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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 namie, 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.

o

%




e T

[/‘Siubrrzl‘t;edto Acta Me?allurgica, ]

UCRL-1690L

UNIVERS ITY OF CALIFORNIA

. Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-ThOS5-eng-48

MEASUREMENTS OF THE YIELD STRESS OF ALLOYS
WITH COHERENT LAMELLAR MICROSTRUCTURES (II)

'S. D. Dahlgren

June 1966




w

and compared with values calculated from a theory for the yield

'(2) The yield stress is independent of the volume fractions of the

 structiuresspresent in the Cu-Ni-Fe alloys studied, (3) Tke yleld sircus

MEASUREMENTS OF THE YIELD STRESS OF ALLOYS
WITH COHERENT LAMELLAR MICROSTRUCTURES (11)

S. D. Dahlgren

Inorganic Materials Research Division of
Lawrence Radiation Laboratory,
University of California,
Berkeley,«California

ABSTRACT
The 'yield stresses of_polycrystalline Cu-Ni-Fe dlloys were measured

tres

0n

of alloys with lamellar microstructures. Agreement between theory and

s

experiment was found for the following points: (1) The yiel
is directly proportional to the difference in the cubic latiice rara-

‘meters of the two structures forming the lamellar microstruciures,

4%

is independent of the interlamellar s acine vresent. L1 aualoion
oW A b

calculations indicate that the demixing process of
tion in Cu-Ni-Fe alloys is inhibited by the coherency strains creat

during decomposition.
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- on structures which form during spinodal decomposition of Cu-Ni-Fe zlloy

 tetragonality of the two structures is caused by elastic stral

. . ‘ 1 ' - . . o
~derived 1n‘Part TI.© The critical resolved shear stress can 0e oObtained

NTRODUCTION

A theory for the yield stress of alloys with coherent lamellar micro-

L ' . ' . s 1 - . -
structures ~is presented in Part T of this work. The theory .is ovased

A

and therelore alloys from this systeﬂ.were selected for checking the

theory. Low telborature decomp031ulon of Cu—\;—?e aTloys produces Two
: . . . . 2-L
tetragonal structures, one wmth c/a < 1 and the other with c/a > 1.

4

for both struc-

0
3

[

iy

The "a" parameter is. considered to be constant and the sam

L

: Rt . . . N v as - -
tures and the 't"parameter is a function of position through the lamellae
ey L,'

43y e

for the microstructure of interest.. Tt -is.:assumed in the theory that tae

5
wn
e
(D
6]
o
o

to maintain coherency of two' structures that, if unattached, would o=

‘cubic. Dislocation motion is consequently inhibited by the stresses

: associated with these elastic strains.

Equations giving the critical resolved shear stress, T ___» &¥¢

datn
s

experlmenbally from oriented single nySual tensile specimens with the

aid of the Schmid factor. howeve*, polycrystalline samplies &re adeguate

to check a number of the points of the theory. Absolute values oI the
=

tensilewyield stress can be calculated on the basis of theories) Tox

el

the. plastic deformation of polycrystalline samples which gilves

yield M app

where the constant m involves an average orientation factor for the siip

systems which operate during plastic flow. For rancom oriented grains,
&7 J ~ ’

m = %.06. When the grains are preferentially oriented, & will in general

differ from 3.06 but will always be greater than two.
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,three-eighth“inchhdiametgr rod, and homogenlzed for three days at 950

. o c s . - . - , :
625°C for a specified time and. then given a subsequent treatmenc av

"450°C for 100 hours. Daniel! has shown that the lengith of

-2 -

EXPERIMENTAL PROCEDURE

Four compos1t10ns of polycryst alllne Cu-~Ni-Fe samples were prepared

and these are designated as alloys 1, 2, 3,. and 4 in Fig. 1 and Table I.

Compositions were verified by chemical analysis. ALloys 1, 2, and 3 lie

on one tie llne. . The alloys were case into one-hal? inch diameter copper

L_.
}..J
«
=
N

molds in an inert utmosphere, forged (alloys 1 3) or swaged (al

O Y sy L0 FQC £

evacuated quartz capsules. Before melting, 0.5 wh.% manganese was added
_to each alloy to aid fabrication. The average grailn size of the nomo-

-+ genized bars was 0.15 mm. Tensile bars with a gauge length o1 1.125 inches

and diameter of 0.160 inches were ground from the homogenized bars, €n-

capsulated in evacuated guartz tubes, heated to 950°C, and quenched in

- water before aging.

5 o2 2 -

Alloys 1-3 were aged at 625°C for various times, or aged Iirst av

“higher temperature fixes the wavelength of the composition fluctuation

while the lower temperature influences the amplitude of the fluctuation.
~

Semples of alloy L4 were aged to their meximuma hardness at 800°C, T30°C,

and 625°C to in dependenuly check the effect of variation in lattice

constants of the two precipltatlng structures. An additional
e 4 a e A o
alloy U4 was rirst aged 6 nours at 625°C and then held 100 hours atb

ro,. . . N . R i - ..
550°C. © Errors in determining the maximum yleld stress as a juncuion

of sging timé were not found to be critical because the :

3

broad for Cu-Ni-Fe alloys (e.g., see TIig. 2). It was necessary Lo Quenit

’ . N e . . s . 5
- the samples after aging at temperabtures above 625°C to prevent structural

changes from occurring viile cooling to room temperature. An Insiron
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Table I.

_5_._

Compositions of alloys 1-4 with volume fractions,
f. and f_,estimated’ from the phase diagram.
. Copper-poor structure 1s. indicated by subscript 1.

Alloy ca Wi Fe £ £,
1 sk 2607 . 8.9 .25 75
2 . - 41.8 hh.8 13,4 .50 ' .50
3 30.7 5.5  16.8 .68 .3@
4 50 35 15 b3 LOT
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‘tensile testing machine was employed

from alloy 4 for the three aging temperatures, 300

vz O - = ) N . ~ . - = R A
730°C and 625°C. A back reflection focusing camera Oz 50 wn racius, ana

2o

tensile yield stress.. The strain rate was .U

stresses were determined by the .02%

-

Lattice parameters of the two eguilibrium e ERatel:

Powder samples of alloy L4 were held 15 days av 800°C, and one

<

unfiltered chromium radiation were used for tae lattice
minations. S

EXPERIMENTAL RESULTS

4

Figure 2 shows the measured yield stress Vversus aging time data for

o

alloy 2. The yield stress reaches its maximum rapidly and maintaing &
value very near the maximum even after 194 hours at 625°C. The other

-
"

alloys (1-3) revealed similar trends at 625°C as did the alloys given

the additional U450°C treatment, but the yvield stresses of censile sx

sens given the additional treatment were shifted

i3

II gives the maximum measured values taken from the yield stress vs. &ging

time curves for alloys 1, 2, and 3 aged at the Two temperatures. The

&8

'S SEalct
wlo

aging time to maximum yield was either 8 hours at 625°C, or & hou
625°C plus 100 hours at L50°C. Table III gives the experimental yield
stresses for samples of- alloy L after aging each to 1its
ness which occurred after nolding for 3 minutes at 300

730°C, and & hours at 625°C. ‘The vield stress oi the
. >4

o s o : : - - N =
vhieh was heid at 625°C for 6 hours and then 100 hours at 55

given in Table IIL.



62,290

Table II. 'Measured and calculated yleld stresses for alloys
S 1-3. Calculated values in the colunns with T = 5.06
and I = 2.75 are respecblveLy for samples with ran-
domly orlenued grains and for samples that have a
preferred orientation of grains caused by fabrication.
Meas 1 ! Yield Streszes
Alloy Aging ?a ured Calc ted ield
Temp. Yield o= 5.06 m=2.75
Stress
1 625°C u7 150 psi 54,550 psi 49,100 psi
2 625°C u7 150 52,270 L7,040
3 6e5°¢C 48,030 50, 740 . Ls,670
1 450°C 63,820 71,280 6l , 650
X 450°C 63,050 68,760 . 51,380
5 450°C 62,900 66,700 - 60,030
Table IIf. Neasured and calculated yield stresses for alloy b
: Calculated values in the columns with T = 5;06 and
m=2.5 are respectlveJy for saﬂﬁWCo with randomly
orLenued grains and for samples that have a preferred’
orientation of grains caused by Tabr ication.
i ! lculaved vield Stresses
Alloy ﬁglng N@afureq Calculaced Yield Stresses
Temp Yield = _ %.06 = _ o5 s
Stress no= o weE e
4 800°C . 29,500 psi 39,770 psi 20 490 osi
L ..-750°c' 40,900 50,330 L1,120
b 625°C 5% ,620 64,880 52,940
i - 550°C 76,220 62,270
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. given by

respectively. When (S,, + S

.

DISCUSSION OF RESULTS

Confirmation of Predicted Trends

. . 1 . s R .
It =is shown in Part I~ that the critical resolved shear stress 1s

T =“lA € fi S )‘ iao (2)
,app J6 P11 T P12/ o

L

'wnere the volume fractlon f is below the critical value of & . Sll and

L

Slg-are elastic compliances, e is the cubic lattice parameter for

structure. 1,-and Aa is the difference;in the cubic :lattice parameters of

structures 1 and 2. For volume fractions f between critical values

}<% to ), the shear stress is given by

(S}
~—

.

T = : {

.app ) <T :> '
5\% | (811 +5,) |

where a is calculated from Eq. (4). ‘Equations (2) and (3) were derived

under uhe conaltlon that (S + SlE)l =(s,, + S " where the subscripts

11 12>2

- ‘outside the-parentheses refer to the compliances for structures 1 and 2,

11 12)1 % (Sll + S12>2 and the volume Tfractlons

aré between the critical limits, the results of Egs. (4) and (5) can be

. | |
N + + £ ( + 2 :
2102001 F1 (511" S12)2 * Ta(Syy * 810 )y (L)

a =

20T (8117 810 )o+ 810Tp (81 ¥ 81005
T --a
o, - (5)
xc (815 ¥5.5) 2
T = - L (¢ 1" O ) | t6>
arPP = /g

combined with: E4. (6) to. give Tapp;' The "a" tetragonal lattice parameter

that is common to both structures 1 and 2 is designated by &, as0 is the



" cubic lattice parameter for structure 2, and O,

+
(s,

=

stress along the length of indivigual lamellae.

Experlmental verification of the uheory is limited to une conc

under which Egs. (5 6) are apnllcdble, i.e., when the volume fractions

.

are between the critical limits. ”hree 31vn1¢10a 1t points are indicated

. by Egs. (3-6) and these will be discussed next.

£©

1. Equation. (5) suggeSus that a plot of measured yield stress versus

Aao would produce a stralght line- passing through the origin, i.e., the

yield stress is directly proportional to Da . Equation (3) requires !

= + t T ‘ ti Lity *a‘ ;-‘“ stres
812)1 Fsll S 2)2 buu the proportionality between yleld stress

~

and.Aao is quite constant for any one alloy even if the sums of the com-

pliances are different. This is difficult to establish analyticairy:
however, a.graphical example shows it to be true. The points ir

designated by squares represent calculated yield stresses (i = 2.5) which

-

 jwefe‘computed for alloy U using Egs. (4-6) where (Sl,1 + 812)1% (8., F S.a)ae

These points lie on the solid line which extrapolates to the origin as

AR}

required by direct proportionality. Figure % shows plots ol uThe

(@]

peak yield stress versus the dif fereﬁﬂe in lattice parameters of

.

equilibrium cubic phases for aLloys 1-3 (01“c¢es) and versus the difference

0]

in cubic lattice parameters calculated from tetragonal latitice parameter

data for alloy Ut (triangles). (The method of evaluating Nz from tetra-

gonal data will be discussed later.) The points on both lines are easily

the case

Cx

within tbe accuracy of the yileld stress data or esnec 2lly, in i
of alioy 4, w1th1n the accuracy of the method of determining Aao from

tetragonal latticeaparameters. The data thus give a confirmation OL

tructures are

N
p—
[
(o]
<
[0]
},_J
o
=
[©]
+
=
[
0
ct
t__l .
O
]
v
O
-
&
®
ct
o
[}
=
[¢]
ct
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Therefore the yield stress does not  change as a function of the vo lume

“these equations. This means the yield stress is independent o1

~lamellar spacing or particle size. The wavelength of the modulated

the same for any’giVen temperature because these alloys all lie on the

same tie line. Table II shows that the maximum yvield stress .is constant

for these three alloys when they have been aged at the same temperature.

I
i

ooy

fraction. iThe small changes in the calculated yield st tresses (UolLb

Egs. (4-.6)) with changes in volume fraction'mainly reflect the differences

theelastic compliances of the two structures. Because the

'4y1eld stresses do not chanwe with changes in volume fraction, the

converse is indicated, i.e., uhefe is no difference in the elastic modulil
.of the two structures. Thus £g. (3), which shows no dependence upon
volume'fraction,fcan be‘applied.

fhe'conditions under which Eq. (6) is valid were checked Tor alloys
1 and'B because they have volume fractions very near the critical va

where Eq. (2) becomes applicable. It was found that Eq. (6) could bve

applled to both alloys w1th1n the uncevtalnuj of establishing t
fractions for alloys which lie on the tie line for alloys 1-3. The cx-
perimental results in Table II show EBq. (6) to be valid.

3, The modulation wavelength, A\, does not appear in the ecuations

for calculating Tapp although it is considered in the derivation of

a ~

structure is directly related to the a ging time. ’ values ©

wavelength measured by Hillert et al.” on their alloy H, an

alioy with a composition near to that of aLioy 2, are p

theses at the appropriate times in Fig. 2. These wavelengths are given

in numbers of atomic planes. It is clear from Fig. 2

stress does not vary greatly with aging time or modulation wavelength.



- factors of Egs. (l) and (5) or, in a more complicated way, on Zgs.

-

Sources of Data

The slopes of the lines in Fig. 5 depend on the piODOTb¢OPd ity

- o

N
p—t
-

and (k- 6) In order to make caLculquons using txeoe equations, the re-
quired data for Cu—Nl-Te alloys must be assermbled. The sources of these

data will be discussed:next;

1.7 J)

1.  Volume fractions. were obtained in all cases from Tae pnase

" diagram with the a1d of the Lever 1aw. These values are incorporated

in Table I. w1th the alloy comp051tlons.

2. The elastic compliances for the component structures were

“estimated by first assuming that the elastic anisotropy of the coppex-

_ rich structure is the same as for pure copper,and that of the copper-

pooy styructure is the same as for pure nickel. Values of Young

modulus were’obtained for pure copper and for copper-nickel alloys O

.about the same compos1tlon as that of the precipitating cop*e"—rich

,structure._ The elastic compliances LOT the copper-rich structure were

then estimated by scaling down the pure copper elastic compliiance

“in the ratio of the Young's modulus of pure cOpper to the modulus of the

copper ~nickel alloy. A similar method was used For the copner-poor

Suructure but this tlme nickel daua were scaled up in uhe ratio of the

_YOung's modulus for pure nickel to that of the proper nickel-iron alloy.

This is justified by +the eguation uued for calculating Young's moaulus

ingle crystal elastic data if the anisotropy of the alloy and the

waee element sre the same, i.e.,

f.?_ /g + ._.SL"LL._
5\"12 2 "1l

=i+
1
wn

- R
wn

—

\/
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Table IV. Elastic modulus and compliance data and estimates us
' to compute yieid stresses of aged Cu~ii-i Y
‘References are given by lower case letters. Data on
lines 3 and 4 were used for yield strength.calcu. o
4 1

' .12
- Line Material  Young's Modulus ILlastic Compliances 10 1 cn /dyme
- 6 _ . S S.~  S.i.  8,.+ S
10 p S 11 32 g 1l j.?

1 mckel . 30 .80 .31 . 0.84° k9
- . - R e . a ~r
2 Copper : 17 1.hk9 .03 1.3 .86

3 65Ni-35Fe - 26% 923 =-.358 . 565

i 70Cu-30Ni 22 1.150 -.L85 L5655

5 . 60Ni-LoFe 058 .960 -.370 . 500

6  8ocu-20mi 21 est. 1.205 -.510 - 655

Taylor, L., Ed., Metals Handbook (American Society for Vetals,

Cleveland, Ohio, 1943) p. 600.

' Tbid., p. 906.
Tbid., p. 925

Mason, Warren P., Physical Acoustics and the Proverties of

(D. Van Nostrand Co., Inc., Princeton, N. J., 1958) ». 358.




-published by Bradley et al.lo' The compositions of the phases in

on the same alloy (Cu,,Ni Fe, ) for the same annealing temperature. Those

' %
“tion, Hargreaves” gave tetragonal lattice parameters IOTr CuWONiYi

1l-.

f
LS
~

Here E is Youhg's modulus (for polycrystals); Sli’ 5,55 and Sy)

AV

elastic compliances of individual grains; and the 2/5 factor arises from

(<}

‘an average grain orientation consideration. The ecugtj on shows that a
‘proportlonal change in each of the eLesL;c compliances will result in an

inveise change in E.  The required data for making estimates of the

elastlc compliances are included in Table IV. The yalues from lines 3

'andfhabf Table IV were used for alloys 1-3, and those from lines 5 and

' 6 were used for alloy L calculations. The sum S.,, + S,, is also included

11 12
because it regularly appears in the equations.

- 3. _Lattice constants (in kx unlcs)_xor the cubic phases in equili-~

= 2 do -~

e brium‘in_alloys-l-3'were,obtained from the lattice parameter contours

brium at the given temperatures were obtained from the Cu-Ni-I'e pnase
diagram. The constants obtalned from uhe literature for alloys 1-5

and the cubic lattice parameters which were determined from samples o

alloy 4 after.they had been annealed at the given temperatures are Laown

in Table V. Values of a calculated from Egq. (L) are also given in

V.

£

The lattice parameters measured on the semple of

iy

been annealed at 800°C agreed with the values obtalned by Hargreaves

! : q-

10077
parameters are good to approximately four significant figures. In addi-

Py

to the tetragonal stage at three temperatures and these parameters are

4

evroduced in. Table VI. A comparison of the

Table V with the measured values in Tabie VI shows a

This is consistent with the initial assumption that coherency straing

“are causing the tetragonal distortions.



Table V. ~ Cubic lattice parameters established throug
references 1 and 2 for alloys i-) an
L4 of the eguilibrium cubic phases wii
at the given temperatures. Bquation (&

. n

. S = calculate a.
“ i Alloy  Aging Cu-~Poor ‘Cu-Rich Aao ~ Calculated
- Temp. Structiure =~ Struciure v a
. a a .
10 , 20
. 1 625°C  3.558 kx 3.577 kx  .019 kx  3.572 kx
o 2 65t 3.558 3577 3.557
23 625°c 3.558 S 3.577 - - 3.563
1. bs0°c 3.555 ~ 3.560 - 025 - 5.515
2. 450°C.  3.555 3.530 _ 3566
3 k50°C 3.555 3.560 - 3. 562
. o o} o]
L - 800°C 3.57T9A 3.59kA L0154 ~ 3.587A
4 730°C  3.57k - 3.597 . 023 " 5.586
L 6e5°C  3.570 - 3,600 . 030 3,535
Tablé'VI. Tetragonal'lattice'parameter ;
' used to calculate the cubic 1
structures which form in aliloy 4 sa
second stage of decomposition.
asterisks were obtained from
Equation (7) was used to calculate a.
Aging - . Cu-Poor Cu-Rich Calculated Values
~ Temp. ‘ , tructure Strucoure . = s
| : cl/a~ 02/a 10 720 )
; . [e] o Q
. - 800°C  3.586A .995 ~ 1.005 3.5734  5.593A .CLBA
o K - - . . .
Co- 730°C 3.586 A 3.576  3.595 G19
B ; 650°C  3.566 .993 _ 1.008 3.57% 3.%593 .02
£25°C - 3.586 _ 3~5757 5-5985 2
500°C  3.586 - .991 1.010 3.572  %.601 . 029




o .

effect which has been mentioned previously. Because th

- measured cubic lattice parameter data (solid line) excevpt a

" Strain energy'increases with the square of the strain and therefore bec

1%

Hargreaves'-tetragonal lattice parameters, a and c, were substituted

.into Eq. (7) to:establish the cubic lattice parameters bn/en in

‘Table VI for ‘the consultuents making up the lamellar microstructure.

. . _ B
. » . 1 { Y -
g = (5. + )c 25‘ A7)
o " 5,5, (11 127§

The difference in measured and calculated cubic parameters shows an

1

1\

for different temperatures in Tables V'and VI, the comparison can best

be made on a graph. - Figure 4 shows that the cubic parameters calculated

from tetragonal lattice parameter data (dashed line) lie inside the

-temperature. Thls indicates that strain energy which increases at Low

temperatures during the tetragonal stage of the transformation inhibits

the approach of the two structures to their equLlerLum compositions.

significant at larger strains. The method of calcule‘nﬁg a ‘s from

tetragonal data (Bg. (7)) appears to be right because of the close ag

ment of the calculated values with the measured values at the smaller

strain, i.e., for the alloy aged at 800°C. Tae values of a_used to

-determine Aao.at 625°C and T730°C.for the graph in Tig. 3 were btaszen at

the appropriate temperatures from the dashed lines in Fig. L,

~

Caleculated Yield Stresses

Calcu7ated yleld stresses which apnear in Table II for alloys 1->

" were obtained usin Egs. (1) and L 6). In this case & was obtained
) . ( .

from the cubic 1autjce oaraﬂete“ using Bq. (k). Tae calculated yield

tetragonal a parameters while a_'s were computed from Eq. (7). Direct

e values are given



Y

" ‘substitution of a, )
"'gave‘uhe desired -results. for alloy 4. Two values of m ( Eg. 1)

"The’calculated yield stresses given in the column oI

) 12 R . .
_tequre is retalned after anneallna. The Schmid factor for [100]
‘erystals would be equivalent to using m = 2.45 while that for (1311

‘grains would correspond to m = 3.68. Because [100] is the more favo

2.45 and 3.06 would be appropriate for calculating the absolute valu

annealied bars. For example, rolled samples aged at 730°C J“u 025

and a in Bg. (5),and use of qu. (1

m

10’ 40’

o~

~ The values in Table II with m = 2.75 and'Table III with m = 2.5 take

1

consideration the prelerreq orient atloq which occurred during fabric

-These two.particular values of m were selected because they gave the

fit to the data.

The samples used in checking the theory were forged or swaged

_Which gives rise~to a texture with some grains having {100] near the

.ten31le axis and others with [lll] parallel to the bar amls.l This

~

<~

L

"orientation of the two for slip, grains in this orientation will contrs

more to the initial yielding process. Therefore an m constant teiwe

of -the yleld atvesses for fabricated polycrys ine bara.

PreLerrea orilentation was observed to be ir DOfuahu. Tensilie

‘samples of alloy 4 made from severely cold rolled and annealed stock

d
b

with the tensile axis the same as the rolling directilon had

lover yield stresses for the same heat treatment than the swaged and

e Y-tdal
A

'-had'yield stresses of 56,000 and 43,300 psi while ﬁhe-corresponding
‘swaged bars had yields of 40,900 and 55,600 psi, respectively. Roll

stock of this material has been shown to have a [112] ychgwre' orie

-

C : . . 12,13
tion aldng the rolling direction >4

Ta es II and 1l

which 1s very near to the orien

(02N
R

®
-
[¢]
[l
4]
@
e

with m = 3. 06 are for polycrystalline bars with randomly oriented grains

a7T1i0n.

o’

0]

(s
|

."'"O]C

[RVISRVE RGN ¢4
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"wn;ch gives a mlnlmum value to m, i.e€., 0 2 2.

were ;aorlcatea by forglng while alloy L sarples

.,difference<in fabrication proceaure could result in the slight aifference
in m observed in Tables II and III for the best data Tit. ALsO, the
.elastié ﬁoduli of the structures wh{ch precipitatﬁ in alloys 3—5 are
ifferent from those of the styructures which Torm in elloy & and it is
extremely hard to account exactly forv%his difference without making ex-

'perimental meéSuremenfshén single crystals of these components. Because
“the élopé of the yield stress versus the difference in the cupic lattice
parameters plot is dencndent on both T and the elastic. constants, the
use of an m to glve the oest data it is intended uO normalize th
known di¢ferences in both texture and elastic moduli. The agreemént
~without these corrections is good,con51der ng the uncertainty in
the elastic moduli for the Dre0101bat1n" structures. WO attempt was
mgde to correét'for changes in modull of structures which chahge cornpo -
sition at different aging temperatures.

- The rolled samples discussed above were not guencined after aging

[=}

‘wvhile the swaged bars were, and therefore the 750 C

of 36,000 psi is slightly'larger than it would have

‘been quenched after aging; The effect of harden ing during
tﬁe aging température was markedly observed on samples égex at O
Samples Qf alloy I aged and relat .vely slowly cooled ‘had a maximum nard-
ness of RBBQ'while.those quenched after the aging treatment had a maz i
?hardﬁess o+ RBO9 Also, because the translormation is hard to contirol

at high tew@eratures, it .is probablc that the

aglnv tlme curve was not attained exactly for
 and this would explain why tne 800°C yield stress appears to

(qf..Fig.‘6 and Table III).
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‘of alloys 1-3 after the 450°C treatments. Wakelin and Y:

was not observed. That is, the increase in yield of the allcoys 2

that ordering is occurring in the copper-pcor struct

Effect of COrdering
It was at first. thought that long range ordering of the copper-poor

structure (Ni5Fe) was partially responsible for the increzsc in yileld

that NiBFe with up to four atomic percent copper will order on siowly

cooling from 510°C to 400°C. It is difficult to pféve the presence of

~order in NiBFe by x-ray or other techniques so it was not certain that
the copper-poor structure did order at L450°C. However, the trend in
15

the yield stress increase indicated by an order-strengthening theory

= _ e , .
at 450°C over those aged at 625°C did not show a large dependence on
volume fraction of the ordered structure but instead exhibited a consz

increase for all volume fractions (cf. Table IIL). This constant increase

culated magnitude of the strength increase. To eliminate the complica-

. - tions of the ordering phenomena, alloy 4 was aged at four temperatures

above the ordering temperature. The yield stress data for ailoy bofit
the' theory nicely and therefore it is certain that the yiela increase

of alloys 1-5 aged at 450°C over those aged at 625°C is due to increunsed

'

<3

n
,. 1
O
1!
'_l

coherency strains and is not due to ordering. The strong vos

4

ur

0]
o
a)
i
Ut
O
°
«

“suggests that ordering of lamellar precipitates does not cause large
- -strength increases. It is well-known that materials which will order

o PR e e PRGN N e 5 1 . ’ EEFala) . . EN = T edn s o R A 5 | P S S
40 0% show significant differences in vyield stress belween the unoraercd

and the fully ordered state.
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~in the cubic lattice parameters of the two structures forming T

‘spinodal decomposition. in Cu-Ni-Fe alloys is inhibited by the coher

17~
i

i
A

SUMMARY AND CONCLUSIONS

—~n ~

The yield stresses of polycrystalline Cu-Ni-Fe alloys wex

and compared with values calculated from the theory presented in

' . 1 L . . . e s
of. this work.  Agreement between theory and experiment was found 1or vae

 following points:

1. The yield stress is directly proportional to the diliference

lamellar microstructure.

o

2.: The yield stress is independent of the volume Iractions of Tl

 structures present in the Cu-Ni-Fe alloys studied.

%, The yield stress is independent of the modulated structure.

wavelength present which means it is independent of interlamellar

spacing. .

In addition, calculations indicate that the demixing process O

1 2

strains created during decomposition. Finally, the possibili

0]

ordering.ofithe copper-poor structure was causing the observed sirengin

increases was discounted.
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Fig. 1

R N . o - . Ry
- Isothermal section for 600°C of the Cu-Ni-Fe bhase Qlagl

Measured room temperature yield stress vs aging tin

. (copper-rich structure) are given as a funcition of

20~

TIGURE CAPTIONS

i

showing the compositions of alloys 1~ investigated in this

study. Only the portion of interest away from the iron

“corner i1s included.

P - . . X .
625°C for alloy 2.. Numbers in parentheses are approxXimat

modulation wavelengths given in numbers of atomic planes.

- Measured yield stresses for alloys ) (circles) and alloy

L (triangles) vs the difference in cubic lattice parameters

of the precipitating structures. Squares represent val

" calculated for alloy 4 (@ = 2.5).

- Measured values of a.,. ( copper-poor structure) and 2y

o

-+ temperature and are designated by squares and solid lines.

Values of 210 and 250 calculated from tetragonal lattilce

. parameter data are given by circles and. dashed lines.

-




% Cu

[

A

{0
i~
w
o

0

o
£lon



B 8

| i T 7 Vbl i ¢ [ T i i l‘l]ll

©

% .
o. ;
o
= 200 o T
-, (44) (e8) (82) (114) (144) -
o oy i ! [ i

'_tO.L' o o B " -

0 L xl;xlxl‘ A 1.1111‘11 L J'LJH!.%
“As | o 1O 100 20
guenched | |

Aging time (hr)



. 3 . .
ress (107 psi)

s

S

yield

%\/’I_e asured

Difference in cubic iaitice
| AR
o Aa)

0

-

ol

P>

G

(&3]

=81
o

L)



@

(c)

Temperatiure

800

750

700

. 650

600

a
-
\
3 i
- ‘g -
0
)Y
<
y
' '
; ~ :
i uzo L
| | | | §
3.570 3.580 3.520 3.600
o
Lattice paramefters G and Oy (A)

MuB-10537



=]

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.






