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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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THE DECOMPOSITION OF CHROMIUM-TUNGSTEN SOLID SOLUTION

David Porter

Inorganic Materials Research Division, Lawrence Radlation Laboratory,
“and Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California

January 1966
ABSTRACT

The mechanism of solid solution decomposition within the chemical
spinodal boundary was investigated for the tungsten-chromium system.
Two alloys were solution treated, quenched, and aged at various tempera-
tures inside the chemical spinodal boundary. It was concluded from x-ray
and metallographic evidence that tungsten-chromium alloys do. not decomposé
by a spinodal mechanism. The decomposition process was found to be one
of nucleation and growth. A theotretical analysis provided answeres which

explained the behavior of this alloy system,

.



Introduction

This thesis is concerned with the mechanism of solid solution
decomposition in supersaturated tungsteh-chromium alloys. The phase
diagram for this system is o f the type shown in Fig. la. The free
energy for such a system is known to be of the form shown in Fig. 1lb, .
where the free energy of solution is plotted as a function of cohposi-
tion at three different.temperatures. The development of a relative
maximum with decreasing temperature is due to the positive enthalpy of
mixing for such a system. The relative maximum occurs for temperatures
and compositions within the two-phase region. It is possible for an
alloy in this région to lower its free energy by an amount AG (Fig. 1b)
to a point on the common tangent to the minima. This common tangent
represents the free energy of an alloy having an equilibrium separation
of the two phases, ay, and aye Consider that an alloy of composition
X, as shown in Figs. la and 1lb, is homogenized at a temperature (tss)
in the single—phase.region, then quenched to room temperature to
retain the single-phase solid solution. On reheating this alloy at a
temperature (Tl) in the two-phase region, it has an average driving force
AG to decompose. This paper is concefned with the mechanism of this
decomposition.’

If we consider small composition fluctuations about the mean solid . s
solution compoéition, X, then we can assume that such fluctuations will be

equal and opposite, that is,

X - Xa = Xb- X, where xé andx.b are shown in Fig. 1b.



The reaction for this fluctuation is

nXx > % n Xa + % n Xb’ where n is the number of atoms involved.

The free energy for the fluctuation Gf is

G G G
1 Xay . 1 Xb X
86, =50 (=57 + 5n () = n () (1)

The quantities in braékets are respectively the free energies per atom of
compositions Xa, Xb, and X. To obtain the free energies per atom of
compositions Xa and X,, we can expand the respective free energies in a

Taylor series about the point X, thus:

G 2 2
(9 =5 6+ Py HaX) 513Dy X"y ooy
D ¢
G 2 2
Xo, _ 1 3G, (X -X) 1,356, (X -X) L
(N)_N{9X+(3X)Xxb +2!(8)())()(b to--d

Y

Thése terms can be placed into equation (1) to obtain %he result:

2 2 L
n 1,36, (X -X) 1,36 L
86, = = (= (> X, + 5 () (=X e - - o) (2)
roN 22ty I axﬁ %

2

{-¥4

|

2
G) (Xb-x)
X
he sign of the second

Using only the second order term, AGf = gﬁ{ , then the

9y
¥

N

€tability of the fluctuation is determined b
derivative of free energy with respect to composition. The locus of points
formed by the second derivative being equal to zero at temperatures within
the two-phase region is cailed the spinodal boundary (shown by. dashed lines

in Fig. 1lc). Alloys having compositions within the spinodal boundary should
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decompose with infinitesimal fluctuations and the nucleation shogld be
random or homogeneous. The decomposition process is then one of simple
growth as indicated by Fig. 2a.

Alloys within the two-phase region but outside the spinodal boundary
cannot decompose with infinitesimal fluctuations because such fluctuations
are unstable. In this region of the phase diagram, decomposition must
take place by lérge fluctuations; this gives rise to classical nucleation‘
and growth with the behavior being that shown by Fig. 2b. The incubation
time, to’ is the time required to form nuclei of the product phases.

This process is non-random or heterogeneous, which accounts for the
commonly obsérved grain boundary precipitation in these transformations.

The concept of the spinodal transformations is not a new one, although
it has received a great deal of attention in the 1astvfew years. According
to Boreliusfl) Van der Waals was the first one to use the word "spinodal”
in conjunction with decomposition processeé. Later work by Borelius(Q)

!
pointed out the significance of the sign of the second derivative of free
energy with respect to composition. His studies, which included
resistivity measurements on such alloys as Pb-Sn, Au-Pt, Au-Ni, Al-Cu, Al-Zn,
pointed to the utility qf the second derivative test. X-ray investigations

(3)

by Bradley on copper-nickel-iron alloys decomposed in the two-phase region
disclosed the existence of anomalous diffuse "side bands" at small angular
distances about the main Bragg lines.. These results were explained by

() (5)

Daniel and Lipson and Hargreaves. They made detailed mathematical
analyses of diffraction intensities and postulated that the side bands
were caused by the existence of a periodic modulation in lattice parameter

and composition, with periods of the order of tens of lattice parametérs.
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Fxperimental work by Van der Toorn and-Tiedema( ) on gold~platinum

\

'uhowed that the modulated structures formed when a solld solutlon alloy

decomposed 1ns1de the splnodel reglon.' They solution treated several
nlloys .and decomposed them within the two-phnse region, both in and outeide
the spinodal boundary. Alloys inside the epinodal boundary showed side |
bands, whlle alloys outs1de this replon did not. They‘concluded-that
the appearance of such side bands was characterlstlc for alloys undergoing
sp1noda1 decomp051t10n. The sequence of events that takes place durlng |
decomp031t10n within the sp1noda1 is thought to be'(7)_ Supersaturated Solid
Solution *lModulated Matrix Structure * Transltion Structure (if any) -+ |
Equilibrium"structune. |

The-slde bande formea in the modulated stage of decomposition move
in towards the main Bragg line on further aging, indicating growth of the
wave length of the nodulation.v_Further‘aging causes the main Bragg line

to decrease in intensity. This is followed by the merging of the Bragg

line with the side'bands, and then the appearance of the transition

structure lines, if any, and finally the'equilibrlUm structure 1lnes. ﬁecent
theoretical work'of'Hiliert(B) and of Cahn(g) hasishown'that'alloys insidé
the spinod&l Boundery shonld decompose spontaneonely into periodic modnla-
tions. These theories also predict a-distribntion of modulated wavenlength
which accounts for the diffuseness of the side bands. The effect of
surface teneion.and strain enefgy on the occurrence of the spinodalvn'
transformation has been considered by Cahn.(g) 'He concluded that'the

surface tension would have no effect on the spinodal boundary. The strain

energy, however, would have a large effect (in some cases completely - 'i

suppressing spinodal decomposition, and in all cases increasing the amount



of super—cooling needea).

| The use of spinodal transformation as a means for obtaining high
strenpth materlals is Just now belnp explored. The maXimum yield strength
of a material is inversely proportional to the wavelength of the modula-
tions. Since the spinodal'decomposition produces. very short periods of

modulation, it appears that this may be s means for attaining high

( o (10)

strength. The results of Van'der Toorn‘end Tiedema 6 and of Parker et al.
on gold—platlnum alloys show that large increases in hardness and yield
strength do result in such alloys. The increase in both hardness and
 yield strength was on the order of.300% over.the equilibrium two-phaser
alloys. The‘yield strength waS’limited'in all cases by grain boundary
frecture, and therefore not & true representation_of the maximum attainable
yield strength for the alloys;

Tﬁis report describes en.infestigation of the‘ﬁechaniSm of decomposi-
tion inside the'cheﬁical spinodal of the_chromium—tﬁngsten solid solutlon.'
It is part of‘a‘study relatihg strength to microstructure. The ‘phase
diagram for tungsten—chromiuh, with chemical_spinodal boundary drawn ln;
is shown in Fig. 3. This'phase diagram is based on work by Greeneway(ll)
and ﬁas established by x-ray and metallographic means. The spinodal
boundary was calculated from the two-phase boundary of the dlagram using

(12)

'the method of Cook and Hilliard. Tungsten-chromlum and molybdenum-

(13)

chromlum are the only systems with a s1mp1e miscibility gap reported
in the llterature in which both decomposition phases are body-centered cubic.
To date,_spinodal decomposition in body~centered cubic systems has not

been reported. The lack of informetion concerning the spinodal decomposi-

. tion in body-centered cubic systems, along with the possible practical
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implications a refractory alloy such as tungsten-chromium might have,
prompted the present investigation. The investigation of molybdenum-

vchrbmiUm was . ruled out because the top of the miscibility gap is only

(13

900°C and the reaction rates are very slow. Kubaschewski reports

‘'reaction times on the order of one year for alloys in this system.

&
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Experimental Procedure

Tungsten-chromium alloys of two different compositions were homo-
genized in the solid solution regidnvat a temperature of 1750°C for 3_
hours.jwéhé alloye were then rapidly quenched to room temperature, andv
reheatéd to various aging temperatures within the chemical spinodal

boundary. The decomposition process was followed by microhardness, Xx-ray

*

" diffraction, and metallographic examinations.

Materials

The tungsten and chromium used in this eiperiment were thé'purest
commercially available in the form of powder (~-325 mesh). The chromium
was qupplled by Unlted M1nera1 and Chemical Corporatlon, the tungsten by
Fansteel Metallurgical. The analysis of the chromium was 99.98+% and
that of the tungsten was 99.99+%.

Sample Prep_ratlon

Alloys of two compositions were prepared. (See Fig. 3 for the

, location of the alloys within the phase diagram.) Alioy 1 had a composition
of 28 atomic% tungsten andv72 atomi¢ % chromium. The cbmposition 6f alloy

2 was 39 atomic % tungsten and 61'atomic %vchromium. These percentages

were determined after sintering and solid solution homogeniiation.b The
approximate percentages of alloys 1 and 2 were weighéd and mixed by tumbling Y
for 3 days in a rotary tumbler. These poyders were then compacted in 1/4
inch diameter by 1/4 inch long pellets in.a tungsten-carbide die at a

pressure of 200,000 psi; The péllets were suspended by a tungsten basket ¢

in a vacuum furnace. The furnace was evacuated to 10.'6 mm Hg and back~-filled
with purified hydrogen. The hydrogen was purified by passing it over a

molecular sieve maintained at liquid nitrogen’temperature, then over




titanium-zirconium chipsvmaintainedvat 8oo°c. Thé saﬁple pellets

were presintered in the purifigd hydfogen'atmosphere at21000°C fqr.zh
hourSvin 6rder to remove mésﬁ.of thevsurfaée éxygen. Final sintering

and solid solutioﬁ‘homqgenizatibn was carried out on e;ch sample
1nd1§i§ﬁally} Eﬁch qampleiwaa suspended in the furnacebevacuated té
10_6 mm Hg, and baked oﬁt ét 7OQ°C for se#eral hours; The furnace ygs
tﬁen'filled with argon, purified in the way described»above for hjdrogen,
exceptvnow using argon boil off, as the melting point §f argdp is slightly
above liquid ﬁitrogen'temperature. Sihtering.and'homogenization was
carried out inbone oberation.by,heating thg saﬁples for 3 hours at a
temperaﬁure of 1750°C. This opefation was followed by a rapid quench

énd then an aging t;eatmeﬁt, carried out in two ways. .Samples aged at.
temperatures iéléﬁ 1100°C wéfe sealed in silica glass under & vgcuﬁﬁ of
10‘6 mm Hg ahd pléced in afnbe furﬁace:while Béﬁplés aged at higher

temperatures were heated in a vacuum furnace filled with purified”argon.'

. Apparatus

A'high temperature vaéuum quenching fﬁrnace‘was-designed for maximum
qﬁench ratestonsisténtﬁwith the relatively bulky épecimens.' The main
features of this system are shown SChematically in Fig. 4. The electrodes
and carrying tubes for the quenching media‘wefe fed through the walls of

the vacuum chamber in a standard manner. All parts on the vacuum side

of the vacuum gate valve (G, Fig. 4) and parts inside the vacuum chamber

werg designed to be takenlgut of the system. These parts could then be
washed along with the inside of the furnace after each fun. After washiné
with trichlorethylene these items were rinsed in acetone, followed by
isopropyl alcohol, and baked oﬁt at a tempefature of 1SO?C for 6 hours undér

a vacuum of 10-6 mnm Hg to insure cleahlineas.

el
SRR
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Several heating and quenching schemes were tried. The one described

here ggve the most.cohsistently good results. A sample was suspended by
a tungsten wire basket froﬁ the top quenching nozzle into the center of
‘the heating filament. This filament was constructed’of 0.003" tantalum .
foil in thée Torm of an almost closed eylinder 1/2 in. diameter by 1-1/2 in.
high. Theyheating power was supplied by a 0-500 ﬁmp, 0-20v, constant |
voltage, constant current power supply. Distilled water atomized into a
high velocity stream of helium was found to'give high quenching rates and

é minimum of sﬁrface conﬁamination (removed by grinding). The control of
“the quénching cycle proved to.be an important issue in determining theb
effective quenching rate. To increase consistency ip the heating - quengh
cycle, an electrﬁnic control.cycle timer was émployeé; The eleétronic‘
timeriwas set so that at the end of the 3 hour sinteriné—homogenizatiénv
‘cycle emﬁloyed, it would‘triggervpower to three_circuits--the first circuit
beiﬁg the solenoid operated water valve wﬁich opens ét this time, and the
secoﬁd and third circuits being series,afranged time delays. These time
delay_cirCuits were simple variable resistahée R-C triggered solid-state

devices. After the water valve was opened theré»was a delay Qf

approximately 300 milliseconds for the water to reach the atomizing nozzle

before the Vacuum gate valvé'was opened. Then thére was a delay of 4O

ww

milliseconds for the helium-water mixture to reéch the speciﬁen before the
power was turned off. The latter time delay was needed because without it
" the temperdture would fall a significant amount, due to radiation losses,
ngéfe the main quench began. A capacitor discharge was needed to supply
the initiainsurge of current to the vacuum solenoid valve. Otherwise it o E
would not opén consistently. Typiéal guenching curves are shown in Fig. 5. ”

These pictures were taken on a Tektronix 502 dual-beam oscilloscope. The ' &
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oscilloscope was triggered at the same time that the vacuum.valve was

opened, The upper beam represents temperature as measured by 0.005 in.
Pt/Pt + 10% Rh thermocouple wires mounted across from each other on the
It

diameter of the specimena The lower beam_represents the furnace power.

should.be'noted in Fig. 5b that the full wave,rectified signal (lower
beam) dies out after the start of the quench.

Temperatures were measured with a "Pyro Micro-optical Pyrometer".
This instrument was calibrated by comparing the temperature measured to
temperature given by a thermocouple attached to the spec1men. This

calibration was extrapolated beyond temperatures of 1600°C due to the lack
of accurate thermocouples in this range.
Technigues

After quenching, the samples vere: ground and pollshed. The grain size

of the sample was small enough 50 that x-ray diffraction 1nvestigations

could be carried out on'the bulk samples in a diffractometer, Two

diffractometer runs were made on each sample after each aging treatment.

One of the'traces was run on the sample surface as it came out the furnace

or'quartz glass capsule, and one on a freshly'prepared surface. All

diffraction experiments were carried out using Cu Ka radiation. The

diffractometer Vas standardized for line position and intensity after each
experimental run. |

. An electron beam microprobe was used‘ineccnjunction-with.metallography
to identify phases in the early stageS'of precipitation.‘ Specimens were
prepared qu metallography by polishing with chrome-oxide and etching
electrolytically. The specimens were etched for 30 sec. in a solution of

2 g NaOH, 20 m1 H

20, and 50 ml glycerin, using a potential of 20v.
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Metallography

Metallography confirmed the x-ray results, Aindicating that the
decomposition process is one of nu-leation and growth. This is shown -
by micrographs of the aging sequence, for alloy 1, in Figs. 11 to 18 and

the completely decomposed alloy in Fig. 19. The new phase, identified

by an electron beam microprobe to be the tungsten rich decomposition

phase, is seen to grow out of the grain boundaries. A representative

micrograph of alloy 2 in the completely decomposed condition is shown in

Fig. 20.
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Discussion

| Alloys thatvdeéomposeuby 8 spinodél mechaniém possess thrée main
characteristic features: 1~ existence of xéray gide béndé in tﬁe early
stages of decompositioﬁ. 2~.simp1e:gfow£h characteristiés; 3~ random_"
precipifation;‘ Ndne 6f thése featUreé gharactefiiing the spinodal
transformationfexisf gh.the decompositiqn qf tungéten-chfomiﬁm alloys.
There is no‘x;ra& evidence of the existencé of side bands. Thevtime-
transforﬁation.curves, in Figs. 6 t9 8? show that tﬁe decomposition process
is not one‘of siﬁplé'growﬁh, buf'rathér énérof nﬁcleatién and growth. The
brecipitation is not fandom as?in the'ease of an ideal spinodal decomposi-
tion, but rather it_ié‘concéntrafed ;t_the grain_boundariés as shbﬁn N
in Figs.'l1 to 16. This x{ray and‘metéilographic evidence shows that the' 
deéompositionhpfocess in the tungsten—chromium system does.noﬁ 6ccur by |
a spinddal meéhahiéﬁ, 'Thi§ cdnclusion is ih agreeﬁent with Cahn'é(g)
theofy_of sﬁinodél_decompositidn. Cahn has:caiculéted‘ﬁhe amount of super-
‘bbooling necésééry for spinodal deéompositidn, taking into acéount_strain
energy. He'concluded.that for an alloy of cfitigal composition (i.é._an

allby at the top of the miscibility.gap):

2

- = nE
c 2 (1-v) kK N_
- ' 4
'where'
' T, = criticél tempefature'(top,6fvmiséibility gap) \
An' = linear.expansionvper unit compositionvchange,
"E. = Young's modulus, ' ' | _ N {
v = Poisson's ratio |
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k

Boltzmann's constant, -

N
v

number of atoms per unit volume.

Table II below shows that when n is small, the required amount of super-

cooling is experimentally attainable and spinodal decomposition is obgerved.

Table II

The Océurrence of Spinodal Decomposition

 With Respect to the Parameter

System nystal Lattice T T - T, °oc Spinodal
Al-zn FcC 0.0257 w  YES
Au-Pt FCC - 0.038 i 200 ~ YES
Cr-W ‘ BCC . - - 0.093 1900 - NO
AusNi FCC . 0.150 2000 NO

Thé strain energy term iS'séen to be an iméortant factor in détermining the
mechanism of decomposition Qithin ﬁhe chemical spinodal boundary. |

| The microstructure of alloy 1 in the later stages of deéompositidn is
éhown in Figs. 16 to 19.  This microstructure resembles that'of lamellar
pearlite, such as is found in fhe iron-~carbon system., Earlier work.on'the

(11)

tUngsten—chromium system also disclosed the eutectoid or pearlitic
nature of the microstructure; " Tt .is reasonable that a pearlitic micro-
structure should develop in a miscibility gap. system, beéause'such a system

represents a simple, unsuppressed eutectoid. Spencer and Mack(lb) have



- -19- .
observed that a common feature of's&stemsidevelopiqé a pearlitic
micrqstrugture is the shift of the Bragg.lines, for the decomposition
v phases,“on gging. .fhe shift, which is éwéy from'the.§61id solution line,
was observed inrthe‘préaent work, thué indicétingbtﬁat the decémposition
of tﬁngsten—chromium allqu might follow the mechanism of decdmpoaition_

characteristic of the pearlite reaction.
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Summary and Conclusions

The mechanism of solid soluﬁidn decomposition‘within the chemical
spinodal boundary has been investigated for the tungsten-chromium system.

X-ray and metallographic evidence indicéte that the decomposition

process:is one of nucleation and growth. This is avidance of the'importance

- of the strain energy term in determining the mechgnism bf.decomposition
within the chemical spinodal, and‘is in accérd with Cahn's(g) theory for
the oééurrence of spinédal decompositidn} The decomposition,of‘tungsten—
chromium solid solution occurs by the "pearlite" mechanism.
-The activation energy for the decompoaitibn process waé measured to
‘be 57.5 Kcal per-molg; - This is less than the activation energies for self
diffusion in tungsten (136 Kcal/mole), or chromium (73.2 Kcal/mole).(15)
»wae?er, it is difficult to obtain meaningful activation energy values
vin’nucleation and growth‘pfocesses because ﬁhese two processeé-are con-
ﬁrolled by different factors and'thej interact in a éoﬁplex mahner;
Microhardness sfudie& reveal that_tungsten-chromium alloys attain
" high hardness during the‘early staggs of aging, déspite.the early loss of

coherency. "

LS
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FIGURE CAPTIONS

Phase diagram for binary alloy system with simple miscibility
gap. |

Fréé energy as a'function of compositioh for the solid portion
of the systemlshown in Fig. la, at threé different temperatures.
Phasé:diagram with spinodalAboundaries drawn in.
Time~-transformation curves for simple grbwth? at two differeﬁt o
temperatures.

Time~transformation curves fo? nucleation and growth, at'twov

different temperatﬁres;

Phaée'diagram for the tungsten-chfomium system‘with the chemical

spinodal boundaries drawn in.

-Schematic view'of heating—quehching apparatus.

Legend:‘ A - high cu?rent, water-cooled power leads

B - watef—gooled heating filament clamp

¢ - electrical insulation -

D - sbecimen

B -:refractory metal heating filament

F - carr&ing‘tubes.for quenching-media ' ..
G - solendid-operatedIVacuumagate valve

H - atomiiing.nozzle

I - needle—Valve for control of water flow

J =~ solenoid valve

X - containér holding distilled'water'under gas pressure

L - 1argé surge tank
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S, Typlcal guenching curve for a static argon quench.

Upper beamn: temperature.— 200°C/div
~ Lower beam: furnace power - 5v/div
fime scale: 5sec/div '
Quench rate <%%>: ~L00°C/sec
5b ’Typical quenching curve for a heliumswater, dynamic quench
- Upper beam: temperature.7\200°c/div
Lewer'beam:. furnace power = 5v/di§
Time scale: 20 ﬁ sec/div
- Que.nchvrate‘ @q—fc\ ~20,000° C/sec
6 Time-tfansformation curve for 900°C. - o .

7 = Time~transformation curve for 1100°C.

8 Time-tranSformation curve for 1300°C.

29 v'Logarlthm of the tlme to half transformatlon plotted against

the re01procal of the absolute temperature.
10a. Vickers hardness as a function of time at'700, 1100; and 1500°C;.
The coefficient of variation is given with each experimental
point. | |
iOb The'fafio of the,inerease in hardness af a given time to the
maximum increésevin hardness; for te@peratures 700, 1100; and 1300°C.
11 Typical ﬁicfogreph of alley 1 in the solﬁfionftreated and duenched
condition. | | | |
12 Micrograph of alloy i as solution~treated, quenched, and aged for

10 min. at 1100°C.

Fig. 13 Micrograph of alloy 1 as selution-freated,_quenched, and aged for

20 min. at 1100°C.
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”Fig. 1h Micrograph of alloy lvas solution—tfeated, qﬁenched, and aged
for 4% min. at 1100°C.
Fig. 15 *Micrograph of glloy 1 as solution-tréated, quenched, and aged
Tor 118 min. at 1100°C.
Fig. 16 Micrographs of alloy 1 as solution—treateda'quenched, and aged
*) ) for 817 min. at 1100°C.
,'Fig..iY vMicrbgraph of alloy 1 aé solution-treated, quenched, andvaged
| ~ for 3912 min. at 1100°C.
 Fig. 18 ,Micrograph of alloy 1 as solution—treafed, quenched, and aged
a) b) c) » :
" for 10,332 min. at 1100°C.
Fig; 19 Micrdgraph of alloy 1 as solution~treated, quenched, and aged
2o for 920 min. at 1300°C. |
Fig. 20 Micrograph of alloy 2 ag solution-treated, quenched, and aged

for 2000 min. at 1000°C.
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Figure 2a. Time-transformation curves for simple growth, at two different temperatures,

Figure 2b. Time-transformation curves for nucleation and growth, at two different temperatures.
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Figure 4. Schematic view of heating-quenchine apparatus.
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Fig. 5a - o : Fig. 5b

Figure ba. Typical quenching'curve fof a statié'argon quench.

Upper beam: temperature - 200°C/div
Lower beam: furnace power -5v/div
Time scale: Ssec/div

9T

Quench rate (SE-: ~ 400°C/sec

Figure 5b. Typical quenching curve for a helium-water, dynamic quénch.

Upper beam: temperature - 200°C/div
Lower beam: furnace power - Sv/div
Time scale: 20 m sec/div

T

Quench rate .-SEJ:% 20,000°C/sec
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Fig. 11 Typical micrograph of alloy 1 in the solution-treated and guenched

condition.
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ZN-5669

Fig. 12 Micrograph of alloy 1 as solution-~treated, quenched, and aged for

10 min. at 1100°C.
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Fig. 13 Micrograph of alloy 1 as solution-treated, quenched, and aged for

20 min. at 1100°C.
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Fig. 14 Micrograph of alloy 1 as solution~treated, quenched, and aged

for 43 min. at 1100°C.
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Fip. 15 Micrograph of alloy 1 as solution-treated, quenched, and

for 118 min. at 1100°C.
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Fig. 16

a) b)

ZN-5667

Micrographs of alloy 1 as solution-~treated, quenched, and

for 817 min. at 1100°C.
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ZN-5612

Micrograph of alloy 1 as solution-treated, quenched, and aged

for 3912 min. at 1100°C.



~47-
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Fig. 18 Micrograph of alloy 1 as solution-treated, quenched, and aged
a) b) c)
for 10,332 min. at 1100°C.



-48-

ZN-5619

-48b-



ol

ZN-5668

-18c-



-50-

Fig. 19 Micrograph of alloy 1 as solution-treated, quenched, and aged
a) b)

for 920 min. at 1300°C.
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Fig. 20 Micrograph of alloy 2 as solution-treated, quenched, and aged

for 2000 min. at 1000°C.
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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.
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