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I ABSTRACT

A test that involves immersion of the potential mold materials for permanent
molds has been developed that provides a thermal cycle that is similar to that experienced
during casting of aluminum in permanent molds. This test has been employed to
determine the relative thermal fatigue resistance of several different types of mold

materials. Four commercial mold coatings have been evaluated for their insulating

ability, wear resistance and roughness.

The results indicate that composition and structure of the mold materials have a
considerable effect on their thermal fatigue cracking behavior. Irons with a gray iron
structure are the most prone to thermal fatigue cracking followed by compacted graphite
irons with the least thermal fatigue cracking of the cast irons experienced by ductile iron.
The composition of these various irons affects their behavior. Cast steels with an H13
steel composition provide the least cracking of the cast materials. Cast 4140 steel shows a
tendency to produce a considerable amount of cracking compared to cast H13. The best
~ resistance to thermal fatigue cracking is obtained with wrought H13 steels produced to a
premium grade and heat treated to 47 Rockwell C. The evaluation of the coatings shows

that they can be used for different purposes to provide good, intermediate or low

insulation with improved casting release properties.



II. BACKGROUND

Experience with metal molds for aluminum permanent mold casting has
established that the primary cause for failure is thermal fatigue cracking[1]. These cracks
occur because of the repetitive heating and cooling of the mold surface. The cyclic
heating and cooling creates conditions that promote thermal fatigue cracking of the die
surface. These cracks can become deep and numerous and result in the need to replace

the die or mold after a period of time.[2,3,4]

The normal temperature cycle for permanent molds differs significantly from die
casting dies. Die casting dies are water cooled with water lines that generally approach
one inch below the die surface. These cooling lines plus the water spray that carries the
lubricant cool the surface to a relatively low temperature before the next cycle. When
thermocouples are placed at the surface in die casting, the temperatures reach 1100°F to
1200°F (593-649°C). The surface of the die is coated with a lubricant that is normally a
dilute solution in a water carrier. This lubricant degenerates and over a period of time

builds up a degenerate lubricant-oxide layer on the die surface. The water carrier spray

effectively quenches the die surface.

The permanent mold surface is coated with a ceramic wash that is semi-
permanent. The properties of this wash vary from insulating to more conductive
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depending on the feeding paths for the casting but the wash is generally more insulating

than the die lubricant layer on the die casting die[4,5]. Four of these washes were studied

in this paper.

The body of the permanent mold is usually higher in temperature than the die
casting die. This mold can be either water or air cooled but this cooling is less effective,
often reducing the temperature of the mold less than the water cooling of the die casting
die, so the body of the mold is somewhat hotter than in a die casting die. However, the
mold wash provides a more effective barrier to heat transfer than lubricant-oxide layer on

the die casting die.

The net result is a somewhat reduced temperature range or AT for the permanent
mold than for the die, particularly at the surface. The reduced AT and the lower surface
temperature attained in the permanent mold provide less severe thermal fatigue

conditions than for die casting. Permanent molds are frequently made of gray iron; die

casting dies of cast irons are not employed because their life would be short.



PART 1

MOLD MATERIALS FOR PERMANENT MOLDS

1. INTRODUCTION

This final report is for a CMC-DOE-AFS-sponsored research project (AES
Committee 2-E), undertaken to provide an evaluation of the relative mold life of metallic
permanent molds used for casting aluminum. The objective was to permit an optimized
selection of molds to be used for a given casting depending on size, shape and required
quantity of those castings. In this way, the cost of the molds could be reduced without
sacrificing the surface quality of the castings and still maintain a low cost for the molds.
It is pointed out that the ultimate cost of the molds is affected by a number of factors.
These include the life of the mold, finishing cost of the castings and the machining cost

of the mold, as well as the cost of mold materials.

At the present, the metal molds used in permanent molding of aluminum alloys are
selected from a fairly large field of materials, ranging from gray iron to high-strength tool
steels. The selection of the mold material is based primarily on the prior history of the
foundry, experience of the operators and number and type of castings to be produced.
Systematic information on the relative behavior of potential mold materials under thermal

fatigue conditions is lacking, so, at times, it may be difficult to select the optimum mold
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material for a given type and number of castings. As a result, mold life varies

significantly, affecting the cost of the castings.

The usual mode of failure of permanent molds for aluminum casting is thermal
fatigue cracking produced by the cyclic thermal stress on the mold face [1]. Resistance to
thermal fatigue can be increased by using mold materials that have a combination of high
thermal conductivity, high strength at elevated temperature, low coefficient of thermal

expansion and a low modulus of elasticity.

The relative mold life under the thermal conditions that prevail in permanent
molds that experience exposure to molten aluminum was investigated for a range of
materials such as gray iron (Meehanite), ductile iron and compacted graphite iron. These
materials may be used plain or alloyed to provide microstructures with different life and
stabilities at elevated temperature. Other candidate materials to be tested are cast 4140-
type steels and cast and wrought H13 steels. Some recent studies conducted by the
authors on die materials for aluminum die casting have shown the advantages of premium
grade H13 wrought steel that is rapidly cooled from the austenitizing temperature and
double tempered to 46-48 Rockwell C hardness. The wrought H13 steel evaluated in this

investigation was the P.G. H13, oil quenched and tempered to 47 Rockwell C for long

mold life.



1.2 THE THERMAL FATIGUE TEST

A test for permanent mold materials that is similar to the die casting die test with a
less severe testing cycle, has been developed for the evaluation of the thermal fatigue
resistance of permanent mold materials. The thermal fatigue specimens are processed to
the dimensions shown in Fig. 1A. It is a 2x2x7-in. (5.1x5.1x18-cm) rectangular
parallelpiped specimen with a 1.25-in. (3.2-cm) dia, 6.5-in. (16.5-cm) deep hole in the
center for internal water cooling. The test produces considerable constraint and
considerable thermal fluctuations during immersion and removal from the 356 aluminum
alloy bath held at 1350°F (732°C), used for permanent mold materials. The test

equipment is also illustrated in Fig. 1B.

The four corners of the thermal fatigue specimen have a 0.010-in. (0.025-cm)
radius that intensifies the predominately uniaxial stress at this location. Although the
outer surface of the diecasting test specimen is sprayed with a commercial water-base
lubricant just before it enters the molten Al bath, it was decided not to use this spray or
any coating for permanent mold materials. The effect of coatings on the heat transferred

from the molten aluminum to the specimen was evaluated for the coatings in a separate

part of this project.



For the testing of potential materials for both aluminum die casting and permanent
molds, water flows through the specimen at a rate of 1.5 gallons per minute. The test
cycle is shown in Fig. 2. The specimen is immersed for eight seconds for permanent mold
materials, compared to 12 seconds for diecasting die materials. Then the permanent mold
material test specimen is removed from the bath and allowed to cool in air for 42 seconds
for permanent mold materials, compared to only 24 seconds including spray time for
diecasting dies. The severe conditions of testing that apply to the aluminum die casting

process were altered to less severe conditions that more closely fit the permanent mold.

The result of these changes was to decrease the maximum temperature obtained at
the corners of the specimen and to lengthen the cycle. The difference in the thermal cycle
at the corners is illustrated in Fig. 3 for thermocouples that are located at 0.10 in. (0.25
cm) from the surface. The maximum temperature reached at this location was nearly
1000°F (538°C) for the die cast specimens and nearly 800°F (427°C) for the permanent
mold test. These readings were taken on a thermocouple located inside a 0.08-in. (0.20-
cm) diameter hole at the specimen corner. The centerline of the hole was located at 0.10

in. (0.25 cm) from the outer surface of the specimen, and the thermocouple was located at

4 inches (10 cm) from the top of the 7-in. (18-cm) long specimen.

The relative thermal fatigue resistance of potential mold materials for aluminum

permanent mold casting has been determined by measuring the cracks that occur on the
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middle three-inch length of the test piece after up to 5,000 cycles. The cracks have been

evaluated both by:

1. Average Maximum Crack Length — average of the maximum crack length
on each of the four corners

2. Total Crack Area - obtained by multiplying the number of cracks by the
square of their length, and by adding the sum of the products. This calculation

1s assuming that all cracks continued across the corner to the other side.

This procedure was followed for the permanent mold tests, the measurements
made after cycles of 1,000, 2,000, 3000, 4,000 and 5,000 using the immersion

cycle shown for permanent molds in Figure 2.

The thermal fatigue testing cycle for permanent mold material was developed by
utilizing a series of different times of immersion into the 356 alloy at 1350°F (732°C) and
different holding periods in forced air with water cooling on the specimen. The purpose
of the tests was to establish a testing cycle that would be closer to the thermal cycle of a
permanent mold used for aluminum castings, and still provide a measurement of the
relative thermal fatigue resistance in a reasonably short testing cycle. This cycle had to
allow for the insulating effect of the semi-permanent mold wash or coating and the

absence of the die lubrication in the water carrier.

10



In general, the cycle time for each casting is usually longer for each permanent
mold than for the die casting of aluminum. It is also necessary that the testing cycle be
relatively severe within the aforementioned limits to accentuate the thermal fatigue
cracking and produce meaningful test results in a reasonable length of time. Figure 3
illustrates the thermal fluctuations that were obtained as measured at 0.10 in. (0.25 cm)
from the specimen surface. The time for each cycle is 50 seconds, compared to a shorter

period of 36 seconds for the die casting test. The maximum temperature is also lower.

1.3 EVALUATED MOLD MATERIALS

A total of ten specimens have been tested. All were of the same dimensions shown in Fig.
1A. Five of the specimens were furnished by St. Louis Precision Casting Co.; three of
the gray and ductile irons were cast and processed at Case Western Reserve University
(CWRU) and the wrought H13 material is premium grade steel from a supplier of die
steels. The H13 die steel was machined and heat treated at CWRU. The chemical
analyses of all of these test materials are listed in Table 1, and the processing details in
Table 2. The rapid cooling and tempering of the gray and ductile iron specimens
produced at CWRU failed to improve their thermal fatigue resistance compared to these

irons in the as cast condition, so these irons are only reported as cast.

11



The cast irons and steels produced by St. Louis Precision Castings were cast in
nobake sand molds, fairly close to dimensions. Subsequently they were machined to
final dimensions after the cast irons were stress-relieved and the cast steels were
quenched and tempered. The CWRU alloyed gray and ductile cast irons were cast in sand
molds as a 22 inch (6.35 cm) thick plate and machined. The best results obtained with
these irons were in the as cast condition. Heat treating the cast irons by quenching and
tempering treatments resulted in poorer thermal fatigue behavior or gross cracking during
the immersion cycle, so these treatments were discarded. The wrought H13 steel was
from a large block of premium grade H13 steel received from Latrobe Steel in the
annealed condition. This thermal fatigue specimen was machined and heat treated by
austenitizing at 1900°F (1038°C), oil quenched and double tempered to 47 Rockwell C

hardness.

1.4 RESULTS AND DISCUSSION

The thermal fatigue test results on these different materials are shown in Figures 4
and 5 for the cast iron test pieces and Figures 6 and 7 for the cast and wrought steels with

two of the better cast irons added for comparison purposes. Figures 4 and 6 show the

average maximum crack lengths and Figures 5 and 7 indicate the total crack area for
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these various materials. The cast irons are plotted separately because they are lower in

cost and generally easier to machine to final mold dimensions.

Among the cast irons, the CWRU second gray and CWRU ductile iron
compositions had superior thermal fatigue resistance compared to the other gray and
ductile irons. The improvement in thermal fatigue behavior is attributed to absence of
carbides in the better iron and from a better selection of alloying elements. The higher
chromium and molybdenum in the commercial gray iron results in a significant amount

of carbides in the matrix of this iron. The presence of the carbides increase the rate of

thermal fatigue cracking.

A detailed study of the behavior of the cast irons in Figures 4 and 5 indicates that
the best resistance to thermal fatigue was exhibited by the ductile iron cast at CWRU.
The behavior of this iron in both Figures 4 and 5 is clearly better than the other materials.
The second best material was the second gray iron cast at CWRU, particularly when the
total crack area is measured. This iron is superior to the commercial ductile, compacted

and gray iron and is also superior to the first alloy gray iron cast at CWRU.

Structural details on the thermal fatigue behavior of this iron are shown in Figures
8, 9 and 10. Figure 8 shows the thermal fatigue pattern with the cracks following the

graphite flakes after 1,000 cycles. Figure 9 illustrates the graphite and matrix structure of
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this gray iron and Figure 10 shows a few carbides in the alloy segregated areas of the
CWRU gray iron-2. It is noted that a few carbides were present and that a significant
difference occurs between the microhardness in the segregated and non-segregated areas.

The amount of carbides is significantly less than for the commercial gray iron.

The best performance of the cast irons was provided by the ductile iron produced
at CWRU. The general structure of this iron is shown in Figure 11. This iron has a mixed
pearlitic and bainitic matrix. The alloy segregates in the lighter etching bainitic areas are
indicated by the different sizes of the microhardness indentations. The segregated bainitic
structure areas are significantly harder than the pearlitic matrix areas as shown by the
microhardness readings in Figure 12. This structure is as cast and segregated to a

considerable extent, yet it provides the best thermal fatigue resistance of the cast irons

tested.

When the behavior of these cast irons is compared to the steels that were tested,
the superiority of the quenched and tempered wrought H13 premium grade alloy is
apparent. The material with the next highest thermal fatigue resistance is the cast and heat
treated H13 alloy followed fairly closely by the CWRU ductile iron specimen referred to
above. This ductile iron is actually slightly superior to the cast and heat treated 4140

steel. The poorest thermal fatigue behavior of the selected materials shown in Figures 6

and 7 is for the CWRU gray iron-2 tested in the as cast condition.
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1.5 CONCLUSIONS

A thermal fatigue test has been developed for potential mold materials for
permanent molds. This test involves immersion in molten aluminum to provide a
fluctuation in surface temperature similar to that experienced in permanent molds used
for aluminum castings. This test was employed to evaluate the relative thermal fatigue
resistance of several different types of mold materials for permanent molding of
aluminum. The results indicate that the composition and structure of the mold materials
have a considerable effect on their thermal fatigue resistance as tested with this
immersion testing. The relative thermal fatigue resistance of the different materials tested

also showing their comparative hardness is listed below (best is last).

Mold Material Hardness Before Test
Commercial Alloy Gray Iron 210 BHN
CWRU Alloy Gray Iron-1 217 BHN

Commercial Compacted Graphite Gray Iron 235 BHN

Commercial Ductile Iron 273 BHN
CWRU Gray Iron-2 228 BHN
Commercial Cast 4140 Steel 404 BHN
CWRU Ductile Iron 245 BHN
Commercial Cast H13 Steel 437 BHN
Commercial Wrought Premium Grade H13 448 BHN
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PART 2

EVALUATION OF COATINGS FOR PERMANENT MOLDS

2.1 INTRODUCTION

2.1.1 Purpose and Nature of Coating

The permanent mold processes comprise all casting techniques using a metallic
mold where the liquid metal pressure is close to atmospheric. In order of increasing
sophistication, they include the gravity, tilt-pour, low-pressure and counter-pressure
processes. For all these processes the mold must be dressed with a ceramic coating before

the cavity is filled with liquid aluminum. The main purposes of this coating are the

following[ 1]

a. To prevent the molten metal from freezing prematurely.
The main contribution of mold coatings is insulation. Because molds are made of a
metal with a high thermal conductivity it is necessary to use an insulated coating between

the molten stream of metal and the mold itself. This is essential to keep the molten metal

from freezing before it reaches all areas of the cavity.
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b. To control the rate and direction of solidification of the casting and, therefore,

its soundness and structure.

By varying the thickness of the insulation layer, solidification of the metal at

different locations in the cavity can be controlled. This can help ensure a sound casting.

c. To minimize thermal shock to the mold material
Coatings can markedly reduce the temperature gradient at the metal-mold interface

during the initial few seconds of casting, thus reducing thermal shock to the mold.

d. To prevent dissolution of the mold into the molten metal and soldering of molten

metal to the mold.
Molten aluminum has a high affinity to most other metals. A barrier is necessary
between the molten aluminum and the mold to prevent soldering or dissolving. This

action is often called erosion or washing. Without some means of preventing it, molds

would not last long.

e. To vent air trapped in the mold cavity.

Alr in the cavity must be vented before complete filling can occur. A permanent

mold has no permeability; air cannot pass through it. Sometimes, grooves are made on

the interior of a permanent mold to help evacuate air. If the mold coating is applied on the
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interior of a mold, the textured surface of the mold coating material can also act as tiny

channels to evacuate air between the casting and the mold.

f. To lubricate the mold.

Since aluminum shrinks as it solidifies the casting may grip tightly to certain areas
in the mold where draft is minimal. A coating with lubricating properties will allow for

release of the casting in these areas[2-8].

2.1.2  Constituents of the Coating

In any permanent mold coating, four basic constituents of the coating determine
the usage, method of application, method of curing and performance when cast. These
include fillers, carrier liquids, suspension agents, and binders. Table 1 lists the

composition of some typical coating slurry for permanent molds[3, 9].

2.1.3  Fillers

The refractory filler determines the effectiveness of the coating in preventing
erosion and metal mold reactions. It is selected according to the metal to be cast, the

substrate (the mold wall) and the tolerance for possible defects. The refractoriness and the
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sintering point of the material are extremely important. In addition, the filler must have
the correct particle size, not react with the metal and withstand the molten metal. Certain
fillers may contain compounds that evolve gases during casting and, thus, must be used
with discretion. The properties of the most important fillers are listed in Table 2[10]. The
thermal conductivity and thermal expansion of the filler affect the expansion of the mold.
Thermal conductivity and thermal radiation (white vs. black coating) also play an
important part in the rate of substrate heating and in the rate of solidification of the
casting. The selected filler should not be too fine. Fine filler particles increase the risk of
cracking in the fired coating and increase the proportion of binder required. Table 3 lists

the suitability of various fillers for several metal casting alloys[2, 10].

Coke is used mainly in coatings for casting of gray iron and nodular iron. Its
properties may vary considerably from salt contamination. The advantages of coke are
high melting point, low reactivity and low wettability for almost all cast metals; its major
disadvantage is its high porosity, which causes slow drying of the coating. Natured and
electrode graphite serves as filler for many coatings. They are highly refractory and are
not wetted by many metals. Pure graphite-based coatings are widely used in automotive
and intricate iron casting production. Graphite has high thermal conductivity and heat

absorption by radiation makes it unattractive for large castings, particularly when the

mold substrate must be insulated.
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Other filler constituents include zircon, mica, talc, calcined magnesite and
alumina. Zircon is used along with graphite and talc as a major coating refractory. Zircon
bonds well and its sintering range begins at temperatures far below its melting point. This
probably reduces the stress in the coating, thus reducing spalling and minimizing defects.
Mica 1s a hydrated aluminum silicate with a flake-like structure. When it is heated, water
is evolved and its structure is changed causing the material to expand slightly. Mica has a
Jow melting point but can be used for permanent molds of aluminum casting. Talc is a
complex hydrated magnesium silicate. As a filler constituent it improves the ability of
metal to flow over a coating and provide an insulating effect[10]. Calcined magnesite and
aluminum silicates have a high melting point and are used more for higher melting

temperature metals than for aluminum.

2.1.4  Carrier Liquids

The filler materials are suspended in a carrier liquid, the choice of which is
governed by operational conditions including drying and venting. Water is the most
important carrier liquid due to its non-toxicity, low price and ease of adjustment of
rheological propertics. For coatings that must be flame or air dried, alcohol or petroleum-
based solvents are used. Occasionally, rapid air-drying solvents are needed; these are

normally of the chlorinated type. They are more costly and hazardous than alcohol, but

are sometimes used if adequate ventilation is available.
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2.1.5 Suspension Agents

Suspension agents are used to prevent settling of the refractory materials. Addition
of suspension agent to a mold coating increases the risk of cracking. Bentonites and other
clays are often used as suspension agents in aqueous systems. Their advantage lies in
good thixotropic behavior and an ability to act as a high temperature binder. The long

time needed to stabilize a coating that contains bentonite is, however, a drawback.

2.1.6 Binders

Binders are employed to increase the coating strength and adhesion. In aqueous
systems, dextrin, sulfite lyes and partly unsaturated carbonic acid esters (such as linseed
oil) are used as ambient temperature binders. With dextrin and those sulfite lyes sensitive
to bacterial decomposition, antifermentation agents are necessary. Bentonites, other
clays, phosphates and sodium silicate serve as high temperature binders in aqueous
systems. However, flocculation or peptisation may occur when using the phosphates or
sodium silicate with bentonite. In addition to conventional water-soluble binders,
dispersion binders similar to systems for the dye industry employed. Alcohol-soluble
synthetic resins, such as novalacs, maleinates and ketones, together with natural resins

and alcohol-soluble plastics, serve as binders in alcohol systems. The choice of binder is
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made according to its bonding relationship with a given individual refractory. For

instance, binders with a good bonding capacity for graphite may not be suitable for

zircon|2].

2.1.7 Permanent Mold Coating Formulation

Coating formulation for the particular application requirement is critical.
Permanent mold coatings of all types must be made from highly consistent and tightly
controlled raw materials. Permanent mold coatings can be classified into four basic

families: Insulating, Non-insulating, Release and Combination.

Insulating coatings are produced using combinations of talc, mica, alumina,
titania, magnesia etc. As in specific ratios with sodium silicate, these are the most widely
used binder systems. The sieve grading, purity and ratio of these materials in the mixture

determine their relative insulating capability, durability and surface finish of the resulting

coating.

Insulating coatings can also influence the surface finish of the casting due
primarily to the morphology differences of the refractory materials used. Talc and mica,

for example, are plate-like in form and generally produce a smoother casting surface than
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the more granular materials such as titania and magnesia. Application techniques play a
significant role in their behavior. Any coating surface anomalies due to poor application
will be directly translated to the casting surface regardless of the capabilities of coating
applied. There is also the compromise of durability to be considered. Typically, materials
that provide for the best surface finish are also less durable and can be more easily

damaged and may wear away more quickly.

Non-insulating coatings have often been incorrectly classified as “chill” coatings.
In the strict definition, these coatings cannot be considered chills since they can not
increase the rate of heat transfer beyond that of the uncoated metal mold. The rate of heat
transfer through the mold material itself can only be increased by air moving through
fluid channels within the mold body itself or by cooling applied to the outside of the
mold. Non-insulating coatings provide protection for the mold as well as influence the
surface finish without diminishing the rate of heat transfer as defined by the mold.
Materials such as graphite and boron nitride are typically used for this purpose. Release
coatings typically consist of graphite in colloidal of or semi-colloidal form. Their primary
function is to lubricate the mold casting interface so that the casting does not stick and
can be easily extracted from the mold. Other materials, such as boron nitride, are also
sometimes used. Although non-wetting, most lubricating coatings are not insulating.
Several compromises may be required in areas where insulation is needed such as the use

of multiple coating layers particularly graphite over an insulating coating.
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Combination coatings have also been developed to try and overcome some of the
problems of competing and mutually exclusive properties of certain coatings and casting
requirements. These include mixtures of lubrication and insulating coatings. However, by
their very nature, these combinations compromise both objectives such that they will not

insulate as well as a true insulating coating nor will they have all of the release properties

of a true release coating[11].

2.1.8 Properties Required From Mold Coating

From the foundryman’s standpoint, a permanent mold coating will be judged on

four characteristics:

1. Adherence to the metallic substrate which controls spalling. This depends on the
preparation of the mold surface and on the conditions of deposition and drying
of the very first sprayed passes.

2. Mechanical resistance to wear when the surface of the coating is impacted by
the viscous shear of the liquid metal during filling.

3. Mechanical resistance to wear by the rubbing action of the casting at ejection.

4. Thermal resistance to heat flow which will provide the required insulation for
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complete filling and directional solidification[1].

2.1.9 Permanent Mold Coating Application

The coating can be applied by brushing, dipping, swabbing or spraying. In general,
spraying is used more often because of easier control of uniformity of coating thickness.
Before the coating is applied, the mold should be clean and free of oil and grease.
Portions to be coated should be lightly blasted, most often by aluminum chips or glass
beads. Coating should be applied to molds at around 350°F — 400°F. If the molds are too
hot, the rapid expanding water vapor front moving away from the mold will cause a
phenomenon known “kick back” and mold adhesion will be poor. If the mold is too cold,
the coating will dry too slowly which may cause runs and an uneven surface that will
show up on the casting. The low temperature and slow drying may also entrap moisture

within the coating layer that may cause the coating to crack and flake during use.

A primer coating is generally used to enhance adhesion of the primary coating to
the mold surface. This can be a specifically designed coating or can be a diluted version
of the main coating. It is important that the coating be applied in a thin layer to ensure
maximum durability. Once the primer is applied, the primary coating can be applied at

higher concentrations. When building up the main coating layer it is equally important to
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build a succession of thin layers to the desired coating thickness rather than one or two

heavy coating layers.

The strength of the coating should be maintained, particularly with insulating
coatings. A recent study has demonstrated that for any given coating, its maximum
resistance to heat flow is reached when the coating thickness is around 0.008”. Additional
coating thickness does not significantly increase the resistance to heat flow and can
contribute to other performance failures. Excessively thick coatings actually wear away
more quickly, are more susceptible to cracking, flaking and chipping away from the mold

as well as being more likely to produce surface finish problems with the casting.

The performance of any coating is a combination of the coating material and its
application method such that the supplied system has maximized the performance
characteristic possibilities. The dilution of the coating, the application technique, as well
as application parameters such as mold temperature, spray distance, spray angle, spray
configuration, all play a role in determining the internal physical porosity characteristics
of the coating that actually bonds to the mold. It is the combination of the internal
porosity of the coating as well as the thermal characteristic of the coating material itself

that determine the degree of insulation.
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2.1.9.1  Influence of Dilution and Mold Temperature on Drying Rate

The spraying of the slurry results in a dry, porous ceramic layer. The porosity and
surface texture of the coating will depend on the drying rate after application. This, in
turn, depends mainly on the dilution of the coating and the mold temperature. In order to
compare slurries with ceramic content of widely differing density, the dilution should be
expressed in percent solid content by volume. The solid content of the slurry and its

specific gravity depend on the density of the ingredient.

A heat transfer model has been proposed to relate the drying rate of the slurry to
the mold temperature. The drying time increases sharply as the coating builds up. The
drying speed depends on the initial mold temperature, slurry dilution and coating build
up. The results indicate that, for the same initial temperature of the mold, the rate of
drying is reduced by a ratio of 5:1 when the layer builds up to about 100pm. From a.
practical standpoint, these results can be used to adjust the dilution of a slurry. This can
be done using the set of curves of Figure 1. They show the relationship that should be
maintained between the mold temperature and slurry dilution for the initial passes (primer

coating), and after 100um build up[1].
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2.1.9.2 Setting and Handling of the Spray Gun

The physics of the spray gun atomization process and deposition of the coating has
been presented in an earlier paper[1]. It was shown that the rate of deposition 1s
mathematically related to the spray gun flow rate, the dilution of the slurry (% solid by
volume) and the surface area of the spray trace. The droplet size is mainly affected by the
air pressure, via the air spray velocity and has a very important impact on the covering

capability of the coating, as illustrated in Figure 2. It shows that droplets of 200 um will
cover hardly 50% of the mold surface for an average coating deposit of 45um. It is

interesting to note that the surface of the coating will be smoother under conditions that

produce smaller droplets.

The influence of spray gun handling on the thickness distribution of the coating
has also been studied mathematically[1]. Figure 3 shows the coating thickness
distribution when the spray gun is rotated about an axis in a more or less sinusoidal
motion. It shows that a build up of coating forms on the sides of the mold surface, at the
location where the motion is arrested to change its direction. As shown, crossing passes
greatly improve the uniformity of the coating thickness from a build up of 60% above the
average thickness, down to around 20%. The situation is greatly improved when the

spray is moved from left to right at a constant velocity as shown by the distribution of
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Figure 4. The lower deposit at the top and bottom edge of the plate can be greatly reduced

when the side passes are made to overlap[12].

2.2  EXPERIMENTAL EQUIPMENT AND PROCEDURES
2.2.1 Materials

2.2.1.1 Test Specimen

The thermal fatigue test specimens were produced using wrought H-13 steel, a
conventional die-casting die material. It has good resistance to thermal shock and good

resistance to softening at elevated temperatures. The composition of H-13 steel is listed in

Table 4[13, 14].

The specimen was machined to a 2 inches square by 7 inches long shape with a
1.5 diameter hole drilled lengthwise in the center of the 2-inch square to depth of 6.5
inches. The specimen was coated on two adjacent sides with various coatings. Thermo-
couples are located in the two 0.09” diameter holes that are drilled at 0.1 inch from both
sides of the hole at the corner, the depth of the holes is 4.0 inches from the top surface.
The temperature variation that occurred during this cyclic immersion of this specimen

coated on two of its four sides with the different coating were measured by K type

31



thermocouples inserted in the two corners with and without the coating. The

configuration of the specimen is shown in Figure 5.

Table 4. Chemical Composition of H-13 Steel

Element Composition in Weight Percent
C 0.39

Mn 035

Si 1.00

Cr 5.25

Mo 1.45

A% 1.00

S 0.005 max.

P 0.025 max.
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2.2.1.2  Coatings

All coatings were obtained from Foseco, Inc., included DYCOTE 8, DYCOTE 11,
DYCOTE 34-ESS and DYCOTE R-87. They are different blends of insulating and
lubricating refractory materials with a silicate binder and were applied in a concentrated

liquid or paste-like form. These coatings are widely used in commercial permanent mold

coating.

DYCOTE 34-ESS is a general purpose insulating coating which provides a rough
mold surface that enhances metal flow over large flat surfaces and through thin sections,

thus reducing misruns and cold shuts.

DYCOTE 8 is a highly insulating and very durable coating specifically
recommended for use on gates and risers at a relatively heavy consistency. For general

purpose or primer applications, it should be diluted at higher ratio.

DYCOTE R-87 is an extremely durable permanent mold coating. It is often used
as a base coat, providing excellent adhesion between the topcoat and the mold. It also
provides a very smooth surface finish when used-as a topcoat. Because of its excellent

adhesion properties, DYCOTE R-87 can also be used to coat foundry tools and low-

pressure stalk tubes.
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DYCOTE 11 is a graphic lubricating coating that works well on ingot molds,
pigging machines, and ejector pins. It may be used on top of an insulating coating in

deep-draw or high-wear areas to promote release and reduce coating wear.

All of the DYCOTE permanent mold coatings are easily diluted with water. In
general, the coatings diluted for priming purposes are diluted 2 — 3 times more than for
primary application. The recommended dilution ratio for primer coatings and main

coatings and approximate compositions of four DYCOTE coatings are shown in Table

5[9, 15].
2.2.2 Equipment
2.2.2.1  Thermal Fatigue Immersion Testing Unit

The thermal fatigue immersion-testing unit is shown schematically in Figure 6.
The semi coated metal specimen, two adjacent corners - coated and uncoated, was cycled
between immersion in molten 356 aluminum alloy and cooling in ambient air. The

aluminum alloy was maintained in a gas fired crucible furnace at an average temperature

of 1350 °F which was monitored by chromel-alumel thermocouple. The cycle immersion
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time was 12 seconds and was followed by a 24 second cooling time. The specimen is

internally water cooled at a rate of 1.5 gallon per minute.

2.2.2.2 Elcometer 355

This is the gauge used to test the thickness of coating. It has two parts. The host
instrument, which is a portable, hand held unit powered by three AA cells collects
measurements data; A probe module, which is available for coating thickness
measurement on both ferrous (F) and non-ferrous (N) metals and further modules will be
added to the range as the product develops. The probe type used for this test is F4
standard. Measuring range is 0 — 10 mil. The accuracy is £1% or + 0.04 mil.

The instrument uses Liquid Crystal Display, so the ambient temperature could not be

above 50 °C. The sketch of Elcometer 355 is shown on Figure 7.

2.2.2.3 WorkBench PC
Temperatures at each of the two testing locations were continuously monitored,
using “WorkBench PC” (v2.3.1, Strawberry Tree Inc.). It is a data acquisition, process

control, and analysis software which takes full advantage of the features and the graphical
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interface. Data was collected at one-second interval and eventually transferred to a

standard spreadsheet for subsequent analysis.

2.2.3 Procedures

2.2.3.1  Sample Preparation

The surface of the metal sample was first cleaned with sandpaper to remove any
old coating, grease and oil completely. Then the specimen was heated to 325 — 375
°F[16]. The coatings were sprayed onto the two adjacent corners of metal sample with
spray gun. The pressure of compressed air is 80 — 100 psi and the spraying distance is
about 7 inches[17]. The primer coating was sprayed on the two adjacent corners first until
the dark color of metal sample began to disappear. The thickness of primer coating was
less than 0.001”. Then the specimen was heated up to 325 — 375 °F again, and the
primary coating on the same two adjacent corners. The total thickness of the coatings was
about 0.008”. After applying the coating on the metal specimen, the final thickness of the
coating was measured and a picture was taken of the coated specimen. Finally the coating

was dried in the oven for 20 hours at 250°F. The coating dilution ratios and coating

thickness are shown in Table 6.
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2.2.3.2 Testing

Coating thickness testing

Before the sample was cyclically dipped into the molten metal, the thickness of
coatings was tested on the top part of the sample, which could not be immersed into the
liquid metal. Five locations on each side were checked to provide an average value. After
the sample was cycled, the thickness of the coating was tested on the whole side. Each
side was tested on three lines — the centerline and the two edge lines, at about 0.3” from

the edge of the sample.10 points were tested on each line to obtain an average value.

Temperature difference testing

The specimen with dried coating was immersed in 365 molten metal for 100
cycles. The temperature variations that occurred during this cyclic immersion of the
specimen coated on two of its four sides were measured by thermocouples on the corners
with and without the coating. The temperature variations on the corners of this specimen
were monitored with WorkBench PC and the data were recorded for the 1-10 dips, 11 —
20 dips, the 61 — 70 dips and 91 — 100 dips. The circulating water temperature

fluctuations were also measured immediately after the water exited from the specimen.
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The temperatures of the coated and uncoated corners during the immersion cycles were
recorded as shown for each of the four coatings in the temperature versus time graphs in
the Appendix. After the specimens had been cyclically immersed the surface condition of
the coatings were measured and photographed. The pictures of the coated specimen

before and after testing are shown in the following section.

Coating adhesion testing

The adhesion of the coating to the metallic substrate was also tested according to
ASTM D4541 - 95, “ Standard Test Method for Pull-Off Strength of Coatings Using

Portable Adhesion Testers'”. The sample was tested after being cyclically immersed.

Two points were tested on each side.

Roughness testing of the coating

In order to test the roughness of the coatings, the sample substrate was changed
from the metal specimen to a graphite thin plate. Different coatings were sprayed on the
graphite plates. Coating dilution and spraying processing were all the same as for the
metal specimen. The coated graphite plates were fractured into several pieces and the
cross-section of the broken graphite pieces with the coating on the sample was examined

with SEM. Three photographs for each coating were taken at a magnification of 100x.

38



The height difference between two adjacent high and low points was measured from the
photographs. Thirty pairs of points were measured to test the height difference, and

obtain an average value for the roughness of the coating.

2.3  RESULTS AND DISCUSSION

The data on the cyclic temperature variations was averaged over 10 dips into
molten aluminum of the immersion test, each including the 1-10 dips, 11-20 dips, 51-60
dips and 91-100 dips. The results are listed in various tables and the actual temperature

fluctuations with time are shown in the Appendix.

2.3.1 Thermal analysis of uncoated corner of sample

Table 7 shows the temperature difference of the uncoated corner during
immersion. The average maximum temperatures for different cyclic periods are almost
stable, or do not change at high dipping cycles. The molten metal temperature is the only
factor that determines the maximum temperature of the uncoated corner. The higher the
molten metal temperature, the higher the maximum average temperature of the uncoated

corner. For the average minimum temperature, the data are close to each other for the
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various dipping cycles. For the coating Dycote 8, Dycote 34-ESS and Dycote R87, these
values are all close to 250 °F. This behavior occurs because the minimum temperature of
the uncoated corner is just influenced by ambient temperature, and the ambient
temperature is stable. The data in Table 7 shows little change for the minimum and
maximum temperatures of the uncoated corner, as the dipping cycles increase. As
expected only a small change occurs in the difference between maximum and minimum

temperature. For the minimum temperature of the coated corner, the temperature is also
kept increasing with the minimum temperature of the uncoated corner. This follows the
same trend as the average maximum temperature. The higher the molten metal

temperature, the larger the difference in the temperature. -

2.3.2 Thermal analysis of coated corner of sample

The average temperature of the coated corner, as shown in Table 8, is considerably
different. All of the temperature values are lower for the coated corner because of the
reduced heat transfer. The average maximum temperature of the coated corner keeps
increasing with increasing number of dipping cycles for all four coatings. This behavior
is illustrated in Figure 8. It is also noted that the temperature of the molten metal
temperature did not have a marked influence on the temperatures of coated corner. Two

factors influence the maximum temperature of coated corner as the dipping cycles are
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increased. First the increasing temperature of the specimen as the number of cycle
increases. Second, the effect of increasing cycles on the thickness of the coating influence
temperature. When the coated specimen was cyclically dipped into the molten metal, the
liquid metai wears off some of the coating. The thinner the coating layer, the higher the
heat that is transferred from the molten metal. So the maximum temperature of the coated
corner can increase with increasing cycles. As noted in Table 8, the final thickness of all
four coatings is lower than the original thickness. And the loss in thickness increases with
the number of dipping cycles. Because the temperature of the other parts of the specimen
increase with increasing number of cycles, the minimum temperature of coated corner
increases with time. In Table 8, the temperature of the coated corner is influenced by the
insulation of the coating. The greatest difference between the maximum and minimum
temperatures was attained for the wash with the highest heat transfer. The least difference

in temperature was obtained that the wash with the best insulating effect.

Figure 9 shows the average difference between maximum and minimum cycle
temperature in coated corner. This plot indicates that coating Dycote 8 is the best
insulator followed by Dycote 34-ESS as the second most effective insulator. The Dycote
R87 is the third best insulator. The lowest insulating ability and the highest heat transfer

of the four coatings occurs for Dycote 11.
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The average maximum temperature difference between the coated and uncoated
corner also relates to the insulating capability of the different coatings. The larger the
difference, the more effective the coating was as an insulator. The average maximum
temperature differences between coated and uncoated corner for the four coatings have
been plotted in Figurel0. The results are the inverse of those obtained in Figure 9 and
show the same relative behavior in insulating ability for the castings. Figures 9 and 10
indicate that the relative insulating ability is Dycote 8, Dycote 34-ESS, Dycote R87 and

Dycote 11 for the best to lowest insulation.

2.3.2.1 Calculation of heat transfer coefficient of different coatings

When the sample is cyclically immersed into the molten metal, the heat transferred
from molten metal to sample (Qy, s) equals to the summation of the heat transferred from

sample to water (Q;s ), lost in the air from sample (Q;,), and remained in the sample

(Qremain)- This is shown by:

Qm s Qs wT Qremain+ Qs A tececsecscecees (1)
where s: sample

w: water

m: metal

a: air

The heat flow into the water is:

Qs w= wxCpuxrx Ty
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where r: volume flow rate
Ty =Ty T;
T measured water temperature
T;: initial water temperature

The heat transferred to water is:

2
Qs w WXprX IATW}/ dt

1

12
= WwxCuwx T, x I}/ dt
11
= Wxprx Tw x (£V)
=Cow x Tw x (W)

Qs wTmChwx Ty x (W) (2)
where V: volume of water flowing out in one cycle

W: weight of water flowing out in one cycle

For one cycle, in the ideal condition, Q,cmain €quals to zero.

The heat flowq=hx T

2

Qm s 4hlsl L[I(Tm—Ts)dl‘]-dS

11

Qs a 4 h2SI 'L[’]‘(Tx-Ta)d[]'dS

where T,: air temperature
s1: side area of the sample s; = 1x2 =2 in’
h;: heat coefficient between molten metal and sample
h;: heat coefficient between sample and air
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Because the heat transfer coefficient between the molten metal and sample is much
bigger than the heat transfer coefficient between sample and air, it is assumed that the
heat coefficient between sample and air is zero. It is also assumed that the temperature

in any position of the sample surface is the same.

12 = NN 3
Qm s :4h1><sl>< I(TIII_T\‘)dt . o \’V\
Al £ -
ieoo'
§
N
= xSy XA moy e
) T
Qu s =4hyx S XAporooooeoreesr. 3) e e e

For one cycle, combine the equation (1), (2) and (3), get:  Qu s = Qs
4h1XS]><A1: pr X TW X (%W)

_ pr X ATW x (% W)
4S1Al

" h]

Parameter
Cpw = 4.1784 kJ/kg°C
S;=8,=1x2in’=2in* = 6.45x 10™* m?
S=4S,=8in*=2.58x10> m?
W= 1x401b=81b=3.628 kg

T, =(29-200°C=9°C

Coating Dycote 8

A = 6000 °C-sec
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h, = 1.468 KJ/m*°C-sec

= 1468 W/m* K

Coating 34-ESS
A, = 5725 °C-sec
h; = 1.539 KJ/m? °C-sec
= 1539 W/m* K
Coating R87
A = 5540 °C-sec
h; = 1.591 KJ/m?°C-sec

= 1591 W/m> K

Coating Dycotell
A} =5395°C-sec

h; = 1.634 KJ/m?°C-sec

= 1634 W/m*K
Ranking Coating Thermal conductivity (W/m*- K)
1 Dycote 11 1634
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2 R&7 1591

3 Dycote 34-ESS 1539

4 Dycote8 1468

The values of thermal conductivity measured in the study depend on the method
used for measurement. The immersed specimen has heat transferred at the two adjacent
coated and uncoated corners as well as to the water-cooling. This arrangement results in

higher values of heat coefficient than determined from a single surface. [12]

The insulating effect of a coating is decided by four factors: thermal resistance to
heat flow, adherence to the metal substrate, mechanical resistance to wear by the metal
flow and the surface roughness of the coating. The thermal resistance of a coating is not
only affected by the physical properties of the ceramic powders, but also by the volume
percentage of porosity in the coating. The wear resistance of the coating is influenced by
the microstructure of the coating. Coatings consisting of powders of ground particles,
such as iron oxide, zircon and magnesium oxide, have higher wear resistance than the
coatings with a more flake-like structure, such as mica and talc. It must be emphasized
that the texture and surface morphology of a coating have as much of an effect on its

working properties as the mineralogical nature of the ceramic content. The coarser
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particles are intended to impart surface roughness and hence a higher insulating

capability to the coating.

2.3.2.2 Analysis of Dycote 8

Coating Dycote 8 is a high insulating coating. The appearance of the Dycote 8 is
shown in Figurell. The figure highlights the plate-like morphology, especially at higher
magnification. From the EDS, the chemical analysis of this coating is shown in Figurel2.
The chemical contents of the three spots indicate that they are soft and good insulating
minerals such as mica Al, K (Si;5Alys0s),(OH), and talc Mgz Si;0,o(OH), Figure 11
exhibits a high porosity content in the coating. Both the high insulating mineral and the
porosity content results in a high thermal resistance for Dycote 8. The coating also
contains some harder and more resistant species such as magnesia from the analysis of
the Figure 12. In Figure 13, the overview EDS testing for coating Dycote 8 is noted that,
a small amount of titanium is present in the coating. Figurel4 also shows there is ground
oxide particles in Dycote 8. EDS testing indicates the presence of considerable Na and Si
elements everywhere in Dycote 8 form the sodium silicate binder. These factors explain
the high wear resistance and very low thickness loss for Dycote 8 when it was cyclically
dipped into the molten aluminum. Figurel5 & 17 show a rough surface texture for the

Dycote 8 before cyclic running. The adhesion of this coating, as shown in Figure 16, after
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100 cycles is good because it sticks to the metal substrate well with no spalling area and

cracks.

Adhesion testing demonstrate the high adhesion of coating Dycote 8 is high. This
combination of thermal resistance, wear resistance, roughness and adhesion of the

coating provide the good insulating properties of Dycote 8.

The roughness of Dycote 8 is shown in Figure 17. This coating was prepared on
top of a graphite plate that was subsequently fractured. The roughness was measured to

be 50 um. And the coating was totally 157um thick.

2.3.2.3 Analysis of Dycote 34-ESS

Dycote 34-ESS 1is also an insulating coating. From Table 5, the composition of
Dycote 34-ESS indicates the presence of the insulating ceramic powders — talc and mica.
Figure 18 indicates that the structure of coating Dycote 34-ESS is mainly a plate-like
morphology. This structure also produces a high thermal resistance. However compared
to Dycote 8, the grain size of 34-ESS is smaller, and the coating is denser than Dycote §
with less porosity. Even though the main chemical contents are similar for the two

coatings, the thermal resistance of Dycote 34-ESS is lower than for Dycote 8. The EDS
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analysis in Figure 19 shows the presence of small content of magnesium Iron and
titanium oxides are present in Dycote 34-ESS and the binder content is lower. The
reduced amount of oxide powders and binder content makes results in a lower wear
resistant of Dycote 34-ESS compared to Dycote 8. Figure 21 shows that the coating has
been washed off completely in some area of the sample after 100 immersion cycles in
molten metal. The reduced wear resistance of the coating lowers the thermal effect of
Dycote 34-ESS compare to Dycote 8. Although the roughness of Dycote 34-ESS is the
highest in the four coatings, as shown in Figure 20 & 22, the insulating effect is lower.

Good adhesion is also indicated for 34-ESS.

The roughness of Dycote 34-ESS is shown in Figure 22. This roughness was

measured to be 63um, and the coating was 221um in total thickness.

2.3.2.4 Analysis of Dycote R87

Dycote R87 is a coating used as a base or topcoat. Its chemical content is just hard
zircon and iron oxide. This is shown in both Table 5 and the EDS testing in Figure 24.
EDS testing also indicates that the binder content in this coating is high. This coating
does not have any insulating materials like mica and talc, which have flake-like structure.

The appearance of the coating is shown in Figure 23. The coating is relatively dense

49



though fluffy in appearance. Individual oxide particles are visible at higher
magnification. The coating surface appears to have a much lower porosity than the
previous two coatings discussed. With its structure and composition, Dycote R87 does
not have a high thermal resistance but does have excellent wear resistance. The high wear
resistant capability is indicated by a coating thickness, after 100 cycles, that is still has
49% of the original coating. Figure 26 demonstrate that the coating surface is still smooth
- and uniform after immersion testing. The surface roughness of coating Dycote R87 is
very fine, with the lowest value of 20 pum, as shown in Figure 25 & 27. The adhesion of
the coating is not as good as the earlier two coatings. The photo at 150 magnification
shows the small cracks on the coating. After cyclic immersion, spalled area or large
cracks on the coating surface were not present, as shown in Figure 26. This indicates
fairly good adhesion and is confirmed by the adhesion test of Dycote R87. Dycote R87 is

a good top or base coating. But its reduced insulating effect does not provide a high

insulating coating.

The roughness of Dycote R87 was measured on the fractured section of graphite

with roughness of coating is 20pum. And total coating was 225um thick. This roughness is

illustrated in Figure 27.
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2.3.2.5 Analysis of Dycote 11

Dycote 11 is a graphite lubricating coating. It is usually used to promote release
and reduce coating wear. Figure 28 shows the morphology of the Dycote 11 coating.
From the shots taken at low magnification, it shows that the particle size is fine compared
with other three coatings. The roughness test from cross-section photograph in Figure 30
also shows the roughness value to be the smallest, at 31pum. While considerable porosity
is present in the coating, the density is fairly high. The picture at higher magnification in
Figure 28 shows the flake-like microstructure of the graphite particle. The insulation
produced by this coating is low and the wear resistance is very low. There is only 25%
coating thickness left after the immersion testing. The EDS result in Figure 29 indicates
that this coating is nearly all carbon with only a small amount of sodium silicate binder.
This explains the low durability of Dycote 11 although the adhesion is as good as other
three coatings. The flake-like microstructure of graphite in Dycote 11 and low binder

content provide very good lubricating behavior.

The roughness of the Dycote 11 coating, as shown from a coated fractured

graphite plate, was measured as 31um, and total thickness was 122um. The appearance

of this roughness is shown in Figure 30.
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2.4 CONCLUSIONS

A group of four commercial washes were applied to the immersion type specimen
normally employed to evaluate the thermal fatigue resistance of mold materials. The
washes were applied to two adjacent corners on the thermal fatigue specimen using a
controlled spraying technique that applied both a primer and final coating. The normal
thickness of the coating before testing was 200pm. Two thermo-couples were placed in
the opposite corners of the thermal fatigue specimen. One thermo-couple was located
between two adjacent coated sides of the specimen and the other between the two
uncoated sides. As the specimen was immersed in the molten aluminum, the thermo-
couple responses were recorded. The result of the temperature fluctuations was employed
to evaluate the thermal resistance of the coatings and their durability after a series of

immersions in molten aluminum.

The four coatings tested included:

a. Dycote 8, a highly insulating coating comprised primarily of talc, mica and metal
oxide. This wash exhibited the best insulating ability and proved to be very
durable upon repeated testing.

b. Another insulating wash Dycote 34-ESS was tested. Its flake-like structure

comprised mica and talc with some less binder than Dycote 8. This is a good
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insulating wash although somewhat less than the Dycote 8. The coating wore off
gradually during the test.

¢. The Dycote R87 wash comprises of zircon and some iron oxide bonded with
considerable sodium silicate. This wash has relatively poor insulating capability
but good durability.

d. Dycote 11 is a primarily graphite wash with some sodium silicate binder. The

insulating and wear resistance was poor but it would provide a lubricating effect.

The insulating quality of the washes was evaluated by comparing the temperature
difference between the coated and uncoated corners as the specirﬁen was cycled. The
minimum temperature difference between the high and low temperature on the coated
corner and maximum temperature difference between the coated and uncoated corners
indicates the insulating qualities. The durability and wear resistance of the coatings
were determined by the loss of insulating ability and the adherence of the coatings

during thermal cycling.
The as-deposited roughness of the coatings applied to a graphite plate that was

later fractured varies from 20 to 63um and the total coating thickness from 122 to

221um.

53



2.5

10.

11.

12.

REFERENCES

Chiesa, F. and J. Trottier, Mechanics of The Die Coating Application in The
Permanent Mould Casting Process. International Journal of Cast Metals Research,
1996.9: p. 145-152.

Nyamekye, K., et al., A Review of Permanent Mold Coatings and Their Effect on
Heat Transfer in The Mold. ASF Transaction, 1994. 143: p. 869-876.

Handbook, M., ASM International, . vol 15(9th edition): p. p 281.

Chiesa, F., Measurement of the Thermal Conductance at the Mold / Metal
Interface of Permantent Molds. AFS Transactions, 1990. vol 98: p. pp 193 - 200.

V. Mohan, R.N.S., Prediction of Solidification Time of Iron Castings in Coated
Cast Iron Molds. AFS Transactions, 1982. vol 90: p. pp 435 - 444,

Ohtsuka, Y., Application of a Computer Simulation system to aluminum
Permanent Mold castings. AFS Transactions, 1982. vol 190: p. pp 635 - 646.

Nehru, K.V.K., Influence of Insulating Mold Coatings on the Solidification of
Copper castings in Metallic Molds and Thermal Behavior of Molds. AFS Cast
Metals Research Journal, 1974: p. pp 111 - 116.

Chijiiwa, K., Research on the Behavior of Cast Metals in Mold Cavities by the
Color Method. Cast Metals Research Journal, 1967: p. pp 113 - 119.

Dillingham, J., C.W. Ramsay, and D.R. Askeland, Literature Review for
Tenacious Coatings for Aluminum Permanent Mold Casting Process. AFS
Transactions, 1996. 162: p. 1079-1095.

Broome, A.J., Mould and Core Coatings and their Application. The British
Foundryman, 1980. vol 73: p. pp 96 - 102.

Pischel, R.P., Technical and Economic Impact of Permanent Mold Coating
Application. 4th International Conference on Permanent Mold Casting of
Aluminum, 1997.

Chiesa, F., Permanent Mold Coating Technology. 4th International Conference on
Permanent Mold Casting of Aluminum, 1997.

54



TABLES AND FIGURES FOR PART 1

MOLD MATERIALS

56



0000 | 086°0 | Z00°0 | 0ST"0 | 001°0 | OSH'T | 0€ZT'S | 20070 | 0200 | 0SE'0 | OET'T 0b°0 (9918 £1H
Od WYSN0IM

0000 | S96°0 | 0T0°0 | 9€0°0 | 081°0 | LTI | LVS¥ | 800°0 | 02070 | SES0 | SLP'0 | SE'0 [991S €TH 358D
0000 | 010°0 | 890°0 | 9€0°0 | 802°0 | €L1°0 | 1480 | 100°0 | T10°0 | TELO | ETF°0 | 8E°0 [991S 0b1H 158D
) ) ) ) ) ) X ) ) ) . ) uoJy
050°0 | 000°0 | 000°0 | 000°0 | 09€°0 | 00€°0 | 06270 | #¥10°0 | 080°0 | 06¥°0 | OLS'T | 6S°€ SN (MO
0v0°0 | L00°0 | €10°0 | 9¥8°T | 09¥°0 | 8YT'0 | 06£°0 | 800°0 | 6T0°0 | TLS0 | TLY'T | ¥9°E | 08dS uoJy a[yong
) X ) i ) ; ) } ) ) ) ) uoJ] Arydern
§20°0 | 8000 | ST0°0 | 1281 | 810°0 | ¥T0°0 | €60°0 | T00°0 | S€0°0 | TIS0 | 9€¥°C | €9°€ | 094S pojoeduIon)
) ) i i i ; X ) ; ) . . g-uoay Aexn
0000 | 000°0 | 000°0 | 000°0 | 068°0 | 09%°0 | 0€0°0 | $90°0 | 0ZT°0 | 09S°0 | 09L°T | €€ £OlTV (NAD
ccc.c . - . . . . . . ﬁlﬁcoﬁu %“hw
V/IN | VAN | V/N |089°0 | 06v°0 | 0ST°0 | 00T°0 | 190°0 | OTL'0 | OSTT | SE€ £olTY NMD

000°0 | 120°0 | €00°0 | 950°0 | p€6°0 | €S0 | 0€¥°0 | LL0°0 | LZ0°0 | €£6°0 | ¥8T'T | TT'E |09IND | w0 KB1D KOV
SIN | A v | IN [ D [omw | D S d |uN | 1S D [9dAL [eLIa)eI

P31Sa |, S[ELIdBIA PIOJAl JUdUBULId] JO uonisoduio)) - 1 3[qEL




. P paiadurd f, ayqno(y pue 9918
suapE pIAAUBL)  pousuan) 10 4, 0061 U Y| erH 94 wBno
pasadud,
djIsudlIew pasduay, pue payousng) 4. SL8T JUH 9% [#91S €TH 158D
paxaduwa],
djIsud)IeW pasddund ], pue payousnd) 4. 0091 JUH £V [991S OV 1P 158D
Yui o jse) S| NHESPT  [Uoa[ amond N¥MD
-onipread ‘oyrydeas eproraydg _
e PaAlIAY ssAAS|  NHY €LC uody spnonq
annpaead ‘ayydeas feproroyds ’
X1jeu S roTIoN SSO uoxy ydean
anipaead 9yders pajdedwo)) poasiPd 1S| NHH 52 pajoedwo)
Xpjeu e c-uolay
anureq dnipread jydeas ayer WEJ SV NH4 8z¢ £exo Lo[[v NAMI
[-uoay
xpyew dnredd ydess oyely 18D V| NHELIT | (o0 forpy MmO
SOPIGIE PIASIRY ssANS| NHY 01¢ woI] ArI) AoV
xinew oniaedd ‘9yrydess axery )
9INJINIJSOIINIA] JuauIBAL ], J89H ssoupIey [BLI9JBIA]

P91S9 ], S[BLIAJRIA] P[OTAl JUSUBULIdJ JO SSQUPJIC] PUe 3Injonajs - g d[qelL




yuowdmby 3891 - 4 uowrads - V

L S S SJ3UMOD ¥ ,010'0
2y o/ 77 Mo oINSy AdO3D0UG DY 7 oL Jaudn
Y NG AT ORI AT LI RETINIALY, \.l.m g
2% RIS ¢ - A
T/ r///v/./////.
;) Woexs ISV — 51
/s NN
\\; B \.\ NSNS ; 21PNdg. ;
=/, iapigiiy WP
L7/ T )
4 .\\ Y P *
v /S
=7, - W 95E 7|
\w\\\ s = Coayon |
'] $U3A S,
V77 T ]
s v/ _ '
“ ..\\N O B/ o G0
NSN INANAT RN a)1dnoy
48 N e b 7 om
b e % _ M 0]
M
% 2 h] @}
* 4l E *
0.
RS Y
: YA v A | v
¥ x pvay_/ s \{
iy 03240 4 4
WL J310M '
uaudad Bupoon MW \\\ﬁ AWQQBOU.OQ(* m£|_|
\_- [Zn
ba e At
dasp ,8/1-1 ‘LdN }\TT\ Z)
ABPUNAD g_q\
) i
] [ B0 Jaiom
w-ual.l? U] 4330A
u.n.mnwu“_" ,m_.-_wm

yuowrdinbry 180 I, pue wowddg angne,f [BWIdY L, - T 91031



Figure 2 - Thermal Fatigue Testing Cycles for Die
and Permanent Molds Materials

For die casting dies

20 sec 4

Still Air <— Die Lube Spray

For permanent molds

42 sec

Forced Air

8 sec

Al

Note: Molten Al is at 1350 Fahrenheit
Samples are cooled internally with water
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Figure 8 - Thermal Fatigue Cracks in CWRU
Gray Iron after 1000 Cycles
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Tk Rl 1
Initiating Crack




Figure 9 - Microstructure of CWRU Gray Iron for Thermal Fatigue Testing
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Figure 12 - Segregation in CWRU Ductile
Iron for Thermal Fatigue Testing




TABLES AND FIGURES FOR PART 2

EVALUATION OF COATINGS FOR PERMANENT MOLDS
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Table 4. Chemical Composition of H-13 Steel

Element Composition in Weight Percent

C 0.39
Mn 035

Si 1.00

Cr 5.25
Mo 1.45

A" 1.00

S 0.005 max.

P 0.025 max.
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Figure 1 - Relationships between slurry density, mold temperature and rate
of drying for the initial passes (top) and after a 100um build-up
(bottom) - Talc based coating (d=2.7)



Elliptical halo 30 x 13 ca= 306.15 caZ - Spray gun flow rates 69 cadmin
Slurry solid # by volune= .67 % ( 15.4 BE for d= 2.7 ) - 200 pn droplcts

Elliptical halo 38 x 13 cm= 306.15 cn2 - Spray gun flouw rate= 69 cadmin
Slurry solid % by valuae= .67 % ( 15.4 BE for d= 2.7 ) — 166 pn droplets

11.4 pm coating ( 2 s spray) 22.8 pn coating ( 4 = spray)

Figure 2 - Influence of slurry droplet diameter (100 and 200um) and spraying
parameters on mold covering. '
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Figure 3 - Distribution of the coating deposit when the spray nozzle is rotated about a
vertical axis, in % of average thickness. Note more even distribution when crossing passes.



TRANSLATION OF SPRAY GUN

Figure 4 - Distribution of the coating deposit when the spray nozzle is moved at a constant

velocity . Influence of crossing passes.
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Figure 6, Thermal test specimen and equipment for the coating testing
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Figure 7, Sketch of Elcometer 355
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Figure 11 ~Morphology of Dycote 8 at Different Magnifications
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Figure 14 - Morphology of Dycote 8 With Oxide Particles



Figure 15 - Coated Comer with Dycote 8 before Cyclic Immersion

Figure 16 - Coated Comner with Dycote 8 after Cyclic Immersion
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Figure 18 ~Morphology of Dycote 34-ESS at Different Magnifications
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t



w3 con

3000+

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

400

200

Al

Pd K

6.5

1.5 2 2.5 3 3.5 4 4.5 s 5.5 [ 6.5 7

Energy (keV)

Figure 19 (c) — EDS of Dycote 34-ESS for Area 3

7.5



Figure 20 - Coated Corner with Dycote 34-ESS before Cyclic Immersion

Figure 21 - Coated Corner with Dycote 34-ESS after Cyclic Immersion
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Figure 23 - Morphology of Dycote R87 at Different Magnifications
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Figure 26 - Coated Corner with Dycote R87 after Cyclic Immersion
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Figure 28 - Morphology of Dycote 11 at Different Magnifications
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Figure 32 - Coated Corner with Dycote 11 after Cyclic Immersion
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