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ABSTRACT. .

THE THERMODYNAMICS OF CARBON IN.NICKEL-BASED

MULTICOMPONENT SOLID. SOLUTIONS

By.

Daniel Joseph Bradley,

The activity coefficient of.carbon.in.nickgl,ﬁn;ckelf,
titanium, nickel-titanium-chromium, nickel-titanium-
molybdenum and nickel-titanium-molybdenum-chromium alloys .
has been measured at 900, 1100 and 1215°C. .The‘fesults
Indicate that carbon. obeys Henry'sMLawiovérvthe range, .

studied (0-2 at. %). The literature for the nickel-

carbon and iron-carbon systems are reviewed and corrected.

For the activity of carbon in iron as a function of
composition, a new relationship based on re-evaluation of
the thermodynamics of the CO/CO2 equilibrium is proposed.
Calculations using this relationship reproduce the data
to within 2.5%, but the accuracy of the calibrating
standards used by many 1lnvestigators to analyze for
carbon is at best 5%. This explains the lack of agree-
ment between the many precise sets of data.

The values of the activity coefficient of carboﬁ in

the various solid solutions are used to calculate a set



vi

of parameters for’the_Kohler—Kaufman equation. The cal-

"v  culations indicate that binary interaction energies are

not-sdffiCiéht to describe the thermodynamics of carbon
in some of.the nickel-based solid solutions. The results
of previous workers for carbon in nickel-iron alloys are
completely descfibed by inclusion of ternary terms in

~ the Kohler-Kaufman equation.

Most of the carbon in solid solution at high tem-
’perafures in nickel and nickel-titanium alloys pre-
éipitates from solution on quenching in water. The
precipitéte~ié compbsed of very small particles (>2.5
nm)iof-elemental carbon.

‘_The‘fesults‘of some preliminary thermomigration
'experiments are discussed and recommendations for further

“work are presented.
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CHAPTER I

INTRODUCTION

A. -Purpose

—Sélid éolutions are of great technological.importance,
in particular in“alloy metallurgy and semi-conductor ménu-
facture. Solid solutions are also of considerable theo-
reticél interest. According to Darken (1967), novgeﬁeral
theory.fof thé solution thermodynamids of strongly inter-
actingrgomponents has been developed. The bést theories
to déte are the fegular solutiothheory of Hlldebrand
(1927) and the-quasi-chemical theory of Herzfeld and Heité
ler (1925) and Scatchafd (1931). Regulaf solution theor&
does not account for experimentally-observed negative heats
of mixing; and neither theory accounts for exberimentally—
observed asymmetries in the relati?é excess Gibbs free
energy. |

A primary purpose of the worﬁ reportéd:here was to
check tﬁelvalidity of extepding to multicomponent solutions
thebeqﬁation proposed by thlér (1960) fdr the relative

excess Gibbs free energy-df mixing for binéry solutions

Eg(rel) = klx2(xl¢l2 + X2w21) (1)



where Xy is mole fraction and wij is an interaction energy
dependent on temperature.

Sigworth and Elliott (1974,1976) and Chipman and
Brushy (1968) provide extensive lists of reférences on ther-
modynamic investigations of multicomponent alloys. However,
no attempt has previously been made to ﬁse an analytical
expression for the integral relative excess Gibbs free
energy of the alloys.

The experiments reported here provide dats that can
be used to determine whether interactions of elements 1n
metallic solutions can be described in terms of binary
interactions alone. The thier equation as modified by
Kaufman (1975) requires that.thé wij depend only on com—
ponents 1 and jJ. If this binary model can be verified,
then thé number of experiments needed to describe most
systems can be reduced dramatically. There are T 106
possible eleﬁental quaternary mixtures bﬁt only 5.2 X 103
binary mixtures.

A second purpose for the work reported here was to
obtain quantitative results for the thermodynamlcs sf multi-
compsnent solutions‘by a multi—proﬁged attack which includes
gas phase carburisation coupled with electrolytic extrac-
tion and analysis-of thé carbide phases. Such results are
essential in attempting to understand the complicated pre-
cipitation processes thaf oceur in multicomponent solid

solutions.

d



B. Experimental Paths

Because diffusion in solids ‘is bothlminuscule;and éiéw,-
experiments to determine the thermodynamic prdperties'of
solid solutions have been both difficult and time consum-
ing. In the study of interstitial elements such as carbon,
oxygen, and nitrogen in metal matrices, the problem of
slow diffusion rates 1s alleviated by performing experi-
ments at relatively high temperétures. All of the tech-
niques developed to take advantage of the relatively
large mobilities of the interstitial elements rely on
equilibrating the system of interest with a system bf
known properties.

The earliest inveétigations of the solution thermo-
dynamics of interstitial elements 1nvolved long term
annealing. A mixture of known composition 1is annealéd
at a fixed temperature until equilibrium 1s achieved.

The samplé is then quenched. The microstructure of the .
quenched material is studied with an optical micfoscope 
or other surface analytical techniques. This method-is'
still used in many phase diagram studies (StoVer‘and
Wulff, 1959). Although useful information is obtained
from this type of experiment, quantitative values for .
thermodynamic functions are not availabie from 1t. |

The method of welded samples employed by'Dafken (19&9)[

and Golovanenko, et al. (1973) involves welding two



samples of different composition. The concentratlon de-
pendence of the activity for the element of interest is
known for one of the samples After equilibrium 1s achlev-
ed, the composition of each half is determ1ned The
activity of the element of interest in the experimental
half is set equal to that in the reference half The
method is limited due to the difficulty in obtaining good
bonding between diss1milar materials

A third method used here, involves annealing.speci—
mens in an atmosphere in which the element of interest
has a constant activity (Dunn and McLellan, 1968; Ban—Ya,
et _l.; l969 and 1970). The specimens thus equilibrate
with a bathing medium Knowledge of the thermodynamics
of the bath allows calculation of the equllibrium activ1ty

of the element of interest

C. Results

The relative partial molar excess Gibbs free energy-
of carbon in nickel solid solutions have been determined
via a gas phase carburization technique, and quantitatilve
methods for the. determination of carbon and metal element
concentrations.in dllute solutions and in the carbide phase
have been. developed. The data are used to test the ability
of the multi-component. Kohler equation to descrilbe:the

solution thermodynamics of nickel alloys. We show that

4



the equatlon 1s adequate for our systems, but that a ternary
interaction term must be added to describe the Ni-Mo-C
and the Ni-Cr-C systems. A ternary term 1s also neéessary
to describe completely the Fe-Ni-C system. The application ‘
of the parameters determined in nickel solid solutlons to |
other solvent systems are chesked by compariné 1itera€ure
Values'forviron—bésed systems with those determined hefe.
The results obtained for nickel solution are not always
applicable to iron solutions. Thermomigration of-carbon in
nickel-based alloys is discussed in Chépter 11.

Appendix A includes all of the déta'obtained from the

carburization experiments.



CHAPTER II
SOLUTION THERMODYNAMICS

A. Chemical Potentials and ActiVity‘Coéfficients

For every component i in any,mixture,of_n components,

the general formula for the chemical potential is

8
ug = uy + RT fnoay, 1=1,...,n, (2.1)

- where ug is independent of composition and a; is the activ-

ity. The values of ay and ug depend upon each other through

the reference state and composition variable chosen.
For the pure component reference state and mole frac-

tion Xy as composition variable,

(] A .
My uy * RT n Xy Yy, 1= l,...0, (2.2)

where ui is the chemical potential of pure component 1 at
the temperature and pressure of interest and where the
activity coefficlent ?i referred to the pure component has

the property

1im ¥, =1, 1 = 1,...,n. (2.3)

L4
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Another usSeful reference state 1s the infinite dilution”

state. For component 1 as solvent,

My =Wy + RT &n x; 4,71 = 2,...,n, (2.1)

with

ui = lim(ui - RT ln Xi),

X, + 1

1

lim vy, = 1, 4 = 2,...,n

x; 1 . | (2.5)
For the solvent itself,
s o = oo
Y1 T Ve M1 TMpe L. (2.8)

For:the_solutes, the chemlecal potential constants ui and

u: are related to each other by

© le) ’ A0
“1 = ui + RT &n Yqs
o _ e}
My = uy +RT n Yqs (2.7)
where’
A A O=.
Y; = lim vy, Yy 1lim Yy (2.8)
xl + 1] Xi + 1 |



Moréover,‘the-two types of activity coefficients are

‘pelated to each other by

~ ~ 0 ~ ) o .
.Yi = Yi/Yi’_ Yy < Yi/Yi, (2.9)
 with
yi-QI = 1. (2.10)

. an ideal mixture would have

uy = ug + RT n xy, 1=1,...,n, (2.11)

'_which is valid for all‘cbmpositions if and only if ui =

e

.ui.for'all_components._ Ideality is approached closely in

. dilute solutions. The ideal dilute solution is defined by

My = u: + RT n x4, 1 = 2,...,n0,

“i + RT fn Xx,. (2.12)

M1
Thus,',y1 = 1 for all the components in the ideal dilute
" solute. In many cases of practical importance, including
most” studies of interstitial elements in alloys, the concen-

trations of some solutes are so low that Yy = 1. Then the



first of Egs. (2-12) holds for those solutes in the composi-
tion range studied. Thls does not imply, however, that'yi
would be unity over the entire composition ranger"Iﬁ'paremﬂ
ticular, -‘effective .1deality at high dilution does not imply

yg = 1. Thus, ?? # 1, and Egs. (2.7) and (2.12) yield. .
- O . . A '4
gy =.uy + RT &n x4 + RT 2&n Yyo (2.13)

Thus, ¥4 1is a constant(namely,.§:),‘fdr compositions such
that y; = 1. Note that'Eq.~(2.l3) is a form of Henry's:
Law since all the composition dependence of Uy resides in
the &n X3 term; stated otherwise, the activity bf component
1 is directly proportional to its.mole fraction for highly
dilute solutions. . |
The formulas displayed so far in this section are valid
for any homogeneous phase. When two br#mofe phases are in
equilibrium, or when two or more crystalline modifications
are stable, we designate the phase by a superscript. For

example, for a phase o, Eq. (2.2) becomes

'

a _ .oa a
My = Wy o+ RT 2&n x4y + RT &n ?i. (2.14)

B. Excess Functions

For any intensive property y in a mixture, the excess

property yE is defined (Scatchard, 1949§ Haase, 1971) by
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y = y -5y ) (2.15)

‘where yid is the value of the same property in an ideal mix-
‘ture fofmed from the same pure components. Thus, by Egs.

(2.2), (2.11) and (2.15)
py = RT an §;, 1= 1,...,n. (2.16)

Any total molar property 7 1s related to the partial

‘molar properties Zi (3Z/3ny) by

T’?’nj#i
Xy Zys (2.17)

- -and thé:corresponding excess property is given by

. n
78 =7 -7 = 7 x 7F, (2.18)
R R
with
=FE _ =  =id
2y = Iy - 23, o (2.19)

Equation (2.16) is an example of Egq. (2.19) for the Gibbs

free energy sirice Gi = Yy .

AR CZLON A (2.20)

3 1

$4
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we have
2 = -R tn' § RT (3%n ¥,/9T) HE = ~RT2(34n3T,/3T)
1 5 7Ry - nYy/0 Py’ g T RE LoRnYy PNy
| (2.21)

Moreover, for the total excess properties,

g% - R 131 Xy [2n ?i + (3&n ?i/alnf)p’n ],
= J
A = -RT % x, (3%n ¥,/3nT)_ _ »
121 1 i p,nJ
GE = RT ? x, &n ¥,.
121 bl i

=1d _ =o zid _ zo :
Hi = Hi’ Si = Si - R ¢n Xy

(2.22)

(2.23)

TheAreason for this rather thorough presentation of

well-known thermodynamic quantities 1s that although our

experiments are in the dilute solution range, where the

infinite dilution standard state and the Yy activity co-

efficients are useful, the mixture theories we wish to dis-

cuss are cast in terms of the excess functions Jjust listed.

For the excess functions the pure component reference

states are required by definition, and therefore so are
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the ?i activity coefficients. Put another way, although
our solutlions are dilute enough to be very nearly i1deal,
the_activity coefficients_are not nearly unity because 1t
is the pure component-based activity coefficients, the ?i,
that we calculate. Indeed, 1n most of our experiments the

Y; are all unity and the Qi are all composition independent

A0

constants, namely, Yy The ?; do depend on temperature,

however, and we have,

-Fr o0

] _ A0 —]
= =RT(32%n Yy /BlnT)p,. Si

H

1 = -B[ln Y +_(aln Yi/alnT)p].

(2.24)

C. Lattlice Stabllities

~ Suppose that at a given temperatufe and pressure, pﬁre
component 1 can exist in two stable phases (crystalline
modifications) o and B. “Of course only one bf these can
exlst at equilibrium away from a transition point, but

instances of supersaturation, supercooling, etc., are

plentiful. The relative stability u??® 1s defined by
aB0 - . Bo a0 ' ' |
Mp E Mg s M. (2.25)

To see the importance of relative lattice stabilities,

conslder an alloy which undergoes a phase transition from
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the o modification to the 8 modification. Since the mole-
fractions do not change, the change in Gibbs free energy

in the transition is

B8 _ =B -

) xi[uio - ui% # RT%n(?S/??)]

= g xiugso + RT 2'xizn(§§/?§). (2.26)
Thus, AG.1s due both to changes in the chemical environment,
reflected in the activity coefficient terms, and to changes

in the. structure, reflected in the lattice stabllity terms.

Kaufman (1959, 1967) and Kaufman and Nesor (1973, 1975)

have calculated lattice stability energiles from phase .

diagram data for a variety of systems. -

D. Models

The Taylor series expansion of u? ='RT5Ln?i in the mole

fractions x27..xn is

. n n - _
+RT J ) Py gy %

E o T
= RT&nY + RT ) Eyy %y
=2 . j=2 k=2

My ;
(2.27)

where we use the Lupis and Elliot (1966) notation for the
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partial derivative coefficients:

- 2,
Pijk = [(3 QnYi/axjaxk)T’P’xzjxl___l (2-28)

The coefficlents are thus evaluated at infinite dilution.
The coefficients are called interaction coefficients by
Lupis and Elliott (1966). The expansion was suggested by
Wagner (1952) and has been used by Elliott and his students
(1966) extensively to describe interactions in liquid metals.
Chipman and Brushy (1968) have tabulated the interaction co-
efficlents for carbon 1ﬁ ternary iron alloys -at 1000°C.
Chipman favors use of the lattice ratio, Zy = xi/(1-2xi),
as composition variable rather than mole fraction. -

While the infinite Taylor series is mathematically
rigorous and can therefore be used in principle to describe
any system, the number of parameters becomes very large
for n>3 even 1if the series 1s truncated at second-order
terms. In order to reduce the number of coefficlents,
various simplifying models have been used, especiélly for
dilute solutions and for symmetric binary mixtures.

The regular solution model of Hildebrand-is

B g2 B+

= ca~ B o
G x1 1 2G2 + xlx2 Y
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where ¢ 1s an interaction parameter due principally to the
enthalpy of solution. This works well for many cases,
but asymmetric composition dependence of ¢ is often ob-
served. Slight.modification of Hildebrand's equation to
¢” = x 6P x253—8+x1x2(x1w§2 +x5057)

permits first-order asymmetric composition dependence in
the excess free energy.

One type of desirable equation includes constant terms
which are independent of:each other. An approach in this
direction is the model of Kohler (1960) modified by Kauf-
man and Nesor (1975) and generalized here for multi-

component systems,

n n-1 n X, X
GEa= z Xy G? B-4- Z Z ;jif— [xing + xngi] +
i=1 i1=1 j=1i+1 1" %j

: a
n-2 n-=1 n Xixjkaiik

i=1 j=1i+1 k=i+2 (xl+x2+x

(2.29)
3)

where we omit higher-order interaction terms. Note that in
the binary case if wij = wji and if wij is independent of
temperature, then Eq. (2.29) reduces to the regular solu-
tion model. Differentiation of Eq. (2.29) yields for the

partial molar excess Gibbs free energy oflcomponent n,
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2
n-1 X X, X, X
wEe o gBe o gef oy e v b (1))
n n j=1 nJ (x_+x )2 X _+x n
JEL n °j n J
2
n-1 X X
+ 1 e, = (= - x)]
j=1 (xn+xj) X +xj
2
n-1 n-1 X, X
- DDy
i=1 j=1 xi+xj
.~ n-=-2 n-1 (xnxixj) o
+ 1
i=1 j=1 (xn+xi+x ) nij
321 /
n-1 n-2 wa [ xixj 2xnxixj ) xnxixj ]
S = i = jjni . 2
j %#T 1 xn+xi+xj ) xn+xi+xJ (xn+xi+xj)
J#1
n-1 n-2 n-1 2X,X,.X )
1737k o
i=1 j=1 k=1 (xi+xj+xk)
J#1#k :
k>J

To illustrate the physical implications of this model

on the chemical potential of a species in a multicomponent

system, consider a ternary solution:
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2
A XAX X, X
uEa,.= gEo Z W33 [— 3] y -3 (l—X3)] o

3 3 2
(X3+xj) x3+xj
X3 Xy o X2x§
+ Z WJ3 [ ( - X3)] - le( )
X3txy x3txy o XpHX
2
X
- ( ) + 2 (1-2%4) X1 X5 (2.21)
21 x %, 123 3/%1%0

The first two terms 1in Ega describe the ‘blnary interactions
of component 1 with the other components in the system.
They are due to the heats of solution in the binary mix-
tures. The next two terms appear to be independent of
component three and show that evén if only binary interac-
tions are considered all binary interactions affect the
chemical potential of a species, not just the terms involv-
ing it. The w%23'term involves ternary interactions, for
which there are few data. The wfé3 term can be regarded

as the extra heat of solution in the ternary over .that pre-
dicted from a linear combination of the blnaries. A non-
symmetrlic functlon in X, and x, would be more appropriate in
the cases where -the three-one and three-two lnteractions.
are appreclably different.

In the limlt as X3 + 0, Eq. (2.31) yilelds

1im Ea o a o 2 : 2
X3 > 0 3™ = Yyoxy + UsoXy - YyoXyX, = Uo xoxy (2.32)
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If the w%z and wgl-terms are small compared to the wg3 and
w%3 terms, this equation 1s analogous to one suggested by
Wagner (1952).

In the limit of infinite dilution, with 1 = solvent,

Eq. (2.31) yields

lim o o
Xy > 1 RT Egg = 203y - Ho73s

lim o o

1im Eo,
Xy > 1 uy = 0. (2.33)

Thus, the Kohler equation reduces to Henry's Law for the
solute in the 1imit of a dilute solution and to Raoult's
Law for the solvent.

The experiments reported here provide a test of the

Kohler formalism and provide data on the solution thermo-

E
carbon

alone cannot lead to all the interaction energies. The

dynamics of nickel-based alloys. Measurements of u

other ones must be obtained from the literature. The solu-
tion thermodynamics of the transition metal binary systems

of interest have been determined more extensively and more

precisely than have the thermodynamics of these same

metals with interstitlals such as carbon, oxygen, and
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nitrogen, so the literature is rich in information'on
binary metals. | |

If the model is correct, once preciseryalues of wij
and wijk, for a system have been determiﬁed, then the chemi-
cal activity of all the specles at.all temperatures.and'
composltion can be calculated. When the activity data
are coupled with thermodynamic data about precipitate

phases, the relative stabllitles of the various phases

can be calculated as well as the phase diagram{



. CHAPTER IIT.

-. .-CARBURIZATION THERMODYNAMICS

A. The _Choice..of the Carburizing Medium

One of two gaseous equilibria is ordinarily used to

control the'aétivity of carbon in sdlidsj'nameiy

S Pgo |
CO,(g) + C(S.s.) T 2co(g), K, = (3.1)
Foo, e
Fon,
2H,(g) + C(s.8.) Z CHy(g), Ky = —3 (3.2)
PZ A
H,"C

Samples are placed in a reaction chamber, at a tempera-
ture of interest, together with a gas mixture of known,
constant composition. Knowledge of the value of the
equilibrium constant for the gas reaction allows the ac-
tivity of the carbon in the sample at equilibrium to be
calculated.

| There are three difficulties with the CO2—CO reactilon:
(1) the amount of CO2 in the mixture becomes very small at
high temperaturés, which complicates analysis of the gas
COmposition;.(2) before it reaches the sample, carbon mon-
oxide gas tends to decompose in the furnace to carbon

dioxide and amorphous carbon, which causes uncertainty in

20
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the carbon activity of the gas at the sample surface; and
(3) the presence of a small amount of oxygen in the carbon
monoxide-carbon dioxide mixture complicates the analysis

because of the reaction
2CO2 2z 2COJ+02. : v _ (3.3)

The CO,-CO reaction is thus unsuitable for use in studies
of materials containing stable oxide formers. ‘Although...
problems one and two have been avoided by most investi-
gators, the problem of oxlide formation canqot be overcome.
Reaction (3.3) controls the oxygen partial.pressure, and
if an oxide is stable at that pressure it will fofm.

The methane-hydrogen reaction requires a cleaher_syétem,
primarily because'df thé devasting-éffects'smail émounts of
water or oxygen can have on the gas ébﬁﬁbsitioﬁs. Ellis ég gi'
(196 3) quantifiéd this effect and found that eveﬁ’thé addi4
tion of a phosphorous pentbxide trap doés not eliminate
the problem. Bungardt 9312;. (1964) have shown that
results comparable with those obtained ffbm CO/COé'studiés
are possible 1if sufficient éare is taken.- The'advéntége 
of the.H2¢CHu réaétion is that.the oxygen potentialiéah~
in principle Be kept as low as desired. , |

Since titanium and moiybdenum.are facilé.0xidelf0rméfs;:

theCHu-H2 reaction was>used exclusively in this work.
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Instead of direct analysis of the gas mixture, the carbon
content of a pure iron standard was used to determine the
carbon activity. The composition-activity relatlonship

for carbon 1n 1iron, determined by the CO/002 method, has.
been studied extensively 1n the past 50 years. Dunwald and
Wagner (1931) performed the first quantitative experiments
on iron-carbon binaries, and the system has been studied

by many otheérs including Smith (1946) and Ban-Ya et al.

(1969) and (1970).

B. Analysis of the Thermodynamics of the CO/CO2 Equilibrium

It appearé superfiéially that literature data on the
iron-parbon system aérees-fo within 2%. Close'examination,
however, showé that the apparent agreément is partially
" a result of using different valueé for the equilibrigm _

constant for Reaction (3.1). Smith (1946) determined and
bused a'Value 10% lower ﬁhan ﬁhat employed by Ban-Ya et al
(1970).. A 1iterature:search undeftaken to determine the
correct value of the équiliprium‘cqnstant-showed that the
disagreement results soiely from the use of diffefent
values of'the'absolute éntropy,_S%, ofAcarbon mqnoXide.
Ban-Ya et al. (1970) used values determlned by Clayton and
Giauque (1932) from data taken ﬁy Snow and Rideal (1929).
‘Smith (1946), on the other hand, used a value determined

from'his'own experiments. The JANAF Thermochemical
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Tables (1971) agree with Smith (19&6),vwh11e the NBS
Series III Tables (19&8) used values calculated by Clayton
and Giauque (1932). National Bureau of Standards Technical
Note TN 270-3 agrees with JANAF for 8398.15’ but no litera-
ture reference ig given. JANAF uses the value for S% of
carbon-monoxide determined by Belzer and Savedoff (1953)
from spectral data of Herzberg and Rao (1949).

‘In order to determine the correct value of S%, we
checked the quality of the two sets of spectral data by
a graphical method due to Herzberg (1939).  According to
Herzberg, a plot of {[A2 F"(J)]-[4 ge (7 + %)]}-versus J
highlights any systematic or random errors in the daté
{[a, F"(J)] equals [R(J-1)-P(J+1)], and ge is the equilib-
rium rotational constant for a rigid rotor. R and P refef:
to the J = +1 and J = -1 bands of a vibration-rotation
band where J is the rotational quantum number.} Figure 3-1
compares the results of Herzberg and Rao (1949) to those
of Snow and Rideal (1929). One would expect a smooth curve
with a slightly decreasing slope at>high J as the centri-
fugal distortion constant, Be’ becomes more important.
Snow and Rideal (1929) quote a resolution of "at most"
0.1 cm_l, while Herzberg and Rao (1949) cléim 0.01 cm L.
Snow and Rideal (1929) do not state an absolute uncertalnty,
while Herzberg and Rao (1949) claim an ﬁncertainty of less
1

than 0.03 ecm~ More recent data on carbon monoxide by
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Figure 3.1. The results of Herzberguand:Rao (1949) and Snow

8

and Rideal (1929) displayed as ApF'"(J)-UBe(J+3)
versus J, where the terms-have been defined in
the text. The relatively random appearance of
the Snow and Rideal.results indicates 'a lack bf
internal consistency. The Herzberg and Rao

results, however, produce a smooth curve..
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Rank et al. (1961) and Plyler et al. (1955) do not differ

sighifiééntly from the results of Herzberg and Rao (1949).

The absolute entropy of Heréberg and Rao 1s the one to use.

C."Analysis of Litefature Data on the Iron-Carbon System

The fofegoing analysis dictates that the'data of Smith

(19#6)_ahd Ban-Ya et al. (1969, 1970), Scheil et al. (1961)

and Dunwald and Wagnef (1931) be reanalyzed.

Table 3-1 contains the thermodynamic quantities used

to éalculate'the equilibrium constant for the CO/CO2 re-

action. - The data for 1og K were fit byvleast squares,

with the result,

‘logyy K = A/T + B+ C(T) - (3.3)
A= -9137 K, 0, = 4.9 K
B = 9.602, op = 8.3 x 1073

Q
It

-2.272 x 10~

M

K

-1

,og = 3.38 x 10-6x-1

The carburization data were fit by a non-linear least

squares procedure to a model first suggested by Darken and

Smith (1946)
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Table 3.1. Thermochemical Data for the'CO/CO2 System.a

AGO -1

G°/kJ -mol

£
Temp. o o 3
(K) Cco(g) _ CO2(c) C(graphite) logy oKX

1000 -200.24 -395.92 0.00 0.238
1100  -209.04 -396.05 0.00 1.046
1200 —217.77 -396.15 0.00 . 1.715
1300 -226. 146 -396.23 0.00  2.278
1400 -235.09 -396.29 0.00 2.757
1500  -243.68 ~396. 34 0.00 3.170

a7ANAF Thermochemical Tables, 2nd Ed. (1971).

b -1 -1 -1
O p110 = 129 J'mol ~, 043 = 0.04 J-mol K ~.
AHf,298.15 S298.15 |
COAHO = 45 J-mol™?, dgo - 0.04 J-mo1”t k7L,
£,298.15 298.15

d002(g) + C(gr) = 2C0(g). = 0.014 - calculated

o}
1ogloK

assuming Ogo and Oago are not functions of temperature.
f
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2
. P i}
loglo Ac = log [(—AKLO/K] = log Yo * log Yos (3.4)

P
202

log ¥ =w%-yc + b + d4/T.

Ve = —% = atom ratio.
*Fe

Darken (1946) derived this equation from a statistical
model for dilute interstitial alléys. In the model it 1is
assumed that the dissolved carbon is in one of two energy
states; namely, .it has either no or one carbon atom in a
nearest nelghbor 1nterstitia17positiqn. Although very .
simple, the model does an adequate job of predicting the
behavior of carbon in binary metallic solutions.

The data from the four differentiinvestigatibns wéré
£1t separately to Equation (3.1). Table 3.2 contains the
solubllity of graphite in iron at various temperatures and .
the standard deviation of the data fbr each invesfigation.
Also in Table 3.2 are the results of Gurry (1942) for thé:
solubility of graphite in iron at 957 and 1104°C and the
extrapolated value of Buckely and Hume-Rothery (1963) for
the solubility of graphite in iron at the iron graphite
eutectic (1153°C). Statistically, the data of Smith (1946)
and of Scheil et al. (1961) fit the model best with the data

of Ban-Ya et al. (1969, 1970) being almost as good for
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Table 3.2. The Solublility of Graphite in Gamma Iron.

Temperature (°C) 'Std.'bev.
800 957 1000 1104 1153 |
Carbon Std. Dev.
Investigator at % (o) %2
Smith® 3.83 6.01 6.63 8.15 8.87 2.5
Ban-Ya et al.P»¢ 3.64 5.79 6.41 7.92 8.63 3.0
Scheil et al®  '3.78 '5.78 6.37 7.77 8.4l 2.7
Dunwald et al®  3.62 5.99 6.68 8.L0 9.22 5.4
Gurry | 6.15 8.10
Buckley et al | 8.98

a

b

g is the root mean square residual error.

data and the model suggested by Darken (1946).

Solubility calculated using the investigators published

®Ban-Ya et al's 1300°C and 1400°C data were ignored.
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temperatures below 1300°C. If all of the data of Ban-Ya et
al. (1969, 1970) are used, the standard deviation jumps
to 7%. Chipman (1972) observed.that the 1300 and 1400°C
data of Ban-Ya et al (1970) are in error. Dunwald and
Wagner's (1931) data fit the model with a standard devia-
tion of 5%. When the values for the solubility of.graphite
are calculated from each set of data it 1s obvious that
while each set 1s internally self-consistent, the results
do not agree with one another. A systematic error must be
present 1in at least three of the data sets and possibily
all four. Smith's (1946) results are the only ones that
agree with the graphite equilibration data within two
standard deviations over the temperature range 800 to
1153°cC.

As a result of the systematic deviation among the data
sets, 1t was decided to use only one set of data rather
than an average of all the data. Smith's data were chosen

for the following reasons:

1. The fit to- the model was very good.

2. He obtalned the presently accepted value for the
CO/CO2 equilibrium constant using hilis equipment.

3. Care was used in checkling the accuracy of the
National Bureau of Standards standard reference
material (NBS SRM) used in calibrating his carbon

analyzer.
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4, His data agree closely with the graphite solu-
bility data of Gurry (1942) and Buckley and Hume-

Rothery (1963).

The equation for the activity of carbon in iron derived

from Smith's data is:

logygh, = 108;4¥,Y, = (a/T)y, + b+d/T + log gy, (3.6)

g, = 2.5%
]
‘ _ 3 - 2
a = 3.981 x 103 K, o = 1.09 x 10° K
_ -1 -2
b = -8.108 x 1071, o, = 1.33 x 10
4 =2.212 x 103 K, o, =1.69 x 100 K

Smith's (1946) published data are tabulated in Table
3.3. The precision of Smith's (1946) data is 2.5%. It
is heartening to note that the graphite and the most pre-
cise gas phase carburization data agree.

The results of Smith;-Ban—Ya et al., Scheill et al.,
and Dunwald and Wagner are compared with Equation (3.6)
in Figures 3.2, 3.3, 3.4 and 3.5; The x's are experimental’
points, the zeros, 0, are calculated from Equation (3.6)
and the equal signs, =, 1ndicate that the calculated and

experimental points differ by less than 1.9%. Smith's
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Table 3.3. Data of R. P. Smith (1946) for .Activity of
Carbon in y-Iron in Equilibrium with CO/CO2
Gas Mixtures.

Carbon
T | a 2

(°c) wt % at % Yo PCO/PCO

800 0.343 1.58 0.0161 2.25

0.356 1.63 0.0166 2.46

0.377 1.73 0.0176 2.65

0.405 1.86 0.0190 2.85

0.443 2.03 0.0207 3.11

0.453 2.07 0.0212 - 3.12

0.522 2.38 0.024L 3.63

0.568 2.59 0.0266 4,21

0.608 2.77 0.0285 4.50

0.647 2.94 0.0303 .87

0.661 3.00 0.0309 5.11

0.726 3.29 0.0340 5,54

0.726 3.29 0.0340 5.64

0.765 . 3.L6 0.0358 6.07

0.815 3.68 0.0382 6.55

0.831 3.75 0.0390 6.75

0.838 3.78 0.0393 - 6.81

0.836 3.77 0.0392 6.89

0.875 3.94 0.0410 7.24

1000 '0.0360 0.167 0.00167 - 1.98

1 0.0487 0.226 0.00227 2.49

0.0563 0.261 0.00262 3.12

0.0740 0.343 0.00344 4,21
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Table 3.3. Continued.
A Carbon
T = T

(°c) wt % at % v, P&o/Peo

1000 0.133 0.615 0.00619 7.29
0.242 1.115 0.0113 13.8
0.455 2.081 0.0213 ° 27 .4
0.655 2.974 0.0307 43,4
0.810 3.658 0.0380 56.2
0.963 4,326 0.0452 70.8
1.081 4.836 0.0508 84.1
1.206 5.371 0.0568 99.4
1.321 5.860 0.0622 113.3
1.462 6.453 0.0690 130.2
1.466 6.470 0.0692 131.7
1.471 6.491 0.0694 132.4

1200 0.0148 0.0688 0.000688 3.75
0.0141 0.0655 0.000655 3.80
0.0217 0.101 0.00101 5.83
0.0252 0.117 0.00117 7.14
0.0273 0.127 0.00127 7.23
0.0450 0.209 0.00209 12.46
0.109 0.505 0.00508 30.3
0.215 0.992 0.0100 61.4
0.416 1.905  ° 0.0194 122.5
0.413 1.892 . 0.0193 . 123.1
0.738 3.341 0.0346 243.6
0.942 4,234 0.0442 352.2

a

Ve 5 xc/xFe

- atom ratio

of carbon to iron.
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results scatter uniformly about the calculated points and
seem to fit the model in both terms of temperature aﬁd
composition dependence. The results of Ban-Ya et al. for
n Y: versus y,, in Figure 3.3 are high compared to Equa-
tion (3.6) except at 1150°C, where the results are in better
agreement. The residuals at 1150°C, however, are blased

as a function of carbon concentration. The results of Ban-
Ya et al. at 1150°C were obtained at a different time than
those at the other temperatures and this could explain the
difference. Figure 3.3 clearly shows that their 1300°C

and 1400°C results are not consistent with the model |
having an intercept which is proportional to 1/T or 1/T
plus a.constant. " This affirms Chipman's (1972) assertion
that the high temperature data of Ban-Ya et al. is in
error.

The results of Scheil et al (Figure 3.4), like those of
Ban-Ya et al., are high compared to Equation (3.6). When
fit directly to the model, Equation (3.6), Scheil's results
do not seem to fit. The residuals 1indicate that the iInter-
cept would have to be a complicated function of tempera-
ture to fit all the results. Dunwald.and-Wagner(s results
are also high.compared to Equation (3.6).. This iS‘éspecia}f
1y true at low carbon concentration where their data indi-
~cate a zero slope for &n Y:. Given the precision of the

',othef investigators' results, it is likely that Dunwald



39

and Wagner's results are incorrect at low carbon concentra-
tions.

Mainly, the results of the other investigators beside
Smith were systematically higher for &n Y? than those of
Smith. The most probable reason for this‘is the gas com-
position or the carbon aﬁalyses, either of which could
conceal a systematic error that would effectively increase
the value of the activity coefficiént of carbon. Figures
-3,2-3.5 all tend to confirm our decision to use only one
set of data that of Smith, in our experiments.

If greater accuracy 1s desired for phe irbn—carboh
system, the areas where improvement of technique would bé'
most valuable are: (1) carbon analyses; (2) analyses of
the gas mixtures, and (3) experiments at more, different
temperatures to obtaln a bétter fit for the temperature

dependence of the activity coefficlent.



CHAPTER IV
ANALYSIS FOR CARBON

A.  Intfoduction

.”Analysis for.cérboh 1s critical to the fesults of
this work, ConSiderab}e effort was expended on developf
ing thé d@mbustion method for analysis of carbon and in
,deﬁdnsfraﬁing its preclision and accuracy. The procedure
>.desc:ibed'here is-the cﬁlmination of a.many step process.
The attainable precision Qf the method is shown to be ap-
broxiﬁatelyvl% in Sectioh'lenot all analyses were of
this preciéion, howevéf. Section'é addresses the question
of the aécurécy of the analyses.‘ Since the aﬁalysis method
relies'on National Bureau of Stéhdards Standard Referenée
Maﬁerials (NBS SRM), the.aécﬁrééy-of the results depends‘
 f6ﬁ the accuracy of the certified anaiysis of the NBS
'SRM. Analysis of.several NBS SRM's shows that they
scatter approximately 5% relative to their certified
concentrations. The scatter in the standards limits the
aécuracy of the carbon analyses reported here to approxi-

mately #5%.

Lo
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B. Procedure for Total Carbon Determination by the Com-

bustion-Gas Chromatographic Method .-

1. Summary -

The carbon in the material is converted to carbon di-
oxilde by combustion in an oxygen stream. The cafbbh'diéxide
is then trapped on a zeolite column.: After the combustion
is completed, the trap is heated, and the carbon dioxide
is released into a stream of helium and thence to a
chromafogfaphic'column. The amount of carbon dioxide .is -
measured in a thermistor type conductivity ce11...The'
signal 1is automatically integrated and displayed on a
digital panel. The instrument must be calibrated with

material of known carbon concentration.

2. Equipment and Reagents

Reaction crucibles: - fired at 1000°C for eight hours
and then stored in a desiccator untill used.

Acetone: electronic grade, less thanv0.000S percent
residue.

Tin metal accelerator: washed 1in water and acetone
to remove organic impurities and then dried at 70 to 100°cC.

Cupric oxide: fired at 1000°C for two to three hours.

in air.
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Helium, high purity: passed through a purification
train of ascarite, glass wool and Dri—rite.
'_Oxygen; ultrahigh purity: passed through a purifica-

‘tion train of ascarite, glass wool, and Dri-rite.

3. Calibration

NBS Standard:Referencé Material 121B was used as the
calibration standard. Aliquots of less than 20 mg were
not used. Homogeneity for aliquots of 20 mg has been
demonstrated'for Naﬁionél Bureau of Standards Standard

Reference Materials (ASTM, E350).

4, Determination of Blank

Before actually determining the blank, the instrument
is cycled seVeral times with the standard untll a constant
response is obtained.

To determine the blank, one scoop (approximately 0.75
gram) of tin granules and then two scoops of cupric oxide
are placed in a crucible. The crugible is then placed in

the combustion chamber and allowed to sit in the oxygen
stream for one to two minutes before cycling the instru-
ment. The blank determination is repeated several times
until a reading of *1 ug 1s achieved for three consecu-

tive determlnations. A blank greater than 15 ug lndicates
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that there 1s probably a leak in the system which must

be corrected.

5. Procedure

With the instrument stabilized and the average blank
determined, the analyses are undertaken according to the
following procedure: Each unkhown determination is
preceded and followed by an aliquot of a SRM. The ali-
quots of 121B are measured to contain approximately the
same numbers of micrograms of carbon as the samples
(100 ug). Aliquots of standard and sample of less than

100 ug or greater than 1000 pg are avoided. The factor

( ug carbon
number of counts

) used for calculating the concentration
of carbon in the unknown 1s obtained by averaging the
value obtained for the SRM. If the instrument 1is not run
for an hour, or if different batches of gas, tin, copper
oxlde or crucibles are used, the procedure for determining
stability and the blank 1s repeated before proceeding to

new samples.

C. Precision of the Carbon Analyses

Table 4.1 and Figure 4.1 contailn data on National
Bureau of Standards Standard Reference Material 121B

collected in three sets over a period of three weeks. As
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. Table 4.1. Calibration Data for LECO Gas Chromatograph
Carbon Analyzer with National Bureau of Stan-
dards Standard Reference Material 121B.2

NBS SRM Instrument
121B Reading

Date (gms) (counts)
2/18/77 0.2213 ' 307.1
0.3029 425.3
0.4345 609. 4
0.5209 740.2
0.6091 848.3
0.4157 581.3
0.5192 725.9
0.4080 - 576.8
0.5182 - 721.6
0.4184 578.5
0.6439 .. 899.0
0.4408 615.0
0.5134 721.7
0.4106 579.3
 0.4110 . 592.0
0.4423 621.1
0.5208 ©734.1
0.4553 641.9
0.4030 566.2
3/3/77 0.4150  579.7
.0.2318 . 319.9
0.4448 627.0
0.4249 592.8
0.6269 875.0
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Table 4.1. Continued.

NBS SRM Instrument

121B Reading
Date (gms) (Counts
3/3/77 0.4550 634.1
0.2214 305.9
0.5113 724.0
0.5465 768.0
0.5084 718.0
0.4246 588.0
3/11/77 0.2427 338.7
0.5513 79U, 7
0.4302 598.8
0.2116 292.3
0.6144 858.0
0.3369 477.1
0.4158 584.0
0.4273 596.7
0.4159 592.2
0.4520 641.8
0.4199 | 597.1
0.4358 617.3
0.4085 577.0
0.4322 . 613.6
0.2277 324.2

aNBS SRM 121B is stated to contain 0.0720 wt% carbon.
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The data was taken on three separate days.
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shown in the figure the standard deviation in the weight

of 121B varied from 3.1 to 4.1 mg. To obtain one percent
precision one must use aliquots of 121B with a mass of

* approximately 0.4 grams or larger. Since 121B has a nominal
carbon concentration of 0.0720 weight percent, aliquots ofr
greater than 300 pug of carbon should be used to ensure

one percent precision. In practice it is hpt desirable to
exceed 1000 counts on the instruments. AboVe 1000 counts
the amplifiers-begin to saturate and become non-linear in
their response. If aliquots of greater than 500 micro-
grams of carbbn were desirable for some situation a lower
amplifier setting can be used, §oﬂthat the number of counts

per microgram of carbon is decreased.

D. Accuracy of the Carbon Analyses

NBSVStandard Reference Materials are used almost unil-
versally to standardize instruments for material analysis.
These materials undergo a rigorous testing for homogeneity
and composition at the Bureau of Standards"quoratory and
in private and industrial research laboratories. However,
the accuracies of the ahalyses are not stated or implied
by the National Bureau of Standards. The certificate of
analysis accompanying the standards shows that in many
cases the scatter in the certificate value as reported by

the various laboratories is #5 percent for carbon.
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As part of thls research effort several NBS Standard
Reference materlials wilth certified carbon contents were
examined. Some of thé results are tabulated in Table b, 2.
The instrument used for these analyses 1s a LECO carbon
analyzer with a gas-chfomatograph—thermal conductivity
detector. The following procedure was used to measure the
carbon concentrations 1in thé NBS materials. The instru-
ment was cycled severai times until the response stabllized
and a constant blank was obtained. A NBS SRM was used to
calibrate the instrument. An aliquot of the standard
reference material preceded énd_followed each aliquot of
sample. The number of micrograms of carbon was approxi-
mately the same in both the calibrating standard and the
standard being checked.

Table 3.1 shows that the scatter in the data for each
standard is less than or equal to #1 percent of the value.
The discrepancy with the certified value 1s as much as 7
percent. The relative lack of accuracy in the certifiled

analysis leads to the followlng problems:

NBS SRM's
1. If one standard 1s used consistently the precisioﬂ
of results can be greater than 1 percent. The calculated

data, however, will contailn a systematic error due to the

‘accuracy of the certified analysis.

2. If many different standards are used to calibrate



Table 4.2. Analysis of NBS Standards.

Certificate Carbon? (wt. %) Average
Analysis Analysis Number % Deviation

SRM Carbon from

Number (weight percent) 1 2 3 Average NBS Value
20F 0.380 0.395 .396 .398 0.396 +4.3
19E 0.197 0.204 .204 .205 0.204 +3.7
15D . 0.100 0.102 .102 .102 0.102 +2.0
101E 0.0540 0.0528 .0524 .0534 0.0529 -2.1
160B 0.0460 0.0437 .0b29 .0b25 0.0430 -6.5
101F 0.0140 0.0140 .0139 .0138 '0.0139 -0.7
The carbon concentrations are relative to NBS SRM 121 B, 0.0720 wt. % carbon.

06
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an instrument, the precision of the measurement will be
limited by the scatter in the values of‘the certified
analyses relative to one another. .

3. Comparison of data from various investigators is
difficult since different groups use different calibrating
standards. If different standérds are used, discrepanciles
as high as 10 percent could occur. These problems can‘be
mitigatéd to some extent 1if the calibrating standard 1is
cited in theAliterature. To eradicate the problems, in-
accuracies in the standards must be removed. Problems
related to inaccuracy have been caused by abuse‘of the
standards}rather than by a fallure on the part of the NBS.
The fact that a scatter‘of 5 percent 1s reported on the ‘
certification shouldvbe sufficlent to keep users from
claimihg accuracies of *1 or 2 percent.

Initialiy; NBS SRM 19E was used to calibrate the -
instrument and, hence, as a basis-forvanalysis of a num-
ber of sémples. Whén SRM 19E waS-éxhausted, SRM 121B was
used. All the SRM 121B data were converted to the SRM
19E after analysis. The correétion.is shown in Table M;2.
Thus, fhe data in Appendix A based on SRM 121B‘were con-
verted to the SRM 19E base for all subsequent calculatiohs

unless otherwise stated.



CHAPTER V
EXPERIMENTAL PROCEDURES

A. Preparation of the Alloys

fn working with carbon in»alloys‘containing strong
carbide forming elemenpsﬁ special care has to be_taken
durlng fabrlcatlon Prec1p1tatlon of carbides durlng
processing can result in 1nhomogeneous alloys (Braskl
and Leitnaker, 1977). :Tne problems of 1nhomogene1ty are
not_restricted unfortnnasely, to the as—fabricated
materlal - It has been found that the carbides’cannot oe
easily removed once formed Tne slow diffusion rate of
‘carbide formlng metals_results in the enrichment of ti-
tanium and molybdenum in the former carbide areas even
afterllong anneals.. This is demonstrated by the fact that
the carbides precipi?ate in "stringer" like patterns upon
aging‘atltemperafnres oelow the solubility limit. ‘Figure
5.1 is an opticaliphotomicrograph snowing this so-called |
"memory effect” in‘a”nickel based alloj simiiar to those
used here -

Braskl and Leltnaker (1977) concluded that a way to
achieve a homogeneous microstructure was to hot work the

material at temperatures in the solid solution regime and

that any intermediate recovery anneals after cold working
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should be in the so0lid solution regime. As a result of
their work the eight primary alloys used in this study
were prepared using a slightly modified version of the
fabrication schedule suggested by Braski and Leitnaker.
Table 5.1 lists the procedure followed. )

Table 5.2 giyes the composition of the melts; as welgh—
ed prior to}melting, and the composition of the analyzed
3 mm diameter rods. An extra 0. 5 weight percent of
chromium was added to all of the alloys conta1ning chromium
to correct. for expected losses through evaporation. The
carbon concentration was lowered to one third of”itsfinitial
value, primarily due to'losses during the final deoxidizing
anneal, As Table 5.2 shows, the molybdenum and'the chrom-.
ium contents of the alloys were analyzed in several dlf—
ferent ways. Quantitative analysis for transition metal
elements in the concentration regimes in which this work
was performed is a difficult task due to the high concen-
tration of the different elements. The Paschen results for
the chromium and molybdenum and the atomic absorption |
results for molybdenum appear to be unreliable because of
© the non-reproduclbility of these techniques'for.the elements
in question.. Table 5.3 giVes the values for the composl-
tion of the alloys that were judged to be the best.

These values are used in all subsequent calculations.



Table 5.1. Fabrication Schedule? for Alloys 7261-7268. - .
) Reduction
: .+ . 1n Area
: : : " Rod - " During
Step - _ Diameter Swagin K b
No. - . Fabrication Process - (mm). - (B Heat Treatment®
1 . Arc melt-drop cast. (remelt 6 times)25.l
2 - Hot swage at 1177°C ' . i ‘
Pass 1 . , 22.1 - 24.3 15-min reheat between passes
_Pass 2 18.8 27.6
Pass 3 - 16.3 24.8
Pass 4 13.7 29.3
Pass: 5 12.4 18.1
Pass 6 10.9 22.17
3 Homogenlizing anneal T 1 hr at 1300°C
y Cold swage (room temperature) 8.6 37.8 ‘ ‘
5 Intermediate anneal _ : 15-min at 1177°C
6 Cold swage (room temperature) © 6.4 b4 .6
7 Intermediate anneal o o 15-min at 1177°C
8 Cold swage (room temperature 5.1 36.5 ' j :
9 Intermediate anneal ' 15-min at 1177°C
10 Cold swage (room temperature) = . 4.1 .35.4 '
11 Intermedlate anneal 15-min at 1177°C
12 Cold swage (room temperature) 3.2 39.1
13 Deoxidizing anneal in H2 gas 2 hr at 1100°C

aProcedure developed by Braskil and Leitnaker

(1977).

bSpecimen were water quenched after each reheat.
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Table 5.2. Alloy Compositions as Determined by Several Methods of Analysis, wt %.

Titanium : Chromium o ' Molybdenum

'Carbong
Alloy Direct
Melt Paschen® Compb a Paschena e Compf Paschena a Comp Combustion
No. Emission of Melt AA Emission Volume of Melt Emission AA Color of Melt .
7261 2.00 2.06 o , . ) 1 0.015
7262 1.95 1.95 . ) . \ ' 12.0 12.79 12.81 12.90 - 0.01L,
7263° 2.02 2.08 . 7.78. ©7.93 » o - 0.014
7264 1.95 2.00 s - . 6.38 . 6.78 6.68 . 6.62 0.015
7265 2.06 2.07 4,09 4,20 © 0.016:
7266 1.91 1.97 7.01 7.58, 7.08 7.55 12.7 13.38 12.76 12.02 ¢ 0.021
7267 1.95 1.96 3.98 4,07 3.77 4,02 12.2 12.95 12.93 12.56 0.016
7268 2.00 2.02 7.29 7.4 7.33 7.73 6.5 7.20 6.66 6.68  0.015
7068 2.97 3.14 S o 0.087
7071 2.80 3.14 ’ 8.08 . 8.50 ) _ ' 0.135
7095 3.06 3.14 14,1 14,6 13.9 0.380°.,
A 2.00 1.94 i ’ 13.6 13.0 . 0.094
B 1.73 1.94 ' . 0.086
c 2.00 1.94 7.10. 7.50 " 0.109
yugh 2.00 1.94 Y120 0 7.50 . 11.5 11.4 : 13.0 0.035

aThe 21 ft Paschen-Runge spectrograph-at’the ERDA Y-12 facility was used for these analyses. The 95%
confidence level (2 standard deviations from the mean equals approximately 2.5% of the stated value for
Ti, and 3.0% of the stated value for Cr, and 6% of the stated value for Mo. For a description of analyti-
cal procedure see Leitnaker et al (1977). .

PThe 750 g melts lost 0.3#0.1 wt % on casting.
CColorimetric analysls for Cr gave d'resgltkéf 7.? wt % %3% of the value.

dAtomic absorption has an uncertainty of 3% of the values for both Mo and Cr. Molybdenum spike fécovery;.
was poor for alloy 7266 and probably accounts for the high value relative to the colorimetric results. '
NBS standard reference material 10lE was used to prepare the calibratlon curves. . ’

€Volumetric analysis for Cr has an ﬁncertainty of ~1% of the value. It 1s consldered the most accuraté
method for Cr determination in this bonqentration range.

fDue to the high vapor pressure of Cr, relative to the other elements in the melt, 0.5% Cr was added to
the amount desired in the final product. A good approximatlion would be that all weilght loss on casting
is attributable to Cr volatilization. Values include the extra.0.5% Cr.. : . -

EMethod used was direct combustion to COéQ The standard deviation 15':3%,
hphis alloy also contained 0.2 wt % Fe. ' o V

LS



Table 5.3.

Compositiona of Alloys Used for Calculations.

.36

Alloy Element/wt %
Melt
No. T4 Cr Mo c Ni
7068 2.97 | 0.087 96.94
7261 2.00 0.015 98.0
7262 1.95 12.81 0.014 85.3
7263 2.02 7.78 0.014 90.2
7264 - 1.95 6.68 0.015 91.4
7265 2.06 4.09 0.016 93.8
. 7266 1.91 7.08 12.76 0.021 78.2
7267 1.95 3.77 12.93 0.016 81.4
7268 2.00 7.33 6.66 0.015 84.0
7071 ~ 2.80 8.08 - 0.135  89.0
7095  3.06 - 13.9 0.380 82.7
A 2.00 13.0 0.09L 8.9
B 1.73 0.086 98.2
c 2,00 7.40 | 0.109 90.5
k49 1.94 7 11.4 0.035 79.0

@These values

were plcked from those in Table 5.1.
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B. Carburization

1. Specimen Preparation

For the carburizatlon experiments the 3 mm nickel alloy
rods were cut into sections 4 ecm long. Each specimen was
marked with a vibrator tool with the last two digits of
its respective melt number prior to cutting from the parent
rod. The speciméns were theﬁ chemically cleaned in a solu-
tion of hydrochloric and nitric aéid. The acid cléaning
was followed by washings in methanol and, finally, acetone.
After they were cleaned and dried, the specimens were weigh-
ed on a Mettlér semi-micro balance to O.d02 mg.

The samples were next spot welded at each end to loops
of nickel wire. It was found that the wire could be re;
moved cleanly from the specimens if the welding was done
With the proper energy-input (25 watt-sec forj3 ﬁﬁ fod
énd 0.5 mm wire worked well). If, however, tdo large an
energy-input was used durlng the weldihg or 1f the sample
surface became oxidized, then the wire could not bé
easiiy removed after carburization. As many as ten samples
were welded to the loops 1in thls fashion. The éoﬁnected
set of samples was lowered into the hot zone'of the fufnace
on a nickel tether attached to an iron slug controlled by

magnets, as described 1n Sectlon 2.
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Furnace and Auxiliary Egquipment

The Furnace - The carburizing and annealing fur-

nace was one of the central pieces of equipment used in

this study."In order to accommodate the wide range of uses

required of it, the furnace was designed according to the

following criteria:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

It must be capable of being operated safely in
an atmosphere of H2 or Ar.

It must have incorporated in it a vacuum pump
to'fa0111tate changes in sample atmosphere and
to check the system for leak tlghtness

ItAmust allow for cooling rates.which vary from
a.brine quench to a furnace cool. The ooolingl
must he done in an 1nert atmosphere. |

It must be 1nert relative to the gases, e.g.

CHu or H2. Specifically, it must not act as a

sink for carbon or a source for any other ele-
ments.
It must have a constant temperature zone of L-6

inches.

It must allow for reproducible mixing of dif-

ferent gases.
It must have unobstructed flow of gas around

the samples while they are in the hot zone.
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(8) It must have the capability to purify and monitor

" the purity of the gas stream.

The furnace 1tself is a platinum res1stance heated furnace
with a 55 mm bore The temperature controller used through—
out most of the experlments was a Speed Max G duration ad-
justing (DAT) controller. The controller maintained a o
constant temperature‘to i2°C. Toward the end of the in-
vestligation an Electromak I11 currentradjusting type con-
troller (CAT) waspsubstituted for the DAT. Temperature
control of better than #1°C is possible with thepCAT
controller. | | |

To insure the inertness of the system the furnace
-liner is made of DeGussitt-19 recrystallized high-purity
alumina. Smith (1946) noted that above 1000°C with -a -
‘mullite liner the reduction‘of‘8102 becomes a major problem.
In this work we found that iron can also be transferred
from a mullite liner to samples in.a reducing atmosphere.
Alumina reduction by hydrogen at the temperatures dealt
with here (900-1215°C) is not a problem.

The liner is sealed to a copper .collar at both .ends
with a viton O-ring. The water cooled copper collar
serves as inlet and exit for gas, as the connection to
the vacuum system, and for the removal and introduction
of samples. The lower collar contains the vacuum port

and connects to the quenching tank through an alr-activated
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gate valve,

The upper collar contailns the vacuum gage and is fitted
with an O-ring groove which allows a pyrex extension tube
to be sealed to the collar. The pyrex extehsidn fﬁncfions
as the éold zone of the furnace. A.magnet ié used to |
lower the sampies into the hot zone. If a quench is-deé
sired ﬁhe magnet can be removed and the sample dropﬁed
through the gate valve and into the quench tank. The gas
system is 50 arranged that the samples aré in a controlled.
atmosphere until they hit the quenching médium. If slower
cooling is desired, the samples can be raised“with-the

magnet into the extension tube.

b. Thermometry - The temperature in the furnace was

measured with a calibrated platinum-10% rhodium (Type S) .
thermoéouple. A similar thermocouple was -used to -control
the furnace temperature. Before each set of runs, to
insure that the furnace was at the proper temperature,~a
profile of the furnace temperature was taken. After ini-
tially adjusting the .resistance across 6 taps the furnace
temperature was found to be constant within 2°C over the
100 mm center section of the muffle. No discernible drift

in the peak occurred with time.

c. Gases - The piping system to the furnace 1is de—

signed to allow thrée different gas cylinders to be used



63

together or separately. Each of the three lines feeds

gas through a Fisher-Porter Tri-flat variable area flow-
meter and into a central mixing chamber. The flowmeters,
with flow rates of 0-300 ce/min, can be used to mix gases
to ratios as. low as 1:20 with little difficulty.. After
passing through the mixing chamber the gas stream either
enters dilrectly into the furnace or goes through a puri-
fication train and then into the furnace. The purification
train consists of a palladium catalyst followed by a column
filled with Linde 3A molecular sieve. The palladium con-
verted any free oxygen in the -gas into H2O(g) and then the
molecular sieve removed the water. The gas stream was
analyzed for water on the exit side of the furnace with a
Panametrics ModelleOO hygrometer. Water concentrations

of less than 0.5 ppm by volume were obtained with this

purification technique.

d. Operating Procedure for Safe Use of the Hydrogen

Furnace

1. Starting Up

a. Close bottom gate valve and unplug eiectrical
socket.

b. Set all regulators at 5 1bs and close all flow
meter valves.

c. Make ‘sure vent valves are closed.



64

Evacuate furnace system with fore pump. (If
the fore pump is not used to.evacuate the .
furnace system, a minimum of 0.5 cubic feet
of argon must flow through the furnace and more

than 1.5 cubic feet is not necessary since

‘the furnace volume is only ~.15 cubic feet.

Back fill with argon.

Repeat d and e for 3 cycles.

Open exit valve to exhaust system. The pres-
sure in the furnace should be atmospheric or
very slightly above.

Light pilot 1light and open exhaust hocod.
Begin flowing hydrogen with argon still flow-
ing.

Shut off argon;

Shutting Down

Start flowing argon.

Turn off hydrogen. o

Flush the furnace with at least 0.5 pubic feet
of argon, not more than 1.5 cublc feet is need-

ed. (At the end of this time a platinum wire

* near the pilot light should not be. glowing.)

Open furnace to remove or insert samples.
Leave argon flowing while furnace 1s open and

reclose the furnace as soon as possible.
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e, Shut off pllot light.
f. Shut off argon.

g. Close exhaust hood.

3. Use of Quench Tank

a. Secure quenching tank té the base of furnace
with C—clamps'or bolts. | a

b. Flush quench tank with a minimﬁm of 0;7 cubic
feet of argon>or'ﬁot more than 2.0 cubic feet.

c. Turn off érgon first ub stream from quenching
tank and then downAstréam Just prior to quench-
ing samples. (It is important not to build- |
up pressure in thé tank which may blow the
Aquenchihg media up into the.furnace chamber
when the gatevvalve-is opened.

d.' P1ug in gate valve. |

e. Open éate valve ; drop sémplés into quehch

tank - close gate valve - unplug gate valve.

C. ‘Annealing

In order to obtain.information on the solubility of:'
carbon in the carbide-forming alloys at relatively low
temperatures (800-1000°C), a procedure other than car-
burization was employed. The low solubility of carbon,
<0.05 atom percent, and the slow kineticsiof the carburiza-

tion reaction make carburizatibn experiments extremely
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difficult at these temperatures. (See Chapter IX for a
discussion of the results of the carburizatlion experiments
at 900°C in the carbide forming alloys.) To circumvent
the problems of carburization, alloys with a fixed con-
centration of carbon were arc melted and cast. Three
(3) millimeter rod seétions of these alloys were then
annealed at various températures. |

~ For annealing, two platinum wound resistance fur-
naces with Inconel 600 furnace tubes were used. The sam-
ples were first cleaned as described in Section II B and
then wrapped tightly in a_sheet of tantalum. The furnaces
were desiéned to allow é continuous flow of argon through
the hot zone. The tantalum foil acted as a getter for
the impurities in the gas. When samples Were being placed
in the furnaces the flow of argon was increased and was
kept high for approximately fivé minutes after closing
the furnace. At the end of an experiment the argon flow
was again increased, and the samples were quiékly pulled
from the hot zone of the furnace and plunged into a 10%
sodium-chloride brine. A translucent oxide was visible
on allbjs containing chromium and molybdenum after quench-
ing. Oxidation apparently occurred during the quench
rather than during-the anneal.

The calibrated platinum-10% rhodium thermocouple used

in the carburization experiments was used to measure the
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temperature in the annealing furnaces. The éurrent aajust—
ing type of proportional temperature controller was used
throughout this series of experiments. The temperatﬁre

in the region of the furnaces containing the samples was

held constant to within x2°C.

D. Electrolytic Extractions

1. Description - In order to obtaln precise information

about precipitated phases in metallic matrices, it is
necessary to isolate the precipitate. The precipitate
phases in the materlals of chcérn have varied from 0.05

wt % to 5 wt.%. Sihce quantitative determination of weight
fractions was desired, a highly specific iscolation tech—
nique was required.suéh that none of»the precipitate bhaseé
dissolves but all the matrix dissol?es. The 1iterature
[Donachie (1972) and Ahdrews'(l966)] indicates that anodic
dissolution has beenlshpwn to be a hiéhly séléctive téch—
nique. Donachie (1972) lists 9 different brecipitate
phases that have been sﬁccessfully isolated by the eiec;
trolytic technique. Specifically,vsinée MC_type bhésesr
can bg quantitatively recovered and since MC Waslthé phése'
of primary import invthis investigation, it was decidedvtg
use anodlc dissolution for the concentration of.pfeqipi-'
tates. | | | |

Anodic dissolution involves using the sample‘material
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as “the anode and some inert material, such as platinum,
as the cathode in an electrolytic cell. The electrolyte
most often used, and that used for all this work, is a -
solution of 10% by -volume of concentrated HC1l in methanol.
Donachie (1972) indicates that in alloys containing tung-
sten, tantalum or niobium a complexing agent such as tar-
taric acld must be added to control_oxidation,since.con—
siderable amounts of oxides of these elements can form
and precipltate | |

In this connection 1t was d1scovered during this
investigation that nlckel ox1de ‘forms in small quantlties
during electrolytic pollshing of surfaces Oxidelformation
can be a particularly severe problem in sample preparation
for the electron m1croscope or small angle X-ray scatter-
ing, The nickel oxide has only been detected by x-ray
diffraction in extracted res1due which contained very
llttle MC phase Since the NiO and MC phases have s1milar
structure and lattice parameters O 420 nm and 0.431 nm,
respectively, the carbide phase, 1f present, would ob-
scure the nickel oxide | That the amount of oxide formed
'1s small is verified byAanalysis of the extracted material.
.Nickel varied from a few parts per million to lOOO parts
per million but never higher | |
| Another problem cited in the literature [Andrews
>(1966) Leitnaker (1977)] 1s the precipitation of silicon

in the form of a gelatinous silica during extraction
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Leltnaker determined that silica was not precipitating in
his high alloy steels wilth silicon concentratibn df 1wt

%. Since the alloys in question here contained only traces-
of silicon it is certailn that, even 1f 1t occurred, itv'_;“

would not pose a problem.

2. Precision - In order to insure that the best

precision available from the technique was obtained a
strict procedure was developed and followed closely in

all extractions. (The procedure is outlined at the end-

of this section.) As a test of the procedure, two sampiesv
that had been thoroughly homogenized by long.term aging.;
were extracted several times. Table 5.4 contains fhe
resﬁlts of these extréctions. The sfandard dé&idtidn_bff :
the procedure is 0.013 wt %. If 1 gram of material is.
dissolved, 0.013 wt % corresponds to O.i3 mg. Sinée-each
extraction involves the weighing of a centrifuge tube
twice with a standard deviatibh of approximately 0.05 mg,
the precision obtailned with the followlng technique 1is the

best that can be expected until a more-precisé,balance and .

better recovery technique become available.

3. Procedure for Anodic Dissolution of'NiékeleBased '

Alloys for the Concentration of Precipitated Carbide
Phases -
Equipment and Reagents

Semi-microgram balance
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Table 5.4. Results of Multiple Extractions of 0.64 cm
Rod Specimens® of Ni + 2 wt % Ti + 0.1 wt % C.

Heat Treatment Quench Precipitate
Extracted
Temp. Time wt %
(°C) (hrs)
1100 - 16 CczP 0.122
0.129
0.103 :
Avg=0.118, ¢%=0.013
1260 i Cz 0.128
' : . 0.115
0.098
0.108

Avg=0.112, 0%=0.013

8The extraction solution was 10% (volume) HC1l in methanol.
The voltage was held constant 1.5 V for the duration of
the experiment ~6 hours. ' ’ ‘

Pe7-cold zone cooled.

C_ .. : ‘ .
o is the root mean square residual.
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Constant voltage power supply (0-4 V)

Platinum tipped forceps

Platinum sheet tc serve as a cathode

50 x 70 mm pyrex dish

15 ml centrifuge tube

Multi-position centrifuge

Ultrasonic cleaner

Eye dropper

Magnetic stir bar

Plastic wrap

Methahol—analytical reagent gradé

Hydrochloric acid-analytical reagent grade

Procedure

1.

A solution of 10% hydrochloric acid, by vdlume5

in methanol solution 1s prepared.

Any surface oxide is removed from the sample with

sand paper.

The sample.is cleaned by anodically dissolving it

for 1 hour. The specimen is held in the platinum

tipped forceps which are connected to the positive
terminal of the power supply. A piece of ﬁlatinum_
sheet functions as the cathode. It 1s molded to

fit the inside of the 50 x 70 mm dish (see Figure
5.2). The dish is filled with the acid solution

so that the sample is well covered. Finally, a









_a_Vacuum’dessicatbr. After 1 hour it is removed

a

plece of plastic wrap is placed over the dish and *
around the fofceps to help control evaporation of

the solution. The dissolution is carried out at 1.5 “
V. The mixture is stirred with a magnetic stir bar.

After it 1s clean, the sample 1s washed in methanol

in the ultrasonié cleaner, dried, and weighed to

.0.05 mg; |

Aftér it is welghed, the sample 1s placed in a

clean dish with fresh solution and dissolved for

6-8 hours as 1in (3). .Care 1is taken ﬁot to get

the“sample too close to the cathode because the

. high current that results causes plating on the

cathodé. 

A 15 m1_c¢ntrifuge tube is cleaned with soap,

rinsed sevéral_times»with methanol, and placed 1in

and allowed to equilibrate with the air for 1 hour

_before weighling to the“neérest 0.02 mg. Since

- the preclislon of the fésults~depends strongly of

the precise weighing of the centrifuge tubes in

steps 5 and 9, the tube is weighed twice, and

the zefo is checked both before and after the

weighing. *
The remaining sample is placed in the preweighed

centrifuge tube partially filled with methanol, -
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and the tube 1s then placed in an ultrasonic
cleaner to remove any preclpitate adhering to the.
rod. - The sample is then removed from the tube,
dried, and rewelghed.-

8. .The extraction solution in the.dish 1s transferred
to-the centrifuge tube with-an eye dropper and
is spun at high speed for at least 2 min. The
supernate -1s decanted.

9. The precipitate in the tube is washed with methanol
-and centrifuged again. This procedure is repeated
until the supernate 1s clear.

10. The tube containing the clear precipitate is
placed 1n a vacuum dessicator to remove the
methanol. After several hours of dessicating,
the tube 1s allowed to equilibrate with the air
for at least 1 hour and is then weighed as in
Step 5. If any discoloration or film is visible

in the tube, Steps 9 and 10 are repeated.

E. Electron Microprobe

1. Introduction

The electron microprobe was uséd to analyze the car-
bide precipitates extracted from the.nickel métrix. The |
microprobe offers several advantages over conventional
techniques such as atomic absorption spectfoscopy or

gravimetric analysis. The more conventional technlques
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usually reguire large samples, are destructive, and re-
guire equipment ‘that was not readily available for this
work. Besides requiring only small samples and being non-
destructive, the micrbprobe permits a rapid analysis

which 1s important when substantial numbers of samples
need to be analyzed...A method requiring only a small
amount of sample was important in this work because often
only 1 mg of material was avallable and several different
types of analysis were desired.

Abdel-Gawad (1966) and E. W. White et al. (1966) have
shown that the electron microprobe can be used to analyze
quantitatively micro-crystalline powders. The procedure
used in this study is essentially that described in their
papers.. The assumption 1s that the ‘intensity ratios for
elements in the powders. are constants for any given com-
position. A series of powders was analyzed by conven-
tional techniques and then by the microprobe. A calibra-
tion'chart was then constructed comparing intensity ratios
of elements of Interest to weight percent ratios. The
use of intensity ratios and calibratién cuf?éé sevéfely
restricts the applicability of this technique. Light
elements:afe hot détedted by the ihstfumeﬁt. Thé calibra-
tion curves afe complicated with'oniy three‘elements if
a wide.rangé of conéentrations are considered. Forﬁﬁ-
nately, the system of intefest here is essentially a two

component mixture of titanium and molybdenum. Chromium
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and nickel are also present, but amount to only 1.0 and
0.05 wt %, respectively, and were not considered in the
calibration curve. < Practically, one is limited-to the .
analysis of, at most, three elements of mass greater
than sodium.

The instrument used in this investigation was a’
Materials Analysis Corporation electron microprobe coupled
with a Si(Li) energy dispersive x-ray detector and a

multichannel analyzer.

2. Procedure for Analysis of Carbide Precipitates

| To obtain quantitative results from the microprobe
a substrate of atomic number less than ll is necessary
Elements above sodium emit x-rays that are detectable with
the energy dispers1ve x-ray detector, and there is also
a greater chance of absorption and fluorescence inter—v
actions between the substrate and the sample at high |
atomic‘number. Beryllium appears to be the best material
for our purposes. It has a low atomic number (four) and
is available in a sheet form that can be mounted in epoxy
and polished to a high sheen. Another requirement of the
substrate is that it be an electronic-conductor because
the surface charge that could otherwise result would lead.
to erroneous results. | o

The precipitates mere dispersed in methanol and then

transferred onto the beryllium chip with a Pasteur
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pipette. The crystallites adhered to the surface of the
polished beryllium after the methanol evaporated. It.
was not necessary to further bind them to the surface with
glue or graphite.

A constant accelerating voltage of 25 keV was used
for the electrons. The beam was caused to raster over
an area of approximately 10,000 u2. A window of 0.3 eV
was ordinarily used for each elemental peak. The peaks
normally used corresponded to the Ko of titanium and the
La of molybdenum. In a typical analysis the specimen was
counted for 20 seconds (mlO,OOOACOunts) in ten different
locations on the substrate. The resultané intensity
‘ratios were then averaged. It was also paft of the pro-
cedure to check for inhomogeneity in the sample by analyz—

ing very small areas but no gross inhomogenelty was dlS—

covered.

3. Calibration Curve

4Several different cafbide precipitates werehanaiyZed
by atomic absorption spectréscopy énd with the microprobé.
The.calibfatién curﬁe wés based on'méterials of very similar
composition and crystal structure to thé precipitates.
Tables 5.5 and 5.6 and Figure 5.3 are the result of this

effort. The data were fit by least squares to

Intensity Mo (La) _ B Mo 2
Tntensity T1i (Koq) - O° 006+0.980 (wt 7 ) 0.016 (wt % )
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Table 5.5. Analyses of Precipitates by a Colorimetry
or Atomic Absorption Spectroscopy and by an
Electron Microprobe Energy Dispersive X-ray
Analysis.. '

. a b c Wt7IVIod
Microprobe Titanium Molybdenum —E—§—TT

Lo/ Tps (wt %) we %) W R
7263° 37.65
A-7783-17
+ 8 Cr
7264T 0.91 42.49 41.37 0.97
A-7783-17
+ 4 Mo
7262¢ 1.27 38.80 48.55 1.25
A-7783-19
+ 8 Mo
7266° 1.48 36.06 52.91 1.47
A-7783-19
+ 8 Mo + 8 Cr
7267¢ 1.33 37.17 49,96 1.34
A-7783-19 .
+ 8 Mo + 4 Cr
7268 T 0.85 4,35 37.60 0.85
A-7783-19 '
+ 4 Mo + 8 Cr
7266° 3.19 63.1 17.4 3.62
A-7783-37

+ 8 Mo + 8 Cr

4The intensity ratio is the average of approximately ten
measurements. The root mean square residual is ~+2%.

The precipitates were dispersed on a Be wafer to facllitate
the analysis. ' '

bThese analyses were performed by a colorimetric method.
The uncertainty is ~5% of the value.



80

Table 5.5. - Continued.

CThese analyses were performed by atomic absorption spec-
troscopy. The uncertainty is ~*5%. The welght percent
ratio is based on atomic absorption results.

g
wt % Mo _
Wt 7 TL - (k-

®The base composition is Ni + 2.5 at. % Ti. The additions
of the Mo and Cr are in atomic percent of the uncarburized
alloy.

dBy error analysis

fThe chemical analysis of this precipitate was performed

at a later date than the others in this table.
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Table 5.6. Analysis of Precipitates by Pashen-Runge Emis-
sion Spectroscopy and Energy Dispersive X-ray
Analysis.

Microprobe? T1tanium® Molybdenumb wt % Mo®

IMO/ITi (wt %) (wt %) wt % Ti
7262
A-7603-97 1.50 30 50 1.66
+ 8 Mo
7266 :
A-7603-97 2.88 72 25 3.00
+ 8 Mo + 8 Cr
7095
A-7603-106 1.74 32 67 2.09

+ 1.2 Ti + 8 Mo

aThe intensity ratio is the average of approximately ten
measurements. The root mean square residual is approxi-
mately 2%. The precipitates were dispersed on a Be wafer
to facilitate the analysis.

bThe root mean square residual is approximately 10%.

Twt % Mo

AT - T

cBy error analysis
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The calibration curve for the electron micro-

Figure 5.3.

-probe data. The emission spectroscopy results
were not used for determining the shape of the
line. . .
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The root mean square residual is 2%.

Initially it was hoped that a callbration curve could
be prepared by intimately mixing pure materilials such as
 titanium and molybdenum powders or titanium and molybdenum
‘oxides. Figure 5.4 shows the result of mixing molybdenum
oxide (MoO,) and titanium oxide (T10,). A straight line
.relationship was 6btaiﬁed between intensity ratio (I(Mo)/
I(Ti)) and weightvpercent ratio_(wt'T Mb/wt‘% Ti) however
when this result was applied to carbides of a known composi-
tion the calibration curve disagreéd with the atomic ab-

sorption results by a factor of two.

F. X-réy Diffraction

Pfecipitates were examined by x-ray diffraction as
folloﬁs:'.Thé:preéipitatés were first dispersed 1n methanol.
The suspension was- then dropped onto a glass slide and the
méthanol allowed to evaporate. The dried precipitate was |
ISCrapped off the slide and placed on a silicon single
crystal wafer. The wafer acts as a substrate in the dif-
fractometer and is orlented so that silicon diffraction
_peéksAwere not detected. A small amount of TaC powder,

a, = 0.445587 + 0.000020 nm, was then sprinkled on the
~wafer as an internal standard. Finally, a drop of poly-

"vinyl alcohol was used as a binder. A diffracted beam

- graphite monochromator rejected all wavelengths except
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those corresponding to the copper Kd lines. The scan
speed was usually 0.25°/min. A typical experiment ran

from 20 to 80° 286.



CHAPTER VI
THE NICKEL-CARBON SYSTEM

A. Resuits of the Carburization Experiments

Appendix'A contains a precis of all carburization ex-
periments. Table 6.1 contains a summary of the results
| éf these experiments for the nickel-carbon system. In
each experiment several specimens were carburized along
witﬁ_én iron.éfandard, Carbon actiVities relative to
J graphite, were calculated_from’Eq. (3.6). The data set
numbefs iﬁ'Appendix'A and in Tab1¢‘6.1 refer to the Oak
Ridge Nétional Laboratory nofebOok pagé numbers where
the éxperimentsiwere‘recofded.
The activity coefficients in Table 6.1 were obtained
by dividing the activitieé by the respective atom frac-
"tions.  As Figure 6.1 shows, the activity coefficients
:xscatter uniformly about a constant vélue at each of the
three experimental temperatures. Calculated slopes were
of the same magnitude or smaller than the uncertainties.
JThus, the activity is proportional to the atom fraction
for these experiments - Henry's Law is obeyed. Solute-
solute interactions are therefore negligible or of the same
magnitude as solvent-solute interactions for the concentra-

tions studied. .

88
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Table 6.1. Experimental Results for Carburization of

Nickel.
Carbon - o ‘Carbon in - S
Data Set 1n Iron A T%?p“ " Nickel A
(at. %) ¢ . (°C) (et a) v
A-7603-106 4. 40 0.291 1215 0.729 39.9
A-T7603-106°  4.40 0.291 1215 0.714 40.8
A-7783-37 4.46 0.295 1215 0.739 39.9
A-7783-38 3.28 0.198 1215 0.438  145.2
A-7783-116 2.44 0.138 1215 0.332 41.6
A-7783-120 4.38 0.288 1215 0.676 42.6
A-7783-123°  14.17 0.270 1215 0.618 u3.7
A-7783-4 1.58 0.113 1100 0.177 63.8
A-7783-1L 1.78 0.129 1100 0.186 . 69.4
A-7783-15 3.49 0.295 1100 0.448 65.0
A-T7783-17 6.57 0.709 1100 1.05 67.5
A-7783-18 5.53 0.546 1100 0.869 62.8
A-7783-19 2.71 0.212 1100 0.354 59.8
A-7783-35 4.62 0.422 1100 0.661 63.8
A-7783-32L 5.35 0.520 1100 0.816 - 63.7
A—7783-32Hb 5.35 0.520 1100 0.816 63.7
A-7783-33 4.96 0.467 1100 0.739 63.2
A-7783-125°  2.49  0.191 1100 0.303 63.1
A-7783-L4 3.63 0.601 900 0.449 134
A-T7783-45 2.41 0.356 900 0.257 139
A-7783—45b 2.41 0.356 900 0.254 140
A-T7783-U7 1.96 0.278 900 0.201 138
A-7783-48 1.81 0.252 900 0.200 126
A-7783-49 0.854  0.110 900 0.0782 141
A-T7783-57 1.39 0.187 900 0.141 133
A-7783-136°  2.04 0.291 900 0.211 138
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" ‘Table 6.1. Continued

aActivity of carbon relative to graphite, calculated from

. Eq. (3.6). The concentration of carbon in iron for each
data set is given in Appendix A. NBS SRM 19E is the
analytical basis for the above data.

quuilibrium_reached by decarburization.
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By Equation (2.14), the constant activity coefficient

Y is the reciprocal of the solubility (Xc) the atom

c sat?

fraction of carbon in a saturated solution in equilibrium
with graphite. The linear least—Squares fit of log10

?c as a function of reciprocal absolute temperature T

thus also yields an equation for the solubility as a func-
tion of T 1, viz.

“logyy T, = log(X )gap = a + bT T,

a = 0.260, o,

o = 0.087, b = -2816 K, o, = 170 K (6.1)

This equation reproduces our loglo ?c results with a root-
mean-square residual of o = 0.0081.
Thermodynamic excess functlons can also be determined

from the éctivity coefficients since

E
c

— _ ~ _ —E —E

AG_ = RT &n Yo = AHc - TASc (6.2)
Figure 6.2 is a plot of zn?c versus 1/T for our results

as well as for the results of other investigators. From
Eq. (6.1), the least squares line through our data, one

can calculate with the aid of Equation (6.2)

Aﬁf = 54 kJmol™7, oy = 3.3 kmol”

1

Agg = 5.0 Jmol ™

1 1

K o = 2.4 Jmol ~ K (6.3)
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B. Comparison with Previous Work

Figure 6.3 shows the activity coefficient results re-
ported by Smith (1960) and by Wada et al. (1971) and the
value of Qc calculated from Eq. (6.1) for 1000°C. It would
appear from their results that Henry's Law is not obeyed
for Ni - C system, contrary to our results. The results
of Schenck et al. (1965) agree with ours, namely: that the
activity coefficient of carbon is independent of composi-
tion. Moreover, Henry's Law is valid for dilute solutions
of carbon in iron, as shown in Figure 6.&, and one might
expect similar behavior in nickel.

Some of the reported results of both Smith (1960)
and of Wada, et al. (1971) were incorrectly calculated
by the authors. The latter authors used an equation of
Ban-Ya et al. (1970) which included the incorrect equi-
librium constant discussed in Chapter III. Their results
for carburization in the presence of an iron standard
are shown in Table 6.2 along with results corrected by
use of Equation (3.6). Table 6.3 lists the results of
Wada et al. (1971) for carburization in the presence of
gfaphite itself. The corrected results are displayed
in Figure 6.5. The least squares line for the corrected
results of Wada et al. (1971) at 1000°C is

~

Y. = 78.6 + 1270 XC ' (6.4)

c
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Table 6.2. The results of Wada et al. (1971) for the
Activity Coefficlent of Carbon 1in Nickel.
Uncorrected Corrected?®
Temp. At % C, At % C, R R
C in Fe in Ni Ag Yo AC Yo
800 3.96 0.463 1.03 222 1.042 225
2.60°  0.254  0.583 230 0.596 235
1000 5.43 0:.777 0.693 89.2 0.733 - 94,3
3.04 0.414 0.307 4.2 0.333 80.4
3.04 O.UZU 0.307 72.4 0.333 78.5
2.91 0.414 0.291 70.3 0.315 76.1
2.00®  0.210  0.185 88.1  0.201 95.7
1.43 0.178 0.124 69.7 0.136 76.4
© 1200 5.94 0.97  0.444 45.8 0.460 7.4
3.57 0.608 0.215 35.4 0.223 37.6
1.11 0.122 0.0542 yy.,y 48.

0.0589

@pctivities récaiCulated using Equation
for the CO/CO2 equilibrium constant.

3.6 which"Correcté

quuilibrated starting from higher carbon contént.
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Table 6.3. Results of Wada et al. (1971) for the Solubility
’ of Carbon in Equilibrium with Graphite (a,=1).

Kty AR

(¢}

850 0.584P | 171
10002 1.07¢ ' 93.5
1.09° 91.7
1.02° 98.0
A 1.02° 98.0
1.11° . 90.1
1.11° 90.1
1.11° 90.1
1.07° 93.5
1197 o187 53.3
| 1.83¢ 546

@Measured at 997°C and corrected to 1000°C.

"bSpecimens were packed withkgraphite powder in an alumina

boat.

CCarburized by a controlled CHu-H2 mixture with a graphite
boat.
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The uncertainty in.-the slope (1270) is o = 670, and the
root-mean-square residﬁal in QC calculated from Equation -
(6.4) 1s = 6.2. For atom fractions greater than 0.001, -
activity coefficients calcﬁlated,from Equation (6[4) are
the same as the one calculated from Equation (6.1) within.
the mutual éxperimental uncertainties.

Table 6.4 contains the results of Smith (1960) and the
values of thé activity of carbon calculated using Equation
(3.6). Some of the values for the activity of carboﬁ
listed in Table 1 of Smith (1960) cannot be'célculated
from his Equation 1, even after Equatilon l.iS"correéted
for the obvious typographical error. Equétioh 1 of Smith
(1960) should read, with N, = Xx,, |

log Y= log [(ay)(Ny/N,)1 = 3.37 (Np/Np),  (6.5)

where the activity coefficient of carbon 1s relative to
the infinite dilution sfate of carbon in iron. The ac-
tivity coefficient ¥, relative to graphite is calculated
from [see Equation (2.10)] Qc = Y/Ygat 3 likewlse, the
corresponding activity Ac is calculated from Ac = a2/
a2,sat.'

The "uncorrected" entries in Table 6.4 are calculated
from Smith's Table I, which itself contalins two incorrect

entries: (1) for 6.61 carbon atomic percent in Fe, Smith
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‘Table 6.4. Results of Smith (1960) for the Activity Co-
o efficient of Carbon in Nickel at 1000°C.

. ‘ Uncorrected Correcteda
At. 4 C At. % C, R X
in Fe © in Ni Ac Ye Ac Yo
1.2 0.142 0.0979 68.9  0.116  81.7
2.75 0.331  0.250  75.5  0.293  88.5
b.hg 0.632 0.479  75.8  0.557  88.1
6.19 0.970 0.816 8L.1 0.897 92.5

qpctivity calculated using Equations (3.6) and the raw
data of Smith (1960).
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reports 0.141 for a., whereas Equation (6.5) gives a, =

2
0.123; (2) for 6.19 carbon atomic perceht in Fe, Smith
réports 0.115 for as whereas Equation (6.5)~giyes a, =
0.110.

The recalculated, corrected results of Smith (1960)

were it by least squares to
Yc‘é 82.0 + 1100 X,.

The standard deviation of the slope 1100 is 210. The
root mean square residual of ?c is 0 = 1.9. All of Smith's
recalculated results, except one point, lie within lo

of our interpolated results as shown in Figure 6.5.

Schenck, et al., (1965) did not report their raw
data, and, although precise recalculation of their results
was therefore impossible, they reported Henry's Law be-
havior up to the saturation limit of Carbdn. It is clear
from Table 6.5, hbwever, that thelr results differ‘from
those répérted here by about 15%.

After analysis of all available nickel-carbon data,
we conclude that Henry's Law is obeyed within the pre-
cision of the data. The present results and the report
of Schenck et al. (1965) indicate the validity of Henry's
Law. The corrected results of Smith (1960) and Wada, et
al. (1971) show a slight dependence of activity coef-

ficient for any particular composition agrees within
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Table 6.5. Comparison of Activity Coefficients,a Excess
Enthalpies, and Excess Entropies of Carbon
in Nickel.

Investigator
Temperature/°C Sghzg?% ezugg.b egagi.d Bradleye Smithf
Yo» 900 114 102 138 136
?C, 1000 76.1 70.5 88.3 89.6 87.7
Ye» 1100 53.9  51.4 65.0 64.3
Y., 1215 38.3 37.7 46.3 42.0
AHE /K7 »mo1™ 50.2 U6 50.3 54
2sE/3 mo1™ k71 3.4 0.47 1.9 5.0

@calculated using iron standards and Equation (3.6).

bNo estimate of the error was stated by the author. The

graphite and the CHu/H2 carburization techniques were
used.

Cs5 = = emo1~ 1 = cmo1" 1.
oY—M.S%, 0y=1.0 kJ mol —, 08-0.08 J+ mol K

graphite carburization technique was used.
1

1,.~1

The
doy=u.2%, 0;=3.5 kI'mol™t, o =2.7 J-mol K1,
and the CHu/H2 carburization techniques were used.
1 1

The graphite

e

cy=1.9, oy=3.3 kJ*mol™ —, oS=2.M Jemol” k™

carburization technique was used.

, the CH,/H,

foy=2.2%, the CO/CO, carburization technique was used.
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expérimental error with the corrected results of Smith
(1960) and of Wada, et al. (1971).

Table 6.5 is a comparison of the average value of ?c
obtained by five investigators. To obtain the value of
?C at non-experimental temperatures the average values of
?C were Fit by least squares to Equation (6.1). Table 6.5

also contains the values of AHE

and ASE calculated from
these fits to the data.
Dunn and McLellan (1968) have the largest set of data

. E E
from which AHC o

and AS” have been calculated, and 1t is
apparent from the small size of the uncertainty in their
values for the excess functions that their data are
internally consistent. However, their actlvity results
are quite different from ours and from those of Wada,

et al. (1971) and Smith (1960). The differences are out-
side the experimental uncertainties of the various sets

‘of data. It appears likely, then, that Dunn and MéLellan

(1968) have a systematic error in their data.



CHAPTER VII

CARBON PRECIPITATION IN NICKEL AND

NICKEL-TITANIUM .ALLOYS

A. Discovery of the Carbon Phase

In the course of some of the aging experiments describ-
ed in Chapter V, electrolytic extraction of specimens of
alloy B(Ni + 1.7 wt % Ti + 0.09 wt % C) yielded a Black
residue which we attributed initially to the presence of
titanium carbide in the specimens. This ihference was
contrary to the Stover and Wulff (1959) nickel-titanium-
carbon phasevdiagram, which showed that the specimens
could contain neither titaniumncarbide nor graphite.

Thorough examination of the residue revealed: (1)

The residue had a lower density than that of titénium
carbide; (2) the residue lacked the characteristic metallic
appearance of titanium.carbide; (3) x-ray experiments on
the residue gave diffraction patterns of much lower in-
tensity than patterns from similar quantities of titanium
carbide, and the lines were shifted to higher 26 values.
(4) Table 7.1 shows that the concentration of the residue
is not a function of temperature, whereas the solubility

of most carbides in metals increases rapidly as a function

of temperature. Clearly, the residue was not titanium

110
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Table 7.1. Results of the Extraction of Alloy B (Ni+l.7
wt % Ti + 0.09 wt % C) Annealed at. Tempera-
tures from 1260 to 760°C. :

Bulk®
Sample : Annealing Carbon Precipitate
Alloy Number Temp./°C Time/hrs. (wt %) (wt %)
B B-15 1260 16 0.08 0.14
B-15A 760 168 0.08 0.16
B A-7604 1100 16 0.09 0.12
A-T7604 1260 y 0.09 0.11

a .
Specimens were

analyzed after aging.



112

carbide.

Some remaining possibilities for the residue are:
(a) It is not present in the alloy specimen but is instead
a product of the extraction process; (b) it is free carbon
that has precipitated from solution during quenching; (c)
it is an amorphous phase produced by precipitation of alloy

impurities such as oxides and sulphides.

B, Chemical Analysis of Additional Residues

New alloys containing only small concentrations of
carbon were prepared. The carbon content was adjusted
to any desired level by annealing the specimens in CHu/H2
mixtures. The low carbon concentrations provided an easy
check of possibility (c) above and also provided homo-
geneous materials which could be examined by electron
microscopy.

The results of the electrolytlc extraction of the gas-
carburized alloys are presented in Table 7.2 along with
the analyses of the extracted residue for carbon. Some
observations on and inferences from the table are: (1)

No measurable residue 1s collected from uncarburized nickel.
That 1s, no carbon means no residue, and possibility num-
ber (c) above is eliminated. (2) The residue is approxi-
mately 46 to 75 wt. % carbon. (3) Most of the carbon,

both in the nickel and in the nickel-titanium alloys, 1s



Table 7.2.

Results on Extraction of Ni-270 and Ni-270 + Ti Alloys Carburized at 1215°C and Then Quercched.

1 2 3 i 5 6 7 8 9 10 11
Carburization Extraction .
: Cartcn Carben Not
Specimen ir Ccllected
Specimen  Carborf Weight Residue Resicue in Residue
mime Veioht Wt.% by Change Collected Wt. % of Wt. % of Wt. % of
Alloy (hr} Quench Change Analysis (g) (€3] (%) - Residue Specimen Specimen
Ni As
A-7602- Rec 0.0020 0.77753 -.0C003
122
Ni
A-7603-
121 k6 Argon 0.041 0.050 0.94700 0.00068 0.072 75.4 0.C54 -0.003
N1 '
A-T7603-
‘106 36 Argon 0.141 0.147 0.67918 0.00149 0.219 53.4 0.117 c.03¢C
0.11 0.150 0.34883 0.00095 0.27
N1 28 Water 0.128 0.139 0.90901 0.00182 0.20
A-7503- 0.60160 0.00128 0.21 45,9 0.0396 0.043
97 0.39749 0.00103 0.26
Ni-Z2.k4 38 Water 0.124 0.140 1.08390 0.00196 0.18 63.5 5.114 0.026
at. £ T1
AC7603-97 0.40205 0.00120 0.30
Ni-2.4 46 Argon 0.035 0.0383 0.9470 0.00068 0.047 58.3 0.0274 0.011
at. % T1
A-7603-121
Ni 3.6 36 Argene 0.066¢ 0.149 0.63558 0.00145 O.228» 66.6 0.152 -0.003
at. % Ti
A-7603-106

&carbon was determined on

= col 7/Col 6 x 100,

by

®The scatter 1in the concentraticn of carbon in the re

a LECO thermal conductivity apparatus. 0=0.03%,

= 0.015

o 1s the root mean square residual.

which chlorine is absorbed by the residue.

dObtained by difference of the bulk and the carbon in the precipitate.

the other determinations. The average amount of carbon in solut

0 = 0.019 wt. %, 0 1s the root mean square residual.

eAlloy 7068 contained ~0.09 wt. % C prior to the gas carburization.

1s the root mean square residual.

sldue can be traced to the non-reproducible fashicn in

This nurber 1s sernsitive to errcrs in
lon after the quench 1s 'C.017 wt.

oy

£1T
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recovered in the residue. The amount of carbon not ob-
tained as a residue from the electrolytic extraction of
the quenched alloys is 0.017#0.019 wt % and there is no
statistically significant difference in the specimens with
and without titanium. (4) From column 11, the concentra-
tion of carbon remaining in solution after the quench is
slightly higher in the water quenched specimens. However,
the difference is probably not significant because of ex-
perimental uncertainty and ﬁhe small number of experi-
ments. (5) Chlorine analysis and metal analysis on both
of the A-7603-97 alloys gave a metal to chlorine atom
ratio of 3 to 5. The chlorine contamination is a result
of the extraction procedure. The precipitates were 4if-
ficult to separate from the supernates due to thelir low
densities. There is little doubt that the chlorine 1is
present in the form of nickel and titanium chlorides, and
that if the chlorides were absent only carbon would re-
main. The non-reproducibility of chlorine is related to
the scatter in column 9. (6) X-ray experiments on the
residue yiélded extremely weak, unidentified diffraction
patterns in the case of the residues from the nickel-
titanium alloys and no diffraction at all in the residue

extracted from samples of carburized nickel.
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C. Electron Microscope Results

Examination of the quenched specimens in the electron
microscope did not clarify the nature of the residue. In
bright field the matrix of the specimens appeared to be
one phase (Figure 7.1). Selected area diffraction revealed
the presence of a second phase in both alloys (Figure 7;25.
However, the phase indexed as face centered cubic with a'
lattice parameter a, N 0.42 nm, the same as nickel oxide.
Coatings of oxide have been recognized in other nickel-
pased alloys (Kenik and Carpenter, 1977). Stereoscopié
examination of the micrographs did not place the precipi-
tates conclusively. While it seemed clear that many were
on the surface, some particles appeared to one of the |
three observers to be within the foil. Attempts
to adjust the sample preparation technique to avoid oxide
formation proved fruitless. The electron microscope work
indicates only that if a precipitate phase 1s responsible
for the residue, then the precipitates are smaller than
the 2.5 nm diameter particles shown in Figure 7.2.

Small angle x-ray scattering experiments undértakén
to determine whether precipitates exist in the'alloy
matrix also failed to yield conclusive results, for the
same reason viz., scattering of the nickel oxide layer on

the surface of the specimens.
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-D.- Discussion

We have showﬁ that a carbon residue is electrolytically
extracted from‘quenched specimens of nickel and nickel-
titahium initiaily at 900 to 1200°C. The cooling rates
ﬁsed have no measurable effect on the amount of carbon
 precipitated3nand all but 0.017 wt % is in the residue.
There remain;two possible explanations for the behavior
(l)‘the isoiated'carbonvatoms in the matfix forﬁ the resi-
" due dgrihg the electrolytié extraction procesé,.or (2) the
carbon is pfécipitating from solution during the quench.
Hydrolysis experiments, discussed in the next paragraph,
éhow.that_the extracted residue‘is carbon that precipitates

during the .quench.

1. Hydrolyéis of DissolVed Carbon

HydrolysiSﬁexperiments on heavy metél carbidéé (not
alloys)kby“Brédiéj, Pattengill and Ferris (1965);and
Ferris andstadley.(1§65)‘have shown that carbides hy-
drolyze to forﬁ-methahe and other alkanes ih basic and
neutral aqueous solutions and to form carbon dioxide and
orgénic acids»in acidic solutions. The authors state
that they have no experimental evidence to suggest that
graphite forms, during the hydrolysis, and moreover think
‘graphite'formation unlikely because radicals such as HCO,

:CO and CH2 form instead of graphite.
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The nickel-carbon solid solutions studled here are
essentially substoichiometric carbides with even less
carbon-carbon bonding than in the carbides discussed by
Ferris and Bradley (1965). If the carbon in our samples
were in solid solution, the hydrolysis experimentS'indicaté
that the individual carbon atoms would be oxidized to carbon
dioxide. On the other hand,. if the carbon is present in
the alloy specimens as an elemental phase, then the extrac-
tion process wQuld not affect it. Since the extraction
experiments resulted in the isolation of a carbon residue,
the carbon must not have beén in solid solution; 1.e., the

carbon precipitated during the quench. .

2. Diffusion Mechanism for Precipitation of Carbon

In this section we show that the diffusion rate of
carbon 1is fast enough to account for the observed agglom—
eration during the time of cooling. Diffusion 1s a strong
function of temperature. Smith (1966) reported that the
diffusivity, D, of carbon in nickel varies with absolute
temperature, T, according to

D = 0.366 e 172900/T 12 gee™t (7.1) .

During diffusion carbon atoms migrate from solution at

a rate proportional to e~t/8 (deGroot, 1951), where the
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relaxation time, 8, is given by
8 = 3°/n°D, : (7.2)

with d the distance over which diffusion occurs. Dif-
fusion is 99% complete when t > U@,
" In the precipitation experiments under discussion here,
. the specimens were cocled at a rate of approximately 170
K sec_l-(Beck'and Bigot, 1965). The specimen temperature
thus decreaseé by one degree in about 6 milliseconds. When
46 is smaller than 6.msec, the diffusion process is fast
enough to be completed during the time interval required
for a one degree temperature decrease. When 48 is larger
than~6-msec, the'diffusion process is too slow to be com-
”bleted during tﬁe.time interval, and precipitation begins
to céase. When the temperature falls low enough that 4@
is vefy'lafge compared to 6 msec, carbon atoms diffuso
so slowly that no further precipitation 1s observable.
Figure 7;3 is a plot of 4@ versué abéolute tempera-
ture oh the assumption that the diffusion path length is
10 nm. This estimate is based on Figuré 7.2 where any
carbon particle cannot be larger than the 2.5 nm par-
ticles observed. Assuming, then, that the precipitates -
are 2.5 nm in diameter with a graphite crystal structure,
we may estimate the diffusion path length for the carbon

as follows: Graphite has a density of approximately
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Figure 7.3.
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8=0.06m sec
(r=16,700Ksec™ ")

/(XC)Sot =0.0053

-

t=0.0026
8=0.6 m sec /(XC)SG °

. (r=1670 K sec™!)

=0.0013
S=6 msec (r=167Ksec™") /(XC)SGT 0.0

S5=60 msec(r=16.7 Ksec™') /(XC)SOf=O-00062

(Xc)Sat =

5=600msec(r=167Ksec™') \ /0.00025

N\

400

1 1

800 600
TEMPERATURE/°C

4 (the time required to achieve equilib-

Log 10
rium) versus T/K (8§ is the time required for

the temperature to drop one degree, r is the
quench rate and (x;). . has been defined by
Equation (7.4). The intersection of the hori-
zontal lines with the log10 (46) versus T curve
is the temperature below which, with the quench
rate indicated, equilibrium cannot be malintain-
ed by diffusion, e.g., at r 167 K-sec™! qif-
fusion can keep the system at equilibrium down
to 535°C and at r = 16.7 K-sec™t down to U450°C.
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2 ug/cm-3 or an atom density of 100 atoms nm_3. Nickel
has a density of 90 atoms nm-3. “A 2{5 nm diameter sphere
has a volume of 8 nm> and contains 800 atoms of carbon.
If the carbon concentration is 0.0073 atom fraction -
(0.15 wt %), a volume containing 800 carbon atoms would
contain 1.1 x 105 nickel atoms. A sphere containing
1.1 x 10° nickel atoms has a radius of 6.6 nm. The
precipitates are taken to be at the center of spheres
20 nm in diameter. The diffusion path length 1s then 10
nm.

The horizontal lines in Figure 7.3 are the time inter-
vals required for the temperature to fall by one degree
at various cooling rates. If for some temperature 46 < §
(6§ is the time required for the temperature to drop one
degree), equilibrium is maintained and carbon precipitates
to the éxtent dictated by its solubility in nickel at
that temperature. When 48 > §, solubllity equilibrium
cannot be attained by diffusion. Carbon continues to
precipitate, but slower and slower since the temperature
contiﬁues 1ts rapid decline. |

An independent estimate of the temperature below which
precipitation ceases is.obtained from the experimental
result that the atom fraction of carbon remaining in solu-
tion is 8.3 x 10—11l (0.017 wt %). The solubility of graphite

is given by Equation (6.1),
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logy g (Xc)sat = 0.260 - 2816/T (7.3)

According to Spear and Leitnaker (1969), graphitic carbon
which forms at temperatures below about 2000 K has a Gibbs:
free energy approximately 2.1 kd mol"l greater than true
graphite. To account for this fact we add 2100/R Jex T

to the enthalpy in term in the solubility equation. Equa-
tion (7.3) thus modified reads:

= 0.260 - 2563/T (7.4)

lOglO (xc)sat

4 is 756 K.

The temperature corresponding to X, = 8.3 x 10~
At this temperature, 46 is 20 nsec and is rising rapidly.
A slow quench rate, less than 50 deg sec'l, would be re-
quired for equilibrium to be maintained at this temperature.
Until the time when 46 exceeds &, (i.e., at temperatures

above about 800 K), diffusion is sufficiently rapid that

equilibrium is maintained.

3. Previous Results

Previousiy; Shriver and Wuttig (1972), Ulitchny and
Gibala (1973), and Stover and Wulff (1959) have used
optical metallography to infer that no precipifation
has occurred in their quenched specimens. Our results

indicate, however, that neither optical metallography at
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1000x nor bright field TEM at 175,000x provides positive
evidence that precipitation has not taken place; neither
technique is always adequate. |

Shriver and Wuttig (1972) have measured the magnetic
disaccommodation amplitude (the difference between the
magnetic permeability preceding and immediately following
demagnetization) of a Ni-0.3 wt % C Alloy. The magnetic
disaccommodation amplitude is, according to Shriver and
Wuttig (1972), proportional to the square of the amount
of carbon in solid solution. This implies that the ampli-
tude should continue to increase until all of the carbon |
is in solution. Their Figure 2 shows no change after 550°C;
this indicates that the amount of carbon in solution was
not changed by anneals at temperatures above 550°C. Equa-
tion 6.1 indicates that 0.3 wt % carbon is not completely
soluble until approximately 1070°C. After annealing at
temperatures exceeding 550°C, the carbon in specimens of
Shriver and Wuttig (1972) must have precipitated on cool-
ing to approximately the equilibrium level at 550°C.
Although Wuttig (1977) admits that precipitation occurred
in his samples prior‘to the magnetic measurements he
assumes it occurred at the annealing temperature. Since
nickel carbide is not stable at the annealing temperature
(Hansen and Anderko, 1958) and since carbon has been shown to
obey Henry's Law to the solubility 1limit in nickel, the

possibility of the formation of a precipitate which would
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lower the solubility of carbon to that at 550°C seems
remote. If carbon were precipitating at the annealing
temperature, the alloys would not reach equilibrium with
graphite until all of the metal for the hypothetical
carbide had been used up or all of the graphite had been
transformed to the precipitate phase with the lower carbon
activity.

Ulitchny and Gibala (1973) measured the internal
friction of several iron-nickel-carbon austenitic alloys.
Internal friction peaks in austenitic alloys "have their
origin in the stress induced reorientation of inter-
stitial solutes which are paired (or clustered in larger
numbers) with other point defects", (Ultichny and Gibala,
1973). Large changes are observed in internal frictlon
peak heights as a function of quenching temperature and
quenching rate. If the carbon clusters responsible for
the peaks were the same as the residue we extract from
nickel alloys, quenching temperature and rate would not
affect the peak heights. Ultichny and Gibalas (1973)
specimens contained 2 atom percent carbon. From Smith's
results (1960) the solubility of carbon in iron-36 at %
nickel alloys at 1000°C is 1.75 at % and by extrapolation
is 1;15 at % at 900°C. Thus, all of the carbon was not
in solution at two out of three of Ulitchny and Gibala's
experimental temperatures. When the correction for the

amount of carbon in solution before the quench is made,
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the peak height per atom percent carbon in solution be-
comes approximately independent of temperature, in agree-
ment with our results.

According to Ulitchny and Gibala the peak height is

decreased by a factor of approximately 5 on slowing the

1 1

quench rate from 170 K sec - to 0.017 K sec” Now, the

peak height is proportional to the number of carbon clusters

and not to the number of carbon atoms in solution. By
optical microscopy Ultichny and Gibala observed graphite
precipitates in the slowly quenched specimens. Since the
size of the precipitates increases during the slow quench,
the number of precipitates decreases and the lower peak
height results. The results of Ulitchny and Gibala (1973)
are thus consistent with our both in terms of temperature

dependence and quench rate dependence.

E. Summary

The fact that a carbon residue can be electrolytically
extracted from nickel and nickel-titanium alloys contain-
ing carbon has been established. The most likely explana-
tion for the residue is that the carbon is precipitating
during the quench in a first step in the dissolution of
the super-saturated solution. This interpretation 1is
consistent with the results of Shriver and Wuttig (1972)

and of Ulitchny and Gibala (1973). The carbon "clusters"



130

that these sets of investigators discuss are very likely
the residue that we have extracted.

One consequence of the precipitation of free carbon
is that analysis of electrolytically extracted carbildes
for carbon is considerably more difficult sinpe carbon

is present in two different phases.



CHAPTER VIII
THE NICKEL-TITANIUM-CARBON SYSTEM

A, Results of the Carburization Experiments

The results of the carburization of two nickel-titanium
solid solutions are summarized in Tdbles 8.1 and 8.2 and |
displayed in Figures 8.1, 8.2, and 8.3. The addition of
titanium to nickel increased the concentration of carbon,
relative to that in pure nickel, at all temperatures
studied (Table 8.1). At 1215°C, 2.4 atom percent titanium
increases the equilibrium carbon concentration by 3.0%, |
at 1100°C by 9.0%, and at 900°C by 7.9%. Increasing.the
titanium concentration by 50%, to 3.6 atom percent, ap-
proximately doubles the increase in the carboh concentra-
tion.

These results agree in magnitude and sign with the
only literature values, those of Golovanenko et al., (1973).
They reported the percent change in the conceﬁtration of
- carbon relative to pure nickel at 800, 1000 and 1200°C
in an alloy containing 3.4 atom percent titanium and fognd,
according to a plot in their paper, that the carbon con=
centration was increased 18% at 1200 and 800°C and by 10%
“at 1000°C. They did only one experiment at each tempera-

ture and used only one composition, so that uncertainty

131
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Table 8.1 Experimental Results of the Carburization of Nickel-Titanium Solutions.
Composition
Ni Ni + 2.4 at ¥ T1 Ni + 3.6 at % Ti
Data Percent Percent
Set Temp./°C C, at 42 c, at %2 Increase c, at %% Increase
A-7783-44 900 0.449 0.468 4,2 0.498 10.9
A-7783-45 0.256 0.285 11.1 €.292 14.0
A-7783-47 0.201 0.215 7.0 0.238 18.3
A-7783-136P 0.211 0.230 9.1
Avg=7.9(1.5)¢ Avg=14.4(2.1)°
A-7783-4 1100 0.177 0.198 11.9
A-7783-17 1.05 1.14 8.6
A-7783-18 0.869 0.941 8.3 1.03 18.5
A-7783-19 0.354 0.408 15.2
A-7783-20 0.108 0.123 13.9
A-7783-35 0.661 0.825 24.8
A-7783-32 0.816 0.949 16.3
A-7783-125b 0.303 0.324 7.0 0.348 14.8
Avg=9.0(1.0)¢ Avg=17.3(1.5)¢
A-7603-97 1215 0.637 0.653 2.6
A-7603-118 0.161 0.164 1.8 0.172 6.8
A-7603-121 0.211 0.215 1.9 0.215 1.9
A-7603-123 0.178 1.85 4.0 2.07 16.2°¢
A-7783-116 0.332 0.350 5.4 0.366 10.3
A-7783-120 0.676 0.687 1.6 0.710 5.0
A-7783-1230 0.618 0.639 3.4 0.666 7.8.

Avg=3.0(0.5)¢

Avg=6.4(1.4)¢

aConcentrations are relative to NBS SRM 19E.

quuilibrium achieved by decarburization.

®Parenthesized uncertainties are GDI-=0//F where o051 is the root mean square residual.

dPrecipitation of TiC may have occurred in this spécimen.
calculation of the average.

The result was not used in the



133

Table 8.2. Activity Coefficient® of Carbon in Nickel-
Titanium-Carbon Solutions.

900°C 1100°C o 1215°C

Composition . b o g b a G
(at %) Y. n oy Y, n o R
N1i 136 8 1.4 64.3 11 0.8  42.0 7 0.8
7261 128 4 1.5 61.0 5 1.5 41.1 7 0.4
Ni+2.4 T1
7068 120 3 1.5 54.0 6 0.9 39.3 6 0.7
Ni+3.6 Ti :

Act1v1ty Coefficient calculated from carburizatlon data
and Equation (3.6).

b
Number of measurements.
c o]

OY = —, where o 1s the root mean square residual.
yn
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and composition dependence are unknown.

Figures 8.1, 8.2, and 8.3 show the scatter, approxi-
mately 3% at 900, 5% at 1100°C and 3% at 1215°C, and they
show further that the carbon activity coefficient can be
taken as independent of the carbon concentration over
the ranges investigated.

The decrease in the carbon activity coefficient (Table
8.2) upon the addition of titanium to nickel results in
an increased solubility of graphite in the solid solution

l). Above a certain level of titan-

(because (x,)q ¢ = ?;
ium, precipitation of titanium carbide occurs in nickel-
titanium-carbon systems (Stover and Wulff, 1959). When

the activity of titanium is large énough, titanium carbide
can exist in equilibrium with both the nickel solution and
graphite. Addition of more titanium to the system at

this tricritical point at the same time decreases the value
of the carbon activity coefficient and decreases the
solubility of carbon in the solutilon.

E

E AS” and the

Table 8.3 contains the values of Aﬁc, o

parameters describing the temperature dependence of &n ?c
in the nickel-titanium-carbon Solutions studied. From the
results in Table 8.3 the composition dependence of &n ?c

could be fit with an equation of the type

<>
]

Ln n YC(Ni) yc(Ti)

n yc(Ni) + 2n YC(Ti)




Table 8.3. The Temperature Dependence of Qi and the Values of Aﬁf

Titanium-Carbon Solutions.

E

and A§c in Nickel-

NP Ni+2.4 at % TiP Ni+3.6 at % TiP
A | ~0.60 (.29)¢ -0.49 (0.20) -0.51 (0.15)
B/x~1 6490 (400) 6277 (270) 6201 (205)
0557k 1.5 omo1t 5.0 (2.4) h.1 (1.7) 4.2 (1.2)
AHE/kJ°mol—1 54.0 (3.4) 52.2 (2.2) 51.6 (1.7)

azn ?c = A+ B (T)'l.
b) _

c)Par'ethesized uncertainties are root mean square residuals.

hT
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where
-1

&n Yc(Ti) = Coxqq + D'xTi T

However, the composition range studied so far is too small

to warrant such a fit.

B. The Solution Thermodynamics of Titanium in Nickel-

Titanium-Carbon Solid Solutions

Stover and Wulff (1959) made a careful phase diagram
of fhe nickel-rich corner of the nickel-titanium-carbon
system. When thelr data are combined with titanium carbide
data from the JANAF Thermochemical Tables (1971) the ac-
tivity coefficient of titanium at the graphite, titanium
carbide, nickél solid solutioﬁ tricritical point can be
calculated, as follows:

The equilibrium constant Kf for the formation reaction
Ti(s) + C (graphite) = TiC(s) is the same as the equilibrium

constant for
Ti(in Ni) + C(graphite) = TiC(s).

Thus, for the three phase equilibrium here,
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since
A (graphite) = 1 = Apice

(An additional point noted by Stover and Wulff (1959) and
confirmed in this study (see Chapter IX) is the minus-
cule solubility of nickel in titanium carbide. The low
solubility of nickel in the carbide justifies the assump-
tion that the activity of titanium carbide can be set to
unity.)

Table 8.4 contains the resulting activity coefficient
values. One notes immediately that the partial molar
excess free energy of titanium is large and negative.

To calculate the partial molar excess entropyaand enthalpy
a temperature dependent regular solution model is assumed.
The values of the regular solution parameter, A, in Table

8.3 allow the excess functions at XTi = 0 to be calculated.

1

In Yqq = -20.6 77 -2.5, OanTi = 0.001
<E : -1 -1 ~1 -1
ASqmy = -21 J*mol ~ XK 7, 0g = 0.8 J'mol 1 K

=E _ L=l _ -1

AHTi = =171 kd*mol —, Oy = 1.3 kdemol

The assumptions in these calculations are that (1) nickel

and titanium behave like a regular solution over the range



Table 8.4. Activity Coefficient of Titanium in Nickel-Titanium
tions in Equilibrium with Graphite and TiC.

Carbon Solid Solu-

2ToE skge AS /KT -

Temp./°C K? xTib be ﬁ\('1'1 mo1~1 mo1~1
600 2.66x1010 0.020 0.0020 1.9x107 7 ~145.75 ~152.4
800 2. 4ox108 0.024 0.006L 1.7x1077 ~139.05 ~147.9
900 4.08x107 0.028 0.0090 8.8x10™" ~135.97 ~146.6

1000 9.le107 0.031 0.012 3.5x10_6 -132.95 -145.2
1100 2. 47x10° 0.033 0.016 1.2x107° -129.34 ~143.0
1200 8.O6x105 0.034 0.021 3.6x10'5 -125.30 -140.3
1260 4.42x105 0.034 0.026 6.7x10_5 -122.53 -138.7

8calculated from JANAF Thermochemical Tables (1971).

bValues taken from Stover and Wulff (1959). Approximate uncertainty i(O.l)exTi, +(0.1)

'xc.
CCalculated from ?Ti = (xTin)_l.

d =€X _ s
By AGTi = RT &n Yoy - ‘
eTemperature dependent regular solution model, AG%?

carbon has been neglected.

= A(T)xﬁi. The contribution of

nt



145

of 0-3.4 atom percent titanium, that (2) the contribution
of carbon to the activity coefflclent of tltanlium 1s
negligible and that (3) AHL, and A‘S‘%i are independent of
temperature. The flt of the equation appears to be very
good. The large negative AEgi would usually be taken to
indicate that a large amount of order exists 1n the system.
This 1s consistent with the fact that several ordered
phases (N13Ti, N1T12 and NiTiz) exlst 1In the nickel-
titanium binary system. The values of the titanium par-

tial molar excess Gibbs free energy are used in Chapter X

to obtain the value for the Kohler-Kaufman interaction

energy wNiTi‘



-CHAPTER IX

NICKEL-TITANIUM-MOLYBDENUM~CHROMIUM-

CARBON SYSTEMS .

A. Results of the Carburization Experlments

Table 9.1 and Figures 9.1 and 9.2 contaln the activity
coefficlents of carbon calculated from experiments on
solld solutions containing nickel, titanium, molybdenum,
chromlum, and carbon. Within experimental error, the
activity coefficlient of carbon is 1ndependent of the carbon
concentration 1n all of the alldys. Thus, Henry's Law
is obeyed, as 1t 1s for the nickel-carbon and nickel-
titanium-carbon systems. Taken at face value some of the
data in Figures 9.1 and 9.2 could be fit with a line of
finlte slope. However, 1n light of the 1ndications 1n
Chapters 6 and 8 that Henry's Law 1s obeyed in Ni-C and
Ni-Ti-C alloys, more data are requlred before a linear
least-squares fit 1s justiflable. As 1ndicated in Table
9.1 too few successful carburizatlon experliments were
performed in the solid solution region on these alloys at
90b°C to wérrant a plot.

The solid solutlon range in nlckel-titanium-molybdenum-
carbon alloys 1s limited because of the abllity of molyb-

denum carbide to form a solid solutlon with titanlum carbilde.
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Table §.1. Actlivity Coefficlent of Carbon as a Functlion of Temperature and Composi-
tion in Ni-Ti-Mo-Cr-C Solld Solutions.

900°¢C 1100°C 1215°C
a ~b c d ~b c d ~b c d
Alloy Yo n GY Yo n OY Yo n GY
7262 . .
Ni+2.5 T1+8.2 Mo 172 1 7.0 75.8 3 3.2 48.1 3 1.8
7263
Ni+2.4 T1+8.0 Cr 127 2 7.0 53,3 Y 1.8 35.8 6 0.4
7264 '
Ni+2.4 Ti+h4.2 Mo 160 1 3.2¢% 72.8 3 1.4 46.3 6 1.0
7265
Ni+2.5 Ti+4.6 Cr 130 4 3.0 59.5 5 0.4 38.9 7 0.8
72677
-Ni1+2.5 T1+8.2 Mo+
4,4 Cr 62.0 2 2.1 37.5 2 0.4
7268f
N1+2.5 Ti+l4.1 Mo+
8.4 cr 51.4 2 2.2 33.3 2 0.3
N1 136 8 1.4 64.3 11 0.8 42,0 7 0.8

aCompositions in atom percent.

bActivity coefficlent calculated from carburization data and Equation 3.6 is used to

determine the activity of carbon for each data set. See Table 8.2 for the activity

coeTficlents oF M4 + D, mi, ,

CNumber of measurements.
doY=o//ﬁ where o/ 1s the root mean square residual.
eApproximate, calculated from average percentage errors at 1100 and 1215°C.

fActivity coefficient calculated relative tc the activity coefficlent cof carbon in
nickel due to absence of iron data.

Lyt
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0., ACTIVITY OF CARBON : '

Activity coefficient of carbon in nickel-
titanium-molybdenum-chromium alloys at 1100°C.
The lines represent average values. More data
are required in light of the indications in '
Cahpters VI and VIII that Henry's Law is obeyed
in Ni-C and Ni-Ti-C alloys, before a least
squares fit is justifiable.
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The lines represent average values. DMore data.
are required, in light of the indications in
Chapters VI and VIII that Henry's Law 1s obeyed
in Ni-C and Ni-Ti-C alloys, before a least
squares fit is justifiable..
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The nérrowﬁéés of the solid solution region increases the
difficulty of the carburization experiments. In particu-
~lar, alloy 7266, which contains the largest concentra-
 tions of both molybdehum and chromium has a single phase
reglon. so ﬁafrow that quantitative data on the solution
phasé wérelnot obtained from carburization experiments.
Instead, annealing experiments discussed in Section B.2
. were pefformed in order to obtain data on this limited
‘reglon. Although alloys 7267, 7268 and 7262 also have
small carbon solubilities, it was possible to obtain quan-
titative carburization data on all three solutions at 1100
‘and 1215°C. |

To detefminé effects of alloying addiﬁions on the
aétivity coefficient of carbon two procedures can be
‘ followedf (1) compafe the activity coefficients of carbon
”as'detefminedeith the iron standard equation (3.6); or
(2)lcompafé'directly the difference in carbdn concentration
of two alloyé in equilibrium with the same gas composition.
Tﬁe second method is necessary for some of thils work be-
- cause not all of the élloys were present 1in every run and
therefbre the.effect of the iron standard does not cancel
out. Such comparisons are shown in Table 9.2.

Compared to nickel + 2.4 titanium, molybdenum decreases
the equilibrium concentration of carbon from 12% to 19%
at the 4 atom percent level and from 15% to 25% at the 8

atom percent level (Table 9.2). Percentage increases



Table 9.2. Comparison of Equilibrium Concentrations of Carbon in Ni-Ti-Mo-Cr-C Solu-

tions.
900°C - 1100°¢ 1215°¢C

Alloy Change In Percent? b c Percent® b c Percent® b

Pair Composition Change n o Change n oL Change n -og
'%%g%‘ 8.0 Cr 0.0 2 5.0 14 y 2.5 15 6 1.2
%%g% 4.6 Cr ~2.0 Yy 1.5 - 3.1 Y 2.0 5.0 6 1.2
%%%% 3.4 cr 1.3 > 0.3 10 3 1.1 10 5 1.3
%%%% 8.2 Mo _o5d 5.4  _p0¢ 1 6.0° -15 3 3.5
%%%% 4.2 Mo ~199 1 2.9  -14 2 2.0 -12 5 2.2
7264 4.0 Mo ¥T.7 5.0 y. 69 5. 4e 2.0 3 1.7
7262 |

7267 | da d

7261 %)-2‘ PC/I?"*' » _ -3.17 5.7 99 2 1.1

£GT




Table 9.2. Continued.

, _ 900°C ' 1100°cC 1215°cC
Alloy Change In Percent? b Percent? b Percent® b c
Pair Composition Change n 0; Change n o; Change n On
%%%% 8.2 Mo —5.14 L. 6° 6.8 1.5
7268 d e
7268 8.4 8.99 € uu.8 1.1
756N .4 Cr 38.9 7.1 . .
a Alloyl _ ©17%
Percent Change: Allo§2 = x 100, where C; is the carbon concentration in the
indicated alloy. C2

b.
Number of measurements.

c , . .
Op = 0//n where o is the root mean square residual.

dDue to a lack of data for direct comparison the activity coefficients in Tables 8.2

Y2—Yl
and 9.1 were used. Percent change = x 100.
Y
e 2 2 > 2 2.2 2
0, =0 *(1/v37) + 05 (v,/Y5)“. o_ was calculated in this fashion due to a lack of
Yo 1 Yo 27 "1 r . -

data on the two solutions at the same activity.

naT
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are larger at lower temperatures. No literature exists
on the effect of molybdenum on the equilibrium carbon
concentration in nickel solutions. The value for the
Kohler-Kaufman parameter (wMoc)‘estimated,by Kaufman and
Nesor (1975) indicates that molybdenum should decrease the
equilibrium concentration of carbon -in nickel solutions,
as found here. Wada et al. (1972) indicate that molyb-
denum increases the equilibrium concentration of carbon
in iron solutions, opposite to the effect on nickel solu-
tions.

Compared to alloy 7261, chromium increases the
equilibrium concentration of carbon in nickel at 1100
and 1215°C but has no effect at 900°C (Table 9.2). The
decrease is from 3% to 6% at the 4.6 % level and from 14%
to 15% at the 8.0 % level. Golovenenko et al. (1973)
measured the equilibrium concentration of carbon, relative
to nickel, in a solution containing 4.0 at % chromium at
800, 1000 and 1200°C. They found that chromium decreaéed
the equilibrium concentration of carbon by 15% at 800°C,
6% at 1000°C and 3% at 1200°C. Neither the temperature
dependence nor the sign of the effect of chromium on the
equilibrium concentration agrees with our results.
Golovenenko et al. (1973) did not estimate the size of
their errors. Chipman and Brushy (1968) reviewed the data
on the effect of chromium in iron and indicate that 8 atom

percent chromium increases the equilibrium concentration
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of carbon in nickel by about 7%. The reason for this
large difference 1s discussed in Chapter X.

In the more complex solutions containing both chromium
and molybdenum, the effect of additions on the equilibrium
concentration of carbon is more complicated. The addition
of 8 at. % chromium to a solution containing 4 at.% molyb-
denum (7264 + 8 at. % Cr - 7268) increases the equilibrium
carbon concentration by as much as 45% (Table 9.2). From
the previous discussion one would expect the carbon concen-
tration to be increased by ~15%. Similarly the addition of
8 at. % molybdenum to a solution containing 4 atom percent
chromium (7265 + 8 at.% Mo + 7267) has little effect at
1100°C and increases the equilibrium concentration of carbon
by 6.8% at 1215°C. The results for the addition of 8 at.

% molybdenum to alloy 7261 suggest that the equilibrium
concentration should be decreased by from 15% to 20% upon
the addition of 8 at. % molybdenum. The relative change in
fhe equilibrium concentration of carbon depends on the
amount of both molybdenum and chromium added (Table 9.2).
Ih the case of chromium a much bigger relative change
takes place upon the addition of 8 at. % than 4.6 at. %.
The addition of 4 at. % molybdenum on the other hand has

larger relative effect than the addition of 8 at. %.
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B. Carbide Precipitates

The solubility of carbon in}equilibrium with the metal
carbide that forms in these alloys was determined in two
different ways. In one set of experimeﬁts»alloys of
fixed composition were annealed at the desired temperature
and then quenched. The amount of carbon in solutlon was
determined from knowledge of the bulk carbon concentration,
Athe we;ght percent of precipitate in the alloy and the
concentration of carbon in the precipitated phase. This
method is particularly suited to alloys with low carbon
solubility. In the second method, the solubility of car-
bon was determined from the break in the concentration
versus activity curve obtained from gas phase carburiza-
tion experiments. The concentration above which the atom
percent carbon in the alloy is no longer directly propor-
tional to the activity of the carbon is the solubillty
1imit. This method 1s better suited for alloys of high

carbon solubility.

1. Carbide Composition

The precipitates extracted from the carburized alloys
were analyzed with an electron microprobe, by the method
described in Chapter V. Table 9.3 contains the results

of these analyses together with the lattice parameter
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Table 9.3. The results of the Analysis of the Carbide Precipitates by the Electron Micronprcbe and x-rav
Diffraction.
b Lattice®
w28 wt.% C - c Mo a g  Parameter
. Sample Temp. Precipitate in the Atom ¢ Atom % - Atom % Atom %% C:Metal of Carbide
Alloy Number (°C) 1in the Alloy Precipitate of Mo of Ti T of Cr of Ni Ratio Ao/nm
7262 A-7603-97 1215 1.57 13 24 30 0.80 <0.05 <0.05 0.85 0.4315
i N1+2.4 T1  A-7783-37 1215 2.17 15 22 28 0.79 1,02 0.4313
{+8.2 Mo A-7783-15 1100 2.14 12 23 29 0.79 0.75 .
at. % A-7783-19. 1100 0.945 12 23 29 0.79 0.75 0.4318
7266 A-7603-97 1215 6.05: 12 33 20 1.65 2.7 0.3 0.89
Ni+2.4 T1  A-7783-37 1215 7.20y 11 35 20 1.75 3.7 0.82 0.4299
+8.1 Mo+ A-7783-38 1215 3.62 14 25 26 0.96 0.96 0.4300
8.3 Cr A-7783-4 1100 1.36, 11 23 36 0.64 0.69 0.4311
at. % A-7783-15 1100 6.53h 11 32 24 1.33 0.85
A-7783-19 1100 3.84 14 23 29 0.79 0.92
7264 A-7603-123 1215 2.55 13 21 34 0.62 0.82" 0.4326
Ni+2.4 T1  A-7783-17 1100 2.14 13 18 38 0.47 0.79 0.4321
+4.2’Mo A-7783-35 1100 0.475 12 17 41 0.41 0.69 0.4324
At,
7267 A-7783-37 1215 4.42 b 12 28 28 1.0 0.82 0.4303
i Ni+2,5 T1 A-7783-38 1215 1.85 15 22 28 0.79 1.00 0.4310
*4.4 Cr A-7783-14 1100 0.385 12 21 37 0.57 0.75
+8.2 Mo A-7783-15 1100 3.99 12 24 33 0.71 0.79
At, % A-7783-19 1100 2.95 13 22 32 0.69 0.85 0.4314
7268 A-7783-38 1215 .39 19 13 33 0.39 1.17 0.4318
iN1+2,5 T1  A-7783-15 1100 . 2.39 14 16 38 0.42 0.85
*+8.4 Cr A-7783-19 .1100 1.52 13 17 39 0.44 0.79 0.4319
T +4.1 Mo :
At. %

a050.015 wt. % where ¢ 1s the root mean square residual. X
bcJ=‘lO% by error propagation. Values determined from a knowledge of the bulk carbon concentration, the activity coefficient of

- carbon in the alloy, the activity of carbon in the alloy and the weight percent precipitate.
co=5%, ratios Idete_rmined with the electron microprobe. Absolute values obtained from knowledge of the carbon concentration wt.%

© (Mo+Ti) + wt. % C = 100.
. dCr determined by atomic absorption. ¢=0.05%, where o 1s the root mean square residual.

eNi‘ Determined by spack source mass spectrometry. 0=100% where o is the root mean square residual.

‘ I-‘c=0.22 where o was obtained by error propagation. . »
fgc=0.0001 nm where 0 is the root mean square residual. Specimens were normally scanned with diffractometer from 20° to 80° 28.

hThe éarbide phase consisted 8f an Unldentified phase and the cubic MC phase.

8ST
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of the precipitate phase as determined by powder x-ray
diffraction. The welght percent carbon in the precipitate
phase was calculated through a knowledge of the bulk
carbon concentrations, the weight percent precipitaté,
the activity of carbon in the specimens and the activity
coefficient of carbon in the alloys. In this way the con-
centration of carbon in solution is calculated directly
and the concentration of carbon in theAprecipitate by
difference. The method for calculating the molybdenum
and titanium concentration 1s contained in Chapter V.
From Table 9.3 1t appears that the Mo/Ti ratio in the
precipitate depends on the amount of molybdenum in the
' matrix. It also appears that the ratio increases as the
welght percent precipitate in the alloys increases.

The Mo/Ti atom ratio in the cubic precipitates formed
in the alloyscontaining 4 atom percent molybdenum (7264,
7268) is 0.42 + 0.003. The value of 0.62 obtained for
alloy 7264 A7603-123 (Table 9.3) is inexplicably high.
The lattice parameter of the 7264 A-7603-123 precipitate
is not different from those of the other two 7264 specimens,
both of which have lower molybdenum concentrations. Doubl—'
ing the molybdenum concentration in the matrix, to 8 at.
%, increases the Mo/Ti atom ratio in the cubilc precipitate
phase by almost 100% to 0.79+0.01.

Nickel and chromium are minor elements in the
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precipitate phase. Chromium is more soluble in the carbide
than nickel, but it is likewise depleted in the precip-
itate phase relative to the matrix.

Figure 9.3 shows the effect of changing the molyb-
denum concentration in the carbide on its lattice param-
eter. Over the range explored (Mo/Ti atom ratio 0.4 to
1.0), the lattice parameter is a linear function of the
Mo:Ti1 ratio in the precipitate. The addition of molyb-
denum decreases the lattice parameter of the carbide.

Alloys 7268 and 7267 differ from alloys 7264 and 7262,
respectively, only in that they contain 8 at. % more chrom-
ium in the matrix. The addition of the 8 at. % chromium
to the matrix lowérs the precipitate lattice parameter
by approximately 0.0005 nm. The effect of chromium on a
per atom percent basis 1s larger than that of molybdenum,
presumably because of chromium's smaller atomic radius
(Slater, 1964).

As shown in Table 9.3 the carbon-to-metal atom ratio
in the precipitate was almost always less than 1. The
average value is 0.85, ¢=0.11, and o//n=0.03. The Ti-Mo
carbide'might be viewed as a solid solution between nearly
stolchlometric TiC and Mo3C2. Molybdenum 1lncreases the
lattice parameter of nickel at a faster rate than does
titanium, yet molybdenum is observed to decrease the

lattice parameter of TiC. Since the lattice parameter
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of Mo is 0.428 nm and that of TiC is 0.433 nm, a ready

302
explanation is provided by a TiC—M0203 solid solution for
both the lowering of the carbon lattice parameter by

molybdenum and the substoichiometry.'

2. Annealing Experiments

Table 9.4 and Figure 9.4 contain the results of the
annealing experiments. Since the weight percent precipi-
tate extracted from alloy B (Ni + 2.1 at. % Ti) did not
change as a function of temperature, we infer, with the
help of the evidence of Chapter VII, that the extracted
material precipitated on cooling. This means that at
least 0.08 wt % carbon is soluble, ih'alloy B, at all the
temperatures investigated. |

Alloy C (Ni + 2.4 at. 2 T1 + 8.2 at. % Cr + 0.5 at.

% C) behaves like alloy B at high temperatures. The

" welght percent precipitaﬁe extracted from alloy C ahnealed
at 1100°C is equal to that from specimens annealed at
.1260°C. At 760°C, however, the weight percent precipi-

tate increases by a factor of two. The solubility of.carbon
in alloy C at 760°C was calculated on the assumption that
the precipitate was stoichiometric TiC and that 0.07 wt

% of the precipitate formed during cooling (see Chapter
VII). The value of 0.045 wt. % for the carbon solubility

at 760°C should be considered a minimum estimate since
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"Table 9.4. Results cf the Annea’lirig Experiments.

[
wt, 32 wt. 2P Casbon
Carbon 1ir Precipitate in Solid
Alloy Specimen Annealing Annealed in Annealed Solution
at. % Number History Temp./°C Time/hr gpecimen specimen Solubility

B
Ni+2.1T1

B15 As recelved 1260 16 0.08 0.1419 0.08
B15A 16 hr at 1260 760 168 0.08 0.157¢ 0.08

c
Ni+2.4 T1 C-6 As recelved 1200 16 0.103 0.149% 0.1
+8.2 Cr c-7 As received 1200 16 0.098 0.117% 0.1
: C-6-A 16 hr at 1200 760 168 0.104 0.359 0.045°%

I A B2A As recelved 1260 4 0.083 0.037 0.078f
(N1#2.6 T1  A-8 As received 1260 16 0.102 0.093 0.090
§+8.u Mo A-10 As received 1260 16 0.092 0.037 0.087
. BAlH As recelived 1200 1 0.102 0.104 0.088

BA2H As received 1200 2 0.102 0.095 0.090

A-7783~147 4 nrs at 1160 1100 18 0.083 0.328 0.040
; A-7783-5 ' As received 1000 72 0.078 0.421 0.023
N A-7783-5 As received 900 114 0.083 0.533 0.013
! A-7783-5 As received 800 500 0.084 0.626 0.002
i A-8-A 16 hr at 1260 760 100 0.096 0.732  —=me-
:

449 1177 2 0.035 0.050 0.028
1N1+42,5 T4 A-7783-147 4 hrs at 1160 1100 18 0.0265 0.070 0.017
+7.2 Mo A-7783-5 As recelved 1000 72 0.0275 0.126 0.011
i+ 8.8 cr A-7783-5 As recelved 900 114 0.0303 0.223 0.001

A-7783-5 As recelved 800 500 0.0306 0.233
760 100 0.035 0.28
a

"“c = 3% where ¢ 18 the root mean square residual.

by . 0.015 wt. % where ¢ i1s the root mean square residual.

®The solubility of carbon in alloys 449 and A was calculated on the assumption that the weight percent carbon
in the preciplitate was 13%. Thils was based on the assumptlion that all of the carbon in the specimens anneal-
ed at 760 had precipitated. Solubility = bulk carbon concentration - (wt. % ppt) x 0.13. The results for
the weight percent carbon in the precipitate found in Table 9.3 indicate a value of ~10% for g.

.dThis preciplitate was free carbon as described in Chapter VII,

€The solubility of carbon in alloy C was calculateé on the assumption that the precipitate was stolchiometric
TiC and that 0.07 wt. % precipitate resulted from the precipitation of free carbon (see Chapter VII).

'rThe solubility for this specimen appears low. It may be that the precipitate was free carbon.
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TiC is often substoichiometric in carbon.

Alloy A (Ni + 2.6 at. % Ti + 8.4 at. % Mo +.0.5 at. %
C) has considerably smaller carbon solubility than elther
B or C.  Figure 9.l4a is a plot of the logarithm of the
carbon solubility versus the reciprocal of absolute tem-
perature. The solubility was determined on the assump-
tion that the solubility of carbon at 760°C is zero and
that the weight percent carbon in the -precipitate 1s not
a function of temperature. The addition of molybdenum
lowers the solubility of carbon from something over 0.08
welght percent at 760°C in alloy B to ‘something less than
0.001 weight percent in alloy A. Molybdenum lowers the
carbon solubility relative to the carbide by three d4if-
ferent processes: (1) molybdenum dilutes the nickel-
titanium solution and thus increases the titanium activity;
(2) molybdenum forms a solid solution with TiC (see IX
B.1) and the activity of the carbide is thus lowered; (3)
the molybdenum—carbon interaction 1s weak relative to
the nickel=-carbon and titanium-carbon interactions, and
the addition of molybdenum to the solution increases the
carbon activity coefficient.‘ A1l three of these effects

tend to displace the reaction
Ti(Ni) + C(Ni) Z TiC(solid)

to the right.
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Alloy 449 (Ni + 2.0 at. % Ti + 8.3 at. % Mo + 8.4 at. %
Cr + 0.18 at. % C) results from the replacement of 8.4
at. % nickel with 8.4 at. % chromium in alloy A. Alloy
M59 and 7266 are essentially the same. Table 9.4 and
Figure 9.4b show that the addition of the 8.4 at. % chrom-
ium loWers the solubility of carbon relative to that in
alloy A by a factor of approximately 3 at 1215°C. The
decréased solubility of carbon in alloy 449 is due pri-
marily to diluting the nickel-titanium interaction which
reéulté in a»ﬁigher titanium activity. That is, the Gibbs
free_énergy of>mixihg fop titanium and chromium is much
‘less neéétive than forktitanium and nickel. The chromium
.dqeé not‘form aﬁ-appreciable solid solution with the car-
z'bide.phase, and therefore the addition of chromium does

not alter the activity of the carbides.

3. Carburization Experiments

"Table 9.5 énd Figures 9.5, 9.6 and 9.7 contain the

- result 6f the gas carburization experiments.undertaken to
determine the solubllity of carbon in various nickel alloys.
Sincé it has been shown in Chapters VI, VII and IX that the
carbon'in soiid solution in these alloys obeys Henry's Law,
any negative deviation from Henry's Law can be considered
evidence that carbide precipitation has taken place. The

solubility limit is the concentration at which the
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Table 9.5. Solubility of Carboﬂ in Several Nickel-Based
Alloys as Determined from Carburization Ex-

periments.

Temp. 900 1100 1215

(°c)

Alloy

Comp. a » a

At. % AC(sat) C(sat) Ac(sat) C(sat) Ac(sat) C(sat)

wt. % wt.% wt.%

7262 0.17 0.019 0.18 0.046 0.18 0.073
7264 0.36 0.045 0.38 0.10  0.32 0.14
7266° 0.046  0.016 0.067  0.037
7267 0.10  0.032 0.095  0.050
7268 0.11 0.043 - 0.13 0.079
7262 Ni + 2.5 T1 + 8.2 Mo

7264 Ni + 2.4 Ti + 4.2 Mo

7266 Ni + 2.4 Ti + 8.1 Mo + 8.3 Cr

7267 Ni + 2.5 TL + 8.2 Mo + 4.4 Cr

7268 Ni 4+ 2.5 Ti + 4.1 Mo + 8.4 Cr

@The solubilitv was determined from the following equation
X Activity coefficient of carbon was
Ac(sat) = Ye *C(sat)”

obtained from Tables 8.2 and 9.1.

bThe activity coefficient of carbon in alloy 7266 was not

experimentally determined therefore an approximate value
had to be used. The activity coefficient of carbon in :
alloy 7266 was taken to be the average of those for alloys
7267 and 7268. This seems to be appropriate since alloy

7267 and 4 at. % more Mo than 7268 and Mo and Cr have
opposite effects.
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Atom % carbon versus activity of carbon in
several nickel-based alloys at 1215°C. The
intersection of the two lines, with the same
label, ‘1s the solubility 1limit of carbon
relative to the carbide phase. The lower 1line
represents the solid solution where the slope
is 100/Y, (x¢ = Ac/Ye). The dashed lines are
an extrapolation of the solid solution lines
and represent the amount of carbon in solution
at any given activity. The upper lines have
been fit by least squares to the data from the
two phase region, points that diverged from the
straight line behavior exhibited near the inter-
sectlon were ignored.
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Figure 9.6. Atom % carbon versus activity of carbon in

several nickel-based alloys at 1100°C. The
intersection of the two lines, with the same
label, is the solubility 1limit of carbon
relative to the carbide phase. The lower line
represents the so0lid solution where the slope
is 100/Y. (x¢c = Ac/Ye). The dashed lines are
extrapolations of the solid solution lines and
represent the amount of carbon in solid solution
at activities exceeding the solubility limit.
The upper lines were fit by least squares to
the data from the two phase region.
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several nickel-based alloys at 900°C. The

- intersection of the two lines, with the same

label, is the solubility 1limit of carbon
relative to the carbide phase. The lower line
represents the solid solution where the slope

is 100/ve (x¢ = Ag/Ye). The dashed lines are
extrapolations of the solid solution lines and
represent the amount of carbon in solid solution
at activities exceeding the solubility limit.
The upper lines were fit by least squares to

the data from the two phase region.
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concentration versus activity line for carbon in the
alloy has a change in slope. In‘Figures 9.5, 9.6 and 9.7
the solubility limit has been determined by fitting the
solid solution carburization data and the carburization
data from the two phase region with least squares lines
and calculating their intersection.

The solubility of carbon in molybdenum-free alloys
was not determined by this technique because either the
carbide phase does not exist in the alloys at the tempera-
tures and activities investigated or only one data point
in the two phase region existed. The solubility limit
of carbon in alloys 7266, 7267 and 7268 was not determined
at 900°C because a diffusion barrier,‘possibly a layer of
chromium oxide, slowed the rate of carburization so much
that carburization experiments were impractical.

As Table 9.5 indicates, doubling the molybdenum con-
centration reduces the carbon solubility by a factor of 2.
The result of adding chromium to the carbide forming alloys
has a similaf effect. Both the decrease in solubility of
carbon upon addition of chromium and the values of the
SOlubllltleS agree with results obtained for similar alloys
in the anneallng experiments dlscussed in the previous
subsection.

The effects of additions of chromium and molybdenum

on the solubility of carbon relative to the carbide phase
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in the alloys already forming a carbide phase thus follow
a regular pattern: doubling the molybdenum or chromium
concentration decreases the carbon solubility by a factor

of about two.

C. An Unidentified Phase of High Carbon Content

In alloys 7266 and 7267 some specimens contained an
unidentified carbide phase (see Table 9.3). The Mo/Ti
atom ratio is approximately 1.6 and the carbon to metal
ratio in the two phase precipitate 1s approximately 0.8.
Microprobe examination of precipitates, in the matrix (see
Figure 9.8) revealed that the precipitates with the needle
like morphology had the same composition as the more
rounded precipitates. The new phase does not correspond
to any of the low carbon carblde such as M,C, M6C or Mlzc.

Attempts to index the x-ray diffraction characteristic
of the phase have failed as have attempts to 1ldentify it
with the ASTM x-ray card file. Tables 9.6 and 9.7 contain
the 26 values and relative intensities of the diffraction
peaks in the spectrums for 7266 specimens A-7603-97 and
A-7783-37. Figure 9.8 is an optical micrograph of the
precipitates in alloy specimen 7266 A-7603-97: the needle-

like morphology 1s not characteristic of TiC precipitates.
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Table 9.6. X-ray Diffraction Data on the Unidentified
Phase Alloy 7266 A-7783-972.

20 T
27 .29 11
36.70 - : 1100
41,48 85
1k, 30 25
46.35 | 20
51.11 130
54.82 80
58.95 30
61.37 30

63.17 Y
67.67 15
72.43 54
78.07 100

aCopper Ky radiation was used. The spectrometer travel
speed was 1/4° 26 per min.
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Table 9.7. X-ray Diffraction Data on the Unidentified
Phase in Alloy 7266-A-7783-37.2

20 I 26 I
27.30 7 63.28 18
33.02 2 67.74 y
35.56 7 72.45 22
36.70 870 72.65 14
37.04 73.73 6
39.00 4 76.84 y
41.53 21 77.10 3
4y 41 6 78.11 100
46.37 9 78.33
51.12 2 88.20 2
51.29 1 88.35 2
59.00 9 88.43 1
61.45 6 90.38 2

aCopper' Ky radiation was used. The spectrometer travel
speed 1/%° 26 per min.









CHAPTER X

THE KOHLER-KAUFMAN EQUATION

A. Calculation of the Nickel-Carbon and the Iron-Carbon

Interaction Energiles

Table 10.1 contains the values of the 4 inﬁeraction
energies that describe the nickel-carbon and the iron-car-
bon ‘systems. The relative lattice stabilities are listed
in Table 10.2. The equations used to calculate the inter-

action are from Equation (2.30). For each temperature

_E _ . _ =FCC-gr , 2 ,._
Gowiy = BT &0 Yoensy = Gg *oxyy (1-2%0) Yy *
2
eXeXyns VYoni
=K _ A _ =FCC-gr 2
Go(re) = RT #n Yo(pey = Gg * Xpe (1-2%0) Vpoo +
Coxx? (10.1)
c*Fe YCFe- -

To obtain Ynic @nd VYoo, Equations (10.1) are solved at

Xy = 0, where

- A <FCC-
RT 2n YC(Ni) -G gr

]

YNic

=FCC-gr
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Table 10.1. Calculated Values of Nickel-Carbon and Iron-

Carbon Interaction Energiles, w?gc.a

T -1 C =11 ~1,=2.5.=3
A., kJmol Bij/Jmol .K Cij/Jmol K 10 di'

l,j J

g ~135.52 87.31 ~29.29
Voni' ~163.7 14.0 c

a
Vpec - 96.15 ~0.88 0.0

. |
YeFe -156.1 0.0 0.0
&, . = A,, + B,.T + C,,T°

u e s s B 5 A

b 1

0,=0.3 kJmol™~, calculated assuming a 3% error in ?C(Ni).

CAssumed zZero.

dou=0.2 kJmol_l, calculated assuming a 2.5% error in ?C(Fe).‘
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Table 10;2. - Some Relative Lattice Stabilities® for Elements
E of Interest.

:.Elemenﬁ Transformation® ﬁg-a/kJ-mol_lc —S"‘[i)_a/J-mol-lK_lc
¢ Graphitic FCC 138 15
™™ BCC FCC ~1.0 3.8
‘cr BCC FCC 10.5 0.63
Fe FCC FCC B 0
Ni FCC FCC 0 0
Mo BCC FCC - 10.5 0.63

' @Fpom Kaufman and Nesor (1973, 1975), Uncertainties not
stated. - _ o

'bFCC=Face Centered Cubic, BCC=Body Centered Cubic.

ewb-a _ b wa, =b-a _ ,zb =a ~b-a _ wb-a ,zb-a
7%= (Fy) - B, 5,72 = (5 - 5) ana G772 = B)7? - 18772,
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To solve for wCNi and Vsp., Equations (10.1) are
evaluated at other values of X In the case of the nickel-
carbon system, ?C is a constant to the saturation limit,
and to insure that the interaction energies reflects this
we evaluate wCNi at (Xc)sat'

For the iron-carbon system the results of Smith (19&6)
in the form of Eq. (3.6) were used to determine the values
of wCFe and erC from Egs. (10.1) and (10.2).

Experimental values for ?C and (xC)Sat from Chapter VI
FCC-gr '

were used together with §C

Nesor (1975) to obtain ¥y, and ¥gy; at 900°C, 1100°C,

estimates of Kaufman and

and 1215°C. Data for nickel were fit with an‘equation

of the type

+ By T + C,,T° (10.3)

Y., = A i 13

i3 ij

B. Analysis of the Nickel-Iron-Carbon System

Smith (1960) and Wada et al. (1971) studied the nickel-
iron-carbon system from Xpe = 0 to 1.00, Tables 10.3
and 10.4 contain the results of these two investigations.

The appropriate Kohler-Kaufman equation for @g at X = 0

“is

—E _ ~ _ =FCC-gr | '
GC - RT Qn YC - GC + XNiniC + xFeerc. (10.”)

2 2
- X1 ¥pe¥NiFe ~ *Fe*NiVFeNi
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Table 10.3. The Reanalyzed Results of Smith (1960) for
‘ the Activity Coefficient of Carbon® in Nickel-
Iron-Carbon Alloys.

Mole Fraction Activity Coefficient rms

Nickel of Carbon Residual
XN1 Yo o

0.0 8.45 0.2
0.0379 10.5 1
0.0775 13.2 1
0.148 17.3 1
0.258 29
0.395 54 6
0.599 _ 119 9
0.787 148 7
0.994 87.6 4.5

%Table contains values ovaE calculated for x, < 0.02.
When x,<0.02 QC = ?; = a constant. (See Figure 6.4).
Equation (3.6) was used to recalculate the activity of
carbon in iron, which was used as a secondary standard
in all runs.
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Table 10.4. The Reanalyzed Results of Wada et al. (1971)
for the Activity Coefficient of‘Carbona in
Nickel-Iron-Carbon Alloys.

Mole Fraction Activity Coefficient rms

Nickel - of Carbon Residual
X1 Yo o

0.207 23 2
0.401 57 : 6
0.506 85 9
0.598 | 130 ‘ 18
0.655 139 - 23
0.792 159 16
0.892 115 13

aThis table contains values of ?C calculated for xC<0.02.
When XC
Equation (3.6) was used to recalculate the activity of

<0.02f(C = ?C = a constant (seerFigure 6.4).

carbon in iron, which was used as a secondary standard

in all runs.
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To use Equation (10.4) values of Unipe and ¥p g Were
taken from Kaufman and Nesor (1975) Table (10.1)). Figure
10.1a compares the values of ln?g calculated using Equa-
tion (10.4) and the values of the interaction energies
listed in Tables 10.1 and'Table 10.5 with the experimen-
tal results of Smith (1960) and Wada et al. (1971). In
Figure 10.la the x's are experimental points and the zeros,
0, are points calculated from Equation (10.4) with only
the nickel-carbon and the iron-carbon binary interaction
energies of Table 10.1. The difference between calculated
and experimentél points is very large, aﬂd at the nickel-
rich end the binary Kohlef-Kaufman equation predicts that
the activity coefficient of carbon will decrease upon the
addition of iron. Experimentally, however, the activity
coefficient increases until Xpe v 0.25 and then decreases
as more iron is added. Obviously the Kohler-Kaufman equa-
tion with only binary interaction energies is unable to
predict the form of 2&n ?g.in the ternary mixture.

Figure 10.1b is an attempt to fit all of the ternary
data in Tables 10.3 and 10.4 with Equation (10.4). Again
only binary terms are considefed. The difference between
Figures 10.la and 10.1b is that the values of erC and
wNiC were determined as a best fit to all of the ternary
data. The fit is very poor. The calculated values are

high for the iron rich alloys and low for the nickel rich

alloys.
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The values of VUNipe and erNi were taken from Kaufman
and Nesor (1975), (Table 10.5). The experimental results
for ?g in the nickel-iron-carbon system can be fit with
only binary terms 1if wNiFe and erNi are allowed to increase
by a factor of five. The resulting parameters, however,
would. not correctly describe the thermodynamics of the
binary iron-nickel system. Kubaschewski et al (1977)
have reviewed the iron-nickel system and their results
agree with those of Kaufman and Nesor (1975). In no case
then were the values of wNiFe and erNi allowed to vary.

Figure 10.2 1s the result of fitting the data of Smith
(1960) and Wada'et al (1971) to the Kohler-Kaufman equa-

tion where ternary terms have been added to Eg. (10.4).

=E _ ~ro  =FCC-gr
Go = RT 2&n Yo = Gg * xyi¥ynic t XpeVFec

P " 2
Ni*Fe*NiFeC

2 2
FeXNiYFeNiC:

= XN1X¥Pe¥NiFe ~ *Fe*NiVFeni T X X

(10.5)

The equal signs in this figure indicated that the experi-
mental and calculated points agree within 2%. The root
mean square residual of the fit to the Kohler-Kaufman equa-
tion was 5.6%. The values of the ternary parameters are

= 61.9 kJ mol™ %, o = 1.8 kJ mo1~ 1 = 20.7

YNiFeC and Vpenic
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Figure 10.1. Comparison of calculated, 0, and experimental,

X, values of 2n ?g as a function of Xy, in the
. Ni-Fe-C system. The experimental results are

those of Smith (1960) and Wada et al. (1971)
(see Tébles 10.3 and 10.4). (a) Calculated
points determined from Equation (10.4) with
the values wNiC and erC taken from the binary
results (Table 10.1). (b) Calculated points
determined as a "best fit" of Equation (10.4);
the experimental values were the independent
variable and wNiC and erC the dependent
variables. wNiFe and erNi were taken from

Kaufman and Nesor (1975), Table 10.5.
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Comparison of calculated, 0, and experimental,
X, values of 2n ?: as a function of xy; in the
Ni-Fe-C system. An equal sign, =, indicates
that the experimental and calculated values
differ by less than 2%. The calculated polnts
were determlned as a best fit of Equation
(10.5) to experimental results of Smith

(1960) and Wada et al (1971) (see Tables

10.3 and 10.4). Values of Ypeni and Yyipe

were taken from Kaufman and Nesor (1975), Table

10.5.
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1

kI mo1~Y, ¢ = 5.3 kJ mo1” L.

The dramatic improvement in
the fit of the data to the equation clearly indicates

that ternary coefficients must be included.

C. Calculation of Interaction Energies in the Nickel-

Titanium-Carbon System

As mentioned in the Introduction, one of the goals of
this research was to test the validity of using only binary
parameters to describe the thermodynamics of multicomponent
solutions. Therefore, in this section and the next ter-
nary terms in the XKohler-Kaufman equation are initially

ignored.

The equations for @%i and Eg in the ternary alloy
v .

are obtained from Equation (2.30). For aTi

2
Xy XNy N Xy XN4

(xmg+xyy)

E _ =FCC-BCC
Gy = Gipyq + Vpinsl

(1-Xrms )]
Ti
(Xpq+xy4)

Xpix Xy X

Ti ¢ + Ti"C (l'XTi)]

2 (Xmsg*+Xn)

Ti “C

+

Ypyo L
(xTi+xc)
2
X X
Ni ( Ni 1

- Xme
Ti

+ Yoemse L
A (xqpy*Xyg) (Xpy*xyy)

X2
[ C ( c

+ Yoy

(xp+Xpy  Xotxpy

- Yoy () = Uyic (N €y (10.6)
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where ternary interaction energies are excluded. At Xp =

0, Equation (2.30) yields for ez,

-k _ A _ —FCC—gI’
Go = RT &n v = G + Xyi¥nic t FpiVoic t
- X2 XU - X2 Xy Y (10.7)
Ni¥T1¥NiTi ~ ¥piXniV¥ring e '

where ternary interaction energies are excluded.

Following Kaufman and Nesor (1975) we assume wTiC =
wCTi and wNiTi = wTiNi‘ In both cases this is justified
because of narrow range of experimental data. These as-
sumptions result in a symmetric excess Gibbs free energy
as a function of composition in the binaries. While Egs.
(10.6) and (10.7) could in principle be solved simultan-
eously they are easily solved by iteration. The estimate
of Uy o (= wCTi) proposed bj Kaufman and Nesor (1975)
was used in Eq. (10.4) to solve for wTiNi (= wNiTi)'

Then a value for wTiC was calculated from the results in
Chapter 8 and Eq. (10.7). This value for Ymso Was then

used to recalculate by Eq. (10.6) the value of wNiTi'
Kaufman and Nesor's (1975) estimate was close to our
calculated value and only one iteration was necessary.

The use of the value of Y, . obtained Eq. (10.7) to re-
calculate wNiTi changed thé value of wNiTi by appfoximatély
0.4 KJ'mol_l. Recalculation of wTiC produced no significaht

change. The values for wNiTi at several temperatures were
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fit by least squares to Eq. (10.3) wTiC was found to be
constant within experimental error and no ternary term

is needed.

D. Calculation of the Molybdenum-Carbon and Chromium-Carbon

Interaction FEnergies

The values of wMoC and wCrC were calculated at Xc = 0
from the results in Table 9.1 for alloys 7262 and 7264,
7263 and 7265, and the following equations which are de-
rived from Eq. (2.30).

E —FCC-gr

Go = Gg * Xni¥nic T FpiVric Y FuoYMoc

2 2 2 2
= XN ¥Nime T O *riENiVTiNG T N1 XMoYNiMo T *Mo*NiYMoNi

2 _ 2 (10.8)

= X3 ¥o¥TiMo = *Mo¥mi¥MoTi

=E =FCC—-gr

Go = Gg + Xni¥ynic t *ri¥oic * XerVerc
2 2 2 2
- XNiXpi¥NiTi T Xri¥NiVTiNg T *NiXerYNicr T XcrXNiVerni

2 2

- Xpi¥op¥ricr T *cr¥riVeorri® (10.9)

where téernary interaction energies are excluded. The
previously calculated wij were employed and the values of

YNicrs Yorni® YNiMo® YMoNi: VYermic Vricre YMoTioVTiMo @nd



Y

197

GFCC-8T yere taken from Kaufman and Nesor (1973, 1975)

c
(see Tables 10.2 and 10.5).

The values of the interaction energies calculated
assuming only binary terms were important are listed in
Table 10.6. It is clear from the results in Tably 10.6
that in the cases of wMoC and wCrC that the qalculated
values are all composition dependent. Further, ali of the
binary interaction energies become more negative as»the
mole fraction of the total solute is increased. This means
that the activity coefficient is smaller in the more |
concentrated solutions than would be expected from ex-
trapolaﬁion of the dilute results. The trend is to lowef
than expected activity coefficients continued to an even
larger extent 1n alloys 7267 and 7268 as discussed in
Chapter IX. It thus appears that, as in the Fe-Ni-C
system, the binary interaction energies are not sufficient
to describe the systems in question. _

At Xo = 0 the appropriate ternary terms from Eqg. (2'30),
are |

_F n-1 n=2
GC (ternary) = ) ) ¥

i=1 j=1
175

2
( xix.)

LNy +x.
177

n-1 n-2 n-=1 2x?x X

T N N N T

i=1 j=1 k=1 (xi+xj+x
k#i#j
J<k

(10.10)

) Y13
5
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Table 10.5. Interaction Energies w?gc for the Kohler-
Kaufman Formalism,a w?gc = Aij + BijT +
+ D, ,T3.
i

j/1 Ti- Cr Fe Ni Mo

A, ./kJ-mol™t

1]
Ti —_——— 52.0 -33.5 -100 15.4
Cr 39.4 ———— 7.41 -25.1 21.3
Fe ~-10.5 7.41 —_——— -34.,8 25.3
Ni - -100 -8.37 2 e 13.6
Mo 15.4 34,3 24,8 -13.6 ———
e a=1-1

Bij/J mol -K
Ti -— 0 0 -95.8 0
Cr 0 _——— -6.3 0 -5.9
Fe 0 -6.3 e 0 0
Ni -95.8 0 0 -_—— 13.8 .
Mo 0 -11.3 -8.4 13.8 _——

-3, -1.-1

Cij/lo J'mol K
T1i. —— 0 0 47.2 0
Cr 0 — 0 9.47 0
Fe 0 0 —— ol .l 0
N1 47.2 4.69 ~3.83 m—— 0
Mo 0 0 0 0 0




199

Table 10.5. Continued.

j/1i Ti Cr Fe Ni Mo

DiJ/10_6J-mol—lK—3
Ti - .0 .0 0 -0
Cr 0 U 0 —2.61 . 0
Fe 0 0 — ~10.4 0
Ni 0 ~7.85 1.63 e 0
Mo 0 0 0 B T —

8311 values are from Kaufman and Nesor (1973, 1975) except
wNiTi = wTiNi which were calculated from the results of

Chapter VIII.
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Table 10.6. Incorrect Values for the Binary Interaction

Parameters, wigc Calculated with Only Binary

Terms.
FCC -1
wiC /kJ -mol
1 Temperature (°C)
(Element) 900 1100 1215
Ni2 -73.41 -70.86 -70.46
' Ti b
7261, Xy = 0.0244 -254.8 -234.7 -238.9
7068, xp; = 0.0361 -258.2 -263.60 ~243.5
: Cr .
7265, Xg, = 0.0457 -76.8 -78.2 -75.9
7263, xCr = 0.0801 . -81.6 -95.1 -90.7
Mo
7264, Mo = 0.0417 -10.9 -5.7 -6.5
7262, xy. = 0.0820 -29.9 --27.9 -27.3
awNiC was fit to a quadratic equation in temperature.

bThe 1100°C results appear to be in error. The 7261

result being too large and the 7068 result being too
small. If the concentrations of carbon in 7261 and 7068
at 1100°C are compared directly to the nickel carbon con-
centrations the values of wT'C become -250.3 and -258.9
kJ-mol‘l, respectively. *
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From the array of alloys that have been studied here
we cannot discriminate between the possible ternary terms
in Eq. 10.10. It seems logical, however, to fit the results
with those terms having the largest concentration factors. |
The terms with largest factprs are wNiCrC’ wNiMoC and
YniTic

The difference in yn,, for alloys 7261 and 7068 is
not large enough (v3%) to justify calculating a nickel—
titanium-carbon interaction. However, values for
wNiCrC and wNiMoC have been calculated from the results
because of the higher concentrations of Mo and Cr.

A ternary term, wNiMC (XsiXM)’ where M is either
molybdenum or chromium, was added to Equation (10.6) and
(10.7). Results for alloy pair 7262 and 7264 and pair
7263 and 7265 were used to solve for Ve and Yyyye Simul-
taneousiy. The resulting values can be found in Table 10.7.
The fact that binary and ternary terms are approximately
the same magnitude agrees with the results of Section 10B

1

where 1t was calculated that yYy;q = -71.8 kJ mol — and

Vyipec = 61.9 KJ mol~! at 1000°C. The absolute uncertainty
in wMC and wNiMC is difficult to ascertain. The uncer-
tainty in the sum of wMC and wNiMC however is approximately
2 kJ. The precision in the values of the blnary and ter—.
nary interaction energies can be improved if more ternary

alloys, such as Ni-Cr-C and Ni-Mo-C, are investigated.

The larger the addition of the metal used the more precise
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Table 10.7. Interaction Energies in kJ'mol_l Calculated
from the Kohler-Kaufman Equation® Including
Ternary Terms. '

Interaction Energy kJ mol L
Vooe _2U8.5
S _250.8
wggﬁoc 268.0

4Equations (10.6), (10.7), (10.8), (10.9) and (10.10) or
(2.30). |
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the values of the interaction energies will be.

Table 10.8 contains the values of the activity co-
efficient of carbon calculated using previously presented
interaction energiles including both binary and ternary
terms from Tables 10.1, 10.4 and 10.6. Note that the
experimental values for alloys 7267 and 7268 agree within
10% with the calculated values. .Whep the ternary terms
are not included the calculated results for 7267 and 7268
differ from the experimental by 20 to 30%. Furthermore,
the binary equations predict that the addition of molyb-
denum always result in an increase in the activity co-

efficient of carbon, which is not observed.

E. Prediction of Carbon Solubilities

Another of the goals of this work was the prediction
of carbon solubility in multicomponent,solutiéns. The
data of Kaufman and Nesor (1975, 1973) and Stover and
Wulff (1959) (see Section 8B) have been used to calculate
the activity of all the metallic solutes except carbon in
the various alloys studied in this work. Table 10.9
contains the values of the activity of the solutes at
900, 1100 and 1215°C. The activities were calculated using
a pure component reference state and a body centered cubic
crystal strﬁcture, the normal structure for these solutes

at the temperatures investigated. The activities in Table



Table 10.8. Comparison of the Value of the Activity Coefficient of Carbon Calcu-
lated Using the Kohler-Kaufman Equation and the Value Determined

Experimentally.
Activity Coefficient (7.)
Temperature (°C)
a 900 1100 ' 1215

Alloy Calc ExptD Calc Exth' Calc Expt6
7261 Ni + 2.4 Ti ’ 130 128 59.2 61.0 bo.3 bh1.1
7262 Ni + 2.5 T1 + 8.2 Mo 174 172 75.6 75.8 7.8 48.1
7263 Ni + 2.4 T1i + 8.0 Cr 116 127 52.9 53.3 35.3 35.8
7264 Ni + 2.4 Ti + 4,2 Mo 162 160 72.3 72.8 Us.6 6.3
7265 Ni + 2.5 Ti + 4.6 Cr 130 130 59.8 59.5 38.7 38.9
7266 N1 + 2.4 T1 + 8.3 Cr
+ 8.1 Mo
7267 Ni + 2.5 Ti + 4.4 Cr
+ 8.2 Mo 63.0 62.0 4o.3 37.5
7268 N1 + 2.5 T1 + 4.1 Mo
+ 8.4 Cr 53.4 51.4 34.6 33.3
7068 N1 + 3.6 Ti 124 120 56.6 54.0 38.3 39.3

hoc

aCompositions are given in atom percent.

bValues were taken from Tables 8.2 and 9.1. Estimates of uncertainties are con-
tained in Tables 8.2 and 9.1.



Table 10.9. Activities of the Alloying Elements Calculated Using the Kohler-Kaufman Equation (Eg. 2.30).

: 900 1100 1215
Temperature (°C) - -
Activity@ Apy Aer Ano Apyg Aoy AMo Apy Aep Amo

Alloy .

7261 Ni + 2.4 T1i 1.9 x 1078 _ 5.4 x 1077 8.5 x 107/

7262 N1 + 2.4 T4 - 7.4 x 1078 0.47 2 x 1077 0.44 3 x 1076 0.43
8.2 Mo

7263 N1 + 2.0 4 1.0 x 1077 0.10 9.5 x 1077 0.11 3.0 x 100 o0.11

+ .0 Cr

7264 Ni + 2.4 T1 3.7 x 1078 0.25 4.1 x 1077 0.24 1.4 x 10°f 0.23
4.2 Mo

7262 21 + 2.5 T1 5.1 x 1078 0.054 5.4 x 1077 0.059 1.8 x 107 0.061

+ 4.6 Cr

7266 Ni + g.u T4 3.8 x 107  0.13  0.55 2.8 x 10=% 0.13  o0.49 7.8 x 10°% 0.12  0.46
8.3 Cr + 8.1 Mo

726Z N1+ 2.5 11 1.8 x 1077 0.065 0.52 1.5 x 107 0.067 0.47 4.5 x 10°® 0.067 0.4l
+ 4, Cr + 8.2 Mo

7268 Ni + 2.5 T1i 2.2 x 1077 o0.12 0.30 1.8 x 1078  0.12  0.27 5.1 x 106 o0.12  0.25
+ 8.4 Cr + 4.1 Mo

ANL + 2.6 Ti 8.4 x 1078 0.48 8.1 x 1077 0.46 2.5 x 1070 0.44
8.7 Mo

B Ni + 2.1 T1 1.5 x 1078 1.9 x 1077 6.8 x 1077

CNi + 2.4 T 1.0 x 1077 0.11 1.0 x 1070 o0.11 3.0 x 10°%  o0.11

+ 8.2 Cr

“u98N% + 2.5 T1 3.9 x 1077 0.14 0.50 2.9 x 10°% 0.1l 0.45 8.0 x 107  0.13  0.42
+ 8.8 Cr + 7.2 Mo

7068 4.0 x 1078 b7 x 1077 1.6 x 10°°

Ni + 3.6 Ti

Goe

aActivities calculated using the pure component reference state at 1 atmosphere pressure. The parameters
used in the calculations can be found in Tables 10.2 and 10.4.



206

10.9 have been used to calculate the solubility limit of
carbon in the various alidys in equilibrium with pure ﬁitan-

lum carbide according to

Ae = (ATin,TiC)—l

where Kf,TiC is the equilibrium constant for Ti (soiv) +
C (soln) = TiC (solid). Values of Kf,TiC are listed in
Table 8.4.

Table 10.10 contains values of the activity of carbon at
the titanium carbide solubility limit obtained from the
results presented in Chapters VIII and IX and the values
calculated with the Kohler-Kaufman equation. In this work
the highest carbon activities investigated were 0.76 at
1215°C, 0.72 at 1100°C, and 0.59 at 900°C. Titanium carbide
did not form, at any activity, in alloys 7261, 7265, and
7068. The lack of a two phase region, in these alloys, at
the experimental activities 1s in agreement with the cal-
culated solubility limit, in Table 10.10. In alloy 7263,
which contains no molybdenum, the precipitate can be assum-
ed to have an activity of one, based on arguments presented
in Chapter VII. Experimentally, it 1s found that precipi-
tation of titanium carbide does not commence, in alloy 7263,
until an activity 50% higher at 900 and 25% at 1100 and
1215°C than the calculated value. This discrepancy could

be due to experimental error. The data obtained from



207

Table 10.10. Comparison of Calculated® and Experimental Value of the Carbon Activity
Where Precipitation of Titanium Carbide Should Start.

Temperature/°C
900 1100 1215
Ac Ay Ag Ag Ac Ac

Alloy (Cale) (Exp) (Cale) (Exp) (Cale) (Exp)
7261 Ni + 2.4 Ti 1.3 1.7 1.7
7262 N1 + 2.4 T1i 0.33 0.17 0.56 0.18 0.63 0.18
+8.2 Mo )
7263 N1 + 2.4 1P 0.25 0.50 0.43 0.54 0.48 0.63
+ 8.0 Cr
7264 N1 + 2.4 T1 0.66 0.36 0.99 0.38 1.04 0.32
+ 4,2 Mo :
7265 N1 + 2.5 T1 0.48 0.75 0.81
+ 4.6 Cr
7266 N1 + 2.4 T1 0.064 0.14 0.046 0.19 0.067
+ 8.3Cr + 8.1 Mo
7267 Ni + 2.5 Ti 0.14 0.27 0.19 0.32 0.095
+ 4.4 Cr + 8.2 Mo
7268 N1 + 2.5 Ti 0.11 0.23 0.11 0.28 0.13
+ 8.4 Cr + 4.1 Mo
7068 N1 + 3.6 T1i 0.61 0.86. 0.91

2netivities calculated using results in Table 10.9

bExperimental values are approximate. They were obtained by interpolating between
the solid solution data and one point in the two phase region.
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Stover and Wulff (1959), although the best available, could
be in error by 25% in the solubility product for titanium
carbide. They relied on Curie point measurements, whose
precision was not stated, to determine the phase boundary.
Another possibility is that the model was not adequate.

The assumption that titanium and nickel form a temperature
dependent regular solution in the nickel-rich corner of the
phase diagrém may be incorrect. Unfortunately, the true
nature of @%i as a function of Xims in nickel will have to
await further data. Stover and Wulff's (1959) data do not
cover a broad enough range of composition to yield more than
one point on the aTi curve.

TiC formed at all three temperatures in alloys 7262,
7264, 7266, 7267 and 7268. The solubility in these alloys
determined experimentally is 1/3 to 1/2 the calculated solu-
bility (Table 10.10). If the arguments in the preceding
paragraph are correct the agreement between predicted and
experimental solubilitles are even worse. If one assumes
that the molybdenum carbide forms an ideal solid solution
with titanium .carbide, the activity of the titanium, based
on the compositions discussed in Chapter IX, would be 0.7
in alloy 7264 and 7268 and 0.58 in alloys 7262, 7266 and 7267.
While lowering the activity of the carbide is a move in the
right direction, the change 1s not sufficient to bring the

calculated and observed values together. The most plaus-

ible explanation for the remaining discrepancy is that,
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rather than forming an ideal solution, the carbides mix with
a negative heat of mixing. If a value of approximately

~6.7 + 2 kJ'mol™ T is assumed for the heat of mixing and if
the entropy of mixing 1s assumed to be ideal, the calculated
and experimental values of the solubility agree to *15 per-
cent. A slightly more negative value for the heats of mixing
is needed if the calculated valuesvof AC are shown to be

too low. Clearly, more precise thermodynamic data are
required for the nickel-titanium system in order to resolve

the discrepancies.



CHAPTER XI

THERMOMIGRATION

"A. Introduction

Until recently, thermomigration, the mass flux induced
by a temperature gradient, was studied exclusively in liquids
and gases. Experimental difficulties associated with
establishing and maintaining a large, well-defined tempera-
ture gradient in a solid dissuaded researchers from investi-
gating thermomigration in solids. Modern work in the field
started with Shewmon (1958) and Darken and Orianil (1954)
who investigated several metal-metal and metél—metalloid
systems. Oriani (1969) reviewed the 1960's experiments on
metal-metalloid binary systems, which yielded 1little quan-
titative data. Poor temperature control and poor chemical
analyses plagued most investigators.

Thermomigration in solids is an important phénomenon
in, for example, nuclear reactors and in welding. In nuclear
reactors, large temperature gradients are the norm rather
than the exception. Thermomigration of hydrogen in the
7zircalloy fuel cladding and in the oxide fuel are of great
technical importance. In welding the tremendous tempera-
ture gradients at the liquid-solid interface cause a mass

flux which may be responsible for cracks that form in many

210
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welds after cooling.
Thermomigration experiments have as their immediate
goal the measurement of the "thermal diffusion factor",

a,. For a binary system with a linear temperature gradient

1
in the 7 direction, al can be determined from [Horne and
Anderson (1970)]
_ 0.0 d ., 27 |
wy = alwlw2[1 + A exp(~t/8)]sin( 3 (llfl)
wy = welght fraction of component 1
wg = initial weight fraction of component i
Z = coordinate in the direction of the temperature
gradient. At the center of the specimen Z = 0.
t = time

d = the diffusion pathlength
8 = d?/ﬂ2D relaxation time

D = binary diffusion coefficient

Equation (11.1) indicates that the composition of the
specimen as a function of position will continue to Change
until t ® 46, after which time a steady state will persist
as long as the temperature gradient is maintained. - Measure-
ments made after t = U6 will not provide any information on

D but do provide data for calculation of o To date the

1
few thermomigration experiments in solids have all been

done at the steady state (t > Hé). In this work the
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measurements were to be time dependent so that o, and D

1

could be determined in the same experiment.

B. Exgeriments

Specimens were annealed in a temperature gradient of ap-
proximately 1000°C/cmin a Gleeble. A Gleeble is an instru-
ment designed to simulate the large temperature flqptuations
produced in metal alloys during welding. A cylindrical
sample 1s clamped at both ends in water cooled copper
jaws, and a large alternating current is then passed
through the sample. The sample is brought from 20 to 1300°
C in less than 10 sec. The temperature of the sample is
controlled via a feedback loop containing a thermocouple
attached to the center of the sample. Solution of the
heat conduction equation for this experimental arrangement
as weil as actual experimental measurements show that the
temperature distribution in the sample is parabolic with
a maximum in the center. For sample B-6-B the temperature

was found to obey

T = -2371d°2 + 82.06d + 1350,

with the root mean square residual o 10°C. The tempera-
tufe of the sample was measured at three sites on the

specimen with platinum-platinum 10% rhodium thermocouples
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and recorded as voltage on a three pen pentiometric strip-
chart recorder. The end temperatures were also known.

The atmosphere around the samples was supposed Eo he con-
trolled by flowing pure argon at approximately 100 liters

per hour through a pyrex cover box surrounding the sample.

C. Results

Several speaimens were annealed in the Gleeble for times
varying from five minutes to two_hours. The results were
of two kinds: eitherza gradient of carbon concentration
was not observed.or the sample was partially decarburized.
Figure 11-1 shows half of a sample annealed two hours in
the Gleeble and then annealed 100 hours at 760°C to pre-
cipitate the carbon from solution. The éarbon distribution
in the sample_approaches the shape of an hbur glass. This
distribution would be expected in a sample with a sink at
the surface and a maximum in temperature at the center.
From these results it 1s apparent that better control over
the atmosphere‘surrounding the sample is necessary 1f
gquantitative results are to be obtained. Cost, time con-
sideration, and the requirements of other users mitigated
against modifiéation of the Gleeble for further study of
thermomigration.

There is still a need for thermomigration experiments

in interstitial metal alloys, and a sultably modified



215

Gleeble would offer many advantages, such as rapid heat-up
and cool-down. The modification most needed 1s a high
quality vacuum system_in order to control the chemical

environment surrounding the specimen.



CHAPTER XII

SUGGESTIONS FOR FURTHER WORK

A. Analytical Chemistry

While a great deal of effort has been expended in im-
proving techniques for analysis, further improvements are.
'stili desirable. The carbon'analyses are in need of ac-
cﬁrate sfandards; as discussed in Chapter III, the standards
currently available have ah accuracy of about *5%. The
Carbon analyses could also bé improved if a more selective
detector were used. ;Our apparatus used a conductometric
detector. Newer instruments use infra-red detectors, which
are not as sensitive to impurities such as SO2 and do not
reQuire CO2 traps and chromatographic columns.

In ﬁhe area of metal analysis more study is needed on
"matrix" effects in the acidic solutions. These effects
require the use of standards of similar composition to the
samples. In some cases this is not convenient or possible.
For anélysis of small quantities of solid material the de-
velopment of x-ray fluorescence capability would be desir-
able. The electron microprobe technique, while useful,
is limited in that only relative concentrations are readily

obtainable.
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B. Experiments

Six different series of alloys need to be studied in
order to understand better the ternary interactions that>
this research has revealed. The sixvsystems are Ni-Mo-C,
Fe-Mo-C, Ni-Cr-C, Ni-Mo-Cr-C and Fe-Mo-Cr-C. Experiments
should be carried out with as high a concentration of Mo
and/or Cr as possible without leaving the face-centered
cubic solid solution phase field. The goal of these experi-
ments would be to determine quantitatively the values of
the ternary interaction energies. The question of whether
there 1s any solvent dependence in the binary interaction
energy could also be resolved by these experiments. If
the binary interaction energies determined invniCkel and
iron solutions donot agree once ternary terms are taken
into account, still higher order terms will have to be
introduced into Kohler-Kaufman formalism. |

In solutions with low carbon solubility the car-
burization technique needs to be refined to facilitate
experiments at carbon activitles of less than 0.05. This
would involve using gas mixtures of lower CHM/Hg ratios
and possibly lowering PO2 in the furnace. The result
would be a better understanding of the titanium-molybdenum-
carbon precipitation process and the molybdenum—chromium—
carbon solid solution interaction.

More controlled experiments are necessary on the
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precipitation of carbon upon quenching. Resistance heating
and a helium quench offer the most convenient methods of
controlling the guench rate. Annééling samples at tempera-
tures of around 500°C for short periods of times and‘observ-
ing changes 1in the weight percent of the precipitate and
in the x—réy difffaction patterns would provide insight

into the precipitation process. It 1s also hoped that short
anneais at low temperatures would allow the precipitates

to grow large enough to be viewed in the electron micro-

scope.




APPENDIX A

The compositions of the uncarburized alloys are given in
Table A-1. Tables A-2 through A-33 contain all of the gas
phase carburization cdata generated in this investigation.
The data in each table constitute one data set. That is,
all of the specimens in the set were carburized at the same
time in the same furnace run. Thus, the temperature and.
the equilibrating gas are identicél for all the specimens
described in a given table. For these two reasons all are
listed together.

Unfortunately, the analytical standards used for carbon
analysis of the specimens,'even in a specific table, are
not all the same. This arose because the supply of National
Bureau of Standards Standard Reference Material (NBS SRM)
19E was exhausted. Thus, when rechecking specimens in some
tables, a different NBS SRM was used. -(In some tables, of
course, only one NBS SRM was used.) As discussed in Chapter
ITI, it is important when using the carbon data to relate
all of the concentrations to the same NBS SRM. In all of the
dalculétions-in this work the carbon concentrations are rela-
tive to NBS SRM 19E. Extensive comparison of SRM 19E and
121B (the only other standard used in the carbon analyses)
showed that a concentration relative to 121B must be multi-
plied by 0.966 to obtaln the concentration relative to 19E.

Analytical carbon data were rechecked frequently, as 1is

219
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partially apparent from examination of the variation of NBS
SRM's in the tables. Shortly after the gas phase carburiza-
tion studies began 1t was apparent that problems existed in
our ability tc analyze for carbon. Comparison of weight
change and the carbon analysis did not always agree. In-
consistencies between data sets and the size of the aliquot
used in the analysis affectea the results. Once it was
realized that analytical difficulties existed, the stringent
controls on the combustion procedure detailed in Chapter IV
were developed. Unfortunately, before all of the analytical
problems were solved, the supplies of four sets of specimens,
A-7603-118, A-7603-121, A-7783-20, and A-7783-21, had been
exhausted. When these speclmens were analyzed the instru-
ment was giving consistently low values for the carbon
"concentration when smali aliquots were used. In the four
sets of specimens mentioned above all of the one phase
specimens, except the iron standards, contained less than
0.05 wt. % carbon. Analysis of data from these specimens
showed that they had uniformly low activity coefficients
relative to samples analyzed after the instrument problems
had been corrected. In the final analysis of the data,
therefore, the activity coefficient of the nickel alloys

in the aforementioned data sets was obtained from the ac-
tivity coefficlent of carbon in nickel determined in the
data sets listed in Table 5.1. The carbon analyses of

specimens Ni-A7783-16 and 7068-A7603-106 were disregarded
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in the analysis of the results. In both specimens the cal-
culated activity coefficients were more than 3 standard
déviations from the mean value and were not consistent with
the other data sets with respect to equilibrium concentra-
tions of carbon. That is, in data set A—7783-l6.the nickel
specimen analyzed to be lower in carbon than Ni + 4 at. %
Mo (7264) and in A-7603-106 alloy 7068 analyzed to be lower
in carbon than nickel. These are contrary to the results
of éll the other data sets. Data set A-7783-36 has not
been considered in the analysis of the data. Repeated
analyses of the specimen from this set gave ncn-repro-
ducible results even when the carbon analyzer appeared

to be functioning properly.

The abbreviation T.P. in the tables indicates that the
specimen was assumed to be two phase, although the material
was not extracted. The specimens were judged two phase
on the‘basis of their activity cocefficients. A decrease
in the carbén activity coefficient at high carbon activity

indicates that precipitation has occurred.
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Table A.l. Composition? of Alloys Used for Calculations.

Alloy Element/wt %

Melt

No. Ti Cr Mo C Ni
7261 2.0 0.015 98.0
7262 1.95 12.81 0.014 85.3
7263 2.02 7.78 0.014 90.2
7261 1.95 6.68. 0.015  91.4
7265 2.06 14,09 0.016 93.8
7266 1.91 7.08 12.76 0.021 78.2
7267 1.95 3.77 12.93 0.016 81.4
7268 2.00 7.33 6.66 0.015 81.0
7071 2.8 8.08 03 89.0
7095 3.06 13.9 0.380 8.7
A 2.0 | 13.0 0.094 8l.9
B 173 © 0.086 98.2
c 2.0 7.40 0.109 90.5
449 1.95 7.36 11.4 0.035 79.0

%These values were picked from those in Table 5.1.
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Table A.2, Data From Carburization Experiment A-7603-97.

Date: 4/28/76; Temperature: 1215°C; Duration: 40 hours
H20(g) Concentration: 1.5 ppm; Quench: Water.
Final Nﬁcroprobe
. [c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) Ti ao/nm
7261 0.124 0.135 19E 0.24
7262 0.325 0.321 121B 1.57 1.50+0.03 0.43152
7263 0.132 0.160 121B 0.25 '
7266 - 0.832 0.852 19E 6.05 3.00 0.08
Ni 0.128 0.131 19E 0.22

aoa =0,0001 nm.
(o]

Table A.3., Data From Carburization Experiment A~7603-105

Date: 5/4/76; Temperature: 1215°C; Duration: 36 hours;

H20(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt 4) Std. Ratio Lattice
Change by For Precip. (Mo Parameter
Alloy (%) Analysis Carbon (wt. %) T a_/mm
7264  0.125 0.138 19E 0.147
7265 0.147 0.162 19E
7267 0.687 - 0,708 121B TP
7268 0.487 0.523 121B TP

Ni-270 0.146 0.150 121B




Table A.4.

Date:

22U

5/6/76; Temperature:
H20(g) Concentration: 1 ppm; Quench: Cold Zone.

Data From Carburization Experiment A-7603-106.

1215°C; Duration: 36 h

ours;

Final Microprobe
[C] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg Parameter
Alloy (%) Analysis Carbon (wt. %) Ti ao/nm
7068 0.0663 0.140 19E
7071 0.0802 0.217 19E
7095 0.477 0.870 19E 6.19 1.75+0.02
Ni-270 0.140 0.150 19E 0.24
Ni-270 0.110 0.147 19E
Fe'E! 0.941 0.981 19E
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Table A.5. Data From Carburization Experiment A-7603-118.

Date: 5/17/76; Temperature: 1215°C; Duration: 22 hours;
HZO(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) Ti a/mm
7261 0.020 0.0337 19E
7262 0.053 0.0274 19E
7263 0.038 0.0410 19E
7264 0.086 0.0285 19E
7265 0.040 0.0359 19E '
7266 0.059 0.0557 19E TP
7267 0.047 0.0358 19E
7268 0.103 0.0414.  19E
7068 0.188 0.0355 19E
Ni-270 0.023 0.0330 19E
Fe'E'@ 0.261 121B
0.256 19E

ainitial wt not recorded.
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Table A.6. Data From Carburization Experiment A-7603-121.

Date: 5/18/76; Temperature: 1215°C; Duration: 46 hours;
H2O(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) Ti ao/nm
7261 0.035 0.0442 19E
7262 0.020 0.0337 19E
7263 0.019 0.0482 19E
7264 0.013 0.0364 19E
7265 0.018 0.0447 19E
7266 0.124 0.142 19E 0.639 . 0.4311a
7267  0.044 0.0461 19E
7268 0.019 0.0535 19E
7068 -0.044 0.0444 19E
7095 -0.301 0.0795 19E
7071 -0.,067 0.0568 19E
Ni-270 0.041 0.0433 19E
Fe'E!' 0.291 0.325 19E
0.330 121B

8 =0.0001 nm.
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Date:
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Data From Carburization Experiment A-7603-123.
5/20/76; Temperature:

215°C; Duration: 64 hours;

H20(g) Concentration: 1 ppm; Quench: Cold Zone

Final Microprobe
[C] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (MQQ Parameter
Alloy (%) Analysis Carbon (wt. %) Ti a_/nm
7261 0.367 0.398 121B
7263 1.91 0.535 121B 0.963
7264  0.683 0.675 121B 2.55  1.15t0.03 .4326%
7265 0.441 0.447 121B
7268 1.058 1.085 19E TP
7068 0.377 0.449 121B
7071 0.657 0.832 121B
Ni-270 0.355 0.37 19E
%5, =0.0001 mnm.
o
Table A.8. Data From Carburization Experiment A-7783-4.
Date: 6/16/76; Temperature: 1100°C; Duration: 48 hours;
H2O(g)‘Concentration: 1 ppm; Quench: Cold Zone. -
Final Microprobe
[c] Cal. Intensity
Weight (wt 2) Std. Ratio Lattice
Change by For Precip. (MQJ Parameter
Alloy (%) Analysis  Carbon (wt %) Ti a_/nm
7261 0.024 0.0407 19E
7262 0.027 0.0323 121B
7263 0.043 0.0450 121B
7266 0.185 0.190 121B 1.36 1.24+0.02 .43112
Ni-270 0.029 0.0376 121B
F'E'  0.324 0.355 121B

aoa =0,0001 nm.
(e}
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Date:
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9. Data From Carburization Experiment A-7783-14

7/1/76; Temperature:

1100°C; Duration:

48 hours;

Hzo(g) Concentration: 2.5 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change For Precip. (Mg Parameter
Mloy (%) Analysis Carbon (wt. %) Ti ao/nm
7264 0.017 0.0363 19E
7265 0.019 0.0452 19E
7267 0.071 0.0852 19E 0.385 1.17+001
7268 0.048 0.0577 121B TP
Ni-270 0.032 0.0381 19E
Fe'E! 0.350 0.401 121B
Table A.10. Data From Carburization Experiment A-7783-15.
Date: 7/3/76; Temperature: 1100°C; Duration: 72 hours;
Hzo(g) Concentration: 1 ppm; Quench: Cold Zone.
Final _ Microprobe
fc] - Cal. Intensity
Weight (wt %) Std. Ratio Lattice
. Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) T1 a_/mm
7262 0.330 0.346 121B 2.14 1.29x0.02
7266 0.758 0.835 121B 6.53 2.44%0,06
7267 0.561 0.610 121B 3.99 1.44+0.01
7268 0.424 0.467 121B 2.39 0,82+0.02
Ni-270 0.090 0.0951 121B
Fe'E! 0.733 0.796 121B
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11. Data From Carburization Experiment A-7783-16

Date: 7/6/76; Temperature: 1100°C; Duration: 48 hours;
Hzo(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity -
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) T4 go/nm
7261 0.081 0.0959 121B
7263 0.118 0.116 121B
7264 0.065 0.082 121B TP
7265 0.C90 0.106 121B
Ni-270 0.077 0.0793 121B
Fe'E 0.784 0.811 121B
Table A.12. Date From Carburization Experiment A-7783-17
Date: 7/8/76; Temperature: 1100°C; Duration: 46 hours;
Hzo(g) Concentration: 1 ppm; Quench: Cold Zone.
Final _ . Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Miloy (%) Analysis Carbon (wt. %) Ti a_/nm
7261 0.210 0.244 121B
7263 0.345 0.383 121B 0.99 0.43248
7264 0.456 0.506 121B 2.14 0.91+0.03 0.4321%
7265 0.228 0.252 121B
Ni-270 0.208 0.225 121B
Fe'E' 1.424 1.49 19E

80, =0.0001 nm,

o]
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Table A.13. Data From Carburization Experiment A-7783-18.

Date: 7/10/76; Temperature: 1100°C; Duration: 48 hours;
H2O(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
[Cc] Cal. Intensity
- Weight (wt %) Std. Ratio Lattice
.- - Change by . For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) T1 a_/nm
7261 0.164 0.202 121B
7263 0.227 0.235 19E
7264 0.184 0.325 19E TP
7265 0.314 0.196 19E
7068 0.147 0.222 121B
Ni-270 0.161 0.179 19E
Fe"E' 1.20 1.28 © 121B

Table A.14. Data from Carburization Experiment A-7783-19.

Date: 7/13/76; Temperature: 1100°C; Duration: 48 hours;
_H2O(g) Concentration: 2 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
~ Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg_ Parameter
Alloy (%) Analysis Carbon. (wt. %). T a_/rm
7262 0.160 0.174 121B 0.945  1.27+0.02 O.Ll318a
7266 - 0.556 0.624 121B 3.84 1.48+0.04
7267 0.431 0.460 19E 2.95 1.3320.02 0.43142
7268 0.283 0.310 121B 1.52 0.85+0.03 O.Ll3l9a
7068 0.00 0.0873 121B
Ni-270. 0.067 - '0.0726 19E
Fe'E! 0.577 0.616 1218
a

O, =0.0001 nm.
o)
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Table A.15. Data From Carburization Experiment A-7783-20.

Date: ' 7/16/76; Temperature: 1100°C; Duration: 60 hours;
HZO(g) Concentration: 2 ppm; Quench: Cold Zone,

Finél Microprobe
_ [c] Cal. Intensity v
Weight (wt %) Std. ' Ratio Lattice
Change by - For Precip. , (Mg) Parameter
Alloy (%) Analysis  Carbon (wt. %) T1 ao/nm
7262 0.014 0.0182 121B
7266 0.064 0.0633 19E
7267 0.033 0.0228 19E
7268 0.033 0.0285 19E
7068 -0.063 0.0253 19E
Ni-270 0.0128 0.0222 19E
Fe'E! 0.179 0.205 121B

Table A.16., Data From Carburization Experiment A-7783-21

Date: 7/16/76; Temperature: 1100°C; Duration: 60 hours;
H,0(g) Concentration: 2.5 ppm; Quench: Cold Zone.

Final Microprobe
o fc] Cal. ‘ Intensity
Weight (wt %) = Std. Ratio ‘Tattice
Change by For Precip. (Mo) Parameter

Alloy (%)~ Analysis Carbon (wt. %) T : ao/nm

7262 0.00 0.0106 19E
7266 0.02 - 0.0192 19E
7267 C.01 0.0133 19E
7268  0.00 0.0164 19E
Ni-270 0.00 0.0140 19E

Fe'E' 0.084 0.111 19E
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" Table A.17. Data From Carburization Experiment A-7783-32.

Date: 7/22/76; Temperature: 1100°C; Duration: 85 hours

HZO(g) Concentration: 1 ppm; Quench: Cold Zone.

Lattice
Parameter

ao/nm

" Final _ Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio
~ Change by - For Precip. (Mg
Alloy (%) Analysis Carbon (wt. %) T1
Ni-270%-0.177  0.169 19E
Ni-27C  0.154 0.174 121B
Fe'E'? -0.271 1.206 19E
Fe'E 1.157 1.191  19E
7068  0.116 0.204 121B

aEquil’ibriumvapproached by decarburization.

Table A.18. Data from Carburization Experiment A-7783-33.

Date: 7/24/76; Temperature: 1100°C; Duration: 60 hours;

HZO(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
- [c] Cal. Intensity
Weight (wt %) Std. Ratio
‘ Change by For Precip. (Nb
Aloy (%) Analysis Carbon (wt. %)

i

Lattice
Parameter
ao/nm

Ni-270 0.138 0.157 121B
Fe'E!' 1.076 1.114 19E

13
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Table A.19., Data From Carburization Experiment A-7783-35.

Date: 7/29/76; Temperature:

1100°C; Duration: 90 hours;

HZO(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) T1 ao/nm
7068 0.102 0.174 121B _ .
7264  0.170 0.177 19E 0.475 0.84+0.04 0.43242
Ni-270 0.125 0.136 19E
Fe'E! 1.008 1.032 19E

aoa =0.0001 nm.
(o]

Table A.20. Data From Carburization Experiment A-7783-36..

Date: 8/2/76; Temperature:

1215°C; Duration: 96 hours;

HZO(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
[C] Cal. Intensity o
Weight (wt %) Std. Ratio - Lattice
Change by For Precip. .(Mg) Parameter
Mloy (%) Analysis Carbon (wt. %) T1 a_/nm
7261 0.152 0.183 121B
7263 0.191 0.250 121B
7264 0.146 0.181 121B ‘TP
7265 0.172 0.212 121B
7068 Q.116 0.217 121B
Ni-270 0.150 0.174 121B
Fe'E!' 1.01 1.18 121B




234

Table A.21. Data From Carburization Experiment A-7783-37.

Date: 9/8/76; Temperature: 1215°C; Duration: 108 hours;
H20(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
. [c] Cal. Intensity
Weight (wt %) std. Ratio . Lattice
Change by For Precip. (MQ) Parameter
Alloy (%) Analysis Carbon (wt. %) Ti a_/mm
7262 0.415 0.462 121B 2.17 1.55%0.04 0.4313%
7266  0.865 0.985 121B 7.20  3.19%*0.04 0.4299%
7267  0.670 0.677 19E 4.42  1.90%0.05 0.4303%
7268 0.448 0.512 121B 2.11 0.92%0.03 0.4316%
Ni-270 0.107 0.157 121B
Fe'E' 0.961 1.03 121B

%0, =0.0001 nm.
(e}

Table A.22. Data From Carburization Experiment A-7783-38.

Date: 9/14/76; Temperature: 1215°C; Duration:. 60 hours;
H20(g) Concentration: 1 ppm; Quench: Cold Zone.

Final Microprobe
(c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg Parameter
Alloy (%) Analysis Carbon (wt. %) T1 ao/nm
7262 0.088 0.0971 121B TP
7266 0.526 0.626 121B 3.62  1.91£0.06 0.4300%
7267 0.323 0.384 121B 1.85 1.50%+0.02 0.4310%
7268 0.146 0.202 121B 0.394 0.75%0.02 O.431b
Ni-270 0.084 0.0932 121B
Fe'E' 0.624 0.750 121B

%5, =0.0003 nm.
o

boa =0.0001 nm.

%
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Table A.23. Data From Carburization Experiment A-7783-44.

Date: 10/9/76; Temperature: 900°C; Duration: 108 hours;
H2O(g) Concentration: - 1 ppm; Quench: Cold Zone.

Final Microprobe

- [C] Cal. Intensity

Weight (wt %) Std. ‘Ratio lattice

Change by For Precip. (MQQ Parameter
Alloy (%) Analysis Carbon (wt. %) Ti ~ a_/mm
7261 0.075 0.100 121B
7263 0.195 0.218 121B 0.885 0.43202
7264 0.206 0.235 121B 1.342 0.90 0.02  0.4326%
7265 0.086 0.0987 121B
7068 0.031 0.107 121B
Ni-270 0.074 0.0953 121B
Fe'E' 0.781 0.832 121B

a

e}

Oa =O-OOOl ‘nm.

Table A.24. Data From Carburization Experiment A-7783-45

Date: 10/16/76; Temperature: 900°C; Duration: 132 hours;
H2O(g) Concentration: 0.5 ppm; Quench: Cold Zone

Final Microprobe
[C] Cal. Intensity
- Weight (wt %) Std.- Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) T1 a,/nm
7261 0.035 0.0603 121B
7263 0.038 0.0634 121B
7264 0.011 0.0580 121B
7265 0.037 0.0624 121B
7068 & -0.031 0.0620 121B
Ni-270 0.049 0.0544 121B
Ni-27¢ -0.058 0.0538 121B
Fe'E' 0.501 0.544 121B

aEquilibrium approached by decarburization.
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Table A.25. Data From Carburization Experiment A-7783-47.

Date: 10/23/76; Temperature: 900°C; Duration: 120 hours;
HZO(g) Concentration: 0.5 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) T1 ao/nm
7261 0.024 0.0457 121B
7263 0.032 0.0445 121B
7264 0.026 0.0360 121B

7265 0.019 0.0436 121B
7068 -0.036 0.0505 121B
Ni-270 0.033 0.0425 121B
Fe'E' 0.407 0.444 121B

Table A.26. Data From Carburization Experiment A-7783-48.

Date: 10/28/76; Temperature: 900°C; Duration: 120 hours;
HZO(g) Concentration: 0.5 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) Ti ao/nm
7262 0.083 0.102 121B
7266 0.083 0.081 121B 1.22 1.64+0.02
7267 0.202 0.243 121B 0.582 1.25%0.02 0.4318a
7268 0.176 0.191 121B 1.56  0.94%*0,02 0.4320a
Ni-270 0.027 0.0423 121B
Fe'E!' 0.380 0.411 121B

aca =0,0001 nm.
(@]
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A.27. Data From Carburization Experiment A-7783-49.

Date: 11/3/76; Temperature: 900°C; Duration: 120 hours;
H2O(g) Concentration: 0.5 ppm; Quench: Cold Zone.

Final Microprobe
[c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg Parameter
Alloy (%) Analysis Carbon (wt. %) Ti ao/nm
7262 0.007 0.0125 121B
7266 0.007 0.0218 121B
7267 C.040 0.0458 121B 0.411 1.21+0.003 O.4313a
7268 0.021 . 0.0349 121B 0.042
Ni-270 0.0141 0.0166 121B
Fe'E! 0.168 0.191 121B

a

o)

o, =0.0001 nm.

Table A.28. Data From Carburization Experiment A-7783-57.

Date: 11/9/76; Temperature: 900°C; Duration: 144 hours;
HZO(g) Concentration: 0.5 ppm; Quench: Cold Zone.

Final Microprobe
(c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (Mg) Parameter
Alloy (%) Analysis Carbon (wt. %) T1i ao/nm
7262 0.0226 0.0326 121B
7266 0.0186 0.0362 121B
7267 0.0598 0.0465 121B
7268 0.0973 0.112 121B
Ni-270 0.0189 0.0299 121B
Fe'E!' 0.287 0.312 121B
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Table A.29. Data From Carburization Experiment A-7783-116.

Date: 1/22/77; Temperature: 1215°C; Duration: 48 hours;
H20(g) Concentration: 0.5 ppm; Quench: Cold Zone

Final Miecroprobe
[cl Cal. : Intensity
Weight  (wt %) Std. Ratio - Lattice
Change by For Precip. (Mg Parameter
Alloy (%) Analysis Carbon (wt. %) Ti ao/nm
7261 0.064 0.0747 121B
7262 0.079 0.0628 121B
7263 0.065 0.0862 121B
7264 0.062 0.0640 121B
7265 0.057 0.0810 121B
7266 0.413 0.475  121B
7267 0.198 0.221 121B TP
7268 0.072 0.109 121B TP
7068 0.002 0.0783 121B
Ni-270 0.068 0.0704 121B
Fe'E'  0.489 0.554 121B
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Table A.30. Data From Carburization Experiment A-7783-120.
Date: 1/25/77; Temperature: 1215°C; Duration: 60 hours;
H20(g) Concentration; Quench: Cold Zone.
- Final Microprobe
(c] Cal. Intensity
Weight (wt %) Std. Ratio Lattice
Change by For Precip. (MQ) Parameter
Alloy (%) Analysis Carbon (wt. %) T1 : ao/nm
7261 0.132 0.147 - 121B
7262 0.352 0.361 121B TP
7263 0.142 0.173 121B
7264 0.127 0.124 121B
7265 0.146 0.153 121B
7266 0.781 0.867 121B
7267 0.598 0.652 121B TP
7268 0.423 0.451 121B TP
7068 0.084 0.152 121B
Ni-270 0.150 0.144 121B
Fe'E!' 0.911 1.01 121B
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Table A.31. Data From Carburization Experiment A-7783-123%

Date: 2/8/77; Temperature: 1215°C; Duration: 72 hours;
H20(g) Concentration: 0.5 ppm; Quench: Cold Zone.

Final
£c] Cal.
Weight Initial (wt %) Std.
Change [c] by For Precip.
Alloy (%) (wt %) Analysis Carbon (wt. %)
7261 +0.020 0.147 0.137 121B
7262 +0,001 0.361 0.346 121B TP
7263 -0.027 0.173 0.163 121B
726/, +0.003 0.124 0.125 121B
7265 -0.085 0.153 0.143 121B
7266 -0.034 0.867 0.859 121B TP
7267 -0.017 0.652 0.634 121B TP
7268 -0.055 0.451 0.423 121B TP
7068 -0.005 0.152 0.143 121B
Ni-270 +0.008 0.144 0.131 121B
Fe'E! -0.106 1.01 - 0.959 121B

aEquilibrium approached by decarburization.
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Table A.32. Data From Carburization Experiment A-7783-125.2

<
Date: 2/11/77; Temperature: 1100°C; Duration: 96 hours;
HZO(g) Concentration: 0.5 ppm; Quench: Cold Zone.
€
Final
‘ [c] Cal.
Weight Initial (wt %) Std.
Change [c] by For Precip.
Alloy (%) (wt. 2) Analysis Carbon (wt. %)
7261 ~0.071  0.147 0.0691 121B
72€2 -0.126 0.361 0.218 121B TP
7263 -0.074 0.173 0.0745 121B
7264 -0.069 0.124 0.0570 121B
7265 -0.058 0.153 0.0714 121B
7266 -0.096 0.867 0.763 121B TP
7267 -0.110 0.652 0.515 121B TP
s 7268 -0.135 0.451 0.316 121B TP
N 7068 -0.065 0.152 0.0743 121B
Ni-270 -0.076 0.144 0.0643 121B
B ' Fe'E' -0.352 1.01 0.565 121B
aEquilibrium approached by decarburization.
>
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Table A.33., Data From Carburization Experiment A-7783-136.2

Date: 2/17/77; Temperature: 990°C; Duration: 192 hours;
Hzo(g) Concentration: 0.5 ppm; Quench: Cold Zone.

Final
[C] Cal.
Weight Initial (wt %) Std.

* Change [C] by For Precip.
Alloy (%) (wt. %) Analysis Carbon (wt. %)
7261 -0.016 0.075 0.049 121B
72620 ~0.002 0.218
7263 ~0.006 0.087 0.0847 1218
7264 -0.011 0.064 0.0537 121B
7265 ~0.030 0.081 0.0472 121B
7266° +0.004 0.763 ‘
7267° +0.009 0.515
7268° +0.003 0.316
7068° -0.015 0.078 0.0578 121B
Ni-270 ~0.030 0.070 0.0447 121B
Fe'E! ~0.113 0.553 0.462 1218

aEquilibrium approached by decarburization.

quuilibrium was not achieved in these alloys.




BIBLIOGRAPHY

A. M. Abdel-Gawad, The American Mineralogist, 51, L6
(1966). T

K. W. Andrews and H. Hughes, Am. Soc. Testing Mats}, ASTM,
STP 393, 3 (1966). |

I. Ansara, Metallurgical Chemistry Symposium, O, Kubaschew-
: ski editor, National Physical Society, 403 (1971).

S. Ban-Ya, J. F. Elliott, and J. Chipman, Met. Trans., 1,
1313 (1970)-

S. Ban—Ya, J. F. Elliott, and J. Chlpman, TMS- AIME U5,
1199 (1969).

G. Beck and R. Bigot, Rev. Met. (Paris) 62, 681 (1965).

J. Belzer, L. G. Savedoff, and H. L. Johnston, Ohio State
U. Research Foundation TR316-6 (1953).

M. Benz and J. F. Elliott, TMS-AIME, 215, 954 (1959).

M. J. Bradley, M. 0. Pattengill, and L. M. Ferris, Inor-
ganic Chemistry, 4, 1080 (1965).

D. N. Braskil and J. M. Leitnaker, Production of Homogeh—
eous Titanium-Hastelloy N Alloys, ORNL/TM-5697 (Feb. 1977)1

K. Bungardt, H. Preizendanz, and G. Lehnert, Arch Elsen—,

huett., 35, 999 (196L4).

R. A. Buckley and W. Hume- Rothery, J. Iron Steel Inst.,
201, 227 (1963). o A

J. Chipman, Met. Trans., 3, 55 (1972).
J. Chipman, TMS—AIME; 239, 1332 (l967).

J. Chipman, TMS-AIME, 239, 2 (1967).

J. Chipman, J. Iron and Steél'Institute, London, 180"

97 (1955).
J. Chipman and E. F. Brushy, TMS-AIME, 242, 35 (1968)

J. 0. Clayton and W. F. Giaugue, J.A.C.S., 54, 2610 (1932)

243



244

S. Darken, JACS, 68, 1163, Appendix (1946).
S. Darken, TMS-AIME, 180, 430 (1949).
Darken, TMS-AIME, 239, 80 (1967).

S. Darken and R. A. Oriana, Acta Met. 2, 841 (1954).

IS v s N
[97]

7, 269 (1972)

C. K. H. DuBose and J. O. Stiegler, Rev. Sci. Inst., 38,
694 (1967).

W. W. Dunn, R. B. McLellan, and W. A, Oates, TMS-AIME, 242,

2129 (1968).

H. Dunwald and C. Wagner Z. Anorg. Allgem. Chem., 199,
321 (1931).

J. F. Elliott and M. Gleiser, Thermochemistry for Steel-

making, Addison- Wesley Publishing Co., Cambridge,
‘Mass. (1960). :

T. Ellis, I. M. Davidson and C. Bodsworth, Journal of the
Iron and Steel Institute, 201, 582 (1963).

Leslie M. Ferris and Mildred J. Bradley, JACS, 87, 1710
(1965).

S. A. Golovenenko, I. A. Tomilin, I. Yu. Konnova, IZU Akad
Nauk SSR Met (Russian Metallurgy), 2, 72 (1973).

S. R. de Groot, Thermodynamics of Irreversible Processes,
North Holland Publishing Co. (1951).

R. Haase, Thermodynamics of Irrevers1ble Processes, Addi-
son-Wesley, Reading MA (1969).

M. Hansen and K. Anderko, Constitution of Binary Alloys,
McGraw-Hill, New York (1958).

G. Herzberg, Molecular Spectra and Molecular Structure I
Diatomic Molecules, Prentice Hall, Inc., New York
(1939), p. 198f.

G. Herzberg and K. N. Rao, J. Chem. Phys. 17, 1099 (1949).

X, T. Herzfeld and V. Heltler, Z. Electrochemie, 31, 536
(1925).

J. H. Hildebrand, JACS 51, 66 (1929).

J. Donachie, Jr. and O. H. Kriege, Journal of Materials,

b

&t



o

“a

245

J. H. Hildebrand,Proc. Nat. Acad. Seci. 13, 267 (1927).
H. Hildebrand, Proc. Nat. Acad. Sei. 13, 167 (1927).

oy

F. H. Horne and T. G. Anderson, J. Chem: Phys. 53, 2321
(1970). :

W. Hume-Rothery, H. M. Irv1ng, and J. R. P. W1lliams, Proc.
Roy. Soc. A208, 431 (1951).

JANAF Thermochemical Tables, Dow Chemical Company, Midland,
MI (1971).

L. Kaufman, Acta Met., 7, 575 (1959).
L. Kaufman, Prog. Mat. Sci., 14, 2 (1969).

L. Kaufman, Phase Stability in Metals and Alloys, (P. S.

Rudman, J. Stringer, and R. I. Jaffer, eds.), McGraw
Hill, NY, 1967, p. 125f. _ C '

L. Kaufman and H. Nesor, Ann. Rev. of Material Sci.
(R. Huggin, ed.), Vol. 3, Annual Reviews, Palo Alto,
CA (1973).

L. Kaufman and H. Nesor, Treatise on Solid State Chemlstry,
N. B. Hannay, edltor, Plenum Press, New York (1975),
5, 179-232.

L. Kaufman and H. Nesor, Computer Calculation of Phase
Diagrams, Academic Press, New York (1970)

E. Kenik and R. Carpenter, private communlcatlon, ORNL
(1977). ’ : :

J. M. Leitnaker, G. A. Potter, D. J. Bradley, J. C.
Franklin and W. R. Laing, Met. Trans., In Press.

J. M. Leitnaker, unpublished results, ORNL (1977).
F. Kohler, Monat. Fur Chemle, 91, 738 (1960).

G. N. Lewis and M. Randall, Thermodynamics, 2nd Ed.,Revised
by K. Pitzer and L. Brewer, McGraw Hill, New York, 1961.

O. Kubaschewski, K. Geiger and K. Hack, ‘Z. Metallkde.,
68, 337 (1977).

C. H. P. Lupis and J. F. Elliott, Acta Met., 47, 529 (1966).

M. L. McGlasken, JPAL, 21, 1 (1970).



=W .3

o

246

Newmaun, H. Schenck, and W. Patterson, Giesserei.,
Tech.-Wiss. Beih. Giessereiw. Metallk. 23, 1217.
1959. | : |

A. Oriani, J. Phys. Chem. Solids 30, 339 (1969).

K. Plyer, L. R. Blaine, and W. S. Connor, J. Optical
Society of America, 45, 102 (1955).

H. Rank, D. P. Eastman, B. S. Rao, and T. A. Wiggins,
J. of the Optical Society of America, 51, 929 (1961).

D. Richardson, J. Iron and Steel Inst. 175, 33 (1953).

. Scatchard, Chemical Reviews, 44, 7 (1949).

SCatchard Chemical Reviews, 8, 321 (1931).

.'Schéll T. Schmldt, and J. 'Wunning, Arch. Eisenhiitt,

32, 251 (1961).

.'Schneck M. Frohberg, and E. Jaspert, Arch. Eisenh.,

36 683 (1965).

Schurmann T ‘Schmidt, and H. Wagener, Giessereil.-
Forsch, 16 91 (196“)

. Shewmdné Acta Met.Ag, 605 (1960)

Shewmon, J. Chem. Phys. 29, 1032 (1958).
Shewmon, TMS-AIME, 212, 642 (1958).
L. shfiver, M. Wuttlg, Acta Met. 20, 1 (1972).

K Sigworth and J. E. Elliott, Canadian Met. Quart.
13, 455 (1974). :

K. Sigworth‘and J. E. Elliott, Canadian Met. Quart.
15, 123 (1976).

C. Slater, J. Chem. Phys. ﬂl; 3199 (i96“).

P. Smith, TMS-ATME, 236, 1224 (1966).

. P. Smith, TMS-AIME, 218, 62 (1960).

P. Smith, JACS, 70, 2724 (1948).

P. Smith, JACS, 68, 1163 (1946).




.

W.

C.

[}

b7

H. Smith, TMS-AIME, 209, 47 (1952).

P, Snow and E. K. Rideal, Pro. Royal Soc., London,
Al125, 462 (1929).

E. Spear and J. M. Leltnaker, J. Am. Ceram. Soc., 52,
257 (1969).

R. Stover and J. Wulff, TMS-AIME, 215, 127 (1959).

G. Ulitchny and R. Gibala, Met. Trans., 4, 497 (1973).

S. National Bureau of Standards, Selected Values of
Chemical Thermodynamic Properties TN270-3, 1968.

Wada, H. Wada, J. F. Elliott and J. Chipman, Met. Trans.
3, 2865 (1972).

Wada, H. Wada, J. Elliott, and J. Chipman, Met. Trans.,
2, 2199 (1971).

.- Wagner, Thermodynamics of Alloys, Addlison-Wesley Press

" Inc. Cambridge, Mass (1952

. W. White, P. J. Oenny, and S. M. Irving, The Electron

Microprobe, (T. D. McKinley, K. F. J. Heinrich, and
D. B. Wittry, editors); J. Wiley and Sons, New York
(1966). _

E. Wick and F. E. Block, Thermodynamic Properties of
65 Elements Their Ox1des, Halides, Carbides, and
Nitrides, Bureau of Mines Bulletin 605, 1963







&

[y

-,

48.
49-58.
59.
60.

61.

62.

63.

249
ORNL/TM-6282

INTERNAL DISTRIBUTION

. Central Research Library 27. H. Inouye
Document Reference Section 28. J. R. Keiser
Laboratory Records Department 29. E. A. Kenik
Laboratory Records, ORNL RC 30. J. F. King
ORNL Patent Office _ 31. W. R. Laing
P. Angelini 32. J. M. Leitnagker
J. Bentley : 33. J. 8. Lin .

D. N. Braski , 34. C. T. Liu

J. Brynestad 35. K. C. Liu

P. T. Carlson 36. H. E. McCoy, Jr.
J. V. Cathcart 37. C. J. McHargue
G. W. Clark ‘ 38. P. J. Maziasz

G. L. Copeland 39. C. S. Morgan

D. A. Costanzo 40. R. E. Pawel

J. H. DeVan 41. H. Postma

J. R. DiStefano 42, "A. F. Rowcliffe
L. M. Ferris - 43. A. C. Schaffhauser
C. B. Finch by, P. S. Sklad

G. R. Gessel 4, J. 0. Stiegler
T. G. Godfrey Le. C. L. White

M. L. Grossbeck by, R. 0. Williams
J. A. Horak

EXTERNAL DISTRIBUTION

Dr. M. G. Bowman, CMB Division, Los Alamos Scientific
Laboratory, Los Alamos, NM 87545

Dr. D. J. Bradley, Chemistry Department, University
of California at Berkeley, Berkeley, CA 94720

Prof. Leo Brewer, Chemistry Department, University of
California at Berkeley, Berkeley, CA 94720

Prof. Harry A. Black, Chemistry Department, Michigan
State University, East Lansing, MI 48824

Prof. John Elliott, Materials Science Department,
Massachusetts Institute of Technology, Cambridge,
MA 02139

Prof. R. Gibala, Chemistry Department, Case Western
Reserve University, Cleveland, OH 44106

Prof. Paul W. Gilles, Department of Chemistry,
University of Kansas, Lawrence, KS 66044



64.

65.
66.

67.
68.
69.

70.

T1.
72.

73.

74.
75-101.

250

Prof. F. H. Horne, Chemistry Department, Michigan ;
State University, East Lansing, MI 48824 t

Dr. Larry Kaufman, 21 Erie Street, Cambridge, MA 02139

Dr. Robert Mulford, CMB-5, Los Alamos Scientific
Laboratory, Los Alamos NM 87545

Dr.. Paul Potter, Chemistry Department, UKAEA, Harwell,
Didcot, Berkshire, England

Dr. Malcolm Rand, Chemistry Department, UKAEA, Harwell,
Didcot, Berkshire, England

Prof. Gerd Rosenblatt, Chemistry Department, Pennsylvania
State University, State College, PA 16802 :

Prof. XK. E. Spear, Materials Science Department;
Pennsylvania State University, State College, PA
16802

Dr. R. J. Thorn, Chemistry Department, Argonne Natilonal
Laboratory, 9700 South Cass Avenue, Argonne, IL 60439

Prof. E. A. Westrum, Chemistry Department, Unilversity
of Michigan, Ann Arbor, MI 48104

Mr. W. G. Witteman, CMB-3, Los Alamos Scientific
Los Alamos, NM, 87545

Director, Research and Technical Support Division, DOE-ORO

DOE TECHNICAL INFORMATION CENTER, Office of Information Services,
P.0. Box 62, Oak Ridge, TN 37830

t

# US.GOVERNMENT PRINTING OFFICE : 1978-748-189/454

Ve’



	image0001
	image0002
	image0003
	image0281

