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INTRODUCTION

Residual and applied stresses (g39 are occen measured via
x—ray diffraction, by calculatmg thie resultant elastic strains
(e;;) from the measured change in interplanar spacing ("d “).

.é method is non-destructive, reasonably teproduczble (typically
-'-]AMPa), can be carried out in the field® , and is readlly auto=-
mated to give values to an operator-specified precision® . Let
L. represent the axes of the measuring system with I, normal to

e diffracting planes, and P; represent the sample axes. These
axes are 1illustrated in Figure 1. In what follows, primed
stresses and strains are in the laboratory system, while unprimed
vaiues are in the sample svstem. The strains in the direction
L.are referenced with the angles $¢ andy in Figure 1, and can be
wtitten in t:erms of the stresses in tha sample3 :
-d
(833) q"zo © = !Esz{ollcoss}!v125in2§*czzsin:$-:33}sin:w

+3552c33-81 (gll-+-c22+q33)+3552 (cl3cos§+u23sin~§) sin2y ¢))

Here 4 is the d=spacing in a stress«free material, and
k¥S,are the so-called X~ray elastic constants and the first temm in
parentheses on the right hand side of BEguation 1 will be called
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For an isotropic material the X~ray elastic constants can bce
written in terms of Poisson's ratio (v ) and Young's modulus (E):

§;= -v/E (2a)
¥5,= (1)/E (2b)
Other estimates for § andiS, ,such as those by Neerfield® and

Kroner' , are also available. For an anisotropic material these
values depend on texture and method of processing and must be uni-
guely measured.

The normal components ¢34,9,4,3nd ©,jare zero at the surface,
but the X=ray beam penetrates a sufficient depth so that their
contribution can be detected“:> . Their presence leads to curva-
ture in dgvs. sin®j, which for the shear terms is'opposite in
sense fort¢ and ~§. The presence of texture and/or the variatien
in stress from point to point under the X=~ray beam can lead to
large oscillaticns in this relationship®»?. 1If both effects are
absent, dgvs. sin“tis linear and from the slope oy ¢1s obtainad.
This is the common practice, and in such a case meaSurements at
only one 3 and two § tilts are sometimes employed. However, the at-
sence of these effects must be verified before such a simpie pro=-
cedure is applied. Other procedures are available for more com-
plex situations®:? . In any case, the measured X=ray elastic con-
stants are reguired.

The simplest way to measure the X-rgy elastic constants is to
apply a uniaxial elastic load, say oy, to a sample of the smme
material under the same conditions as g}e piece for which the
sﬁ?ins o be measured will be used. The total stress is then
e PE+ oRES apng

des.) 1/
RES. APP ) 23
oo =[—-—ham.i (s,/2) @

RES

. RES RES
Wnenée¢=0 : ¢

%11 "C33
(i)
Res app_ ©9'€337a
o +z = Bsin3; I(%sz)
Adds

= Sm/do. (3582)-:—-. m’/do' (552) )
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Thus 4S,can be obtained from the slopes (m'') of several plots of
"d"” vs, sinY at different c‘gP :

1S, = m"/do (5a)
where:
mtt = 2B (5b)
F LW - '
: Similiarly :
Slrm' ' '/do (6a)
: where :
L‘ m'YY = —=ap =0 {6b)

APP
%y,

! Errors in the results result from both counting statistics
i and geometric _errors. (onsider first the statistical errors.
James and Cohen” have derived an equation for the variance (V) of
m' (which is in terms of the variance of the peak location 20).

Assume that one has a straight line: m' = m' “c’i‘?r«k b. Then
using the equationlO: .
, z(:gr’—.:wr)(u{"ﬁ?
e e ) 3
LT3R 5
IE X = £(X) ,XpiX30002) o V is given by'® : ;
dX |2 ax \s )
ve0=(35) Ve H{EEY Ty -
Applying this to BEguation (7) : .
V(a” ) z;:-"“1u,‘?"""§'lg MR
© TTeLARR AT T
[%’1 < ) i) (9
Therefore, combining this with BEguation (5a) yields :
Vs, ) = vim'*)/q,? 10V
Following the same procedure for § =
viS;) = Vim' ") /d] (11)




The principal instrumental errors are those due to sample
displacement, ¥ axis missetting, and horizontal X~ray beam diver-
gencen. Formulae for the variance in 26 due to these effects can
be found in this reference, and the error propagated into S and
lisgusinq the above equations. The two wvariances can then” be
ad

ed. (It can be shown that for S, the instrumental factors for
the stationary slit method are zero).

To apply these equations requires a nearly linear "4d" wvs.
sin% plot. It islanciﬁear from a survey of the literature on X-ray
elastic constants™"’"~ that this has always been the case. Also,
errors hava usually been estimatad after repeating the measurement
only once. Proper evaluation of the errors by the methods des~
cribed here has never been done. There are reports of large ef=
fects of plastic deformation on the elastic constantsl®»15, “These
may be valid, or could arise from large curvature or oscillations
in "d" vs. sin®). There are a{sc reports of different stresses
obtained from different peaks'?. A new systematic determination
of constants for the various reflections of practical interest is
sorely needed. In this paper we describe an automated system for

this purpose, by which the constants can be obtained to an opera=
tor specified precision.

The paucity of carefully determined X~ray elastic constants
is not surprising. If six different ¥ values and five stress lev-
els are employed, the thirty measurements can take 18 to 24 hours
with a nommal detector. Automation is needed; also the use of a

position ?ensitive detector can reduce the time by an order of
magnitude o,

HARDWARE

Our miniature tensile device is shown in Figure 2, mounted on’
a diffractometer. The specimen (A) is held in place by two grips
(B) , which have been precisely machined to minimize bending. One
of the grips is attached to a gear assembly (C) to which a high
torque Slc-Syn stepping motor is attached (D). There are 200
steps per revolution and movement is directed by a Motorola J080

type microprocessor so that the specimen can be loaded and unload=
ed automatically.

The other grip is attached to a load cell (E), Model 41, man-
ufactured by Sensotec Inc. of Columbus, Chio. The load cell is
bqlted to a 0.5 inch thick circular metal plate which is attached

*
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to the body of the load cell. The force on the sample is
transmitted through the grip via a threaded screw which runs
through the center of the cell. The Model 41 senses the deflec-
tion between the outer rim bolt holes and a threaded inner hub.
Tae cell used was designed for loads up to 5000 pounds.

The output of this cell is read with a 450D Single Channel
Amplifier, also manufactured by Sensotec,which provides a signal
corditioner and digital indicator. The mechanical strain on the
sample can be measured by either cementing a thin foil strain
gauge to the back of the sample, or attaching a clip=on extensome=
ter. This strain is read by a Model 4412 Voltmeter manufactured
by Data Technology Corp. The output of both the 450~D and the
4412 were modified so that they could be interfaced with the mi~
Croprocessor.

The tensile device is mounted onto a sample holder (F), de=
signed so that the tensile device can be moved horizontally, vert=
ically, and rotated normal to the specimen surface. This holder
is mounted onto a track (G) and can be moved along the track by
means of an attached micrometer (H), allowing for accurate speci~
men positioning., All 26 and¥ movements were made by the Slo=Syn
motors, via comprter control, while the counting was recorded by
the microcomputer.

SOFTWARE

The c:mputer package is written in XYBASIC, a computer
language copyrighted by the Mark Williams Chemical Company of Chi»
cago, Illinois and designed especially for process control, data
acguisition, and real time applications with 8080«based computers.
our package for elastic constant determination contains the fol=
lowing features :

a. A separate alignment program for determination
of sample displacement. (This is determined
from the slope of the lattice parameter a, vs.
the Nelson=Riley function for three or more
peaks).

b. On=line peak location using a least=squares
parabolic fit to the top of a peak.

c. Determination of elastic constants to an opera=
tor specified accuracy, or using a preset num=
ber of counts,

pres
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d. Operator specification of stress values to be
used in measurement.

e. Operator choice of psi tilts to be used in
measurement,

f. Operator choice of number of data points to be
used for parabolic fit to a peak.

g. Option of scattering factor correction.

h. Cperator choice of preliminary scan steps and
counts.

i. Optional background subtraction.

j. Optional sample oscillation,

k. Optional peakshift correction. (This is due to .
the effect cf Ky, on the K_ positicn, which
varies with the peak shaped)™

1. Calculation of statistical error with the
optional calculation of geometric error, due
to divergence and effects of sample and/or

: psi axis displacement.

F m. Calculation of Young's modulus using an attached
mechanical strain gauge, and the correspending
stress=strain plot.

n. Plots of d vs. sin®y for all stress values;
also, plots for m' vs. stress and for d.q vs. }
stress. !

o. Use of any detector.

P. Storage of data on a separate flexible disk for
use with a separate data manipulation program, if
changes in various terms are desired.

A multiple scan procedure is employed for peak location and
to make an estimate of the time required to achieve a desired pre-
: cision. This is described in reference 2. It is accomplished by
) multigh;ing the time needed for a single peak by the number of

yandc™ “values to be employed. This allows the operator an opror=
tunity to choose a larger error if the time is excessive. A sam=-
ple dialogue with the operator is shown in Figure 3. Tests of the
device are described below.

EXPERIMENTAL DETAILS

The materials examined and their preparation are describad in
Table I. Flat tensile specimens were cut to dimensions o1 2.75
inches long by 0.4 inch wide and had reduced sections which wure
1.75 inches long by 0.25 inch wide. Typical operation conditions

i ":WWWW“nﬂnmuﬁuu-'




are given in Table II, It is to be emphasized that oscillations
of the sample on the diffractometer can considerably reduce oscil«
lations in 4 vs. sin®y. Although it was not done here, it |is
also sometimes helpful to shot peen or grit blast a sample, This
minimizes texture in the surface and can also reduce oscillations.,

RESULTS

Replicate measurements with nickel are given in Table III.
The columns labelled "stat®™ give errors which are estimated from
Equations 10 and 11. It can be seen that these are somewhat less
than the actual variation. A similar set of data for a brass sam~
ple with a preset error of about 20 percent of the Slvalue (rather
than the 5 percent error used with the nickel specimen) gave good
‘ agreement with the calculated error. Therefore, unless the error
is set very low, Equation 10 does give an estimate of the error in
3S,with only 2 single measurement. Errors in Sjare often larger
than the statistical estimates. This is probably due to the fact
that any oscillations or curvature in d vs. sinfyviolates the in-
itial assumption of linearity.

An attempt was made to see if any other factors might affect
- the results. A dial gauge placed on the sample indicated that
some displacement occurred during and after loading. For the mest
= part, the displacement was 2 x 10~ inch or less. Occasionally
displacements as large as 5 x 10-3inch were found. Calculations
indicated that the largest change in %szdue to this effect would
be 3 percent. The constant 5;is unaffected by this when the sta-
tionary slit method is used.

Some stress relaxation occurred during measurements at a
given load. For aluminum, this could change %5 by as much as 6
percent for a 400 reflection, and 1.5 percent for “the 422, For
softer materials the change was much less (0.1 percent for nicke
el).

A comparision of the nickel results with other data is given
in Table 1IV. Results for other materials testad are shown in
Tables V and VI. Included are some hO0 and hhh reflectionz;
ignoring grain interaction stresses, theory indicates that oscile
lations in d vs. sirfydue to texture should be eliminated. In
practice, this is not always the case., For x=brass and nickel,
there was some reduction in oscillations for the peaks shown in
Table V. In both cases the hhh reflection is at the same or higher
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29 value as the hkl reflection; thus any oscillations should be
equally clear since the peakshift 4260 is proportional to tane.

If the oscillations are not large, two $tilts are sufficient.
Recalculating the elastic constants in Table IIT for ¢ = and4?
changes isszby only 3 percent.

In summary, software and hardware for the fully automated de~
temination of X»ray elastic constants have been demonstrated with
several materials. Equations have been deveioped and tested to
allow estimates of the error in these constants without repeating
the measurement, regardless of whether or not automation was used.
It is hoped that future reports on these constants will include
such error estimates.,
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RUN

EFERINENTAL DETERMINATIDN OF X-KAY ELASTIC CONSTANTS
KARET NATHLEEN

DATE AND TIRE STARTEDY Z/B/r3230an

SARFLEY NICKEL 313 &RUN 3T

TURE TARGET aiNl SERIALY CU

NARE OF RATA FILEY NICIIX.018

USING TENSILE DREVICE €13 Ok RENRINC NEVICE t3)vy §
USINCG SOLID STATE DETECTOR(1) OR ND(D)T =
STANDARD LIAITS OF 2THETAt 1) DR NO( DY 3

JTHETA nAX,... 130 DINETA NINGea O

STANDARD LINITS OF PSIC1) OF NO(DOY 3

PS] MAX... 320 PSI RIN...-)C

SFECINEN TROSS-SECTIONAL AREA ¢CIN SDUARE INCNESIY 008
LOAD CELL LIAIT OF 4000 LRS.C1) OR NOIZ)Y 1
MXIfUN LOAD IS 300000 Sl

USE OF MECHARICAL STRAIN CAUCECY) OR NOC(DIT O
QURRENT SETTING OF STHETIAY 144.427

CURRENT SETTING OF PSIY 305.42

RADIUS OF CONIDAETERT 8.1

VAVELERCTHYY 3.5¢0%

MIKER OF LOADR READINGCSTYT S

LOAD C¢IN PSIY O©

LOAB ¢CIN PSIDOY 4000

LOAD ¢IN PSIDY BOOO

LOAD ¢IN PSIIY 12000

LOAR CIN PSIIY 1i0C0

VISH YO USE STANDARD FSI TILTS(1) OR NOUJ)Y 3

FSI TILY SINCPST 212
[+] -]
390‘3 -1
D8 -2
330:1 &3
3P 3 -t
43 -

KUMRER OF MATa FOINTS TO N USED IN FINAL SCANTY 7
SCATIERING FACTOR CORRECTIONt1) DR NOL23TY 2
PRELININARY SCAN DATA

APFPROXINATE 2THETA PEAKTYY 344.3¢

IRITIAL JTHETA PEAKYY 3144

FIRST JNCRAENTYY ,)

PRESEY COUNYS FOR FIRST STANY 1000

SECONN INCRERENTYY .02

FRESET COUNTS FOR SECOND STANT 2000
PACKERDUND FEATUREC(]) OR NOLD)Y )

SQTREYA WNERL RACKCROUND IS DETERKRINEDYT 341
OSCILLATE FTATUREC(I) Ok NDIDYY 3

ROCKING UINTHCDECREES DTHETAIYY )

FEARSHIFY CORRECTION FEATYUREC1) DR NXX3)Y 2
INSTRUMENTAL ERRORtI) Ok N )IY 3

BIVERGENY SLITY §

SAAFLE DISFLACERENTY JE~e

PSI-AXIS NISSETTIRCY ©

PRESET COUNISt 13 Ok FRESEY TRRORIDNY 3

FRESEY NUNEER OF COUNTSY 13000

23xER  CNECE LINIT SMITENES &ND SNUTTER wsazas
PEVICE SHOWXDR RE IN HORTIZONTAL FOSITIOND Y

ARE YDU RLAJT TU RECIN NEASURENENTL1Y Ok NOILT)T 3

Fig. 3: Dialogue for elastic constant determination program.
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TABLE ¢
SANPLE PREPARATION
Spacimen Starting Tuickness Treatmant Final Thickaass
1100 & A8 cald rolled to ~048°
a %02 reductien
70-30 247" cold rolled te .024*
a-brass s %02 reducties
304 stainless <059~ cold po'is <056~
stesl an rec.ives
1073 steel 032" cold volled 032" *
. ae seceived
n 031" cold rolled 031"
a8 received
TABLE I

: OPERATING CONDITIONS

Sess Size oo Sample 15" x A3

Divergent Slit b

Receiving Slsc 18

Tube Voltags Cu ~ &0 &V To ~ &0 &V

Tube Currest Cu = 30 wA Fe = 15 A

Confosstar Radiug 8,125

Six ¢ Tilcs

Seven Foint Parabolic Fit

2 Oscillation to Reducs Oscillations in ¢ ve sin’y
10,000 = 15,000 Cts/Potinc

Background Subtraction

No Scatterisg Factor Cortectios

No Pesk Shtfr Correction

B
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TABLE II1
RESULTS OF 10 REFLICATE MEASUREMENTS OF FLASTIC CONSTANTS OSING

THE 31) REFLECTION OF NICKEL

xrEc* Error xrec*
Run Sp/2 Stat. lunstr. Total 5 Stat.
1 440 (216 028 1B ~.357 102
2 3.655 227 030 .229  ~.4l1 DBt
3 4.116 195 029 197 =.739 .059
4 4.004 221 .00  .22)  ~.587 .069
5 4.000 197  .029 199  =.606 406)
6 4.210 (210 L0290 2127 ~.9A2 062
7 4128 199 L0209 201 ~.776 <063
8 3.593 185 L0285 .187  =.635 030
9 3.763 211 029 213 ~.518 082
10 4.330 187 029 189  -.611 .0S7
Mean A.054 204  .029  .206 ~.638 .O06)
St.
Dev. 340 a1

R

W P

*Units of 10~ psg-i.
TARLE IV

ELASTIC CONSTANTS OF Ni: 313 REFLECTION: IN 10 opsr*)

DO

Method Sy/2 S
This vork 4,032 3 =64 T .11
Mechanical meswurement™* 4.4 «1.06
I-kay Experimental Calibration® 3.83 2 .14 -.83 2 J04
Voight (Constant Strain)* 3.8 -84
Reuss (Constast Stress)” .66 .79
Reerfield (Avarsge of Voight

and Reuss)* L2 -82
Kroper™™* 3.58 -
Calculated from Mandbook™*** WY =1.0%

*  Reference 13

** E_ Macherauch Experimsntal Mechanics § (1966) pp. 140-133.
wwx Calculated from single crystal data,

wirdiotals Handbook ASH, Natals Park, Ohto.
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TABRLE V
EXPERIMENIAL AND THEORETICALLY CALCULATED VALUES OF Sp/2 IN 10~8 psr~i f
Tocal
Material 1 hkt  Sp/2 Ervor Voight Rauss Nesrfialdd)Xconer(?) !
Al G 422 12.19 W7 13,13 12.84  12.9% 13.01 .
Fe AOD 10.49 .28 13.13  14.97 1408 13.9¢
13.28 .23
c-Brass Cu 131  6.9¢ 1.1 .85 7.3 7.04 6.98 ‘
: . Fe 227 4.22 .82 6.85 4.8 5.8 6.4 :
4.36 .83 t
306 Qo 131 448 .20 401  s.82 3.9 3.9
stainless Fe 222 375 .55 A0l 3.0 1.3 3.83
stesl 3.51 38
L 1075 Fe 220 417 .12 401 4.z 4,07 4.06
steel tu 222 305 .24 401 3.09 3.85 3.6
2.41 .28
. Ri Fe 31 404 35 3.64  4.98 amn 4.19
: Fe 220 312 .28 3.66 2,76 3.20 L
: 3.57 «2h
- - T TABLE VI
EXPERDMENTAL AND TEEORETICALLY CALCULATED VALUES OF S, I 10°8 ps17?
Yotal
}' Material 3 bkt S Exzor Voight BReuss Nasrfisld EKrionar
|
al o 422 ~3.81 .08 338 ~3.29 -\ -3.38
[ Fe 400 <3.08 .1 =3.39 -4.00 ~3.70 -3.67
‘ * «3.20 0%
\
| g-Brass Gu 331 -l.31 .39 =1.66 177 = -1.8%
304 Qu sl ~94 .OS -.81 —-74 -.78 - 78
stainless .
staxl
t -
1075 Fe 220 ~1.05 .06 -8 -3 -.83 -8
! steal W2 =77 06 ~.81  ~.30 -8 -8l
: -u76 0%
: n Fa N1 -.61 .10 “78 <123 =101 -9 .
i Fe 222 -.38 .08 =79 =80 -J3 -8? .
i -.21 .08 i
5 H i
L .o
!
‘ x
o /
‘\ M e e s e T LT T - = 3° _j
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