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Mesure par rayons X des tensions residuelles des
metaux a Chalk River

par

J.E. Winegar

Resume

A Chalk River, on a recours a la diffraction des rayons X
pour mesurer les tensions residuelles des metaux. Le present
rapport resume les principes de base de la mesure des tensions
et il passe en revue les facteurs influant sur la precision
des mesures. La methode et le materiel decrits ont ete develop-
pes a Chalk Rivar pour avoir des mesures fiables. La precision
des mesures est assuree par l'emploi d'un balayage graduel a
comptage fixe et par des analyses automatisees de donnees
d'intensite requerant un programme a cannelures cubiques de
lissage de courbe. On traite particulierement de la mesure
des tensions residuelles existant dans les tubes de chaudiere
en Inconel-600 et en Incoloy-800. Du fait que la methode des
rayons X permet de mesurer les tensions dans les fines couches
superficielles, elle peut egalement servir a mesurer le profil
en profondeur des tensions. Comme i3. n'existe pas de procedures
normalisees pour mesurer les tensions residuelles, le present
rapport sera utile pour ceux qui connaissent mal la mesure des
tensions residuelles et pour ceux qui effectuent deja de telles
mesures dans d'autres laboratoires.
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Juin 1980
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ABSTRACT

X-ray diffraction is used at CRNL to measure residual
stress in metals. This report summarizes the basic principles of
stress measurement, and reviews factors affecting accuracy of
measurement. The technique and equipment described were
developed at CRML to give reliable measurements. Accuracy of
measurement is achieved by using fixed-count step-scanning a»d by
computer analysis of intensity data using a cubic spline curva
smoothing routine. Specific reference is made to the measurement
of residual stress in Inconel-600 and Incoloy-800 boiler tubing.
Because it measures stress in thin surface layers, the X-ray
method can also be used to measure the depth profile of stresses.
As there are no standardized procedures for measuring residual
stress, this report will be useful both to those unfamiliar with
the measurement of residual stress and to those already making
such measurements in other laboratories.
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1. INTRODUCTION

Residual stresses persist in the absence of external forces.
They can be produced by operations such as cold forming, welding, or
grinding and may be undesirable. Much of our work involves the
measurement of residual stress in Inconel-600 and Incoloy-800 boiler
tubing. Tensile stresses in the surface of these tubes could lead
to stress-corrosion cracking in an aggressive environment. X-ray
diffraction techniques can be used to locate such stresses, and
although the environment within a steam generator is controlled,
areas of high stress in tubes are usually treated (e.g., stress
relieved) to reduce surface stresses.

Depending on the size of the specimen and the equipment used
[1], X-rsy methods can be non-destructive and measure residual
stresses in thin surface layers. Thus the X-ray method can be used
to measure the depth profile of residual stresses by etching away
layers of metal. Other methods are destructive and do not accurately
measure surface stresses [2,3].

In this report, I describe the X-ray method used at CRNL. I
summarize the basic principles of stress measurement in polycrystal-
line materials, review factors affecting accuracy of measurement, and
describe our diffractometer modifications, experimental techniques,
and analysis of data. Detailed experimental procedures are given in
appendices.

2. PRINCIPLES OF STRESS MEASUREMENT

The fundamental principles of X-ray stress measurement are
explained in a number of publications [4,5,6].

When a crystalline material deforms elastically, its lattice
spacings change from their stress-free value to some new value
corresponding to the magnitude of the applied stress. The interplanar
spacing ('d') of a selected family of crystallographic planes can,
therefore, be used as an indicator of elastic strain present in the
sample.

For a chosen family of crystallographic planes, 'd' is measured
for planes parallel to the specimen surface and for planes lying at
some angle ty to the surface (Figure 1). Using the coordinate system
shown in Figure 2, it can be shown that measured interplanar spacing
is related to stress by the following expression [4]:

•• - sin

where d^ = spacing of planes at an angle ty to the specimen
surface

&z = spacing of planes parallel to specimen surface
do = stress-free spacing for the family of crystal.lo-

graphic planes being measured*

*TrT actual practice, the measured value dz is substituted for
do in the above equation with negligible error.



E = Young's Modulus
v = Poisson's Ratio
a, = stress in the <t> direction where <j) represents an

angular deviation from a direction of principal stress.

Equation (1) shows that for any stress, the i iiterplanar
spacing of a family of crystallographic planes is a linear function
of sin2(|j. Thus to obtain maximum sensitivity,, \\> should be as
large as possible, preferably not less than 45°.

The diffraction angle, 20, is very sensitive to small changes
in 'd' as 2 6 approaches 180°. For maximum sensitivity with a given
X-ray wavelength, a family of crystallographic planes should be
chosen with small 'd' (large diffraction angle). Sensitivity of
stress measurement is poor at diffraction angles less than 130°.

We measure peak contours by step-scanning through a selected
29 range using a fixed 26 increment and fixed-count scaling (see
section 3). Measured times (inverse intensities) are then used to
calculate peak position after correction by the Lorentz, polarization
and absorption factors [4] which depend on both 6 and ip. If peaks
are broad (e.g., in cold-worked materials) these corrections* can
markedly affect peak position:

2 2
m m 1 + cos 26cos 2a , . , .n ,„*
Tc = TM . = . l-tanifjcote . . . ( 2 )

s i n 6
where Tc = corrected time

Tv[ = measured time

1 + cos226cos22a = Lorentz-Polarization factor*
sin 6

l-tant/jcot8 = absorption factor

In summary, accurate measurement of residual stress by X-ray
is based on two geometric requirements: a large diffraction angle
(20>13O°) and a large inclination angle (ij; >45°). Measured
intensity must be corrected for Lorentz-Polarization-Absorption
effects.

3. EXPERIMENTAL TECHNIQUE

3.1 Equipment

Our residual stress equipment is shown in Figure 3a. It
consists of a PW 1010 generator, a modified PW 1050 diffractometer, a

•These factors should be inverted if fixed-time scaling is used.

tThe cos22a term corrects for the use of a curved-crystal raono-
chromator. A cos0 term, usually included in the denominator of this
expression, is appropriate for integrated intensities only, and has
been omitted.



PW1390 channel control, a PW 1395 programmer, a PW 1394 motor
control, and a Teletype printer/paper tape punch. The Philips PW
1050 diffractometer which we have modified for residual stress
measurement is shown in Figure 3b.

The geometry of a standard diffractometer requires that the
specimen always be tangent to a focussing circle passing through the
X-ray source, the diffractometer axis, and the receiving slit (Figure
4a). As described in section 2, it is necessary to measure the
spacing of crystaliographic planes lying at some angle \j/ to the
specimen surface. For the inclined measurement, the specimen must ba
rotated about the diffractometer axis. Rotation of the specimen to
any position where I|J / 0° alters the focussing circle in both
position and radius, changing the focal point of the diffracted beam
(Figure 4b). To focus the diffracted beam at the receiving slit when
i> ^ 0°, the position of the receiving slit must be altered
according to the following equation [5]:

cos(^ + (90-6)) ...(3)
K ~ K * COS(IJJ - (90-9) )

where R1 = the distance from the specimen centre to the receiving
slit when ij) / 0°

R = radius of the diffractometer circle

A standard dif-Cractometer is capable of measuring only planes
that lie parallel to the specimen surface (i.e., receiving slit
position and inclination angle are fixed). We have modified our
equipment so that the monochromator, counter and receiving slit can
be moved along a track on the goniometer arm. The longitudinal axis
of the track can be adjusted to lie parallel to a radius of the
diffractometer circle, and the specimen stage can be rotated through
a desired inclination angle ty about an axis coincident with the
goniometer axis. The specimen stage is designed to accommodate
larger specimens and its height is adjustable. These and other
equipment modifications are described in Appendix I.

The irradiated area of the specimen is limited in one
direction by the divergence slit, and in the other by a masking slit
placed over the specimen. The masking slit limits the area of
examination to a reasonably flat, well defined area of the specimen.
The size of the masking slit is a compromise, especially if there are
steep stress gradients. The masking slit must be large enough to
obtain sufficient diffracted intensity but small enough to limit the
measurement to an area of constant stress. We carried out a series
of tests using annealed powder on curved surfaces to test the effect
of specimen geometry on measured peak position. Although this effect
was found to be small, the irradiated area of the specimen should be
kept as flat as possible in order to maintain focussing conditions.
As well, the proper choice of masking slit material ensures the best
possible peak-to-background ratio. Many materials either had
high-angle (140° to 150°) diffraction peaks, or gave high background



levels. Using CuKa radiation and a curved-crystal monochromator, a Fe
had no high-angle peaks and gave the lowest background radiation for
the materials tested. We either machine masking slits from mild
steel sheet or plate, or fit ctFe foil to the contour of the specimen.

3.2 Calibration

Mechanically neasured (bulk) values of Youngs Modulus (E) and
Poisson's Ratio (v) are not necessarily the correct ones to use in
X-ray stress analysis. For X-ray measurements, only grains having a
particular orientation relative to the incident beam and therefore, a
particular orientation with respect to the measured stress, are able
to reflect. Consequently, strain is measured in particular
crys tallographic directions of a material. Since E! and v are known
to vary with crystallographic direction [7], the mechanical constant
(E/l+v) used in X-ray stress measurement must be based on single
crystal data or be experimentally determined.

To determine the mechanical constants experimentally, we
subject a flat beam specimen to a known applied stress (the product
of measured strain and bulk elastic modulus) and, using the technique
described in section 3.3, measure d-spacings for ty = 0° and ip = fy°.
These measurements are made at suitable increments of applied stress
up to, but not exceeding, the elastic limit of the material. Values
of Ad/sin2ty are plotted against corresponding values of applied
stress - the slope of this line is E/l+v. Figure 5 shows ?
calibration curve for a stress-relieved Inconel-500 flat beam
specimen. The specimen has a small residual corapressive stress as
shown by the negative intercept at zero applied stress.

A complete description of the calibration equipment ir> given
in Appendix III.

3.3 Peak Measurement

As mentioned in section 2, the diffraction peaks used in
stress measurement are often broad. Their positions, however, must
be measured to within about 0.02" (20) to obtain reliable stress
results. To accomplish this, we use fixed-count* step scanning. Step
size and starting angle are chosen to measure %B5% of the peak in
approximately 10 steps. Step size varies from as low as 0.01° for
extremely narrow peaks (annealed materials) to 0.5° for extremely
broad peaks (cold-worked materials).

The data are analyzed by computer using a cubic spline curve
smoothing routine to define the slope of the peak profile. Peak
position is the angle at which the slope equals zero. Figure 6 shows
a computer plot of inverse intensity data vs. 26 and the fitted
curve.

Peak positions are determined twice for each inclination angle
in the order \p = 0°, ty °, 0°, ty°. With this order, the repeated

*Fixed-count scaling is used to give a constant percentage error.



measurements are independent, since any errors resulting from the
adjustment of receiving slit position and inclination angle are
included in the measurement. The peak positions are converted into
d-spacings using the Bragg equation and plotted as a function of
sin̂ ijj (Figure 7a). A line is fitted through the data points
using the method of least squares. Residual stress is the product of
the slope of this line and the value E/l+v determined by calibration.
Calculated confidence limits (95% level) reflect the number of data
points and repeatability of measurement. A computer printout gives a
summary of the residual stress measurement (Figure 7b).

A sequential description of the measurement procedure is given
in Appendix IV.

3.4 Capability

The crystallographic structure and texture of the material
being examined must be such that an isolated diffraction peak can be
measured at an angle >130° (29) at both inclination angles (40.
Although X-ray examinations are non-destructive, it is often
necessary to cut up large pieces (>100 x 100 x 150 mm') to obtain
specimens that will fit our diffractometer stage. Size reduction may
also be necessary on heavy specimens (>l-2 kg) that may affect the
precise alignment of the diffractometer. Tube sections, such as
those described in section 4, are usually cut to a length of about
100 mm.

4. EXPERIMENTAL RESULTS

4.1 Inconel-600 U-Bends

Using the techniques described, we have measured longitudinal
and transverse stresses in 'U-bends' :>f Inconel-600 having an outside
diameter of 13 mm and a bend radius of 65 mm. Measurements of both
longitudinal and circumferential stress were made at the apex of the
bend in 15 circumferential positions (Figure 8) and represent the
average stress in an area 4 mm (longitudinal) x 2 mm (circumferen-
tial) .

The longitudinal stresses are tensile in the top half of the
bend with a maximum of about 480 MPa just above the side of the bend
(position 9). In the bottom half of the bend, longitudinal stresses
are compressive reaching a maximum of -580 MPa just below the side of
the bend (position 6). The circumferential stresses are small at all
locations, the maximum tensile stress being 40 MPa at the side of the
bend (position 8).

These results were consistent with measurements made on other
tubes and agree with those of Berge et al. [8] who found high tensile
stresses at the sides of Inconel-600 and 316 SS U-bends using strain
gauge techniques. The stress distribution is different than that of
Berge, however, and in our case, the stresses are higher (480 vs 200



MPa). These differences may be due to the fact that we measure sur-
face stresses only, or due to differences in manufacturing procedure
and geometry of the U-bends. The results show that stresses should
be sufficiently high to cause stress-corrosion cracking in an
aggressive environment.

4.2 Sanicro-30 Rolled Joints

Residual stresses in the transition zones of boiler tube
rolled joints are of interest because there is a possible site of
stress-corrosion cracking at the crevice where the tube enters the
tubesheet. X-ray residual stress measurements were made on three
Sanicro-30 rolled joints. The "as-received1 joints consisted of
short lengths of Sanicro-30 boiler tubing rolled into steel collars
representing the tubesheet. The joints were stress relieved for 4^
hours at 880 K with the collars intact. The collars were then
remqved and the surface residual stresses of the tubes were
measured.

The stresses in the hard rolled and unrolled areas of all
three joints are given in Table 1. The stress profile through the
lower transition zone of one joint is given in Figure 9. All
stresses were compressive. These results suggest chat the lower
transition zone will be immune to stress-corrosion cracking unless
surface flaws are present which penetrate the compressive layer.

TABLE 1: Residual Stresses in Sanicro-30 Boiler Tubes (MPa)

Specimen

1
2
3

1
2
3

Condition

unrolled
unrolled
unrolled

rolled
rolled
rolled

Direction
Longitudinal

-35
-55
-110

-550
-645

-290, -295

Transverse

-55
-20
-•75

-305
-545

-305, -255

5. DISCUSSION

We have found that consistent results can be obtained
regardless of peak breadth if scanning range and step size are
carefully chosen. These measurement parameters can vary greatly
for identical measurements depending on the metallurgical condition
of the material being examined.

Figure 10 shows the peak profiles for the (420) reflection of
Incoloy-800 U-bends in the (a) annealed and (b) as-received (surface
ground) conditions. For the annealed specimen, we suggest a 26



scanning range of 1.0° and a 26 step size of 0.1°, whereas a range of
5° and a step size of 0.5° are more appropriate for the 'as-received'
specimen. If these parameters are properly chosen, peak position can
usually be measured wi'ch consistent accuracy. At the 95% confidence
level, we measure the residual stress in cold-worked metals to within
+_ 100 MPa and in annealed metals to within + 20 MPa.
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Figure 3a: X-Ray Equipment Used at CRNL for the Measurement of Residual Stress.

Figure 3b: A Philips PW1050 Diffractometer Modified for the Measurement of Residual
Stress.
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APPENDIX I

Diffractometer Modifications

We modified a Philips PW 1050 diffractometer to meet the
parafocus conditions described in section 3-1. The materials used
for modification were either purchased, made at CRNL, or salvaged
from other equipment.

An 'Advanced Metals Research Corporation1 metallurgical kit
(model No. 5-210M) was purchased to permit residual stress
examinations of large specimens. The kit includes an adjustable
specimen stage, a dial gauge and centering pin, a divergence slit
extension, and an extended powder specimen holder with spacing
collar. The experimental arrangement of this equipment for specimens
of differing size and shape is shown in Figures Al and A2.

An assembly for adjusting receiving slit position radially was
made at CRNL (Figure A3). The monochromator, receiving slit and
counter base (a) is dovetailed to a track (b) on the detector arm.
The position of the receiving slit is indicated by a scale (c) on the
track. The track pivots about an axis coincident with the normal
receiving slit position (d) 173 mm from the centre of the goniometer
circle. Adjustment screws at the outer end of the track (e,f) are
used to align the longitudinal axis of the track parallel to a radius
of the diffractometer circle (see Appendix II).

The assembly for adjusting inclination angle (Figure A4) was
designed at CRNL. The indicator wheel (a), calibrated in degrees,
and the Vernier scale (b) were salvaged from other equipment. The
wheel is fixed to the specimen-holder shaft (c) during alignment. A
clamp (d), locking the shaft to the 6-drive of the goniometer, is
positioned behind the indicator wheel. This clamp is used to fix the
setting of the indicator wheel and replaces the clamp normally used
which is inaccessible from the back of the goniometer.

The specimen holders shown in Figures Al and A2 were designed
to be readily attachable to the specimen stage and to accommodate
different specimen geometries. In each case, they allow for the
adjustment of specimen position. Care should be taken that the
specimen holder does not create stresses in the specimen due to poor
fit or over-tightening of clamps.

The radiation protection assembly used with the standard
specimen holder will not fit the modified diffractometer due to the
different size and geometry of the adjustable specimen stage. It is
essential, therefore, to install customized safety interlocks and
lead shielding around the modified equipment. This radiation
protection arrangement should be thoroughly monitored using
X-radiation detectors before proceeding with use of the modified
equipment.
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APPENDIX II

Alignment

The principles of alignment using the modified equipment
remain the same: the centres of the X-ray source, divergence slit
assembly, goniometer circle, and receiving slit assembly should lie
on a straight line when 6 = 0 ° . Also, the specimen surface should be
parallel to this line and lie at the centre of the goniometer circle.
Using the modified equipment, however, the line of centres is further
removed from the diffractometer and specimen height and receiving
slit position are adjustable.

1) Move the diffractometer back from the tube stand the
required distance using the rear grooves in the base
plate.

2) Install the extended powder specimen holder and collar,
and the divergence slit extension on the diffractometer
according to the manufacturer's instructions. Install
the adjustable receiving slit assembly so that the
receiving slit is at the normal position (173 mm from
the centre of the goniometer) and the track is approxi-
mately parallel to the goniometer radius.

3) Proceed with the normal alignment procedure of the Philips
PW 1050 diffractometer. Affix a scale to the diffracto-
meter arm so that the front edge of the adjustable
receiving slit base lies at 173 mm (Figure A3).

4) Before installing the adjustable specimen stage, record
a standard reflection (e.g., Si or Au) at full power
conditions using high resolution slits.

5) Set the goniometer at 29 = 0.00°. Install the adjustable
specimen stage and using the aligning bar, adjust the
height and angle of the stage so that the bar
simultaneously bisects the divergence and receiving slits
when it is parallel to the surface of the stage.

6) Clamp the inclination-indicator wheel on the rear end of
the specimen stage shaft so that it reads 0° inclination.
Tighten the shaft-locking clamp at the rear of the shaft
and loosen the front clamp (specimen inclination can now
be adjusted at the rear of the goniometer).

7) Install the dial gauge and centering pin and record the
dial gauge reading (nominal goniometer axis). Remove the
centering pin, install the single knife-edge, and adjust
its height to the recorded dial gauge reading.
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8) Turn on low power X-ray beam leaving the dial gauge in
position with the contact pin raised. Adjust the height
of the single knife-edge to give 1/2 maximun intensity.

9) Turn off beam, lower the dial gauge contact pin and
record the reading. This reading now measures the
position of the goniometer axis as determined using the
extended powder specimen holder, and should be used for
specimen height adjustment if it differs from the reading
given by the centering pin.

10) Install the double knife-edge and adjust its height to
that found in step 9. Remove the dial gauge.

11) Turn on low power beam and adjust the 29 position of the
double knife-edge to give 1/2 maximum intensity using the
micro-adjust lever at the rear of the goniometer.

12) Install the standard powder specimen used in step 4 and
record the same reflection at full power conditions.
Check to see that this reflection is identical in
intensity, angular position and resolution to that recorded
in step 4. Set 29 position at peak maximum.

13) Move the adjustable receiving slit holder down the
diffractometer arm to the minimum measurement position
(e.g., 7.0 cm on scale). Turn on the X-ray beam and,
using the adjustable screws at the end of the track,
(e. Figure A3) adjust the longitudinal axis of the track
to give maximum intensity. Tighten the track locking nut
(f, Figure A3).

14) Scan an annealed 'random' specimen [9] of the material
to be examined from 130° to 155° (26) to find a suitable
diffraction peak.

15) Measure the residual stress in the powder specimen using
the procedure given in Appendix IV. If zero stress is
not measured realign the track radially, and repeat the
measurement. Proceed with steps 16 and 17 only if the
spot focus is being used in the X-ray tube.

16) Place a 1 mm masking slit over the powder specimen and
set the 2 9 position of the diffractometer to a strong
peak maximum. Position the contact pin of the dial gauge
at the extreme outer edge of the 1 mm slit, and record
the time taken to accumulate 100K counts.

17) Reposition the specimen laterally in 0.2 mm increments
recording the time taken to accumulate 10OK counts for
each position- For all future measurements, specimens
should be displaced laterally to the position of minimum
accumulated time determined in this procedure.
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APPEMDIX III

Calibration Equipment

A flat beam specimen for the calibration of applied stress is
shown schematically in Figure A5. The beam is loaded in 4-point
bending, with force being adjusted by means of a screw in the base of
the holder. Strain gauges are located on both sides of the
irradiated area to obtain an accurate measurement of strain in the
specimen (Figure A7).

Figure A6 shows the resistance bridge used for the measurement
of strain. Al and A2 are the active measuring gauges on either side
of the irradiated area of the specimen, and Dl and D2 are identical
gauges on an unstressed flat beam specimen. This type of bridge
compensates for temperature variations during measurement.

Figure A7 shows the flat beam calibration assembly on the
specimen stage of the goniometer. The strain gauges are an epoxy
foil general purpose type, about 3.5 mm , affixed to the specimen
with Devcon 'Zip-Grip' 10 cement. The gauges are used in conjunction
with a Daytronic Series 800 strain gauge conditioner-amplifier with
digital readout. The specimen material is 1.6 mm thick Inconel-600
stress-relieved for 24 h at 800 K.*

*Earlier calibration specimens had been annealed for 2 h at 1255 K,
but the large grain size of these specimens gave rise to inconsis-
tent measurements.
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APPENDIX IV

Measurement Procedure

Stress measurement data are punched on paper tape and analyzed
by computer. The following is a sequential description of the
measurement of longitudinal residual stress on a 16 mm diam. Incoloy-
800 tube using CuKa radiation. The tube under examination is in the
'as-received' (surface ground) condition, thus its diffraction peaks
are broad. The equipment has been properly aligned and calibrated
according to the procedures outlined earlier in this report. A
suitable specimen holder and masking plate have been designed to fit
specimens of this type.

1. Install 1° divergence and receiving slits in the
diffractometer.

2. Attach dial gauge and centering pin. Adjust the face of
the dial to read 'zero' for the corrected height found in
Appendix II, step 9.

3. Place the Incoloy-800 tube section in the specimen holder.
Position the iron masking plate over the specimen so that
the 2 mm wide slit in the plate is parallel to the
longitudinal direction of the tube and centered over the
area of examination (Figure Al).

4. Remove the centering pin and attach the specimen holder to
specimen stage. Adjust the specimen position so that the
contact pin of the dial gauge rests at the centre of
measurement (or at the position found in Appendix II, step
17). Adjust the height of the specimen to 'zero'
set in step 2.

5. Set the inclination-indicator wheel to 0° and tighten the
locking clamp on the specimeii stage shaft (Figure A4).
Install radiation shielding.

6. Adjust the 29 position of the diffractometer to 143°. (The
(420) reflection for Incoloy-800 is found at %147°. For
this specimen, the peak is expected to be broad, thus a
starting angle has been chosen well below the peak position.)

7. To determine peak breadth, scan the specimen at l°/min from
143° to 150° and record the peak profile. (The tails of the
peak are found to extend from ̂ 145° to 150°, Figure 10b.)

8. Set the motor control to scan from 145' to 150° (26) in 0.5°
steps. Set 'preset counts' to 40K.

9. Start the scan and punch 26 angle and accumulated time on
paper tape for each angular position.
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10. Turn off beam, remove shielding and move the receiving slit
to 83 mm from the centre of the goniometer circle (Eq. 3).
Loosen the locking clamp at the rear of the goniometer and
set the inclination-indicator wheel to 50° ('̂ ). Tighten
locking clamp. Repeat step 9.

11. Turn off beam, remove shielding, return receiving slit to
173 mm and the indicator wheel to 0° {4>) • Repeat step 9.

12. Repeat step 10.

13. The data on paper tape are analyzed by computer such that:

- the minimum accumulated time (inverse intensity) is
selected for each of the four scans (two scans at i|) = 0°
and two at \p = 50°).

arrays for each scan are set up to include at least four
measurement positions on either side of the minimum.

- each array is corrected for Lorentz-Polarization-
absorption effects.

smooth curves are fitted through the inverse intensity
data for each array using a cubic spline routine and
peak minimum positions are calculated using the deriva-
tives of the curves.

corrected inverse intensities and smoothed data are
plotted for each array at 0.5° and 0.01° increments,
respectively (Figure 6).

- d-spacings are calculated and plotted as a function of
sin^ (Figure 7a). The slope of this line is
calculated using a least-squares fitting routine and
multiplied by the value E/l+v determined in calibration
to calculate residual stress.

a summary of the stress measurement is printed out by
computer giving the title, scanning range, accumulated
counts per step, step size, inclination angles and
corresponding peak positions, and calculated residual
stress (in psi and MPa) with confidence limits (Figure 7b)
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Figure A1: An Incoloy 800 U-Bend Positioned in Its Specimen Holder for X-Ray
Examination.

simulated
tube sheet

Figure A2: An Expanded Incoloy 800 Tube and Simulated Tubesheet Positioned for X-
Ray Examination.



25

Figure A3: Adjustable Receiving Slit Assembly on the Modified PW1050 Diffractometer:
a) adjustable receiving slit base, b) track, c) scale, d) track pivot axis, e) radial adjustment
screw, f) locking nut, g) monochromator, h) receiving slit holder.
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Figure A4: Assembly for Adjusting Inclination Angle on the Modified PW1050 Diffrac-
tometer:
a) inclination indicator wheel, b) vernier scale, c) specimen holder shaft, d) shaft clamp, e) clamp
locking key.
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Figure A5: Cross-Section of the Assembly used to Calibrate Applied Tensile Stress with
Stress Measured by X-Ray.
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Figure A6: Schematic of the Resistance Bridge used to Measure Strain Applied to the
Flat Beam Specimen.
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Figure A7: The Calibration Assembly Positioned on the Specimen Stage:
a) Flat beam specimen, b) strain gauge, c) restraining pin, d) holder, e) specimen stage.



ISSN 0067 - 0367

To identify individual documents in the series

we have assigned an AECL- number to each.

Please refer to the AECL- number when re-

questing additional copies of this document

from

Scientific Document Distribution Office

Atomic Energy of Canada Limited

Chalk River, Ontario, Canada

KOJ 1J0

ISSN 0067 - 0367

Pour identifier les rapports individuels faisant

partie de cette se>ie nous avons assigne

un numero AECL- a chacun.

Veuillez faire mention du numero AECL- si

vous demandez d'autres exemplaires de ce

rapport

Service de Distribution des Documents Officiels

LEnergie Atomique du Canada Limitee

Chalk River, Ontario, Canada

KOJ 1J0

Price $3.00 per copy Prix $3.00 par exemplaire

1529-80


