
Correlation of Yield Strength with Internal
Coherency Strains for Age-Hardened Cu-Ni-Fe
Alloys

S.D. DAHLGREN

The maximum yield strengths for a given ag ing temperature were measured for age-
hardened Cu-Ni-Fe alloys. The yield strengths were found t o be proportional t o the dif-
ference in cubic lattice parameters of unstressed precipitating phases and independent
of other factors such as precipitate particle size and precipitate volume fraction. The
yield strength dependence on lattice p a r a m e t e r differences alone indicated coherency
stresses controlled the yield strengths. An analysis of the yield strength b a s e d only on
internal coherency strains and stresses subsequently led t o the derivation of an equation
for the yield strength, i . e . ,

m
Cryield = - ~ (C11 + C12 - 2C~w/C11) ~ a-&-,

where ~'~ is the Taylor factor for converting from s ing l e crystal s h e a r s t r e s s t o poly-
crystalline tensile s t r e s s results, Ci:i a r e s ing l e crystal elastic stiffness constants and
Aa is the difference in, and ao the average of the cubic lattice parameters of the precipi-
tating phases. The equation indicates the yield strength is dependent only on the internal
coherency strains and independent of particle size and precipitate volume fraction, as
observed. The correlation of the experimentally measured yield strengths with the e q u a -
tion was quite good.

THEdependency of yield strength on precipitate
size and spacing, precipitate volume fraction, and in-
t e r n a l coherency s t r e s s magnitude was investigated
experimentally for age-hardened Cu-Ni-Fe alloys.
Precipitate size and spacing depended on time at the
ag ing temperature, 1,2 precipitate volume fraction
was controlled by alloy composition, and the magni -
tude of the internal coherency s t r e s s e s depended
on the relationship between precipitate lattice p a r a m e -
ters and precipitate compositions.~, 2 The composi-
tions, and thus the coherency s t r e s s e s of the precipi-
ta te phases, depended on ag ing temperature as indi-
cated by the increased solubility of both phases with
increased temperature shown by the miscibility
gap in the suido-binary phase d iagram constructed
parallel t o the tie lines through the Cu-Ni-Fe alloy
compositions investigated. The age-hardened Cu-Ni-
Fe alloys contained coherent N i - r i c h and C u - r i c h
phases 3 that were in the form of alternating t e t r a -
gonally-strained platelets.3,4 Coherency requirements
caused the two normally fcc phases t o have tetra-
gonal crystal structures with c / a lattice parameter
ratios <1 for the Ni-rich phase and >1 for the C u - r i c h
phase. Platetets were parallel t o the t h r e e {100} cube
planes. A m o d e l%6 was used t o correlate the yield
strength with the internal coherency strains that were
produced by aging.

YIELD STRENGTH MEASUREMENTS

Solution treated, quenched and aged Cu-Ni-Fe al-
loys were tested in tension to determine the yield
strength as a function of ag ing t i m e , precipitate vol-
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ume fraction and ag ing temperature. Four composi-
tions were tested (F ig . 1 and Table I). Compositions
1, 2 and 3 were picked t o lie on a common tie line so
that the effect of volume fraction could be investi-
g a t e d for a given ag ing temperature without changing
the compositions of the two precipitate phases (F ig .
1). The composition for Alloy 4 also can be designated
CuloNiTFe3.

The alloys were cast into 1/2 in. (13 mm) diam cop-
per molds under an i n e r t atmosphere. Alloys 1 t o 3
were forged and Alloy 4 was swaged t o 3/8 in. ( t0 mm)
diam rods and homogenized for 3 days at 950°C in
evacuated quartz capsules. Tensile samples with a
gage length of 28.6 mm and gage d i a m e t e r of 4.1 mm
were ground from the homogenized r o d s . The tensile
samples then were solution heat treated at 950°C in
evacuated quartz capsules and quenched in water p r i o r
t o age-hardening heat treatments. P r i o r t o melting,
0.5 wt pct Mn was added to each alloy t o aid fabrica-
tion. The average gra in size of the homogenized
tensile samples was 0.15 mm.

The effect of ag ing time on yield strength was ob-
s e r v e d for Alloy 2 for ag ing t i m e s from 15 min t o
200 h at 625°C. Rockwell hardness measurements
also were made on the tensile samples t o determine

Table I, Compositions and Precipitate Volume Fractions for Alloys 1 to 4 .
The Volume Fractions for the Ni- and Cu-Rich Pt'azses w e r e Obtained from the

Phase Diagram and are Given b y f l a n d fg, Respectively

Composition, At.Pct Volume Fraction
Alloy Cu Ni Fe f~ f~

1 54.4 36.7 8.9 0.25 0.75
2 41.8 44.8 13.4 0,50 0.50
3 30.7 52.5 16.8 0.68 0.32
4 50 35 15 0~43 0.57
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Fig. 1--Isothermat section of the Cu-Ni-Fe phase diagram
for 600°C (Ref. 7). Numbers 1 to 4 designate alloy positions
used in this investigation. The Ni-rich phase is givenby ~/i
and the Cu-rich phase is givenby Y2.
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Fig. 2--Tensile yield strength v s aging time at 625°C meas-
ured for Alloy 2. Numbers in parenthesis designate the modu-
lation wavelength, i . e . , thickness of Ni-rich and Cu-rich plate-
let pairs. The modulation wavelength was measured by M.
Hitlert, et a l8 for the same alloy composition and for the
heat treatment times shown.

Table II. Measured Yield Strengths for Alloys 1 tG 3 A g e d t ~
M a x i m u m Hardness at 625 a n d 4 5 0 ° C

Yield Strength, MPa

AgingTemperature, °C Alloy 1 Alloy 2 Alloy 3

625 325 325 330
450 440 435 435

whether or not maximum hardness o c c u r r e d for the
same ag ing time as maximum yield strength.

The effects of precipitate volume fraction and heat
treatment temperature on yield strength were ob-
s e r v e d for Alloys 1 t o 3, and the effect of heat treat-
ment temperature was studied for Alloy 4. Two ten-
sile samples each of Alloys 1 t o 3 were aged t o t h e i r
maximum yield strength at 625°C. One sample of
each alloy was tensile tested a f t e r ag ing at 625°C and
the other sample was aged an additional 100 h at
450°C p r i o r t o tensile tests. The sequential h e a t -
treatment permitted the precipitate size and spacing
t o be developed at the higher temperature and the
precipitate compositions and thus the magnitude of
the coherency strains t o be developed at the lower
temperature. Individual tensile samples of Alloy 4
were aged t o maximum yield strength at 800, 730, and

348-VOLUME 8A, FEBRUARY 1977

Table III, Measured Yield Strengths for Alloy 4 S a m p l e sA g e d t o M a x i m u m
Hardness at Temperatures from 550 to 800°C

Aging Temperature, °C YieldStrength, MPa

800 200
730 280
625 370
550 430

625°C. An additional Alloy 4 sample was aged t o
maximum yield strength at 625°C t o fix the precipi-
ta te size and heat-treated an additional 100 h at 5500C
to establish the magnitude of the coherency strains.
All samples were tensile tested at a strain rate of
0.0175 cm/cm/min . Yie ld strengths were d e t e r -
mined by the 0.02 pct-offset-strain method.

YIELD STRENGTH RESULTS

The tensile test results showed that the yield
strength depended only on the heat treatment tempera-
t u r e , Fig. 2, Tables II and III. The yield strength was
not at all sensitive t o e i t h e r ag ing time ( i . e . , particle
size and spacing) or precipitate volume fraction for
the volume fractions studied (Table I). Samples of
Alloy 2 that were aged for t i m e s from 1 t o 200 h at
625°C had yield strengths that differed by only 15
MPa, and the sample aged for 15 min was only 25
MPa below the maximum yield strength of 325 MPa
(Fig . 2). The modulation wavelength (F ig . 2) increased
from 120 t o 260A for ag ing t i m e s from 15 min to 12 h,
and because platelet thicknesses for Alloy 2 were
about half the modulation wavelength, the yield
strength therefore was nearly° independent of plate-
let thickness for ptatelets 60A t o over 130A thick.
Rockwell hardness results on the Alloy 2 tensile sam-
ples showed the same trends with ag ing time as the
yield strength results. Thus, t o r e d u c e the number of
tensile tests, ag ing time t o maximum hardness was
used t o determine the ag ing t i m e s t o maximum yield
strength for the remaining tensile test samples.

Maximum yield strengths for Alloys 1 t o 3 were in-
dependent of volume fraction within the accuracy of
the measurements, but they were clearly dependent
on ag ing temperature (Table II). Alloys 1 t o 3 aged at
625°C all had maximum yield strengths of 325 MPa,
and they had maximum yield strengths of 435 MPa
when aged at 450°C (Table II). A sample aged at
625°C and 450°C was aged aga in at 625°C for a short
t i m e . The hardness of the sample returned t o that
m e a s u r e d for a sample given only a 625°C ag ing t r e a t -
ment, i , e . the effect of the 450~C aging treatment was
completely removed by reheat-treating at 625°C.

Maximum yield strengths of Alloy 4 tensile sam-
ples also showed a dependency on ag ing temperature
(Table III). Yield strengths v a r i e d from 200 MPa for
800°C t o 430 MPa for 550°C.

COHERENCY STRESSES AND PLASTIC FLOW

The difference in the cubic lattice parameters of
the two precipitating phases d e c r e a s e s with i n c r e a s -
ing ag ing temperature as the compositions of the
two precipitating phases change, so the results indi-
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cate the yield strength is dependent only on the magni -
tude of the internal coherency strains. Any analysis
of the yield strength also must account for the inde-
pendence of yield strength on volume fraction and pre-
cipitate size.

Assuming the tetragonal crystal structures for the
coherent Ni-rich and C u - r i c h platelets were due t o
elastic strains, the Ni-rich phase would be stressed in
biaxial tension and the Cu-rich phase would be
stressed in biaxial compression. The biaxial stress
in the x and y directions in an individual platelet
parallel t o the x - y plane was derived previously~ to be

_ 2C~2 ~ [1]a x x = O'yy = ( C n + C12 Q1 " e x x '

where C/j are elastic stiffness constants and e x x is the
s t r a i n in the x direction. Thus,

-a- ao [21e x x = _ _ ,
ao

where ~ is the " a " lattice parameter common to the
two coherent phases and ao is the cubic lattice par-
a m e t e r for the unstrained phase under consideration.
The stress ezz n o r m a l t o the platelets was assumeds
to be zero for the derivation of Eq. [1].

Shea r stresses resolved from the b iax ia l coherency
stresses on the slip plane in the direction of an a/2 [10T]
B u r g e r s vector were derived5 to be r = ~xx//,/-g-
for either N i - r i c h or Cu-rich platelets oriented
parallel t o (001) planes, r =-axx/C6-for (100) plate-
lets, and r = 0 for (010) platelets. The s h e a r s t r e s s
was zero for (010) platelets because the B u r g e r s
vector was parallel to the plane of the platelets,s,9
Unless the platelets are oriented for zero s h e a r
stress, the s h e a r s t r e s s alternates in sign from one
parallel platelet t o the next, as shown by T = a x x / ( - 6 ,
because the s t r e s s a x x alternates from tension t o
compression for adjacent N i - r i c h and C u - r i c h plate-
lets.

For slip t o occur, dislocations must pass through
intertwined platelets of t h r e e orientations as shown
by Butler and Thomas, 1° Ham, e t a l n and in Fig. 3.
Dislocations with ~/2 [10]] B u r g e r s vectors are in-
hibited, i . e . pushed backwards (negative s h e a r stress)
by (001) platelets in compression (T = axx/~/-6) and by
(100) platelets in tension ( T = -axx//~/-6). Platelets
oriented parallel to (010) do not influence a¢/2 [10i]
dislocations because T = 0. Extensive bowing of dis-
locations through regions w h e r e T = 0 does not occur
because the platelets of the t h r e e possible orienta-
tions are intertwined (Fig. 3). Dislocation r a d i i of
curvature due t o the internal coherency stresses were
calculated 5 t o be 200 t o 350/], for the ag ingconditions
used in the present study, but the platelets were only
60 t o 130.~ thick (Fig. 2). Dislocations with such
large r a d i i of curvature relative to the precipitate
platelet thickness would appear relatively straight
as the curvature changed direction from platelet
t o platelet, and indeed relatively straight disloca-
tions were observed in transmission electron m i c r o -
graphs of aged Cu-Ni-Fe alloys by Ham, Kirkaldy and
Plewes. n Dislocations appear wavy only for Cu-Ni-
Fe alloys aged t o have much thicker platelets, e . g .
300A thick.1°

For yielding deformation t o occur, dislocations
must be generated at a s o u r c e and move outward
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F i g . 3--Micrograph of Al loy 4 aged 15 rain at 775°C showing
the intertwined n a t u r e of precipi ta te platelets in aged C u - N i -
F e a l loys . The micrograph was obtained by E. P . B u t l e r and
G. Thomas .1° (Photo courtesy of Acta Metal lurgica . )

as loops until the applied s t r e s s pushes them com-
pletely a c r o s s a g ra in . Dislocations will experi-
ence no net f o r c e if they c r o s s platelets~ or are ori-
ented parallel to those platelets that exer t no s h e a r
stress, e . g . (010) platelets interacting with ~t/2 [10i]
dislocations. Portions of dislocation loops oriented
parallel to platelets that exer t a s h e a r stress, how-
e v e r , will be trapped between phases~ and will be in-
hibited by the phase that exerts a retarding s h e a r
stress; the stress will be retarding for P h a s e 1 for
one platelet orientation and retarding in P h a s e 2 for
the second platelet orientation. The third platelet
orientation will exer t no resistance.

Dislocation segments in the loop that are adjacent
t o trapped segments but are not parallel t o the plate-
lets will move until they too become parallel to the
platelets and also are trapped. Thus the length of
dislocation trapped between phases continuously in-
c r e a s e s until the entire loop is immobilized. The
s t r e s s t o move immobilized dislocations then will de-
pend on the s h e a r s t r e s s in the retarding phase. Thus
half the dislocations will be retarded by the s h e a r
stresses in P h a s e 1 and the other half will be re-
t a r d e d by the s h e a r s t r e s s in P h a s e 2. Straight dis-
locations that are trapped at platelet boundaries will
not be trapped over t h e i r entire length, however, be-
c a u s e individual platelets of one orientation are in-
tersected by platelets of other orientations that
exer t no net f o r c e on the dislocation. A straight dis-
location parallel to platelets in Fig. 3, for example,
thus would appear t o be trapped over about 2//3 of its
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length. Consequently, fo r yielding to occur , the aver-
age applied s t r e s s will be

1 2 , i 2
[3J

where r f is a fr ict ional s t r e s s , r~ is the absolute va lue
of the s h e a r s t r e s s fo r platelets in tension (Phase 1)
and r~ is the absolute va lue o f the s h e a r s t r e s s fo r
platelets in compression (Phase 2). The two 1/2 fac-
tors in Eq. [3] a r i se because half of the dislocations
are re ta rded by one phase and half by the other .

Upon substituting r~ = v%x/~r-d and r2 = -axx~,/~f6
(the sign is changed because crxx2 is compressive and
therefore negative) fo r the s h e a r s t r e s s e s , Eq. [3]
becomes

Tapp = y + (~x~ - O~x~)/3~. [4}

The equations fo r the s t r e s s e s and s t r a ins (Eqs . [1]
and [2]) can be substituted in Eq. [4], and although not
necessary, the elast ic stiffness constants are a s -
sumed to b e the same in both phases. Thus

TaPp= 3,f66 - - - ~ - n / \ a,o - - ~ : 2 0 -
[5]

The s t r a ins in Eq. [5] are s m a l l s o it is permissible
to approximate aw and a~o in the denominator with no,
the average of a,o and a2o. On consolidating the terms,

d r o p s out in the numera tor and

1
(C~i + G ~ - [6]T apP = 7"f + 2C~2~ A~

where Aao = aeo -- a~o. Eq. [6] indicates the yield
strength is directly proportional to the difference in
cubic lat t ice parameters and independent of all o t h e r
parameters . The only term that was dependent on vol-
ume fraction, ~, dropped out and thus the equation in-
dicates the yield strength is independent of volume
frac t ion . Even though the volume fract ion dependent
term ~ d r o p s out, Eq. [5] is instructive in showing
which phase contributes the most to the magnitude of
Tapp" It was found from earl ier work~ that the r e l a -
tive strain in each phase is inversely proportional to
the volume frac t ion . Thus Eq. [5] shows that the
larger strain in the th inne r phase will contribute p ro -
portionally more to Tapp than the smaller strain in the
th icker phase.

C O M P A R I S O N O F C A L C U L A T E D A N D
M E A S U R E D Y I E L D S T R E N G T H S

Eq. [6] indicates the yield strength is proportional
to Aao, and indeed plots o f experimental yield strengths
v s ~,ao fo r Alloys 1 to 3 and Alloy 4 (Fig. 4) show j u s t
such a proportionality. Both plots extrapolate t o zero
a t Aao = 0, which indicates rf if quite small. An earl ier
analysis of age-hardening fo r similar systems by
Cahn9 indicated the yield strength would be propor-
t iona l to the square of the coherency strain magnitude
and also dependent upon particle spacing. Clearly,
ne i the r the coherency strain nor particle size d e -
pendencies observed in the p r e s e n t study fit Cahn 's
r e su l t s . Maximum yield strengths obtained during
the late stages of aging were studied fo r Cu-Ni-Fe,
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however, and Cahn's resul t s probably fit much b e t t e r
during the early stages of aging when the yield
strength is rapidly increasing, e . g . fo r 0 to 15 min at
625°C, Fig . 2. O the r investigators 1°'12 of the yield
strength in Cu-Ni-Fe suggested an inc rease in yield
strength magnitude with composition difference fo r a
range of aging conditions, but no genera l relationship
appeared to universally explain the yield strength fo r
the complete range of aging treatments given their
Cu-Ni-Fe alloys lo,~z Latt ice parameter differences
are nearly proportional to composition differences fo r
the a l loys studied,~°'12 so their resul t s indicated the
yield strength magnitude also was approximately p ro -
portional to differences in lat t ice parameter , as ob-
s e r v e d in the p r e s e n t work fo r aging times that p ro -
duced maximum yield strengths fo r a given aging tem-
pera tu re .

Tensile yield strengths were obtained using Eq. [6]
and the equation, Cryieid = m T app, where ~ is the Tay-
lor fac to r and is about 3.06 fo r polycrystalline sam-
ples with randomly oriented gra ins . Thus, assuming
r / = 0,

Crvietd =3-'-~ Cn +

Eq. [6] is equi,raient to a n equation previously re-
C ~ - ~ C , z / C ~ , = ($1~ + S1~) .ported %~ because Ct~ + ~ 2 -x

Textured samples have different va lues fo r -~, and the
samples tested in the p r e s e n t study were expected to
have lower values fo r ~ because of a tendency to form
a [100] f iber texture dur ing processing. The va lue of
n--~is 2.45 fo r [100] c rys t a l s .

Yield strengths were calculated fo r the Cu-Ni-Fe
a l loys fo r correla t ion with the experimentally meas -
u red yield strengths. Est imated elast ic stiffness con-

0 ALLOYS 1-3 / O ~
4 ~

~_300

1N1

0 i ~ ~
o O.OLO o.020 o.o30

DIFFERENCE IN CUBIC L~TTICE
PARAh~ETERS, Aao, A

Fig. 4--Yield strength vs difference in cubic lattice parame-
ters for Cu-Ni-Fe alloys aged to maximum yield strength at a
given aging temperature. Individual points were measured
experimentally and solid lines were calculated, Precipitate
lattice parameters depended on precipitate compositions,
which were established through the equilibrium diagram by
aging temperature. Alloys 1 to 3 were selected on one tie
line so the Cu-rieh and Ni-rich precipitates in all three al-
loys had the same Cu-rich or Ni-rich composition for a
given aging temperature. Moreover, the composition of each
precipitate p h a s e had the s a m e d e p e n d e n c y o n a g i n g t e m p e r a -
ture for all three alloys.
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Table IV. Comparison of Yield Strengths Calculated from Eq. [7] with
Measured Yield Strengths. Lattice Parameter Data Used to

Determine ~=ao ware Taken from Refs. 7 and 13

Aging Yield Strength, MPa
Alloy Temperature, °C Aao,A C a l c u l a t e d Measured

1 to 3 625 0,019 330 325
1 to 3 450 0,025 435 435
4 800 0,015 225 200
4 730 0.019 285 280
4 625 0,025 375 370
4 550 0,029 435 430

s t a n t s w e r e ( R e f . 6) Clx = 2.2 × 105 M P a a n d Q2 = 1.5
× 105 M P a (C1~ + Cz2 - 2 C ~ z / C n = 1.65 × 105 M P a ) f o r
A l l o y s 1 t o 3 a n d Cn = 2.11 × l0S M P a a n d C12 = 1.44
× 105 M P a ( C n + C~2 - 2C~z,/Czx = 1.58 x l0 s M P a ) f o r
A l l o y 4 . L a t t i c e p a r a m e t e r s u s e d w e r e ao = 3 . 5 7 4 f o r
A l l o y s 1 to 3 a n d ao = 3 . 5 9 A f o r A l l o y 4 ( R e f s . 7 , 13).
C u b i c l a t t i c e p a r a m e t e r s f o r t h e p r e c i p i t a t e p h a s e s
d e p e n d e d o n l y o n p r e c i p i t a t e c o m p o s i t i o n s , w h i c h in
t u r n d e p e n d e d on a g i n g t e m p e r a t u r e . L a t t i c e p a r a m e -
t e r d a t a w a s o b t a i n e d f r o m R e f s . 7 a n d 13 f o r e v a l u a -
t i o n o f Zxao a s a f u n c t i o n of a g i n g t e m p e r a t u r e a s s h o w n
in T a b l e I V a n d F i g . 4 f o r A l l o y s 1 t o 3 a n d A l l o y 4 .

T h e bes t f i t of t h e d a t a u s i n g E q s . [6] a n d [7] ( T a b l e
IV) was o b t a i n e d w i t h ~ = 2.75 f o r A l l o y s 1 to 3 a n d
~-~ = 2 . 5 f o r A l l o y 4 , a n d t h e s o l i d l i n e s t h r o u g h t h e
d a t a p o i n t s in F i g . 4 c o r r e s p o n d t o t h e s e v a l u e s f o r
- ~ . U s i n g - ~ = 2.75 a n d 2.5 a p p r o p r i a t e l y , Cryield = 1.73
x 104 (£Xao) f o r A l l o y s 1 t o 3 a n d a y i e l d = 1.5 x 104 (Aa)
f o r A l l o y 4 . T h e p r o c e s s i n g f o r A l l o y 4 ( f o r g e d ) was
s l i g h t l y d i f f e r e n t t h a n f o r A l l o y s 1 to 3 ( s w a g e d ) ,
w h i c h w o u l d a c c o u n t f o r t h e o b s e r v e d d i f f e r e n c e in Tff.

T h e e l a s t i c s t i f f n e s s c o n s t a n t s w e r e a s s u m e d t o be
t h e s a m e f o r b o t h p h a s e s in t h e d e r i v a t i o n o f E q . [7]

f r o m E q . [4] a n d t h e r e f o r e a l so f o r t h e a b o v e c a l c u l a -
t i o n s o f y i e l d s t r e n g t h . R e s u l t s c a l c u l a t e d p r e v i o u s l y 5
f o r t h e s a m e C u - N i - F e a l l o y s u s i n g d i f f e r e n t e s t i -
m a t e d e l a s t i c s t i f f n e s s c o n s t a n t s f o r e a c h p h a s e jus-
t i f i e d t h e a s s u m p t i o n b e c a u s e t h e y w e r e w i t h i n t h e ob -
s e r v e d e x p e r i m e n t a l a c c u r a c y o f t h e r e s u l t s o b t a i n e d
in t h e p r e s e n t p a p e r .
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