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ABéTRACT

First year efforts as part of a three year program to
address metal casting dimensional control and fatigue life
prediction for permanent mold casting dies are described.

Procedures have been developed and implemented to collect
dimensional variability data from production steel castings. The
influence of process variation and casting geometry variables on
dimensional tolerances have been investigated. Preliminary
results have shown that these factors have a significant
influence on dimensional variability, although this variability
is considerably less than the variability indicated in current
tolerance standards. Gage repeatability and reproducibility
testing must precede dimensional studies to insure that
measurement system errors are acceptably small.

Also initial efforts leading to the development and
validation of a CAD/CAE model to predict the thermal fatigue life
of permanent molds for aluminum castings are described. an
appropriate thermomechanical property database for metal, mold
and coating materials has been constructed. A finite element
model has been developed to simulate the mold temperature
distribution during repeated casting cycles. Initial validation
trials have indicated the validity of the temperature
distribution model developed.




PROJECT OBJECTIVES

The objectives of the three-year dimensional control efforts
are, together with industry partners, to identify factors
contributing to the dimensional variability in production steel
castings and to formulate guidelines for producing close-
tolerance castings. This will also lead to the development of
improved dimensional tolerance specifications for users of steel
castings. The objectives of the three~year permanent mold casting
effort are, together with industry partners, to develop and
validate a CAD/CAE model to predict the thermal fatigue life of
molds used for aluminum permanent mold casting. This includes the
development of a robust mold ¢rack initiation and propagation
model. In both of these efforts timely deployment of research
results is assured by the direct participation of a large network
of industrial partners.



PROGRESS SUMMARY

The dimensional control effort is directed by Dr. Robert C. Voigt
at Penn State University (PSU). Year one efforts have included
the direct participation of six steel foundries. Dimensional
characterization of 57 casting designs have been completed. This
effort included the measurement of 498 casting features on 1475
individual castings for a total of 12,587 dimensional
measurements on production steel castings at foundry sites across
the country. Dimensional control tasks, all of which continue
into the second and third year of effort are substantially on
schedule. Initial subtask efforts to develop improved shrinkage
allowance guidelines, scheduled for year one completion, are
still ongoing.

The permanent mold effort is being administered as a
subcontract to the University of Missouri - Rolla (UMR) under the
direction of Dr. Kofi Nyamekye. Year one efforts have included
the installation and startup of a permanent mold casting machine
from Stahl Specialty Co. and the direct participation of the
American Foundryman’s Society Permanent Mold Committee. Most
experimental and modeling activities are substantially on
schedule: model development subtasks have been delayed somewhat
by delays in equipment and instrumentation acquisition.

Industry support and direct participation for both of these
continuing efforts is very strong. The outline of research tasks
developed at the beginning of the research program remains sound
and continues to have industry endorsement. . . . . .
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Chapter 1

DIMENSIONAL CAPABILITY ASSESSMENTS OF
METAL CASTINGS

The casting customer is demanding increasingly tighter
dimensional tolerances for cast components. The first step in
meeting these demands is for the foundry to know its pPresent
dimensional capabilities. With an accurate dimensional
capability assessment, a foundry can more effectively communicate
with a customer about achievable casting tolerances.
Furthermore, improved dimensional control will allow the foundry
to take fuller advantage of the near net shape capabilities of
the casting process. However, an accurate dimensional capability
assessment is difficult to obtain. The overall casting
dimensional variability is due to variations from many
intermediate processes. :

Dimensional errors can be classified into two groups.
Random errors are caused by controllable and uncontrollable
variations of all of the intermediate casting production
brocesses. Examples of the intermediate production processes
include core making, mold making, mold and core assembly,
cleaning of castings, and heat treatment. Random errors are
typically quantified by the standard deviation or variance;
measures of the spread of dimensions about the mean.

Systematic errors are the second type of casting errors- a
systematic error is the difference between the mean; or average
value, and the desired dimension. These errors could be caused
by inaccurate or worn patterns. Long term changes in the sand
system or molding method are also classified as systematic
errors. :
Figure 1 displays the major categories of random and
systematic variables which affect the overall dimensional
variability of steel castings.

The steel casting industry is competing against many other
industries, including aluminum and iron casting, machining, and
fabrication, for market share. To be able to most effectively
compete against these industries, as well as other steel
foundries, an accurate dimensional capability assessment and
improved dimensional control are required. The American
Foundrymen’s Society has identified dimensional control as a
major need for the metal casting industry. Improved dimensional
control will allow the foundry to design castings with more
features cast to size, or closer to size, which will reduce or
eliminate the need for subsequent machining operations. With an
accurate knowledge of the dimensional capability, castings can
also be designed to reduce the casting weight. These
improvements will reduce the overall customer cost for a

particular component.
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Figure 1: Major categories of variables which affect

dimensional variability
Source: Peters, F.E. and R.C. Voigt
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Because of the nature of steel castings and steel casting
methods, the dimensional challenges for this segment of the metal
casting industry are the most severe. Steel castings are often
dimensionally complex, and can range in size from 1 to 100,000
pounds. The inherently high pouring temperature of steel,
relative to other commonly cast metals, is an additional problem.
The higher temperature metal will cause dimensional changes in
the sand molds during casting. Steel castings also require an
additional post-casting heat treatment to improve mechanical
properties, which may also contribute to dimensional variability.

Due to the large number of process variables, laboratory
trials are generally not sufficient to assess the dimensional
capabilities of a foundry. Dimensional capability is unique to a
foundry, and can only be obtained by measuring production steel
castings.

This report will review previous dimensional capability
studies of metal casting processes and existing standards. The
inability of past studies to differentiate between measurement
system variability and actual casting dimensional variability
will be highlighted. Procedures have been developed to determine
the dimensional variability of production steel castings. These
procedures have been carried out at steel foundries to collect
dimensional data from production castings. The data were
analyzed to determine the foundries dimensional capabilities for
the range of castings studied. Designed experiments were also
conducted to study the specific influence of key casting
production variables on dimensional variability. The dimensional
variability observed will be compared to existing dimensional
standards for steel castings.

14
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Chapter 2

REVIEW OF CAPABILTI‘Y STUDIES AND
TOLERANCE STANDARDS

Several studies have been conducted to examine the
dimensional variability of metal castings. Some studies have
focused on a particular casting process; others were
comprehensive studies that examined a wide spectrum of metals and
molding methods. This chapter reviews the significant studies
conducted during the last thirty years and current dimensional
standards for steel castings.. Table 1 provides an overview of
the major dimensional capability studies that have been
performed. Most of the studies investigated the effect of mold
relationship on the dimensional variability of a feature. Figure
2 displays the common mold relationsghips.

The Institute of British Foundrymen (IBF) established a
technical subcommittee in 1966 to evaluate the dimensional
variability of normal casting production for iron, steel and non-
ferrous castings. The first committee report discussed the
difference between random errors and systematic errors (errors
caused by pattern equipment).® The report noted a lack of
general knowledge about casting contraction and the problem of
measurement accuracy. Linear regression techniques were shown to
be an effective method of analyzing data from production
castings.

IBF continued to collect dimensional data from several
thousand castings. Included in the second report6 was an
extensive discussion of the importance of core accuracy, core
setting and core prints. The use of core locating jigs was shown
to eliminate the need for wider tolerances for mold-to-core type
dimensions. The dimensional variability of casting features was
greater after heat treatment than before. This study also
suggested that foundries do not adequately specify their needs to
the patternmaker and that casting shrinkage (which controls
nominal dimensions) cannot be accurately predicted for complex
casting shapes. Decisions to modify patterns should be based on
measurements of at least 25 castings. Foundries should spend
more time collecting data on casting shrinkage to develop a
better understanding.

Using multiple linear regression analysis, the IBF
committee developed an updated linear regression model to predict
the dimensional variability that can be expected from iron,
steel, and aluminum castings.

15




Table 1: Major dimensional capability studies of metal casting
processes and tolerance standards

1971 Institute of British Foundrymen (IBF)
most alloys, sand molding®‘®

1977 American Foundrymen’s Society (AFS)
grey iron, sand molding4

1977 Steel Founders’ Society of America (SFSA)
steel, sand molding?

1978 Steel Casting Research and Trade Association (SCRATA)
steel, sand molding®

1984 International Standards Organization (ISO)
many alloys, many molding methods’

16
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Figure 2: Dimension types of a casting classified by the
mold components which control them
Source: Wieser, P.F.
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The final two quantities should be treated with great reserve,
since relatively few results were obtained for-steel and aluminum
castings. This equation had a residual error of 0.01155 and a
multiple correlation coefficient of 0.813.

Villner described a general system of tolerances for
castings based on the International Standards Organization (ISO)
System for machined pieces.® Casting dimensional data were
collected from production castings. The data were used to
establish the fundamental shape and spacing of the tolerance
curves based on the existing ISO tolerance format. The following
equation was developed:

T = 0.6(1017)=16
where T = total dimensional tolerance
D = basic feature dimension
a = constant
0.33 for grey iron, steel and non-£ferrous
0.45 for malleable and ductile iron
n = tolerance grade (9 to 21).

Figure 3 displays the tolerance width versus the basic dimension.
Grey iron, steel and non-ferrous castings are defined as GTA
grade. GTB grade is defined for malleable and ductile iron
castings. Villner suggests that an additional tolerance should
be added for dimensions that cross a mold joint or are subject to
mold mismatch.

Further research was conducted in Sweden to establish
tolerance guidelines for castings based on the tolerance system
described by Villner.® Measurements were taken from 328
different parts; typically, four features per part were measured.
The mean and statistical spread were calculated for each feature
from a sample size of ten castings. A tolerance grade number was
assigned to each feature based on the measured variability. The

18
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Figure 3: Tolerance width T as a function of basic dimension
D for tolerance grades GTA and GTB 12, 16 and 20
Source: Villner, L.
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features were then grouped by their respective casting variables,
such as metal type, mold type, and production quantity. For each
group, the assigned tolerance grade numbers were averaged. The
average value for each group was established as the low (best)
specified tolerance. To account for such variables as pattern
condition and casting complexity, a range of tolerance grades was
established in the following manner. The average was established
as the lowest or best specified tolerance for the particular
group of casting variables, and the next two higher grades were
also selected. The average values were defined as the best
specified tolerance grade, because the castings measured were
generally from "bigger well-managed foundries."!

Svensson and Villner also commented on random and
systematic dimensional deviations. Random errors are caused by
the normal process variables in molding, core making, mold
assembly, etc. Systematic errors were divided into permanent
errors, typically pattern equipment errors, and semi-permanent
errors. Semi-permanent systematic errors are errors caused by
the sand system or long term molding method changes. Since the
castings measured in this study were made over a short time
period, the authors felt the tolerance guidelines developed only
represented the random errors. Surface roughness was recognized
as potentially dominating the actual feature variability,
especially for small features. The amount of variability caused
by certain specific variables, such as measurement error, mold
coatings and flask pin alignment was assigned a corresponding
tolerance grade. For instance, the deviation caused by the
alignment pin and bushing clearance could cause variance equal to
GTA 11. .

The Steel Casting Research and Trade Association (SCRATA)
sponsored research to determine the dimensional capabilities of
normal production steel castings.®! The study measured 520
features on 120 parts. The linear regression approach used by
the IBF® was used in this study to develop dimensional
variability guidelines. The following expression describes the
variability observed for dimensions less than 10 inches.

St.Dev. = + 25.2
(.001 ") + 0.004 X Volume of Casting (inches?)
+ 2 X Drawing Dimension (inches)
+ 11 if steel is austenitic manganese
+ 4 if casting is stress relieved
+ 4 X the number of mold joints crossing
the dimension
- 7 if a core is involved in the dimension
- 9 if molding process is either shell
molded or a core assembly

20



The equation had a residual error of 0.012 inches. A second
equation was developed to express the variability observed for
dimensions greater than 10 inches.

St.Dev. = + 22.7
(.001 ") + 0.025 X Volume of Casting (inches®)
+ 45 if molding is green sand slinging

+ 10.6 if a wood pattern is involved

The residual error term was 0.0125 inches.

Research by Aubrey for the Steel Founders’ Society of
America (SFSA) resulted in the establishment of dimensional
tolerance guidelines specifically for steel castings.?
Dimensional data were collected from 1370 production castings
which represented 57 different parts. A total of 295 features
was measured. Multiple regression was used to determine a
relationship between process variables and dimensional deviation.
The following equation was developed based on data from castings
weighing up to 131,000 pounds.

Natural Tolerance = + 0.064 .

(inches) + 0.00027 X Length X Weight!?
+ 0.239 if dry sand was used

Natural tolerance was defined as x three standard deviations of
the measurements. The weight and length were given in pounds and
inches, respectively. Since a majority of the data were
collected from castings weighing less than 2000 pounds, another
regression equation was developed to describe the natural
tolerance for those castings. -
Natural Tolerance = - 0.00138 -
(inches) + 0.01296 X Weight'® (pounds
+ 0.0221 X Length!® (inches)
- 0.04128 if no bake molding
- 0.04224 if shell molding
- 0.03165 if dimension is across
one core
+ 0.03336 if the dimension is
between a mold wall and a
core and crosses a
parting line

These linear regression equations were based on the means
of the data. Six tolerance grades were established by
multiplying the tolerance obtained from the second equation by
the following constants: 0.75, 1, 1.25, 1.5, 1.75, and 2. These
tolerances were later published in the Steel Castings Handbook!®
and have become the basis of the widely used U.S. dimensional
tolerance guidelines for steel castings, Appendix A.

Pattern measurements were also obtained for 202 of the 295
features measured. The calculated shrinkage allowances based on
the mean of the data and the pattern measurements ranged from -
13.5% to 10.8%. The shrinkage amount is represented in different
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formats in Table 2. The average shrinkage amount for all
features was 1.78%. All of the ’‘extreme’ shrinkage values were
obtained for dimensions less than ten inches; most were from
dimensions less than three inches. Although not stated,
measurement errors and surface irregularities were likely causes
of the extreme shrinkage values. The apparent shrinkage amount
was found to be less for dimensions on a core than for mold-to-
mold dimensions. Also, the apparent shrinkage of castings made
in shell molds was greater than those made in green sand. .

The International Standards Organization (ISO) published
ISO 8062,7 which is a system of dimensional tolerance for
castings, Appendix B. Sixteen grades of casting tolerances are
defined. The tolerance is only a function of feature length.
The appropriate tolerance grades for non-ferrous, iron and steel
castings were then identified for a variety of different molding
processes.

The American Foundrymen’s Society studied the dimensional
capabilities of iron castings made by high pressure green sand
molding. Initial data were collected from production castings;
however, difficulties in establishing practical dimensional
tolerances from the data were encountered.® Therefore, follow-up
laboratory experiments were conducted using a standard T-bar
shape, Figure 4.* Fifteen foundries produced two lots of fifteen
castings. Grey iron castings were made using high density green
sand molding. Each foundry created their own gating system for
the test part. There was no single predominant distribution of
measurements within a single lot of fifteen castings. A
significant difference in the mean dimension and the variability
of dimensions -was observed among the participating foundries.

A dimensional tolerance system for castings has also been
described by Reddy et al.! The system was based on measurements
of production castings. In this study, the measurements were
grouped by the following variables: .

- dimension direction (horizontal or vertical),

- dimension formed or not formed by cores,

- dimensions made by one or two mold halves.

The tolerance system was based on the following equation:

Tolerance = KD

For this equation, K; determines the tolerance grade, and the
quotient value is 10V,

Law made comparisons between his equation,® relationships
developed by IBF TS71,° the then unpublished SFSA tolerances,? the
tolerance grades developed by Svensson and Villner'® and
recommendations from the Steel Castings Development Committee.!
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Table 2: Different representations of shrinkage allowances

percentage mm/m in/ft

0.5% 5 1/4,
1.0 10 1/8
1.6 16 3/16
2.1 21 1/4
2.6 26 5/16
3.1 31 3/8
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Figure 4: AFS Committee standard T bar for determining

dimensional tolerances for production castings
Source: Draper, A.B.
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The comparisons were limited to tolerance guidelines identified
for steel castings. This comparison is shown in Table 3.

Voigt and Peters compared tolerance guidelines develoPed
and used by several high tonnage users of steel castings.1 ,10
Many assumptions had to be made to compare the guidelines because
of the various formats. However, the casting guidelines were, in
general, tighter than both the SFSA and ISO 8062 standards.18:

An important part of any dimensional capability assessment
should be an assessment of the measurement system. In the
studies reviewed here, there were only a few brief references to
measurement. system errors. None of the previous studies included
a measurement system analysis to verify that the measurement
systems used were sensitive enough to detect casting dimensional
variability. Ross recently conducted gage repeatability and
reproducibility (gage R & R) tests on the measurement systems
used by some U.S. steel foundries to measure castings as well as
patterns.12/13 1p many instances, the variability of the
measurement system was unacceptable with respect to the tolerance
allowed for the particular features measured. - This indicates
that previous studies of casting variability and the resultant
guidelines may be seriously flawed.

Major dimensional variability studies of the sand casting
processes were reviewed. However, there has not been any work
conducted recently on the tolerance capabilities of steel
foundries using contemporary production practices. Therefore,
any dimensional improvements made by the industry are not
represented in the current standards. In addition, measurement
system errors were not measured and were likely reported as
casting process variability in the present standards. Work is
needed to accurately characterize the tolerance capabilities of
steel foundries.
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Chapter 3

PROCEDURES

Initial year one efforts have been directed at developing
strategies and methodologies to conduct detailed dimensional
surveys at steel foundries. These methodologies have been piloted
on a steel foundry and its dimensional data summarized in this
report were from production steel castings produced at a
particular foundry. Work is in progress at additional steel
foundries to similarly characterize their dimensional
capabilities. A complete list-of foundries participating in year
one are shown in Table 4. Table 5 summarizes the extent of the
dimensional characteristics accomplished to date at these foundry
locations. The foundry in this report used both green sand and
shell sand for molding. Most of the castings produced are for
truck and off-road equipment industries. The majority of the
castings produced by this foundry weigh less than 150 pounds.
Twenty-three different parts were selected and measured in this
study; casting weight ranged from 2 to 118 pounds.

' Castings were intercepted during their normal production
cycle, measured for this study, and then returned to the
production cycle. Some designed experiments were also conducted,
using specially produced castings, to isolate the effects of
certain process variables on dimensional variability. Procedures
for collecting data from the production castings and descriptions
of the designed experiments follow. -

Production Casting Data Collection Procedures

Detailed procedures were established to select both parts
and features for the study and to accurately measure them. The
goal was to select parts and features that were representative of
the castings produced at the various foundries.

Measurement System Analysis

The measurement system used to measure the castings must be
sensitive enough to detect actual part variation. Gage
repeatability and reproducibility (gage R & R) tests were used to
measure the variability contributed by the measurement process.
The measurement system had to be deemed acceptable before casting
feature data were used. All of the gage R & R tests used were
based on established measurement system analysis procedures.
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Table 4: List of participating steel foundriés

COMPANY ) LOCATION
Atchison Casting Corp. Atchison KS
Falk Cozrp. Milwaukee WI
Keokuk Steel Casting Inc. Keokuk IA
Pelton Casteel Inc. Milwaukee WI
Texas Foundries Lufkin TX
Texas Steel Co. Forth Worth TX

Table 5: Extent of accomplishments of participating steel
foundries to date

57 different casting designs
1475 parts (individual castings)
498 features :

12587 measurements
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The variability of a measurement system is typically compared to
either the designated feature tolerance of interest, or to the
part variation, to determine acceptability. These general
measurement system acceptability criteria were not sufficient for
the purposes of this study. For the purpose of this project, a
measurement system was considered acceptable if the measurement
variability was less than 30% of the current SFSA T3 tolerance
for the particular feature.l§ The SFSA T3 tolerance is defined
for castings made by specialized molding processes, such as shell
or no-bake. This grade was chosen as a comparison because it is
believed that a new industry wide tolerance assessment would
indicate tolerances tighter than the present standards.

It would have been infeasible to determine the gage R & R for
each feature measured in this comprehensive study. Therefore,
gage R & R tests were completed on a few representative features
periodically during the study period. For example, if a caliper
measurement was appropriate and capable for a certain feature, it
was assumed that the caliper was also capable for similar
features. Appendix C contains a summary of the specific gage R &
R procedures developed and followed for this study. The complete
data for one gage repeatability test is exhibited in Appendix D.

Selection of Castings and Features

Foundry personnel assisted in the selection of parts for this
study. Parts were selected which represented a variety of
production practices and geometry variables for the foundry.

Individual features for measurement on each part were chosen
such that a full range of different features were represented.
Features were chosen that were not affected by grinding or gating
system removal, which are normal processing procedures. However,
it should be pointed out that the customer will also be concerned
about variability of such operations.

For each feature selected, a list of descriptors was compiled
to describe the feature characteristics and associated molding
variables, see Appendix E. All of the process and feature
variables were entered into a database constructed in Paradox
(registered trademark of Borland International) for subsequent
analysis.

From the list of potential test parts, groups of castings
were selected as they were produced. For most of the parts
studied, approximately ten castings from a production run were
randomly selected following shakeout and initial shot blasting.
Risers and gates were removed as usual; and the castings were
sent through heat treatment prior to any grinding. The castings
were shot blasted, tie bars (if any) were removed, and then the
castings were inspected prior to grinding. Attempts were made to
capture a second group of ten castings for each part during the
study period, but were not always successful.
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For a few parts, castings were selected from more than one
pattern cavity. Data from each cavity was analyzed individually.

In some instances, castings were selected for study after all
of the finishing operations had been completed. For these
castings, features which were not affected by any upgrading
operations, such as grinding or pressing, were selected for
dimensional characterization. -

Measurement of Castings

The majority of the feature measurements were made using six
inch digital calipers; other features were measured using twelve
inch digital calipers or 0-1 inch micrometers. The only
exception was that a Coordinate Measurement Machine (CMM) was
used to measure all of the diameters. All of the measurement
equipment used had been calibrated by an outside vendor within
one year prior to its use in this study.

The castings measured on the CMM were set up on gage blocks,
and then a surface on the casting was determined from four
points. The diameter being measured was projected onto this
surface. Diameter calculations were made using six points. If
the diameter crossed a parting line, the diameter of the cope and
drag halves of the features were determined separately, based on
four points each. The CMM’s internal algorithms were used to
calculate the diameters.

For the feature measurements taken using hand instruments,
specific instructions were recorded to assure that subsequent
lots of castings would be measured in the same manner.
Measurements on surfaces with draft were inherently the most
difficult to obtain. Repeatability was insured by using one of a
number of simple measurement techniques: laying out the
measurement locations, using gage blocks to take the measurement
a set distance from a casting surface, or measuring a feature at
a set depth on the calipers. Measurements were always a cross
sectional measurement made between two locations on a feature.
The data collected for these features will be representative of
the variability at a single location on-a feature. The
variability along the entire feature was not measured. This was
done so that the casting feature measurements could be compared
with the corresponding pattern measurement.

All of the data points were entered in the database with the
corresponding casting descriptors, Appendix E. Figure 5 is a
histogram of the data points collected for an example feature.
The standard deviation was found for each feature in which ten or
more observations were obtained, Appendix F. All feature
variability described in this study is reported in terms of +
three standard deviations. For a normal distribution, + three
standard deviations will include 99.7% of all observations.
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Frequency

1.005
1.008

1.02
1.023
1.026
1.029
1,032
1.035

1.01
1.014
1.017

Measured Value (inches)

Figure 5: Histogram illustrating spread of measurements for
one particular feature
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Procedures for Designed Experiments

Two additional designed experiments were conducted to study
the effects of specific casting variables on dimensional
variability. One experiment studied the specific effects of core
binder type and pouring temperature. The other experiment
compared the dimensional variability of nearly identical castings
made in green sand and shell molds. The dimensional information
obtained from these designed experiments was not included in the
overall database of dimensional capability of production castings
because in some cases ’‘special practices’ were used during the
processing of these castings.

Core Binder Tvpe and

Pouring Temperature Experiment

This experiment was conducted to study the effects of core
type and pouring temperature on the variability of several
features for one particular part. The test castings used in this
experiment were made using close to regular production
procedures. -

A 35 pound part was chosen which had two holes formed by a
single core. A schematic representation of this part is shown in
Figure 6. 2An oil sand binder was typically used to produce the
core for this part. However, a sodium silicate - CO, binder was
also used for half of the castings produced for this experiment.

All of the cores were produced from a single aluminum split core
box. Measurement of the dimensional variability of the cores
themselves was attempted using six inch digital calipers, but the
method failed gage repeatability tests. Core hardness was also

checked at several random locations. No significant hardness
variations were observed among the cores for either of the binder
systems.

The pattern for this part produced a mold that has two
casting cavities with a single symmetric gating system feeding
each of the cavities through a central sprue. Two identical
castings were produced from each mold, and each contained a
different core type. One particular core type was always placed
in the same cavity to eliminate variability between the
individual cavities. A pair of cope and drag, pin lift, jolt
squeeze molding machines were used to produce the molds. Normal
production methods were followed, including one shovel of facing
sand for each mold half. Mold hardness readings were taken from
each mold half. The AFS mold hardness number ranged from 80 to
89 along the parting line, with no consistent mold-to-mold
variability. Two batches of six molds each were produced.
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Dimension Feature T 'vpe

3,4 Internal of Blind Hole
7 External of Blind Hole
1,2 Internal of Through Hole
5,6 External of Through Hole

Figure 6: Schematic diagram of casting used for core

and pouring temperature experiment
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Approximately twenty molds were produced after the first batch
and before the second batch. Each of the mold cavities was
stamped with an identification number on the casting surface.
Samples of the molding sand and facing sand were tested from each
of the molding periods. The results are shown in Table 6.

The molds were made in two batches in order to effectively
determine the influence of pouring temperature on dimensional
variability. The first six molds were poured in the beginning of
the day’s pouring shift when the pouring equipment was relatively
cold. Two ladles of metal were needed to pour the six molds.

The initial ladle temperatures were 2885° F and 2864° F. The
ladle temperatures for the second batch of castings were 2995° F
and 2983° F. The pouring time was approximately 12-15 seconds
for each of the molds. Hot topping was applied to the open
after pouring. The castings were shaken out after approximately
one hour of mold cooling. All of the open risers had well formed
shrinkage pipes. After the risers were removed, the castings
underwent a normalizing heat treatment and were then shot
blasted. T

Measurement procedures similar to those used for studies of
production castings were employed. Seven measurement locations
were identified on each casting. All of the measurements were
made with six inch digital calipers. Each measurement was made
twice by the same person and the two measurements were averaged.

Molding Sand Experiments

There were two part designs in use at the foundry for which
pattern equipment existed to produce castings using-either green
sand or shell molding techniques. For each part, several
castings were produced using both green sand and shell molding.
The influence of mold type on the variability of casting features
could be directly compared since the geometry was nearly
identical.

The first part weighed approximately seventeen pounds and
needed a core to form an external feature. The second part
weighed three pounds, and had a cored internal cavity. The shell
pattern for the second part had six separate-cavities, while the
green sand pattern had only a single cavity.

Due to production restrictions, the shell molded castings
used in the comparison were randomly selected from a large
production lot, while the green sand castings were produced
sequentially. The green sand was sampled during the molding of
each part to evaluate mold consistency, Table 6. Twenty and
fifteen green sand castings were made for the first and second
part, respectively.

All castings were measured using the techniques outlined for
the inspection of production castings. On the seventeen pound
part, four locations were measured on each of the green sand and
shell castings. A single location was measured on the second

part.
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Table 6:

Results of green sand sample tests

% moisture |permeability [green strength (psh [% compactibility

pouring temperature and core binder experiment

" 26 185 1.8 47
25 185 12.8 4
2.7 190 122 48
2.6 190 12.0 47
ouring temperature and core binder experiment - facing sand
25 | 180 | 6.5 | 54
molding sand experiment (casting #1)
2.8 190 11.4 48
2.7 195 . 11.8 48
2.8 190 1.3 49
2.8 185 11.8 - 49
2.5 180 11.2 41
molding sand experiment (casting #2) .
24 | 175 | 13.2 | 39
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Gage repeatability tests were conducted on the measurement system
used to measure each of the parts. Acceptable repeatability
values ranging from 10 to 14% of the measured part variation were

found. .
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Chapter 4
'RESULTS

Data were collected on the dimensional variability of 150
different features from production castings. The effect of
casting geometry and production variables on the dimensional
variability will be analyzed. The effect of specific variables
on dimensional variability will also be discussed for the
designed experiments previously described.

Results of Production Cagtings Data

Dimensional variability is reported in terms of three
standard deviations. Each reported value of three standard
deviations was determined from typically twenty but a minimum of
ten measurements of a feature. Figure 7 is a plot of dimensional
variability versus the feature length; the data from shell
molding is identified. Figure 8 is a similar plot that
identifies the features that cross the parting line.

Linear Regression Analysis

Linear regression analysis was used to develop an equation
to predict the average dimensional variability (% three standard
deviations) based on the casting geometry and process variables
for the production castings measured. The following independent
variables were initially chosen for use in the equation: feature
length, casting weight, total pouring weight, dimension crosses
mold parting line, dimension crosses core parting line, drafted
surface, largest dimension on casting, height of cope, type of
molding sand, mold-to-core dimension, and core-to-core dimension.
Other independent variables were included in the database, but
not used in the development of a regression model because there
were not enough observations.

Step wise linear regression analysis was used to identify
the best predictors of variability. The use of the logarithm of
variability has been shown to sometimes fit better than
Variability.9 Separate analyses were performed using three
standard deviations and the logarithm of three standard
deviations as the dependent variable. The final linear
regression equation developed using the logarithm of three
standard deviations is as follows:
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log(3 X St.Dev) = + 0.0655 X Feature length (inches)
(inches) "+ 0.0021 X Casting weight (pounds)
+ 0.236 if the feature crosses
mold parting line
0.094 if shell molded
0.149 if a mold-to-core feature
- 1.77

+

The coefficient of determination for this equation was 49.3
compared to 44.8 when the dependent variable was three standard
deviations. Figure 9 is a normal plot of residuals for each of
the two analyses. The plot for the analysis that used the
logarithm of three standard deviations was more linear, which
also indicates a better model.

Another important result of the linear regression analysis
is the following variables that were not included in the equation
because they were not significant: total pouring weight,
dimensions crossing core parting lines, drafted surfaces, largest
dimension on casting, height of cope, and core-to-core
dimensions. These variables were injitially suspected of being
important to the dimensional variability, but were proven to be
not significant for this particular data set. The reason that
some of the variables were eliminated from consideration was that
they were highly correlated with other variables. Any of the
eliminated variables could be significant in future studies with
more data. -

Another linear regression analysis was conducted using the
same dependent and independent variables as the equation used for
the SFSA tolerances.® The new equation includes a correction
factor. The equation is:

3 St. Dev. = 0.032 L™ 4+ 0.006 W - 0.0148

(inches)

whiere L is the length of the feature (inches) and W is casting
weight (pounds).

Results of Designed Experiments

Results of Core Type and
Pouring Temperature Experiment

Castings were made with different core binder types and with
steel at different pouring temperatures to study the effect of
these variables. Specifically, sodium silicate and oil binder
systems were studied. Data were collected from seven locations
on the test part. For each measurement location, an analysis of
variance was performed to see if there was any difference in the
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Figure 9: Normal plots of the residual values from the
linear regression models with the following
dependent variable: a) three standard deviations
b) logarithm of three standard deviations
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mean of the dimensions. Due to omitted measurements and a core
that broke prior to molding, there were several measurements
missing. However, there were at least five data points for each
set of test conditions. Because of the missing data, an analysis
was performed twice, each time using five randomly selected data
points. For each analysis, the conclusions were the same,
therefore only the results of the first analysis were used, Table
7. Core type was found to be significant for all seven
dimensions. Pouring temperatures of approximately 2890° F and
2990° F were used. The difference in pouring temperature was
significant at the .05 significance level for all dimensions,
except those dimensions that were internal of the blind hole.

Of notable interest is that core binder type significantly
affected the mean of external dimensions. Core binder type also
influenced the number of hot tears exhibited by the different
core types. Magnetic particle inspection was used to inspect for
defects. The average number of hot tears per casting in the
corners of the open hole was 0.7 and 1.6 for the castings made
with oil and sodium silicate cores, respectively. It can be
expected that the sodium silicate binder was not effectively
broken down by the heat from the casting during solidification
and offered more restraint. Therefore, the external dimensions
are larger and more hot tearing occurs when using the inorganic
sodium silicate binder. )

Further analysis was performed to study the effects of core
type and pouring temperature on the variability of dimensions.
The results of a Bartlett’s Test for Equality of Variance test
are summarized in Table 8. Binder type and pouring temperature
were found to significantly effect the variability of only two of
the seven dimensions. However, there was not a significant
difference in variability for two other dimensions of the same

types.

Results of the Molding Sand Experiments

Two parts were produced using green sand and shell molding
to study the effect of the mold type on dimensional variability.
A total of five features was measured on the two parts. Table 9
summarizes the type of feature and the three standard deviations
measured for these features. Shell molding was less variable for
one of two features that crossed the parting line. Of the other
three features studied, shell molding was less variable for two

features.
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Table 7:
the nominal dimension
DIMENSION DIMENSION VARIABLE
NUMBER TYPE
1 Internal Core
1 Through hole Temp.
1 , Interaction
2 Internal Core
2 Through hole Temp.
2 Interaction
3 Internal Core
3 Blind hole Temp.
3 Interaction
4 Internal Core
4 Blind hole Temp. )
4 Interaction
5 External Core
5 Through hole Temp.
5 Interaction
6 External Core
6 Through hole Temp.
6 Interaction
7 Internal Core
7 Blind hole Temp.
7 Interaction
Sig. - Statistically Significant

Effect of core binder type and pouring temperature on

P VALUE

.000
.004
.960

.000
.000
.760

.000
.161
.549

.000
.981
".079

.000
.001
.589

.000
.002
.049

.000
.001
.612

RESULT

Sig.
Sig.
Not Sig.

Sig.
Sig.
Not Sig.

Sig.
Not Sig.
Not Sig.

Sig.
Not Sig.
Not Sig.

Sig.
Sig.
Not Sig.

Sig.
Sig.
Sig.

Sig.
Sig.
Not Sig.

Not Sig. - Not Statistically Significant
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Table 8: Effect of core binder type and pouring temperature on
thé variability of dimensions

(INdﬁES)
DIMENSION SAMPLE STANDARD DEVIATION STATISTICAL STATISTICAL
NUMBER OIL OIL Co, o, VALUE RESULT
LOW HIGH LOW HIGH
1 .013  .026 .005 .020 9.66 . 8ig.
2 .016 .020 .006 .013 5.15 Not Sig.
3 .008 .019 .006 .003 13.94 Sig.
4 .006 .006 .006 _ .005 .19 Not Sig.
5 .013  .020 .009 ~ .023 4.05 Not Sig.
6 .012  .024 .010  .019 3.99 Not Sig.
7 .020 .009 .012 .010 3.78 Not Sig.
Test Statistic = x%¢; = 7.81
Sig - Statistically Significant

Not Sig. - Not Statistically Significant

Table 9: Comparison of variability of the same features made
using shell molding and green sand molding

FEATURE CASTING 3 STANDARD DEVIATIONS (INCHES) CROSS

LENGTH WEIGHT GREEN SAND SHELL PARTING
LINE
.7 3 .009 .007 NO
5.2 17 .018 .027 NO
1.9 17 .063 .033 YES
1.9 17 .032 .056 YES
.8 17 .052 .026 YES
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Chapter 5

DISCUSSION OF RESULTS

Influence of Casting Variables

on Dimengional Variability

The following linear regression equation was developed from
the data collected from production castings:

log(3 X St. Dev.) = 0.0655 X Feature length (inches)

(inches) + 0.0021 X Casting weight (pounds)
+ 0.236 if the feature crosses
mold parting line

0.094 if shell molded
+ 0.149 if a mold-to-core feature
1.77 .

The equation had a coefficient of determination of 49.3%,
indicating a relatively poor fit. The variables included in the
equation only account for approximatély half of the variability.
Similar linear regression equations developed in previous studies
also had a relatively poor fit. The remainder of the variability
is caused by unknown variables or variables which are too
difficult to quantify for production castings. Such variables
include the specific mold hardness and pouring temperature for a
casting.

There were many variables which were eliminated from
consideration because of insufficient data, high correlation with
another variable, or lack of statistical significance. The
problem of insufficient data was caused by the inherent
difficulty and expense of collecting dimensional casting data.

If more data were collected, the significance of these variables
on dimensional variability could possibly be ascertained.

Regression analysis was also done using the same length and
weight terms as the equation used for the current SFSA
specifications.’”® Neither the coefficient of determination, 31.7,
nor a plot of residual values versus the fitted values, Figure
10, indicate a good fit. The coefficient on the length term for
the new equation is approximately twice that of the SFSA T5
equation. Weight was found to be less significant; the
coefficient is one third that of the SFSA T5 equation. However,
the data set used here is for castings under 120 pounds and the
SFSA T5 equation is for castings up to 2000 pounds.
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equation
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Comparison with Current Tolerance Standards

Figure 11 is a plot of the ISO CT8 through CT13 tolerance
grades which are defined for long production series steel
castings. Superimposed on the graph are the data collected for
this project. Eighty-two percent of the data points are less
than the ISO CT1l0 grade. CT8 through CT10 are for "sand cast,
machine molded and shell molded castings." CT11l through CT13 are
for "sand cast - hand molded steel castings." ISO CT13 through
CT15 grades are for short production runs of steel castings made
in green sand molds. .

Another comparison was made between the sample variability
measured in this study and_the tolerances predicted by the 1977
SFSA tolerance guidelines,18 the only published U.S. standards.
For each feature, the SFSA T5 tolerance was calculated from the
following ecquation:

T5 = 0.016 L1/3 + 0.022 wl/3

where T5 = half tolerance (inches)
L = feature length (inches)
W = casting weight (pounds).

The half tolerance predicted by the T5 equation was subtracted
from the measured three standard deviations for each feature.

X = (3 * Standard Dev.) - (predicted T5 half tolerance)

If the T5 equation was a perfect predictive model, all of the
difference values would be zero. Instead, the result was a
distribution of the difference values, as shown in Figure 12.
There is a large grouping approximately centered at -0.035
inches. Based on the average of all the difference values, the
T5 equation was modified to represent the majority of measured
dimensional variabilities. The modified equation for the
dimensional capabilities is: )

Half tolerance = SFSA T5 - 0.027 (inches)

The modified equation predicted the half tolerance within
* 0.015 inches for 60% of the features.

This modified equation is intended to be used by the foundry
as an indication of their dimensional capabilities compared with
the SFSA T5 equation.

From Figure 12, there are seventeen features in which the
difference was greater than zero; and they were investigated to
determine probable causes. Nine of these features crossed the
parting line, four were dependent on core placement, and four
were subsequently straightened. ’

Some of the features in which the predicted tolerance was
much greater than the observed variability were for small
features on relatively heavy castings. The SFSA T5 equation has
a large weight term, which does not fit well for such a feature.
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Figure 12: Comparison between the observed variability and
the SFSA T5 grade.
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Chapter 6

SUMMARY

Inspection techniques to conduct a dimensional capability
assessment of steel castings have been described and carried out
at a foundry. Modified measurement system analysis methods were
developed for casting inspections that are being used to complete

similar

surveys at other participating foundry locations.

Specific findings from the analysis of initial foundry data is as

follows:

1

The total variability (six standard deviations) of
eighty-two percent of the features studied was less than
the ISO CT10 tolerance grade.

The half variability (three standard deviations) for the
features measured were 0.027 inches less than the
respective SFSA TS5 tolerance, on average.

A linear regression model wasg developed to predict the
dimensional variability of steel castings.

Pouring temperature and core binder type (oil sand and
sodium silicate) did not significantly effect the
variability of a cored hole. However,'the core binder
type significantly affected the mean dimensions of a
cored hole.
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Chapter 7
FUTURE WORK

Although this study collected a sizeable database of
dimensional information for one foundry, more data are needed to
better understand the effect of many process variables on
dimensional variability throughout the industry. In order to
maintain an accurate assessment of industry dimensional
capabilities, additional data is being and will be collected at
foundry sites across the country for a wide range of steel
castings. This information would be helpful to track process
improvements as well as provide up-to-date information for
casting designers.

This initial effort has been concerned with the random
error, or variability of casting dimensions, not systematic error
caused by inaccurate patterns. Future work will investigate the
accuracy of the pattern equipment. Specifically, research on
casting contraction for different casting geometries is vital to
design more accurate patterns.

Work is ongoing to develop a complete dimensional and
casting descriptor database from which new dimensional tolerance
guidelines, pattern shrinkage allowances and foundry dimensional
control guidelines can be developed.
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APPENDIX A

SFSA TOLERANCE SPECIFICATIONS

Source: Wieser, P.F.

Tolerances (+inches) for Tolerance Grade T3
Casting Weight, Ib

Le 2 5 10 20 50 75 100 150 200 250 500 750 1000 1250 1500 2000 3000 4000 5000

S 024 .026 .028 .031 .036 .039 .04! .044 .047 049 .057 .063 .068 .071 .075 .08l .090 .097 .103
1.0 .028 .031 .033 .036 .041 .043 .045 .049 .051 .054 .062 .068 .072 .076 .079 .085 .094 .101 .108
2.0 .034 .036 .039 .041 .046 .04 .051 .054 057 .09 .068 .073 .078 .082 .085 .091 .100 .107 137
4.0 .041 044 .046 .049 .054 .056 058 .062 .064 .067 .075 .081 .085 .089 .092 .098 .107 14 (121
6.0 .046 .049 .051 .054 .059 .061 .063 .067 .069 072 .080 .086 .090 .094 .097 .103 .112 .120 .126
80 .050 .053 .055 .0S8 (063 065 .067 .071 .073 .076 .084 .090 .094 -098 01 (107 (116 124 (130
10.0 .054 .056 .058 .061 .066 .069 .07t .074 .077 079 .087 .093 .098 .101 .105 .I11 .120 .127 .133
15.0 .061 .063 .065 .068 .073 .076 .078 .08l 084 .086 .094 .100 .105 .108 .112 .117 .127 .134 .140
20.0 .066 .069 .071 .074 .078 .081 .083 .087 .089 091,100 .105 .110 .114 117 .123 .132 .139 .145
30.0 .075 .077 .079 .082 .087 .090 .092 .095 .098 L1000 108 114 119 (123 126,132 .14] .148 .154
40.0 .082 .084 .086 .089 .094 .097 .099 .102 .105 .107 15 0121 0126 129 133 139 (148 .155  .161
50.0 .088 .00 .092 .095 .100 .103 .105 .108 .11l 13 0121 127 L1310 135 139 144 (154 .161  .167
60.0 .093 .095 .097 .100 .105 .108 .110 - .113 .116 118 1126 (132,137 140 .144 .150 .159 .166 .172
*Dimension length in inches

Tolerances (tinches) for Tolerance Grade T4 -
Casting Weight, Ib

L* 2 5 10 20 50 75 100 150 200 250 500- 750 1000 1250 1500 2000 3000 4000 5000
5 .030 .035 .039 .045 .054 .060 .064 .071 .076 081 .097 .108 .118 .125 .132 .144 .162 .176 .189
1.0 .035 .039 .044 .049 .059 .064 .069 .075 .081 .085 01 113 (122 130 .137  .148 .166 .181 .193
20 .040 .045 .049 .055 .065 .070 .074 .08] .086 091 .107 119 .128 .136 .142 .154 .172 .187 .199
4.0 .048 .052 .057 .062 .072 .077 .081 .088 .094 .098 Jd14 126 135 143 150 .161 .179 .194 .206
6.0 .053 .057 .062 .067 .077 .082 .087 .093 .099 .]03 20 131 (140 (148 155 166 .184 .199 .211
8.0 .057 .061 .066 .071 .081 .08 .091 .097 .103 .107 124 135 (144 (152 159 .170 .188 .203 .215
100 .060 .065 .069 .075 .084 .090 .094 .101 .106 .111 J27 0138 (148 155 (162 .174 .192 .206 .219
15.0 067 .072 .076 .082 .091 .097 .101 .108 .113 .117 J34 145 (155 162 .169 .180 .199 .213 .226
200 .073 077 .082 .087 .097 .102 .106 .113 .1I18 .I23 JA39 151 (160 .168 .174 .186 .204 .219 .23]
30.0 .081 .08 .090 .096 .106 .III .115 .122 .127 J132 (148 160 169 .176 .183  .195 .213 .227 .240
40.0 .088 “.093 .097 .103 .12 .118 .122 .129 .134 .139 J155 (166 .176 .183 .190 .202 .220 .234 .247
50.0 .094 .099 .103 .109 .18 .124 .128 .135 .140 .144 JA61 0 (172 181 (189 .196 207 .226 .240 .252
60.0 .099 .104 .108 .114 .123 .129 .I33 .140 .145 .150 66 .177 187 (194 201 213 231 245 258

*Dimension length in inches
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APPENDIX B

International Standards Organization
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APPENDIX C
MEASUREMENT SYSTEM ANALYSIS PROCEDURES

An efficient and consistent method to test the measurement
systems of all participating foundries is a critical aspect of
the SFSA/Penn State Dimensional Capability Project. The
procedures outlined below are not only important for this
project, but also for any inspection completed by a foundry’s
inspection department.

Initially, Gage Repeatability and Reproducibility (Gage R & R)
tests should be conducted on each of the measurement systems to
be used by the foundry for the project, such as calipers,
micrometers, Portage layout machines, or CMMs.

For calipers and other hand held instruments, the initial test
will consist of at least two operators measuring the same feature
on ten pieces two times each. The feature(s) measured should be
representative of the features to be measured during the study.
For example, the Gage R & R tests should not be limited to a 3
inch outside dimension if 12 inch internal diameters are to be

measured.

The initial test for Portage machines or CMMs will require one
(or more) operator(s) measuring the same feature on the same
casting ten times. This casting should be retained for future
measurement system checks. The casting will need to be set up
and leveled on the machine between measurements, to capture all
of the measurement process variations.

A calibration check should be periodically performed to insure
the continued accuracy of all measurement instruments. These
tests should be done each time castings are measured for the

project, or weekly.

For calipers and other hand held instruments, this will involve
checking a gage block or other part of known dimensions.

For Portage machines or CMMs, layout and check the standard
casting, retained from the initial Gage R & R test, one time.

The initial Gage R & R test should be completed annually.

If the patterns are measured by different equipment and/or
personnel, then similar tests will need to be performed on those

measurement systems.
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APPENDIX D

SAMPLE MEASUREMENT SYSTEM REPEATABILITY TEST

Units -- inches i
Part 1 2 Range
1 2.866 2.867 0.001
2 2.865 2.864 0.001
3 2.861 2.861 0.000
4 2.860 2.864 0.004
5 2.861 2.861 0.000
6 2.866 2.863 0.003
7 2.868 2.863 0.005
8 2.876 2.871 0.005
9 2.856 2.862 0.006
10 2.865 2.868 0.003
R = 0.0028
Repeatability = R X K;
d; = 1.16 for m = 2 and g = 10
Repeatability = R X Ky ) -
= (0.0028) X (6 / 1.16)
= 0.0145 .

SFSA T3 tolerance for a 3 inch dimension on a 10 pound
casting is 2 X 0.0425 = 0.0850

(0.0145 / 0.0850) X 100
.17 X 100
17%

% Repeatability

Since only one inspector was involved, reproducibility error
was 0. Therefore, the measurement error was 17%, which is
acceptable

Sources: Automotive Industry Action Group
Wieser, P.F.

60




APPENDIX E

CASTING VARIABLE SURVEY FORM

SFSA/Penn State Dimensional Capability Project
Casting Variables Survey Form
General Variables

Please complete and return to:
Frank Peters, Industrial Engineering Dept.
207 Hammond Building, University Park, PA 16802

Please circle or £ill in the most appropriate answer. Add additional comments
wherever necessary. Thank You.

Foundry Name

Part Number

Approximate number of castings produced per year
Approximate number of castings produced per lot

Number of castings per mold

If more than one, what is the minimum between -spacing

What is the casting used for (railroad, pump/valve,

Type of flask (tight, slip, flaskless,

Mold size (inch x inch)

Cope height Drag height
Are jackets used during pouring
Alloy

Pouring temperature range specified High Low

How are the molds weighted during pouring

Type of heat treatment

Is this casting typically upgraded by straightening

What is the total pour weight units?

What is the finished casting weight units?

What is the largest dimension on the casting units?

What is the wall thickness, if applicable, units?

How many and what type(s) of cores are used

How are cores made (blown, full box, split box, )

Are the cores lightened (hollow)

How are cores set in the mold
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Are core assemblies used Are they fixtured

What is the total volume of Internal coring (inch~3)
Rough estimate or I will figure. it out

Is core wash used

If shell cores, what is the spécified shell core thickness

Type(s) of core box(es) (Aluminum, epoky, wood, iron, steel,
bronze, other )

Condition of core box(es) (excellent, very good, good, fair,poor)

How often are the pins and bushings on flasks checked

Molding method (jolt squeeze, squeeze, jolt, slinger, vibration,
hand rammed, other )

Is mold wash used

What type of chills used (none used, nails, block size )

Type(s) of pattern (Aluminum, epoxy, wood, iron, steel,
bronze, other )

Condition of pattern (excellent, very good, good, fair, poor)

How old is the pattern equipment (if known)

Type of pattern set-up (matchplate, separate cope & drag, loose
other ) A

Type of molding sand (green, no-bake, shell, other )

If no bake, what is the % binder . o -
If green sand, what is the clay content

Is facing sand used Is reclaimed sand used

What is the projected area of casting? units

Bounding box that contains castings ? units

Please add any comments about binders, additives, etc.:
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SFSA/Penn State Dimensional Capability Project
Casting Variables Survey Form
Variables Specific to a Feature

feature number

dimension location
cope,drag,across PL

dimension direction
vert,horiz,neither

dimension cross
parting line

does
core

dimension cross
assbly joint

does
core

of core used for
feature

type
this

do chills affect this
feature

draft affect
feature

does
this

grinding affect
feature **

does
this

mold wash affect
feature

does
this

core wash affect
feature

does
this

is this dimension
upgraded by
straightening **

what is the nominal
size and tolerance on
the print

choose one of the
following mold/core
relationships

** NOTE: if this dimension is upgraded by straightening or grinding
then the inspection should take place beforehand

mold
mold
mold
mold
mold
core
mold
mold

TQHED OW

to
to
to
to
to
to
to
to

mold
mold
mold
mold
core
core
core
mold

across
across
across
across
across
across
across
across

casting

mold

mold and casting
casting/mold/casting
casting

core

casting and core
casting/core/casting

Other configurations ??
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APPENDIX F

PRODUCTION CASTING VARIABILITY DATA

Three Feature Casting Does Feature Type of
Standard Length Weight Dimension with Draft Molding
Deviations (inches )  (pounds) Cross Sand

{(inches) Parting Line
0.160 6.528 2 No Yes GREEN
0.167 15.745 3 No Yes SHELL
0.197 6.382 2 No Yes GREEN
0.220 6.329 2 No Yes GREEN
0.225 6.528 2 No Yes GREEN
0.242 21.406 6.9 No No GREEN
0.268 17.262 17.7 No Yes - GREEN
0.294 16.991 17.7 No Yes GREEN
0.306 26.649 6.9 No Yes GREEN
0.334 8.713 11 No Yes SHELL
0.372 8.776 11 No Yes SHELL
0.378 67.523 36.6 No No GREEN
0.400 11.278 2 No Yes GREEN
0.406 11.525 2 No Yes GREEN
0.408 48.581 11 No Yes SHELL
0.410 26.502 6.9 No Yes GREEN
0.414 21.370 6.9 No No GREEN
0.415: 34.287 1 No Yes SHELL
0.416 27.827 5.1 No No GREEN
0.429 72.667 11 No Yes SHELL
0.452 38.168 2 No Yes GREEN
0.454 79.194 11.7 - No - Yes GREEN
0.458 72.633 11 No Yes SHELL
0.459 20.539 11.7 Yes No GREEN
0.476 36.543 5.1 No - No GREEN
0.493 11.470 2. No Yes GREEN
0.495 25.622 3.6 No No GREEN
0.498 19.935 117.2 No No GREEN
0.503 38.140 2 No Yes GREEN
0.513 130.408 9.2 No No GREEN
0.514 50.544 11.7 No Yes GREEN
0.516 14.293 5.1 No No GREEN
0.521 11.386 2 No Yes GREEN
0.525 37.258 2 No Yes - GREEN
0.531 14.753 8.4 No Yes GREEN
0.540 28.462 9.2 No No GREEN
0.543 56.005 6.9 No No GREEN
0.546 37.702 14.8 No No GREEN
0.547 14.649 35.8 No No GREEN
0.573 148.432 11.7 No No GREEN
0.574 14.808 35.8 No No GREEN
0.585 25,391 2 Yes No GREEN
0.598 13.492 5.1 No No GREEN
0.607 86.678 6.9 Yes . No GREEN
0.610 19.017 35.8 No No GREEN
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0.631
0.636
0.640
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0.647
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0.673
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0.680
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0.816
0.823
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0.832
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0.838
0.844
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0.875
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0.913
0.940
0.950
0.965
0.976
1.004
1.010
1.013
1.019
1.020
1.027
1.033
1.035

55.974
50.790
25.991
29.981
55.202
37.584
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29.468
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36.929
6.747
135.386
89.224
55.975
38.442
20.794
20.720
103.960
71.255
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38.878
164.052
12.006
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89.258
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41.899
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25.552
12.181
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1.047
1.052
1.089
1.091
l1.098
1.098
1.141
1.168
1.173
1.174
1.192
1.221
1.253
1.384
1.385
1.391
1.399
1.411
1.432
1.440
1.553
1.555
1.579
1.603
1.617
1.677
l1.688
1.713
1.747
1.780
1.800
1.827
1.878
1.896
1.931
l1.989
2.092
2.106
2.124
2.148
2.171
2.176
2.354
2.434
2.876
3.014
3.062
3.180
3.265

45.102
41.899
62.742
41.942
28.988
27.702
108.919
14.795
175.937
30.513
75.929
184.724
37.146
81.475
199.840
76.138
234.066
89.601
49.245
71.628
30.506
203.783
109.189
109.691
14.568
86.593
199.331
19.104
109.345
13.003
19.850
77.160
86.729
176.390
256.335
111.105
172.874
76.886
136.376
57.839
117.790
141.546
13.653
109.240
173.227
77.468
78.181
203.450
143.193
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Chapter 8
Development of a Data Base

During the past year, UMR has worked to develop a data base
including properties of the mold, metal, and coating required for
CAD/CAE model construction and development.

Literature review for material properties

The available literature concerning permanent mold coating
materials, including their properties, applications, and methods
for use, was reviewed; the results of the review were presented at
the AFS Casting Congress in Hamilton, Ontario, in May, 1994 and
will be a part of the 1994 AFS Transactions. The purposes of a
mold coating were reviewed and the typical coating constituents
(fillers, carrier liquids, suspension agents, and binders) were
discussed. Procedures for applying coatings to permanent molds
were summarized. Typical compositions for coating slurries were
obtained and summarized in tabular form. Thermal properties,
particularly for individual constituents in the coatings, were also
summarized, and some data for the heat transfer coefficient of the
gap between the coating and the mold was located. Although data
was found for single-component coating materials, virtually no data
is available for'multl—component coatings, which are more typically
used. The entire paper is attached to this report as Appendix I.

Much of the data used to characterize the properties of the
mold and metal is available in the data base of ProCAST, the
software package used for modeling. However, additional properties
have been determined from the literature and have been used to up-
date and modify the ProCAST data base. Thermophysical castability
data for aluminum alloy 356 has been collected. Data on thermal
conductivity, specific heat, density, high and low temperature
strength, elastic propertles (including Poisson’s ratio and the
modulus of elasticity), and fatigue properties has been compiled
and is included as Appendix II.

A separate but extensive 11terature review has summarized the
factors influencing thermal fatigue in cast iron permanent molds.
Little information concerning thermal fatigue 1n.permanent.molds is
available -in the 1literature; instead, most prior research has
concentrated on applications such as automotive and truck
components, including diesel englnes and brake parts. Based on the
review, Mo and Cr alloyed gray cast iron is generally preferred for
resistance to thermal fatlgue in applications in the temperature
range typically experienced in permanent mold casting, while other
irons (such as ductile iron) may be preferable for more extreme
thermal condltn.ons, such as for produc1ng ingot molds. This
literature review has been written in the form of a paper, which is
being considered for presentation at a Permanent Mold Conference in
early 1995 and as a portion of the AFS Transactions in 1996. This

paper is attached as Appendix III.
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Experimental determination of material properties

Because of the dearth of literature pertaining to the thermal
properties of mold coatings specifically for permanent molds, an
preliminary experimental procedure was developed to estimate the
thermal conductivity of both coating materials and mold materiails.
As will be pointed out in a later section, analysis of the results
obtained by this procedure suggest errors and avenues for improving
the experimental technique. A

In this preliminary method, two 1-inch diameter metal (steel
in preliminary tests) bars are simultaneously dipped into a molten
aluminum bath held at 1292F (700C), Figure 13. The liquid aluminum
acts as a constant heat source for the bar and closely approximates
the conditions that would be encountered in a permanent mold
casting operation. Normally, one bar is bare steel, while the
second bar is coated on the end. Four thermocouples spaced 0.5-
inch apart are located at the centerline of each bar. Thermal data
is acquired from the thermocouples in both bars for 39 seconds.
This provides heating curves for each thermocouple location as a
function of time. Figure 14 shows a typical set of heat-up curves.
In preliminary tests, two uncoated bars were immersed; the heat-up
curves are shown in Figure 15 and indicate that, at least within a
single run, the acquired data is dquite consistent. Figure 16 shows
the heat-up curves for a number of uncoated bars which were
immersed in different runs. The repeatability between runs is not
as good as that within a run. This might be attributed to somewhat
different immersion depths, slightly different bath temperatures,
and differences in the rate at which the bars were immersed.

The analysis is centered about the first thermocouple, located
0.5-inch from the surface. The first derivative of temperature
with time (dT/dt) is calculated as a function of time at this first
thermocouple. For example, if the temperature at this location is
90C at 9.9 seconds after dipping, and 95C at 10.0 seconds after
dipping, then the dT/dt at 10.0 seconds is (95-90) /(10.0-9.9) = 50
C/s. Figure 17 shows a typical dT/dt curve as a function of time.

The second derivative of temperature with distance is
determined at the 0.5-inch location as a function of time, using
the approximation

&T/dx? = (1/6Ax%?) (12T, - 30T, + 24T; - 6T,)

where the constants are for four-point one-dimensional heat flow.
The Ax is 0.5 inch, the distance between the thermocouples. T, is
the temperature of the bar at the first thermocouple location at a
particular time, while T, to T, are temperatures at the other three
locations at that same time. An example of this is shown in Figure
18. The d’T/dx®> is calculated as a function of time, and Figure 19
shows a typical result. The thermal diffusivity o of the system is
then calculated from
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Figure 13: Experimental set-up for measuring
conductivity of the mold and coating materials.
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DYCOTE 34(0.0025") | :
MOLTEN ALUM. TEMP. 705 C
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Figure 14: Example of heat-up curves in coated and uncoated bars
from the same run. Curves are for the 0.5-inch location and for a
0.0025-in. Dycote 34 coating. The effect of even a thin insulating
coating on the temperature distribution in the bar is evident.
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Figure 15: The heat-up curves for two uncoated bars from the same
run nearly match. The reproducibility of acquiring data in the
experimental system is considered to be reasonably good.
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Figure 16: The heat-up curves for a number of uncoated bars from
different runs generally fall within a narrow range; however the
reproducibility from run to run is not as good as that within a -
single run.
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Figure 17: The first derivative dT/dt as a function of time after
immersion of the bar for uncoated and coated bars. This data is
used in calculation of the thermal conductivity of the steel and

the steel/coating system.
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Figure 18: The temperatures of the bar at four locations for a
particular time are determined from the acquired data and are then
used to calculate the second derivative a’r/ax?.
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Figure 19: The second derivative d’T'/dx? is calculated as a

function of time. These values, coupled with those for the first
derivative dT/dt, are used to find the thermal diffusivity.

75




dT/dt = (a)d’r/dx?

The thermal diffusivity is calculated as a function of time; Figure
20 shows a typical example.

For uncoated samples, the thermal conductivity can be
determined from the thermal diffusivity by

K = pca

where p and c are the density and specific heat of the steel. The
thermal conductivity of the steel bar can be calculated as a
function of time (Figure 21) .and, since the temperature of the
steel is known as a function of tlme, the thermal conductivity of
the steel is known as a function of temperature. Figure 22
compares the measured thermal conductivity of the steel bar with
handbook values. Differences between the two may be attributed to
use of a constant density and specific heat in calculating the
thermal conductivity; of course density and spe01flc heat are also
dependent on temperature.

For coated samples, the thermal diffusivity of the
coating/steel system was obtained from the differential equation.
In the data presented here, a thermal conductivity for the system
was then calculated using only the density and specific heat of the
steel:

Kysem = P 51cc1Csteet@system
The thermal conductivity of the coating was then calculated.

1.27 em + X, = 1.27 + X eonine
Ksyswm Kstecl Kcoaﬁng

The thermal conductivity of the steel and the system are obtained
from the experimental data so that the coating conductivity can be
estimated for each coating thickness - Keoinge LN this experimental
procedure, the temperature of the coatlng is assumed to be that of
the molten aluminum with which it is in contact. Results from the
theoretical model indicate that the coating temperature is within
40C of the molten metal, so this is a reasonable assumption. The
coatlng conductivity can then be plotted as a function of time,
Figure 23. There are transients in the calculation of the coatlng
conductivity, but normally a constant value for the conductivity is
present between the start of heating of the bar and later times
when radiation might become excessive.

Table 10 shows the calculated values for the coating
conductivity of Dycote 34. Dycote 34 is an insulating coating
containing roughly 50% SiO,, 25% Al,0;, 12.5% MgO, and 12.5% alkali
oxides. By picking the best of the data and most reliable of the
test runs, the thermal conductivity of the Dycote 34 coating is
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Figure 20: The thermal diffusivity calculated from the first and
second derivatives as a function of time.
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Figure 21: The thermal conductivity of the uncoated steel bar as
a function of time; the conductivity is calculated from the thermal

diffusivity.
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Figure 22:
a function of temperature.
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The thermal conductivity of the uncoated steel bar as

The thermal conductivity at a

particular time was obtained from curves such as Figure 8 and the
temperature of the bar at that same time was obtained from curves

such as Figure 1 and 2.

The handbook <values for thermal

conductivity of steel are included for comparison; experimental
results are lower than accepted values for a similar steel.
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Figure 23: The thermal conductivity of a 0.0025-in. thick Dycote

34 coating at 700cC.
when the bar first begins to heat,
with radiation losses may occur.
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estimated to be about 0.027 W/cm C or 2.7 W/m C.

Table 10: Calculated values for the thermal conductivity of the
Dycote 34 coating at about 1292F (700C).

Coating Thickness (inch) Thermal Conductivity (W/cm C)
0.0025 0.014, 0.016, 0.020
0.0035 0.024, 0.034, 0.037
0.0060 0.032, 0.041
0.0100 . 0.020, 0.028

The insulating coating does have a significant effect on the
rate of heat transfer into the steel bars. One way of illustrating
this is to plot the temperature difference at 0.5-inch from the
surface between the coated and uncoated specimens in a particular
run. Figure 24 shows this at 25 seconds as a function of coating
thickness. The temperature difference varies from less than 20C to
as high as 100C and, since these values are obtained within a run
(where reproducibility is reasonably good), the values are expected
to be reasonable as well. The temperature difference is quite
large for the thinnest coating, small for intermediate thlcknesses,
and large again for the thicker coating. Differences in coating
thickness were obtained by the number of layers of coating applied;
this was done by heating the bar to at least 400F, this briefly
immersing the steel bar in a small sample of the coating. For
thicker coatings, the process was repeated.

0.0025 inch 1 coating layer
0.0035 inch 2 coating layers
0.0060 inch 4 coating layers
0.0100 inch 6 coating layers

The thickness of the coating was estimated by coating a thin steel
strip at the same time as the steel bars, then measuring the change
in thickness of the strip with a micrometer.

The higher temperature differences in Figure 24 point out the
good insulation effect of the coating; the thinnest and thickest
coatings appear to be better insulators. If we ignore the thinnest
coating, the insulation effect increases with increasing coating
thickness, as we would expect. The abnormally high insulation
effect of the thinnest 0.0025-inch coating might be due to problems
inherent in the experimental technique, or might be related to
microstructure of the coating. For example, the first 1ayer might
contain a high percentage of porosity, which would improve
insulation; the second coat might help to fill in the porosity,
producing a denser and more conductive layer. Subsequent coats
build up the coating thickness and provide better insulation.

Tests have been performed using a graphite coating (Dycote 11)
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Figure 24: The effect of the Dycote 34 coating on the temperature
difference at the 0.5-in. location between the coated and uncoated
bars 25 seconds after immersion. Except for the thinnest coating,
the thicker coatings provide a greater insulation effect.

82




of various thicknesses. Up to this point, the data has been
difficult to analyze. Work is continuing in an effort to obtain
appropriate data and to estimate a reasonable, working value for
the conductivity of the graphite coatings. Even though the
graphite is expected to have a high thermal conductivity, at least
compared to that of the insulating coating, there is a significant
effect on the rate of heating of the steel bar, Figure 25. This
effect is .not as great as that of the insulating coating, as we
would expect.

Evaluation and suggested changes of the experimental procedure

Several deficiencies in the experimental method for obtaining
the effective thermal conductivity of the coating were noted when
the results were analyzed and compared to predictions based on
simulation packages such as ProCAST.

. The approximation for d’T/dx? may not be accurate until the bar
has heated at the location of the fourth thermocouple. This was
partly compensated for by selecting as the thermal conductivity the
value calculated near the end of the test, when the heat front did
reach the fourth thermocouple. However, a second experimental
approach, using ProCAST for analysis, will be used in the future.

ProCAST simulations suggest that there is an end effect that
may affect the calculation of the coating’s thermal conductivity.
Other problems might include inadequate stirring of the molten
aluminum bath, film and contact coefficients, gases and or solwvents
in the coating, and radiation effects from the bar.- An alternate
procedure will be designed in which two thermocouples will be
mounted in a thick layer of the coating material to permit the
temperature gradient in the coating to be measured. The steel rod
will be insulated to eliminate any end loss effect and produce one-
dimensional heat loss along the 1length of the specimen. The
temperature gradient through this insulation will also be
determined to verify that heat loss in the radial direction is
negligible. The thermal conductivity of the coating will be
determined from -

mCc, AT/At = - KAT/Ax
where
m, = mass of the coating material
c,, = specific heat of the coating material

AT/At = slope of the temperature versus time curve at the
midpoint of the coating material
AT/Ax = temperature gradient in the coating material

The specific heat of the coating material will be determined by
quenching a heated sample in water in an insulated container and
measuring the equilibrium temperature reached in the water. The
specific heat will then be calculated from
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Figure 25: A comparison of the effects of the insulating and

graphite coatings.

Even though the graphite coating is thicker, it

has less effect on the temperature in the bar.




mc, (T, = T.) = M0Cem20 (Te = Tio)

This will be done for several coating weights and temperatures to
confirm the specific heat.

Using this experimental approach, difficulties with stirring
of the aluminum bath, the film coefficient on the outside of the
coating, and the contact coefficient between the coating and the
steel should be eliminated. Any end effect will be minimized and
radiation losses between the insulating sleeve and air should be
minimized. The coating may also be baked to drive off any volatile
materials prior to the actual test.

Finally, coating thicknesses will be measured directly from
the specimen using verier calipers or a jig with a dial indicator.
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Chapter 9
Construct Model
The heat transfer and thermal cycling within the mold were
constructed using ProCAST, a sophisticated software package for
modeling industrial casting processes. The capabilities of ProCasT
include:

1. Efficient solution of the transient non-linear heat
conduction equations in three dimensions by the finite
element method

2. Efficient solution to the continuity and momentum
equations, resulting in accurate modeling of transient
mold filling

3. Turbulent flow modeling

4. Trapped gas modeling

5. Solidification modeling

6. Modeling of thermal cycling within a permanent mold

7. Modeling of cyclic thermal stresses and strains within a
rermanent mold

For this effort, only items 1, 5 and 6 were needed. Later, item 7
will be investigated.

The basic equation for the three dimensional transient heat
conduction, with effect of latent heat, is given by:

p 9H/OT 4T/t -~ V (k VT) - g(x) =0

where:
V=20/0x + 3/3y + 8/0z
p = density, constant or dependent on temperature
k = thermal conductivity, constant or dependent on temperature
T = temperature
H = enthalpy, dependent on temperature and includes the effect
of latent heat of fusion
t = time.

The enthalpy function is given as:
H(T) = fc, 4T + L[1-£,(T) ]

where c, is the specific heat, L is the latent heat, and £, is the
fraction of liquid metal solidified.
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Using both equations and appropriate boundary conditions,
ProCAST will determine the following:

1. Temperature'profilés as a function of time within the

casting (including solidification analysis)

2. Temperature profiles as a function of time within the
mold coating

3. Temperature profiles as a function of time within the
mold geometry, including the inserts

Mold cycling is modeled- by placing a heat flux boundary
condition on the coincident node interface between the casting and
the coating. When the metal begins to cool, a built-in time switch
automatically sets itself to state 1, turning on the interface heat
transfer or the boundary heat transfer. From this period to
ejection time, the heat transfer proceeds from the metal to the
mold. The time switch sets itself to state 0,  at ejection time.
From this time to the beginning of the next cycle, the interface
heat transfer or the boundary heat transfer is turned on to
conditions which represent the heat transfer between the coating
and the air. Toggling between values 1 and 0 proceeds for the
number of pouring cycles specified by the user. Depending on the
cycle time, the user can adjust the time switch accordingly. The
next section discusses construction of the geometric model and
other modeling details in ProCAST.

Construction of Geometric Model ProCAST requires a geometric model
as input information. In collaboration with the industrial
monitoring committee, a test mold was designed and constructed for
geometric modeling, heat transfer analysis, and model validation.
The mold is designed to accept inserts with built-in stress
raisers, typical of designs encountered in commercial molds, that
will accelerate the crack initiation. Two sets of four types of
inserts have been produced. Figure 26 shows the geometric models
of sections through the male and female portions of the test mold,
and Figure 27 shows a section through the entire mold. Figure 28
shows each of the mold inserts. Figure 29 shows the mold with
insert and pouring cup. Note that the geometric model of a blank
insert is used in the current model. Iater, the models for the
inserts including the stress raisers will be introduced to ProCAST.

Using IDEAS, a CAD software package, the geometric model of
the test mold was designed. The model included the geometry of the
insert and the coating. A graphite coating was initially selected.
Later, an insulating coating material will be modeled. The casting
thickness was about one inch. 2an initial coating thickness of 0.01
inch was chosen. Later, this thickness will be varied to match
that used in the test. The finite element mesh was then
constructed and the meshed geometry downloaded to ProCAST.
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Figure 28: Geometric models of the mold inserts. (continued)




WHOLE MOLD PLUS POURING CUP

93

Only half of the mold

ing cup.

t, and pour

inser

Geometric model of the mold,

Figure 29

i hown.

lons are s

insert port

and



Modeling Details in ProCasT
ProCAST requires five software packages for analysis. They are:

1.. Mesh or geometric model
2. PreCAST
3. DataCAST
4, ProCAST
5. PostCAST

Except for the MESH, the others are all modules within ProcasT.

The Mesh represents the geometric model created by any of the
3D CAD packages such as IDEAS, PATRAN, ANVIL, ProEngineer, and so
on. Because ProCAST accepts a finite element mesh created by
brick, tetrahedral or wedge elements, the CAD package must also use
these elements for constructing the mesh. Figure 30a shows the
mesh used for the overall mold; the detailed mesh for the insert,
which cannot be seen in Figure 30a, is shown separately in Figure
30b.

The PreCAST uses interactive menus to add more specific
detailed information to the finite element model obtained from the
MESH. With PreCAST, the user can

1. Specify node interface between the casting and the
coating, the coating and the insert, and the insert and
the mold

2. Assign interface heat transfer coefficient data
3. Specify material properties

The model must be completely defined in PreCAST before it is
transferred to DataCAST.

The DataCAST reviews the model, checks for any errors and
converts all units to the metric system. Also, it prepares the
summary file of the complete model for documentation.

The ProCAST module performs the simulation analysis. It
solves all the appropriate energy, momentum and mass balance
equations. From these equations, the temperature profiles within
the casting, the coating, the insert and the mold can be easily
obtained. The thermal stresses and strains can also be obtained.
Note that complete analysis from filling to ejection can be
obtained. A hard copy of the simulation results can be obtained
directly from this module. The results can also be obtained in
postprocessing files. These files can be generated by PostCAST.
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Examples of information provided by PostCAST are:

1. Temperature results at each time step

2. Pressure results at each time step

3. Velocity results at each time step

4. Turbulence quantities at each time step

5. Thermal stress and strain results at each time step

6. Temperature versus time results for various nodes

7. Solidification rate, cooling rate, and temperature
gradients

Interfacial heat transfer coefficients

ProCAST permits the user to use either the data supplied in its
database or any experimental data created by the user. The user
can supply the heat transfer coefficient as a constant property or
as a function of temperature. The interfacial heat transfer
coefficients used in this model are included in Table 11 and
include the natural convection (h;), thermal radiation (h,), and
total (h,,) terms for external mold surfaces —-- for a vertical
wall, a downward-facing plate, and an upward-facing plate -- and
the coefficient for various interfaces (hy) .

A remarkable feature about ProCAST is that it permits the user
to simulate any interfacial heat transfer coefficient. That is, in
the absence of any experimental data, the user can vary the heat
transfer coefficient until the temperature results from the model
agree with the experimental data. The model coefficient data must
then be the correct data. Note that this data depends on the
casting and mold materials, on the geometry, on the coating
properties and thickness, and the deformation of the part and mold.
So, the data must be generated again whenever any of these
conditions changes.

Material properties

Like the interfacial heat transfer coefficient data, the user
can supply his data or use those in the ProCAST database. The
material properties used in ProCAST for thermal analysis are
density, specific heat, and conductivity. Again, this data can be
defined as constant or as a function of temperature. Table 12
shows the property data used in the model. Note that the
experimental thermal conductivity data of the coating material will
replace those in Table 12 in future modeling.

Boundary conditions

The boundary conditions can also be specified as constant or
as a function of temperature. Table 11 shows the convection heat
transfer coefficient between the mold outer surfaces and the air.
The initial temperatures of the metal and mold are also shown in
Table 12.
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Table 1l1: The interfacial heat transfer coefficients used

for the ProCAST model.

Vertical Wall
T (K) h, (W/m~2K) |- hy htotal
300 0 5.51 5.51
350 5.269 7.05 12.32
400 6.097 8.93 15.03
450 6.577 11.19 17.77
500 6.899 13.88 20.78
550 7.131 17.02 2415
600 7.305 20.67 27.98
650 7.441 24.84 32.28
700 7.553 29.60 37.15
750 7.648 34.96 42.61
800- 7.734 40.97 48.70
850 7.815 47.68 55.50
900 7.896 55.11 63.01
950 7.959 63.31 71.27
- 1000 8.018 72.31 80.33
1050 8.073 82.15 90.22
1100 8.124 92.87 100.99
1150 8.173 104.51 112.68
1200 8.219 117.11 125.33
Plate facing down
T (K) h. (W/m”2K) hr htotal
300 0 5.51 5.51
350 5.077 7.05 12.13
400 5.785 8.93 14.72
450 6.214 11.19 17.4
500 6.518 13.88 204
550 6.749 17.02 23.77
600 6.934 20.67 27.6
650 7.089 24.84 31.93
700 7.223 29.60 36.82
750 7.343 34.96 42.30
800 7.456 40.97 4843
850 7.564 47.68 55.24
900 7.672 55.11 62.78
950 7.760 63.31 71.07
1000 7.844 72.31 80.15
1050 7.924 82.15 90.07
1100 8.002 92.87 100.87
1150 8.076 104.51 112.59
1200 8.148 117.11 125.26
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Table 11: The interfacial heat transfer coefficients used
for the ProCAST model (Continueqd).

Plate facing up

T (K) k. (W/mn2K) hy htotal

300 0 5.51 5.51

350 6.827 7.05 13.88

-400 7.912 8.93 16.84

450 8.540 11.19 19.73

500 8.958 13.88 22.84

550 9.256 17.02 26.28

600 9.480 20.67 30.15

650 9.653 24.84 : 34.49

700 9.794 29.60 . 39.39

750 9914 34.96 44 .87

800 10.02 40.97 50.99

850 10.12 . 47.68 57.80

900 10.22 55.11 65.33

950 . 10.30 63.31 73.61

1000 10.36 72.31 82.67

1050 10.43 82.15 92.58
1100 10.49 92.87 103.36
1150 10.54 104.51 115.05

Heat transfer coefficients for interfaces

Interfaces hg(Btu/hr.ftA2.°F)
Male -- female molds 70
Insert — mold wall 70
Graphite coating -- mold 300
Casting -- mold (without coating)

Before solidification 660

After solidification 70

Casting -- graphite coating :

Before solidification . 660

After solidification 70
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Table 12 Material properties used as input for ProCAST, assuming
a eutectic gray iron mold and a 356 aluminum casting alloy.

Mold Material: Gray Cast Iron

Property Value

Density 8.00 x 10° kg/m® for T = 298K

Solidus 1152C

Liquidus 1156C

Latent heat 241 kJ/kg

Specific heat 0.548 kJ/kg K for T 373K
0.561 kJ/kg K for T = 473K
0.573 kJ/kg K for T 573K
0.586 kJ/kg K for T 673K
0.594 kJ/kg K for T 773K
0.619 kJ/kg K for T = 873K
0.644 kJ/kg K for T 973K
0.703 kJ/kg K for T = 1073K
0.720 kJ/kg K for T 1173K
0.732 kJ/kg K for T 1273K

Conductivity 66.1 W/m K for T 403K
55.6 W/m K for T = 508K
44.8 W/m K for T 608K
44.4 W/m K for T 693K
38.9 W/m K for T = 818K
38.1 W/m K for T 903K
35.1 W/m K for T = 993K
22.2 W/m K for T 1173K
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Table 12 (continued)

Casting Alloy: 356 Aluminum

ngroperty~ Value
1Density 2.685 g/cm’
Solidus 850K
Liquidus 891K

Latent heat

397.5 kJ/kg

Specific heat

0.963 kJ/kg K

Conductivity 0.35 cal/ecm C s for T = 407K
0.366 cal/cm C s for T = 420K
0.370 cal/cm C s for T = 432K
0.40 cal/cm C s for T = 590K
0.397 cal/cm C s for T = 666K

Coating Material: Graphite

Value

Property
Density

26.0 lb/ft3

Specific heat

0.201 Btu/lb F

Conductivity

2.7 Btu/ft h F

Initial ‘Boundary Conditions

Property

Vélue

Initial mold temperature

300 to 450F

Initial casting temperature

1346F (7300)

Ambient air temperature

80F
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Model results

Figure 31 shows the results at 1/16 inch from the outside
surface of the insert. (measured from the coating), at 1/16 inch
from the outside surface of the insert (measured from the mold),
and the outside surfaces of the mold. Note that the coating
thickness was 0.01 inch. A cycle time of 100 seconds was selected
—-—- 80 seconds for solidification, and the rest for mold opening,
casting ejection, mold closure and filling. The initial
temperature of the mold and the pouring temperature of molten
aluminum were 620F and 1300F, respectively.

The temperatures reached steady state at about 5 cycles within
the coating, the insert and the mold. The temperatures within the
coating material were nearly identical to those within the casting.
The steady state temperature at 1/16 inch from the outside surface
of the insert (measured from the coating) was 750F. At 1/16 inch
from the outside surface of the insert (measured from the mold), it
was 730F.

Similar results were also observed for ANSYS, Figure 32. It
should be noted that a coating thickness of 0.0025 inch was used
for ANSYS analysis. It was initially ‘believed that ANSYS would be
required for the analysis of rate of crack growth; however since
the rate of crack growth can be modeled analytically, only a high
level language such as C** is needed. Thus, an external program
will be designed to capture the output data from PostCAST for
predicting both the number of pouring cycles until the first crack
appears in the mold and the rate of crack growth.

Some problems were encountered with the simulation. Because
extensive computational time is required when the coating thickness
is reduced below 0.01 inch, the current Sun Sparc workstations at
UMR lack the computing speed for such analysis. This is also true
for the cyclic thermal stress and strain analysis. Consequently,
we could not predict the number of pouring cycles until the first
crack appears in the mold. A new Sun Sparc workstation, being
purchased, will remedy this problen.
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Chapter 10
Validate Model

Controlled laboratory tests have been used to validate the
CAD/CAE model’s predictions of the solidification of the casting
and the temperature of the mold during the course of a number of
cycles, from start-up to the point where equilibrium is reached.

Case histories

In collaboration with industrial partners, information concerning
the permanent mold process, including case-histories of permanent
mold lives and failures, has been and continues to be obtained.
Two of the graduate students have visited and worked in a permanent
mold foundry to become acquainted with the operation of the
equipment and the precautions and procedures required to produce
bermanent mold castings. 1In addition, one of the co-investigators
has visited a number of permanent mold foundries and permanent mold
suppliers; examples of failed permanent molds have been obtained
and are currently being subjected to failure analysis.

3.3.2 Development of test mold

In collaboration with industrial partners, a test mold has been
built that contains provision for inserts that are intended to
eéncourage early crack nucleation and propagation. The overall mold
configuration and the four designs for the inserts were shown in
Figures 26-29. Each of the four inserts contains a stress raiser
intended to nucleate cracks. Figure 33 shows the geometry of one
of the castings produced from the mold and one of the inserts.

In addition, a small tilt-type permanent mold machine has been
delivered, installed, and operated to provide validation of the
model. .

Instrumentation and operation of test mold

The inserts for the mold have been instrumented with
thermocouples to permit thermal histories in the mold to be
obtained. 1In preliminary tests, only two thermocouples have been
used, with data acquired by a strip chart recorder. Further work
in this subtask will utilize additional thermocouples and will use
a computer data acquisition system and software. This equipment
has been used to validate the thermal histories obtained from both
the ProCAST and ANSYS models, as described below.

A test grid of castings was poured using two mold preheat
temperatures and two mold coatings (an insulating coating, Dycote
34, and a graphite coating, Dycote 11). The metal was poured at a
constant 1292F (700C) pouring temperature. The temperature in the
mold insert was monitored continuously. Castings were poured until
near equilibrium was obtained. This usually required approximately
40 castings. The insert used was a "blank", i.e. there was no
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Figure 33: Typical castings produced with the mold. (a) With

a "blank" insert and (b) with an insert containing a stress
raiser.
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stress-raising feature. This enabled the thermal analysis to be
directly compared with the results from the model, which at this
point still assumes an insert without a stress raiser.

Summary of the test grid

250F Mold 400F Mold
Temperature Temperature
Graphite Graphite
Coating Coating
1.5 min cycle 1.0 min cycle
Max: 880F Max: 970F -
Min: 745F Min: 870F
AT: 135F - AT: 100F
250F Mold 400F Mold
Temperature Temperature
Insulating Insulating
Coating Coating
1.5 min cycle 1.5 min cycle
Max: 870F Max: 740F
Min: 738F Min: 675F
AT: 132F AT: 65F

The graphite coating that was used was not thick enough to be
measured. The insulating coating was sprayed on in several layers
and was estimated to be about 0.0055 inch thick. The insulating
coating covered the mold very effectively for the run in which the
mold was preheated to 400F; for the run in which the mold was
preheated to only 250F, the coating did not adhere well and was
reapplied after several cycles when the mold had heated. 1In the
future, this problem will be avoided.

In these tests, a thermocouple was located in the mold insert
1/16-in. from the interface with the casting. The data was
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acquired using a strip chart recorder. Data acquisition is planned
to be obtaineéd via computer; however the computer system must not
only record the data but must also display the data as it is being
acquired in order to. control the pouring process. A suitable
system is being prepared.

A typical data set for a casting run is shown in Table 13.
Several features were noted from the data, including the peak
temperature reached in the mold insert during each cycle, the
lowest temperature obtained in the mold insert during each cycle,
and the temperature difference between the peak and lowest
temperature’ during each cycle. The manner in which these
temperatures and temperature differences changed during the run was
observed, and differences in the shape of the temperature cycle in
the mold insert were noted.

Graphical results are given in Figures 34 to 38. Observations
include

a. Equilibrium temperatures (peak mold temperature, minimum
mold temperature, and temperature difference) were obtained after
35 to 50 cycles. 1In the three runs with a 1.5 minute cycle, the
equilibrium number of cycles was about 35, while in the run with a
1 minute cycle, the equilibrium occurred closer to 50 cycles.

b. For very low initial mold temperatures, the maximum and
minimum insert temperatures and their temperature difference were
nearly identical for both the graphite coating and the insulating
coating.

c. The two runs using the graphite coating had quite different
maximum and minimum insert temperatures, with much higher
temperatures obtained for the 400F initial mold temperature.
Unfortunately, this was the first of the runs and the cycle time
was only 1 minute, rather than 1.5 minutes. Consequently we cannot
at this point determine whether the difference in temperatures is
due to the cycle time or the initial mold temperature.

d. The two runs using the insulating coating also had
different maximum and minimum insert temperatures, with lower
maximum temperatures for the higher initial mold temperature. In
this case, the cycle time was the same, but the coatings may have
been applied somewhat differently.

e. Relatively good control over metal temperature was
achieved. The metal in the furnace was maintained at a high
temperature and, each time one casting was poured, an old casting
of the same size was added to the crucible. The metal was ladled
from the crucible into the pouring cup and the temperature noted;
the metal in the pouring cup was allowed to cool to 700C, at which
time the tilt was begun. The metal entering the pouring cup varied
somewhat in temperature from pour to pour; however with rare
exceptions the temperature at the time of the tilt remained
constant. With good control over the metal temperature in the
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Table 13: Data obtained during a typicai casting run. The columns

labeled "mm" and "cm" refer to the chart paper and were converted
to temperature and time.

Peak | Temp |Low Temp  [Delta Temp Time. Tt Temp |Metal Temp
Castine | mm | C F |imm|lc Flc F cm___min_percvcle | C F C _F
1 56.00 1209 | 408 ] 3.00 | 104 | 220 | 104 183 | 0.45 0.23 700 | 1292 | 705 ] 1301
2 83.50 1263 1505] 2470 | 147 297 1116 | 208 | 420 2.10 1.88 700 { 1292 | 711 {1312
3 96.00 1287|549 | 3450 {166 331 | 121 2181 790 | 395 1.85 700 | 1292 | 735 | 1355
4 107.00 1309 {588 | 4270 11821 360 | 1261228 1 11.40 | 5.70 1.75 700 | 1292 | 765 11409
5 11430 1323 | 614 | 48.00 | 193] 37 | 130 2351 1545 | 173 2.02 700§ 1292 | 740 | 1364
6 120.00 | 335 | 634 | 56.00 | 209 | 408 126 1 227 | 19.25 | 9.63 1.90 700 § 1292 | 711 }1312
7 123.20 | 341 | 645 | 58.70 | 214 417 11271 228 | 23.70 | 11.85 2.23 700 | 1292 | 708 {1306
8 131.00 | 356 | 673 |- 69.50 | 235 | 455 121 | 218 | 2735 | 13.68 1.83 700 | 1292
9 137.20 } 368 | 6551 77.70 | 251 | 484 | 117 211 | 31.00 } 15.50 1.82 700 | 1292 | 741 {1366
10 14370 | 381 | 718 | 8550 | 267 | 512 114 1 206 | 34.60 | 1730 _1.80 700 1 1292 | 711 1312}
11 148.00 | 390 | 733 | 93.00 | 281 | 539 | 108 195 | 38.10 { 19.05 1.75 695 | 1283 | 695 | 1283
12 149.00 | 392 | 737 | 95.70 | 287 | 548 | 105 189 | 41.90 | 20.95 1.90 700 § 1292 | 735 | 1355

13 155.00 | 403 | 758 | 101.50 | 298 | 566 | 105 | 189 | 45.50 22.75 1.80 691 | 1276 | 691 | 1276

14 15820 | 410 | 769 | 106.50 | 308 | 586 | 102 | 153 49.25 | 2463 1.88 700 { 1292 | 716 |1321 |
15 159.00 | 411 § 772 | 108.00 | 311 | 592 | 100 | 181 53.20 | 26.60 1.98 700 | 1292

16 163.00 | 419 | 786 | 111.50 318 ) 604 | 101 | 182 | 56.50 | 28.45 1.85 692 | 1278 | 692 {1278

17 165.00 | 423 | 793 | 117.00 1329 1 623 | 94 | 170 | 60.80 | 30.40 1.95 700 | 1292
18 168.50 | 430 | 806 | 118.70 | 332 | 629 | 98 | 176 64.50 | 3225 1.85 700 § 1292 | 724 }1335

19 1171.00 | 435 | 815 [ 123.50 | 341 | 645 | 93 168 { 68.25 | 34.13 1.88 700 ! 1292 | 711 {1312

20 173.00 | 439 | 822 | 126.50 | 347 | 657 | 91 | 165 | 72:10 36.05 1.92 685 | 1265 | 685 {1265

21 175.00 | 443 | 829 | 128.50 | 351 | 664 91 | 165 | 75.80 | 37.90 T:éS 700 § 1292 | 716 11321

22 117670 | 446 | 835 [ 131.00 | 356 | 673 90 | 162 1 79.60 | 39.80 1.90 700 ! 1292 | 744 11371

23 177.00 | 447 | 836 | 135.00 | 364 | 687 | 83 | 149 83.30 | 41.65 1.85 700 | 1292 | 750 11382

24 177.20 | 447 | 837 | 137.00 | 368 | 694 | 79 | 142 87.00 | 43.50 1.85 700 | 1292 | 736 {1357

25 179.00 | 451 | 843 | 137.00 | 368 | 694 | 83 149 | 90.80 | 45.40 1.90 700 | 1292 | 738 | 1360

26 181.00 | 454 | 850 | 138.70 [ 371 | 700 | 83 | 150" 9460 147301 190 700 | 1292 | 741 {1366
27 181.50 | 455 | 852 | 140.50 {375 | 707 | 81 145 | 9830 { 49.15 1.85 700 | 1292 | 735 11355

. 28 182.00 | 456 | 854 142.00 | 378 | 7121 79 | 142 _102.10 | 51.05 1.90 700 § 1292 | 729 {1344

29 182.00 | 456 | 854 | 142.70 | 379 | 714 | 77 | 139 | 105.90 52.95 1.90 700 | 1292 | 726 {1339

42 189.00 878 1 151.50 | 396 | 746 | 74 [ 133115540 | 77.70 1.90 700 | 1292 | 744 {1371

43 187.00 871 1 151.20 § 396 | 745 | 70 | 127 | 15930 [ 79.65 1.95 700 | 1292 | 711 {1312

30 184.00 | 460 | 861 | 144.00 | 382 | 719 | 79 | 142 | 109.70 54.85 1.90 700 | 1292 | 729 ]1344
31 | 18400 | 460 | 861 | 145.50 385 ) 724 | 76 | 136 | 113.50 | 56.75 1.90 700 | 1292 | 741 {1366
32 18450 | 461 ! 862 | 145.50 | 385 | 724 | 77 | 138 11730 | 58.65 1.90 700 | 1292 | 749 }1380
33 185.50 | 463 | 866 | 146.00 | 386 | 726 | 78 | 140 121.00 | 60.50 1.85 700 | 1292 | 754 | 1389
34 18650 | 465 | 869 | 148.00 | 390 | 733 | 76 | 136 124.70 | 62.35 1.85 700 | 1292 | 748 11378
35 187.00 | 466 | 871 | 148.70 | 391 | 736 | 75 136 | 128.50 | 64.25 1.90 700 | 1292 | 738 | 1360
36 187.00 | 466 | 871 | 14950 { 393 | 730 | 74 133 | 132.20 { 66.10 1.85 700 | 1292 | 757 11395
37 188.00 | 468 | 875 | 150.50 | 394 | 742 | 74 133 } 135.90 | 67.95 1.85 700 | 1292 | 724 {1335
32 184.00 | 460 | 861 | 146.50 | 387 | 728 | 74 133 | 140.10 | 70.05 210 700 | 1292 | 741 | 1366
39 188.00 | 468 | 875 | 149.00 {3921 737 | 77 | 138 143.90 | 71.95 1.90 700 | 1292 | 738 {1360
40 189.00 | 470 | 878 | 151.00 { 395 744 | 75 | 135 147.70 | 73.85 1.90 700 | 1292 | 732 |1350
41 189.50 | 471 | 820 | 150.70 | 395 | 7431 76 | 137 | 151.60 75801 195 700 | 1292 | 740 {1364

470

466

472

44 190.00

882 1151.70 | 397 | 746 | 75 | 136 | 163.00 | 81.50 1.85 700 | 1292 | 723 1333
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furnace, during ladling, and at the start of the tilt, the overall
cycle times were. quite constant.

f. In the first castings in each run, there was a large
difference between the peak and minimum mold insert temperatures
for the graphite coating. This temperature difference gradually
was reduced during the run, as equilibrium was approached. These
initial differences were much smaller when the insulating coating
was used.

g. The shape of the temperature profile in the insert was
unusual; examples are given in Figure 39. When a graphite coating
was used, the first few cycles produced a temperature profile as
one might expect, particularly when the initial mold temperature
was low. However after a number of cycles (fewer for a higher
initial mold temperature), the profile developed plateaus and
eventually double peaks. Similar temperature profiles were
observed when an insulating coating was used, for both initial mold
temperatures, and the double peaks developed almost immediately.

A 1likely explanation for this behavior is related to the
position of the thermocouple and the solidification behavior of the
casting. When the casting solidifies, its latent heat of fusion
must be released and transferred to the mold. When the mold is at
a relatively low temperature, this extra thermal energy is
transferred readily by the better "heat sink" capability of the
mold material and only a single peak is observed in the thermal
cycle. However as the mold heats, it is less capable of removing
the latent heat of fusion and the mold may be reheated by the
latent heat, producing a plateau or even a second peak. This
effect was not observed further from the casting/insert interface
because -the latent heat surge was damped by the greater distance.

A greater effect was found for the insulating coating. The
insulating coating led to a smaller difference between the maximum
and minimum mold temperatures and to an almost immediate and
pronounced double peak.

The difference in the shape of the temperature cycle near the
casting surface and within the insert may introduce local stresses
at the mold insert surface which is most subject to cracking. This
may need to be considered when the model for thermal stresses is
developed and tested.

The results obtained experimentally were compared to those
predicted from the model. -

a. Cooling Curves: A cooling curve was obtained from a
casting near the early stages of a run and was then compared to
similar cooling curves predicted by the ProCast and ANSYS models.
The alloy cast was 356 aluminum, a hypoeutectic alloy that produces
roughly 50% dendritic and 50% eutectic solidification. Thus both
a liquidus arrest, near 1135F, and an eutectic arrest, near 1035F,
are expected on the curve. The experiment produced the expected
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cooling curve, with a total solidification time of about 30 seconds
and well defined liquidus and eutectic arrests, Figure 40.

Initially, both models assume that the latent heat of fusion
is evolved in a linear manner throughout the freezing range, which
of course is not accurate. Consequently cooling curves from both
models gave a cooling curve without an eutectic arrest. 1In spite
of this, the Ansys model predicts a total solidification time of
about 30 seconds, in good agreement with the experimental value.
The ProCast model gave a similar shaped cooling curve, but
predicted longer solidification times. It should be notegd,
however, that the casting conditions were not identical in all
three cases -- different coating types, thicknesses, and initial
mold temperatures were used in all three approaches. When the data
base for the ANSYS model was adjusted to account for the latent
heat evolution during the eutectic arrest, better agreement between
the experimental and theoretical model results was obtained.

The initial cooling curves from the models also gave different
solidus temperatures. The models used the data base in Procast,
which included a higher eutectic temperature than is normally
observed. This adjustment has also been made to the model,
providing better agreement with experiment. Future modeling will
use thermal data that is consistent with that found experimentally.

b. Temperature Cycles: The thermal cycles in the mold insert
near the beginning and end of a run were obtained experimentally
and by both models. These were -compared to determine the
agreement, both in approximate temperatures and with respect to
their shape. Again, it should be noted that the conditions
(initial mold temperature, coating type, coating thickness) were
not the same.

The temperatures predicted in the mold insert are quite
different for the three approaches, Figure 41, which is expected
since the initial conditions were not identical. The experiment
and the two models used a graphite coating, but different coating
thicknesses and initial mold temperatures. At the beginning of the
run, the models both predict higher insert temperatures, since the
model assumed a high initial mold temperature. However by the end
of the run, the measured temperatures were higher than those from
the model. The model also predicts that the insert temperatures
reach a near steady state with about five cycles, while more than
25 cycles are observed experimentally. The shape of the
temperature cycle also is different. In the early cycles, the
temperature cycle is very steep and "pointed", with a large
difference between maximum and minimum insert temperatures. Later,
a double peak is observed. Both models predict comparatively flat
temperature cycles with smaller differences in maximum and minimum

temperatures.

c. Resolution of differences: The first year of the project
has concentrated on understanding the processes (both experimental
and theoretical) and developing expertise -in their operation.
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Figure 40: Comparison of experimental cooling curves in the
casting with cooling curves from the ProCAST and ANSYS models.
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Run 2 (blank, 400 PH, 1.0 cyc, G.C))
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Figure 41: Comparison of the experimental temperature in the
mold insert with that predicted by the ProCAST and ANSYS
models.
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During this period, casting parameters were selected that
facilitated the work. For example, models have used data for the
alloy and coating that were estimated from the 1literature.
Experiments have used .initial mold temperatures that were quickly
obtained during Preheating. Relatively little attention has been
paid to the thickness of the coating, the properties of the
coating, and other important parameters.

At this point, however, the required familiarity and
background have been attained and future research will be
orchestrated so that the modelers and experimentalists will be
"producing castings" with the same casting parameters. In the
future

- coating thicknesses for any particular run will be selecteq,
by compromise, so that models can be run in a reasonable period of
time yet the coatings actually applied to the mold will be
possible. The models require a relatively thick coating in order
to have a coarse enough mesh size to permit computations within a
reasonable number of hours; however thick coatings are difficult to
apply to an actual mold and, in the case of graphite, are virtually
impossible to apply.

- models will begin to use experimentally obtained values for
the coating properties. Currently, the model used data, obtained
from the literature, which are not necessarily typical of permanent
mold coatings. Data for graphite, in particular, are highly
dependent on the type of graphite used. Data for insulating
coatings will depend significantly on exact compositions as well as
the amount of porosity. Reasonable estimates for the thermal
conductivity of the insulating coating have been obtained and
efforts are being made to obtain similar data for graphite,
although the latter has presented a number of difficulties.
Additional tests will be performed to continue characterization of
the coatings, including estimates of the bulk density of the
coating and the morphological aspects of the coating that might be
significant.

- models will begin to use more appropriate physical data for
the metal, in particular the liquidus and eutectic temperatures,
which will be obtained directly from the metal poured. In
addition, the input to the models will be modified to permit the
latent heat to be evolved more realistically, producing cooling
curves with the eutectic arrest. The models will also be examined
to determine if the possible influence of latent heat on double
peaks in the insert wall can be predicted.

= one of the purposes of the preliminary experimental tests
has been to determine the number of cycles required to reach
equilibrium temperatures in the mold insert. 1In these tests, this
number of cycles was more than 25. This number of cycles takes an
exceptionally large amount of computation time, at least with the
current computing facilities and their availability. This will
presumably be rectified with the acquisition-of a dedicated work
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station and larger numbers of cycles will be computed.

sSummary

The significant accomplishments in the first phase of the research
program are summarized below.

1. Literature reviews for mold coatings and thermal fatigue in
iron molds were completed.

2. A data base for the thermomechanical properties of the
metal, mold, and coating was compiled and is undergoing continuous
up-dating.

3. Methods for estimating experimentally the thermal
properties of the mold and coating have been developed and are
being used to characterize coatings and mold materials.

4. A CAD/CAE model to predict the thermal behavior in the
metal casting and mold has been developed.

5. A test mold, which included  removable mold inserts, has
been designed, built, delivered, and operated. The mold inserts
have been instrumented to permit the thermal history of the mold to
be followed.

6. The effects of mold preheat temperature and coating
material on the thermal history have ©been determined
experimentally.

7. Cooling curves for the casting have been obtained
experimentally.

8. The results of modeling and experiment have been compared.
Based on these results, procedures have been established to assure
that experimental and theoretical conditions will be directly
comparable in the next phases of the program, and deficiencies in
both the model and experiment have been noted and addressed.
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ABSTRACT

Relatively little information exis.ts in the literature concerning mold coatings for
the permanent mold process, and the published data lack technical detail about the
properties of such materials. This information is important because it assists the
foundryman in selecting an appropriate mold coating fo.r a specific permanent mold
casting application. Furthermore, the lack of thermal property data in the literature
mal.«'as it extremely difficult to develop a good heat transfer model for this process.
Consequently, a critical need exists in the permanent mold casting industry for a
detailed summary of the p.roperties of mold coating materials. This paper addresses
this need.

First, the paper cove1:s the basic constituents of coatings, their requirements, care
and uses. Second, the thermal properties needed for modeling the effect of coating
_ material on heat transfer through the casting and the mold are discussed for the
permanent mold process. The paper also discusses the need for establishing a test
procedure to obtain the thermal properties of permanent mold coatings that are

typically used in the permanent mold foundry industry.
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INTRODUCTION

Materials applied on interior surfaces of permanent molds or on surfaces of cores
are known as mold coatings, washes,l dressings Or sprays. They are used on permanent
molds for the casting of nonferrous alloys such as brass, bronze, aluminum,
magnesium, and for the cagﬁng of iron. In all cases they act as barriers between the
metal mold and the metal casting, providing the following beneficial results (1-6),

To prev.ent the molten metal.from prematurely freezing. One of the first
considerations of mold coatings is insulation. Because molds are made of a metal with a
high thermal conductivity, it is necessary in many cases to use an insulating coating
bet;v"een the molten stream of metal and the mold itself. This is necessary to keep the
molten metal from freezing before it reaches all areas of the cavity.

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.

To minimize thermal shock to the mold material. Coatings can markedly
reduce the temperature gx:adient at the metal-mold interface during the initial few
seconds of casting, thus rediicing thermal shock on the mold.

To prevent dissolution of the mold in the molten metal and soldering of
molten metal to the mold (Isolation). Because metal in the molten state has a high
affinity with most other metals, a barrier is necessary between the molten stream and
the metal in the mold to prevent the former from picking up the latter. This action is
often called erosion or washing. Without some means of preventing this, molds would
not last long.

To vent air trapped in the mold cavity. Air in the cavity must be vented before
complete filling can occur. A permanent mold has no permeability, that is air cannot

pass through it. Sometime, grooves are made on the interior of a permanent mold to
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help evacuate air. If the mold coating is applied on the 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 itself.

To lubricate the mold. Since metal alloys shrink as they go through the
solidification stage, a 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.

CONSTITUENTS OF A COATING

. Permanent mold coatings may be divided into two general groups: insulating
and lubricating(1.?). Some coatings perform both functions. In any permanent mold
coaﬁng, four basic constituents determine the usage, method of application, method of
curing and performance when cast®9. These include fillers, carrier quids, suspension
agents, and binders. Table 1 lists the composition of some typical coating slurries for

permanent molds (1),

Fillers

The refractory filler determines the effectiveness of the coating in preventing
erosion and metal mold re?itctions. Itis sglected accorciing to the metal to be cast, the
substrate (the mold wall), and possible defects. .

The refractoriness -and the 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 wetting by molten metal. Certain fillers may contain compounds
that evolve gases during casting and thus must be used with discretion. Properties of
the most important fillers are listed in Table 20).

Thermal conductivity and thermal expansion of the filler affect heat expansion of

the mold substrate. Thermal conductivity and thermal radiation (white vs. black
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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. Their behavior may
be summarized as follows.

Ground coke - Coke is used mainly in coatings for casting of gray iron and
nodular iron. Its properties may vary considerably due to salt contamination. The
adventages of coke are high melting point, low reactivity and low wettability for almost
all ;:ast metals; its major disadvantage is its high porosity, which causes slow drying of
the coating. '

Graphite - Natural and electrode graphites serve 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. As a
refractory, graphite’s high thermal conductivity and heat absorption by radiation make
it unattractive for large castings, particularly when the mold substrate must be
insulated.

Zircon - Along with graphite and talc, zircon is a major coating refractory. Itis
used alone or is combined with other refractories for copper, gray iron and nodular iron
castings. Zircon has many favorable properties. The material bonds well and its
sintering range begins at temperatures far below the melting point; this reduces the
stresses in the coating, thus reducing spalling and minimizing defects.

Mica - Mica is 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. Due to mica’s relatively low melting point, its early application was almost
exclusively for copper alloys. Later, in the manufacture of automotive iron castings,

mica was used as an insulating coating.
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Talc - Talc is a complex hydrated magnesium silicate. Often found in conjunction
with magnesium carbonate, it is used as the refractory in coatings for gray and nodular
iron and for nonferrous metals. It has been found that talc additions improve the ability
of metal to flow over a coating and reduce the risk of pinholing in gray iron®. Talc’s
insulating properties have proved useful in controlling the solidification rate in
automotive castings(9).

Calcined magnesite - Due to its high melting point, magnesium oxide is useful
for cast iron. It requires an'anhydrous medium, since the formation of hydrated oxides
in an aqueous phase leads to a hard-packed sediment, which makes application of the
coa;cing difficult. _

Aluminum silicates - Pyrophyllite (Aj25i4010OH), with its high melting point, is
suitable for the casting of copper alloys and cast iron.

Chamotte - Chamotte is suitable as a refractory material for gray iron. However,

pure chamotte-based coatings are not commonly used.

Carrier liquids -

Filler is suspended in a carrier liquid, the choice of which is governed by
operational conditions (such as drying and exhaust) and methods of application. Water
is the most important carrier liquid due to its non-toxicity, low price and ease of
adjustment of rheological properties.

For coatings that must be flame or air dried, alcohols (and less commonly
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
alcohols, but may be used if adequate ventﬂation is present.

Suspension agents

Suspension agents are used to prevent settling of the refractory materials.
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Addition of a suspension agent to a mold coating increases the risk of cracking.
Bentonites and clays are often used as suspension agents in aqueous systems.

Their advantage lies in good thixoiropic behavior and an ability to act as a high

temperature binder. The long time needed to stabilize coatings that contain bentonite

is, however, a drawback.

' Celluloses and alginates are also used in aqueous systems. Risk of cracking of

the dried coating is lower with alginates than with bentonite, while celluloses produce

systems that tend to run and tear(®.

Bin-ders'

In aqueous systems, dextrins, sulfite lyes and partly unsaturated carbonic acid
esters (such as linseed oil) are used as ambient temperature binders. With dextrins and
those sulfite lyes sensitive to bacterial decomposition, anti-fermentation agents are
necessary. All ambient temperature binders maximize their bonding strength at higher
temperatures. However, abrasion resistance of the coatings decreases when the drying
temperatures are too high. '

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 dye industry systems
are employed. These binders dry irreversibly in air.

" 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 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.
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COATING PROCEDURES

To prolong mold life, a coating_ should-be noncorrosive. It must adhere well to
the mold and yet be easy to'remove. Avoiding direct contact between molten metal and
the mold surfaces is essential.

A mold coating must be inert to the cast metal and free of reactive or gas-
ISroducing materials. If insulation is needed to prevent thin sections, gates, and risers
from solidifying too quickly, then fireclay, metal oxides, diatomaceous earth, whiting
(chalk), soap stone, mica, vermiculite, or talc can be added to the mold coating.
Graphite is added if accelerated cooling of the casting is needed. Lubricants, which
facilitate removal of castings from molds, include soapstone, talc, mica, and graphite(®).
The various requirements of mold coatings are not always obtained with one coating
formulation. These requirements are often met by applying different coatings to

various locations in the mold cavity.

Mold Preparation and Prime Coats

The mold surface must be clean and free of oil and grease. Portions to be coated
should be lightly sand blasted. If the coating is beihg applied with a spray, then the
mold should be hot enough-400 °F (205 °C)(1)~to evaporate water immediately.

For optimum retention of the coating to the mold substrate, a primer coat, or
water wash, should be applied before spraying the mold. Water wash is a highly dilute
solution of mold coating. Dilute kaolin makes an excellent primer. An acceptable
alternative is a 20 to 1 dilution of the coating to be sprayed(®. By lightly oxidizing the
- mold surface, the water wash provides a substrate to which subsequent layers can stick.
It should be sprayed until the mold’s dark color starts to disappear. Lubricating
materials or coatings cannot be used as primers. Though lubricants can be sprayed over

insulating coatings, the latter will not adhere to the former.
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Application Methods

The coating can be applied by brushing, dipping, swabbing or spraying. It must
be thick enough to fill minor surface-imperfectipns, such as scratches. How it dries is
crucial: A smooth texture is desired on mold areas of light draft that form ribs and
walls in the casting; a rough texture is preferred for large, flat areas of the mold to
permit entrapped air to escape. Good cast surfaces are obtained when the coating has a
matte or textured finish. Extremely smooth coatings increase the formation of oxide
skins. Several application methods are employed:

~ Brushing - Brushing is the simplest method of applying the coating. However, it
ta'kés time and skill for the coating to have the desired uniformity.

Dipping - Dipping, the fastest method, is well adapted to mass production.

Swabbing - Swabbing is an extension of -the brushing process with an emphasis
on medium to large mold applications. Swabbing can be faster than brushing, provided
the correct coating viscosity is achieved, and deep cavities can be coated relatively
easily. Application through swabbing can also result in elimination of brush marks and,
under certain circumstances, a thick coating can be achieved quickly.

Spraying - In practice for a long time, special equipment has been developed for
this process. Pressure spraying units are preferred for viscous coatings. A coating
with a matte or textured finish is best obtained by spraying.

Behavior of the coating during processing must fif the application method, and
special properties of the process must be taken into account. Since each technique
requires distinct rheological conditions, no universal coating suits all processes. For
example, during brushing, potential brush marks should even out; flow should occur
but without running. ch;wever such flow has a negative effect during dipping:

'ﬂuctuations in coating thicicness are severe and tearing occurs. A dip must therefore
have a short flow-character; i.e., it must develop no flow movement or only a short

movement in the resting state.
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COATING LIFE

Coating life varies considerably with the temperature of the metal being cast, the
size and complexity of the mold cavify, and the rate of pouring. Some molds require
recoating at the beginning of each shifﬁ others may run for several shifts with only spot
repairs or touchups before recoating is needed. Light abrasive blasting is used to

prepare the coating for touchup or to remove old coats.

MOLD COATINGS FOR SPECIAL CASTING ALLOYS.

N The metal being cast has a major influence on the type of coating selected.
Lubricating coatings are usually selected for the casting of aluminum and magnesium.
Relatively complex mixtures are sometimes used. For the casting of copper alloys—with
their high'pouring temperatures and high thermal conductivities—an insulating type of
mold coating is generally required. For small draft angles, lubricating mold coatings
may also be required.

Mold coatings used in the production of gray iron castings are divided into two
categories(1): an initial coating, applied before the mold is placed in production, and a
subsequent coating of soot (carbon), applied prior to each pour. The initial coating may
consist of sodium silicate (vvater glass) and finely divided pipe clay, mixed in a volume
ratio of 1 to 4 with enough'water (usually about 15 parts by volume) to allow spraying
or brushing. ‘The secondary coating is a layer of soot deposited on the mold face and

cavities for each pour. Acetylene gas is burned to form soot.

THERMAL PROPERTIES OF COATINGS

Mold coatings affect heat transfer differently for different metal casting
processes. Coatings for permanent molds (good conductors) affect heat transfer rate
significantly, while coatings for insulating molds, such as sand molds, don't. This is

because the heat transfer resistance of the coating in the permanent mold process is a
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large portion of the total heat transfer resistance within the mold and the casting, while
the heat transfer resistance of the cpating for the insulating molds is a very small
portion of the total resistai}cé. This can be shown as below.

The total heat transfer resistance, R, within a metal-mold system consists of the

resistances of the mold wall, the coating, the air gap and the metal casting. It may be

expressed as
k., k. h, k,

v;rhere Lm, Le, Lt represent the thicknesses of mold, coating and metal casting,
respectively; km, ke, kmt are the thermal conductivities of mold, coating and metal
casting, respectively; and hg is the heat transfe'r coefficient across the air gap. Figurel
shows this situation.

Thermal conductivity km of an insulating mold is only ~ 0.01 to 0.02 that of the
metal(0) (k¢ is on the san';e order of magnitude, but L¢ is much smaller than Lm)

Almost all the thermal resistance to the heat transfer is treated as within the mold itself.
That is

R==n @

For a permanent mold, the thermal resistance of the coating and gap, Lc/kcand
1/hg, cannot be neglected. They may be much greater than that of the metal casting,
Lmt/kmt, and that of the metal mold, Lm/km, and can therefore be used to change the
casting’s rate of solidificatio;t tenfold or more(11).

Almost all coatings are a mixture of one or more solid phases together with a

pore phase. The conductivity of this mixture depends on the arrangement of the phases
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present. The thermal conductivity of the coating, k¢, is different from the intrinsic
thermal conlductivity of the individual particles that make up the coating. On a
microscopic level, the coating is pofous so heat is actually transferred by intrinsic
conduction through each particle, by point to point conduction among particles that are
in contact, and by conduction and convection through the gas in the pores. In addition,
radiation across the pores leads to heat transfer from particle to particle. The thermal
conductivity, k¢, therefore, involves several factors: particle material, particle size,
binder, volume fraction of pores, the gas in the pores, emissivity of the particles, and
temperature. The calculation methods for the conductivity of coatings for different

situations will be introduced as below.

Rules of Mixture

The rules of mixture are used for calculation of the thermal conductivity of two-
solid phases that are in intimate contact. The idealized distributions of the two solid
phases include a continuous major phase ( the one with a larger proportion) with
spherical inclusions of a secondary phase (Figure 2a) and nearly spherical particles of a
discontinuous major phase with a continuous secondary phase (Figure 2b). The

conductivity of the mixture is given by(13)

kcm
1+2V————-—1— kA*
142
kpie = 3
/9
/

where keon and kg are the thermal conductivities of the continuous phase and the

dispersed phase, respectively. When kon is much greater than kg, then
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1-V.
kllllE'ka- " 4
1+V12 . ()

If kcon << kd, then

1+2V.

Koic = Kom
—V. ©)

A general empirical equation that can be used for a variety of mixtures is
k"= V' . 6)

where n is an exponent lying between -1 and +1 and Vj is the fraction of the volume
occupied by phase i. Empirical correlations of experimental data are frequently made

simpler by using Eq. 6 with the exponent obtained from statistical analysis of the

_experimental data.

Porosity ‘

In addition to the solid phases present, almost all coatings contain a certain
amount of porosity. Its effect on the thermal conductivity of the overall coating
depends on the conductivit}.' of the pores. Atlow temperatures, the gas in the pores has
a lower thermal conductivity than any of the solid phases. It can be introduced into

Egs. 3 to 5 with an effective zero conductivity to obtain
k. =k (1-P) @)

as a good approximation for a continuous solid phase with isolated pores, where P is

the fraction porosity. If the pore phase is continuous, as in a powder, the actual
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conductivity of the pore must be considered.
In addition to the conductivity of the gas in the pores (convection is only
important in pores larger than several millimeters in diameter(?), radiation across the

pores significantly contributes to heat transfer at high temperatures. Therefore, Eq. 7 is
not valid for high temperatures.

The effect of radiation on effective conductivity of a pore phase can be calculated
when the temperature gradient is small in the pore. Heat transfer between two parallel
plates at different temperature when the intervening medium does not absorb any of
the gnerg);_ (for gas in the pores, it can treated as if it has zero absorbability since the gas

layer is very thin) is given by
g =n*cE AT -T,*) ) 8)

where n is the index of refraction, Eg =E/2, E is the effective emissivity with emission
' and reflection from both sutfaces included, & is the radiation constant, A is the surface
area, and T1 and T, are the surface temperatures. The term of T14-T2%in Eq. (8) can be
factored to (Ty - T2)(T1 + T2)(T12 + To2); T1 + To nearly equals 2Ty, and T12 + To2 nearly
equals 2T 2, where Ty, is the mean temperature. Then Eqg. (8) becomes

q=4n"cE AT *AT &)
If the heat transfer across a flat cavity is considered with parallel sides and a thickness
dp, an effective conductivity can be defined by the relationship(13)

AT .
q= —keﬁAT : (10)

P

By compaﬁng Egs. (9) and'(IO), the effective thermal conductivity of the radiant heat
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transfer in a pore is given by
ky=4dncET,? (11)

The effect of radiation on conductivity is directly proportional to pore size,
émissivity, and the third power of the mean temperature. When the pore size is large,
and the temperature and the emissivity are sufficiently high, the effective thermal
conductivity of the porous material can be close to or even higher than that of the same
material without pores. As a example, the conductivity of zirconia brick containing
différent—sized pores and different emissivities over a wide temperature range is
illustrated in Figures 3a and 3b(3). It can been seen that the conductivity of zirconia
with large pore size increases significantly at high temperatures (Figure 3b), while the
conductivity of zirconia with small pore size remains relatively low at high temperature
compared to the solid zirconia (Figure 3a).

Therefore, the pore é'ize is particularly important as a rhicrostructure feature in
determining heat transfer properties at high temperatures. For optirﬁum thermal
resistance, it is desirable to have the pore size small and the pore phase continuous. As
mentioned previously, a pulverized material has much lower thermal conductivity than
the same solid material. For instance, solid graphite has a very high conductivity, but
when it is pulverized, the conductivity decreases significantly (see Table 4). If a
material can maintain its small pore size at high temperature, it can be used as a good
insulator even if it is a good heat conductor in the solid form (no pores in it). This is the
reason why powdered mixtures of very fine materials (so, very small pore size) are the
most effective kind of insulation. Even when graphite (normally assumed to be a
chilling type of coating) is used in powder form, the coating will be more of an
insulator, both because of the fine pore size (as indicated in Table 4) and because the

graphite will not sinter during firing or use in the mold. This is also the reason why it is
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difficult to make really satisfacto-ry high-temperature insulating materials from fireclay
compositions. The sintering of the fireclay particles makes the small pores disappear.

The effect of emissivity on the effective conductivity explains why it takes less
time for a mold substrate with a black coating to reach a given temperature than for a
mold substrate with a white coating®. This is because black coatings have higher
emissivity than white coatings. The emissivity is in a range of 0.3 to 0.5 for most oxide
materials, whereas for black coatings such as carbides and graphite it is 0.7 to 0.9.

Table 4 lists therrr.1a‘1 properties of most basic fillers for the permanent mold
casting process(11.15-18), It can be seen that powdered materials have much lower
thermal conductivity than those that are not pulverized. Therefore, thermal
conductivity can be controlled by changing porosity. Tables 5 and 6(19) (their
compositio.ns are given in Table 7) list conductivity data for some single component and
some multi-component coatings, respectively. These coatings have very low
- conductivities since théy have very high porosity. High porosity was achieved by
including finely comminutéd sawdust or coke dust (0.25 mm diameters). After the first
charge of metal this dust was burnt out, leaving pores that reduced the thermal
conductivity.

The thermal properb'\es for most raw single-component coating materials (binders
are not added) are described in the literature. It is hard to obtain data for multi-
component coatings (inclu&ing single-component coatings with binder) for two reasons.
First, the thermal propertié_s of coatings are complicated. Second, little ;/vork has been
done on them. If precise data are not required, thermal properties can be calculated by
the methods mentioned previously. If accurate data are required, the conductivity must
‘pe obtained experimentally. Therefore a test procedure must be designed where a
commonly used mold material of a given thickness and known thermal conductivity
can be used as a coating substrate onto which is applied a predetermined, measurable

and consistent coating. In this way, when the thermal conductivity is measured again,

140




the only change will be due to the nature of the coating material and not the mold
substrate, coating thickness, or dilution of the.coating. Of course, once this database is
established, typical foundry-variables such as coating thickness and dilution of the
coating can be measured as to their effect on the thermal conductivity of the entire
system. One of the subjects of a collaborative effort between the American
Foundrymen’s Society, University of Missouri-Rolla (UMR), and US Department of
Energy is to conduct such experimental tests under The Penn State University - UMR
Metal Casting Competitiveness Research Program.

Note that the coating has a strong effect only during the initial cooling period
(removal of superheat, freezing of metal). At that point, the amount of heat lost from
the casting to the mold is determined by the coating. But the coating has considerably
less effect on the solid casti‘ng’s rate of cooling at lower temperatures. This is because
the coefficient of heat transfer through the coating layer is normally much greater than
the coefficient of thermal diffusivity at the outside surface of the mold (with natural
cooling from exposure to air). Consequently, the temperature difference between the
casting and the mold rapidly disappears. Further cooling of the casting-mold system is

then limited by convective and radiative heat transfer from the exterior of the mold.

HEAT TRANSFER COEFFICIENT OF THE GAP

Early in the solidification process, the resistance to heat transfer across the gap
that forms at the mold-casting interface or mold-coating interface can also influence
overall heat transfer. :

Figure 4 shows schematically the formation of a gap during casting. This
process occurs in the following steps(12).

(1) Liquid metal is in contact with the mold coating. Heat transfer is

controlled by the thermal conductivity of the coating.

2)  Solidified metal is in contact with the mold coating. There is probably
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some reduction in heat transfer, but the metal is still in good contact with the uneven
mold coating, and heat transfer is still controlled by the thermal conductivity of the
coating. . |

3) The solidified shell contracts. There is no longer any intimate contact
across the uneven interface, and heat transfer is reduced drastically.
| If the characteristics of the gap are precisely known - thickness variation with
time, composition of the gas within the gap, and the emissivities of mold or coating (if a
coating is used) and casting surfaces -- then the heat transfer across the gap can be
estimated. Since such attempts usually fail, heat transfer associated with a gap is often
treated empirically with a gap heat transfer coefficient (hg), defined by the heat flux
across the gap. The heat flux is

q=hAT \ (12)

)
where AT is the temperature difference between the casting and the mold or coating.
Because the characteristics of the gap are not precisely known, actual values of hg can

only be determined empirically. Table 8 lists some useful data for hg(10),

ECONOMICS OF COATINGS

Costs of materials and coating processes are only a small percentage of the cost
of the molds. Yet a suitable coating can substantially improve casting quality and
prolong mold life. With greater realization of their benefits, the use of coatings in the
permanent mold casting process is rapidly increasing, and the coatings play an
increasingly important role in successful and profitable casting production.
CONCLUSION

A technical review of mold coatings for the permanent mold casting process has
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been provided. Though data exist in the literature for the thermal properties of
individual component of the coating materials, no studies have been conducted on
thermal properties of mult‘i-component coatings. Thus, there is a critical need for
establishing a test procedure to obtain the thermal properties of permanent mold

coatings that are typically used in the permanent mold foundry industry.
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CAPTIONS TO TABLES

Table 1 Typical composition of c;oating slurries for permanent molds, % by weight
(remainder, water)(D).

Table 2 Properties of typical refractory fillers().

Table 3 Suitability of fillers for common casting alloys®).

Table 4 Thermal properties of raw materials for permanent mold coatings (11, 15-18),

Table 5 Thermal conductivity of some single-component coatings with high
porosity(14).

Table 6 ' Thermal conductivity of various coatings with high porosity(19).

Table 7 Composition of coating slurries in Table 6, % by weight(19),

Table 8 Heat transfer coefficients of the gap(10).

CAPTIONS TO FIGURES

Figure 1 Heat transfer resistance includes contributions from the mold wall, the
coating, the air gap, and the casting.

Figure 2 Phase distributions with (a) continuous major phase and (b) continuous
minor phase.

Figure3a  Effect of small pores on the thermal conductivity of zironia brick. Pore
diameter - 0.004 in.(13)

Figure3b  Effect of large pores on the thermal conductivity of zironia brick. Pore
diameter - 0.1 in.(13)

Figure 4 Schematic describing the development of an air gap during solidification.
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Table 2

Properties of some refractory fillers®

| Refractoz | Chemical formula '!TDensig_X_ (g/ cc) [ Melting goint (°C) |

Coke C 1.6-1.8 -
“Graphite C 21-23 >3000
Silica SiO2 2.65 1800
Zircon Zr5i04 40-48 2200

Mica KAI2(OH,F)25i3AlO10 23 750 -1100

Calcined Magnesite MgO 35-37 2800

Alumina silicate Al12035102 2.6-3.0 -
Chamotte - 2.6 1700
Alumina Al203 3.9 2050
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Table 5 Thermal conductivity of some single-component

coatings with high porosity(14

Material k, W/(m.°C)
Graphite 0.46
Marshalite (powdered quartz) 0.17
Calcined asbestos 0.17
Water glass 0.14
Powdered chamotte 0.14
Refractory clay 0.12
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Table 6 Thermal conductivity of various
coatings with high porosity{1?

| Coating No. k, W/(m.°C)

0.33

0.20

0.16

0.16

0.14

0.14

0.12

0.465

0.245

0.175

0.163

r‘rﬂ'—cn-um (") ’TAI‘ULU O] = >

0.120
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I’ d

Table8 - Heat transfer coefficients of the gap 10

Casting situation . ’ (Btu/hr.ft2°F)

Ductile iron in cast iron mold coated 300
with amorphous carbon '
Steel in cast iron mold 180
Aluminum alloy in small copper mold 300-450
Steel chilled by steel mold:

before gap formation* 70-180

after gap formation 70
Aluminum die castings: ‘

before gap formation* 440-880

after gap formation 70

* With no gap, thermal contact between the casting and the mold is not perfect
because of surface tension effects, oxide layers and mold coatings -

157




Gap

quid

g Li

Solid castin

Coating

-

e
-

"1 __ ' __ .___"_“__
— | !
_____._i— ".__.“_:_

.\1\/\/\/\1\/\/\1\1\4 LSRN
\ \
.\N\M\H\/\N\H\”\”\I\N\N\”\”\N.
.
’

c“f“/“/“aulul“r“l“l“'“znl“zxzs

’
AR O
\l\/\l\l\t\/\'\r\l\l\t\/\r\fs.
-
o\r\r\z\z\t\/\:\/\l\l\/\/\:\/.
\/\1\;\'\/\l\/\t\t\/\f\i\/\/‘
o\1\1\l\/\/\/\l\t\l\l\f\/\1\r.
.
a\1\/\1\1\/\1\1\1\/\1\/\1\:\/.
P00 000 00 8 8 0 01

L mt

o\/\/\/\/\f\/\t\/\l\l\t\/\/\t.
PPN AN NN AL AN
.1\11111\11//://1.

Le |Lg

|
+ L mt /K mt

1/hg

Le /K

+

+

Heat transfer resistance includes contributions from

Figure 1

the mold wall, the coating, the air gap, and the casting.




(a)

Fig.2 Phase distributions with (a)continuous major phase and
(b)continuous minor phase.
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APPENDIX I

Thermophysical and Mechanical Data for Gray Irons
and Thermophysical Data for Aluminum Alloy 356
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Thermophysical and Mechanical Data for Gray Irons
and Thermophysical Data ‘for Aluminum Alloy 356

Introduction

If a machine part undergoes cyclic temperature changes and if the natural expansions and
contractions are either wholly or partially constrained, cyclic strains and stresses result. These cyclic
strains produce thermal fatigue failure just as if the strains were produced by external mechanical
loading, which arise from the static indeterminacy of the system under the following conditions:

1. Nonuniform heating of cooling of a body when it is not connected to any other bodies;

2. Uniform heating of cooling of a body which has external mechanical restraints to it;

3. Nonuniform heating or cooling of a body with external mechanical restrains.

The First condition is -defined as thermal-stress fatigue, and the.latter two conditions are defined
as thermal-mechanical fatiguel1],

A permanent mold is subje'cted to cyclic temperature fields, which correspond to conditions 1
and 3 mentioned above. Thermal fatigue is the principle cause of mold failure.

Fatigue failure investigators over years have led to the observation that the fatigue process
actually embraces two domains of cyclic stressing or straining that are significantly different in
character, and in each of which failure is probably produced by different physical mechanisms. One
domain of cyclic loading is that for which significant plastic strain occurs during each cycle. This
domain is associated with high loads and short lives, or low numbers of cycles to produce fatigue
failure, and is commonly referred to as low-cycle fatigue. The other domain of cyclic loading is that
for which the strain cycles are largely confined to the elastic range. This domain is associated with
lower loads and long lives, or high numbers of cycles to produce fatigue failure, and is commonly
referred to as high-cycle fatigue. Low-cycle fatigue is typically associated with cycle lives from one up
to about 104-105 cycles, and high-cycle fatigue for lives greater than about 104 or 105 cycles.

Thermal fatigue is in the low-cycle fatigue domain[1-9). The relationship of thermal fatigue to




low-cycle fatigue is shown in figure 1{1], It must be pointed out that, in some cases, such as thermal
striping, it can occur at frequencies.near 1 Hz and give fise to high-cycle fatigue cracking(9).
Obviously, to predict and prevent thermal fatigue problem of permanent molds some basic
material data are needed. This includes:
’ 1. Thermal properties of both casting and mold materials, which will be used to determine
temperature fields;
2. Mechanical properties of mold materials, which will be used to determine the stress and
strain distributions in the mold; '
3. Fatigue properties of mold materials that link the stress and strains to fatigue life,
including crack initiation, growth and fracture in the mold.
Since gray cast iron is the mold material most used (see Table 1031y, This paper will concentrate
on collecting the data for gray cast iron. Aluminum allo_';' 356 is used in our experiment, therefore, its

data are also included.
The Thermophysical and Mechanical Data

The data for gray cast iron, which are all functions of temperature, are enough for
calculations of heat transfer, temperature profile, stress, strain and fatigue life of a permanent mold.
The data for aluminum alloy 356 are chosen for filling and solidification, since those are all needed.
Some of the data are listed in tabular form, which are convenient to put into a database. Others are
shown in graphic form, since the scattered data points make no sense unless they are regressed. The
data on the regressive curves are therefore recommended to use. The data sources are listed in

references #10-#15.
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LOW-CYCLE FATIGUE:

LIfE LESS THAN 50000 CYCLES
SIGNIFICANT INELASTIC STRAIN

CYCLIC TEMP CONSTANT TEMP

THERMAL FATIGUE: | ISOTHERMAL FATIGUE:

THERMAL-MECHANICAL THERMAL-STRESS
FATIGUE: FATIGUE:

EXTERNAL CONSTRAINT INTERNAL CONSTRAINT

FIG. 1—Proposed terminology for high temperature fatigue.

Table 1. Recommended Materials for Permanent Molds

Alloy ~ Number of pours ~
to be cast 1,000 10,000 100,000

Por Casting Small Parts, 1-In. Maximum Dimension
ZINC veeeseeesss Gray iron, 1020 steel Gray irom, 1020 steel Gray iron, 1020 steel

Aluminum or ... Gray iron, 1020 steel Gray iron, 1020 steel, Gray iron with Hi4 in-°

magnesium H11 die steel serts, 1020 steel
COpPEr .vcc.... Gray lron Gray iron Alloy cast lron
Gray iron ...... Gray iron(a) Gray iron(a) (This quantity not
. _ poured)
For Casting Medium and Large Parts, up to 36-In, Maximum Dimension
ZINE veeeeseees. Gray iron, Hil dis Gray Iron, Hil dle Gray tron, HI1 dle
steel(b) steel(b) steel(b)
Aluminum or ... Gray iron Gray iron Gray iron, H11, H14(c)
magnesium . °
COpPer «v.-.... Alloy cast iron Alloy cast fron Alloy cast {ron(d)
Gray ifron ...... Gray bon Gnay iron (This q&n)nuw not
pour

Nore: Gray lron for permanent molds should bs of controlled quality with
respect to graphite size and soundness of the casting.

(a) Same composition as belng poured. (b) Used where polish is required on parts
of medium size, (¢) Recommendations are for medium-size parts: for large parts,
recommended materials are gray iron with Hil inserts or solid H11 dis steel. (d) Large
parts not poured {n theso quantities.
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Thermophysical Properties for Aluminum Alloy 356*

Liquidus Temperature : 615°C

Solidus Temperature 555 °C

Latent Heat of Fusion 389 KJ/Kg (The volume
fraction of eutectic is about
0.6)

Specific Heat ' . 963 J/Kg.K

Thermal Conductivity

‘K cal/lcm/"Csec.

406.67 0.35 |

420.16 . 0.366

432.26 0.37

477.01 0.398

589.51 0.40

666.13 : 0.396

Viscosity

°C Centipoise

700 | 2.90

715 2.52

750 215

775 1.775

800 1.40

* Since aluminum alloy 356 has more than 10 kinds, which vary in impurity contents,
especially iron content, the thermal property data may vary to some extent. The suppliers

should be consulted if accurate data are desired
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PHYSICAL PROPERTIES
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Type of Gray Iron |, TC| S1 | -Mnm { Ni. Mo | Cu W 100 C]400 C
Class 40 + low S 3.35]0.65| 085" ~~ - [%3 - | -- - Jo0.135]|0.114
Class 40 + Cr 3.17| 1.40]0.¢ - 0.131}0.115
Class 40 + Ni 3.16] 1.56 0.108]0.101
Class 40+ W 3.02] 1.89 0.118}0.105
Medinm strength 3.2011.56 0.121]0.108
Medium strength + Cu 3.18| 1.58| 0.112}0.101
Medium strength 3.112.26{0 0.111]0.101
Medium strength+Cr-Mo | 3.12{ 2.31{0 0.119 } 0.109
Low carbon -.:* L. 2.61)|2.4810.4 -|0.110| 0.100
Class 50+ NiCr ™ ° 2.80]2.51)0. 0.1010.092
High Mn + Ni 3.10( 2.51(3. 0.106 | 0.097
Low carbon + Mo 2.56| 2.20| 0.118} 0.108
Class 45 + NICr 3.41l1.03{ 0.116 | 0.106




. Thermal Conductivity, Btu hr=! [t~! R-!x 10-2
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Thermal Conductivity, Btu hr=! ft-! R-1 x 10~2
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Thermal Conductivity, Btu hr~! ft-1 Rt x 10-2
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_Thermal Linear Expansion, percent

(noxj ysen foan)
wdanound  (00°z2< 0) IXZ -+ NOTUVO + NOUT =~ NOISNVAXA UVENFT TVIWUIHL

3o ‘oxmuxodwag,

0067 0oL! 008Y 0087 00T7Y 006
0002 0087 00y7T 00pT 0072 7F 0007
20~ :
. i . ,
0°0 i e o . ,
2°0 -
b0
9°0 | S I I L : o
- ? ; -
) o
3
80 : .. E |
. «[ R (A " . , ﬂ. v
w.
07 >
; ] 5 O n. \
R Bl ] Corry fusvusy SUWN VU PRI SRR JURDY S .- w..u mm v~
z°1 L H &
| it il 3
Ji . . o :
vr LULE ‘ ) s :
.  y H L I ‘' .m "
. Rt b - s
: 0
91 ; s 7 : S
H
_ ;
Higam i 1hii:
HITIN L m . YA
BIRINGHIN H [
el : |
“". ) ! “ w, bz
i AN
—. 3
Eiliie _
T oa_v_m._ ___ 2 * ; 9°2
0022 (11114

Yo ‘sameaadwag,



PHYSICAL PROPERTIES
MISCELLANEQUS

GRAY
CAST IRON

e o’*é Icss“'-:."

4 "'."'\"'ﬂh-‘ﬂu o

(<<}

(<]

e

0 10 20 30 40 S50 60 70 80 90
MAGNETIZING FORCE - H(OERSTEDS)

MAGNETIZATION CURVES FOR SEVERAL
GRAY IRONS

@

DENSITY OF CAST IRONS (16)
Densil
Iron Type ToiE Iba/in
High carbon gray, ferntic 0.246
Medium carbon gray, ferrite & pearlite 0.255
Low carbon gray,, pearlitic- - - - 0.263-0.267
White ‘iron,; unalloyed 5 0.275-0.282
High silicon, gray (Sﬂal) 0.246~0.260
o 0.264-0.271
0.199-0.231
‘(Ni-Resist) - 0.267-0.275
Nicrosilal, n.ustem'.t : 0.260-0.267
Nickel-chromium, white (Ni.—Ha.rd) 0.275-0.282
BHigh molybdenum, white - .- 0.275-0. 285
High ‘¢arbon ductile,. ferritic ™ 0.257
High carbon ductﬂe, pearhtic 0.258
High silicon, ducﬁle,.femtxc 0.257
High nickel, ductile,, anstemtm .
. (Ni-Resist) . SR 0.267

© 1973, Belfour Stulen, Inc.

SPECIFIC HEAT - BT'U/LB/F

0.40 /i
0.30 //‘\ j/-
\) .
% // \-’ 3
0.20 —
/“—‘//
.d”— .
0.10 i - -
. 0 500 1000 1500
TEMP~- F

EFFECT OF TEMPERATURE ON THE
SPECIFIC HEAT OF GRAY IRON

Q)

DENSITY OF MICROCONSTITUENTS

IN CAST IRON

18)

Constituent

(1bs/1n

;. Densi

 Ferrite .

Cementite

Austenite
Martensite

Pearlite =~ -

Graphite <~ ° - |
Phosphide eutectic . [
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TENSILE

GRAY -3+
CAST IRON

EFFECT OF LOW TEMPER{XTURES ON GRAY IRON
TENSILE STRENGTH

@)

© 1973, Bellou.r'&ulen,. Inc,

Gray Ircn Number
1 2 3 4 5
Tensile strength (ksi)
at 7% 20.5 31.1 21.8 18.0 21.8
at «¢F 21.8 30.4 22.4 18.8 22.3
at -112F7 - - 24.2 - 24.1
at -150F - - 24,7 20.9 24.6
Brinell Hardness .
at 73F 134 180 151 142 164
at 4F 140 - - - 171
at -22F 140 - - - -
at <40F 147 189 - 151 -
at -76F - 195 - 153 -
at -292F - - 199 - 221
Chemical Analysis (%) .
Total carbon 3.56 3.42 3.64 3.78 3.42
Graphitic carbon 3.08 2.35 2.%4 3.26 2,82
Silicon 1.80 1.24 1.81 2.03 2.17
Manganese 0.60 0.56 0.56 0.86 0.49
Sulphur 0.080 0.103 0.071 | 0.071{ o0.088
Phosgphorus 0.527 | 0.326| 0.509 | 0.095 1.084
|
5 -
X
]
: T
Ess = ~ R e — ] -
£ 45 P > 3.30
£ 35 g S e 3.70
) o p—f 3.90
a2 ] 4.10 7
15 .
0.5 1 2 3 4 S 6

SECTION SIZE -~ INCHE

EFFECT OF SECTION SIZE ON THE
TENSILE STRENGTH OF GRAY IRON

@
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GRAY

CAST IRON TENSILE
—_—
o] g§i€E~;{“
FeC e
2 39 rd et Hr=ti
2,53 0278 |1 117
' 1236°],0,.68] 0.01 [0.5% q.as,'ozos-
ICi510154(0-03(0.03|0.17:|0.09,
] 280
60 f— ——O~ 1 Q1
o 260 ~D\\q —
’ 240 &~ —f=== q

_ B 2

(<]

o

P

T
1

K
o

20

TENSILE STRESS - KSI
pi

?7
!

T

[}
!
7
1] '
1 ]
X C
[
HARDNESS - BHN
o)

—.~~K<\4% ol
) 120+
100 L0

70 800

70

900 1000 1100
TEST TEMP- F

o
o
]

[
[=2]
o

|

/
d 0o
d

TEST TEMP- F

EFFECT OF TEST TEMPERATURE ON
TENSILE STRENGTH AND HARDNESS

OF GRAY IRON

@

e 3
N\
b\_o i
| N oY
900 1000 1100

HIGH TEMPERATURE TENSILE PROPERTIES OF GRAY IRON

)
‘ Testing Temperature
Room

Property Temp.} 7S0F | 840F 930F
Tensile strength (ksx) .| 42.0 | 39.0 | 38.0 31.0
Elongation (%) ‘i siamesr 7 ".0.74 1.23 | 1.30 | 1.75
Modulus of elasticity (103 ksi) " “18.5 | 18.0 | 16.0 15.5
Brinell bhardness, .
determined at room temp- Edge v]-209 214 211 198
erature after testing at Center 215 215 214 215
temperature indicated. e,

TC-3.19, CC-0.85, Sx-l 66, Mn-O 91, P-0.077, S-0.089

177
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GRAY :
TENSILE CAST IRON
ELEVATED TEMPERATURE PROPERTIES OF VARIOUS GRAY IRONS (16)
Iron No. 1 § 7 10 13 14
Type Mo NiMo CxrCu NiMoCrV|Unalloyed | MoCr
Condition Stress Stress Stress Stress
Relieved |Relieved |Annealed Relieved |Relieved | Annealed
Carbon 3.31 2.98 3.22 3.20 3.27 3.06
CE 3.83 3.46 3.85 3.82 3.87 3.61
Si 1.56 1.51 1.97 1.96 1.74 1.79
Mn 0.68 0.57 0.74 0.64 0.72 0.70
p- 0.19 - 0.11 0.13 0.11 0.26 0.04
S 0.11 0.10 0.10 0.09 0.16 0.09
Cr 0.08 0.05 . 0.57 0.41 0.08 0.61
Ni 0.08 1.56 0.03 1.12 0.15 0.04
Mo 0.73 0.58 0.01 0.44 0.07 0.84
Cu 0.15 0.22 0.37 0.10 0.12 0.05
v 0.02 <0.01 0.02 0.12 0.02 <0.01
Heat Test Tensile -
Alloy Treatment Temp. Hardness Strength Elongation
(F) (BHN) ks) T @)
1 stress 80 225 47.7 1.0
1 relieved 800 - 45.0 1.5
1 1,000 - 33.1 0.5
3 80 258 58.8 1.0
) stress 800 - 52.79 1.7
S relieved 1,000 - . 31.4 0.5
7 4 hr 1650F 80 192 37.4 1.5
7 furnace 800 - © 33.2 ° 1.0
7 cooled 1,000 - 20.6 1.0
10 80 255 54.8 1.5
10 stress 800 - 47.4 1.5
10 relieved 1,000 - 31.8 0.5
13 80 217 42.7 1.0
13 stress 800 - 36.5 1.2
13 - relieved 1,000 - 24,7 0.5 ..
14 4 hr 1650F 80 217 §7.2 1.0 -
14 furnace 800 - 54.3 1.5 7
14 cooled 1,000 - 45.6 2.0 -
GRAY IRON SHORT-TIME TENSILE TESTS AT 750F (1)
Room Temp. Properties Properties at 750F .
Tensile Proportional | Modulus of | Fracture Elongation
Strength | Hardness Limit Elasticity | Stress in 5 inches
(kai) (BHN) (ksi) Gsix10%) | sy | (%) .
47.0 235 12.6 18.1 50.2 0.6 ..
§5.5 255 25.8 . 18.9 51.5 0.6
64.0 269 19.3 ) 15.0 50.2 0.9 -
§6.0 285 22.4 16.5 - 52.2 0.6
43.3 207 14.3 11.3 37.4 1.8
178
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Figure 54(a)
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Table 16 (THE MECHANICAL PROPERTIES OF THESE IRONS ARE SHOWN IN TABLE 17)

Sample  TC Si Mn s P AS 7}"“ ‘ Matsi
no. % Y % % % gr:‘-{ eue atrix
3 352 1-32 0-61 0-082 0-066 2-3 Pearlitic
12 382 149 043 0-086 0-076 1-3 Mainly pearlitic
4 3-84 1-01 066 0-065 021 1 Mainly pearlitic
14 412 207 103 0051 0036 1 Mainly pearlitic
Table 17
Sample Tensile Young's modulus Applied load Poisson’s ratio
no. strength (mean slope to tonfin? (N/mm?) at various temperatures
tonfin? (N/mm?) 3tonfin?)
1b/in? x 108 (GN/m?) Room 450°C 650°C
temp.
3 103 (159) 131 (90) 14 (15-62) 021 014 025
12 77 (119) 105 (72) 1 (15) 025 014 018
4 (62) 0175 - -
4 77 (119) 695 “8) 1t (15 0150 007 008
. 4 (62 0125 - -
14 s7  (88) 52 B8 1 (19 012 005 009
. ‘ 4 (62 . 008 — -
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GRAY Lo _ -

CAST IRON o STRESS-STRAIN :
. !
60 }CAST SECTION THICKNESS = | H
g 0.5 ~ i
Gso 1Im 9’,.5_ .
- 1 6IN D:ﬁ
m40 », 7 %
{75 “ JIN, ;'l
= I’ ;/ 7
=30 s
51. ’, . ’ L”l
7 .
20 T T = S LASTIC
———— 75% TENSILE STRENGTH —":};' 10 ‘4: ~7 STRAIN
————— RECOVERABLE STRAIN e Vo ,,' %,
TOTAL STRAIN . ...?-.'. Z 1 i

0 0.1 0.20.3 0.40.50.6 0.7 0.8
ELONGATION - %

e VAN
/ EFFECT OF SECTION SIZE ON STRESS-

/ STRAIN CURVES FOR PEARLITIC GRAY
IRON

12 -. / g . . 03]

COMPACTED GRAPHITE

* i ST o e TE E e e SIS
{TC=3.19, CC-0.85, Si-1.66, Mn-0-S ¥

’S-0.089"7%

= Iy B
7 - 40
» / _

4 TYPE A GRAPHITE . / A// |
’ 930F

TENSILE STRESS - KSI
Ko

(-]

AN

[=]
T
|
1
1
|
| L
\
|
|
{
l -
|
] 8
Q
X
ﬁ!—
\

2 . - . -
WIDMANSTATTEN GRAPHlITE * ) 20
0 1 }] z
()} 0.10 0.20 0.30 /

© STRAIN- %
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=t
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=

EFFECT OF GRAPHITE FORM ON THE
STRESS-STRAIN PROPERTIES OF

=
(=]

GRAY IRON 3 5 U B
0 |-
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STRAIN - %

GRAY IRON STRESS-STRAIN CURVES TO
FRACTURE 1)
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STRAIN -
TYPICAL TENSILE STRESS-STRAIN
CURVES FOR GRAY IRON (16)

STRESS ~ KSI
-9
(3

COMPARISON OF GRAY IRON STRESS-
STRAIN CURVES IN TENSION AND
COMPRESSION (16)

COMPRESSIVE STRESS - KSI
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: ‘ . GRAY .
- FATIGUE CAST IRON

FATIGUE ENDURANCE STRENGTHS OF SEVERAL

© 1973, Delfour Stulen, Inc.

GRAY IRONS @)
Gray Iron No. b o3 4 5
Tensile strength (ksi) 44.0 | 48.0 | 55.0 | 56.5 | 76.5
Endurance limit in complete s
reversed bending (ksi) 19.0 | 21.0 | 22.0 | 22.0 | 25.0
Endurance limit in baif-
| _cycle bending, O-max. (ksi) |°23.0 |32.0 | 27.0 33.0 | 38.0
Endurance limit in complete .
reversed torsion (ksi) 16.0 | 16.5 ] 21.0 | 20.0 ) 22.0
Endurance limit in half- i
eycle torsion, O-max. (ksi) | 23.0 |"25.0 { 26.0 | 33.0 | 29.0
,C*3.65, Si~546, M- 0-73‘31’“0-2§v5'° 133 REVERSE BENDING FATIGUE ENDURANCE
% LIMIT FOR GRAY IRON (16)
17
¥
P 40 Class Endurance Lumt
@ T T T T ! ] (ksi) *
il UNNOTCHED ] 20 about 10.0 -
P 0.58 DIA SPECIMEN o- s
Z - FRACTURE 30 13.7-15.5
a ~e- ) 35 16.0-17.5
B0l = i 40 17.5-19.5. ",
M 45 21.5-25.5 " ..
a FIRST EVIDENCE Q- 50 24.5-27.5 -
@ | OFCRACKING |, 1 | §0 about 29.5
930 102 103 10% 105 10° 207
2  CYCLES TO CRACKING OR FAILURE
FATIGUE LIFE OF UNNOTCHED GRAY -
IRON MACHINED SPECIMENS (2) S
bt .
”, FATIGUE STRENGTH OF ACICULAR GRAY IRON
7 ' )
¢ 40 T T T T I
an - -
o : T Tron No.. it
Z 20 FRACTURE - Fatigue sh:ength ~(ksi)
g . 'rensiIe su'ength-(ksx)
% . Hardness ~ (BEN) -]
a10 . . Chemical analysis-% [
@l FIRST T ~Totalcarbon ... "=
0 ) : X
5 EVIDENCE OF ) - Silicon 2
> CRACKING Manganese. R
20 1 1 1 I 1 " Nickel .
102 108 10t 105 105 1207 108 g‘:;zzgo
CYCLES TO CRACKING OR FAILURE B ool
FATIGUE LIFE OF NOTCHED GRAY IRON
MACHINED SPECIMENS (2)
183
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GRAY

CAST IRON FATIGUE
—_—
- ¥V IGRAPHITE|GRAPHITE| .-ofi. -] . R A e o | e R [t e g
SYMBOL | TYPE .| “SIZE .’|BHN| CE | ¢ |stif®is Fy, ksi) |e(% IN.1IN). |E (103ksi)
o - 7y 417251218 1418343 (235|087 [.2.38 . | - 0.58 w145
A A -] 31/2-4 |-1727) 4.40 (349240024 [~ 21 . 0.5 ) 8.0
B 407 .
z - CYCLE NO. 1
~ [92]
& a
1t 10 [
E TR
: -
< M
<
=
3 0.505 DIA MACHINED TEST SPECIMENS
100 102 108 10t 105 105 107 208
CYCLES TO FAILURE
GRAY IRON AXIAL FATIGUE LIFE (13) EFFECT OF CYCLE NUMBER ON ANIAL
STRESS-STRAIN LOOPS OF GRAY CAST
. IRON (13)
EFFECT OF COPPER ON THE TENSILE
AND FATIGUE PROPERTIES OF GRAY
IRON @ : : . .
=l Fatigue _24 i o }
. -+ . ;| Tensile | Endurance Go2 - o .
Iron- | Copper | Strength Limit "o L o\o ©® R
No. “[- (%) (ksi) (ksi) 7 o0Q o o—
1 0. 48.5 23.0 Bzl o Oo—
-2 0.53 47.5 .18.0 g
3 0.99 50.0 22.0 16 - N
4 1.45 53.0 24.0 14 ; y ]  y
5 1.98 .| s4.5 24.0 104 105 106 107
§ - 13,10 56.0 23.0 CYCLES TO FAILURE
C-3.15, Si-1.5
| FATIGUE LIFE OF GRAY IRONS  (16)
_/
184
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GRAY

FATIGUE CAST IRON
R INNOT CHED e 124q8| | | EFFECT OF NOTCHES ON THE GRAY IRON
%< :_::;-2»'_.\0... NOTCHED’,. ggmsg%gw ENDURANCE STRENGTH o))
mmm; 3 RN R SR ]
P INOTCHED STRESS, BASED. ON:/ - —
S (GROSSTAREASRSR LA £ ST Scurance Limit
P L E 00 fvsciyowton VR TR ST Teasile Strength | Unnotched | Notched
(ksi) (ksi) (ksi)
20.0 9.2 9.2
50 25.0 11.9 11.4
< SRR 29.8 15.0 13.7
— >\ 33.6 22.0 15.7
_ 40— TENSILE STRENGTH 36.5 19.5 16.3
a (NOTCHED AND_/ \ . 42.6 23.3 19.0
' 30 UNNOTCHED) \
A
L\
£ 20 |—==d 2227
[y - —
ol NN
ENDURANCE LIMIT \S o
L 5 [
0 0,30 |
0 200 400 600 800 1000 1200 3 SMOOTH
TEST TEMP - F a5 A //
- \//
EFFECT OF TEMPERATURE ON TENSILE AND 220 /5{
FATIGUE PROPERTIES OF GRAY IRON (1) E Z”| “NOTCHED
=) ya
£10 =
[
5

20 30 40 S0 60 70
TENSILE STRENGTH - KSI

RELATIONSHIP BETWEEN TENSILE AND
ENDURANCE STRENGTH OF GRAY IRONS

&)

-—-vA'Sno'ncazm(smss;msnn on.nmzm
o 2"84"5!—1’.52’.1\&!1,.0" gzvg;m.n'z;s-o.lzf Cr-0—31}
.NE-O.ZG,.Cu.O.a'rMEﬁ*Em_ ¢

R X a}dﬁv..-.-L

60
50
40 - ROTATING BEAM FATIGUE ENDURANCE
5 STRENGTH OF GRAY IRON 1)
X 30
1
@ 20 N - . Tensile . |.- Endurance
"{._i' _Eqﬁ : Type of Matrix Strength | Limit
a N (ksi) ° (ksi) ©°
10 Pearlitic 21.0 < 19.0
42.1 - 19.0
0 ) 48.6 21.3
0 200 400 600 800 1000 52.9 23.5
TEST TEMP - F Acicular 63.9 . 246 ..
ERE 65.5 24,6 7
T, 65.9 . .. 25.8 Ta,
EFFECT OF TEMPERATURE ON FATIGUE EAN 6.0 - as.g n
ENDURANCE LIMIT OF GRAY IRON (15) = =
185
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Thermal Fatigue in the Permanent Mold Process:
A Literature Review

A

Introduction

While permanent molds may need to be repaired or replaced as a consequence of mechanical
*** damage or wear/erosion, a particularly frequent cause for their failure is cracking or checking of the
mold surface due to thermal fatigue. Penetration of molten metal into cracks may then lead to
additional mechanical damage during ejection of the casting, causing accelerated deterioration of the
mold and of the casting quality.

Molds for the permanent mold process are typically produced from cast irons, generally gray
irons. A variety of other products, also produced from gray iron, are subject to operating conditions
similar to permanent molds — automotive and diesel engine blocks and heads, exhaust manifolds,
brake components, glass molds, and ingot molds are common examples. Although the operating
conditions for each may differ slightly, all experience temperature changes during use and all are
subject to failure by thermal fatigue. :

Thermal fatigue is caused by cyclical thermal stresses introduced by heating and cooling of
the material. This can occur in a permanent mold, both due to start-up/shut-down of the casting
process and to the temperature changes induced in the mold during pouring, solidification, and casting
ejection. The stresses due to start-up/shut-down may be introduced relatively rapidly, resembling
thermal shock; temperature changes during the normal casting production tend to be regular and
repeatable, more typical of a fatigue situation. When considering the life expectancy of a permanent
mold, both types of situations may have to be considered. :

In addition, it should be noted that permanent molds often fail by a low-cycle fatigue, rather
than the high-cycle mechanism often found in the mechanical fatigue failure of rotating, bending, or
vibrating parts. Cracking may occur after thousands of cycles, after only a few cycles, and on some
occasions during initial heating of the mold. In the low-cycle fatigue regime, factors such as creep
resistance and oxidation are likely to be less important compared to high-cycle conditions.

Thermal stresses are induced by differential expansion and/or contraction in a statically
indeterminate system'*. Differential expansion can arise from temperature variations in the body or
from differences in thermal expansion coefficients when the body temperature is changed uniformly’.
During normal operation of a permanent mold, differences in thermal expansion are principally
caused by different section sizes of the mold or by differences in casting thickness. However other ‘
factors, such as external heating or cooling of portions of the mold, can contribute to thermal stresses.
The cyclical thermal stresses frequently result in the formation of cracks caused by the thermal fatigue
of the metal®, '

Resistance to thermal fatigue depends on (a) the magnitude of thermal stresses induced and ()
the ability of the material to withstand those stresses. The magnitude of the thermal stresses can be
estimated from the properties of the material and its environment by ¢

Operma = [(@E AT) / (1-0)]F Equation 1

192




where « is the coefficient of thermal expansion, E is the modulus of elasticity, v is Poisson’s ratio,
AT is the temperature difference that the material experiences during operation, and F is a geometry
or form factor. This equation points out that materials having a low coefficient of thermal expansion
and a low modulus of elasticity will develop lower thermal stresses. However this expression is
difficult to use and correlate to fatigue because all of these factors change with temperature and, in
some cases, (such as thermal conductivity) even with time and number of cycles. The equation also
does not include the critical thermal stress (such as the tensile or yield strength of the material) for
initiation or propagation of a thermal fatigue crack, nor does it include the thermal conductivity,
which can influence the AT, temperature gradients, and maximum temperature. In addition, other
factors can influence the thermal stresses; of special importance is the resistance of the material to
stress relaxation, or creep, which may occur if the mold is exposed to elevated temperatures for a
sufficient period of time. Creep will be influenced by both temperature and time. Changes in
microstructure of the mold material may also influence these properties and, hence, influence the
thermal stresses. In extreme cases, if the maximum temperature exceeds the transformation
temperature of the iron, phase transformations can occur, causing additional stresses as well as
cyclical changes in the microstructure. Growth of the iron may occur, both due to graphitization and
oxidation, and can change the thermal stresses.

The ability of the material to resist the thermal stresses so introduced depends primarily on its
strength, ductility, and creep resistance. Consequently the type of cast iron, the carbon content of the
cast, the size and morphology of the graphite, the matrix structure, and the stability of the matrix
structure are all important. A significant body of research has been conducted concerning the
resistance of various cast irons to cracking by thermal fatigue and thermal shock. Much of this
research has been directed toward transportation products, such as exhaust manifolds, brake
components, and engine components. Some work concerning thermal fatigue of cast iron ingot molds
used in the steel industry has also been reported. But relatively little work has been published
concerning thermal fatigue in cast irons used as permanent molds. Because each general application
may involve very different thermal cycles, the behavior of the cast irons in each is different and
consequently different irons and different testing procedures might be more appropriate for each use.

Summary of Results for Permanent Molds

Based on the results of a number of tests described in the following literature review, an
optimum material for producing permanent molds is a high-strength, creep-resistant pearlitic gray cast
iron.

Thermal Fatigue Tests for Cast Irons

A large number of testing methods have been developed to study the fatigue properties of
materials during thermal cycling. One method is to submit the actual fabricated part to cyclic thermal
shock by repeated immersion in a bath of high temperature interspersed by immersions in a low
temperature bath. After some critical number of cycles failure, as manifested by a fatigue crack,
would occur at the point of severest stress reversal. In a similar manner, a test permanent mold
could be cycled until failure. However this approach would give a number for the mold life
applicable only to that particular part under specific test conditions. Testing of a variety of mold
geometries, for example thick and thin sections, bosses, or fins, for both large and small castings,
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would provide a useful set of experiences might be of valuable assistance in designing new molds or
in developing methods for increasing mold lives; however this approach would be enormously
expensive. . \

The usual method for evaluating the resistance of various materials to thermal fatigue is to
develop a simplified test by which a large number of specimens can be tested in a more economical
manner. However, design of the test specimens and testing procedures is critical in order to assure
than the conditions of the test realistically represent the operating conditions. Consequently there is
no standard test for thermal fatigue resistance; instead a wide variety of tests have been developed for
this purpose and have been applied to gray, ductile, and compacted graphite cast irons. Special care
must be exercised in selecting an appropriate test or in using the results of a test for design and
materials selection; a particular test may be appropriate for one application (such as for ingot molds)
but not for another (such as permanent molds for aluminum castings). In addition, one material may
perform very well in one test (or application), but very poorly in another.

Because of the close relationship between experimental results and the type of test that is used
to obtain those results, the literature will be reviewed below by describing many of the tests and the
results together; this will lead to a number of contradictory observations concerning the thermal
fatigue of cast irons. These contradictions, and an overall summary of the results, will be discussed
in a later section.

Quenching (Thermal Shock) Tests

As reported by Roehrig, Friedrich’ heated iron bars to various temperatures, then quenched
the bars in water; this was repeated until cracking was observed. Figure 1 shows that increasing the
maximum temperature increases the number of observed cracks and decreases the number of cycles
required before cracking begins. Within each scatfer band, irons containing Mo or Cr showed less
cracking. Roehrig also described Namai’s tests®, in which bars were quenched into water from 450C,
which showed that increasing the volume percent graphite in gray iron reduced the severity of
cracking; however when type D graphite was present, the severity of cracking increased significantly,
Figure 2. Others have also observed the deleterious effect of type D graphite and/or ferrite in gray
irons.*> Ductile and CG iron also fail at relatively low numbers of quenching cycles. In these
types of direct quenching tests, the modulus of elasticity and the thermal conductivity appear to be of
particular importance, while tensile strength is less important. Dinescu et. al.”*, who quenched
various irons from 900C to room temperature, found that gray iron cracked most easily, CG iron
performed better, and ductile iron survived the quenching process best; these conditions, which cause
the iron to be heated above the critical temperature, are more typical of ingot molds than permanent
molds.

Sukhodol’skaya and Zatolokin' compared the performance of various irons quenched with
and without the application of an external load. The ferritic gray irons performed better when no
external load was applied, while the pearlitic irons were much better when an external load was
applied. Kattis and McPherson'® also found that a pearlitic iron performed better than a ferritic iron
when an external load was applied, and that thermal fatigue resistance correlated well with tensile

strength.

Roehrig® suggested that for tests giving high cooling rates or high heating rates, the
temperature differences and hence the thermal stresses become so high that a high strength, low
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thermal conductivity iron is inferior to a high graphite gray iron. The temperature difference for the
quench is also critical; for each 50C increase in peak temperature, the risk of cracking nearly
doubles. Attempts to improve resistance by increasing the strength are offset by lower conductivity
and higher modulus; only by adding Cr and/or Mo can strength be increased without changing
conductivity or modulus. Increasing the carbon content, along with the alloying addition, can be even
more beneficial. : '

Roehrig also noted that the optimum type of iron changes when the cooling rates decrease.
For intermediate cooling rates, the good strength and ductility of ferritic ductile and CG irons
compensates for their lower conductivity and higher modulus (although distortion is more likely).
For very low cooling rates and constrained castings, high strength pearlitic ductile and high Si-Mo
ferritic ductile iron may be best, but these irons are more subject to structural instability.

Mushroom test

Nechtelberger'? used a mushroom-shaped test specimen (Figure 3) to simulate a cylinder head;
the specimen was heated rapidly to 450C, water cooled to below 50C, and finally dried by an air
blast. The process was repeated until cracking occurred; the depth of the cracks was then measured,
Figure 4. High carbon irons performed much better than low carbon irons; Cr-Mo additions were
required to make the low carbon irons survive. Ferritic ductile iron and CG irons also performed
poorly un7der these conditions. His results using this approach are similar to those of others, such as
Friedrich’.

Constrained thermal fatigue test

In this test, a specimen similar to a normal tensile bar is placed in a rigid fixture, with only
the test specimen heated by an induction coil*'*®. A load ceil embedded in the fixture provides a
measure of the thermal stress. When the specimen is heated, compressive stresses are introduced into
the specimen. If the heating cycle is sufficient long, some creep relaxation will occur, thus reducing
the compressive stresses, and high tensile stresses will develop during cooling of the specimen.
Eventually cracking may occur during the cooling, or tensile, portion of the thermal cycle. Cracking
can be detected by a decrease in the thermal stress, as measured by the load cell.

In the constrained thermal fatigue test, the thermal conductivity and coefficient of expansion
of the test material are relatively unimportant; instead, the test in particular measures the combined
effect of resistance to mechanical fatigue caused by the thermal cycling and the resistance of the
material to stress relaxation at high temperatures. The test also makes it relatively difficult to directly
compare the thermal fatigue resistance of materials having a different modulus of elasticity.
Consequently, this test is best suited to evaluating materials that are to be used in applications such as
exhaust manifolds and engine components.

Trbizan'® performed such tests using five gray irons and a ductile iron, Figure 5. He
measured the residual tensile stress and the number of cycles to fracture as a function of the
maximum temperature for bars, when the minimum temperature was 200C. As the modulus of the
iron increased (and the tensile strength increased), the residual tensile stresses also increased; however
the number of cycles to fracture also increased! The thermal stress increased, and the number of
cycles to fracture decreased, for each iron as the maximum temperature increased; however there is
an inflection point at the transformation temperature of the iron; just above this temperature, the
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number of cycles to failure actually increased before again decreasing at higher maximum
temperatures. The.strongest iron had the longest life (even though the modulus of elasticity was high
and the thermal stresses were highest. . \

Gundlach" performed tests on a series of alloyed gray irons, determining elastic modulus
Versus temperature, room temperature hardness, TS, and E, and stress-relaxation measurements, as
well as structural stability and thermal fatigue. The experimental apparatus, intended to approximate
conditions in a cylinder head, is shown in Figure 6, and the changes in thermal stress and temperature
versus time is shown in Figure 7. He cycled irons between 540 and 100C; he also noted that much
longer lives were obtained if he reduced the maximum temperature to 500C. Results are included for
each of the 9 irons in Table 1. He found that there was a poor correlation between tensile strength
and number of cycles to failure; by adding alloying elements, such as Mo, a large increase in life was
obtained compared to the increase in strength. He attributes this to reduction of stress relaxation,
similar to that noted by Bertodo®. He was able to derive a regression equation for the number of
cycles to failure: . '

" InN = 0.41 + 0.0903TS + 1.89%V + 1.79% Mo + 0.11% Cr - 0.14(%Ni+5Cu)
Equation 2

This closely correlated with the experimental results, Figure 8. The alloying elements have an effect
beyond just increasing the tensile strength; this might be attributed to more resistance to stress
relaxation, Figure 9. Mo and V were most effective, both by reducing creep and also by refining
eutectic cell size, which in turn helps reduce fatigue cracking. Csontos® also found Mo to be
important, with number of cycles to failure increasing with square of Mo; Gundlach found the
exponent to be 1.8, Figure 10. Although alloying elements tended to increase modulus (or better
retain high modulus at high T), better creep resistance offset these changes. Alloying also produced
more stable structure; addition of Cr along with Mo was particularly effective. In summary,
resistance to thermal fatigue is related to both tensile strength and creep resistance, with Mo and V
very important in this regard. i

In another series of studies comparing the thermal fatigue resistance of cast irons for use in
diesel engines, Gundlach et. al. used the constrained thermal fatigue test, allowing samples to cycle
between 100C and 540C and also between 100C and 500C to compare gray and CG irons.
Compositions and results are given in Tables 2 and 3. Specimens were held for about 4 minutes at
the high temperature, permitting stress relaxation to occur; as this occurred, the compressive stress
was reduced, which in turn led to higher tensile stresses during cooling. The thermal stresses could
be followed as a function of the number of cycles; the results are similar to that of a tensile test, with
the magnitude of the stresses increasing with number of cycles until fracture occurred, Figure 11. A
number of observations were noted:

- increasing the tensile strength of the iron increases the resistance to mechanical fatigue, as
illustrated in Figure 12.

- addition of molybdenum to the iron improves fatigue resistance both by providing a higher

high temperature tensile strength and by reducing the magnitude of stress relaxation, Figures
12 and 13.
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Table 1; Results from the constrained thermal fatigue
test for thermal cycling between 100C and 540C."

Number of Thermal Stress, MPa (ksi)
Cycles to Failure

Thermal Max. Tensile
Iron Alloy | Individual | Average | Stress Cycle Stress

Base Iron g';’ 51 306 (44.4) 182 (26.4)

Cr 32 . 48 317 (46.0) 181 (26.2)
48
63

Cr-Ni-Cu g% 78 339 (49.2) 194 (28.2)
9l

0.4% Mo - Sn Igz 178 | 353 (51.2) 182 (26.4)
pt
-2

V-Cu }gﬁ 124 | 348 (50.4) 177 (25.6)
7
142

Cr-Mo-Sn gig 288 | 370 (53.6) | 190 (27.6)
338

Cr-Ni-Cu-Fo ﬁi 139 | 356 (51.6) 190 (27.6)
191

Cr-to 218 221 | 378 (53.2) 193 (28.0)
221
223

0.8% Mo -Sn ;83 511 388 (56.2) 203 (29.4)
3
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- even relatively large changes in the ferrite content of the predominantly pearlitic gray irons
did not appreciably affect the resistance to thermal fatigue, Figure 13.

. N\
- a change in the maximum -temperature cycle of only 40C (100 to 540C versus 100 to 500C)
caused a very large change in the number of cycles to failure, Figure 13.

- for equivalent molybdenum contents, compacted graphite iron provided better resistance to

cracking than gray cast iron. However Mo-alloyed gray iron performed better than low-
alloy compacted graphite iron, Figure 13.

The number of cycles required for failure to occur was found to be approximated by the following
expression: '

logN = 0.934 + 0.026 TS + 0.861 %Mo Equation 3

The effect of molybdenum is shown by this expression to be two-fold: Mo increases the tensile
strength, but also has an additional benefit, presumably by reducing stress relaxation.

Table 2: Compositions of irons in thermal fatigue study.”

Sample Iron cC Si Mn Ni C Mo &n Ti Mg P S

Gray 330 2.07 0.54 0.11 0.19 0.03 0.012 0.016 0.001 0.03 0.09
Gray 328 236 0.52 1.10 027 030 0.011 0.027 0.001 0.04 0.10
CG 3.60 2.15 0.52 0.05 0.09 0.02 0.014 0.202 0.013 0.03 0.02
CG 3.58 2.14 0.54 0.07 0.15 0.58 0.013 0.187 0.020 0.05 0.01
CG 3.62 231 053 0.08 0.12 0.11 0.055 0.206 0.015 0.03 0.01
CG 3.61 227 053 0.08 0.13 0.51 0.056 0.212 0.023 0.03 0.02

O\ PN

Table 3: Results of constrained thermal fatigue tests. ™

Cycled between 100 and 540 C Cycled between 100 and 500 C

unalloyed gray 58 214
Ni-Cu-Mo 199 1208
Cu-CG 274 650
Cu-Mo CG 1808 1665
Cu-Sn CG 852 425 (small specimen for equal strain)
Cu-Mo-Sn CG 1036 754 (small specimen for equal strain)

Gundlach et. al. also determined the effect of Mo on thermal fatigue resistance of ductile
and CG irons; one of the intents was to evaluate a 4%Si-Mo alloy that raises the temperature of
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ferrite stability, provides oxidations resistance, and improves high-temperature strength and creep
resistance. This permits exhaust manifolds to operate at higher temperatures. Samples were heated
to 650C, held for two minutes, and cooled to 200C. Samples tended to bulge at the centerline
because the high thermal stresses caused plastic deformation; eventually necking began near the bulge,
with eventual failure. Results are included in Table 4.

Table 4: Comparison of the number of cycles to failure
for a number of ductile and CG cast irons.”

Iron Cycles to Failure
Ductile iron
2.58i-0Mo 75
2.5Si-0.4Mo 93
2.5Si-0.6Mo 195
4Si-0Mo 206
4Si-0.6Mo 274
CG iron
0.5Cu 20
0.5Cu-0.6Mo 31
Ductile
3Si-0Mo 98
3Si-0.5Mo 168
3.65i-0Mo 173
3.6Si-1Mo 375
4.48i-0.2Mo 209
4.48i-0.5Mo 493
CG iron
28i (pearlite) 80

3.68i-0.5Mo (ferrite) 248

Increasing silicon and Mo increased life, as also illustrated in Figure 14. However CG irons
performed very poorly, which may have been caused by softening of the irons by annealing prior to
testing. The beneficial effects of Mo and Si in ductile iron is partly due to increase in yield strength
by the alloying elements — Si is particularly effective at low temperatures and Mo at high
femperatures. Higher yield strengths reduces the plastic deformation.
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Constrained disc test

Shea® devised a test, simulating conditions observed on the surface of brake drums, for
comparing six irons and steels, Table 5. His apparatus is shown in Figure 15 and consisted of a
constrained disk heated by an induction coil on one surface, with the opposite surface continually
maintained at 65C. The power input via the induction coil was intense and constant, but the heat-up
rate of the specimen surface varied with the thermal conductivity of the specimen — the surface of
high conductivity gray iron heated slowly, nodular iron heated more rapidly, and a high carbon steel
heated most rapidly. The heated surface was examined periodically until a crack 0.5 mm long at 60X
was observed. His tests allowed the number of cycles required for cracking to be determined as a
function of the maximum cycle temperature for each material. As the maximum cycle temperature
increased, the number of cycles to failure decreased logrithmically; the steel was most resistant to
failure, nodular iron provided intermediate life, and gray irons cracked in the shortest times, Figure
16. Gray irons containing the greatest amount of graphite and the coarsest graphite survived for a
greater number of cycles. Although increasing the strength and hardness, alloying with Mo, Cu, and
Al reduced the resistance to cracking by decreasing the volume of graphite in the structure. The
ranking of the six materials was the same both above and below the eutectoid transformation
temperature. However the curves for nodular iron and steel flattened out- at temperatures (850C)
above the transformation temperature; although the amount of martensite that formed as a result of the
high temperature thermal cycle was the same for all six alloys, the graphite flakes dominated the
cracking mechanism in gray iron, while the matrix dominated cracking in the ductile iron and steel.
The tempered martensite structure obtained by the high temperature cycling was more resistant to

,thermal fatigue cracking than the original pearlitic structure when the flake graphite was absent.

Shea also correlated the total thermal strain, calculated from aAT, with the number of cycles
to cracking; all of the materials fell on the same curve, Figure 17, and the data were represented by
the expression : : .- .

N, =B . Equation 4

where a = 0.097, B = 0.013, and ¢, = ¢AT. The thermal strain was higher for the irons containing
less graphite, since the coefficient of thermal expansion for these irons was also higher; this in turn
reduced the crack resistance of the high strength, low graphite irons.

In summary, Shea attributes crack resistance to amount and morphology of the graphite, with
matrix and alloy content having no effect for equivalent graphite morphology. Shea reports that this
observation is supported by References 22 and 23; when alloy content increases, the sizeé and amount
of flake graphite decrease, resulting in less accommodation of surface strains and shorter paths
between graphite flakes. Large amounts of coarse graphite provide good accommodation of surface
strains, minimizes the amount of thermal stresses and strains that develop, and because of the higher
thermal conductivity* minimizes maximum surface temperatures, temperature cycles, and temperature
gradients.




Table 5: Characteristics of thermal fatigue samples used by Shea*. More
complete compositions for the samples are given in the original paper.

Alloy BHN %C %Si
A 153 3.93 237
B 182 349 237
| C 232 -3.48 0.60
D 255 3.50 2.38
E 187 3.62 2.64
F 277 0.84 2.06

o Type of Material

12 x 10°
12.5 x 10
13.0 x 10°

14.0x 10°

Pearlitic gray iron,

coarse Type A and C graphite
Pearlitic gray iron,

medium Type A graphite
Pearlitic gray iron,

fine Type A graphite

Gray iron with pearlite/bainite matrix,
coarse Type A graphite
Ductile iron,

ferrite/pearlite matrix

Steel,

pearlite matrix

Finned disc thermal shock test

In this case, a set of finned discs (0.125-in. fins on a 0.5-in. hub) mounted on a rod retainer
are cycled between two fluidized beds maintained at different temperatures, Figure 18. This design
was used by Rostoker®?, The shape of the test specimen causes the fin to be heated and cooled
more rapidly than the hub, causing the formation of compressive hoop stresses in the fin during
heating and tensile stresses during cooling. Cycle times are generally short, causing the disk

specimens to heat and cool rapidly. The testing is interrupted periodically to determine whether any

cracking has occurred. In this test, thermal conductivity and thermal expansion are particularly
important, while stress relaxation is relatively insignificant. This type of test might be particularly

applicable to ingot molds used in the steel industry.

Gundlach?” performed a variety of tests on five pearlitic gray cast irons, including creep and

thermal fatigue, to evaluate materials for diesel engines. Compositions and results are given in Table

6.
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T
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Table 6: Compositions and results for several pearlitic gray irons using the
finned disc thermal shock test.?

\

Iron C Si Cr Mo Ni Cu Sn TS (room) TS (540) E

1 343 1.65 0.11 0.004 0.11 0.11 na 38.7 215 152
2 345 174 0.49 0.004 0.60 0.59 na 43.8 26.7 154
3 345 1.68 0.30 0.30 097 0.87 na 47.0 30.0 15.5
4 344 1.69 0.21 038 0.10 0.30 0.077 444 29.6 16.5
5 343 1.66 050 039 0.10 0.12 na 48.0 323 17.1
Iron N to first minor crack N to first major crack total cracks in 2000 cycles
1 475 925 : 28
2 800 1075 15
3 775 1475 11
4 925 1325 9
5 1100 1550 11

A stack of 14 specimens (four of which were dummies) in an alumina heat transfer medium
was cycled between about 200 and 590C at the fin surface (beds were at 955 and 95C) Samples were
held 5 s at the high temperature, then cooled for 120 s. Because the fin heats and cools faster than
the hub, compressive hoop stresses are created in the fin during heating and tensile stresses during
cooling. Cracks form on the outer diameter of the fin. Gundlach measured the number of cracks and
total length of cracks versus number of cycles for each specimen, Figure 19.

Irons with Cr+Mo retained the highest percentage of tensile strength at high temperatures;
irons containing Mo exhibited highest rupture strength and best creep resistance. Also alloyed irons
resisted pearlite decomposition at long times. Alloying reduced the number of cracks and the length
of the cracks compared-to the unalloyed class 35 gray iron (#1); high Mo+Cr was best. All irons
had similar thermal coefficient of expansion and similar thermal conductivity (since about same
carbon level and thus same amount of graphite) and also similar modulus of elasticity. The number
of cycles to the second minor crack correlated very well with tensile strength (both room T and
540C), Figure 20; tensile strength was the most dominant property influencing thermal fatigue
resistance. In these tests, exposure times were very short — creep not expected to be a factor.

Roehrig® also describes the results of Diesburg’s (unpublished) results using the same
conditions as Gundlach®, showing the effect of crack length versus number of thermal cycles for gray
iron containing various Mo levels when the fins were cycled between 650 and 290C, Figure 21.
Additional tests were performed on a variety of irons, cycling between 720 and 290 C in one case and
between 590 and 200C in a second case. Roehrig points out that Mo has a beneficial effect on the
resistance of gray iron to thermal fatigue. On the other hand, even 5% free ferrite was detrimental
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compared to a fully pearlitic matrix, Table 7. On comparing results from different sets of tests,
Roehrig notes that increasing the temperature range of the thermal cycle is very significant; increasing
the difference by 130C changed the number of cycles for, first cracking by a factor of 3 to 4. In yet
another set of tests, Roehrig compares the resistance to cracking of ductile and CG irons to gray iron
for thermal cycling between 690 and 240C.

Table 7: Effect of ferrite on cracking in the finned disc thermal
fatigue test for several irons.®

. N (first minor) N (first major)

gray (10%F) 170 220
ductile (19%F) 360 370
@47%F) 700 800
(61%F) 700 800
CG (5%F) 340 380
(5%F+Mo) 350 380
(40%F) 430 460
(40%F+Mo) 430 510

Ferrite is beneficial in ductile and CG iron, just the opposite of that observed in gray iron; in
addition, all of the ductile and CG irons performed better than the unalloyed gray iron containing
ferrite, although not as well as most of the all-pearlitic irons noted by Gundlach. Ferritic ductile
irons cycled between 590 and 200C compare favorably to gray irons. When too much silicon is
added to encourage ferrite, the K and ductility decrease and their resistance to thermal fatigue suffers.

Gundlach® tested the same irons using the finned disc thermal shock test that he tested using
the constrained bar method. The specimens were cycled between 95C and 955C, using zircon sand
as the fluidized beds. The samples were heated for five seconds, then cooled for 120 seconds. In
these tests, gray iron, particularly when alloyed with molybdenum, provided the best resistance to
cracking; the molybdenum presumably provided better performance due to its effect on elevated
temperature tensile strength, Table 8. The CG irons cracked rapidly, although increasing the amount
of ferrite improved the performance. Molybdenum additions to the CG irons did not provide a
beneficial effect.

Table 8: Effect of Mo on number of cycles to cracking for several
irons using the finned disc method.”

unalloyed gray 775 cycles before first major crack
Ni-Cu-Mo gray no cracks after 2000 cycles

Cu-CG 175
Cu-Mo CG 150
Cu-Sn CG 100

Cu-Mo-Sn CG 75
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Bridge thermal fatigue test

Roehrig® reviewed a test specimen used by Buderus AG in which a flat disk containing holes
is partially submerged in water, Figure 22, while the bridge between the holes is induction heated to
650C. Figure 23 shows the number of cycles to produce cracking in several irons. Higher strength
irons produced better resistance to cracking, except when a ferritic matrix containing high Si-Mo was
used; the highly alloyed iron had good strength and no problem, of course, with pearlite
decomposition. The high strength pearlitic ductile and gray irons suffered from decomposition of the
pearlite.

Cylinder test

In an effort to more closely duplicate the conditions found in permanent molds, Davis et. al.Z
designed a hollow cylindrical test specimen through which cooling water could be passed. An
induction coil heated just a portion of the cylinder. Consequently large temperature gradients between
the outer and inner surfaces as well as along the length of the cylinder were produced, eventually
leading to cracks. In one approach, the power was adjusted to cause the water temperature to
increase by 25C during the heating cycle (i.e. a constant input energy cycle test); the maximum
temperature obtained in the sample was lower for high thermal conductivity metals in this approach.
In a second approach, the power was adjusted to provide a 600C surface temperature for all
specimens. .

Using the cylinder test, Davis compared the resistance to thermal fatigue of gray, alloyed
gray, CG, ductile, and austenitic ductile irons. For the simulated permanent mold application, they
found that a high carbon equivalent gray iron performed best, with alloyed irons only slightly better
than unalloyed irons. Compacted graphite iron behaved poorly in this situation, which utilized the
constant input energy approach. Adding up to 0.5% Mo to the high carbon equivalent iron did not
improve resistance to cracking. The presence of even 5% ferrite in gray iron reduces the resistance
to cracking, although ferrite may be beneficial in CG and ductile irons; the reason may be related to
the path that a crack takes. In gray iron, cracks follow graphite flakes as much as possible, then
cross through pearlite in a zig-zag manner, following the lamellae until bridging must occur;
additional energy is required for the bridging within the pearlite. In addition, ferrite will reduce the
tensile strength of the iron, as well as its resistance to wear. They also found that the temperature
and the maximum temperature cycle are both important. Increasing the temperature cycle by 50C
may double the risk of cracking. In addition, there is a critical temperature above which cracking is
particularly likely to occur; the critical temperature is between 500 and 600C for gray and CG iron,
and about 600C for ductile iron. Finally, they note that a high conductivity material may be
beneficial because the temperature of the mold surface remains low.

Contradictions
A number of contradictory results have been observed in the various studies, in some cases
perhaps caused by the different types of test that are used. Some notable contradictions, as pointed
out by Rukadikar and Reddy?®, include )

- In a number of studies, resistance to thermal fatigue correlates closely with tensile strength,
while in others, tensile strength is a poor predictor for thermal fatigue. Furthermore,

204




bainitic gray irons, having a high tensile strength, do not appear to provide good resistance
to thermal fatigue. :
. \
- High carbon contents in gray irons often are found to provide good thermal fatigue
resistance, but in some studies, the high carbon contents did not appear to be helpful.

- While a number of studies indicate that alloying additions, such as Mo, provide
improvement in thermal fatigue resistance, others indicate no beneficial influence of Mo.
Prediction of Thermal Fatigue Resistance of Materials
In order to incorporate a number of proberties that influence thermal fatigue resistance into an

expression that might assist in the design or selection of materials, various quality factors have been
proposed, such as those described by Eichelberger®, Bertodo?, and Nechtelberger'Z:

Q= (-¥K/aE Equation 5
Q =UTSF,/aHB Equation 6
'Q=UTSK/oE : Equation 7

where v is Poisson’s ratio, K is the thermal conductivity, « is the coefficient of thermal expansion, E
is the modulus of elasticity, UTS is the tensile strength, F, is the precipitous relaxation stress, and HB
is the Brinell hardness. These quality factors have been used in evaluating materials for use in
combustion engine parts. Materials with a high thermal conductivity, low expansion and low
stiffness, high strength but low hardness all give a high quality factor; gray cast iron with a pearlitic
matrix, perhaps strengthened with alloying elements, ought to produce a high quality factor. A
aumber of investigators have demonstrated that gray iron with a pearlite matrix does generally
perform better in thermal fatigue and thermal shock in combustion and brake components.

Alloy combinations of chromium and molybdenum appear to provide the best results — chromium
helps stabilize the microstructure and improves resistance to growth and distortion, while
molybdenum improves strength and creep resistance.

When the thermal strain produced by temperature changes is small (small maximum
temperature change), then the tensile strength is particularly important. When larger strains (large
temperature range) are encountered, the ductility of the material becomes more important; this is
typical of severe braking of heavy duty vehicles. For the large strains, thermal fatigue can be
reduced by minimizing the plastic strain range per cycle or by increasing the ductility of the material.
The number of cycles required for failure by thermal fatigue can be estimated based on the properties
of a ductile material by

N = (/2)?/ [¢AT - (Opax + 0o)/EF Equation 8
where ¢ is the strain at fracture. This equation, which may help to explain the behavior of materials

such as ferritic ductile iron and perhaps compacted graphite iron, is not applicable to gray iron.
Instead, for brittle materials such as gray iron,

205




N'eAT = B Equation 9
appears to provide better correlation with thermal fatigue. \

Rukadikar and Reddy®, in an effort to predict the thermal fatigue life of gray iron, proposed
a thermal durability index (TDI) to take into account both mechanical and thermophysical properties
of the material. The TDI is defined as

TDI = Tensile strength at a temperature when oth_occurs Equation 10

Maximum thermal stress, oth

A high tensile strength and thermal conductivity, and a low value of modulus of elasticity and
coefficient of thermal expansion, give a high TDI and thus better fatigue life.

They studied 23 irons having various carbon, silicon, Mo, Cr, Ni, V, Sn, Sb, Cu, and Al
levels, Table 9. All of the specimens were pearlitic; however the interlamellar spacing of the pearlite
varied and the size and type of graphite also varied from coarse Type A to mixtures of Types B and
D. The tensile strength, modulus of elasticity, and coefficient of thermal ‘expansion were determined
at temperatures up to 700C, and thermal conductivity measured up to 500C. The finned disc sample
was modeled to obtain transient temperature distributions for several cycles and cooling rates: 700-
40C with water cooling, 600-40C with water cooling, 50040C with water cooling, and 720-290C
with air cooling. The thermal stress distribution is then calculated from the temperature distribution,
using the experimental values for modulus of elasticity and coefficient of thermal expansion. Finally,
the TDI value is calculated, Table 9. The thermal fatigue resistance of each of the irons, for all four
thermal cycles, were then measured experimentally: heating of the discs was done in a salt bath. The
number of cycles to the first major crack (Table 9), the number of cracks after a selected number of
cycles (Figure 24), and the propagation of the cracks (Figure 24) were all measured.

They found that the thermal fatigue life decreased with (a) increasing operating temperature,
(b) increasing temperature gradient, (c) increase in heat transfer coefficient of the heating/cooling
media, and (d) increasing component thickness. After defining several nondimensional parameters,
the fatigue life N can be expressed as

N; = -R(TDD Equation 11
(Tor/Toe)* (AT/T,)® ((BD)°(Fo)°

where T,,;, = (Toux + Tow)/2, AT = Ty - Tas, Bi is Biot’s number, Fo is Fourier’s humber; and
A, B, C, D, and R are constants. Based on the experimental results for thermal fatigue, the five
constants could be determined, giving an equation of :

Ne=___ (21.06 x 10(TDI) Equation 12
(T T ATT, ) 81 Fol™
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For each of the four thermal cycles that were tested, the equations become

Ne =19 (TDD «.evereerrerneennnnnnnns 700-40C cycle

N
N; = 31 (TD]) ............... ereeeenens 600-40C cycle Equation 13
Nt =41 (TDD .eueevrivneerneennnnns 50040C cycle :
Nt = 65 (IDI) ..euureerivnneerenennnne 720-290C cycle

Reasonably good correlation was observed between the actual and predicted fatigue lives, as
illustrated in Figure 25. Unfortunately, no details on how TDI was calculated were provided in the
paper. The results also predict that irons containing Mo, Mo+Cr, and Cr+Cu give high TDIs and
thus good resistance to thermal fatigue. High Si irons and those containing Cr+Sb give low TDIs
and poor resistance. Some of these predictions have been verified by other researchers.

Measurement of Thermal Stresses and Strains

. Direct measurement of stresses and strains induced during thermal fatigue is not an easy task,
particularly for complex geometries that might be found in an actual operating permanent mold.
Gundlach used a load cell embedded in the grips of his apparatus and measured the stress exerted on
the grips by the specimen.

Applications versus Materials

The conditions observed during operation of a component help to determine the optimum
material that would best withstand thermal fatigue. _

Ingot Molds: Because they reach T of 800 to 970C, phase transformations can occur and
temperature differences exceed 300C°. Oxidation becomes a problem. A high C, low Si, material
with low modulus and high K is beneficial; high Mn is used to reduce ferritization. However for
small (less than 5T) molds, ductile iron may be better, although temperature gradients may be quite a
bit higher and thermal stresses may be double; however tensile strength of ductile is about 4 times
that of gray. Ductile restricted to small molds due to distortion problems. Gundlach® also notes that
high C is desirable; matrix is not important but Cr-pearlitic iron with carbides does crack, while high
P is helpful® — at high T (600C) high C is good but Ni, Cr, Mo, V, Zr, Sn, Al, are bad; for
intermediate T (S50C) high C is good as is Mo; for low T (500C) Mo is again good

Exhaust Manifolds: Operate near 500C and conditions similar to constrained bar test.
Oxidation and ferritization are not important. Typically unalloyed or Cr-alloyed gray iron and with
medium carbon are used.® Ferritic ductile irons have better thermal fatigue resistance than gray iron,
but due to thin sections are more subject to distortion; addition of Mo helps prevent this problem.

Cylinder Heads: These typically operate below 450C, where oxidation is not a problem.
Compositions are generally relatively low carbon equivalents for good strength. However higher
carbon may be used to reduce thermal fatigue problems. Some very large engines, such as those in
ships, may use ductile iron.
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Brake drums and brake discs: Gundlach® notes that high graphitic carbon is desirable.
Crosby and Timmons® found that Mo improved resistance to heat checking. Willer* found that a CE
of 44.2% and all pearlite matrix is best and that carbide stabilizing elements should be low. Dunks
and Turner™ found that compacted graphite iron was free from thermal checking, while gray iron
cracked severely. '

Permanent molds: For permanent mold casting, however, cast iron molds are almost
universally used. General practice is to use high carbon equivalent gray iron with relatively high (0.6
to 1.0) manganese; lower silicon contents might be typical for producing ferrous castings. Cast irons
are also used for many other applications, including ingot molds, gasoline and diesel engine
components, exhaust manifolds, brake components, and others that require resistance to temperature
cycles. Ingot molds normally require high carbon equivalents gray irons (for high thermal
conductivity) or often compacted graphite or ductile irons, while engine parts use lower carbon
equivalent gray irons (for a better compromise of thermal conductivity and high strength). Research
has therefore been directed towards fatigue crack growth in ductile, compacted graphite, gray, and
malleable cast irons> % ¢ 17 27- 36,

Computer Simulations

The permanent mold process has been the subject of several computer simulations. With the
popularity of high speed computers, combined with the availability of complex modeling software
packages, the trial and error approach to problem solving can be minimized. These computer
"models” take into account the mold material, the coating properties, coating thickness, solidification
time of the casting, ejection time, cycle time, and other variables needed to predict the optimum
pouring time and mold design. These models may eventually permit permanent mold foundries to
cast high quality castings on the first run of a mold™ *.

Crack Nucleation, Growth, aqd Morphology

Nucleation and growth of the thermal fatigue cracks is somewhat different for the different
types of cast irons. Initiation of cracks is associated with the graphite phase, often leading to muitiple
crack sites. Both Shea®! and Roehrig® have examined the morphology of the cracks.

Gray iron

According to Shea?, the rate controlling step in the thermal fatigue of gray iron is nucleation
of the cracks in the graphite flake. Cracks initially propagate through the interior of the graphite
flakes rather than by decohesion of the graphite-matrix interface. This represents fracture along basal
planes of the graphite, known to have a low cohesion strength.

Crack propagation in gray iron is facilitated by the interconnected graphite and close spacing
between graphite flakes. Cracks follow the shortest path from one flake to another, not necessarily
from one tip to another tip. Growth through the flake is rapid and is not influenced by the matrix,
grain boundaries, or pearlite orientation; Shea found that cracks propagated through pearlite both in
interlamellar and translamellar modes.

~
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Roehrig® found that both major and minor cracks form in gray iron and follow the graphite
flakes. Many short cracks and crack branching occur in gray iron, perhaps because of the
interconnected nature of the graphite. Oxidation along graphite flakes can weaken the gray iron,
decrease thermal conductivity, and even cause growth. All of these will make it easier for a crack to
propagate. Temperatures above about 550C may cause oxidation to be particularly severe.

Davis® also found that cracks follow the graphite flakes as much as possible, then propagate
through a pearlite matrix when necessary. However he found that the cracks tend to be
predominantly interlamellar, only following a transiamellar path to provide bridging; this produces a
zig-zag crack path.

Ductile and Compacted Graphite iron

In ductile iron, cracks initiate at the graphite-ferrite interface because the nodular graphite
cannot accommodate large strains in the matrix and because the basal planes (with the lowest cohesion
strength) are radial®. Cracks propagate radially through the ferrite ring and into any pearlite, heading
for another nodule. Plastic deformation of ferrite may arrest crack; according to Shea, the rate
controlling step may be renucleation of the crack in the matrix. Roehrig® points out that this different
growth mechanism leads to only one major crack, rather than the multiple cracks observed in gray
iron. The cracks eventually connect one nodule to another.

Because of the interconnected graphite in CG iron, crack initiation and growth is similar to
that in gray iron.

Discussion

Very little information is provided in the literature concerning the resistance of permanent
molds to thermal fatigue. Most of the work concerning the thermal behavior of cast irons is directed
more towards automotive and diesel engine components, including cylinder blocks, exhaust manifolds,
and brake parts. In some applications, compacted graphite and ductile cast irons are considered to be
optimum materials, at least in comparison to gray iron; these applications include those in which the
iron is heated above the transition temperature, and hence the thermal stresses introduced due to the
phase transformations must be accommodated. )

For applications (including permanent molds) in which subcritical peak temperatures are
achieved, gray cast iron appears to generally behave best. High surface strain leads to high stresses
and more rapid failure?; consequently a large volume of graphite should result in lower surface
strains due to the ability of the graphite to accommodate expansion of the matrix. A large amount of
graphite also improves the thermal conductivity. An iron with a low modulus of elasticity and high
resistance to plastic deformation can minimize thermal stresses and a high thermal conductivity will
minimize temperature differences; again, this is typical of high carbon gray irons. On the other hand,
a high tensile strength and fatigue strength to withstand the thermal stresses requires that the gray iron
have a pearlitic matrix. The material must resist oxidation and structural changes, including creep;
alloying a gray iron, particularly with molybdenum and/or chromium, helps meet these requirements.
While higher tensile and fatigue strengths can be achieved using ductile iron, ductile iron also has a
high modulus and low conductivity.
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Virtually nothing in the literature is provided concerning the effect of mold design, including
geometry, and other processing variables, in particular the mold coating. A mold coating would be
expected to improve resistance to thermal fatigue by minimizing the surface temperature, and
therefore the magnitude of thermal stresses and strains.

Several aspects related to thermal fatigue have been studied. Mathematical modeling is one of
the important topics; however as cracks form and interact, the models become very complex. Other
studies show that the temperature range of the thermal cycle has a crucial impact on the life of a
material. By decreasing the maximum temperature of a cycle by as little as 40C, the life of the
material can increase by as much as four times. Smaller sections fail more quickly because of the
larger stress cycles created by rapid heating and cooling.

Future research should be directed towards testing of actual mold materials and a variety of
mold configurations, permitting the creation of a data base that could be used for the design of
permanent molds. Furthermore, the effect of the operating cycle, particularly the effect of stresses
introduced during start-up/shut-down operations versus continuous running, must be studied.
Development of effective and validated computer simulations may represent an important and cost-
effective step in understanding failure of the molds and for improving mold life.
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Figure 1: The effect of the maximum temperature of the thermal cycle on thermal fatigue in gray
jron. Irons containing Cr or Mo are near the bottom of the band.”
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Figure 2: The effect of volume percent graphite on the relative severity of cracking in gray cast irons.
Specimens were held at 450C for 2 s, then quenched to room temperature. The deleterious effect of
Type D graphite is illustrated.®
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Fig_ui'e. 3: The "mushroom” thermal fatigue specimen used to simulate conditions found in a diesel
cylinder head. Dimensions are given in millimeters.!2
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Figure 4: Effect of composition and number of cycles on the depth of cracks in the "mushroom”
thermal fatigue specimens. The specimens were cycled between 460C and room temperature. !
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al stresses and cycles to fracture for

several gray irons using the constrained thermal fatigue test. High strength, high modulus irons

developed the highest stresses but also displayed the best resistance to fatigue.'’
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Figure 8: Corelation of thermal fatigue life with that predicted from the regression equation

(Equation 2)."
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tensile strength on number of cycles to failure in the constrained thermal
urve shows the effect of tensile strength of the gray iron, while the points
the contribution from improved creep resistance.”
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Figure 10: The effect of molybdenum in gray iron on the.number of cycles to failure in the
constrained thermal fatigue test.!”
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Figure 12: The effect of tensile strength and molybdenum content on the cycles to failure for gray
irons in the constrained thermal fatigue test. Molybdenum-additions provide an effect above that of
tensile strength by improving creep resistance.'
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Fiigure 14: Effect of molybdenum and silicon on the cycles to failure in the constrained thermal

fatigue test®.
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Figure 15: Test apparatus used to produce temperature gradients in the constrained disc thermal
fatigue test.!
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