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SECTION 1

INTRODUCTION

This report describes work performed under Contract NAS8-36035 on several

existing solidification models for which computer codes and documentation were

developed under Contract, NAS8-33573• The m'>dels describe -ne solidification

of alloys in which there is a time-varying zone of coexisting solid and liquid

phases; i.e., the S/L zone.	 The primary purpose of the models is to calculate

macrosegregation it a casting or ingot which results from flow of interden-

^^	 dritic liquid in this S/L zone durino solidification. 	 The flow, driven by

solidification contractions and by gravity acting on density gradients in the

interder^dritic liquid, is modeled as flow through a porous medium. In Model

1, the "steady-state model," the Feat flow characteristics are those of

steady-state solidification; i.e., the S/L zone is of constant width and it

moves at a constant velocity relative to the mold (1).	 In Model 2, the

"unsteady-state model," the width and rate of movement of the S/L zone are
u

allowed to vary with time as it moves through the ingot (2). 	 Each of these

models exists in two versions. 	 Models 1 and 2 are applicable to binary

alloys; models 1M and 2M are ap p licable to multicomponent alloys (3).

Several enh3ncPments to the models and their associated data bases are des-

cribed here.	 Two new multicomponent alloys, MAR-M246(Hf) and PWA 1480 (Alloy

454), were adoed to the data base. 	 The development of the data for these

alloys is described in Appendices A and 8; sample results are in Section 2. A

new graphical output selection iias been added to all four programs to allow

display of the region in the S/L zone where gas-caused porosity may develop.

This feature is described in Section 3 and in Appendix C. 	 All programs devel-

oped or modified under contracts NAS8-33573 and NAS8-36039 were installed on a

VAX* computer at Marshall Space Flight Center. The operating and maintenance

procedures for this installation of the materials processing programs are in

Section 4.

I*. _a'
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SECTION 2

NEW MULTICOMPONENT ALLOYS

f_!
The original solidification models were designed for binary alloys (1,2).

IThey operate from a data base :ontaining all input data `or each alloy, so

that applying the models to a new binary alloy just requires an addition to

the data base. Under a previous contract, parallel versions of the steady-

state and unsteady-state iodels were developed for multicomponent alloys. The

1	 change from binary to multicomponent a'loys required substantial model changes

(3).	 The multicomponent models also operate from a data base, so that

applying the model to the two ne— alloys, MAR-M246(Hf) and 'WA 1480, only

required that the alloy data be developed and included in the data base. 	 The

data were developed as shown in Appendi^_en A and B by Dr. Poirier of the Uni-

versity of Arizona.	 These data include the liquid and solid metal densities
i

and a local approximation to the phase diagram.	 Due to the limited time	 i

available under this contract, data were estimated by a purely analytical pro-

cess which used the published properties of related alloys and pure metals,

rather than determined empirically.	 The multicomponent data base now contains

three alloys; the alloy	 selection page of the interactive model input is	 1

shown below:

1

1 MAR-M246

2 MAR-M246(Hf)

3 PWA 1480 (ALLOY 454)

f

ENTER ALLOY NUMBER

I

1
Sample ca ,--es from the steady-state and the unsteady-state models for both new

alloys are in the following subsections.

2-1
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2.1	 MAR-M246(Hf)

I

The properties for MAR-M240'(Hf) are shown in Fig. 2.1. 	 Steaay-state and

i	 unsteady-state cases have been run for ,hi p same input canditions as the MAR-

M246 cases in Section, 3.4.3 and 3.4.4 of Ref. 3.	 The graphite] outiw from

I'1	 *_hose cases follows.

'	 PEF'ERfNCE Tc +0ERA-LPE :. 389E + 03 DEG C
:J'ECTiC TCMp=RATURE '.230E^03 DEG C
S& ID DENSIT'' 7.820E+20 GM/CMs:3
REFERENCE DE•VSI'Y 7.820E+00 r14/C"1•a3
SCSI-[D EUTECT:C DEr4SI T f 8.OSOE+E0 GM/CMs43
DENSITY/TE`F'ERATURE DEPENDENCE '.2SOE-03 GM/Cw4a3	 ' DEB C	 ;•
vI5COSI T 'r 4.000E-02 GM/ I CM*SEC)	 1
SLP ACE	 r[,4,_,,:% :.700E-03 i:YNES/r.M

I(
CCMPONENT	 CCMPOSITION EOUIL:BRIUM TE`PERATURE/ DENS --Y/	 HYDROGEN	 I

(WEIGHT PARTITION COMPQS:TION	 CO: 	 INTERACTION
PERCENT RATIO DEPENDENCE	 DEPENDENCE	 JEFFICIE,JT

f7R	 9.000E-00 9.000E-01 -2.200E+00	 -1.300E-02	 3.500E-03
':0	 I.000f.+d1 !.100E+00 0.000E*eO	 1.000E-03	 3.100E-05

j	 Ell.	 S. 5001: ,00 1.100E+00 -3.20ZE+00	 -i.:00E -01 	1.460E-02
'I	 1.50%1oe S.SOOE-01 -7.700E+20	 -3.500E-02	 1.340E-02
v	 1.000E+01 PM1.2-00 3.560E+00	 4.200^-02	 1.16.9E-02

r	 NO	 2.500E+00 6.500E-01 -1.000E+00	 3.300E-02	 i.i02E-02	 +)
'A	 '.500E+00 9.700E-01 -2.500E+00	 3.500E-02	 '.:OK-02

:.5000-01 2.500E-01 -6.100E+01	 -7.200E-01	 6.500E-02	 i
1{^	 1.500E+00 2.300E-01 -1.040E+01	 5.200E-02	 •.:00E-02

Fiqure 2.1. Properties of MAR-M246(Hf)^

1

2.1.1 STEADY-STATE EXAMPLE

Graphs are shown from the steady-state model operating on MAR-M246(Hf) for the

same solidification cinditions as in the MAR-M246 case in Ref. 3. 	 Fig. 2.2 is

a plot of volume fraction liquid across the S/L zone.	 Fig. 2.3 shows the

interdendritic fluid flow.	 Fig. 2.4 shows the final local average weight per-

cent of each element. 	 The maximum fluid velocity in this case is only about

one-Fourth the maximum velocity in the MAR-M246 case. 	 As in the case of MAR-

M246, the vectors are all vertical and downward, and there is no macrosegreaa-

tion.

2-2
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2.1.2 UNSTEADY-STATE EXAMPLE

The output shown here is directly comparable to the output nor MAR-M246 shown

in Ref. 3. The first two plots (Fig. 2.5 and 2.6) show the interder.^ritic

fluid flow in the Sh zone and contours of the weight percent of ch • omium in

the final solid when the solidus has progressed to 3 cm from the chill and the

Iiquidus is at 4 cm from the chi 11. The remaining plots (Fig. 2.7 through

2.15) show the vertical profile of each element in ?he solidified casting.

Because the solidification is vertical, there is essentially no segregarion

except for the inverse segregat on near the chill.

t

2-6
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2.2 PWA 1480 (ALLOY 454

The properties for PWt. 1480 are shown in Fig. 2.16. 	 Steady-state and

unsteady-state cases have been run for the sane input conditions as the MAR-

M246 cases in Sections 3.4.3 and 3.4.4 of Ref. 3.	 The graphical output from

those cases are shown in Sections 2.2.1 aid 2.2.2.

	

RE c ERF'r_E TEt PERAT,;RE 	 1. 466E-03 = 3 C

	

EJ TEC, iC T[MPERAT;;RE	 1 .2GOE-03 HE C
50_1? DEt•S:TY	 7.770E+U G4/C,4rr3
Wc =ERENCE GENSITY	 7.120E-00 GM/CMrr3

	

SO^IG E.TECTIC DENSITY	 7.668E+00 rte./CMrr
DEvSiTY/TEMPERa^.RE DEPENDENCE	 -1.250E-03 GM/CM.rr3 / DEG C
VIKOSITY	 4.000E-02 GM/'CMrSEC)
SLR1 7 ACE rENSiCN	 1.710f+03 DYNES/CM

CCMPONENT	 CCMPOSITION EOL! IL;BR.liM TEMPERATURE/ DENSITY/ 	 F4trDROGEN
(wEIGAIT	 PAR'ITION	 COMPOSITION COMPOSITION I'.1 ERAC-ION
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TA	 1.200E-0:	 i. WOE -01	 -2.S00F+00	 3.508E-02	 1.180E-02

Figure 2.10.	 Properties of PWA 1490 (Alloy 4541
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2.2.1 STEADY-STATE EXAMPLE

This example is directly ccwnparable to the steady-state example in Section 2.1

and to the MAP. - M 246 exampli in Ref. 3.	 The same three plots a-e shown (Fig.

2.17 ; 2.18, and 2.19).	 In tha caYe of PWA 1480, th- velocity vectors near "e
so'idus are vertical and point upward indicating some expan!ion of th- final

material to solidify.	 In this case, O e liquid eutect z has a density of 8.12

gm./cc while the solid eutectic has a density of 8.05 qm./cc. 	 The maximum

velocity occurs in the upward flowina materiai.	 With vertical, steady-state

sol i dification, no macrosegregation is predi:ted.
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2.2.2 UNSTEADY-STATE EXAMPLE

The output shown here is the same plot selection as for MAR-M246 shown in Ref.

3 and for MAR-M246(Hf) shown in Section 2.12. The first two plots (Fig. 2.20

and 2.21) show the interdendritic fluid F low in the S/L zone and contours of

the weight percent of chromium in the final solid when the solidus has

progressed to 3 cm from the chill and the liquidus is at '; cm from the chili.

The remaining plots (Fig. 2.22 t^,rough 2.27) show the vertical profile of each

element in the solidified casting. Because the solidification is vertical,

there is essentially no segregat i on except for the inverse segregation near

the chill.
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A.

SECTION 3

POROSITY PREDICTION

A new selection was added to the graphical output of all four models. The new

plot shows the region in the S/L zone where hydrogen bubbles may nucleate.

the steady-state models, this plot may be generated at the end of each case

(Fig. 3. 1).	 The plot can be repeated for any input values of ambient pressure

and initial amount of dissolved gas, because these values do not affect the

solidification. calculation.	 In the unsteady-state models, the porosity plot

may be generated at any checkpoint during the solidification while the S/L

zc„ie exits (Fig. 3.2). 1

The model	 predicts pore formation at a point	 in	 the	 S/L zone	 if

PG
	 >
^

p	 +. p	 +
o 

2 R /r	 (3.1)

	

i I
	 where

G
p	 - partial pressure of dissolved gas,

p o	- ambient pressure,

p	 - pressure due to fluid flow and metallostatic heioht,

°	 - surface tension, and

	

!	 r	 - bubble radius.

IDiscussions of the inequality (3.1) and of porosity in Ai-Cu alloys can be

found in Ref. 4 and 5.

	

^	 I

Before each plot is generated, the user is asked to input the ambient pressure

and the initial concentration of hydrogen it th,, liquid metal	 (Fia -	 3.1 and

3.2).	 The latter is used togeth-r	 with data on the solubilit y 	of hydrogen

in the alloy to calculate the partial pressure of dissolved 	 hydrogen in the

interdendritic liquid at the given temp erature and	 composition.	 The solubil-

ity data and the liquid metal su ,• :ace tension	 are stored in the multicom-

ponent-alloy data base for each alloy.	 In the binary-alloy models, there is

no data base change because only 	 aluminum-copper admits significant amounts

of dissolved hydrog en.	 Calculation details of the partial pressure appear in

Appendix C.
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3.1 BINARY ALLOYS

The only binary a l loy system for which the models make porosity prediction is

aluminum-capper. Appendix E shows the development of the equations for the

partial pressure of hydrogen dissolved in the interdendritic liquiu of solidi-

fying aluminum-copper alloys. Appendix F presents the calculation of the sur-

face tension of the interdendri t ic liqu'd.	 The constant coefficients from

^-

	

	 these two calculation; were not put into the hinary-alloy data base because

the form of the equations probably would not generalize to o*her bi-ary alloy

t systems which exhibit gas-caused porc,sity. 	 Aluminum-copper is the only allcv

system currently in the binary-alloy da l-a base which admits sig nific:nt

•	 amounts of dissolved hydrogen is aluminum-copper.

Figures 3.3 through 3.5 show the predicted regions of hydrogen bubble nuclez-

cion in Al-4.5 wt.pct. Cu undergoing horizontal steady-state solidification.

.r ,.ey also illustrate the effect of the ambient pressure and the initial con-

centration of dissolved gas on the extent of the predicted ;agion. In Fig.

3.3, gas bubble nucleatiun is predicted over about 40 percent of the S/L zone

when the ambient pressure is 1 at rr and the initial concertratioi of hydrogen

is 2 x 10 -
6
 wt. pc;.	 In I-;g. 3.4, alt condition- are the same except that the

iambient pressure has been reduced to 10 -6 atm.	 The model now predicts bubble

nucleation over about 90 percent of the S/L zone. 	 A similar effect is seen in

r

	

	 Fig. 3.5 where the ambient pressure is 1 atm, but the initial concentration of

hydrogen has been increased tc 2 x 1 0 -5 wt. pct.

3.2 MULT!COMPONFNT ALLOYS

Fhe form of the ,partial pressure calculation is the same fo r al; multi-om--

ponent 61 toys currently in the data base.	 The surface tension and hyd.00en

intetactior data have been added ;o the data base for each alloy. 	 Porosity

predi,,tions for a case of unsteady-stare solidif ; cation of PWA 1480 follow.
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3.2.1 MODIFICATION TO DATA BASE

The surface tension, 0 , and the hydrogen interaction coefficient for each

element, eH have been added to the data base. The structure of the

multicomponent alloy data base is now:

CARD FORMAT CONTENTS

1 Al,	 5A4,	 14A4 *Alloy	 name,	 comment	 (1st	 character

must be *,	 alloy name may be up to 20

characters,	 56-character component

will	 appear	 on	 screen	 during	 alloy

selection)

2 15,	 5X,	 7E10.4 Nm,	 Tmp7	 T EY	 P sy	 P mpi	 P SEY

DP LIaT,	 a

3 A4,	 6X,	 4E10.4 Constituent	 name,	 C om,	 km?	 a T/ o CLm,

aPL /ac Lm ,	 e 

Card 3 is repeated for each constituent in the alloy. 	 Cards 1 through 3 are

repeated for each alloy.

3.2.2 PWA 1480 EXAMPLE

Figures 3.6 through 3.10 show predictions of regions of hydrogen bubble

nucleation in the time-varying S/L zone of PWA 1480 undergoing vertical

directional unstead y -state solidification subject to the same input conditions

as in the example in Section 2.2.2. 	 In Fig. 3.6, the S/L zone has just begun 	
k.

to form at the chill surface, the liquidus isotherm has only progressed to

0.02 cm from the chill, and the fraction soli) at the chill is still small.

For an ambient pressure of 1 atm and an initial hydrogen concentration of

8 x 10 -4 wt. pct., the model predicts no bubble nucleation in the S/L zone at

this point in the solidification. Later, after the liquidus isotherm has

progressed to 0.4 cm from the chill, but with some liquid still remaining next

to the chill, the model predicts bubble nucleation over about 40 percent of

the S/L region (Fig. 3.7). Figures 3.8 through 3.10 show the porosity predic-

tions when the liquidus isotherm is at 0.8, 2. 0, and 4.0 cm from the chill.

There is no variation in the Y direction, because for directional solidifica-

tion	 solidification,	 the	 velocity	 vectors	 are	 all	 vertical;	 hence,	 the

pressure field is iniform in the Y direction.

MR
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SECTION 4

VAX-INSTALLATION OPERATING PROCEDURES

AND MAINTENANCE GUIDE

4.1	 VAX/VMS SYSTEM USAGE

The materials processing programs have been installed on a Digital Equipment

Corporation (DEC) VAX* 11/780 computer at Marshall Space Flight Center. The

VAX/VMS operating system is an extremely user-friendly environment; the models

can be maintained with little specialized knowledge of the system. 	 This

document is intended to help users run the models and make mino- modifications

of the code. It is recommended that users gain a more comprehensive knowledge

of the VAX/VMS system from the available DEC documentation before undertakinn

extensive prcgram modifications or program development.

4.1.1	 SOME COMMANDS

A few rudimentary commands are described in Table 4.1. A good introduction to

elementary system use is in the Primer listed in Section 1.2.

Table 4.1. Rudimentary Commands

Command Description

DELETE	 filename.typ;n Deletes version	 n	 of	 file	 filename.typ.

DIRECTORY Lists	 the	 files	 in	 the	 current	 default	 directory.

Use	 the HELP command to	 learn	 the DIRECTORY com-
mand qualif i ers	 that	 can provide more	 information
such as	 file	 size or	 creation	 date.

EDIT filename.typ Invokes	 the	 sys'-em	 text	 editor.	 After you	 are	 in
the editor,	 you can get help	 from a HELP command.
Use	 the	 (EDT)	 editor	 in	 line mode	 only;	 screen
mode	 i • ,	 not	 compatible with	 the Tektronix 4014.

HELP Presents a	 !ist	 of	 subjects and command	 names	 for
which	 information	 is	 available.	 Provides	 descrip-
tions of commands,	 command formats,	 and command
qualifiers.

LOGOUT Logs	 the current	 user out of	 the	 system.

PURGE	 filename.typ Deletes	 all	 but	 the	 hiahest	 version number	 of
file	 filename.typ.

*VAX is a trademark of Diqital Equipment Corporation.
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Table 4.1 Rudimentary Commands (Continued)

Command Description

SET PROT-(O:RWED) 	 filename.typ;n and

SET PROT-(O:RWE)	 filename.typ;n change the protection codes	 for a

specific	 file.	 In	 the	 first	 case
delete access	 is	 allowed;	 the	 second
form protects	 a	 file	 from accidental
deletion.	 To determine	 the current
protection	 of	 all	 files	 ,nter
DIR/PROT.

4.1.2 SOME MANUALS

VAX/VMS Primer
VAX-11 Information Directory and Index

VAX/VMS Command Language User's Guide
EDT Editor Manual
VAX-11 FORTRAN Language Reference Manual
VAX-11 FORTRAN User's Guide

4.2	 DESCRIPTION OF FILES

Table 4.2.	 File Descriptions

File Description

ALLOYS.DAi Alloy data base used by models 	 1	 and 2	 for
binary-systems.

ALLOYS3.DAT Alloy data base used by model	 3.

BELL.FOR Su,routine which 	 rings	 termina!	 bell	 without
BELL.OBJ moving	 cursor.

FTN.COM Command	 file	 for	 compiling.

GRAPHICS.OLR Tektronix	 software	 object	 library.

ICARD.D.AT Input	 card	 image	 read	 by	 all	 programs.

LNK. COM Comnai d	 f i le	 for	 I i nk i nq.

M1.CMN COMMON blocks	 for Ml.
M1.EXE Executable	 image	 for	 M1.
M1.FOR FORTRAN source for M1.

M1M.CMN COMMON blocks	 for HIM.
MIM.EXE Executable	 image	 for	 M1M.
MIM.FOR FORTRAN source for MIM.
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Table 4.2.	 File Descriptions (Continued)

File Description

M2.CMN COMMON blocks	 for M2.

M2.EXE Executable	 image for M2.

M2.F0R FORTRAN source for M2.

M2M.CMN COMMON blocks for M2M.

M2M.EXE Executable	 image for M2M.

M2M.FOR FORTRAN source for M2M.

M3.CMN COMMON blocks	 for M3.
M3.EXE Executable	 image for M3.

M3.FOR FORTRAN source for M3.

MALLOYS.DAT Alloy data base	 for multicomponent-alloy	 systems.

MPS.COM Command	 File	 for	 executing models	 1	 and	 2.
MPS3.COM Command	 file	 for executing model	 3.

PLOTIO.OLB Tektronix	 software	 object	 library.

SPARSE.CMN Sparse matrix	 routines used by mooeis.
SPARSE.FOR
SPARSE.OLB

4.3 HOW ",'0 RUN OR MODIFY THE PROGRAMS

To run either the steady-stat.: moc'el or the unsteady-state model, enter the

command:

I MPS name	 where ''name'' is one of

1	 binary steady-state model,

1M	 multicomporent steady-state model,

2	 binary unsteady -Mate model, or

2M	 multicomponent unsteady-state model,

Specific operating instructions for each model are in the July 1963 "83HV004)

report.

To run the coupled-energy model, enter the command:

oMPS3
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Specific operating instructions for this model	 are in the janu.ar y 	1984

(84H'JO01 ) report.

Two command files, FT;..COM and LNK.Cun, have b en wr;r-in to s'mpllfy

modi`icat l on of the programs. This setup is intended only for irf-equent,

minor program m,odirications.

1. Use a sys....n text editor to make You.- changes in
M1.FOR, M1M.FOR, M2.FOR, or M2M.FOR.	 Note that
the common blocks for each program are ;to-ed in
the corresponding .CMN file.

2. Compile the program by using the command
?FTN program options

where 'program' is the program name, M1, M1M, M2,
cr M211, and 'cptions' is any valid DCL FORTRAN

qua l ifier such as /O°TIMIZE. 	 'Options' mist begin
with a /.	 You can cc-,it 'options' if you want to
(use the FORTRAN default values. The original setup
was compiled with the default values.

3. Link the program by using the cor".and

QLNK prog ram options
where 'program' is the prcgram name as in step 2,
and 'options' is any valid DCL LINK qualifier such
as /DE8UG.	 'Options' must begin with a /. You can

omit 'options' if you want to use	 "Ie '.1 NK. default
values. The original setup was linked with the
default values.

After linking, it i, recommended that you conserve
file space by DELEting the file 'program'.OBJ and
by PURGing the old version of 'orr,gram,'.EXE. You may
need to change the file protection codes in order to
do this. See Sectio n• 1.2.

4.4	 MAGNETI: TAPES

1	 These instructions tell how to use the VAX/VMS system utility calied 	 BACKUP

1	 to write or read a taoe that contains your entire directory. 	 It is the

simplest way to backup your f i les or to transport them to aiother VAX, but 6

tape written by BACKU P cannot be read by any other type of computer.

Before you can write o r read a magnetic tape, you nust have one mounted on a

tape drive.	 Get it touch with the computer ooerations people, and orovire

'	 them with a tape.	 Th !.: term "MAG TAPE" in the commands below is a l,. cq ica I

L

^' v



equ?valence name for the tape drive. 	 The computer operations people :an tell

you the actu y l name to use.

,.4.1	 HOW TO WRITE A BACKV TAPE FOR BACKUP OR TRANSPORT

ALLOCATE MAG rAPE

MOUNT/FOREIGN MAG TAPE

BACKUP [JOHNSTON] MAG TAPE:SEND.BCK/VERIFY/DENSITY=1600/REWIND

DISMOUNT MAG TAPE

REALLOCATE MAG TAPE

4.4 Z	 HOW TO READ A BACKUP TAPE

ALLOCATE MAG TAPE

MOUNT/FOREIGN MAC TAPE

BACKUP MAG TAPE [ ]

D!SMOJNT MAG TAPE

DEALLOCATE MAG TAPE

r
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APPENDIX A

j

[1
DATA FOR MAR-M246(Hf)

A..1	 NOM I NAL	 COMPOSITIONr
Element	 wt.	 pct.	 Element	 wt.	 pct.

Cr	 9.0	 Mo	 2.5

Co	 10.0	 Ta	 1.5

Al	 5.5	 C	 0.15

Ti	 1.5	 Hf	 1. 5

ff W	 10.0	 Ni	 bal.

1.
A.2	 PARTITION RATIOS

Element	 Ratio,	 k	 Source '1

Cr	 0.9	 Sellamuthu	 (6)	 in	 MAR-M200;	 Wang	 (7) in
NASAIR-100

Co	 1.1	 Jeanfils	 et	 al.	 (8)	 in	 Waspalloy i
Al	 1.1	 Sellamuthu	 (6)	 in	 MAR-M200(Hf)
Ti	 0.95	 Sellamuthu	 (6)	 in MAR-M200(Hf) t
W	 1.2	 Sellanuthu	 (6)	 in	 MAR-M200(Hf) r

Mo	 0.65	 Wang	 (7)	 in NASAIR-100
Ta	 0.97	 Elliott	 et	 al.	 (9)	 in	 Ni-Ta	 binary
C	 0. 25 	Jeanfils	 et	 al.	 (8)	 in	 Waspalloy
Hf	 0.23	 Sellamuthu	 (6)	 in	 MAR-M200(Hf)

A.3	 TEMPERATURE DURING SOLIDIFICATION

The	 temperature	 during	 solidificatior,	 is	 assumed	 to	 vary	 linearly with	 1

j composition acco r Hing to

n
T	 -	 To =	 %	 (	 3T/	 dC i )	 (Ci	 -	 Coi ) (A.1) i

where t

n	 = number of	 solute elements,

T	 = temperature	 (liquidus	 temperature of	 the	 interdendritic I
liquid),	 oC,

To	=	 liquidus	 temperature of	 the	 reference alloy,	 oC,

C i	= composition of	 solute	 i,	 wt.	 pct.,

Coi	 = composition of 	 solute	 i	 in	 the	 reference	 alloy,	 wt.	 pct.,	 and

^► (aT/dCi)	 = change	 in	 the	 liquidus	 temperature due	 to	 solute	 i,	 oC/wt.	 pct.

U
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As	 in	 the	 previous report	 (3), values of	 ( M aC i )	 for most of	 the solutes were

obtained	 from the binary	 phase diagrams	 (Ni	 -	 X)	 in	 Elliot	 et	 al.	 (9).	 For
t
{
tll

hafnium,	 (aT/aCHf ) was	 deduced	 from	 Sellamuthu's	 data	 on	 MAR-M200	 containing

0-2.66 wt.	 pc t_.	 Hf (6).

C J7/ aC
of i 

Element wt.	 pct. oC/wt.	 pct.

Cr 9.0 -2.2

Co 10.0 0.0
{ Al 5.5 -3.2
( Ti 1.5 -7.7

W 10.0 +3.5
MO 22.5 -1.0

Ta 1.5 -61.0

C 0.15 -2.5	 1

Hf 1.5 -10.4

J
I For MAR-M246,	 the liquidus temperature (T	 )	 is	 1360 0 C	 (10);	 therefore,

0

r T = 1360	 -2.2 ( CCr	 -	 9)	 - 3.2	
(CA]	

-	 5.5)

-7.7 (cTi	 -	 1.5) * 3.5	 ( CW	 -	 10)

-2.5 ( CTa	 -	 1.5) -	 1.0	 ( CMo	 -	 2.5)

I- 61 (C C	 -	 0.15) -	 10.4	
CHf	

(A.2)	 +

To apply Eq. (A.2) during solidification, the composition of each element in

the	 interdentritic	 li q uid	 is	 computed	 and	 Eq.	 (A.2)	 is	 assumed to	 apply	 until '+

the	 temperature	 drops	 to	 1230 0C.	 At	 1230 0C,	 the	 remaininq interdendritic

( liquid	 solidifies	 as	 eutectic	 solid.

The	 temperature	 of	 1230 0C	 was	 selected	 after	 consulting	 Sellamuthu	 (6)	 who i

reports	 that	 MAR-M200	 with	 1.5	 wt.	 pct.	 Hf	 solidifies	 with 0.10	 fraction

eutectic	 (in	 the	 absence	 of	 macrosegregation).	 Then	 by	 assuming	 complete

diffusion	 of	 carbon	 in	 the	 solid	 and	 no	 diffusion	 of	 the substitutional

elements,	 a	 Scheil-type	 calculation	 shows	 that	 the	 fraction	 of interdendritic

I

^i

liquid	 is	 0.10	 at	 a	 temperature	 of	 12300C.

Il
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A.4 DENSITY OF THE LIQUID

From the previous report (3), the change in density attributed to each or the

solutes (excluding Hf) is given. The effect of Hf can be deduced by making

use of Table 21 in Sellamutha (6); however, his data For 0.86 wt. pct. Hf

appear to be in error and are not used.

For MAR-M200 (wi th(,ut Hf), the density is 7.56 g • cm -3 at 1392 0C. Using the

melt compositions as the reference compositions, given by Sellamuthu (6), we

have

P L = 7.56 - 0.013 (C Cr - 8.08) + 0.001 (C Co- 9.31)

- 0.11 (CA] - 4.85) - 0.035 (CTi - 1.88)

+ 0.033 CM0 + 0.042 (CW - 12.76)

- 0.72 (Cc - 0.15) + 0.012 (C Nb - 1.05)

+ 0.035 CTa + 0.052 CHf

- 0.00125 (T - 1392)	 (A.3)

Here P L is the density of the interdendritic liquid (g - cm -3 ) and T is the	 1

temperature calculated with Eq. (A.2). 	 The coefficients of the composition

terms are the respective values of (aP/aC i ) and the coefficient of the 	 N

temperature term is (aP /;T) .

A.5 DENSITY OF THE SOLID

The density of the solid durinq solidification was computed by using the

scheme presented in Appendix A of the previous report (3). 	 In this report,

however, some of the coefficients in the equation for the lattice parameter 	 !

have been changed. As before,
n

a	 a 	 E (da/dX i ) X i	(A.4)

i=1

where
0

a Ni = x.5236 A

a	 - lattice PA -ameter (cube-edge length in f.c.c. NO, and

X• = atom fraction of solute i.

A-3

s
L



w

I	 `
I	 )

The coefficients (U'a /dX i )	 are from the	 following	 sources:
o

Element da/dXi,	 A Source

Cr 0.105 Loomis	 (11)

Co 0.019 Loomis	 (11)

Al 0.186 Loomis	 (11)

`	 Ti 0.337 Loomis	 (11)

Mo 0.435 Loomis	 (11)

' 0.412 Loomis	 (11)

C 0.065 Structure	 Reports	 (12)

Nb 0.645 Loomis	 (11)

Ta 1.04 Calc.	 from	 at.	 radii

f	 Hf 0.75 Kornilov and	 Snetkov	 (13)

The value for hafnium is assumed to be equal to that for zirconium since these

two elements are chemically similar and have e q ual atomic radii.

With the lattice parameter calculated according to Eq. (A.4), the densities of

the nickel-rich phase (Y) at 20 0C were calculated. Compositions selected were

those corresponding to Scheil-type solidification.

I	
The densities of Y at the elevated temperatures in the solidification range

l	
were then calculated by using the expansion coefficients presented in the

`	 previous report (3).

f

I
The density of the eutectic-solid is not available so a calculation using a

number of simplifying assumptions was made. 	 The first ass-imption is that

eutectic-solidification occurs isothermally at 1230 0 C. 	 From the work of

Sellamuthu (6), the eutectic comprises 'Y+('  and carbides in MAR-M200 with 2

1	 wt. pct. Hf.	 To estimate the portion of the eutectic which is carbide, we

assume	 that	 the carbon	 rer p ing	 in	 the	 interdendritic	 liquid	 reacts

completely to form HfC at 1230 0 C.	 According to this simple calculation, the

eutectic comprises approximately 2.5 pct. HfC and the balance is a mixture of

Y/'f'.	 Using the cornposition of the WY E , the calculated density is 8.052

g/cm) at 'Z30 0 C.	 The small amount of carbide in the eutectic is ignored;

therefore, the density of the eutectic solid is 8.052 g • cm - 3.

Ir
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A.6 SUMMARY OF DENSITIES

Figure A.1 summarizes the calculated densities of the liquid- and solid-phases

during solidification. Figure A.1 gives the densities verses temperature; it

shows that the behavior of MAR-11246 (Hf) is substantially diffo-ent than

MAR-M246 without Hf. With 1.5 wt. pct. Hf, the total density change of the

interdendritic liquid increases by only 4.5 pct., whert.as  wit`+ no Hf the

density of the interdendritic 1'++quid decreases by 16 pct. (see Fig. A.2 in the

previous report (3)). 	 With hafnium, the density of the solid is approximately

the same as that for the alloy without hafnium.

The effect of hafnium on the density ; s attributed to its direct effect on

increasing density and, also, to its effect on the partition ratios of some of

the other elements (especially Al and Ti).

For the calculation of convection and macrosegregation, it is recommended that

Eqs. (A.2) and (A.3) be used to calculate the density of the liquid (PL). 	 The

recommended	 values	 for	 the	 solid-densities	 are 
P s 

= 7.82 g • cm- 3	and

P
SE = 8.05 g • cm-3.

I^

jL
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4PPENDIx B

DATA FOR PWA 1480 (ALLOY 454)

8.1 NOMINAL COMPOSITION

Element	 wt. pct_

Cr	 10.0
Co	 5.0
W	 4.0
Ti	 1.5
Ta	 12.0
Al	 5.0

8.2 PARTITION RATIOS	 I

Element	 Ratio, k	 Source

Cr	 0.9	 Sellamuthu (6) in MAR-M200
Co	 1.1	 Jeanfils et al. (8) in Waspalloy
W	 1.2	 Sellamuthu (6) in MAR-M200
Ti	 0.55	 Seilamuthu (6) in MAR-M200
Ta	 0.70	 Kadalbal et al. (14) in Ni-AI-Ta
Al	 0.95	 Kadalbal et al. (14) in Ni-AI-Ta

1

8.3 TEMPERATURE DURING SOLIDIFICATION

The temperature during solidification 	 is assumed to vary	 linearly with

composition and temperature according to Eq. (A.l) and the coefficients of

Section A.2 apply.	 A reference temperature of 1412 00 for Ni-5.81 wt. pct.

Al - 15.18 wt. pct. Ta is used (14). 	 The resulting equation is:	 i

T - 1412 - 2.2 C Cr - 3.2 (CA1 - 5.80

- 7.7 C Ti + 3.5 CW - 2.5 (CTa - 15.18)	 (B.1)	 '1

Equation (B.1) gives a liquidus temperature of 140 20 ^ ,nd applies to 12900C

when eutectic solidification occurs. 	 The latter temperature was selected

because Gel 	 et al. (15) reported that incipient meltina in Alloy 454 occurs

at 12880C.

8-1
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B 4 DENSITY OF THE LIQUID

;t is assumed that Eq. (A.3) applies; so that for no molybdenum, carbon,

M obium, and hafniu ►n, the density cf the interdendritic liquid is

P L = 7.66 - 0.013 (rCr	
8.08) + 0.001 (C Co- 9.31)	 (B.2)

- 0.11 ( CAI - 4.85) - 0.035 (CTi - 1.88)

+ 0.042 (CW - 12.76) + 0.035 CTa	 0.00125 (T - 1392)

B.5 DENSITY OF THE SOLID

Equation (A.4) and the coefficients listed in Section A.5 are used for PWA

1480. The densit4es of Y at the eievated temperatures were calculated hy cal-

culating compositions for Scheil-type solidification with the partition ratios

of Section B.2 and then by using the expansion coefficient-, in the previous

report (3).

Because PWA 1480 contains no carbide, the eutectic comprises Y - Y'	 and a

small amount of	 Y- Y' - 5 which s,-)iidifies over a small temperature rangy-_

(14).	 As discussed in Section B.4, the solidification of the eutectic is pre-

sumed to be `,sothermal and at 12900C.

8.6 SUMMARY OF DENSITIES

Figure 8.1 summarizes the calculated densities of the liquid- and solid-phases

during solidif cation as well as the temperature versus fraction solid.

For convection and macrosegregation calculations, Eqs. (B.1) and (B.2) should

be used to calculate t`,e density of the liquid during solidification. For the

primary solid-ph'se, os = 7.77 q • cm .3 and PSF = 7.86 g • cm-3'

8
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,APPENDIX C

FORMATION OF POROSITY IN NICKEL-BASE ALLOYS

During ;olidif ; cation, hydrogen segregates to the interd-ndr'.tic liquid and,

if porosity Forms, reacts according to

?H
2 

(g) - H.	 (C.1)

In which H indicates that hydrogen is dissolved.

Similar reactions can he written for nitrogen and for oxygen, but the partial

pressures of these two elements are negligible when compared to the partial

pressore of hydrogen. In the case of nitrogen, almost all of the aiIoy

e!eme:its in nickel-base superalloys have the effect of strongly reducing the

activity of nitrogen ( s .:) that the partial pressure of nitrogen is negligible)

and/or the ef f ect of forming nitride compounds. 	 Similarly, the reactive

-lements in nicke!-base superalloys combine with the oxygen to form oxides.

In steel, it is Weil known that carbon can react with oxygen to form carbon

monoxide during solidification:

C + 0 = CO(g).	 (C.2)

However, in the presence of strong "deoxidizers^' reaction (C.2) does not occur

in steel. the reactive: elements in nickel-base superalloys, in this regard,

are strong "deoxidizers" so that the evolution of carbon monoxide during

solidification does not occu;".

The free energy of reaction (C.1) in liquid nickel is (16)

LGo - 4800 + 8.36T	 (C.3)

in which the standard state for dissolved hydrogen is taken to 	 1 wt. pct.

Because

^Go - -RT Zn aH/PH}	 (C.4)
2

then

C	 PH = aHe xp (8.415 + '1831M
2
	(C.5)

I
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where

PH - partial pressure of hydrogen, atm.
2

T	 + t-mperature, K
1

R	 e gas constant,, 1.987 cal(gm - atom) 	 K-

and

a 
	 . activity of hydrogen dissolved in the liquid nickel.

The activity of hydrogen is

E.
	 ^ f 	 CH
	 (C-b)

ii which f 	 is the activity coefficient of hydrogen  and C H is the concentra-

tion of hydrogen in wt. pct. 	 In muIticomoonent supera11oys, the activity

coefficient is not known so we resort to a technique, which is -1trictIy

applicable to d ; lute alloys, to est i mate f H .	 The alloy e'ements affect fH

according to
n

log f H & E eH C.	 (C,7)

J

in which eH are the interaction coefficients of each n alloy element.

Sigworth et al. (16) have summarized many values o1 7 eH, some o f which ;,re

g iven below.

Elem nt	
eH	 Element	 eH

Al	 0.014	 Ti	 0.013

Co	 0.0031	 Ta	 0.011

Cr	 0.0036	 Hf	 0.011

MO	 0.011	 C	 G.C65
W	 0.011

Si gworth et al. (10 presented no data for Ti, Ta, and Hf, so estimates were

maae based upon the proximity of the_e elements to others, for which eN is

known, in the periodic table. 	 The value for carbon (i.e.; e
r
N ) is assumed to

be that for eH in liquid iron (17).

The partiticning	 tiy'rogen between the liquid- and solid-phases in nickel-

base superalloys is not known, b-it some data are avai;able for nickel, nickel-

cobalt alloys. and nickel-iron allays (l a ).	 To extrapolate these data to

obtain	 values	 of	 partition	 ratios,	 solubility	 data	 were	 plotted	 as

i

a^
1t
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Z n s vs. UT as indicated in Fig. C.1 where s is the solubility of hydrogen in9	 9
equilibrium with 1 atm. of H 2 (g),	 A linear relationship is expected provided

L` GO is of the form given in Eq. 	 (C.3) and the activity coefficient is

independent of temperature.

From Fig. C.1, the partition ratio for nydrogen was determined at 12000C,

C
1300 0C, and 1400 0 C for nickel and Ni-20 wt. pct. Fe and at 1400 0C for Ni-20

wt. pct. Co. Values ranged from 0.42 to 0.46. A —flue of k  = 0. 1<k is recom-

mended.
r

Sample calculations were done for hydrogen dissolved in PWA 1480 with the

properties given in Append"x B. The substitutional alloy elements (Cr, Co, W,

Ti, Ta, and Al) were assumed to partition according to Scheil-type solidifica-

1

	

	 tion and dissolved hydrogen was assumed to partition with uniform concentra-

tions within both phases.

The scheme employed for the calculations follows:

1. Calculate the composition of the interdendritic liquid;

2. Calculate the activity of dissolved hydrogen in the interdendritic

liquid with Eqs	 (C.7) and (C.6); and

3. Calculate the partial pressure of H 2 (g) with Eq. (C.`).

Results of such calculations are shown in Fig. C.2. With a melt containing 5

ppm or dissolved hydrogen, the pressure generated is less than 1 atm. until

near the er-' of solidification whereas with 8 and 10 ppm, the pressure gen-

erated is substantially greater. Presumably, increasing amounts of micro-

porosity would be expected in, the order of, Welts containing 5, 8, and 10

prim.

To nucleate a gas bubble within the interdendritic liquid, the internal hydro-

gen pressure must overcome the local pressure within the solid-liquid region

and the added pressure due to surface tension.

i,

I

sr ^f„I



Specifically,

PH 2 > p + 2 Y/R

where 

PH - pressure inside the bubble,

2
p	 = local pressure,

Y	 = surface tension, and

R	 = radius of gas bubble.

For nickel, .r = 1778 mN	 m-1 (19).

(1.013 N • m -2 ) and p„ = 1.2 atm (1.21
"2

that a bubble is stable provided R ? 1

mary dendrite arm spacing in directior

so. presumably this calculation indicat

The use or Eq. (C.8) gives an overestia

bubble because there is no account of

face that would provide an active site

i
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APPENDIX D

SURFACE	 TENSION	 IN NICKEL-BASE ALLOTS

Tj A	 relation	 derived	 by	 Guggenheim	 (20)	 for	 ideal	 binary	 solutions	 was	 applied

by	 Speiser	 and	 Spretnak	 (21)	 to	 estimate	 the	 surface	 excess at a	 grain	 bound-

ary;	 the	 relat i on	 is

exp(-Ys/KT)	 =	 N 1	exp(-Y l s/ KT)	 + N2 exp(-Y2 s/KT) (D.1)

where

Y	 = surface	 tension,

s	 = surface area per atom,

T	 = absolute temperature,

K	 = Boltzmann's	 constant,	 and

N l ,	 N 2 = atom	 fractions.

Speiser	 (22)	 has	 suggested	 that,	 lacking	 data,	 Eq.	 (D.1)	 could be	 applied	 to a

multicomponent	 alloy,	 and	 it	 would	 be	 better	 to	 account	 for the	 individual
r
I
1

atomic	 surface areas of each component. 	 Then	 Eq.	 (D.1)	 becomes

exp(-Ys/KT)	 =	

L

i	
N i	exp(-Y i s i / K T) (D.2)

I
where	

s 
	 is	 the	 surface	 area	 per	 atom,	 and	 s	 is	 the	 weighted average	 (based

r

upon	 the atom fractions of	 all	 components).

Ir

in

ti^

The sur f ace tension of each component is given by

rY = Yo + (T-To ) (dY/dT)	 (D•3)

r

_	 where Yo is the sur face tension of the component at its melting point To.

I

Equations (D.2) and (D.3), together, can be used to calculate the surface

I	 tension of the interdendritic liquid during solidification; the calculation

t accounts for the change in composition and temperature of the interdendritic

liquid. Using the data and relations in Appendix A and Appendix B, the compo-

sition and temperature of the interdendritic liquid in MAR-M246(Hf) and PWA

1480 were computed assuming Scheil-type solidification. Then Eqs. (0.2) and

(D.3) were used to calculate the surface tensions shown as the two lower curves

in Fig. D.I.

r
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The atomic sur .CZ areas were computed from the atomic radii given in Brandes

(23); surface tensions and values of (dY/dT) were also taken from Brandes

(19). These data are summarized below for the elements in MAR-M246(Hf) and

PWA 1480.

dY/dT, s i ,

Element To,	 o C Yo,	 dyn'cm -1 dyn-cm-1•C-1 cm2x1016

Cr 1875 1700 -0.32 5.48

Co 1493 *,873 -0.49 3.95
Al 660 914 -0.35 6.42

Ti 1685 1(-50 -0.26 6.80

W 3377 -0.29 6.25

Mo 2607 220 -0.30 6.15

Ta 2977 2150 -0.25 6.80

C -- -- -- 1.86

Hf 1943 1630 -0.21 7.95
Ni 1454 1778 -0.38 4.90

Carbon does not affect the surface tension of iron (24); it is, likewise,

assumed not to affect the surface tension of these alloys except by the small

effect when the average value of s for the alloy is computed for use in Eq.

(D.2).

Figure D.1 shows that the surface tensions of the interdendritic iiquia in

MAR-M246(Hf) and PWA 1480 are approximately 5-10 pct. less than the surface

tension for pure nickel, curves a and b. 	 Curves a and b show a slight

variation	 in	 surface	 tension	 only	 because	 the	 temperature	 during

solidification varies whereas the curves for PWA 1480 and MAR-M2';6(Hf) reflect

both variations: temperature and composition. 	 Clearly,	 the effect of

composition predominates.

Because the surface tensions of the alloys vary only slightly during so l idifi-

cation, it is recommended that constant values be used to predict the forma-

tion of porosity during solidification. 	 For MAR-M246(Hf), the recommended

value for the surface tension is 1700 dvn-cm_ 1 .	 For PWA 1480, it is 1710

dyn-cm-1

i
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NOTE: Curves a and b show the effect of temperature alone on the surface

tension of nickel.

Figure D.I.	 Surface Tension of Interdendritic Liquid During
Solidification of I wo Nickel-Base Superalloys
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APPENDIX E

FORMATION OF POROSITY IN ALUMINuM-COPPER ALLOYS

The hydrogen reaction during pore formation in aluminum-copper alloys is the

same as for pore formation in nickel-base alloys:

}H2 (g)
	 II ,	 (E. 1 )

in which H indicates that hydrogen is dissolved.	 The expression for the

partial pressure of hydrogen is then

2

PH2 = 
a  exp( 5.964 + 12508./T )	 (E.2)

where

P H
 = partial pressure or hydrogen, atm.,
2

T	 = temperature, K,

and	
a 
	 = activity of hydrogen dissolved in the liquid aluminum.

The activity of hydrogen is

a 
	 = f 	 C H	(E.3)

in which f 	 is the activity coefficient of hydrogen and C H is the concen-

tration of hydrogen in weight percent.	 The effect of copper on the activity

coefficient of hydrogen in liquid aluminum is

In f y	= 0.0748 C L - 0.00142 C2 at 750°C, and	 (E.4)

In f H	0.05;4 CL - 0.000848 C2 at 	950°C,	 (E.5)

where C L is the weight percent copper in the fluid. To obtain the activity

coefficient at temperatures in the solidification range, 548 oC to 660 0C, Eq.

(E.4) and (E.5) are extrapolated linearly in the reciprocal of temperature:

im



E
R
f	 fH - AC S	+B C2 atT oC,	 (E.6)

I!	 where	 A - A l + (A2-A1)(1/T-1/T1)/(l/T2-1/T1), 	 (E.7)

P
	

B	 - B 1 + (B2-B'I)(1/T-1 /Ti)/(1/T2-1/T1),	 (E.8)

and the subscripts 1 and 2 reference values at 750 0 C and 9500 C, respectively.

The concentratior of hydrogen in the interdendri tic liquid is qiven by the

f
	

lever rule,	 .M

C H = CHI/(gL + k Hg 5 1,	 (E•9)

f

	

	
where the ,p artition ratio for hydrogen, k H , is 0.0555 and CHI is the initial

weight percent of dissolved hydrogen in the molten metal.

I

'a A
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APPENDIX F

SURFACE TENSION IN ALUMINUM-COPPER ALLOYS

The surface tension of the i,,terdendritic liquid during solidification of

aluminum-copper all ys can be calculated in the same manger as for nickel-base

alloys (Appendix D). The calculation accounts for the effects of variations

in composition and temperature of the interdendritic liquid on the surface

tension. Surface tension, temperature, and liquid c omposition of Al-4.5

wt.pct.Cu are shown in Table F.1 as funr_tions of the volume fraction solid for

a Scheil solidification calculation.

Table F.I.	 Scheil Solidification Calculation Results

Volume Liquid Temperature Surface
Fraction Composition (0C) Tension
Solid (wt.pct.) (dyn/cm)

9490.0 4.5 645
0.24 5.65 641 958
0.42 7.07 636 969
0.6 9.62 628 987
0.78 15.78 607 1029
0.9 30.34 558 1118

Because the surface tension varies sign*lficantly during solidification, 	 it

should be written as a function of temperature or composit ; on.	 In terms of

temperature,

o - 854.4 + 2.555 T - 0.003734 T 2	 (F.1)

where o is in dyn/cm and T is in o C.	 In terms of composition,

o -- 915.0 + 7.828 C L	- 0.03736 
C L	 (F.2)

with J in dyn/cm and C L in weight percent Cu in the interdendritic liquid.

-1& _in
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