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EVIDENCE FOR STACKING FAJ;LTS IN MULTIAXIAJ, STRAINED ALPHA-BRASS*

R. B. Roof

Los

Loa

INTRODUCTION

Alamoa National Laboratory

Alamoe, New Mexico 87545

Aa part of a program studying the effects of large strain deformation
resulting from multiaxial loading to a variety of materials, a thin-walled tube
(0.46” O.D. X 0.02” wall thickneaa) of 70-30 Bruas was subjected to strain
deformation in the following directions 1) along the tube axis, E - 0.3393;
2) circumferential around the tube ‘surface, c = -0.0121; 3) perpendicular to

~ ,Ieacribes the reaulta of anthe WR1l thicknaaa, CR - 0.3514. This rcpo.t
x-ray examination of the external surface of the tube by the line-broadening
technique.

EXPERIMENTAL TECHNIQUES

Examination of the Shdpe of nn x-r~y diffraction line profile ia a tech-
nique whereby information can be obtained concerning the condition of the
materi61 on an atomic scale. CryatnlJite sizer lattice strain, and lattice
stncking faults are items that can be obtained.

genera~-~rocedures

Since descriptions of th(
u~ually employe? nre available Ln standard literature rcfe-

rencea the detailed procedures wili not ‘be deecribed further in this
report. A Fourier couffjcient computer program waa employed to aid in the

5.6 A unique febture of the prcgrnm la the inclusion cfannlyaie of the peak ahap
equationa due to Wilson - to calculate Rtandard deviation of the Fourier
coefficient directly in terms of the experimental intensity expreaaed aa counts
per second. The standard dcviationa were further propagated (with covariance
included) throu~h the complex divi~ion ncces~ur] to nrrivc at Fourier coeffi-
cients free from instrumental nbbcrntluns.

The experimental sample used in the x-ray diffraction cxnminntinn wae
formed ae iollowa. Three pfecua were cut from the ~trained tune approxim~tely
0.50” long in the axi~l dirc~tion and 0,]25” wide in the pcriphcrfil direct~on,
mounted in plnatjc, and mctallo~rnphicnlly pollshcd to provide n flat surface of
(),5” x 0.5° of the cxturnal face of the tube. Similnr acct{ona obtnined from an
un~trained tube were u~(~d ne rcfcruncc mntcrinl.

.-.—--—.,.— .- . .-..
*Wr)rkperformed under the nusplr(~a of the l)~~pnrtmontof Ihrrgy.



a -brass io a face-centered-cubic
obtained from lene

i
-mquare~ ●xtrapolation

1’
aa = 3.6651t3 .. For the referenco

o
●

material a
v

techniques,
❑aterial the

.
the lattice constant, .

for the strained aamplo
value la a = 3.6840tl

o

F~r the material under examination the reflections 111 and 220 arc
relatively sharp while 200 and 311 display broadening. The reflection 222 and
400 Lave extremely weak intensities, barely above background, and reliabla
measur~menta on these reflections cannot be obtained. The reflections 331 ●nd
420 are available but with weak inteneitiea and they are not included in the
present analyaia.

A full tetalled analyaie of”all the diff~action data was ❑ade utilizing
the general procedure preser,ted previously. From this analyeia it was
determined that the following approximations are valid for the present
inve~tigation: the double stacking fault probability, a“- Is ●ssentially zero;
the redidual stress, U, Is virtually nil; and the crystallite siza 10 In exceoe
of approximately 2000 n, the practic~l upper limit for determination by x-ray
diffraction technique. These assumptions/approximationa allow conaiderabla
Simplifications of the equations foz d~termining the scpar~tion of the compnund
stacking fault parameters from one another.

DATA ANALYSIS

The norm~lized unfolded Fourier ccofficienta (c - (A2+H2)~) for the

four reflections cxamtned are plotted in Figure 1. Two general uete arm

observed; those cocfficicnta belong to the relatively sharp linen 111 and 220
and those in the HCCCInd act belongin8 to broadened lines 200 nnd 311.

~2+k2+:lJ ‘igure
2 the Fourier cocffic cnts fire

i

plotted as a function of

for conntant L, with L = 100 aa a typical example. It is to be
noted thnt in Figure 2 the Fourier coeffic~cnta do not fall on a ~fnglc curve.
The depnrture from a common curve lH indicative of stacking fnults in tha
❑ntcrial. It is demired to fit the typical data of Figura 2 to the general
cxponcntjnl equntfon y = n.exp(bx). Thin in u~unlly cons fur the different
orders of rcflcctlono from the samo set of ptirullel lnttice planca. Since no
fiecond or higher ordurh nrr flvailnble the fjttfng i~ done with tha ticlccted

pnira (111,22C) nnd (200,311). Table 1 ljstm the intcrccpte unrlnlopce obtained
from the ncler.tcd pairs. AIRO list~d ie the nvcrngc ~l[,pe.

‘f%c root mcnn Mqunred Btrain, EF2, cnn bc c~~lrulntrd from the
fll(lpcof the Fourlcr corfficicnt curve fll,,ctionof h2~li;!2Pli)ttcd IIR II
utillzlllg ~he foll[wlllg rquntlon

2=
n2

‘:l! “;2:2;2”
-- (- flll)p!l)

a
(1)
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Figure 1. Normalized i:nfolded Fourier coeffi-
ciencs for four reflections for plane
strained alpha-braao.
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Table 1. Intercepts and s pea as a function of L for plane stained
alpha-braea. Obtaint by fitting data of Figure 1 to the general
equation y = a.exp(bx)

(111,220)
L, (R) Intercept Slope

25

50

75

100

125

150

175

200

225

250

-...

0.992

0.968

0.921

0.852

0.800

0.742

0.671

0.621

0.571

0.533

-0.00412

-0.01334

-0.02488

-0.03388

-0.04680

-0.05700

-0.06621

-0.07906

-0.08680

-0.09965

(200,311)
Intercept Slope

0.962 -0.00304

0.840 -(J.OO91O

0.702 -0.01737

0.559 -0.02272

0.443 -0.02533

0.343 -0.02841

0.265 -0.03037

0.190 -0.02773

0.133 -oao~604

0.076 -0.02202

Average .
Slope

-0.00358

-0.01122

-0.02113

-0.02830

-0.03607

-0.04271

-0.04829

-0.05340

-0.05645

-0.06084

-—. . . . . .. . ... . ...-—. —-—- -------- ._. _ _-— -— .-— — —— - .—— .— - - ——

The Htrains determined in this manner nre plotted in Figure 3 aE a
function of L. From the vnrintion in Figure 3 it is eslimnted tl~at the locnl
strnin ~H rqunl co 0.00225 at L = O.

Thu Fourlcr cry~tnllftc ~izc cucfficicnta, the intercepts of T~blt 1, ure
p)ottrd ns a function of L in Figure 4. The lntcruection on the L nxis of a
line dr~lwn through tile linear portion of the curve yield nn

1
effective

k
crystall tc size, D . For the pn~r~ in Figllrc 4, De = 450 for (111,220)
tind200 for (200,3!1).

The srparntion of compound stocking fnultb nnd true cry~tnllitc s~zc from
tllccffrtitlvc cryntcllite size iH ;tccompli~lledby plotting I/f) nn a function
oi V(hkl). V(hkl.) is a conHttint for a gtvcm value of hkl a~d r~flecte the
rnnl rlhution to tl]e totP1 nb~crvcd line profile of the varioun reigned

,WM,,,,I,IO?-J
pcrmutatlo a.of hkl thnt nrc nffectod by Mtncking f~)ulI:e. ‘1.qblcsof V(hkl) nre

In Fl~ure 5 l/D ICI plotted vor~us V(hkl) for 111 and 200, Lhe f[rnt
hkl’H of the Hcl@cted ~Mlr~ Of rCflvctlunfI. Tllc lntcrccpt in Flgurc 5 i~ the
wrfprornl of the true cryntallftc HIz@, t); by fixing it nt zero we ~ntinfy tha
nnn~lmptll)nthnt the rryst-nllite Hlze cxcL*(sdH 2(100A. The HIIJpQ of Ffgure 5 io
,1(1~1,1] I() (1.5 ~’ + 1.5~” +p)/11 Vllorc fl’ * the probnh{lity of finding a
NlnRlo ~lfnrkfn~ fnult Iw[wrn Ynofgh )orfng Ill pliII}(sr4; ~“ - t.lie dmhlc :{tncking



fault probability; arv’ 0- the twin fault probability. with a“ assumed to be
negligible the slope reducee to (1.5 a’ + (3)/so. From Figure 5 the value of
(1.5 a’ + ~) = 0.01850t12.

A value for a stacking fault combination haa been obtained and n second
value from a different equation ia needed to separate the stacking faulti., The
lattice parameter,

%pl’ -
calculated from a paak-

reflections of fcc ma eriala dependa on the true
ference (a’ - u “j, th;tre~~~u;~e~tr~;~~~~ and
the diffractometer. that
according to

position of the ~ndividual hkl
lattice parameter, a , the dif-
the geometrical abb$rationa of
these quantities ara related

“’bkl - aO
+ (s~)hk~A.ao.a+ Ghk~.ao.(a’ ‘a”) + m.f(8) (2)

A
where

Tab~~~)$~ G
and

depend on the planea hkl.
arech$~ail~;;e .3%nst;~;;aa;j ‘$

aasumed to be negligible equation (2) reduc~$lto

%kl “ ‘0 + ““ao”Ghkl
+ m.f(e) (3)

or

y - Plxl + P2X2 + P31:3

where x = 1.0, X2 = Ghki, and X3 m cosOcotEl
for diffractometer focueing geomet;y. Valuea fur

%

(i.e., y) were cal-

culated fro~l 20 valuea rcprcaentin~ the centroid~ of ~ observed experimental
int.enaity d~ta. Valuea for the remaini y4tema (i.e., xJ, j = 1,3) were cal-
culated oz taken from publisiled tnblea, The x,y val es are elements of a
Ilatrix and these are arranged in an array in Table 2.

------..-—— —.— — .-.——.- -— .— —-— —.—-— -..— - —-. —

Table 2, Matrix elements for the wlutlon of cquatiun(3) for cxpcrimcntal
vnlues obtnined from plnne strafned alpha-brnaa.

hkl y (8)
‘1 ‘2 ‘3

111 3.68635 1.0 -0.035 2.398

200 3.6f1850 1.0 0.069 I.974

220 3.6e594 1,0 -0.035 1.099

211 3.68578 1.0 0.013 0.748

.--,- ,—------—.. --,——. — .-—------.........----............. .....-,——.--,.,.,....-----------— ...—
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Figure 3. Variation of strain, C , as a funct?.on
of L for plane stralne ~ alpha-brass.

N I I I
(J – o 50 100

IN
150 ?()() ;’!)0 .4XI !50 400 4s0

I (A)

200-311

\
I I I

I

i

I



.
. .

.
.. ..

..-

6

5

4

‘g .

‘“ 3
y

2

I

o

I I I I

‘/

Fig. 5.

3.669a

.-<

‘! 3,6B70

n=

KlFJ50

o “0.2 0.4 0.6 0.8 1.0 1.2

Separation of true crystallite size and com-
pound stacking fault paraneter from effec-
tive crystallite size. See text.
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c!xpcr{mcntml; O u effect of a’ = 0.005.
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Tha data presented in Table 2 is usually plotted am y vereue x with de- .
3viatione from a straight line representing the contributions of stack ng faults

of the lattice parameter (see Figure 6). timing the data of Table 2 and solvfng
equation (3) by least-squarea technique results in P

1
= 3.685328,

0.020t8, and P3 = 0.00083t50.
‘2 -

The stackin”g fault parameter of interest, a’, ie obtained from the ratio,
P /P , and equals 0.0054t22.
~g bg ~ ~104+22

From (1.5a’ + ~) = 0.0185tl, ~ I- calculated
. -,

CONCLUSIONS

Two different techniques of X-ray diffraction have been applied to the
examination of ❑ultiaxial strained alpha-brace. From an examination of the un-
folded Fourier coefficients describing the shape of the diffraction profll It

fhas been determined t~lat the true crystallite size probably sxceeds 2000 , a
practical upper limit for determining crystallite eize by x-ray methods. ‘l’ha
localized strain is approximately 0.225% and a combined stacking fault pro-
bability (1.5a’ + ~) = 0.0185tl.

From lattice conntant variation the single stacking fault pro-
bability, a’, has been determined to be 0.0054t22. The twinning stacking
fault, ~, ie thus O.O1O4*22. The reciprocal of the probability 1s the number of
planes of atoms between the indicated stacking fault. The magnitude of the
numbers indicates that twinning im twice as common ae single stacking faulto.
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