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DIFFUSION OF c~OLW~ IN ALPEA COBALT-CEROMJ13M SOLID SOLUTIONS 1

By JOKN~. ~EZITON

SUMMARY

Diffusion of chromium in a cobakch.rcmviumsolid solutiaw
was investigatedin the range Oto @ atomic percent at tempera-
tures of 1360°, lSUOO,1160°, and 1000° C. T%e diyw-on
coejicients werefound to be Telatbely constant m-thin the com-
position mnge corered by each specimen.

I%e activation heat of di#tin was determinedto be 63,600
culories per mole. This due agrees closely with the due of
69,@0 calories per mole calculated by mean8 of the Du8hman-
Lungnmir equation. The exponential equation relating cliff+
&ioneoefmient D to tempemture 1’ is w follows:

D=0.443e-a*Y

where ~ ‘i$ the ga8 co?wtant.
W7wn compared with the dijfmion data premkusly obtuirwd

by other investigatorsfor most allay wstenw, the dijiwion mtea
of chrmnium in a cobalt-chromium were found to be low;
considerably higher temperatures were q?rired to produce
d-ifution coejiciente of the 8ame order of m.qnitide as were
preciously found for most eub8titti.onal alloys. This beharior
is congruous un”ththe fact that cobalt-chromium based albyg
such as Haynea iStellite~1 hare good high-temperaturecha,rac-
teristim.

C%romium d-ifue-irity from a cobalt-chromium alloys into
pure cobalt is greater than chromium di$ueirity from h@-
ch.mmiuma-alloys to low-chromium a-alloys for all concentra-
tion gradients studied.

LNTRODUCTION

Sewral important high-temperature alloys @Iapes SteI-
lite 21, X-40, 61, and 42.2-19) consist primarily of cobalt
and chromium; Hayrw Stellite 21 has been one of the most
extenaive~yused turbojet-bIade aUoys in the United States.
Because of the importance of cobalt-chromium based aloys
and because diffusion controIs many reactions within solid
metals, an investigation was conducted at the 3’ACA Levi-is
laboratory to determine the diflusion coellioients of chromium
into a cobakhromkrn solid solutions, to determine the
dependence of these coeflkients on concentration, and to
evaluate the basic constants Q and A in tie e.sponent.ial
equation rekting temperature and diffusion (reference 1)

——
D=Ae ‘%

where
A constant, (cm2/see)
D *ion coeflkient., (cm’/sec)
Q activation heat of dilluaion, (caI/moIe)
R gas constsmt, (ml/(mole) (%))
T’ temperature, (“K)

The method employed consisted in prewure-mMing cobalt
and cobah+hromium bars dike in composition, mmeahng

these joined bars at.constant temperatures to cause an inter-
diffusion of atoms, and detemining the distribution of
chromium through the diffusion zones thus fo~ed by
machining and ciheroioally amdyzing se-rend successi~e
turnings through &s zone.

DiHusion coefficients were determined for 11 specimens at
the nominal temperatures and composition ranges shown in
the follo~a table:

CHROXTUM CONTENT OF WELDED SPECIMEN
(ATOMIC PERCEIW)
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With the exception of specimens 1 sad 2, which were
orighdy intended for annea@ at 900° C the SP*I%
were made t-o cover mat of the range of the a field in the
cobak+hromium equilibrium diagram (&. 1).
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Diffusion coefficients were calculated by the Grube method
(reference 3), aIthough the Nlatauo method (reference 3)
was also used in two cases, : .:-

APPARATUS AND PROCEDURE
.-

Materials,-Cobalt rondeIs and electrolytic chromium of
high purity were used as raw materiak”. Spectrographic and
wet chemical anaIyses were made of the rondels. Calori-
metric anrdysos, made for elements that were shown to be
present by the spectrograph but were not detectable by wet
chemical methods, are less than 0.01 pm.cent. The results of
the anrdysisof cobalt rondels and of an anaIysisof electrolytic
chromium made by the supplier, the Bureau of Mines, are
given in the following table:

IMPURITIES IN COBALT AND CHROMIUM

E~:lemt#

(pCrcont)

p o. M
.17

sDctmmIned by commtrdd Iabmators.

It wilI be shown that the carbon centent was considerably
reduced during melting.

MeIting and casting,-CobaIt and cobalt-chroinium melts
of nominalIy 0, 10, 25, and 35 percent-by-weight chromium
(O, 11, 27, and 38 atomic percent) were made in zirconium
siIicate crucibIes, using a 100-lci.lowat.t,9600-cycle-per-second
induction unit. The rondels were first meIted with no
protective atmosphere and were held at temperatures of
1593° to 1649° C (2900° to 3000° l’) for 5 to 10 minutw to
burn out the carbon. & a result of this procedure, the
carbon was reduced to less than 0.06 percent in most cases,
but the oxide content of tha metal was probabIy increased.

Where chromium additions were required, an atmmphere
of argon was @pt. over the surface of the melt from the time
the addition was made until the pouring time, a totaI period
of 10 to 20 minutes. Chromium was not charged with the
cobalt because chromium prevents oxidation and removal
of almost all t.lmcarbon.

Castings were ni~de in copper mokk” and, except for the
heads, were shaped like truncated cones 4 inches long, 1%
inches in diameter at the top, and % inch in diameter at the
bottom. Chemical anaIyses made from both enda of the
castings containing chromium indicated that. the churning
action of the induction current produced an excelIent degree
of chemicaI homogeneity; dtierences in chromium anaIyeex
made from the large and the small ends of castings ranged
from 0.02 to 0.15 percent.

Heat treatment prior to “forging,-& a prccautionWY
measure, the samples containing chromium were soaked at
1176° to 1231° C (2150° to 2250” l?}lor ~ hour and then
oil-qucmched. This treatment was intended to reduce the

possibility of cracking the samples if insuffkicnt soaking
time wem allowed prior to forging.

Forging,-The tapered castings, which were forged al n “-
commercial Laboratory,were upset ono or two times rindwem
fdleredc gut to an approximately uniform diamct~r of I inch.
The reduction in length occurring wlwn the castiugs were
upset varied from approximately 20 to 50 percent. Forging
at temperatures from 982° to 1093° C (lSOOOto 1900° l?)
reduced the grain size from grains M Imgc as x inch to
smaller, more uniformly shupcd grains tlhut varied from
A. S. T. 11. grain size 5 to small macroscopic g-reinsapproxi-
mately %4inch.

Homogenizing heat-treatment.-–Thc samp]cs containing
chromium were annealed at 1204° C (2200° F) for 3 houti in
a hehm atmosphere for further homogcnizat ion. Rcwdts
presented herein indicato ihat this trcatmrnt dots littlo more
than strew-relieve tho specimens.

Machining of bars to be welded,=%ylindcre ~ inch in
ditimettirand 1%to 2X inches in Icngth wem mfwhi.wxlfrmn _ _
the forged bars. Both wds of tlwso cyiiudcrs www surfrwc
ground to produce flatness and onc end of each bar was thrn
lapped by a gage-block manufacturer until it could ~c
%rung” to another bar.

Welding of dissimilar bars or cylinders,--Lappod spcqi-
mons of unlike compositions were phlccd in the holders slJown
in figuro 2. The upper holder was boltccl to a 120,000-pm]nd
temile machine and the lower ono was pIaccd on tho table of
the machine. A load of 5000 pounds was upplicd after the
cyIinders were centered in an induction coil and the holders
were alined. The specimens wero hcatviwith Ii porttiblu,
35-kilowatt, 360,000-cycIo-pcr-second, spark-gap induction
unit.

L%“+’,9-.—
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FIGURE2.–P rwurwddhg apparatus.
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During the heat-up time, which wmied from E to 1X
minutes, the tendency for the load to increase as thermtd
expansion of the cylinders took place ~as reduced by the
tensile-machine operator, who kept the pressure reasonably
constant (within +200 pounds). Because a skin effect could
be produced by raising the specimen temperature too rapidIy,
the power to the induction machine was turned on and off
to allow an even heat distribution across the weld surface.
When the temperature, which was read with an optical
pyrometer, reached a point between 982° and 1038° C (1800°
to 1900° F), the load vms reduced to 4000 pounds to pre~ent
excessi~e bulg@ This load was maintained during the
welding period of 1X to 2)4 minutes at 1121° to 1204° C
(2050° to 2200° F). BuIging was kept at a minimum ta
prevent curving of the interface. une~en heat.@ or tis-

al.inement. of specimens caused bent or distorted wekls.
Satisfactory welds were strong enough ta be hammered and
bent.

First wekiing attempts were unsuccessful because the
surfaces -were not lapped to a &me-block finish and, as a
result, considerabk oxides were formed ~ the -welds. An
attempt was also made to surround the appwratus shown
in figure 2 with a vacuum-tight shell into which mgon or
helium could be bled during -rekling. However, in spite of
insulating the container and the c-oil from t-hework, exten-
sive arcing in these atmospheres pre~ented welding. This
method vms then abandoned in fa~or of the one used.

Metallograpbic examination after weMing.—FIat planes
were ground lengthwiee on the welded specimens for metallo-
graphic examination (~. 3). In the etched and unetched

.. ..> B— —— —.—- —_____ 1

FIGUEES.—Prwrue_weIded speeheng with flat planes polidwi for metE310graphf0
emmhstfon.

conditions, the weld interfaces were examined for oxides,
weld curvature, and other imperfections. Examples of
satisfactory and unsatisfactory -rreklsare shown in @n-e 4.
Diffusion zones formed during welding were measured with
w micrometer eyepiece and a research met.al.lograph. The
thickness of these zones, ranging &om kse than 0.0001 to
0.00046 inch (<0.00254 to 0.0117 mm), mere considered
negligible (&. 4 (b)).

Machining prioi to anneal.~pecimens 1%inches long and
‘x, to 1%,inch in diameter, which irduded the weld inter-
face, were turned tim the welded specimens. Care -was
exercised during machining to make certain that the axes
of @se cylindws were perpendicular to the mId interfaces.

Calibration of instruments.—The thermocouple wires used
during the dMusion anneal, subsequently to be desmibed,
were taken from a coil ctibrated by the h’ational Bureau of
S@ndards. The potentiometer used to read the temperature
was calibrated at the Lewis laboratory.

DitRmfonanneal.—
1. Furnaces: Most of the specimens were annealed in a

furnace using siIicon carbide heathg elements controlled by
a se~-bahmcing, self-stanckmiizing, indicating pyrometer.
The furnace, an eighhelement tit, and the coritroUerwere”
wired so that four elements cycled on and off while the other_
four received power at all times. A zirconium silicate tube
-wasplaced in the furnace as shown in figure 5. The speci-
mens to be armealed were placed in a porous-brick holder
Q.long with a platinum-platinum-rhodium thermocouple.
A period of 1 to 3 hours vrasirequired to stabilize the furnace
temperature after loading. Fluctuation of more than
+4° C (+7.2° F) were rme and were of short duration. Tirne-
temperature plots -weremade for al of the specimens except
those annealed at 1000” C for 87.7 days. A typical time-
temperature plot for specimen 4 is shown in figure 6. The
plots were integrated with a planimeter to find a weighted
average temperature, which -was then ccmrected for the
thermocouple wire calibration and cormerted to CC (table I).

Specimens 8 and 9, -which-wereannealed at 1000° C, mere
fit anneaIed for a month ‘h the silicon-carbide-element
furnace and then transferred to a platinum-wound-resistance
furnace. This furnace and a commercial I&ht-beam-
gabranometer-type photoelectric-cell contrcilerwere located in
a room kept at constant temperature. Except for a tem~rary
breakdo~ the furnace was controlled within +4° C
(+7.2° F).

2. Atmospheres: During loading of the furnace, a large
quantity .of argon was blown through-the tube to pre-rent
oxidation of the specimen. The gas flow -wasdecreased after
the stopper was sealed in the loading end of the zirconium
silicate tube. The argon flow was completely shut off, the
rubber tube to the bubble jar was clamped shut., and the
zirconium silicate tube and the argon Iine, ineludhg the
dryirg towers, were evacuated by a pump capable of evacu-
ating the system to a pressure of 1 miUimeter of mercury
when no leaks were present. This evacuation seated tie
rubber stopper and made it possible to locate any leaks in the
thermocouple and the stopper SW& Argon was then bled
into the evacuated zircotium SiIicate tube, m-hiehwas then
re-evacuated. This procedure was repeated five times to
flush the tube. The vacuum pump was then closed and
argon was allowed to pass through the system and out of
the bubble jar.

Specimens 3 and 4 were placed in the furnace without the’
aid of the vacuum pump but upon remowd after ann-
were appreciably scaled (table I). A&r the system was
evacuated, the drying towem (commercial mettic towers)
w=e found tn be leaking. Laboratory-type glass dry~m
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(b)
(a) UnsatLMr@oryweld Intezface. Etchant, nonq magntdcatlon, x753. Examfnatfon of onetchod pdfshed flat plane shows afmoet unbroken osfdo layer In intorfam.

(b) Sathfnc$ory weld Interfam. Etehant, 10-peroent nitric acid fn ethyI alcohol; rmgnf5catlon, X7fJ3. EmirninatIon of heovfly etched surfem reveals approximately half of dflludon zono
(dfetance between dark area and weld fnt@+aLw,apprcmhnately 0.03012hi (0.131Bmm) wkde) oeused by welding. Etehant has attacked only mbalt half of weld.

FIGUREL–.4pImrenos of aatkieetory rmd unmtkfootery weIds. (MgrL%ntion inemaecd 10.4pereent In printing.)

towers were then installed and scaling WRS somewhat
reduced. As an added prcgaution in amealing specimens
1, 2, @ and 8 to 11, a mixture of hydrogen and helium,
rather than argon, was passed through the zirconium silicate
tube for a few hours after the system was sealed in order to
scavenge oxygcm from the bricks inside the tube. Argon was
used after tha hydrogen-helium purge and scaling was de-
creased to a negligibl~ amount, especially when” it is con-
sidered that loading and unloading the furnace could account
for ahnost all the scale indicated for these specimens
(table I).

...-

Examination and reduotion of diameter after anneal,—
After the mmeal, flat surfaces for metnllogmpllic cwnmination
were again ground on the specimens so thut an cstimuto of

-the reduction in cliametmneeded to eliminate surface A’ect.s
could be made. In most cases, )& to % inch of metal wus
removed.. Flat surfaces wero again ground @ .cxmnincd
(fig. 7), and where surface scnling was apprccial.d[: m thin
turning.~vas chemically analyzed for compariecm with llN
original analyses. Oxide accumulations in t.hointcrfacc zone
Mere also observed (fig. 8). Tho specimrns wcro hmviIy
etched and approximrite measurements of total cliffusion
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zones were made with a micrometer eyepiece. This measure-
ment was made to determine the number of machining cuts
required to cover the dMusicmzone.

MacMning successive layers through diffusion zone.—
Before ma&in@ successive Iaye.rs through the ditfusion
zone, excess metal was removed from the low-chromium half
of the specimen to establish a reference surface from which
cuts for analyses were made. From 0.1 to 0.125 inch (2.54
to 3.175 mm) of metal was left between the weld interface
(determined metallographically) and the reference surface.
Tungsten carbide cutting tooIs were used for all machining
operations.

A seriesof turnings was made across the entire croeaseotion
starting at the reference surface perpendicukw to the axis of
the cylinder. Aftar each turning, the distance machined was
measured and the chips were gathered for chemical anaI@s.
The cuts farthest from t-heinterface were 0.010 inch thick
(0.2.54mm); cuts were reduced to a thickness from 0.003 to
0.005 inch (0.0762 to 0.127 mm) in the difbion zone. In
aII th3 speoimem except specimen 3, the entire zone was
covered by the smallest cuts made.

Three methods of machining successive cuts through the
difl%sion zone were used. In the &et method, used for
specimens 2 to 7, the cyIinders with machmed reference
surfaces were ohuclied in a Iarge rigid lathe. The head of
this lathe contained a huge cast-iron face plate that was
machined for use as a surface plate. All cuts less than
0.007 inch thick were measured horn the surface plate with
a surface dial gage that cotid be read to 0.0001 inch and
estimated to 0.00001 inch. Thus, remo~ the work horn
the chuck after each cut was wecesssry. A calibration
of the diaI showed that cuts of 0.003 inch needed no correc-
tions and that cuts of 0.005 inoh were in error by as little
as 0.00006 inch, or approximately 1 percent. If human
errors are taken into consideration, the masimum machining
errcmewere believed to be no more than 2 percent-. These
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Fmrw. 6.—~imI the-temperature plot fbr MtusiOnaed perid h OmMurlg fmmaee
(specimen 4). Temperatures hEve not been mrreot~ with platfmuu+stfnnm +hodiwn “-
wire Mlihratiml.

dial corrections -were considered neg~gible and have been ___
omitted in the calculations.

The second method, si.mikmto the preceding one, -was
used for specimem 1, 8, and 9. The chips vm.remachine off “ -
with a high-precision vc.c%ealjig borer (SIP Hydrostatic-7),
which was kept in an air-conditioned room, and a cali-
brated surface gage was used to measure the cuts. kIa- ~
c.hining errors were measured with a micrometer and were .
determined by comparing the total amount of metal removed
after making tdl the necessary cuts with the sum of all the __=
small cuts measured with the surface dial ~~e. In speoimen
8, with a total of 48 cuts, the error WM 0..25 percent, ~~h==
in specimen 9, the error -me 2 percent in the same number
of cuts.

The third method, used for specimens 10 and 11, vim the -
most accurate as well as the most complicated. The -rertical I-
jig borer was again used, but the thiclmess of each cut was ~
measured by an electronic height gage that measured the. .,.—
differences in height between stacks of gage bIoc~ and the ..
specimen surface to 0.00001 inch. As a further assuran& -
that no discrepancies would occur, a height gage (surface
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(a)

.— ... . —— ‘ 5.10.50 1

(a)Scafemwent aftsrmanned ofseveral dam. Scdfn8 owrumd ehfoftydurfngloadh.w and
Imlcadfrlg of annedng furnace.

(b) Sw.lrnen machfned ta smeller dametar than spwlmen fn Cgora 7 (a). Anotbor flat
hae been ground for’metallosraphIo emmfnfdiorr and tm’nfnm ~W * t~en from lower
portion for ehemfcel andysfe.

FIOORE7.-Spetfmen afterdfffnsfonarmed.

plate checker) was also used in conjunction with the elec-
tronic g~e. With this gfigc, it wtaspossiblc to mmsum tho
over-all height of tho spccimcn t.a 0.00001 inch tiflcr each
layer was machined ,off. Diflkrcnces in ovm-rtll height were
compared with the thickness of each cut as mcmured wi[h
tho electronic height gage and tho SttiCliS of gagct blocks.
In the two specimens so machined, the rmor was O perccm[
in 36 cuts for specimen 11 and 0.025 pcrccnt in 32 cuts for
specimen 10.

Chemical analyses,-At least two and usudy [.hrco
analysw. by a ponmlfate-oxidation mct,hod wcro nmdo at tl.w
Lewis Iaboratm-y for cvory samplo machined from the
diffusion zone.

Methods of calculating diffusion coefilcients,-The ditTu-
sion coefficients for all specimens were calculated by tlm
Grube method (reference 3). In addition, calculations using
the Matano method (refcrcnco 3) wcro nmdo for spccimms
3 and 5. The Xfatano method was not used throughout
because it was extremely time consuming and tho results
closely paralleled thoso c.dculated by thu Grubo mcdlod.

The metric system was used in plotting conccntra[ion-
penetration curv~ and diffusion coeflhicnta were calculated
in this system to conform with previous work. The datu
pointe were plotted at distances halfway bc~wccn successive
cuts, which were measured from a referenco plane, Lcw4ing-
off points of the curvm wero drawn from mathematical
averages of several data points, somo of which am not shown
in the figures.

Difhsion coefficients were calculated from tho conccntra-
tion-penetration curves using the following equation (GrulJo
method):

where
c-
c,

c1

OJ =-

D
x
t

Ho=+$ir’-”””)
chromium concentration, atomic perccnt
chromium concentration of low-chromium bar,

atomit percent
chromium concentration of high-chromium bar,

atomic percent
x — . A..

2~
difhsion coe5cient, (ems/see)
distance from Grube interface, (cm)
time, (see)

Positive values were used for calcuhttiona mtidc from tho
high-chromium portions of the conccntrntion-pcnctrat.ion
curves @. the right of the Grube intcrfacc, vrhercasnogativo
values were used for calculations made from t.ho low-
chromium portions of the curves t.o lhe lcft of lhc Cirubc
interface.

The Grube interface is the disttince in tho diffusion zone
at which the concentration is halfway between the lower and
upper concentrations C’Ottnd Cl, respectively (figs. 9 (d)
and 9 (f)).
Let

“(*)=+=*J
x——

‘–2@t
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R%=H+=H’”’l
(H(a)=+2 ‘C~–0.5

)

The value of u may be. obtained from probability tablm and
inasmuch as

then

The final equation indicates that D ia very sensitive to x,
the machined ‘distance.

RESUZTS

Concentration-penetration curves of aU speoimm me
plotted in figure 9. Several of three curves, such as those for
specimens 3,4, 7, 8, and 10 (&s. 9 (d), 9 (e), 9 (j), 9 (j), and
9 (g), respectively) are very symmetrical. When data from
these cu.mes are plotted on a probability graph in the form

a .9 LO irL2
Ofs finre frm refercncs surfoce, mm

(a) S~U annerded at 13tW Cfor3=XI@setonds (3.SZdays). Datato Ieftofbrack&
am hmccumte because of.quench crack that formed after dfffudom tmk P*-

——

Disfo=e from refwence swfoce, mm —

(b) Spsofmen Z rumeded at 133)”C!for 3SS4XW 80c0n& GM dom). --

Distance from reference surfoce,mm

(c) Speobnen Il; OnnmIed at 13w o klr3mxDY W=0nd9(3s days).

FmmE 9.—CanHMA Concentration-penetmtfrm cnrves.
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Di.stonesfrom reference gu~foce,mm “

(d) SpecfrrWn9; rmneded at MC&C for WJ2XMY ~ixle (4.IMdaga).

I 1 1 1 1 ! 1 1 1 1 I 1 1

<32 I I Ill 1,11 I I
r, -- I I I I [ I I I I I [ 1;

D/s tance from reference suFfoce,mm

(f) S@merr 5 anneakd at 12W C for 9.649Xl@ eewnds (11.05daya).

DLS ionce from refu-mce strfoce,mm

fh) Specimem& wureuled d, 116WC for l.OMOXI@smnds (12.09dayd.

‘k
c
al
u
b
Q

~

$
~
LJ

Di9fonce from referenti swFuce, mm

(!) Spedmen S; anneshd Rt lfKW C for 7.@54XIfP&emn& (87.7Udaya).

Dtstonce frtxnreference stn-foce,mm

(e) Speelr.nan* annealed at 12SS0C for 6.216XIII wmcfs (7.19dayd.

DAbnce frcunreference sw-foce,mm&

.

(g) S*men 10;annenkd at 1297”0 frw6.lG3Xl@mods ~,17 dngs),
—

(1) Specimen m annealed at lltil” G for 2.162XW aecwd (2AMdays).

!

- ‘ 01s *once frm refe~ce sffrfuce,mm

(k) “~@cbnen 9; fieaIed at lIXJYC for 7.604XNPesconda (S7.70AW)..

FIGuk?n9.—Conoluded. Conwnt.ration-wnetrat ion cur VW. .
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(0–co)/(cI–00) against the distance hm the Grube inter-
face, approtitely straight lines are obtained (fig. 10). In
these cases, the dHusion coficient D is almost invariant with
the concentration C. The curres pass through the point

( )=X1 OO=5O .
‘=0’ C,–(7O

Other curves, such as that for specimen 5 (fig. 9 (f)), bend
slightly from a smooth curve in the upper right, or high-
chromium portions, of the diffusion curves. These bends &o
show up in the probability plots (Qu.10 (f)). Deviations from

(c) Spimen 11;nnneakd at w o fblH.S4dags.

smooth concentration-penetration curves and from straight
hues in the probability plots could be a function of concen-
tration. The deviations, however, are behved to be caused ‘–
by oxide segrega~ons that may have been present in the
high-chromium half of the welded specimens before the
dHusion anneaI or that may have formed during the tmneal-
ing by migrations of oxides that were originaUy randomly
scattered throughout the matris of the metaI. The metal-
Iographic wunina

.—
tions and the smooth lower portions of

most of the curves indicate that migration is the most prob- -_
abIe case. —
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FIGCEE10.—thMmwcL PIots of (C- C%)((CI-Co)o@net dbtance fmm Gmbe fotrdfwe.

Difhsion coeilicients calculated by the Grube method from
the concentration-penetration curves are plotted against con-
centration in flgum 11. JG.luesof dillusion codicienta ob-
tained from the extreme ends of the .Musion-penetration
curves and from portions near the Grube interface were
omitted from the plot because they are inherently inaccurate.
The degree of reproducibility of data appears good, as shown
in the cases of specimens 3 and 10, and 4 and. 5, which were
annealed at 1300°+30 C.

Specimens 1 and 2, prior to anneahng at 1360° C, were
annealed at 900° C for several weeks. h,feanwbde, difhsion

_—

coefficients were obtained at 1300° and 1160° C and rough
calculations from these preliminary data showed thwtMIan-
nealing time of about 8 yeara at 900° C would be required t.o
produce a diffusion zone comparable in thickness ta the
amal.kt zone obtained at the higher temperatures. Inasmuch
as the amealing time at 900° C was insignificantly small, the
specimens were reannealed at 1360° C to obtain additional
data. Because the specimens were originally intended for
heat treatment at 900° C, the composition range covered by
specimens 1 and 2 is small compared with ~vhntwould bo ~_
possible at 1360° C.
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The upper half of the curve of specimen 1 (fig. 9 (a)) is
satisfactory and cakmlations were made from it by the Grube
method. The lower portion, however, was inaccurate as a

result of a quench crack formed by cooling the specimen in an
air blast as it was removed from the anneahg furnace.

The composition of specimen 9 extends into the a+~ field
(fig. 1), but because it is close to the a-phase boundary, only
a small percentage of y would be present. Since the ~-phase
was not observed during the metallographic examinations,
the calculated diffusion coeffic.ient~ wrmld therefore be rea-
sonably accurate.

ln spite of several metallographic inspections, a strip of
o-tide ji~ inch deep extending halfway about the periphery
of specimen 11 was noticed as it was being machined.
Approximately 5.4 percent of the area of the interface was
blocked. Inasmuch as this area is a small portion of the
total area, the data for specimen 11 were not discarded.

~ plot of difTusion coefficients against concentration (fig,
12) shows the small differences between vahwa determined
by the Grube and the .lfatano methods.

The relation between cliffusion coefficients and reciprocal
temperature are shown in figure 13. The upper and lower
curves are plotted from data obtained for 16-atomic-percent
chromium because. these values are close to averages of the
flat portions of the curves of figure 11. The upper curve
represents cliffusion coefficients obtained from specimens of
cobalt welded to cobaltdmomium alloys, whereas the lower
curve represents alloys approximately 9- to 14-atomic-
percent chromium welded to alloys of apprcximat.dy 28- to
4 l-atomic-percent chromium.

~. /ox/o-m , “. 1 I 1 I 1 I 1 a t

C8.Q 1 ~-
+6 d< I
LoQu& ‘#
~w 1 /
u>

,5 ~ S@ciinen Method

2 ; 0 3. Grube _
$ Q Mufana

A :

&

GWbc” “
& 5 Mofono

10 4 .?”” 28 3.2
Chn8mtimi~onc~;tro%n, atomic “percenf

36 40’

FIGURE 12.-ComparIson d dffhston owftldents cakdated by th Gmbe and Matano
methwls,

By use of the dashed curve, which was drawn halfway
between the upper and lower solid curves in figure 13, and
of the exponential equation (referenw. 1)

D=Ae~T

the activation heat of diffusion Q and the
determined to be

0=63,600 (ccI/mole)
A= O.443 (cm’/sec)

—

constant A were

The value of Q was determined from the slope of the dashed
curve because

~ ~03 (log 11,-log DJ Q—_
11 R———

TI Tz

and A was determined from the preceding espommtitd cqua-
tio~ using the value of Q obtained and values of D und 1/T
chosen from the dashed curve.

The diffusion behavior of chromium in a cobalt-chromium
rcdloys may be compared with that of other metal syskrns
in figure 14, where .valucs from tho dmhcd curve of tigurc
13 are ieplotted for t.he comparison. Thu curvczs for tho
other alloy systems were taken from the graphs of refcrm]wx
3tQ9.

DISCUSSION OF RESULTS

Diffusion coefficients are relatively constant within the
concentration rangw of each specimen. Appreciable differ-
ence between cliffusion coefficients, however, were oh iai ncd

from specimens of pure cobalt weldcd to a cobalkchromiutn
alloys ind specimens of low-chromium a-alloys welded to
high-chromiw a-alloys at each nominal annealing twupma-
ture; the diffusion coefficients for spccimene of pure cobalt
welded to a cobalt-chromium alloys were larger (figs, 11
and 13).

The differences in diilusion coefficient two not the results
of such experimental variablw as:

(1) Ditl’erences in sources of materhds lwcmuiw singlo
supplies of cobalt and chromium were used in
this study

(2) Differences in annealing temperatures bwmusc speci-
mens 1 and 2 and specimens 8 and 9 were annedcd
together at identical temperatures and the remain-
ing specimens were annealed at tcmpcrnturca
very cLose to the desired nominal twnpwaturcs

(3) DitTerences due to the closencss of the high-
chromium specimens to the aq region l.xxxuso

. . specimens 1 and 2 were well within tho a rqgion-
A somewhat similar observation maybe made from figure

14, where curves 4 and 5 represent the diflusiou of puro
copper into pure gold, and copper from a gold-copper alloy
into goldl respectively. --

The &@erimental data give additiom-d confirmation to tllg
DushmtiiwLangmuir equation

— .-

-. -.
..-

where
D ‘-”diffusion coefficient, (cm2/see)

Q activation heat of diffusion, (crJ/mole)
N Avogadrc’s number
h Planck’s constant, (cal-see)

6 distance of closest approach of atoms, :J (cm) ~

aO lattice parameter
.

R gas constant, (c.al/(mole) (OK))
T “ temperature, (“K)

The following value of Q has been calculat.odby arbitrarily
selecting a point on the dashed curve of figure 13 to 01.I[nin a _
D vahe. for a given temperature:

Q=63,400 (cal/mole)
.
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lralues used in the calculation are as follows: .

D=6 XIO-” (cm2/see)

.+=7.1 x 10+

a.o=3 .54XIO’8 (cm) (reference 10)

The value of Q compares favorably with the value of Q=
63,600 (cal/mole) obtained from the slope of the da.aheclcume.

The dJYuaion ratea of chromium in a cobalt-chromium
were very low compared with those of most alloy systems
for which diffusion data had been previoudy obtained. For

example, it can be determined from figure 14 that “a high
temperature (1031° C) is required to produce log D= —11
for chromium in cobalt, whereas ameaIing temperatures of
362°, 628°, and 784° C are required for Ifg in Al, Zn in Cu,
and Pt in Au, rwpectively. The s@gishness of diffusion is
oongruous with the fact that cobalt-chromium base alloys
have good high-temperature characteristics. —.

The activation heat of diffusion for chromium in a cobalt- “
chromium alloys is greater than that for most systems pre-
viously investigated, with tungsten alloys being the chief ~
exceptions (reference 11). Higher acti-ration heats Of_____
difluaion show up in the form of steeper slopes on the curre
of log D against l/% (fig. 14).
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FIGurtE 14.—Cornparkwnof dlffu910nbeb8vior of oluwti~ [n a co?Mlt@mxaimm aIbYs with Other SUbStitIItiOnfIl.wHd+olutbn ~OY9.

SUMMARY OF RESULTS I
DMusion of chromium in a cobalkhromium solid solu-

tions was inv@igated at temperatures of 1360°, 1300°,
1150°, and 1000° C and the following results obtained:

1. The exponential equation relating diffusion eoe5cient
D and temper~ture 2’ is as follows:

where R is the gas constant. The activation heat of difYu-
sion is 63,600 calories per mo~e.

~. When compared with the dfiusion data previously
ob t.ainedby other invmtiga.tors for most alloy systems, the
diffusion rates of chromium in a cobaltdromium were
found ta be low; considerably higher temperatures were
required to produce diffusion coefieierks of the same order

of magnitude as were previously found for most substitu-
tional alloys.

3. DifTusioncoefficients arc relatively constant within the
concentration ra-hgescovered by each specimen.

4. Chromium cliff usivityfrom a cobalt-t!llror]lillrllalloys
into. pure. cobalt is greater. thpn chromium cliffusivit.y from
high-chromium a-alloys to low-chromium a-alloys for ~U
concentration gradients studied.

5. The results of this in~mtigation arc fur~~~r COX~firnW
tion of the Dushman-Langmuir equation. Tho value for
the activation heat of diffusion calculated from this equation
agrees closely with the experimentgIly detcrminccl mduc
(63,400 cal/mole as crdculated against 63,600 cal/mo]c ob-
tained from experimentation).

LEWIS FLIGHTPROPULSIONLABORATORY
IJATIO”NALADVISORYCO~~lT~EE FORA~RO~AUT~CS

CLEVELAND,OH1O,June 23, 1950
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