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STRUCTURE AND PROPERTIES OF CAST ALLOYS

ONR Contract N000l4—75—C—0800

Technical Summary

Work since the last technical report has concentrated on two areas:

understanding segregation phenomena in nickel base superalloys and

directional solidification of peritectic alloys. Additionally, some

work has been aimed at preparing NITINOL alloys. An attached paper1

reviews work on modelling of casting processes including pulsed arc

welding2.

Directional Solidification of Peritectic Alloys

Controlled directional solidification of peritectics led to surprising

results. In Pb—Bi an Sn—Cd model systems, it was found tha t moderate values

of the ratio of thermal gradient to growth rate, G/R, led to aligned two

phase composites; while high values of G/R led to supersaturated single

phase alloys35 . A theory was developed to relate growth conditions to

microstructures in these systems. Extensive electron microprobe measurements

of Sn — Cd samples have been taken in the region of the three phase cellular

interface (c + ~ + L), the planar 5/L interface, and banding associated with

b reakdown of the planar d structure . Agreement of the theory developed

with the electron microprobe results can be obtained only if the published

phase diagram for Sn — Cd is incorrect. A check on the pertinent part of

the Sn — Cd phase diagram will be made .

Planned work includes thermal measurement of the interf ace temperatures

in the Sn - Cd system plus extension of the experimental work to systems

with higher peritectic reaction temperatures. The experiments on the new

system will be used to determine if the observations and theory developed

in the low temperature systems are applicable to higher temperature systems.



Segregation in Nickel Base Superalloys

Studies of segregation in nickel base superalloys indicated (.11 that

extent of microsegregation varied with cooling rate in the range of io 2

to 102 °C/sec. and (2) that hafnium additions accentuate the macroseg—

regation associated with changes in cross section.6’7, In order to

gain a fundamental basis for understanding the aforementioned segregation

behavior, a procedure was developed for determining the distribution

coefficient for the key substitutional elements, measurements of the

liquid densities of several alloys were made to develop the relation of

liquid density to alloy composition and temperature, and theories of micro—

and macrosegregation have been applied to the solidification of these ten

component alloys.

The distribution coefficient for hafnium is much less than one and

hafnium promotes eutectic formation. In hafnium modified alloys, diffusion

in the solid dendrites during freezing appears to be retarded leading to

near maximum eutectic formation during freezing. There is significant

redistribution of solute elements during the freezing of alloys with no

hafnium additions and the eutectic formed is closer to the equilibrium

prediction.

The density of the last liquid to freeze in alloys without hafnium is

less than the nominal liquid density. The addition of hafnium, which con-

centrates in the liquid, decreases the difference in densities, However,

the major influence of hafnium on the macrosegregation tendencies of nickel

base superalloys stems from its low distribution coefficient and its eutectic

forming character. The details of this investigation are the subject of

the next technical report .



NITINOL Casting

In cooperation with the Naval Surface Weapons Systems Laboratory,

we have been developing research lot procedures for preparing NITINOL

alloys. These alloys are made available for research purposes. NITINOL

alloys have been prepared in approximately one pound and ten pound lots.

The smaller quantities are formed by arc melting and drop casting.

First buttons of titanium, from sponge, and nickel, from electrolytic

nickel, are arc melting under about one—third atmosphere of argon. Then

the buttons are cut and weighed to the nearest 0.0005 grams to prepare the

NITINOL charge. The pieces are arc melted into a button, flipped and melted

again. Then the button is placed in a hearth with a central hole. The

alloy is melted again and allowed to drop through the hearth into split

copper molds.

The larger lots are formed by induction melting. First the nickel

shoe and titanium sponge in the desired proportions are partially fused to

make 0.5 — 1 pound compacts to fit the induction melting crucible. The

crucible pouring lip and molds are all made of machined graphite. A

starter slice of NITINOL is placed in the bottom of the crucible and the

partially fused compacts of titanium sponge and nickel shot are stacked

above. The melts are made under a vacuum of 1 — 10 microns and poured into

unheated, risered molds.

p
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SIMULATION OF SOLIDIFICATION PROCESSES

HARQLD D, BRODY
UN1VER~1TY OF PITTSBURGH

ABSTRACT

Process modelling has been applied to analysis of solidifica-
tion operations and phenomena for the purpose of increasing basic
understanding of the processes, to develop procedures for design
and control, CAD/CAM , and to aid in automation. Simulation of
solidification is illustrated by models of the development of
microsegregation , heat flow in pulsed arc welding, heat flow in
large ingots/castings, heat flow and stress in continuous casting,
designing castings for mechanical properties, and automatic genera-
tion of patterns for shaped castings. Areas for continued research
and development are suggested for these areas of casting interest.

A solidification step is included in the processing of most of the items

made from ~etals and alloys. The cast structure (porosity, tears, inclusion

size and distribution, dendrite morphology, grain size, microsegregation and

macrosecregation) produced in shaped castings is modified only slightly

before the part is put in service. For ingots, continuously cast slabs,

billets, and rods, incrementally solidified ingots (ESR ,VAR), and atomized powder ,

the cast structure is modified by thermomechanical processing . However the

influence of the cast structure carries to the final product. Further , the

cast structure influences the success of thermomechanical processing and

overall productivity. In welding, solidification within and adjacent to the

fusion zone is critical to the quality of welded components.

The modelling of solidification processes to date has been directed ,

primarily, to gaining a better understandinq of the influence on cast

structure by the casting parameters and alloy properties. Process modelling

will be increasing in importance for process design (CAD/CAM ) and automation.
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In solidification of alloys the models that have been developed are concerned

with

• the phase transformation, i.e. morphology and kinetics .

the transfer of heat by all modes within the alloy , wi thin
the mold, and to the environment

• fluid flow in the bulk liquid , in the mushy zone (region
where solid and liquid coexist), and in the mold

mass transfer by diffusion in liquid and solid phases
and by bulk flow in the liquid

stress build up and deformation by thermoelastic , plastic
and creep deformations.

Simulation of alloy solidification for research purposes has been combined

with experimentation to upgrade our understanding of casting practice from a

near black art two decades ago. Solidification principles have been developed

in a step-by-step progression. Simulations have been tried based on existing

principles and judgment. The predictions of the simulations have been tested

by critical experimentation. Often it became clear that important factors

had been ignored or given too little weight. Measurements were made to

characterize behavior and/or determine material properties or operating

parameters. Then, improved models were developed based on the upgraded

principles and expanded data base to start another cycle of simulation and

experimentation. Progress made supports continued application of the

two pronged approach to increasing definition of solidification principles

and the understanding of solidification behavior in complex casting processes

and multicomponent alloys.

A model is limited in its applicability by the valididty of the

assumptions on which it is based and the accuracy of the input data. Once

a model is developed it is essential that it be validated. This may

be a difficult task. The complexity of the process being simulated might rule

out the use of analytical expressions to check the numerical techniques; and
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it may be prohibitively expensive or difficult to make direct measurements

on the process. It should be pointed out that in not a few cases the

availability of a model has spurred the collection of data that proved

surprisingly useful on its own. A model will be exptrapolated beyond the

region where it has been validated. The success of the extrapolation will

depend on the care and insight that go into model building and the effort

that is expended in validating the model.

The use of process modelling for process control and automation has

been growing slowly , but application now promises to expand manifold . As a

result solidification processes can or will be run more reliably, decisions

based on computations made more quickly, documentation and record searching

more encompassing and efficient. The processes and design of processes will

be less dependent on the experience of a few key individuals. In short,

application of computers will be based on process models and the control

afforded will improve reliability and productivity.

Further, the utilization of computers for process simulation should

provide a tool for utilizing more powerful design concepts. The designers ’

“black magic” or intuition will be put on a sounder base . Design principles

that could not be carried further than “rules of thumb” or semiquantitative

guidelines (e .g .  Chvorinov ’s rule , Caine ’s curves , feeding distances1’2 )

could be expanded to have bases in the principles of heat flow, fluid flow,

mechanics , and metallurgical structure. Beyond designing castings to avoid

~gross shrinkage with a reasonable yield , castings could be designed to meet

high mechanical property requirements.
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Microsegregation

The study of microsegregation in the dendritic freezing of binary alloys

provides a well-known feature of cast structures that results from the partitioning

of solute between solid and liquid phases.1 An initially homogeneous liquid

will yield solid with a nonuniform distribution of solute on the scale of the

dendrite arm spacing. The relative importance of liquid and solid diffusion in

controlling solute redistribution during freezing was resolved by the two pronged

approach.
3’4 A model was developed by selecting a characteristic volume

element and by making reasonable assumptions about the thermal condition , mass

transport, and geometric character of dendritic freezing. The basis of the model

is illustrated in Figures 1 and 2. A finite difference numerical anlaysis

technique was used to compute the contribution of solute diffusion in

the growing solid phase to reducing the extent of microsegregation.

The model, which was intentionally kept simple, was applied to a simple

binary eutectic system , i.e., aluminum-copper alloys; and unexpectedly, the model

indicated that

• There should be a measurable contribution from diffusion
in the solid phase, i.e. limited solid diffusion .

• Microsegregation manifests itself by lowering the
solidus temperature to the eutectic, by producing
coring in the primary phase dendrites , and by producing
or increasing the eutectic constituent.

• By inference, and also calculable by the model,
when diffusion in the solid is limited , diffusion
within the liquid of the volume element must be
complete.

The reduction in coring on cooling below the eutectic
temperature is much less significant than during freezing.

The extent of as cast microsegregation is not very
sensitive to cooling rate for coimnon casting processes.

The predictions of the model could be checked experimentally. The amount

of eutectic had been measured for several copper contents previously , and

the results followed the trends of the model.4’5 If solid diffusion during
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freezing were significant, a change should occur in the composition of the

center of the dendrite. The solidification of small samples was interrupted

at different solid fractions and the copper content measured with

an electron microprobe.
4 

Results confirmed the prediction of the model

that the copper content at the centers of the dendrites increased during

freezing . Additionally, thermal measurements confirmed the basic assumption

of negligible undercooling at the dendrite tips.

Although the initial model was quite simple and the most important

materials parameter , the diffusion coefficient, was not known very accurately,

the model was instrumental in uncovering the factors that are key in determining

the extent of microsegregatiori in a wide range of casting practice. The

model has been modified since to determine and include the influence of

different dendrite geometries,6 dendrite coarsening ,
7 
systems with higher

6’8’9

and lower
7’10 solute diffusion coefficients than Cu in Al , grain structure,~

peritectic alloys,
9 
and selected ternary systems.

6 
Further the microsegregation

model has been included as a basic component of the development of models

-11 12 13 13 -of macrosegregation, inclusion formation, porosity, shrinkage, and

heat flow in E.S.R.’4 and D.C. casting)5 11

Further Research:

Microsegregation is not understood well enough for the analysis of

many nagging industrial and developmental problems. Further modelling promises

progress in understanding the principles and control of microsegregation ,

in particular in

• multicomponent systems where several components have
limited diffusion in the solid during freezing

• newer/non-conventional freezing processes where under-
coolings at dendrite tips may be a significant fraction
of the total freezing range.
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The data base of materials properties may be innufficient to allow

accurate representation of material behavior and prediction of microsegregation

in the cast structure. However, use of reasonable estimates of materials

properties will demonstrate the trends that may be expected, indicate the

range of casting conditions in which classes of behavior may be expected ,

and indicate which parameters are the ones that should be controlled .

Pulsed Arc Welding

A second example of the two pronged approach is current research

directed at gaining a fundamental understanding of the relation between

operating parameters, materials properties, and structure in the fusion zone

for pulsed tungsten arc welding. A two-dimensional heat flow model,
18’19

using finite difference techniques, has been developed to simulate the thermal

conditions in pulsed arc welding of sheets. A moving arc is simulated,

the power input is cycled as in the typical current cycle in Figure 3, heat

is transported from the fusion zone by conduction, and may be lost to the

surroundings by convection and radiation. Convective transfer in the liquid

pool is simulated indirectly by multiplying the thermal conductivity by an

arbitrary factor. Initially a factor of seven was selected based on previous

experience with continuous casting)7’20 The model was checked for

consistency with previous analyses which are applicable to continuous welding.

Agreement between the numerical model and Wells21 equation for predicting the

size of the fusion zone were good. Temperature distribution away from the fusion

zone was in good agreement with Adams22 equation , note Figure 4. Analytical

expressions were not available for either computation of temperature distribu-

tions in and near the fusion zone in continuous welding or temperature distribu-

tion and weld bead size in pulsed arc welding .
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Sheets of Fe-26%Ni were welded systematically changing peak and background

current Ci and i
b
)
~ 

the ratio of peak to background duration (t /t
b
)
~

period CT), and travel speed Cv) . Thermocouples were inserted in selected

welds . Thermal records of positions adjacent to the fusion zone in two

pulsed arc welds are shown in Figure 5.

Comparison of initial predictions of the model and experimental

measurement of the weld bead width indicated that the computed weld beads were

too small. It was determined that good agreement could be obtained if the

amount of convection simulated in the fusion zone were increased substantially by

multiplying the thermal conductivity by a factor of 25 (substantially higher

than the factor of seven used for continuous casting). Thus, the model

indicated substantial fluid motion accompanies pulsed arc welding . Concurrently,

metallographic evidence has pointed to the effect of fluid motion. Initial

analysis of high speed movies of the fusion zone indicates a complex pattern -

of fluid motion. With the inclusion of increased convection in the model

the predictions of growth rate and thermal gradient are in good agreement with

experimental

Further Research:

The initial disagreement between the model and the experimental results

pointed to the importance of fluid motion in pulsed welding processes and the

need for

• further modelling of the interaction of the magnetic
field of the pulsing arc, the thermal field , and the
alloy characteristics

• detailed experimental investigation of the influ ‘ce of
intense fluid motion on the structure of cast metals
under conditions of a steep thermal gradient.
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Designing Large Steel Castings

The design of molds for large steel rolls is a definite example of a

case where evaluation of alternate designs by computer simulation is much

less expensive than industrial trials. One design criterion is to avoid

regions likely to form gross shrinkage. This would require an analysis to

predict isotherm movement (especially liquidus and solidus isotherms) for

complex mold designs . The heat flow can be simulated by a two-dimensional

finite difference analysis representing the general cylindrical symmetry of

the mold design .23 The mold design is different at the drag neck , the cope

neck , and the roll body. Facing sands , metal chills, and external power input

have been used to control heat flow in the mold. A major concern is determining

the appropriate materials properties.

As example, simulating a mold design not used in practice, the position

of the liquidus and solidus isotherms at a stage near the beginning and the

end of freezing of a 130 cm. diameter roll are shown in Figures 6 and 7.

I_ is clear from these diagrams that the hypothetical mold design indicated

would lead to gross shrinkage in the roll body below the cope neck.

Further Research:

Such heat flow analyses for large static ingots and castings have become

common. The major need is to obtain the relevant thermal properties of mold

materials, alloys, and the effect of interface resistance. Of concern for

further study would be the analysis of rnacrosegregation and stress build up

in these large cast bodies. One factor with influence on macrosegregation

and on the macrostructure is convection in the liquid and mushy zc.~ es. More

modelling and experimental characterization is needed on the fluid motion.
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Control of Continuous Casting

For D.C. (direct chill) continuous casting one of the concerns is the

formation of radial cracks near the center. Modelling of the heat transfer

and build up of thermal stresses offers the possibility of understanding

the interaction of alloy and casting parameters that lead to cracking, defining

parameters to be controlled in order to reduce cracking , and a way of evaluating

the effect of changes in operating parameters and caster design. A side

benefit has come from the need to supply input data to the models. The

measurement of operating parameters and materials properties has uncovered

factors in current practice not realized previously.

14—16The model of steady state operation of D.C. casting of

cylindircal ingots is based on finite element methods of numerical

analysis for both heat flow and thermal stress. The heat flow analysis

is two dimensional (radial and axial), accounts for the motion of the ingot,

has varied boundary conditions for the refractory header, mold , and various

water cooling regions. In the mold the formation of an air gap may be taken

into account. For much of aluminum casting practice heat flow in radial and

axial directions are comparable. The thermal stress analysis is three

dimensional, taking into account thermoelastic , plastic, and creep deformations.

For convenience in interpretation the stresses may be normalized by dividing

the absolute stress in a region by the yield stress of the alloy at that

temperature.

Examples of the results of the model are - shown in Figures 8 through 10.

Figure 8 indicates the steady state position of liquidus and solidus isotherms

for ingots of different diameters. Figure 9 indicates the distribution of

normalized stresses in the larger of the D.C. ingots included in Figure 8.
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Figure 10 illustrates the use of the model to determine the effect of reduced

cooling for a controlled length below the mold. The maximum normalized stress

in the central region of the ingot near the solidus isotherm , which is related

to the formation of radial cracks , is shown in Figure 10 as a function of

the reduced cooling length and the heat transfer coefficient in the reduced

cooling zone. The aim would be to minimize the maximum normalized stress in

this region. On the other hand , the effect of these casting parameters on

surface stress and residual stress must be considered as well.

Further Research:

The modelling of continuous casting has substantial potential in

process control. In continuous casting there are a variety of parameters

that can be controlled and changed during operation. Because of the large

investment in capital equipment, it is advantageous to know well the

character of the operation and to be able to simulate the results of design or

operating modifications. Continued development of these models would benefit

from

• modelling of transient conditions

• better characterization of the mechanical properties
of alloys at high temperatures

• characterization and modelling of the effect of fluid
flow

• further collection of thermal properties of mold
materials and alloys and heat transfer coefficients

• development of fracture criteria suitable to casting
processes, e.g. hot tearing models.

Designing to Reach Critical Properties

The extension of heat flow modelling beyond analyses of macroscopic

defects, shrinkage, pipe, cracking , to the area of designing so as to

control cast microstructure and as a result to control strength and ductility

properties of the casting is within the scope of present understanding
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and hardware availability. The illustrations of the results of heat flow

analyses so far have been restricted to indicating positions and progress of

key isotherms. More detailed analysis of heat flow would allow calculation

of localized cooling rates, !1~, thermal gradients, G, and isotherm advance

rates , R. Making allowances for melting and teeming practice, variations in

chemistry , fluid motion , and the effect of subsequent thermomechanical

processing, G, R, and ‘t can be related to the main features of cast structure

and through them to the properties of the final product.

One example of the relation of the local thermal conditions to a micro-

structural feature has been developed for carbide (MC ) morphology in nickel

base superalloys,
24 

as shown in Figure 11. Sim~~ar maps relating microstructure

to heat flow parameters could be obtained for other features of cast structures,

including dendrite spacing, microporosity, average inclusion and other

particle diameter, and niicrosegregation. These features, in turn, have a

strong influence on mechanical properties. Although the relations have been

shown over and over again, they have not been placed on a generalized form

that is suitable for process design. The early work of Passxnore, et al.
25

illustrated in Figure 12 demonstrates the ability to control cast properties

by controlling heat flow and microstructure. While their results

were not reported in the fashion desired for design, it is reasonable to think

that the data could have been collected and reported as in Figure 13. Coupling

this type of map with a heat flow simulation would allow computer aided

design of casting processes with final properties as a design criterion.

Further Research:

The critical work needed here is a demonstration of the concept. Because

of this goal and others it would be useful to develop simulation techniques

that could handle an arbitrary three-dimensional geometry and arbitrary

boundary conditions. Such modelling might be based on group technology .

L~~~ _ _ _  ~~~~~~~~~~~~~~~~~
___________________
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Pattern Construction

The design and construction of a pattern for a shaped casting is a key

step that is often dependent for its performance on an individual with a

background of intuitive experience. 2 The design procedure requires judicious

application of rules of thumb, tedious calculations, and careful draftii.g .

The pattern must be designed to allow draft for drawing the pattern , enlarged

dimensions to allow for shrinkage, cores and core prints for forming internal

I
cavities in the part, risers and chills to feed shrinkage and promote progressive

freezing, and a gating system for filling the mold cavity. This is an example

of where computer software can be designed to do some or all of these steps

automatically in assistance of the designers.

The automatic transfer of the geometric description of the required

cast part to a computer console will be possible in the near future. The

calculation of draft and shrinkage allowance can be made to be automatic .

The designer could specify the position of risers and their dimensions or use

computer simulation to aid in making the rigging decisions. Also, the

designer could designate the gating system with or without the aid of computer

simulation. Then, the designer can prepare an N/C tape on the computer.

For record keeping purposes drawings of the pattern design can be made

automatically. The pattern itself can be accurately machined using the N/C tape

generated on the computer.

S~~mn~fl(

A few of many possible examples have been presented to indicate the

use of process modelling to aid in the understanding, design, control and

automation of solidification processes. When process modelling advances

are coupled with the present and promised advances in computer hardware

and software and the development of specialized instrumentation , it
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is anticipated that automation plus CAD/CAM will mushroom in casting

processes of all scales.

It should be emphasized however that simulation and CAD/CAM would

not remove the need for human input. Interaction of the engineer with

the CAD/CAM systems would be essential; and through the interaction the

engineer will be more efficient and will be able to consider and test

factors previously out of the scope of practicality. Efficiency will

result from the ability to make necessary calculations rapidly and accurately

with the results of the design placed reliably and consistently into a

useable form . The design generated by the CAD/CAM process can be saved to

accurately record the procedures followed, thus facilitating confirmation

of results and post mortem analysis. By present methods an inferior design might

be accepted because of impatience or an unwillingness to invest effort and

resources in further trial and error procedure. The CAD/CAM approach should

yield a good result in the first production run. Alternate design concepts

could be evaluated on the interactive screen and the best option selected .

Beyond automating and facilitating present practice, simulation affords

a more powerful tool for expanding the creativity of individuals. It allows

the application of design and control procedures based on complex simulations.

Also, it fosters new ideas and understanding by giving the researcher an

added tool.



—14—

Acknowledgements

The author is grateful to the Roll Manufacturers Institute and to

several colleagues for permission to include unpublished research. The

writing of this paper and much of the work used as examples were sponsored

by the Office of Naval Research under Contracts N00l4-75-C-0800 and

N0014-77—C-0596, Dr. Bruce MacDonald, Scientific Officer.



—15—

REFERENCES

1. M. C. Flenings, Solidification Processing, McGraw Hill (New York, 1974).

2. R. A. Flinn , Fundanentals of Metal Casting, Addison-Wesley (Reading , Mass.,
1963).

3. H. D. Brody and M. C. Flemings, “Solute Redistribution in Dendritic
Solidification,” Trans. TMS—AIME, 236 (1966), pp. 615-624.

4. T. F. Bower, H. D. Brody, and M. C. Flenirg s, “Measurement of Solute 
-

Redistribution in Dendritic Solidification,” Trans. TMS-AIME, 236 (1966),
pp. 62 5—634 .

5. A. B. Michael and M. B. Bever , “Solidification of Aluninun Rich Aluninun
Copper Alloys , ” Trans . TMS-AThE , 200 (1954) pp. 47-56 .

6. M. C. Flen ings , R. V. Barone , D. A. Poirier , and H. D. Brody , “Micro-
segregation in Iron Base Alloys , ” JISI , 208 ( 1970), pp. 371—381 .

7. L. H. Cadoff , “Effect of Dendrite Coarsening on Solute Redistribution
in Cast Alloys,” unpublished research, Metallurgical and Materials
Engineering, University of Pittsburgh.

8. .3. I. Nurninen and H. D. Brody, “Dendrite Morphology and Microsegregation
in Cast Titanium Alloys,” Titanium Science and Technology, Plenum
(New York, 1973), pp. 1893—1914.

9. J. S. Lee and H. D. Brody, “Segregation in Copper Base Alloys,” Annual
Report, Depar~nent of Metallurgical and Materials Engineerirg , University
of Pittsburgh, International Copper Research Association , Project #137
(August, 1972).

10. P. J. Ahearn and M. C. Flenings, “Dendrite Morphology of a Tin-Bianuth
Alloy,” Trans. TMS—AINE, 239 (1967), pp. 1590—1593.

11. G. E. Nereo and M. C. Flenings, “Macrosegregation, Part I,” Trans.
TMS~AIME, 239 (1967) , pp. 1449—1459.

12. M. C. Flemings and R. Mehrabian , “Macrosegregation in Ternary
Alloys,” Met. Trans., 1 (1970), pp. 455—464.

13. T. S. Piwonka and M. C. Flenings, “Pore Formation in Solidification ,”
Trans. TMS—AIME, 236 (1966), pp. 1157—1165.

14. L. - F. Carvajal, “Temperature Distribution and Freezing Zone Location in
Binary Alloys in Electroslag Reetelting ,” Ph.D. Dissertation, Mechanical
Engineering, University of Pittsburgh (1968) .

15. (a) .3. Mathew and H. D. Brody, “Analysis of Heat Transfer in Continuous
Casting Using a Finite Element Method,” Computer Simulation for Materials
Applications, Nuclear Metallurgy, A . .3. Arsenault, et al. (eds.), Vol. 20,
Part 2 (1976), pp. 1138—1150.



-16—

(b) 3. Mathew and H. D. Brody , “Simulation of Thermal Stresses in Continuous
Casting Using a Finite Element Method , ” Computer Simulation for
Materials Applications,” Nuclear Metallurgy, A. 3. Arsenault , et al. (eds.) ,
Vo.. 20, Part 2 (1976), pp. 978-990.

16. 3. Mathew and H. D. Brody, “Simulation of Heat Flow and Thermal Stresses in
Axisymmetric Continuous Casting,” Sheffield International Conference on
Solidification (July 1977), in press.

17. .3. Mathew, Ph.D. Dissertation, Metallurgical Engineering, University of
Pittsburgh, 1977.

18. H. D. Brody , et al., “Solidification Structures in Pulsed GTA Welded Fe-26Ni,”
to be published proceedings of AIME Symposium on Physical Metallurgy of
Welding, St. Louis (1978).

19. M. C. Vassilaros, et al., “Heat Flow Model of Pulsed Arc Welding ,” in
preparation .

20. E. A. Mizikar , “Mathematical Heat Transfer Model for Solidification of
Continuously Cast Steel Slabs , ” Transactions TMS-AIME, Vol. 39 (November ,
1967), pp. 1747—1753.

21. A. A. Wells, “Heat Flow in Welding,” Welding 3., 31 (1952), pp. 2635—2675.

22. C. N. Adams, Jr., “Cooling Rates and Peak Temperatures in Fusion Welding ,”
Welding J., 37 (1958), pp. 2105—2155.

23. A. A. Stoehr and H. D. Brody, “Solidification Contours of Selected Rolls,”
Roll Manufacturers Institute, Project No. 4lA (March, 1976).

24. H. D. Brody and A. F. Giamei, “Effect of Hafnium Modification on the
Solidification of Directionally Solidified Superalloys,” Interim Report,
USAF Contract F336l5-75C-5204 (August, 1976).

25. E. M. Passxnore, M. C. Fleinings and H. F. Taylor, “Fundamental Studies on
Effects of Solution Treatment, Iron Content, and Chilling of Sand Cast
Aluminum—Copper Alloy,” Trans. APS, 66 (1958), p. 96.

26. H. D. Brody, “Structure and Properties of Cast Non-ferrous Alloys,” in
Solidification Technology, Brook Hill (Chestnut Hill, Mass., 1974),
pp. 53—83.



List of Figures

Figure 1. Conceptual model of dendritic freezing: (a) portion of phase
diagram showing original composition , C0, and nonequilibriuxn freezing
range TL to TE, (b) schematic temperature distribution in the alloy
considered to be in contact with a mold wall to the left, and
(c) distribution of solute within the liquid of the mushy zone, Xr
to X~ , and ahead of the dendrite tips. The undercooling at the
dendrite tips is considered to be negligible in comparison to the
freezing range.

Figure 2. Conceptual model of dendritic freezing: (a) representation of
platelike, unbranched dendrites showing position of characteristic
volume element, and (b) expanded view of characteristic volume element.
Composition of the liquid within the volume element is uniform at

- any stage. The interface, A. , moves from A 0 to A = L as the
volume cools. 1

Figure 3. An idealized pulsed current waveform and associated definitions.

Figure 4. Comparison of temperature profiles computed by the Adams
equation and the new model.

Figure 5. Effect of pulsing frequency on temperature fluctuations adjacent
to the fusion zone on two pulsed arc welds. -

Figure 6. Position of liquid, liquid plus solid (mushy), and solid zones 
23in a large steel roll casting 4.0 hours after pouring, computed.

Figure 7 . Same casting as Figure 6 after 8.5 hours. Only liquid remaining
is at the top.23

Figure 8. Effect of casting size on the freezing profile in 5084 Al~Mg alloy.

Figure 9. Maximum normalised stress in a 38 cm diameter 5084 Al-Mg alloy
ingot cast at 10.2 cm/mm (4.0 in/mm ). (Axial and radial
divisions are equally spaced. Axial divisions are 2.5 cm.)

Figure 10. Effect of delayed quench on the maximum normalised stress near
solidification front in a 5084 Al-Mg alloy ingot.

Figure 11. Relation of carbide morphology in nickel base superalloy to
fundamental heat flow param eters.24

Figure 12. Work of Passmore, et al.25 indicates variation on properties
of an aluminum alloy chilled plate casting as a function of the
distance from the chilled end.

Figure 13. Hypothetical relation between elongation to failure and thermal
conditions during casting of an aluminum alloy.



Compo~~on -
~~~

II) 
.

solid soHd& liquid Liquid

Distanc.. X—
(b)

soLid 4 lIquid liquid

—

DLscanc.. X—
(C)

Figure 1. Conceptual model of dendritic freezing: (a) portion of phase
diagran showing original composition, C0, and nonequilibriu~ freezingrange TL to TE, (b) schematic temperature distribution in the alloy
considered to be in contact with a mold wall to the left, and
Cc) distribution of solute within the liq uid of the mushy zone, XrtO Xt and ahead of the dendrite tips. The undercooling at the
dendrite tips is considered to be negligible in comparison to the
freezing range.



solid I soLid & Liquid I Liquid

Distance. X
(a)

—

~~

— X’O (Dendrite Spin.)

soLid

X 
______ X’X, (Liquid-Solid Interface)

Ii-

X. I. (Midpoint Between
Two Dendrites ) -

( b)

Figure 2. Conceptual model of dendritic freezing: (a) representation of
platelike, unbranched dendrites showing position of characteristic
volume element, and (b) expanded view of characteristic volume element.
Composition of the liquid within the volume element is uniform at
any stage. The interface, A i, moves from A = 0 to A L as the
volume element cools. -



High

—

1~

C
1..

C-,
Low Pulse Current

1
L,e —

, 
Pulse Cycle _ _ _ _  

Pulse Frequency, f =
_ _ _ _  

(1) 
_ _ _ _ _ _ _ _ _ _ _ _ _ _

_ _  _ _ _ _ _ _ _ _ _ _  Time
High Low Pulse Time
Pulse (tb)
Time
(tn

)

Figure 3. An idealized pulse~! ct~rrent waveform and associated definitions.



> /1 I . ~D

II I U,
//

<I /
I 1/ /
I /7 /
L /1 ~ /

// V
~~~ ‘ L.J ~4 W

~~~~~~~~~~~~

v, .

I
I-. -.~ o~~

—I

U• Iii



Pt — Pt+ 1O% Rh
15. ~~ - Thermocouples -

14.716 - Weid No. i-4 -

f =6. 0Hz
T.C. to Weld ~

> 13.548 — Distance =0.29 Cm -

E
a,

~~ 12.380 - -

~ 11.212 — —

Weld No. i-i
10 044 — f=L0Hz

T.C. to Weld tDistance=0. 39 cm

8.876 -

1.0 sec

Time, Seconds

Figure 5. Effect of pulsing frequency on temperature fluctuations adjacent
to the fusion zone on two pulsed arc welds.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _  

4 .—.--- --•• - —- _IJ ... -~ . ‘.-. - •, -



I g. 8OD ~_ I

_ _ _ _ _  

z i rcon s a ne

I Ill
........~.Si iic a Sand

Figure 6. Position of liquid, liquid plus solid (mushy), and solid zones 23
in a 1az~e steel roll casting 4.0 hours 

after pouring , computed.



• 

•.J

~~~~~~~~~~~~~

.1ArE

~~~çi~~~

• 

_ _ _ _

Figure 7. Smne castizq as Figure 6 after 8.5 hours. Only liquid remaining
is at the top.23

“-TI 
- 

-- 
_



4 IN / I I I N ;  692 DE G ; 5 CM MOLD
—~~~— 16 CM D I R ;  ~~—~

-—— 38 Ctl DIR

18.98 13.14 7.39 1.46
a, I
a, &

I6 CM D I R

\\•‘ I
I. .

SOLIDUS 

-

- 

LIQUIDUS

3B CtI D IR 
. •

a,
Co
.

In.

a,a, - 
-

.
a,.

Figure 8. Effect of casting size on the freezing profile in 5084 Al—t4 alloy.



Maximum normalized stress

1 1.801
2 3.512 -.0.233
3 2.240 —0.103
4 0.974 0.446 —0.434
5 0.641 0.146 0.515
6 0.534 0.468 -.0.456
7 0.464 0.814 —0.979 —0.647
8 0.403 1.004 —1.294 —0.871
9 0.340 1.001 0.062 —1.909 —1.610
10 0.274 0.969 0.954 —3.137 —2.606
11 0.208 0.906 1.304 —1.99 1 —4.6 35 —9.370
12 0.131 0.859 1.101 —0.414 —6.553 —7.820 .i.’
13 0.089 0.767 1.050 0.731 —4.404 —9.265
14 0.078 0.659 1.030 1.480 —1.637 —8.439 .~
15 0.080 0.676 0.990 2.389 0.729 —4.510 ‘i-’
16 0.089 0.690 0.970 2.341 2.229 —0.517 0

17 0.097 0.688 0.985 1.870 3.465 2.122
18 0.101 1.668 1.012 1.655 2.661 3.304
19 0.098 0.631 1.056 1.541 2.138 1.186
20 0.087 0.581 1.084 1.513 1.947 1.876
21 0.072 0.529 1.092 1.562 1.896 1.802
22 0.073 0.486 1.097 1.625 1.975 1.893
23 0.070 0.466 1.114 1.684 2.118 2.081
24 0.056 0.462 1.152 1.757 2.258 2.320
25 0.055 0.469 1.209 1.848 2.402 2.558
26 0.070 0.485 1.275 1.952 2.546 2.779
27 0.101 0.514 1.335 2.049 2.684 2.976
28 —0.041 0.546 1.417 2.121 2.767 3.146

Bottom of ingot

Figure 9. Maximum normalised streSs in a 38 cm diameter 5084 Al-Mg alloy
ingot cast at 10.2 om,4nin (4.0 in/mm ). (Axial and radial
divisions are equally spaced. Axial divisions are 2.5 cm.)



4 IN/MIN. 38 CM DIR. 5 CM MOLD
AL— MG ALLOY

a,
a,

a,
a,

N
0~ -~~~~~

t&J a,

p- ..

—

—In-
-3cc

a,
a,

a,
a,

• 
~~.9ø 4’.Gø 8’.O ø 1’2.øø 1’6.90 2~~.9ø 2’4 .øø

LENGTH OF REDUCED HEAT TRANSFER ( CM )

Figure 10. Effect of delayed quench on the maximum normalised stress near
solidification front in a 5084 Al-Mg alloy ingot.

. - -- — S  — — S — 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~



- o G-18 ,G-25 G-30, A G- 2 1 , G-32 , 0 G-22.

: G-35 C-3. G-33 C-I. * G-23.

D G- 20,G-24, ,.~ G- 27 G-28, 0 G-26.
- G-31 C-6. ‘

~~G’-29 ,C-2.
/

• /
BLOCKY CARBIDES /

• 0 / 0
C-) £ /

0 V /
,_ 102 

~~~~~~~~~ 

8 
*

/ SCRIPT CARBIDES
/

/

10 I I I I I i i il  I I I I i i i l

I 10 02
GROWTH RATE ( cm/hr )

FIgure 11. Relation of carbide morphology in nickel base superalloy to
fundamental heat flow parameters.24

-•S•SS-*-—-••—---•—----————- - -
~____. ____ — -- -- •—-—- ---~ - - - - -• - - , S— ~—— ~~~~~~~~~~~~~~~



~~ 60 
U.T.S. ~~~~~~~~~~~~~~~~~~~~

FROM CHIL
0 - 1 .4 ” , 

-— 

A , 3 4
11

— 
N 

IS 55

02 0 -

• _
SOLUTION TIME , DAYS

• 960 980 1000 1Q10 1015 1020 1025 030

FINAL TEMPERATURE , °F.
0

Figure 12. Work of Pasamore, et al.25 indicates variation on properties
of an aluminun alloy chilled plate casting as a function of
the distance from the chilled end.



I % elongation

20%
•4%~~~ \‘~~%

- i  -

N
N

N S

Ing Isotherm Advance Rate, R

Figure 13. Hypothetical relation between elongation to failure and
thermal conditions during casting of an aluminum alloy.

______________ 
4

- — . •.— • • , _ .• -

~

.

~

• - — ___••~•S~ •~
__  ._~+•~~A $ ~~~

_S._ _


