AD-A088 1401

TECHNICAL
LIBRARY =®

AD-E400 457

SPECIAL PUBLICATION ARSCD-SP-80001

A COMPARISON OF RESIDUAL STRESS MEASURING TECHNIQUES:
THEIR STRENGTHS AND WEAKNESSES

FRED M. WITT
FEE M. LEE
WALTER M. RIDER

- AUGUST 1980

‘US ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND

FIRE CONTROL AND SMALL CALIBER
WEAPON SYSTEMS LABORATORY
DOVER, NEW JERSEY

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED. :



The views, opinions, and/or find:ngs con-
tained in this report are those of the au-
thor(s) and should not be construed as an
official Department of the Army position,
policy or decision, unless so designated by
other documentation.

Destroy this report when no longer
needed. Do not return it to th= origin-
ator.

The citation in this report of the names of
commercial firms or commn.ercially
available prcducts or services does not
constitute official endorsement or
approval of such commercial firms, pro-
ducts, or services by the United States
Government.



UNCLASSIFIED S

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
1. REPORT NUMBEPR 2. GOVT ACCESSION NO.| 3. RECIPIENT’S CATALOG NUMBER

Special Publication ARLCD-SP-80001
4. TlTLE_(;nd Subtitle) S. TYPE OF REPORT & PERIOD COVERED
A Comparison of Residual Stress Measuring

Techniques: Their Strengths and Weaknesses

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)
Fred Witt
Fee M. Lee
Walter M. Rider

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
ARRADCOM FC&SCWSL AREA & WORK UNIT NUMBERS
MEMT Div. (DRDAR-SCM-P) AMCMS Code 6111 .01 .91A
e e A A praject 119811014914

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
ARRADCOM, TSD Aug 1980
STINFO Div. (DRDAR-TSS) 13. NUMBER OF PAGES
Dover, NJ 07801 31
2. MONITORING AGENCY NAME & ADDRESS(If different from, Controfling Office) | 1S. SECURITY CLASS. (of this report)

UNCLASSIFIED

1Se. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the ebstrect entered fn Block 20, {f different from Rsport)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverge side if necessary and identify by block number)

Residual stress Flectric discharge machining Line shift

Strain gage methods Abrasive jet machining Subgrain interior
X-ray methods Stress concentration factor

Rotating cutters Point gage

20, ABSTRACT (Tontinue om reverus side if necewsary and identify by block number)

Cngoing in-house work on the measurement of residual stress in Army Materiel
by both X-ray and strain gage mechanical relaxation methods is presented and
compared. The X-ray portion includes problems associated with the calculation
of stresses in highly textured samples while the strain gage portion describes
effects produced by various mechanical methods to partially relieve the strai
fields sensed by the active gage elements. Comparisons are also made of the
errors introduced by considering the active element in the strain gage rosette
as a point gage instead of one with finite length.

bbb , ig;“fn 1473 Eormion OF t NOV 65 1S OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)



TABLE OF CONTENTS

Introduction
Circumferential Stress by Longitudinal Slitting
Blind Hole Drilling Methods
Hole Forming Methods
Abrasive Jet Method
Indeterminacy of Beta
Effect of the Central Hole on the Méasured Stress
X-ray Measurement of Stress
Summary
References

Distribution List

FIGURES

1 Crampton's method for computing the circumferential

stress in thin wall tubes

2 Relationship between the linear strain gage elements

and the principal directions

3 Strain effects caused by various hole producing
methods

4 Experimental setup for abrasive jet machining

5 Effect of the stress concentration factor on the state

of stress in a uniaxially stressed plate

6 Interplanar spacing plot for different residual stress

states

Page No.

11
14
15

19

10

12



Page No.

7 Lattice and total stress-strain curve 13
TABLE
Effect of using point gage versus finite length gage 8

equations in the computation of residual stress



INTRODUCTION

Residual stresses are those stresses which reside in the bulk of
a material when the external forces acting on it are removed. One
customarily excludes external forces such as gravity or thermal gra-
dients. Since the body under consideration is in equilibrium, the
resultant force equals zero. This report describes methods used to
circumvent some pitfalls encountered when standard X-ray and strain
gage methods are indiscriminately used to measure residual stress.

When the residual stresses are long range in nature, that is, are
reasonably constant in magnitude, sign, and direction, and extend over
distances comparable to many grain diameters, they are termed macro-
stresses. As such they are easily measured by mechanical methods em-
ploying dissection, layer removal, and careful hole-drilling procedures.
Stresses of this type produce an X-ray line shift when the sample is
rotated in an X-ray beam. On the other hand, when the residual stresses
are short range in nature, and vary appreciably over distances com-
parable to the grain diameter, they are called microstresses. These
cannot be detected by mechanical dissection methods and may or may not
produce an X-ray line shift, depending on the distances over which the
microstresses exert their influence. For example, when the stress
acting distance is approximately a micron, X-ray line broadening and
line ghifts are observed. As this distance shrinks to approximately
1000 or less, X-ray line broadening persists, but line shifts are not
obsexrved.

Furthermore, when the actual deformation mode produces extensive
movement of material in a given direction, complications arise which
prohibit the use of X-ray methods and computational formulas. In other
words, the standard X-ray analysis can produce erroneous results for
cases where the specimens have been extensively rolled, drawn, stretched,
compressed, or bent. The standard X-ray methods do, however, produce
reliable answers when the measurement is made on surfaces which have
been machined, ground, or peened (ref 1). Here the mass movement is
not predominantly unidirectional. A relatively unknown, but straight-
forward way, does exist, however, to correct for the deficiencies of the
standard X-ray method when extensive amounts of uniaxial plastic metal
flow has occurred. The method, reported by Marion and Cohen (ref 2),
will be described in a later section. Some discussion will now be given
concerning several problems the authors have encountered, using some of
the "handbook'" approaches to determine the stress state of various speci-
mens.

CIRCUMFERENTIAL STRESS BY LONGITUDINAL SLITTING

The stress condition of thin wall tubes is sometimes assessed by
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Figure 1. Crampton‘s method for computing the circumferential
stress in thin wall tubes.

Crampton's method (figure 1). Here one slits a tube its entire length
along one element and makes use of the beam formula to compute the
maximum circumferential stress. The method assumes that a condition
of plane strain exists. Ir. other words, the strain and curvature
change in the longitudinal direction are zero. According to Crampton,
the circumferential stress on the outer fibers is given by,

o= Et L St
¢ (Iv%) [Do Dl] (0

Where E is Young's modulus, t is the wall thickness, v is Poisson's
ratio, D, is the mean diameter before slitting, and D; is the mean
diameter after slitting. It can be seen from 2quation 1 that a tensile
stress on the outside surfece of the tube caus=s D1 to be larger than
Do; while a compressive stress causes D1 to be smaller than Dy .

It is possible to obtain some indication >f the reasonableness of
the computed Crampton result by noticing that the length of the thin
wall tube does not enter into the formula. Coasequently, after axial




slicing, and the D relaxation is noted, one can perform another cut,
perpendicular to the cylinder axis, so two slit cylinders, each of
length 2/2 can be obtained. These individual cylinders, can be examined
concerning their new D; values. If the new values differ considerably
from the value produced by the first axial cut, then one can conclude
that constant axial stress does not exist. The requirement that the
stress varies linearly from inner wall to outer wall is illustrated in
figure 1(b). Here, the shaded area represents the stress distribution
according to the beam requirement. The sinusoidal type curve depicted
therein might, however, be closer to the actual distribution. It is
concluded that the use of slitting techniques provide, at best, a
crude indication of the actual stress state in a given specimen. More
accurate methods are described below.

BLIND HOLE DRILLING METHODS

It should be noted that residual stresses cannot be measured
directly. One must first determine the magnitude and alegebraic sign
of the strain that exists in a given sample under examination and then
compute the residual stresses from the strain information. To obtain
the strain information, the state of constraint of the material just
beneath the strain gage is altered by removing a small amount of
material adjacent to the gage. This is achieved by drilling a small
hole in the center of a rosette, consisting of three linear gages
(figure 2)bonded to the specimen and, connected to a digital strain
indicator. The drilling operation relaxes the material at the edge of
the hole, causes a local redistribution of the stress, which in-turn
produces the strain change detected by the strain gages in the rosette.

It has been experimentally observed that the relaxed strains
depend on the depth of the drilled hole. When the hole depth approxi-
mates the diameter, further drilling does not significantly change
the strain gage readings; hence one normally takes as equilibrium sur-
face strain values those obtained at a depth equal to the diameter of
the drilled hole. Unless special precautions are taken when the hole
is drilled, the strain gage readings will not only reflect the residual
strains/stresses in the sample but will also reflect the strains pro-
duced by the hole drilling operation.

For a given state of stress, the strain gages sense relaxation
signals which are proportional to the diameter of the drilled hole. It
is desirable to obtain a strong signal by drilling a large hole. Care
must be exercised, however, in selecting the drill size so that the
cutting surface area is not too close to the gages and unduly perturb
the true strain relaxation signal from the drilling operation. Holes
of 0.159-cm (1/16-inch) diameter are normally used in practice, because



Figure 2. Relationship between the linear strain gage
elements and the principal directions.

they provide relatively stroeng and unperturbed relaxation signals.

The radial distance from the center of the hole to the three
linear elements in the rosette is critical because the strains are
functions of the inverse second and inverse fourth powers of this
radius. Therefore, one should use commercially available precision
strain-gage rosettes and should not attempt to construct a homemade
rosette by gluing down three linear gages because the formulas used
to calculate the stress state assume that all three linear gages lie
precisely on the same circle of radius R, and are symmetrically oriented
with respect to each other; as shown in figure 2.

Hole Forming Methods

Various techniques have been described in the literature to pro-
duce the center hole in the strain gage rosette. These include the use
of conventional drill bits, specially ground milling cutters, electric
discharge machining, and abrasive jet machining.

Bush and Kromer (ref 3) have investigated some problems associated
with the use of various methods to produce the center hole. Their re-
sults for annealed steel are shown in figure 3. It can be seen, for
conventional drill bits, that unpredictable errors, ranging from 60 ue
to -70 ue can result. When these strain values are converted into
stress, they amount to an error of + 124.11 MPa (+ 18 ksi). The rotat-
ing cutters cause an error ranging from -30 pe to -60 ue.
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A : ROTATING CUTTERS, CONVENTIONAL DRILL BITS

B : ROTATING CUTTERS, COMMERCIAL FIXTURE AND
MILLING CUTTER

C : ELECTRIC DISCHARGE MACHINING

D : ABRASIVE JET MACHING

Figure 3. Strain effects caused by various hole producing methods.

The electric discharge machining can cause errors ranging from 30 ue
to -80 pe, depending on the hole diameter. The superiority of the
abrasive jet machining method is obvious from the extremely low strain
values of 2 or 3 pe shown in figure 3. This method will be described
in more detail later. For now, consideration will be given to the
equations normaily used to convert the measured strains into computed
stresses.

The equations describing the principal stresses and their orienta-
tion with respect to the number three gage can be written in two dif-
ferent ways for the Blind Hole Method. This choice depends on whether
or not one considers the linear gage element as a point gage (i.e., of
infinitesimal length), or as one with a finite length, centered on the
specimen, at the same location as the point gage. For the radially
oriented point gage case, the principal stresses and their directions
are given by (ref 4):
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€1, €2, and e3 are the measured strains, E and v are the elastic
modulus and Poisson's ratio, respectively, and r is the ratio of the
radius of the rosette to the radius of the drilled hole, R/RO. The
quantities o, and o_ are the principal resicdual stress, while the
angle B is measured! to the number three gage element (fig. 2). When
the equations listed above are used, it should be realized that the
strain gages are assumed to act as point gages, i.e., of zero gage
length. For the finite length gage, the equetions for the principal
stresses become (ref 5)

Op,q = E |E1L.* €3 + €1 - e3 ]

281 — 2S5 cos 281
where
S1 = (v-1) + Rl and Sy = -(v + 1) + R2 (3)
here >
r2
Ri= 1 2 5
Ggah (1 -a)-vG+ad) dr

T T



T2
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where r; and r, are the inner and outer edge dimensions of the active
gage element, respectively, and a is the radius of the drilled hole.

An attempt was made to compare the difference in the computed
stress value when both equation 2 and equation 3 were used with the
same input strain data. The results are given in the table where it
can be seen that the point gage equations (i.e., equations 2) produce
numerical values for the residual stresses which are 10 to 20 percent
higher than those produced by the finite length equations (i.e.,
equations 3).

Abrasive Jet Method

In this method, see figure 4, a carefully controlled stream of
gas, containing 50 ¥ aluminum oxide powder, is directed against the
workpiece in a manner which chips away microscopic particles of the
material to drill the nominal 0.159-cm (1/16-inch) diameter hole.

Figure 4. Experimental setup for abrasive jet machining.
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As seen in figure 3, the abrasive jet machining method appears to be
the most gentle one to produce the central hole. Special precautions
must be taken however to insure that the walls are relatively square
with the surface on which the rosette’ is bonded. It is also desirable
to insure that the hole is accurately positioned at the center of the
rosette. For the cases where the hole is off-center, the iterative
method proposed by Sandifer and Bowie (ref 6) can be used to obtain
corrected values for the stress. When the hole is centered to within
a few thousandths of an inch, the iterative method is not needed.
Upder Fertain circumstances, however, the formula used to compute the
direction of the principal stress can be subject to large errors when
small errors exist in the measured strain readings.

Indeterminacy of Beta

The quantities €1, €2, and €3 are equal in an equal biaxial stress
field. When these values are inserted into the expression for 8 in
equation 2 they produce a value for B of G degrees. When e; = €3 > €2
then B approaches +45 degrees. When €1 = e3 > g2, then B approaches
-45 degrees. In other words, slight errors in the measurement of €7
can produce large errors in the computed value for 8. The two points
to be emphasized are: (1) in an equal biaxial stress field the an-
gle B, describing the principal stress directions, can fluctuate wild-
ly; and (2) the algebraic sign and magnitude of the computed stress
are not affected by this uncertainty in beta.

EFFECT OF THE CENTRAL HOLE ON THE MEASURED STRESS

It is well known from strain measurements and photoelastic experi-
ments that geometrical discontinuities such as holes or notches act as
stress raisers in plate material under tension. This multiplication
of stress can be expressed in terms of a theoretical stress concentra-
tion factor K, given by the ratio of the maximum stress to the nominal
stress on the net section. In other words,

K, =0 max/c nominal
Both longitudinal and radial stresses are produced around a circular
hole in material subjected to a load. When a uniaxial stress is pre-
sent, and the hole is many diameters from the edge of the specimen,
the radial, theta, and the shear components of stress are given by the
Kirsch (ref 7) equations, namely:

.. = o (1 - a2) + o (1 + 3a* - 4a?) cos 20 (4)
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Here, o is the uniform applied tensile stress far removed from the
hole. The quantity a is the hole radius, while r is the location
where the r, © components of stress are desired. From the above
equations, and inspection of figure 5, it can be seen that the maxi-
mum stress of 30 occurs at points C and A. Here, r = a, and theta =
0° and 180°. In other wcrds, cgp = 30 = ¢ max. Hence, K. = 3. It
can also be seen that cge = -0 at points D and B when r = a and @ =
90° and 270°, respectively. Hence, a tensile stress, far removed
from the hole, produces &zt points B and D, a compressive stress of
equal magnitude.
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| &l//f /’m
C e \)\
: |
5.2 = e
GEP=o0 N /
£ s’ Al LS,
o -2 S A i
g n 1 m %0
TUETA, o

Figure 5. Effect of the stress concentration factor on the state
of stress in a uniaxially stressed plate.
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The net effect of the stress concentration factor is to produce
plasticity at the edge of the drilled hole when the measured stress
exceeds one-third of the yield stress for cases where the gages are
positioned in a uniaxial field. When the gage is positioned in an
equal biaxial field, plasticity occurs when the measured stress ex-
ceeds one-half of the yield stress. Beaney and Procter (ref 8) have
shown, for the uniaxial case, that at stress values less than half
yield, the errors are negligible while at full yield, the errors can
rise to 10 percent.

X-ray Measurement of Stress

In brief, the X-ray method measures the shift of the diffracted
beam when the sample surface is rotated a known amount in the incident
beam. From the measured peak shift one computes the change in the
lattice spacing and attributes the shift to residual macrostresses.

In other words, the interplanar spacing change is used as a strain
gage indicator to compute the biaxial stress residing on the outer
surface of the sampie. The mathematics describing the X-ray method

is adequately described in section 2 of an SAE booklet (ref 9). Equa-
tion 31 of Section 2 in (ref 9) shows that the stress is given by

o = E 1 cot 6 m
T+ STnZy 2 180 <29'.L - 29"’) (5)

where
E is the modulus of elasticity
v is Poisson's ratio

Y is the angle the sample normal was rotated in the X-ray
beam

8 is the angle of incidence of the X-ray beam with the
atomic planes

268 is the angular position of the diffracted X-ray beam when
the sample bisects the incident and diffracted X-ray beams

20y is the position of the diffracted X-ray beam when the
sample is rotated an additional Y degrees about a vertical
axis lying in the plane of the sample and perpendicular to
the plane of the incident and diffracted X-ray beams

There is some controversy in the literature concerning the appropriate

values to use for Young's modulus and Poisson's ratio; however, the
SAE paper (ref 9) gives a technique in Section 6.4 for experimentally

11



determining these quantities.

RESIDUAL STRESS
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RESIDUAL STRESS

IS ZERO

RESIDUAL STRL.:S
IS COMPRESSIV
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Figure 6. Interplanar spacing plot for different residual stress states

Equation 5 implies thzt the interplanar spacing, d, is linearly
dependent on sin2y. Fror figure 6 it can be seen that a positive
clepe is produced by a tensile stress, a negative slope by a compres-
sive stress, and a slope of zero by a residual stress of zero. For
highly textured samples, the interplanar spacing values oscillate
above a least square line drawn through the experimental data points.
It is found, experimentally, that the curve is above the mean straight
line for those orientaticns where the reflecting pole density is higher
than the random level and below it where it is lower than the random
level. It is believed that the larger-than-expected values for the
interplanar spacing results from stress relaxation by dynamic re-
covery.

To understand these findings, the shape of the modified stress-
strain curve shown in figure 7 and proposed by Cullity (refs 10 and 11),
and Smith and Wood (ref 12) should be evaluated. It should be noted
that the positive abscissa describes the contraction of the (hkl)
spacing when the stress direction is at right angles to the normal of
the diffracting grains. Curve A-B-C, the total strain curve, consists
of an elastic portion, A-B, and an elastic-plastic portion, B-C. In
the elastic region, the strain measured by X-rays, called the lattice
strain, and that measured by mechanical methods (i.e., total strain)
are both proportional to the applied stress, and have the same slope.
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In other words, the lattice strain curve and the mechanically measured
total strain curve are superimposed on each other along the path A-B.
In addition, both curves return to zero when the applied stress is
removed if the material has not been taken into the yield region. When
the applied stresses exceed the elastic limit, the X-ray method pre-
supposes that the lattice strain follows the line B-D. 1In practice,
however, it deviates significantly from the line B-D and follows the
curve B-E. As the applied stress is released the lattice strain curve
follows the path E-F, and has the same slope as the path A-B.

e Lidem STRISS )]

; :
i p LATTICE -=—"
, 5
’\\SIRAIN , = TOTAL STRAIN
1] P Il 4
> 17
e 7’8 YIELD STRESS
/ /
/ 4
’ !
/ /
! /
/ ,/
/ /
4 4
Fl' ARl ~ AXIAL EXTENSICN AND LATTICE

R=ny CONTRACTION OF (h4¢) SPACING

Figure 7. Lattice and total stress-strain curve.

Thus, this result will produce a net mean compressive residual lat-
tice strain which is represented by F-A, with large fluctuations from
the mean being exhibited by individual diffracting crystallities. This
net residual lattice strain produces an observed X-ray line shift which
is interpreted by the X-ray stress formula as an indication of the
presence of compressive macrostrain in the specimen. The picture be-
comes clearer when one considers the findings of other researchers
(refs 13, 14, and 15) and also remembers that the X-ray diffraction sig-
nal arises predominantly from coherently diffracting domains which are
centered in the subgrain interior regions.

Cullity proposes a rather new explanation for the anomalous com-
puted residual stress values for uniaxially plastically elongated ma-
terials. He cites the work of Keh and Weissman (ref 16), Neurath and
Waite (ref 17), and Morrill (ref 18) which indicate that, in uniaxially
elongated metals, the subgrain walls remain in tension. Because the

13



X-ray beam predominately samples the subgrain interior, it can readily
be seen that equation 5 is odreconditioned to predict overall compres-
sive stresses in the sample. The reverse prediction would occur if the
subgrains were put into tension, by uniaxial compression.

Marion and Cohen (ref 2) have extended the work of Weidemann
(ref 9) and have put forth the formula given be ow to describe the be-
havior of the 1nterplanar spacing dy»y on sin?y. Here the nonlinear
dependence of d on sin?y is attributed to the relief of microstrains
in subgrain interiors. The degree of relief depends on the orienta-
tion of the grain to the stressing system and to the texture developed
during the plastic deformation process. The Ma-ion-Cohen approach
separates the nonlinear and linear components o= d by means of the
expression

d¢,p = (dmax - dB) f(a,8) +d; (1 +w) oy sin?y + dg (6)
+ E

The term dpsx is the interplanar spacing in a region where the strain
is fully relieved, while dp corresponds to a region which has not been
relieved. This means that the quantity (dpgx - dp) describes the range
of interplanar spacings present in the sample. The distribution func-
tion f(a,B), describes the orientation dependence of d and is obtained
from the observed integrated intensity of the d-ffraction peak at each
¥ inclination. The distribation function is no-malized to unity.
Equation 6 is solved by measuring the interplanar spacing, d¢,¢, and
the normalized distribution function, f(a,3), as a function of sin?y
for six orientations of the sample. This overdetermined system of
equations is solved by means of a least squares computation to yield
the stress, o¢. The necessity of using equation 6 for a given sample
is readily determlned by plotting interplanar spacing measurements as

a function of sin?y for 5 or 6 orientations of the sample. If the plot
is linear, then the standard formula shown in equation 5 can be used to
compute the stress. When the plot oscillates, the more sophisticated
Marion-Cohen expression must be used.

SUMMARY

It can be shown that the indiscriminate use of dissection strain
gage and X-ray methods to determine the stress state of specimens can
introduce large errors in the computed result.

Note that for thin-walled tubes that the Crampton dissection meth-
od required a condition of plain strain in addition to a linear varia-
tion of the stress from the inside wall surface to the outside wall sur-
face. Since the formula to compute the maximum circumferential stress
was length independent, the condition of plain strain could be readily

14



verified by cutting the slit tube, of length £ into two tubes of length
£/2 whereby the new diameters could be compared with the diameter ob-
tained from the slit tube of length 2%.

A comparison of various blind-hole drilling methods in annealed
steel indicated that abrasive jet machining causes a negligible error
in contrast to other hole drilling methods which introduce errors range
from +60 to -70 ue. It was pointed out that the standard equations to
convert strain readings to computed stresses assume that the strain
gage is in reality a point gage (i.e., one of zero length). When the
actual gage length is taken into account, the computed stresses can
vary significantly. For cases where the strain gage is placed in an
equal biaxial stress field, it was shown that small errors in the
measurement of €, can produce large fluctuations in the computed value
for B.

The standard X-ray stress equations were reviewed, and it was noted
that a nonlinear plot of interplanar spacing versus sin? y identified
those samples where the standard X-ray equations could not be used.

The oscillating dependence of d on sin2 y was attributed to the relief
of microstrains during extensive plastic deformation and the production
of a strong texture. The curve tended to lie above a mean straight line
drawn through the data points for diffracting plane orientations where
the pole density was higher than the random level and below it where

it was lower than the random level. When measurements of the inter-
planar spacing were taken for six y tilts, the non-linear dependence of
d could be separated from the linear component by using the Marion-
Cohen formula,
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