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THE DECOM-OSITION OF TUNGSYEN-CHROMIUM SOLID SOLUTION

D. B. Porter
Inorganic Materials Fesearch Division, Lawrence Radiation Laboratory,

and Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California

ABSTRACT

The mechanism of solid solution'decompoSiﬁion ﬁithin the chemical
épinodal-boundary was investiéated fof the tungsten-chromium system.
”T@b alloys wefe solution freated,,quenched, and éged at various tempera-
_tuies inside the chemical_spinodal‘boundary. It was con¢luded from
fx-ray and metaliographic evidence.thét tungsfen-chromium-alloys.do not
decompoée by é spinodal:mechanism. " The decomposition process was found
to be one of rucleation and growth. “This.observation ié in agreement
with Cahn'su theory df the effectvof étrain energy on the occurrence

‘of spinodal decomposition,
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INTRODUCTION

‘Tungsten-chromiumlAand molybdenum-chromium2 are fwo of the few
systems reported in the litefature as having‘a simple miscibility gap
in yhich both decpmposit;on Phases are body-centered cubic. Spinod;l
decompositioh is more cémmonly'observed in face-centered cubic systems
such as gold__-platinum.5 .Cahn)+ has shown thét the strain energy of a
systems acts. to suppress the region where infinitesimal fluctuationé
(leading to spiﬁodél decbm@osition) are stable to a supercoolied region
within the chemical spinodal. To daﬁe, little work on solid solution
decomposition in body;centered cubic systems has been reported. Experi-
mentél verificainn of the effect‘of,straiﬁ‘energy on the mechanism of
deéomposition inside the chemical spinodal has not been reported to the

knowledge of the author. The lack of information concerning the decompo-

sition mechanisms in body-centered cubic systems, along with the possible

‘ ﬁechnoiogical implications that a high strength, refractory alloy such

as tungsten-chromium might have, prompted the present investigation.

InVestigatioh of leybdenum—chromium was ruled out for the present time

 because the top of ‘the miscibility gap is only 900°C and the reaction

ratés are very ;loﬁ; Kﬁu.baschewéki2 reports réaction times on the order
of half a yéaf for alloyé of concern in this System.

| A‘portion of the phésé»diagram for the tungsten-chromium system,
with the.chemical spiﬁodal boundary drawn in, is shown in Fig. 1. This
phase diagram is bdsed én work by Greenawayl and was'gstablished by
x-ray and metallographic.méthods. The spinodal boundary was calculated

from the two-phase}Béundary using the method of Cook and Hilliard.5



EXPERIMENTAL

Tungsﬁenechromium alloys of two different compoéitions were investi-
gated (See Fig. 1 for the location of the alloys within the phase diagram).
The composiﬁion of alloy 1 was 28 atomic percent tungsten,.72 atomic
percent chromium, and that of alloy 2 was 39 atomic percent tungsten,

61 atoﬁic.pefcent ehfomium. These alloys. were homogenized at 1750°C

for 3 hours, rapidly quenched to room temperature, and reheated to various .

“eging temperatureéfwithin the chemical spinodal boundary. The decompo-
‘ s1tlon process was followed by'mlcrohardness, X- ray diffraction, and

'metallographlc examlnatlons.

Materials'and Sample Preparation

The,tunésten and'chromiﬁm used iﬁ this expefiment were the purest.
commercially available in the form of powder (-325 mesh). -The approxi=-

mate percentages of powders for alloys 1 and 2 were weighed and mixed

'by'tumbllng for 3 days in a rotary tumbler These powders were then -

' oompacted 1nto l/h in. diameter by 1/4 in. long pellets in a tungsten-

carbide die at a pressureiof 200,000 psi. The pellets were suspended by .
& tungsten basket in a Yacuum furnace, which was then evacuated to 107 mm

Hg and back-filled with purified hydrogen. The hydrogen was purified by

' passing it over a molecular sieve maintained.at liquid nitrogen tempera--
f ture, then over titanium-zirconium chips maintained at 800 C. The samples

were pres1ntered in’ the purified hydrogen atmosphere at 1000°C for 2k

hours.ln order to remove most of the surface oxygen. Final sintering

and SOlid_solution'ﬁomogenization was carried out on each sample in-
dividually., FEach sample was suspended in the furnace, evacuated to

6 L . : | 7 ‘
10 =~ mm’'Hg, and baked out-at 700 C for several hours. The furnace was

*

‘then filled with argon, purifiedvin the way described above for hydrogen,
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vihside‘of thé.fﬁrnaée @fter each run.

-3
except using argon boil off to provide the gas. Sintering and homogeni-
zation was carried out in one operation by heating the samples for 3
hours at a temperature of 1750°C. After homogenization the samples
were rapidly quenched and then aged in one of two ways. Samples aged at

.

tempersature below 1100°C were sealed in silica glass under a vacuum of |

P

-5 . ) : . . .
10 mm Hg and placed in a tube furnace while samples aged at higher

temperatures . were heaﬁea:in‘awvacuumxfurnace'filled'With~purified argqn.

Apparatus

A high temperature vacuum quenching furnace was designed for maximum
quénch rates'consistent with the use of relatively large specimens. The

main features of this system are shown schematically in Fig. 2. The

~electrodes and carrying tube for the quenching media were fed through

‘the walls of'the vaccum chamber in a standard'manner. All parts on the

vacuum side of the‘yacuum'gate valve (G, Fig. 2) and the parts inside
theavacﬁum chamber'were designed to be taken out of the system. These

{

parts could.fhen'b¢;Washed with acetone and baked out together with the

Several heating and quenching scheMes were tried. The one described

here gave the most:consiétently gobd results. A sample‘was suspended by

é.tungsten wife basket from the top of quenching nozzle into the center

© of the heating filament. * This filament was constructed of 0.003 in.

tantalum foil in the form of an almost closed cylinder 1/2 in. diarcter

by 1—1/2 in.~high.fIThe heating power was supplied by a 0~500 amp, 0-20 v,

constant voltage péwer supply. Distilled water atomized into a high
velocity stream offhelium was found to give high quenching rates and a
minimum of surfaéé'contamination (removed by grinding). The control of

the quenching oyclé proved to be an important issue in determining the



effective quenching.rate. .To increase consistency in the he&ting—quench
éycle,'an elecfronié control cycle timer was employed. The glectronic
1£imer was seﬁ sé that et the end of the 3 hour sintering-homogenization
period, it would trigger power to three circuits -~ the first’circuit
‘being the solenbid operated water valve, which opens at this time, and
 ‘the se¢ond'aﬁd third cifcuits being series arranged’time delays. These
time déiay.circuits were simple variéble resistanée-capacitance triggeged
solid-state devices. After the water valve was opened there was a delay
IOf 300 millisecohds for the Water to reach the atomizing nozzle before
the vacuum‘gaﬁevvalve.wés openéd; Then‘ﬁhere‘was a delay of 40 milli-
Seconds for the heliﬁm}wéter mixture to reachfthe specimén before the
power:was turned off.. The latter time delay was needed because without
it the femperature would fall avéignificdnt amounf, due tb radiation
losses, before the'main gquench began. A_capacifor discharge circuit was
‘needed fo supply the-initial surgevof current to the'vaéuum solenoid
valve. Otherwise it would not open-consistently.b Quenching rates up

to 20,000°C/sec were measured for the specimens used in this investigation.

Techniques
'After'qugnqhing; the samples were ground énd polished. The grain

éﬁze wa.s smallgenough fhat X-ray diffréctioﬂ invesﬁigations could be
‘carried out on the.%ﬁlk saﬁples in.a diffractometer. Specimens.wére
rotated‘about,én axis nérmal.to the axis of the diffracﬁometer in order
.tO'obfain more reproducible'inténsities. Two diffractometer runs weré
_‘made”éftervéach aging treatment. One ofvthe traces was made on the
épecimen Surfacé as it came out of'the furnace or silica‘glass cansule,
:and one dn é freshl& pfepared surface. All diffracfometer expériments

were carried out using Cu‘%x'radiation. The diffractometer was standardized

b
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for line position.aﬁd intensity before each experimental run.

An electron beam milcroprobe was used in conjunction with metallo-
graphy tovidenﬁify phases “n fhe curly'étages of precipitation. Specimens
wereipfepared for metallographyvby-polishing with chrome-oxide and etching

electrolytically for 30 sec. in a soluticn of 2 g NaOH, 20 ml.HQO, and

50 ml glycerin, using a potential of 20 volts.

EXPERIMENTAL RESULTS
Measurements were made on alloys 1 and 2, after aging at various
temperatureé, using different techniques. Table 1 shows the measurements

made with fespect to alley and temperature.

) X-ray Diffraction Experiments

Diffraction patterns taken after each gquenching and aging treatment

'faileduto-shOW‘any anomalous diffraction effects. Instead, the normal

nucleation and growth sequence was observed during aging. There w&as no

_change ih ihtensitonr position of the solid solution diffraction lines

before the lines due to the new phasé appeared. To substantiate the ob-

servation that the decomposition process was one of nucleatior and

growth; an analysis of the diffractioh patterns was made to determine

.#hé perceﬁtage of material transformed as a function of time.

The intensity of the (]10) line due to a ¢ phase is:

I = IO . (fractlon of beam intercepted by the given phase)~- K(llo)a’

e N > |

K10y = R - <a06> f <i§;§;ciie> '< i > ) L(XgrfCr * waw)ej
ﬁhere _ | |

Rv= constant for the (110) line,

aj = latticé parameter,

6 = Bragg angle;

. : 1
.1 . . |



Table 1. Measurements made on alloys 1 and 2 after aging at various

ltemperatures
Temperature ‘ X-ray.Diffraction Micrchardness Metailography -
G : T8y
700 | Alloy- 1 .. Alloy- 1 Alloy- 1
B 200 A Alloy- 1
1000 Alloy- 2 Alloy- 2
1100 - Alloy- 1 - Alloy- 1 - ‘Alloy- 1
1300 Alloy- 1 = - Alloy- 1 Alloy- 1

1750 . Alloys- 1,2 . Alloy- 1 Alloy- 1
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4 = linear absorption factor,
XCr-= mole fraction of chromiumn,
Xw = mole fraction of tungsten,
fCr = atomic scattering factor of chromiun,
fw = atomic scattering factor of tungsten.
The mole fractions of chromium and tungsten for the solid solution and
. 1 |
each of the decomposition phases are known, as Greenaway has worked

out the variation of lattice parameter with composition. The value of

the constant X can be calculated for each phase and temperature of

*(110)

concern. The percentage of the material transformed is then:

{7 //K(llo)a s>

< ™ ><<uo>a> <<no>a

where a g Oys and'aé refer to the solid solution and the two decomposi-

% transformed =

tion phases respectively. ,
Tﬁe (llb) line was ﬁsed for this aﬁalysis because it was the most.‘

' inténsé line}undérvthe coﬁditiOns uséd, and the most sensitive to changes
.}n the.émounﬁ ofvaﬂgiven phase pfesent.-'Typical growth.cur§es obtained
from‘th;s analysié are shown in Fig; 3. All time-transformation curves
show‘thét the decomposition process is_one of nucleation énd growth.

'-The activatiqh eneréy for ﬁhe process (57.5 Kcal/mole) was obtained by

plotting the logarithm of the time to half transformation against the

reciprocal of absOiute temperature, as shown in Fig. &.

Microhardness

The microhardness data had a relativeiy large amount of scatter, due



to the extreme hardness, low indenter weight, and porosity of the samplc.
The oan value of the microhurdness (Vickers) is plotted as a function
of time along with the coefficient of variution for euich point in Fig. 0.

This figure shows the high hardness and the moderate hardening potential

(approximetely 25%) that this alloy possesses.

Metallography

‘Metallography confirmed the X-ray fesults,(indicating that the
decomposition process is one of nucleation and growth. This is shown
by'micrographs of an aging sequernce, for alloy'i, in Fig._6. vThe first
new'phase to appear”in the ééing seqguence, identifiédlby an electron
bééﬁ micrqprbbe fo be”the.tuhgsten rich decomposition phasé; is Seen.tb
grow out from tﬁe graiﬁ.boﬁndarieé.'

DISCUSSION AND CONCLUSIONS

AllOys that dééompose_by‘a spinodal mechanism geﬁerally possess three
méin characteristic featufes: 1) existence of-x-ray side bands in the
'early'étages of decompbsition, 2) - simple growth characteristics, and
3) random precipitation. None of these features characterizing the
spinodal transformation exist in the decomposition of tungsten-chromium
v.glloys;* There is no evidence fof the existence of side bands. The time-
'%fanstrmatioh curves show that the decomposition proéess is not one of
simple .growth, but rather one of nucleation and growth. The precipitation
is not random aéjianhe‘Case of an‘ideal Spinbdal decomposition, but
;ather it is concentrated at.the grain boundaries. This x-ray and
.metallogréphic evidence indicates that the decomposiﬁion process in the
tungsten-chromium system is one of nucleation and gfowth. This_condlusioﬁ |
is in égréement with Cah.n'slL theory of the effect of strain energy on

. spincdal decomposition. Cahn has calculated that the amount of supercooling
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necessary for spinodal decomposition of an alloy of critical cowmposition

(i.e. an alloy at the top of the miscibility gap) is: ‘ —
2.
To-1= £
2(1-v kN
2(1-v i
= critical temperature (top of miscibility gap),

where T

linear expansion per unit composition change,

=3
i

E = Young's modulus,

v = Poisson's ratio,
'k = Boltzmann's constant,
NV = number of atoms per unit volume.

The value of 7 for tuhgsten—chromium is 0.093, this means a éupercooling
on the order of 1650°C is needed for spinodal decomposition. This is

evidence of the importance of the strain energy term in determining the

-mechanism of decomposiﬁion within the chemical spinodal.

The microstructure_of‘alloy 1 in the later stages of decomposition

(Fig. 6) reéembles that of lamellar pearlite, such as 1s found in the

. » = . > 3 l ’
iron-carbon system. Earlier work on the tungsten-chromium™ system also

disclosed the lamellar nature of the microstructure. It is reasonable
that a lamellar microstructure should develop in the absence of a

spinodal decomposition,. as a miscibility gap system i1s, in essence, a

'Simpie,>unsuppres3ed eutectoid.

The difference between the bulk and surface time-transformation
curves is attributed to the different geometry of the two cases, znd
not to a change in growth mechanism, as the activation energy is the

same for both cases.

!
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| Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5
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FIGURE CAPTIONS

- Phase diagram for the tungsten-chromium system with the

chemical spinodal boundary drawn in.
Schematic_vieW‘Qf heating—quencﬂing apparatuss
iegend: Af high cufrent, water cooled power leads
B watef—cooled heating filament clamp
: C electrical insulation
D specimen
E refractory'metal heating filament
F cafrying tubes for quehching media
G 'solenoid-operéted vacuum gate valve
; H atomizing nozzle
I needle-valve for control of water flow
J: solenoid valve |
'_ K container holding distilled'water.under gas pressure
'.L large‘sufgebtank
Time-transfofmation curve for 900°C. -
Logarithm of the time tovhalf %ransformatibn_plotted against
fhé‘reciprocél of the absolute temperature.
Vickers hardness as a function of time at 700, 1100, and
1300°C. The coefficient of vériation is given with each
expefimental point. |

+

Micrographs of alloy i;as solution-treated, quenched, and

aged for:

a. 10 min. at 1100°C
b. 817 min. at 1100°C
c. 10,332 min at 1100°C

d. 10,332 min. at 1100°C




A2

1600, ; , ] ,
1400 | -
T°C
1200} —
1000} _
I 289 39%
/
| Alloy - Alloy 2~
800 1 ! 1
Cr 20 40 60 80 W

Atomic % W —

MUB-11341

Fig. 1



-13-

Variable pressure

Fig, 2

MU.-37119



% Transformed
w D [0}
5 6. 8 o

A4

Surface

I | I

Q

T=900°C

10 12 14
Time,in OO0 minutes

Fig. 3

i6

20

22

24

MU B-11342

Rt



Half reaction time in min.

. =15~

Q=575 KCal/mole

| i
514 13 12 1l

Fig. 4

MUB-11343




16 -

1100

o
o}
o)

900

Hardness, Vickers

800

700

600

ol

10 100 1000 10,000
' Time, in minutes

Fig, 5

100,000 1,000,000

MUB-11344

e



- .
R R
- -
. L
' .
Ed . L.
' * e e
. k)
v
il
& .

.4

-17 -




o

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-:

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








