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Clark and McEvily (10) investigated Al-4%Cu aged for
@ (fully hardened), and found that cyclic strain produced
very narrow (1.5f,or less) bands free of precipitate which
were full of dislocations. Reagelng after fatligue restored
the preclipltate to its original form. Coffin and Tavernelll
(11) found departures from Coffin's law in-2024 alloy and
7075-T6 and attributed this to instability of the precipi-
tates. Abel and Ham (12) investigating Al-4%Cu, did not ob-
serve resolution but concluded that faillure to do so 1s ex-
plained by the fact that complete resolution is a highly
localized process, probably occurring only near the surface
at persistent slip bands, and localization of slip is greatly
intensifled by resolution during fatigue thus causing a low
fatigue ratio.

The results for low temperature cycling support this
argument. The softening is much more abrupt (since the re-
solution of precipitate 1ls suppressed due to decreased mo-
bility). Loss of alloy hardening can still occur to some ex-
tent by a purely mechanical process (second and third cutting
on the same slip plane through a2 G.P. zone); however the fat-
igue strength is much increased.

1.2 Fatigue Properties of Capper Alloys

The relation between fatigue strength and tensile
strength 1s more varlable for copper alloys than for most
other metals, as may be seen in table (1l). The S. N. curves

do not usually show a fatigue limit, and the fatigue strength






1.3 Nucleation and Growth - Spinodal Decompositlon

The classical equilibrium diagram of a binary alloy
system shows the boundarles between ranges of homogeneous
and heterogeneous equilibrium and their dependence on con-
centration and temperature. A homogeneous solid solution
which on cooling passes such a boundary 1s assumed to precip-
itate forming a mixture of two phases with different concen-
trations. The equilibrium diagram and the equilibrium theory
however give no information about the kinetics of the process,
or the intermediate states present during precipitation.

As a matter of fact, in the heat treatment of alloys
for technical use the objective 1s very seldom the equilib-
rium state. Thus, good mechanlcal properties are connected,
for the most part, with some intermediate state, which is
thermodynamically unstable, and as such, from a theoretical
polnt of view, the properties should be expected to change
with respect to time.

According to generally accepted views, precipitation
is ruled by two, more or less independent, phenomena; the
formation of nuclei of a2 new phase, and the growth of these
nuclei. There 1s a tendency for the vel@city of growth to
increase with increasing temperature due to increzased mobil-
ity of the atoms. When an alloy is supercooled below the
solubility 1limit into the range of two phase equilibrium,

the fluctuations will now and then,at some point give rise









Interest in the system was stimulated through a
discovery by Bradley (16) who noticed that upon slow cool-
ing a sample of CU4N13F9 from 1ts homogenlzation temperature
a transitional precipitate developed prior to the formation
of the two equilibrium F.C.C. phases. Analysls of the X-ray
powder diffraction photographs showed that certain F.C.C.
lines were definitely split, eg. (222) wheras others were
not eg. (400), (420). The only possible interpretation was
that two finely divided tetragonal lattlices were forming,
one having an axlal ratio just greater, and the other just
less than unity. The fact that the (hkO) reflections were
sharp and {001} reflections were broadened, suggested that
these lattices fitted together as alternating lamellae on
the $001% with a common c axis. Further work by Bradley et
al (16) indicated that this phenomenon could be detected in
alloys covering the complete range of compositions within
the two phase range on the equilibrium diagram.

The system was considered by Daniel and Lipson (17)
and they assigned the appesarance of these sidebands to a
regular diffusion of cublc lattices into alternating Cu rich
and Cu depleted regions and from comparing two such envisioned
periodic variations (one in atomic scattering factor, and the
other in lattice parameter by slimulating a one dimensionszl

model and calculating the expected diffraction effects) they
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Hargreaves thus viewed the decomposition as a precipitate
modulating the matrix lattice, the transformation proceeding
by a normal nucleation and growth process. Very clear d4dif-
fraction patterns were obtained and satisfactory agzreement
between theory and experiment was claiwed. However, his
experlimental work is in some doubt, as results from micro-
scopic examination suffered from the precipitz=te being too
fine to be resolved and results were determined from a gen-
eral darkening of the etchant to show it up. The asyumetry
found 1n the sldebands was ascribed to the compositions of
the alloys investigated as being slightly to one side of
the miscibility zap, and this vas substentially confirmed
both theoretically and experimentally by Balli and Zak-
harove (21) and by Tiedems, Bouman and Burgers (22).

Geisler (23) investigated some of the well known
magnetic materials and included CuNiFe in his study. He
examined the structure of the slowly cooled material (which
represented a very overaged stage of precipitation) noting
a striking Widmanstatten appearance with the plates on {lCO}
hablt planes. The effect of cold work was found not only
to accelerate the reaction, but also to impart a preferred
orientation to the parent grains thus producingz a2n orientzt-
ion dependance of the precipitetion in the direction of

rolling. Hibbard (24) found the texture after 957 reduction
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zones, nor accounts for their initial formation.

The classical concepte of nucleation were first
applied to metallic systems by Becker (32) who derived an
expression for the interfacial energy between the precip-
itate and the matrix by considering it as an exchange re-
action. Borelius (33) emphasized the importance of graduzl
changes before attainment of equilibrium and concluded thet
there should be no barrier to nucleation within the spin-
odal.

Hillert (34) was able to develop a solid solution
model allowing for composition variations in one dimension
only (from the zeroth aporoximation of nearest neighbour
interaction) and he used this to calculate the free energy
for a series of states in the decomposition of the homo-
geneous solution. He plotted a free energy surface as a
function of wavelength and amplitude and showed that the
solution was only unstable to wavelengths greater than a
critical wavelengthA‘ and that these could increase in
amplitude to a metastable state prior to the equilibrium
state. The thermodynamic criterion for internal stability
yielded a difference equaticn and one class of solutions
was appllicable to systems such as CuNiFe. This indicated
that a periodic variation of composition modulating the
perent lattice vias consistent with a2 reduction of the free

energy of the system. The actlivation energy was shown to






15

duce a periodic structure and could thus be a possible mech-
anism for the initial formatlon process. They then concluded
that the kinetic model was applicable whereveY the barrier
to nucleation was small and the Guinier model would be re-
stricted to compositions close to the solubility limit.

Cahn (37) developed the theory to take into account
the effects of the surface tension and the elastic energy
of the precipitate's interface.(as 1t was well known that
these factors would tend to suppress the decomposition)
Representing a sinusoidal composition fluctuation with
wavelength %; throughout the homogeneous solid solution of
composition Co by

C = GC,+ A cos (y)
he calculated the corresponding difference in free energies
per unit volume as
2 2 2
Voo ARE . B ]
wherer‘ is the linear expansion/unit composition change.
Infinite wavelength impliesp = O, so that the condition for
instability AF= 0 reducss to
¥r = -2m’E/ (-p)

which glves the original spinodal condition form = O. This
equation demonstrated that surface tension prevented decom-
position of the so0lid solution on too fine a2 scale without

altering the criterion for stability. Cahn nevertheless





















and superston bronze.
Fatigued structures were also investigated by cut-
ting the fatigued specimens(with a modified continuous

spark cutting arrangement) into discs 0.125" in dizmeter
by 5-15 mils thick.
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resulting in a small degree of hardening.

As the purity of the melts increases (heats 6,7,8,9)
the tenslle properties decrease with a corresponding great
increase in ductility. All fractures were transgranular. It
was nowWw poseible to realize the full hardening potential by
precipitation heat treatments at low temperatures producing
high concentration amplitudes. However the increase in ten-
sile properties realized from the optimum heat treatments
(640°C/l-3hrs) was much smaller than onewould expect. Com-
paring the maximum tensile properties of heat 6 at 640°C
to Hillert et al (36) it may be concluded that optimum
properties correspond to a modulation wavelength of approx-
imately 100 atomic planes (360 A). However, subseguent
electron microscoopy performed by the author on this material
showed a modulation wavelength of roughly 220 A. The typical
structure present is shown in figure (11).

It was observed that optimum tensile properties
could be obtained by heat treatments at 640°C for 1-3 hours.
Corresponding electron microscopy however shows radically
different structures that were observed after one hour
(figure 12) and two and one half hours (figure 1l ).

The ageing sequence thus appears to be as follows:
roughly spherical particles grouved rather haphazardly which

link up» to form rods which in turn coarsen. ‘e are thus in



agreement with the general agelng sequence outlined by Tufton;
however it took much longer to develop the same structure in
this investigation. (Tufton reports the linkage occurring af-
ter 45 minutes at 600°C; we find that 90 minutes at 640°C is
required). Tufton reports that he could find no particular
preferential grouping for the particles; however if very thin
areas of the films are examined, (figure 12) one can dis-
tinguish a tendency towards preferential alignment. This
plcture shows (Oil) and (110) traces.

Usually, the rods were always perpendicular, ir-
respective of foil orlientation and 4id not lie in the ex-
pected {001} . In this investigation, stereograms always
showed precipitation accurately along {110} « This 18 in a-
greement with Tufton, but at odds with theories previously
outlined.

Heats 8 and 9 showed slightly improved U.T.S. values
but also did not evince the expected increase in nardening
from the ageing treatments. It would appear that the greatest
effect of heat treatment was an lmprovement in the elastic
limit.

The Cu-4%Co alloys (heat 4) showed very good benefits
from the ageing treatments but were very susceptlible to over-
ageing. It was found that it was necessary to solution treat
the material approximately 50°C below the liquidus temperature
and as a result severe poroslty developed in the fatlgue spe-

clmens. A heat of lowser cobalt content was made such that a
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Cu and NiFe (refer to figure 10). However this phase diagram
is calculated to be slightly asymmetric, indlcating slightly
differing interaction energies. For the following calculation
however, they shall be conslidered equal.

Now, for T , X Fvn - o
>dc*

1°F . O_ -2Z0+ KT¢

Noce~ ~ T ¢(1-C)

end thus: T_= CzZd (1-C)/K

- ' _ N, [kT - 229 1
MR c(1-C)

l

N, [KTC(Z_G‘%K ]
N K [TG E-CTC]

N,Ka T
c(1l-C

Equating the second derivatives of the free energy terms:

2 2
NVKAT — 2m E N z‘k F
c(1-C 1 -n
[‘T] N kar - m E *E
ZkG(1=C) _—)

& (- R
N, =numpber of atoms/unit volume =~ 1/a>
ka2xTe 3/, and for f.c.c. 2/ = 5

| T T.| a%c(I=%) 2K(1 - )

Thus, [-rr]z 1 (2arT - 3m E ]
A
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strain amplitude stress amplitude/E

= 40,000/1.7x107

= 2.35%x1072
The plastic portion is then estimated to be roughly 1% of
this. Thus the plastic strain amplitude per cycle is of the
order of 2.35X10™°. Total plastic strain after 90,000 cycles

1s then:
. €p = ZNE,; /eyel<

= 2X90,000X(2,35X10™2)

= 4,2 = E€Ex
However, the slip is concentrated only in active persistent
8lip bands T75% of the volume. Thus in a persistent slip
band, €x = 4.2/0,75 = 5.6, and substituting bpack into our
original equation ( and assuming that the vacancy production
per unit strain is of the same order of magnitude in fatigue)

Cy = 5.6x107%

Now the bracketed term in the diffusion equation is si.ply
De , and by considering values of D, for Cu in Wi, (56) one

can then calculate d , which is approximately equal to

1.5X10**. D is then calculated to be:

D % (2.55x10~8) x1.5:00 421225, 6410™% exp (~2m/xT)

)\
= 3.28X10"7 ezp (-3a/kT)
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Qp 1s the activation energy to move a vacancy ln electron
volts. Taking Q  to be roughly 1/3 Q, where Q is the mean
activation energy for diffusion in CuiiFe (35), we obtain
Qy to be 55,000/3 = 18,300 calories/gram mole, which is
0.8 electron volts. Thus;
D = 3.28X10"%4 exp (-0.8/1/40)
= 3.28X10_18 cme/second
The mean distance for diffusion is given approximately by
the relationship:
X = V2DT
where T 1s the total time elapsed during fatigue which is
roughly 60 minutes, thus:
x = V 2x60x60:3.28x10-18
= 15 A

which 18 the correct order of magnitude considering the
errors involved.

Calculations made from figure (35) 1indicate that
the copper rich and copper impoverished regions are 35 A,
and 25 A respectively. It would then appear that reprecip-
itation during fatigue at room temperature is both kinet-
ically and thermodynamically feasible.

The specimen fatigued for 370,000 cycles shows a



further mode of precipitation, figures (42),(43). Measurements
on the dark phase (spherical particles) indicate a mean diam-
eter of 20-30 A. There are two feasible explanatlions which
present themselves: an intsermedlate stage of reversion, or

a further stage of precipitation.

A thin fillm of the 90,000 cycle specimen examlined
after one month at room temperature showed a precipitate,
figure (37) which appears to be analogous. It 1s observed
that both also show traces which are conslstent with those
of {110} planes. This would then discount the resolution
hypothesis and it is concluded than some form of Ostwald
Ripening effect is occurring on a very fine scale. Thils
may be possible due to the high vacancy concentration and

to the high degree of supersaturation involved.

42
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but at odds with the bulk of the literature. However the
time sequence is much slower than that reported by Tufton)
5/ All of the CulNiFe alloys investigated gave very
good fatligue ratios., Fatigue strengths at lO6 both for
annealed plus ageing and swaged plus agelng were roughly
40,000 psi. The best fatigue strengths reported for the
Cu alloys seem to be found in the Cu-2%Be alloys, and the
superston bronzes; both being of the order of 48,000 psi.
However, it should be noted, that these values are re-
ported for rotating bending which give values up to 20%
higher than those found in direct stress (v). Thus, the
fatigue strengths of the CuNiFe under rotating bending

conditions may be as high as 45,000-49,000 psi at lO6

cycles.
This would then give fatigue ratios of approximately O.6-
0.65 which is considerably superior to any other Cu alloy.

6/ There is some indication that carbon bearing, ox-
ygen free CuNiFe may realize greatly superior U.T.S. values
than those found in this investigation (for carbon free
material). Fatigue strengths may be also considerably
higher, approaching those of the high alloy steels.

7/ The high Cu alloys of the CuNiFe series investigat-
ed exhiblted a.pronounced discontinuity in the fatigue curves

at 10%-10°

-10~ cycles. There appears to be some correlation to
the general notch sensitivity of the material ( the large
gralilned annealed curve exhibiting the smallest discontinulty

and the fine grained swaged material exhibiting the largest
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discontinuity). The discontinuity could then be explained
by an intrinsic variability in notch sensitivity caused by
re-precipitation, as postulated by Mori (44), and Panseri
(45): the re-precipitation phenomenon is observed by the
author.

8/ CuNiFe 1s much less susceptible to varying grain
slze during fatigue than are most other covper alloys. (the
fatigue ratios for 1.5 mm and 0.04 mm are 0.48 and 0.50 re-
spectively)

9/ Examination of fatigued CuNiFe reveals that a re-
verslon-repreciplitation-ageing process is occurfing. Cal-
culations show that Ac at room temperature is 25-30 A and
it 1s then postulated that relative displacement during
fatigue "slices" the modulation until eventually the seg-
ments remaining are less than this value and thus re-
dlssolve. However, due to the great vacancy production,
and to the thermodynamic implications of spinodal decomp-
oslition, re-precipitation occurs but on a much finer scale.
This "new" modulation then ages during dynamic fatigue by
some form of Ostwald Ripening effect.
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than those exhibited by nucleation and growth type alloys,
due to the thermodynamic implications of spinodal decomp-
osition.

7/ An investigation incorpvorating hysteresis meas-
urements which could indicate the effects of wavelength
and amplitude variation on the relative values of the
elastic and frictional forces upon dislocations, and how

they change during cycling.
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nal was imposed across the primary and dead welights were
placed on the moving freme. The secondary potential was
connected to a high gain stabilized oscilloscope (prov-
ided by Dr. i. B. Ives) and recorded by a cathetometer.
Peak heilghts were then recorded for different dead wéights
and a plot of dead welght versus cathetdmeter readling was
made. In the same way, a plot of dynamic load versus
cathetometer reading was made and a third plot (fig.3)

of dead welght versus dynamic weight could then be con-

structed.












technique will produce 2-3 good films from each initial
foil.

After the desired heat treatments, the fatigue
specimens were ground to the desired shape and were then
electropolished. Technique was not as stringent as prev-
iously outlined; temperatures up to -10 C could be toler-
ated. If a black deposit begins to form on the speclmen
during polishing, the solution must be renewed. (200 ml
will polish 5 specimens)

60



Table 1

Material Condition Tensile Fatigue
Strength gength
o /R. B.
(tons/in“) (tons/in )
Cu Drawn 30% 19.6 11.2
70/30-Cu/Zn " 214 25.4 14,0
60/40-Cu/Zn " 247 38.8 21.4
87/10/2- " 10% 41.4 20.6
Cu/AlfFe
68/31-Cu/Ni " 33% 3644 18.1
95/4 /O 5- " 50% 4301 19o2
Cu/Sn/P
97/1.5/1.5- - 41,7 20.6
Cu/Si/Zn
98/2-Cu/Be Drawn 89.5 1686/
fully hard 10~ cyc-
plus Prec. les
hardened







Heat Treatment Elastic Uu.T.S. Fracture
Limit
PeSoel P.8o1l.
6 2) #+630°c/ 54,400 88, 500 vd,t
4 hrs.
2) #+630°c/ - 86,000 a,t
8 hrs.
2) #+630°c/ 55,500 84,800 a,t
15 hrs.
2) #+630°c/ - 87,000 a,t
27 hrs.
2) as swaged 92,000 101,000 a,t
4 2) * 36,800 67,000 d,t
2) #+640°c/ 46,000 75,200 d,t
1 hr.
2) #640°c/ 44,000 70,200 a,t
4 hr.
2) #+640°C/ 39,000 56, 000 a,t
8 hr.
2) #+640°c/ 35,000 58,000 d,t
15 hr.
2) as swaged 60,000 70,000 vd,t
3) #+640°c/ These speclmans showed vorosity
2 hr.
5 Annealed 880 31,000 vd,t
°c+ 640°C/2 hr.
7 #+640°C/2 hr. 52,500 76,500 d,t
swaged + 640°¢c/ | 76,500 91,000 a,t

2 hr.




Heat Treatment Elastic U.T.S. Fracture
Limit
DP.S.1. P.S.1.
8 2) % 49,700 69,000 d,t
2) swaged 95, 000 119,000 d,t
2) #+640°C/ 46,000 76,600 d,t
1 hr.
2) #+640°Gc/ 56,000 82,500 d,t
3 hr.
2) ¥+640°c/ 47,500 81,000 d,t
8 hr.
2) *+640°c/ 45,000 78,000 d,t
15 hr.
9 2) * 37,000 80, 000 a,t
2) swaged 94,000 110,000 d,t
2) #+640°c/ 52,000 76,000 d,t
3 hr.

Annealed at 1850°F 1-2 hours.

Tensile tests performed on Hounsfleld

Swaged from 0.4" to 0.1" cold without intermediate heat

treatment.

brittle failure
ductlle fracture

very ductile
intergranular faillure

transgranular failure




Table 3

Heat %Cu %N1 %Fe %Co ZAL c 0 Grain
ppm  pom Size
1 53.6 32.2 14,2 - - 20 to - 0.5
1000 mm
2 55.4 31.1 13.5 - - 60 343 0.05
am
3 80 5 5 - 10 - - -
4 96 - - 4 - - - 0.03
mm
5 98 - - 2 - - - 1.5
mm
6 66.3 19.2 14.5 - - - - 1.5
mm
7 65.4 17.5 17.> - - 31 80 0.04
mim
8 10,6 24,6 64.8 - - - - 0.06
mm
9 21.2 40,8 38.0 - - - - 0.05

mm




Table 4

Heat Dynamilc Number of Fatigue
Stress Cycles to tio at
p.s.l. Failure 10° Cycles
5 17,000 18,000
15,000 106,000
13,300 252,000 0.36
11,800 435,000
11,400 1,512,000
6 48,700 1,000
Annealed 41,000 21,000
Ag;ing 37,000 53,000
35,500 211,000 0.48
55,500 310,000
33,000 723,000
32,500 1,634,000
6 34,500 1,000
Annealed 27,500 82,000
23,600 511,000
0.41
23,000 540,000
22,800 764,000
22,000 1,181,000




Heat Dynamic Number of Fatigue
Stress Cycles to Rgtio at
p.s.i. Faillure 10® Cycles
7 52,500 24,000
Annealed 48,000 44,000
Aé:ing 42,000 105, 000
41,000 219, 000 0.50
40,000 403,000
39,500 532,000
39,200 1,056,000
7
Swaged 57,500 11,000
As;;ng 50,500 102,000
48,500 190,000
46,000 325,000
44,200 328,000 0.43
43,000 375,000
40,000 446,000
39,600 582, 000
373500 2,852,000




Heat Dynamic Number of Fatigue

Stress Cycles to Rgtio at
p.S.i. Failure 10% Cycles

8 44,400 9,000
43,000 51,000
40,000 84,000
39,000 183,000 0.5
39,000 410,000
37,900 1,257,000
37,600 2,334,000

9 54,000 2,000
42,500 76,000
41,000 210,000 0.50
39,800 870,000
57,000 2,134,000




Table 5

Author Alloy U.T.Se Fatigue Fatligue
Strength Ratio
D.S.i. p.B.i. ad
(57) (1) 128,000 55,000/10° 0.43
(2) 109,000 38,300/106 0.35
(58)  (3) 116, 000 51,000/107
(59) (4) 110, 000 42,000/108

#¥-~Rotating beam
(1)-Xantal B (Ccu/Al/Fe/N1-81/10/4/4 ), 890°C/2 hours 620°C/1 hour.

(2)-Xantal ¥ (Cu/Al/Mn/Ni/Fe/~75/8/11/2/2 %), 850°C/2 hours
600°G/1 hour.

(3) (cu/Al/N1/Fe-80/10/5/5 %), hot forged.

(4) Superston Seventy, (Cu/Mn/Al/Ni/Fe-60/30/8/1/1 ) furnace
cooled at 7°C/hour.



420
X 3% silicon|% manganese alloy, drawn 39%
< Grain size prior to cold work)
N LTI T
\J'. (Anderson, Swan and Palmer
X\‘
t10 cg\\\
**:f“ ~70/30 Brass (Sinclair and Craig )
0
85% copper I15% zinc i
0:032 in sheet onnealed
(Burghoff and lBlorkJ I)l
0001 o-0l 0 1-0 10
Mean grain dic., mm
450
400
350 /
300 /
DYNAMIC *
READING
(pounds)
200} /
150 o/
100 / /
SO o
0 so 100 IS0 TRUE DYNAMIC READI'A{G 350 400

(pounds)
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Fig. 17 .M. curve for heet E.
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rig. 18. S.J. curve for heat 9.























































