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ABSTRACT

Non-conventional heat treatments werc designed to
produce spinodal microstructures in two CuNiFe alloys for
the improvement of mechanical properties with a reduction
in total aging time. The microstructurcs were characterized
by measuring the Curie temperature to determine the composi-
tion of the NiFe rich phase and by TEM to mecasure the
spinodal wavelength. In most cases the material failed
intergranularly. However, it was only after the longer
aging times that any discontinuous grain boundary coarsening
was observed. The mcasured yicld strenpth of both alloys
wias found to be proportional to the difference in lattice
parameter between the two phasces and independent of wave-
length and ncarly jndcpcndont.o[ volume (raction. The
calculated valucs for the yield strength using Dahlgren's
theory is shown to be in complete agrecement with the

measured values for the yield strength.
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.- INTRODUCTION

The concept of spinodal decomposition was first intro-
duced by Gibbs in 1877. However, the majority of the
theoretical understanding of the subject has come through
the work of Hillert, Hilliard, and Cahn and is revioewed

(1) (2)

in papers by Cahn and Hilliard“®’. Theory predicts that
spinodal decomposition will produce a periodic distribu-
tion of small, coherent particles or regions of two

phases uniformlyldistributed throughout the entire crvstal.
Initially the periodic distribution of composition has a
sinusoidal waveform but as the separation approaches

completencss the wave form develops into a square wave. Also

to minimize strain ecnergy the particles align
themselves along the clastically "soft'" directions.
Spinodal alloys cxhibit a pronounced age hardening

response when aged inside the miscibility gap(swm° This
can be attributed to the development of a modulated micro-
structurce.  The age hardening response has been treated
theovretically and three different approaches are considered.
(an1(7j considered the forces on a dislocation induced

by the modulated structure. Ile concluded that the inter-
action ol the dislocation with the clastic strain liecld accom-
panying the composition modulation would producc the dominant

»

strength contributing force. This treatment nredicts that the



increase in yield strength over the undecomposcd alloy has

a A?) dependence, where A and » arc the amplitude and wave-

omposition modulation respectively. This

length of the ¢
approach only considers the early stages of decomposition
when the linecarized approximation is most valid. Unfortun-
ately, this is not of much use since it is ecvident from

experimental information that maximum hardening docs not
[(4,5)

occur while this approximation is valic
To consider a microstructure of coherent lamclla,

(8)

Dahlgren extended the Mott and Nabarro trcatment of
spherical precipitates. He based his theory on the internal
coherency strains resulting from the differcnce 1n lattice
parameter of

the two precipitating phases. le calculated the

internal stress ficeld for a lamellar microstructurce and
resolved the stresses along the slip plane in order to de-
termine the applied stress required for passage of disloca-
tions through the microstructure. The calculation is indepen-
dent of » and necarly independent of the volume fraction of
the precipitating phases, but is directly related to the
difference in lattice parameter between the two phases. 1°f
the approximation of a lamellar microstructure is to be valid
the interface between the two phases must be a sharp change
in composition. Since calculated vield stresses using this
approach have been shown to agree with cxperimental

(4)

information this approximation may often be valid.



Cahn's approach is only useful for the early stages
of decomposition when the composition profile is still
sinusoidal and Dahlgren's model is only uscful for micro-
structures when spinodal decomposition is complete so £hat
the interface between the phases is sharp. In an attempt to
develop a theory which bridges the entire range of possible
microestructures, Difchek et al(g) have proposed a lattice
mismatch model of hardening. Their model is based on a
calculation of the shear stresses due to misfit strains
caused by motion of a dislocation on its slip plane. This
predicts a dependence of the change in yicld strength over
“hat of the single phase material on the composition
amplitude, the wave squaring factor, and the inverse of the
wavelength. The squaring factor describes how the composi-
tion modulation develops [rom a sine wave profile to a
square wave profile. Ditchek et al have found good
agreement between theory and experiment. However, the

choice of the squaring factor was somewhat arbitrary.
Inorder to produce a spinodal microsture as an ape
havdening device various techniques have been applied.  The
most common technique, however, has been isothermal aging
Isothermal aging produces a modulated microstructure as

previously described but in an attempt to reduce the total

interfaciagl surlace cnergy. coarscening also takes place.

(3-0)

o



Butler et 31(4) found that the CuNile svmmetric allov (i.c.
cqual volume fraction of the separting phascs) coarsened
before phasc separation was complete but Livak et 31(5) found
that the coarsening in the asymmetric alloys did not occur
until separation was complcte. Typical maximum increcases

in the yiceld strength are two to three times the vield
strength for the single phase material. Initially the

yield strength increases rapidly but lcvels off until a
saturated value is recached when complete phase separation
has occurred, as shown by the Curie temperature mcasurements
made by Butler and Livak. Accompanicd with the increasc

in vield strength is a decrease in total clongation and

generally a brittle intergranular mode of Frncture(XAG),

(10)

Thomas and Vercaemer incorporated spinodal decom-
position with a martensitic transformation. They chosc a
CuNiFe alloy where the NiFe rich phase would have a marten-
sitic transformation below it's M, temperature. The influence
of the martensitic transformation on the microhardness (as
measured by Vickers microhavdness) of the alloy was
determined as a function of isothermal aping times before
quenching below Ms' bue to the brittlceness of the material
no vield strength data could be obtained. Aging inside the
miscibhbility gap and qguenching below Mg produced a rapid
increase in the bardness. lHowever, for aging times greater

than three minutes a steady drop in the hardness occurred.



The drop in the microhardness is attributed to the increase
in interparticle spacing. To eliminate the loss of

ductility and the presence of brittle intergranular [(rac-
(11)

processing. The technique was successful in eliminating

ture Plewes adopted a method of thermomcchanical

these unfavorable characteristics. However, thermomechan-
ical processing is costly and generally not technologically
attractive.

Spinodal decomposition during continuous-cooling
affords a convenicent method of developing a spinodal
microstructure and may be of some technological importance.
Huston et &1(12) solved the diffusion equation for spinodal
decomposition during continuous-cooling. The solution
predicts that the gencral features of the spinodal micro-
structure are maintained. However, the cooling rate
instead of the aging temperature determines the micro-
structural characteristics. [t was shown that the wave-
length spectrum will be Droader than for isothermal aping
because as the aging temperature decreases the wavelenpth
recelving makimum amplilication dccreases and the distribu-
tion of wavelengths with positive amplification factors
increases.

Badig et al(ls)

applied the technique of continuous-
cooling to a series of CuNiCr alloys. Tt was obscrved that

the decomposition produced a modulated microstructure which
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has since been determined to be of a spinodal nnturc(lg),
Their emphasis was placed on the room temperature strength
as a function of the quenching rates emploved from the
annealing temperature. It was concluded that hardening
during continuous-cooling from the annealing temperaturc
occurred by rapid decomposition of the parent phase. The
extent of the hardéning appearcd to be a strong function
of the cooling rate. Rapid and intermediate cooling rates
produced only partial hardening while slow cooling rates
produced full hardening. The microstructure of the slow
cooled material gave the appearance of the two phascs of
slightly differing lattice parameter.

As previously mentioned, fracture tcsting(ld) has
shown that spinodally decomposed CuNiFe allovs failed
intergranularly while remaining fairly ductile. This
apparent contradiction is belicved to be the conscquence
of either a discontinuous coarscening rcaction at the grain
boundary or possibly solute scprepation at the grain
boundary. The discontinuous coarscening in CuNile alloys
has heen examined by Gronsky ot al (15) and has been shown
to he of special importance at grain boundarvies of high
misoricntation.

A criterion for the loss of coherency in modulated
microstructures has been developed by DcFontaine(lﬁ). It
requires that the wavelength remain under a certain critical

value dependent upon the magnitude of the lattice mismatch.
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Experimentally the loss of coherency of the CuNiTFe symmetric

alloy studied by Butler occurred at i~ 108OR aged at 625°C,
(o] o]

at A~ 800A aged at 700°C, and at x~ J000A aged at 775°C. i

' o

This puts an upper limit on A7800A if the microstructure of

CuNiFe alloys is to remain coherent. By maintaining a

coherent microstructure and reducing aging times as much

as possible discontinuous coarsening may be eliminated.

In summary,'fhe desirable microstructural features
required to effectively utilize the age hardening response
of spinodal alloys are as follows: Tt is nccessary to
maintain a iargo difference in lattice parameter between
the two separating phases, an interface that has a sharp
change in composition, and a wavelength as small as possible.
It 1s also necessary to be able to achieve these desired
characteristics by a purely thermal method.

To achieve the high degree of phase separation low
temperature aging is necessary (see Fig. 1). However,
with low iomporu£urc aping the kinetics of transformation are
stow.  Rapid kinetics of phase transformation occur at
high temperaturce aging but the degree of phase sceparation
is small. Therefore, to take advantage of the high tempera-

turc kinetics and the low temperaturc phasce separation the



method of continous-cooling appears to be the most

promising. Initially, to reduce the complexity of charac-
terizing the microstructure during continuous-cooling the
method of step aging has been adopted. This method allows
examination of the microstructure through a scries of well

defincd isothermal aging steps. It is the intent of this
rescarch to show that by controlling the microstructure
through strictly thermal means it is possible to obtain

higher vield strengths than were possible by isothermal

aging and with a saving in aging times required.
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II. EXPERIMENTAL PROCEDURE

The alloys used in this study were prepared from
99.99% purity Cu, 99.85% purity Ni, and 99.6% purity Te.
The compositions of the two al}oys as determined by wet
chemical analysis, in atomic percent were:

Alloy A:  51.5%Cu, 33.5GNi, 15%Te

Alloy B: 32.0%Cu, 45.5%Ni, 22.5%Fe
To aid in fabricéfion, 0.5% by weight Mn was added to each
melt to act as a deoxidizer. The ingots were vaccuum
melted and chill cast in copper molds to avoid scgregation.
They were then sealed in evacuated quartz'tuhes, back
filled with high purity Argon and homogenized for threce
days at 1050°C. The one inch diameter ingots were then
hot rolled at 950°C to a thickness of 0.25 inches and
subsequently cold rolled to a final thickness of 0.160
inches. From this material both tensile and hardness
specimens were machined,

The step aging scquence was designed by lollowing the
apc hardening response throuph a scvies ol specifiod aping
temperatures.  The prodecure is itlustrated in Fip.o 24

>

for alloy A and in Fig. 2b for alloy R. Step 1 consisted

of solution treating the specimens at 1050°C for 1 hour
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followed by an ice brine quench. The Rockwell B hardness
was measured and recorded. The specimens were then aged
at 767°C (using a salt pot) for three different times
and again the hardness wasrecorded. Figures 2a and 2b
show a rapid increcase in hardness followed by a leveling
off to a saturation value. The choice of the final aging
time at 767°C was a balance between obtaining high hardness
and short aging timesf In this casc the optimum aging time
for step 2 was cstimated to be 15 min. Once the aging time
for step 2 was determined all the remaining specimens were
aged at this condition. The same procedure was applied
at cach aging temperature in order to determine the complete
aging sequence. Since the age hardening response of the
two alloys was quite similar the samec aging scquence was
used for both alloys. The entire step aging scquence is
1llustrated schematically in Fig. 3.  As expected the high
aging temperatures required short aging times and as the
temperature was lowered the aging times increased.

The continuously-cooled specimens were placed in
quartz tubes that were cvacuated and back filled with argon.
The specimens were then put in a horizontal tube (urnace
which was powcerced by a programable furnace control unit.

Lincar cooling rates of 25°C/hr. and 12.5°C/hr. were used
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starting from a temperature of 900°C (above the miscibility
gap) for a duration of 24 hours in both cases (sce Fig. 4).

Mechanical properties were measured from standard
flat tensile specimens with a 1" gage length, a 1/8" gage
width, and a 0.100" gage thickness. Tests were performed
on an Instron testing machine. Threc specimens for each
aging condition were tested at room temperature and all
specimens were pulled at a constant rate of 0.02 cm/min.
The yield str@ng{h was measured at 0.01% offset and the
tetal elongation was measured from the change in length
of the 1 inch gage length. The work hardening rate (i.e.
the slope of the stress strain curve) was measured at 2%
plastic strain for all specimens tested. A scanning
electron microscope was uscd to determine the mode of
fracture.

To qualitatively follow the state of decomposition
the Curie tempervature of the Ni-Fe rvich phase was followed
during the aging scquence. The equipment used to measurec
the Curic temperature is similar to that previously

/)

doscrihcd( Bssentially, the specimen acts as the core
of a transformer. A 3000 cps sipgnal is applicd to the primary

coil which induces a magnetic ficld in the specimen which in turn
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induces a current in the secondary coil. The voltage due
to the induced current was filtered and amplified before
recording it on the ordinate of an x-y plotter. The
temperature of the specimen was measured by a chrom-alumel
thermocouple spot welded to the specimen and recorded on
the abscissa of the x-y plotter. Specimens were taken
from the grip areas of the tensile specimens. A pure
nickel specimen was used to calibrate and check the
performance of thé apparatus. The accuracy of the measure-
ments was estimated to be less than +7°C.

Electron microscope specimens were thinned from the
grip arcas of the tensile specimens. The material was
thinned mechanically to 0.030" then chemically thinncd
in a solution of 1 part HF acid to 9 parts HNO3 acid
diluted to approximately 1/2 strength. This was followed
by a light grinding on 600 grit sand paper to a thickness
of ~4 mils. Discs werc spark cut from the thinned
sheets. Toils were prepared by jet polishing in a solution
of HNO3 acid/Methanol having a composit?on of 1:3. At
a pol if%]!i]\)g{ temperature of -38°C a voltape of ~10v was
required to produce a current ~35 ma. ‘These conditions
tended to yiceld the best results and were maintained

quite closely.



The wavelength of the aged specimens was measured
directly from the micrographs. All micrographs were
taken in the <100> orientation with a strong 200 reflection
operating. The microscope magnification was calibrated
using a carbon replica of a ruled grating.

Light optical specimens were also taken from the
;rip areas of the tensile specimens. Polished optical
specimens were S%ﬁh%@d with an etchant of the composition

10g. Felly
200ml ethyl alcohol
50-95% HZO,

The amount of dJdilution varied so as to maintain optimal

ctching conditions.
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[TT.  EXPERIMENTAL RESULTS

Tables I and [T summarize the results of the experi-
mental work. To be sure the hardness data collected
during the design of the step aging trecatment is roproaucable
the Rockwell "B" hardness of the tensile specimens was
measured and the results are shown in Fig. 5. Comparing
Fig. 2 with Fig. 5 one sees that the data is reproducable.
The general featﬁres of the curves arc the same; therc is
initially a rapid increasc in hardness (high temperature
aging) followed by a much slower increase in hardness (low
temperature aging). For cach alloy the hardness of the
tensile specimens was slightly higher than the specimens
used to design the step aging sequence, which is probably
due to residual stresses left after machining the tensile
specimens.

The results of the measurements of the vield strength
arc shown in Figs. 6a and 7a and are compared with available
isothermal aging data. The symmetric alloy A is comparcd

(1)

with Butler's results and the Nilfe rich alloy B is

(5)

compared with Livak's results. Both altovs, whether
step aged or continuously-cooled, show a considerable

increasc in the maximum yield strength over the isothermally



aged case. The yield strength of the step aged material
increases steadily as the aging temperature is lowered.
The increase in vield strength results in a loss of total
elongation similar to that observed with isothermal aging.
The work hardening rate at 2% étvain, for step aged specimens,
increases as the aging temperature decreases. The work
hardening rate of alloy A was always slightly higher than
that found for alloy B. Also, the work hardening rate

for the continuously-cooled material was much higher than
either the step aged or isothermally aged matevrial. The
work hardening rate of alloy A was higher for the 25°C/hr
cooling treatment while the work hardening rate of alloy
B was higher for the 12.5°C/hr cooling treatment.

I

el

‘actography showed that the material failed in a
completely ductilemanner after step 1 (i.c., Fast quenched
from above the miscibility gap); but after all subsequent
aging treatments, both step aging and continuqusmcooling,
failure occurred by a mixture of both brittle intergranular
fracture and ductile fracturce (sece Viegs, §-11). Also,
striations were often obscerved on the (lat interpgranular

fracture surfaces.
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Figures 6bh and 7b show the variation of Curie temperature
with aging time and aye compared to the results of Butler and
Livak for alloys A and B respectively. Table 111 gives
the Curie temperatures corresponding to the equilibrium
tic-line compositions as determined by the specific
isothermal aging temperature. The Curic temperatures
measured after cach aging step are nearly cqual to the Curie
temperature of the équilibrium tle-line compositions. Also,
the Curie temperéture of the continuously-cooled material
is equal to the Curie temperature of the equilibrium tie
line composition of the phase expected at the lower range
of aging temperatures.

The transmission electron micrographs, Fig. 12 and
Fig. 14a, show the microstructures of alloy A after various
stages in the step aging sequence and after the continuous-
cooling rate of 25°C/hr. The microstructurcs of alloy B
after both the final aging step and the end of the 25°C/hr
continuous-cooling treatment are shown in Fig. 13 and Fig.
14b. In all the microstructures ohserved there appeared
to be a well defined boundary between the two phasces and

the shape of the phases was cither rods or plates with

the interfaces parallel to the {100} planes.
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All wavelengths measured were larger than 150A.Therefore,
since satellites cannot be resolved in the clectron
diffraction patterns, all measurements of wavelengths were
made from the micrographs {e.gf Figs. 12-14). TFigures 6c and
7¢ show the variation of wavelength with aging time for the var-
ious sging techniques used. The wavelength of alloy A
increased steadily as the step aging sequence advanced,
However, the rateiof increase was much slower than the

commonly observed (ti,me)}“/3 1aw(4915);
07

the obscrved growth
rate of A was (time)o” For compa}ison, photographs of the
microstructures achieved by isothermal aging are shown in
Fig. 15 and Fig. 16. Figure 15 is from alloy A aged at
625°C for 200 hrs. and figure 16a-is from alloy B aged
at 625°C for 10 hrs. Alloy A aged at 625°C for 200 hrs.
shows the interfaces betwecen the two separating S%ases
to be flat and parallel to the {100} planes but the inter-
faces when alloy B was aged at 625°C for 10 hrs. appeared
to be wavy cven though the particles did tend to alipn
themselves on the QIUU}'piHHUS.

The structurce of the grain boundaries for the material

step aged for the carly stages of the scquence showed no
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evidence of discontinuous coarsening (Fig. 17). During

the later stapes of the sequence, however, the beginning

of discontinuous grain boundary coarsening was observed

(Fig. 13b,c). The material continuously-cooled also Sﬁowed

the early stages of discontinuous coarsening (TFigs. 18,19).
Optical metallography suggested that some grain houndary

thickening had occurred (Figs. 20, 21). However, as shown

by the clectron micrographs the affected area was of the

order of‘O.Zum which is approaching the resolution limit of

optical metallography. Also shown in Figs. 20 and 21 is the

presence of numerous voids approximately 2 to 3um in diameter,

Alloy B has a slightly higher density of voids than alloy A.
The voids were obscrved throughout the entire history of

the material and were products of the casting method.
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IV, DISCUSSION

The yield strength was found to increase as the aging
temperaturc decreascd (IFigs. 6a and 7a) which is consistent
with the results of Butier(ﬂ) and Livak(s), It was also
found that the microstructure betwcen the material step
aged, Continuouslyﬁcoolod, or isothermally aged differ
little. The mofphology of the two phase mixture was
vitually identical in all cases cxcept for the wavelength
(Figs., 12-16). It is apparent that at any aging temperature
the maximum vield strength is limited (c.g., Figs. 7a,c, iso-
thermal aging) by the difference in lattice paramecter between
the two phases. This has been shown to be true and was also
found to be independent of the aging history. Tor example
alloy A aged 200 hrs. at 625°C reached a yvield strength
ol 49.7 ksi and also after step 5 (650°C) of the $tcp aging
sequence had a yicld strength of 49.6 ksi. Ulven though
the aging history is much dJdiflferent thovfinul step aping
temperature and the isothermal aping temperature are
nearly the same giving similar values for the yicld

strength. By comparing the wavelength measurcments and
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the Curie temperature measurements of the step aged
material with that of the isothermally aged material
(Fig. 6b and Tigs 6c, 12c, 15) it is noticed that wave-
lengths differ by almost a facﬁor of two, yet the Curie-
temperatures are equal. This suggests that the yield
strength is independent of the wavelength bhut dependent

on the composition of the two phases, or more correctly

the difference in‘lattice parameter, since the Curic
temperature is a wmeasurc of the composition of the Nile

rich phase.

The importance of the low temperature aging is brought
out by aging step 7 (550°C). Both allovs A and R show an
increase in the vield strength over the values found after
either step aging step 6 (600°C) or isothermal aping at
625°C. The increase in vield strength can he attributed
to an increase in the difference in lattice parameter
between the two separating phases. The age hardening
responsc of alloy B has exactly the same characteristics as
alloy Ao The vesults of alloy B onicely show that the
vield strength is independent of the aging history since
the measured yield strengths after the 60th step of the step
aging sequence, the continuous-cooling rate of 12.5%/hv. for
24hrs. or the isothermal aging treatment for 10 hrs. at
625°C were virtually the same for all three cascs.

The change in composition of the NiTe rich phase
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during the aging scquence was determined by measuring the
Curie temperaturc after ecach aging step. The Curic
temperature is the temperature at which a ferromagnetic
material transforms into a paramagnetic material and is a
function of composition. Since early stages of spinodal
decomposition produce a continuously varying composition,

the Curice temperatﬁre measured is actually of some average
composition. Tﬁis makes quantitative analysis of the compo-
s“tions impossible for early stages, but facilitates the
detection of the completion of "spinodal" decomposition.
Because the Curie temperature measured is due to some average
composition when the measured Curie temperaturc corresponds
to the equilibrium tie-line composition, phasc scparation
must necessarily be complete (i.c., a square wave composition
distribution). Comparing the measured Curic temperature
(Figs. 6b and 7b) with the Curie temperature of the ecquil-
ibrium tie-line compositions at the appropriate temperatures,
(Table TIT) it is shown that the m’onsurod Curic temperature
closely follows the Curice temperature ol the cquilbibhrium

composition through the entire aging scquence.  The Curie
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temperaturces of the continuously-cooled material (Figs. 6b
and 7b) arc also ncar the Curie temperatures corresponding
to the equilibrium composition. These measurements imply
that the composition distribution has maintained a square
wave profile which was observed in the electron microéranhs
(Fig. 12), since the interfaces appear to be sharp during
the entire acing scquence. This means that by step aging
it was possible tovadd to the amplitude of the cowposition
profile with little change in the wavelenygth. Therefore,
in the true scnse of the word spinodal decomposition was
complcte before aping step 2 was comnlete.

A microstructure that 1is dﬁscrihcd bv a square wave
composition profile tits the model of a lamellar microstruc
ture. Thercfore, hahloren's calculation of the viceld
stress should be appropriate throughout the entire step
aping scquence.  The yield stress may be calenlated using
hableren's theory from the cquation

SR 2GLr
where G is the werape shear modulus, ¢ is the wmisfit para-
meter hetween the two phases and [ is the volume fraction

of the precipitating phasce.  Following Butler's approach,
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the cquation for the yield stress in psi becomes
' : 6
o. = 1.8 x 107°A_.
1 a
This ecquation assumes the two phases have similar clastic

constants and Poissons ratio is ~1/3%3 so that the misfit

parameter may be written as e ~ 2/3 where ¢ = da/a and a is
the average lattice parameter. Also the values f - 1/2
6 e}

(allov A), G - 9.9 x 10" psi and a = 3.58A were used. The

difference in lattice parameter between the two phases mav
also be approximated by Aa ~ kA 6. where k is a constant
of proportionality. With the addition of this approximation
the expression for the yield stress becomes

o, = 1.8 x 10°(ko ).
The constant may be evaluated from the experimental
information of Dahlgren and Bulter. Dahlgren measured a
value of da/a 0,0BR when isothermally aged at 625°C
and Butler measured a value of Aa/a OQOZIR when iﬁothcrmnlly
aged at 775°C. Therefore, using Dahlgren's value for Aa/a,
kD = 1.0 x 10_4/°C and using Butler's value for ha/a,
ky = 1.1 x 1074 5c. 1o help make the calculations more
accurate kﬂ is used for low temperaturc aginyg and kR is used

for hipgh temperature aging. A summary ol the calculations s

given in Table 1V.



~24-

The calculated yield stress vs. Aa/a is shown in Fig. 22.
Also shown in the figure is the ekperimenta11y measured
yield stress. The value of Aa/a used in plotting the mecasured
yield stress was the ideal value that should be achieved

at the specific aging temperatures. A composite of the
measured yield stresses for a variety of aging treatments
vs. the measured Aé‘s, as determined from the Curie
temperature measurcments, is shown in Tig. 23. Also shown
in Fig. 23 for comparison is the theoretical calculation
for allovy A using Dahlpren's model. The agreement

between the calculated and observed yicld stresses 1s quite
good in all cases. To a good approximation the yicld
stress varies linearly with aa (Tig. 23), which gives

pood evidence that Dahlgren's model is appropriate in

this case. Dahlgren's model also predicts that the yield
strength is independent of the interparticle spacing and
necarly independent ol the volume f{raction of the precipi-
tating phases. 1t has been shown that the yiceld stress

1s independent of the wavelength., Also it is apparent

that the yicld strength is ncarly independent of the volume
fraction, since the greatest difference in yield strength
between alloys A and B is only about 10% for similar aging

treatments.
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The morphology of the grain boundaries during the early
stages of aging is completely unaffected by g¢rain boundary
coarsening (see Fig. 17). During the later stages of aging,
disconﬁinuous grain boundary coarsening is present (see
Figs., 13b,c, 18, 19). However, the mode of fracturc was
the same whether the grain boundary coarsoﬁing Was 01 was
not present (sce Figs. & and 9). The fracture surface
pictured in Figs; 8c,d corresponds to the microstructure
shown in Fig. 17 while the fracture surfacc picturcd in
Figs. 9g,h corresponds to the microstructure shown in
Fig. 19. Lven though the micfostfucturos differ considerably
the fracture surfaces are quite similar. In eithetr case
fracture occurrced by a mixture of both brittle and ductile
modes. In fact, single grains have appcared to have failed
partially by a brittle mode and partially by a ductile mode.

It has been cxperimentally observed that spccimens
quenched from the single phase region failed in a completely
ductile manner whitle Spocimonsiuged for as Tittle as six

{5

minutes showed cvidence of intervpranulav (ractuare Yo,

specimens aged at high temperatures (775°C and 800°C) for
times greater than 10 hours showed a reversal back to ductile
(18)

fracture Also, it was observed that even in the worst

cases some arcas of ductile fracture were present along
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with the intergranular fracture.

A very rapid change from ductile fracture to a mixture
of both brittle and ductile fracture was also observed
in this study. The brittle fracture appeared to be inter-
granular but numerous brittle fracture surfaces have
wavy striations running across the surface. These striations
are believed to be slip steps. TFigures 10a and 1la show
a partially separafod grain boundary, clearly striations
are present on the grain boundary surface. Other grain
boundaries do not have striations but do show micro-void
coalescence and dimpled rupture (see Fig. 8f,h and 9f,h).
Also areas of ductile fracture are present (sce Fig. 8f and
10b) .

Experimentally a dependence of the vicld strength on
the grain size has Dbeen ohserved(la). The dependence can
casily be explained by dislocation pile-ups at the grain
boundaries., The presence of dislocation pile-uns at the
grain boundaries can cexplain the brittle intergranular
fracture and the slip steps on the fracture surfaces.,  If
a dislocaltion pile up becomes Tarpe cnoupgh then o crack
could Qpen 1q>:nﬂl;nwu»nﬂut(>:110nﬂ the pgrain boundary leaving
a step on the fracture surface behind. The propagation of
the crack is thought to be made nossible by either discon-
tinuous coarscening or solute scgrepation at the grain

boundaries.
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SUGGESTIONS FOR FUTURE RESEARCIH

The actual mechanism for the presence of intergranular
fracture is not yet understood. This is quite importAHt
and must be solved bhefore full utilization of the spinodal
microstructure can be realized. In the absence of grain
boundary coarsening Auger spectroscopy may be uscful
in determining if a segregation problem cexists at the grain
b.undaries. Elcctron microscopy of deformed specimens
and experiments with an in situ deformation stage might
reveal the mechanism of the grain boundary pinning. A
more detailed examination of the morphology of the grain
boundaries and its relation to the fracture characteristics
should also be useful.

This study can also be directly extended to an in depth
study of continuous-cooling. Continuous-cooling offers
a practical method of controlling thc microstructurce
which in turn controls the mechanical propertices. 'Therefore,
the mechanical propertices can be optimized by carcful

choice of the heat treatment.
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V. CONCLUSIONS

1. The yield strength, in this study, was found to
be only a function of the difference in lattice paramcter
between the two scparating phases and independent of the
wavelength and nearly independent of the volume fraction.

2. During the entire step aging sequence the micro-
structure was a two phase mixture of nearly equilibrium
tie-line composition.

3. The mechanical properties were sensitive only to
the lowest aging temperature the material experienced
and is independent of the aging history.

4. The experimentally measurcd vield strengths are
in excellent agreement with the values calculated using
Dahlgren's model.

5. The reduction in time to produce full hardening
in alloy A is significant but little reduction in aging
time was achieved in alloy B. Howcver, the treatments are

not necessarily the optinum.
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TABLE I Experimental Results, Allov A: 51.5%Cu, 33.5%Ni, 15%Fe

[+]

Heat Yield ULT Total % de/de Curie X (A) | Hardness

Treatment Strength ksi (MPa) Elongation ksi (MPa) Tempera- RB
ksi (XMPa) : ture °C

Step 1 28.6 71.0 27.3 152 233 - 60.4
(197) (490) | (1050)

Step 2 37.3 74,4 L2101 183 113 225 | 66.7
(257) (513) | (1260)

Step 3 392 75.2 L 19.6 189 1478 245 79.8

C(270) (518) | (1303)
Step 4 2.9 78.1 . 16.3 212 484 - 81.9
L (296) (538) (1460) |

Step 5 1006 §1.2 13,1 212 494 | 300 | 85.4
(342) (560) (1460)

Step 6 55.0 85.9 131 216 514 - 89.0
(383) (592 g (1490)

Step 7 59.5 §9.2 L 9.0 211 521 315 | 92.0
(110) (615) | (1450)

Cont-Cool 61.5 | 98.7 L 12.3 466 515 430 | -

901 - 300 (£33) (681) ‘ (3210)

Cont-Cool 60.56 93,0 13.9 422 507 330 -

900-600 (418) (641) (2010)




TABLE 11 Experimental Results, Allov B: 32%Cu, 45.5%Ni, 22.5%Fe

- [] {
Heat Yield UTs Total % do/de Curie A (A) | Hardness |
Treatment Strength ksi (MPa) Elongation ksi (MPa) | Tempera- RB : i
ksi (MPa) | ture °C ! o
Step 1 21.5 67.5 L 39.1 143 396 ; 60.0 L
(148) (465) (986) ;
Step 2 . 51.5 70.1 o 27.4 152 392 : 72.7 A
217 (483 | (1050) .
Step 3  37.6 75,7 205 175 428 i 78.7
(259) bo(522) | (1210) | CL
Step 4 C42.53 L 75.2 15.5 162 466 - | 84.4 L
(292) (518) (1120) o
Ui
Step 5 47.5 77.8 . 13.3 170 492 - 87.2 .
(328) (536) | (1170) €
Step 6 51.0 78.3 14.8 165 518 - 90.6 LU
. (352) (540) (1140) |
| :
Step ~ 54.8 . 82.0 10.4 180 522 365 | 93.2
(378) L (565) (1240) |
Cont-Cool 57.90 . 95.5 14.5 387 515 330 | - ‘
900- 300 (399) L (658) | (2667)
Cont-Cool 54.1 L 81.5 14.0 157 507 140 | -
900-600 (373 L (562) (3150) |




TABLE III

Curie temperature of equilibrium compositions at various temperatures

Step Temperature °C Time Equilibrium Curie Temperature °C
Allovy A Allov B
1 1050 | 2 hr 240 370
2 67 15 min 440
3 T40 20 min 465
4 T00 40 min 485
5 650 1.5 hr ) 500
6 600 3 hr 510
7 550 5 hr 515 | ?



TASLE IV Calculation of Yield Strength for Alloy A
Aging A9 °C % Aa A 8 o, calculated 9, measured
Treatment g Y ksi (MPa) © ksi (MPa)
i |
Isothermal 623 265 I 0.030 6.0084 55.5 (383) 49.7 (343)
Aging :
TTS 205 0.021 0.0059 38.8 (268) 37.0 (255)
2 200 0.020 0.0038 37.8 (261) 37.3 (297)
Step 5 |
Aging 3 ¢ 225 0,023 0.0064 42.6 (2945 39.2 (296)
Al ﬁ 245 0.026 0.0074 48.9 (337) 42.9 (296)
5 260 0.02¢9 0.0082 54.4 (375) 49.6 (342)
A 27 . 0.0306 | 0.0083 55.2 (381) 55.9 (383)
- 275 . 0.051 , 0.0087 57.4 (396) 59.5 (410)
! : i

Yoggiet
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FIGURE CAPTIONS

The pscudo-binary section along the tic-line
of the Cu-Ni-Fe system used for this study
showing the two alloy compositions. The
chemical spinodal was calculated by Rufler(d)
using T = 825°C and C_ = 0.50.

S C
An illustration of the method uscd to design
the step aging sequence. A serics of isothermal
aging @xpcriménts were performed to optimize
(a balance bhetween Rockwell B hardness and aging
time) the aging conditions uscd at cach
temperature for a) alloy A, b) allov B.
A schematic representation of the cntire step
aging treatment.

A schematic representation of the two éoo]ing
rates used (or the continuous-cooling cxperi-
ments. Top line represents a rate of 12.5°C/hr
and thec hottom line represents a 25°C/hr rate.

The Rockwell B hardness of the tensile specimens
followed through the step aging scquence.  The
top curve is for alloy A and the lower curve

is for alloy B.
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A summary of the experimental information on
Alloy A.

(a) Plot of yield stress vs. total aging time.
The numbers correspond to the last aging step
in the step aging sequence.

(b) Plot of Curic temperature vs. total aging
time.

(¢) Plot of wavelength vs. total dging time.
In cach case step aging and continuous-cooling
are compared to isothermal data at 625°C (taken
from Ref. 4).

A summary of the experimental information on
Alloy B.

(a) Plot of yield stress vs. total aging time.
The numbers correspond to the last agingvstcp
in the sten aging sequence.

(h) Plot of Curic temperature vs. total uaging
time.

(¢c) Plot of wavelength ve., total aping time.
In cach casc step aging and continuous - cooling
are comparced to isothermal data at 625°C (taken

{from Ref. §5).
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I'ig. 8, Scanning clectron {ractographs of alloy A after
(a,b) step 1, (c,d) step 3, (¢,0) step 5,
(g,h) step 7. This shows the change from ductile

fracture to intergranular fracture and that

arcas of ductile fracture are prescnt throughout.

e

Fig. Scanning electron fractographs of alloy B

after, (a,h) step 1, (c,d) step 3, (c,f) step

5 and (g,h) step 7. This shows the change

from ductile fracture to intergranular fracture

and that arecas of ductile fracture are present

throughout.

Fig. 10. Scanning electron micrograph of allov A (a)
cooling rate 25°C/hr, (b)) 12.5°C/hvr.  This shows
the intergranular {racture. Also present arce
numerous steps on the fracture surfaces that
are slip steps.

Fig. 11. Scanning clectron micrograph of allov R. (a)
coolinp rate 25°C/hr, (b)) 12.57°C/hyr. This shows
the intergranutar {fracture. Also present are
numerous steps on the fracture surfaces that

are slip steps.
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Fig. 12. Transmission electron micrographs of alloy A
during the step aging sequence. a) after step
o o
2, M~225A, b) after step 3, X~245A, c¢) after
° °
step 5, x-300A, and d) after step 7, A.315A.

Fig. 13. Elecctron micrographs of alloy B after step 7 of
the sten aging scequence, a) x~3ﬁSRq b) shows a
grain boundary unaffeccted hy discontinuous
coarééning while ¢) shows a coarsencd boundary.

Fig. 14. 1JElectron micrographs showing the sninodal
microstructure for the material continuously-
cooled at 25°C/hr, a) Alloy A, A 4302, B)

o
Alloy B, Xx-330A

Fig. 15. Electron micrograph of Alloy A aped at 625°C
for 200 hrs., A-730A. (Courtesv of Ii. P. Butler).

Fig. 16. FElectron micrograph of a) alloy B aped at
625°C for 10 hrs. A~13ORband h) alloy A aged
at 625°C for S hrs. A~1802. (Taken Ffrom Ref.

D).

Fig. 17. Transmission clectron microgrvaph ol allov A show-
ing the unafflected grain houndarv after step
3 of the step acging scquence.  This i1s a grain

boundary typical of the carly stages of the step

aging scquence. Note the absence of grain

boundary coarsening.
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Fig.

19.

Llectron micrographs of allov A continuously-
cooled at a rate of 25°C/hr. a) A low magnifi-
cation picture showing the presence of hoth
coherent and discontinuously coarsenced pgrain
boundaries, b)) A magnificd view of a discontin-
uously coarsened g¢grain boundary, and ¢) a ﬁagnified
view of a coherent grain boundary.

Flectron micrographs of allov B continuously-
cooled at a rate of 25°C/hr. a) A Jlow magnifica-
tion picture showing the presence of both cohercnt
and discontinuously coarsened grain boundaries

and b) is a magnified view of a coarsened grain
boundarv.

Optical micrograph of allovy A after (a) step

2, (b)) step 5, (¢) step 7. This shows the

absence of discontinuous coarsenine and the
presence of numerous voids,

Optical micrograph of alloy B after (a) step

2, (b)) step 5, (¢) step 7. This shows the

absence of discontinuous coarsening and the



e

'“:y.mu

Yo

-471-

presence of numerous voids. The density of

voids in alloy B is higher than that in alloy A.
A comparison of the calculated vield stress

with the yield stress from the step aged material
vs. da/a. The calculation was performed using

) F e . (8)
the theory developed by Dahleren

il )

followine the method of %utlor(‘

and

The measured
yieldvstrcss data is shown vs. the ideal aa/a

as determined from the cguilibrium tie-line
compositions at cach spccific aging temperature.
A composite plot of the measured yield stresses
vs. the measured aa's, as determined from the
Curie temperature measurements, f{or a variety
of aging treatments. The calculated yield
stresscs for alloy A are also shown for
comparison. The isothermal data for alloy A

is taken from Ref. 4 and for allov B Ffrom Ref.
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