate the standard deviation of
fluidity as a function of the standard deviations and values of those parameters.

As was detailed abovein Section 3.1 , these calculations have been performed.

These theoretical calculations suggest which experimental parameters must be
closely controlled to minimize experimental error. With this as a guide, initial
efforts were directed toward producing a tes t and related experimental method

which would be both inexpensive and robust while allowing different groups to
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guantitatively compare results. In general, a process of successive incremental

improvements was employed.

Based on a review of the literature as well as personal correspondence these
tests were vertical vacuum fluidity measurements. While the specific
experimental design was informed by these theoretical investigations into the
causes of experimental variation, it was assumed that the experimental setup
would resemble in many ways the vacuum suction tests of Ragone and Flemings.
A major reason that the vertical test is preferred over the horizontal test is that
the experimental setup is seen as being simpler to assemble, as the glass (or

metal)t ubes do not need an O6LO6 shaped bend.

As the experiments conducted have been a succession of refinements to discern
the optimal procedure, the procedure used has necessarily changed over time.
Consequently, those aspects of procedure which remained invatiant during this
phase will be presented first, followed by the variable procedures presented in

chronological order.

3.2.1) Preliminary Analyses
All early tests were conducted with a half horsepower Alcatel 2008A vacuum
roughing pump, which was attached to a 18.9 L air compressor tank with NPT
fittings and rubber hosing as shown in Figures 3.2.1 .A and B. Though the tank
was subsequently changed, this pump was used for all of the experimental work
detailed in this dissertation. Borosilicate tubes and a standard chemistry test tube
stand were used to perform vertical suction. After the valve had been opened,
the pressure gage read a vacuum of better than -27 mmHg. (Prior to opening,
the vacuum is greater than -28.5 mmHg.) K-type thermocouples and a handheld
reader were used in all cases for this phase of work. The crucibles were coated

with boron nitride and hold approximately 1.3 kg of A365 each.
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Figure 3.2.1 .A, B: Pressure testing setup, including air tank, % hp pump, gauge, valves.
Front (A) and Rear (B).

Figure 3.2.1 .C, D: C) Lab stand, borosilicate tube, and crucible in upright position. D)

Close-up of borosilicate tube, stand, rubber tube, and rubber stopper in lower position.

Figure 3.2.1.E, F: E) Induction unit controls and F) induction unit
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Figure 3.2.1 .G, H: Resistance heatal furnace (G), used to preheat crucibles (H)

Initially, thermocouples were inserted into the crucible to record the final
temperature immediately after the test was completed. Molds were preheated in
a resistance furnace to 400 C. Both 4mm and 5mm tubes w ere used in an
attempt to determine which was more suitable for further testing. On the basis
of ease of handling, 5mm tubes were selected for further tests. The valve was
open, such that the tube was vacuuming prior to being inserted into the melt. As
soon as the tube touched the surface, melt was drawn up. The height the frozen

melt had reached was measured while the tube was still inserted in the melt.

In all subsequent tests, 5mm glass tubes were used. The thermocouple was
inserted into the melt prior to fluidity testing, so that the temperature of the melt
at the time of testing could be measured more precisely. This improvement
showed that the crucible needed to be pre-heated to a higher temperature to
insure rapid melt cooling did not take place as soon as metal was poured into the
crucible. Consequently, all subsequent preliminary tests used crucibles which had
been preheated to 800 C. In other respects, tests were conducted as discussed

above.

Measuring the melt while it was still within the crucib le resulted in inaccuracies if
the level of the melt in the crucible was not exactly even with the top of the

crucible, and also presented a burn and spill danger. The procedure was



