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INTRODUCTION 

Residual stresses are present in gun tubes either inadverently 

due to heat treatment forging, cold strengthening, or deliberately 

due to autofrettage. The effects of residual stresses on the mechanical 

and physical behavior of gun steel and other structural materials are 

well established; they can drastically alter the fatigue properties of 

the structure and cause warping and corrosion cracking. 

Undesirable stresses may result from either variations in steels 

or machining practices and can remain undetected prior to the 

observation of their adverse effects. The objective of this effort 

was to develop an automated x-ray stress system to provide support to 

engineering development, manufacturing, and quality control. Automation 

was required to permit acquisition of quality data which otherwise 

would be very laborious and tedious to obtain by manual means.  Finally 

this system should accommodate on-line data analysis including 

correction for instrumental and physical factors, least squares curve 

fitting and essentially instant printout of the results. 

This report describes the automated x-ray stress system developed 

which minimizes the possibility of human error and significantly 

reduces the time and cost of the stress analysis. 



THEORETICAL BACKGROUND1"3 

The principle of x-ray stress analysis is based upon the measure- 

ment of lattice strains of specially oriented sets of lattice planes 

which are then related to stress by means of the elasticity relations 

which will be shown in this section. 

For a homogeneous isotropic elastic solid, strain e is defined by 

the relation 

e-- (ID 

where A£ is the change in length of a stressed solid having an original 

length Jt. 

If we take a rectangular coordinate system and a strain e produced 

by a stress i^ alone acting in the x-direction, then Hooke's law requires 

that: a 
s - f m 

where E is Youngs modulus. 

If a tensile stress is applied in the x-direction it will produce 

a linear elongation in the x-direction and a linear contraction in the 

transverse y and z-directions. The longitudinal and transverse strains 

are related by: vax 

-ey = -ez = V£x = "T ' ^ 
where v is Poisson's ratio, and E„ and e the transverse strains in the y    z 

y and z-directions. 

1C. S. Barrett and T. B. Massalski, "Structure of Metals", New York: 
McGraw Hill, 1966. 

2E. Macherauch, "X-Ray Stress Analysis", Proc. Soc. Exp. Mechanics, 
23, 140 (1966). 

3J 784, "Residual Stress Measurements by X-Ray Diffraction", New York: 
Autom. Engr. (1971). 



For a triaxial system with the coordinate axes along the principal 

stress directions, the principal stresses are related to the principal 

strains as follows: 

e 
1 

1 - [cfj - v(a2 + a3)] , (4a:) 

e2 - | [o2 -  vCaj + a3)] , C4b) 

e3 = 7 [a3 " v(al + a2^ > C4c) E 

At a free surface, the normal stress is zero, i.e., a_ = 0. 

Therefore: 

el = E (al " va2)  » C5£0 

e2 = f fa2 " val^  ' f5b^ 

e3 = ¥ (ai + ^2^  ' C5C) 

From Figure 1 the stress a,. is given by 

a,,  = a1 (sinijj coscjO2 + a7(simj; sintf))2    , (6) 

Similarly the normal strain Exjj is given by: 

^M = ei(sin^ cos(}))2 + e2(sini|j sincj^2 + £_ cos2^    , (7) 

from equations   (5)  and  (7)  we obtain 

1+V ,      , 59V 
e# = ~E~  ^1 C0S * + a2 sin/(())sinz4; - - (^ + ty C8) 

But the surface stress component cr. is given by: 

ax = a-^  cos2(f) + 02  sin2(f) , (9) 

Therefore, substituting in Eq. 8 

e# - C^D 0$  sin2^ - I Cffi + o2)    . (10) 



From equation 5c we have; 

e3 = " f C^ + a2)     . (11) 

Substituting in equation (10) and rearranging we obtai am: 

„ , .  E   1 
0(() - Le# " e3J 1+v i^ • (12) 

Let d be the interplanar spacing normal to the plane surface, and d 
o 

its value in the stress free state and d^ in the direction specified 

by the angle ty,  then 

E    P - V do  d - do 

o      o 

dj; - d0 
e^ " e3 '   d 

or A A0 

e# - e3 " "^  (13) 

Substituting equation  (13)   in  (12)   gives 

d\jj - d      E        1 

d 1+V sin2^ 

Differentiating the Bragg law 

nX = 2dsin0 

we obtain 
Ad 
d 

- cotGAG 

Combining (16) and (14) we obtain 

E   1 
a, = - AG cotG (7-—) . ,, 

(p ^l+v-'sin2!^ 

which is equivalent to 

(14) 

(15) 

(16) 

cotG ^ E ^  1 
a = (2G -2G,) —— (-—) —T7 (17) 
9        W      2 1+v sm i|; 



Equations (10) and (17) provide the fundamental relations for x-ray- 

stress measurements. 

An examination of equation (10) shows that 

a. The lattice strains e  are linearly dependent on sin2i|j. 

b. If the lattice strains e, , for several I|J angles are measured and 

plotted vs. sin2^, the slope, m, of the line is: 

3e '#      _ v+1 

8(sin2iJ0        E 
m =     2., = — a* , (18) 

E 
or a* = —- m. (19) 

v+1 

It can readily be seen that very accurate stress measurements can be 

obtained even with some scatter in the x-ray data when a least squares 

fit is used to obtain the slope of the line (strain vs. sin2ij;). A 

second advantage of this method is that, unlike other residual stress 

measuring techniques, it is not necessary to obtain a reference 

measurement from a completely unstressed sample. Finally, anomalous 

stresses can be generated under certain conditions of uniaxial plastic 

4 
deformation . These are manifested by a non-linear behavior of the acf) 

vs. sin24) curve. The above technique permits detection of these 

anomalous contributions and will help identify the non-linearity which 

characterizes pseudo stresses. 

4B. D. Cullity, "Sources of Error in X-Ray Measurements of Residual 
Stress", J. Appl. Phys. 35, No. 6, 1915 (1964). 



3,5-7 
EXPERIMENTAL APPROACH 

There are two general ways of measuring residual stresses by means 

of x-ray diffraction namely: the photographic and the diffractometric 

method. The principal reason for selecting the diffractometer over 

the photographic method is that it provides a very precise and 

objective means of locating the diffraction peaks. This is especially 

desirable when dealing with the broad diffraction profiles commonly 

found in hardened steels. The diffractometric procedure is also 

capable of complete automation thus permitting major improvements in 

the techniques which otherwise would be prohibitively laboreous and 

time consuming. 

A.  INSTRUMENTATION 

The hardware of the computer controlled system described below 

are shown in the form of a block diagram in Figure 2. 

STRESS GONIOMETER8 

The automated x-ray unit is a Siemens-goniometer powered by a 

Phillips x-ray generator. 

3J 784, "Residual Stress Measurements by X-Ray Diffraction", New York: 
Autom. Engr. (1971). 

5D. P. Koistiuen, and R. E. Marburger, "Calculating Peak Position in 
X-Ray Residual Stress Measurements of Hardened Steel", Trans. Am. Soc. 
Metals, 51_3   537 (1959). 

6C. J. Kelly and E. Eichen, "Computer Controlled X-Ray Diffraction 
Measurement of Residual Stress" in L. S. Birks, C. S. Barrett, 
J. B. Newkirk and C. 0. Rudd, Editors, Advances in X-Ray Analysis, 
16, 344, Plenum Press (1973). 

7 
G. Koves and C. Y. Ho, "Computer Automated X-Ray Stress Analysis", 
Norelco Reporter, !!_, 99 (1964). 

8N. W. Tideswell, I. Canner, and H. J. Vanderveldt, "Field X-Ray 
Diffractometer for Surface Stress Determinations in Naval Structures", 
Naval Ship Research and Development Center, Report 3568, April 1972. 



The Siemens stress goniometer was selected for several reasons. 

The unit is portable and has been designed to measure stresses on 

large test items. Determinations of peak positions of diffraction 

profiles are made with precision comparable to that of laboratory 

diffractometers because the unit can be made to satisfy the stationary 

Bragg-Bretano geometry where the detector remains on the diffractometer 

circle. Currently the automated unit allows stress determination to 

be made either from the two or multi exposure sin2i(; method. The two 

exposure sin2i|; procedure allows a more precise stress measurement 

to be performed. This is accomplished by averaging out the random 

scatter of the intensity data points and thus each point contributes 

significantly towards higher accuracy of the stress measurement. 

The modification made for automation of the goniometer was the 

replacement of the 20 continuous motor drive and the manual ijj drive 

with two remotely controllable Slo-Syn stepping motors. The motors 

were attached to the 20 and <p drive shafts using specially machined 

adaptors. The automation of the goniometer functions and data 

gathering is accomplished by means of- the Canberra computer oriented 

electronics shown in Figure 2 and described below. 

TELECOMPUTER 

The telecomputer interface is an executive module which provides 

full duplex serial communication between the system modules and the 

minicomputer or teletype. The interface executes a set of ten 

programmable commands which direct the positioning, counting and 

recording functions of the other system-compatible modular instruments. 



DUAL COUNTER/TIMER 

This module is a programmable two channel counting device capable 

of either preset count or preset time operation. In the manual mode 

the functions of the counter/timer are controlled manually from the 

front panel. In the remote operation mode each channel responds to 

its own coded two digit address to perform commands which are received 

from the telecomputer interface. 

DUAL AXIS POSITIONERS 

These modular units are devices for driving the stepping motors 

which control the 20 and ty  axes of the goniometer. Each axis positioner 

responds to its own individual address and by means of the telecomputer 

interface is controlled remotely from instructions generated from the 

minicomputer. 

THE MINICOMPUTER 

A Digital Equipment PDP11/05 minicomputer provides complete control 

of the system functions during data acquisition, performs extensive 

mathematical operations in processing the data and instantly provides 

the results in a comprehensive digital and/or graphical manner. The 

computer configuration shown in Figure 2 consists of a processor with 

12K core memory, a large volume 1.2 million word storage disk, a 

magnetic tape unit and an ASR33 teletype. This configuration supports 

a Fortran IV computational language which is familiar to most 

engineers and scientists. 



B.  SOFTWARE 

In addition to the regular DEC supplied software (Fortran IV 

compiler, utility programs, etc.) an interface program in machine 

language was developed to allow the user to communicate with the 

Telecomputer Interface. 

RESIDUAL STRESS PROGRAM 

Using a program called 'STRESCAN' which was written in FORTRAN IV 

and implemented on the PDP11/05 minicomputer, the operator can obtain 

residual measurements under total computer control. A simplified 

flow chart of the STRESCAN program is shown in Figure 3. A brief 

description of the program follows. 

When the program is referenced, a routine conversation mode 

develops whereby the operator defines the initial coordinates of the 

20 and ^ axes. The computer further requests the start and stop 

positions of the scan along with the required step sizes and the 

initial number of counts to be taken. 

The computer then controls the two axes and instructs the motors 

to drive to the first position. After a quick scan (at the first ijj 

angle) through the 20 angular range, a peak is calculated by fitting 

the corrected intensities to a parabola. This general location of the 

peak enables a more careful scan with a smaller step size (automatically 

calculated) and a greater number of counts. The intensity data is 

then fitted to a parabola with the number of points determined by the 

operator. The number of counts specified are normally determined by 

the peak to background ratio obtained from a separate scan. The 



calculated peak is then saved for later reference. After the 20 peak 

is determined, the ij; angle is incremented by the preset step size. 

The above procedure is then repeated until the last ty  angle is 

reached. 

The program then calculates the strains corresponding to the 

different ty  angles. Finally, the program calculates the stress from a 

least square fit of e^  vs. sin2^. The program printout on the tele- 

type includes 20 peaks at various ty  settings, the starting 20 values, 

adjusted 20 step sizes, the strains for each ty,  the constant used, the 

slope calculated, the y-intercept and a plot of the least squares fit 

of E^ vs. sin2\|j and finally the stress a.  Figures 4 and 5 show 

typical STRESCAN input and output formats as they are produced on the 

teletype. 

C.  PROCEDURE FOR ALIGNMENT OF SEIMENS STRESS GONIOMETER 

The method used to align the Siemens stress goniometer will be 

described. It consists of three steps:  1) mechanical, 2)  optical and 

3) 0-stress on gold. 

Mechanical alignment is accomplished by adjusting the center of 

the 4* semi-circle, along which the x-ray tube and detector travel, and 

the center of the ty  circle, about which the goniometer rotates, until 

the two centers coincide with each other and with the axis of a fixed 

adjusting goniometer column.  Figure 10 shows a schematic diagram of 

the stress goniometer. 

10 



Optical alignment consists of adjusting the x-ray beam until the 

center of the beam and the center of the cj) and ijj circles coincide at 

the axis of the fixed adjusting column. The goniometer is now rotated 

around the (j) semi-circle and a. 1/2° beam is observed on a florescent 

screen (a fine line drawn on the screen aids in this observation). 

When the beam is aligned, no beam shift should be observed as the ty 

axis rotates from 0 to 60 degrees. If a shift occurs an Allen screw 

located on the side of the entrance aperature system is used to shift 

the beam at right angles to the beam direction, and the process is 

repeated.  Finer slits can be used for more careful adjustment. With 

a 1/2° entrance aperture slit located in the x-ray entrance system and 

a 1° aperture slit in front of the detector the goniometer is ready 

for the final adjustment. A stress-free gold specimen which has been 

deposited on a glass plate is placed in the specimen holder. The 

position of the gold line (the gold (222) reflection is at 153° when 

a chrome tube is used) is determined for ip = 0, 10, 20, 30, 40 and 50 

degrees.  If the specimen surface is located precisely in the axis, 

gold lines will be independent of \p  and no stress will be observed 

since no change in 20 has occurred. 

After the goniometer has been aligned, the distance from the 

x-ray tube reference plate to the specimen's surface is carefully 

measured to 1/100 of a mm. The goniometer can now be rotated away 

from the reference column, and as long as the measured distance is 

kept constant, the work piece, surface and the cj) and ty  centers will 

coincide. 

11 



EXPERIMENTAL RESULTS 

During the course of this investigation the automated system has 

been used to establish standards and procedures for the accurate and 

reproducible determination of stresses in gun steel.  In this section 

the need for the determination of the x-ray elastic constant will be 

demonstrated. Also typical stress distribution of autofrettaged gun 

tubes will be discussed. 

A.  X-RAY ELASTIC CONSTANT 

The basic expressions (12) and (17) used in obtaining the x-ray 

stress a, contain the familiar mechanical constants E and v. Because 

of the selective way the x-ray method measures strain the use of the 

mechanical constants E and v in expression (17) often results in a 

measured value which deviates from the true stress. This is especially 

true for materials which are elastically anisotropic. 

In the present case a calibration run was made on a flat 

rectangular test bar of gun steel. The test bar was electropolished 

on one side to remove machining stresses and a strain gage was mounted 

on the other side. A four point bending fixture was used to apply 

successively known amounts of stress (monitored by the strain gage) to 

the surface of the test bar. The corresponding x-ray stress values 

were obtained from the measured x-ray strains using expression (12) 

and the mechanical constants E and v. A comparison of the measured 

x-ray stress to the applied stress, shown in Figure 7, reveals that a 

linear relationship and a small deviation exists between the two 

stresses. The true x-ray elastic constants can be calculated from eq (18) 

12 



E   <|) 

following the procedure of Macherauch.2 

B-  STRESS DISTRIBUTION IN AUTOFRETTAGE TUBES 

Autofrettage is a process that imparts a favorable residual stress 

distribution to gun tubes and is responsible for greatly extending 

their service lives.9 The automated system was used to determine the 

radial hoop stress distribution for a 155MM gun tube with 100% over- 

strain. The x-ray stress results are shown in Figure 8 where a 

theoretically expected distribution is included for the sake of 

comparison. Similar results obtained from an autofrettaged 175MM gun 

tube with 30 overstrain is shown in Figure 9. 

DISCUSSION 

As already discussed  the existance of residual stresses may be 

beneficial as well as detrimental. The autofrettage process provides 

a way of extending the elastic pressure range of gun tubes.  It also 

imparts a compressive hoop stress to the bore which effective limits 

crack propagation and thus early fatigue failure. The problem of 

primary importance is to insure that the necessary hoop stress levels 

are present in autofrettaged tubes. The automated x-ray unit with its 

2E. Macherauch, "X-Ray Stress Analysis", Proc. Soc. Exp. Mechanics, 23, 
140 (1966). — 

9T. E. Davidson, J. E. Throop, A. N. Reiner, "The Role of Fracture 
Toughness and Residual Stresses in the Fatigue and Fracture Behavior 
of Large Thick-Walled Pressure Vessesl", Watervliet Arsenal Report 
No. 7184, October 1971. 

P. J. Cote and G. P. Capsimalis, "Applications of X-Ray Stress 
Measuring Techniques", Watervliet Arsenal Report No. 7253, October 1972, 

13 



associated computer organization and logic allowed the development of 

what was considered strictly a manual laboratory technique into an 

accurate and practical testing method. At the present time it can 

routinely measure non-destructively the surface stresses of gun tubes 

and other manufactured components. Additionally this new system for 

measuring residual stresses is not limited to any specific material 

such as gun steel, but can be applied to most other metals or alloys 

employed in defense materials. The system can effectively detect 

variations in stress levels caused by future changes in manufacturing 

processes. These technological changes are often required in order to 

keep pace with demands of new materials, new techniques and improvements 

in manufacturing methods. 

14 
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FIG. 1  ILLUSTRATION OF STRESS AND STRAIN ANGULAR RELATIONS USED IN 
X-RAY MEASUREMENTS. 
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INPUT DIALOGUE FOR A SAMPLE RUN 

RU STRESCAN 

12-MAR-76 

ENTER 2-THETA AND PSI POSITIONS 
156.26, 0 

ENTER START 2-THETA AND PSI POSITIONS 
155.00, 0 

ENTER STOP 2-THETA AND PSI POSITIONS 
157.00, .50 

ENTER 2-THETA AND PSI STEP SIZES 
.40, .10 

ENTER PRESET COUNTS...INITIAL 
23 

INITIAL QUICK SCAN OUTPUT: 

INTENSITY 2-THETA 

102.209 155.00 

174.779 155.40 

282.860 155.80 

217.157 156.20 

185.888 156.00 

148.728 157.00 

ENTER # OF COUNTS, STRESS CONSP, # OF PTS, FOR PARABOLA 
24,2.283E7,5 

FIG. 4  SHOWS A TYPICAL INPUT FORMAT OF THE DIALOGUE FROM 

A ROUTINE X-RAY STRESS MEASUREMENT 
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OUTPUT SUMMARY:  FOR A SAMPLE RUN 

START 2-THETA 

155.45 

155.45 

155.45 

155.43 

155.42 

155.40 

CALCULATED STRAINS 

STRAIN 

0.21629E-04 

0.52585E-04 

0.97273E-04 

0.14350E-03 

0.19910E-03 

RESULTS 

SLOPE 

0.31520E-03 

2-THETA STEP 

20.00 

20.00 

20.00 

20.00 

20.00 

20.00 

PSI ANGLE 

0.10000E 02 

0.20000E 02 

0.30000E 02 

0.40000E 02 

0.50000E 02 

2-THETA MAX. 

155.890 

155.879 

155.863 

155.839 

155.815 

155.786 

Y-INTER. 

0.14742E-04 

STRESS 

0.71960E 04 

FIG. 5 OUTPUT FORMAT FROM STRESCAN 
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• RU PLOT 

AFTER THE * DEFINE THE DATA SET TO BE PLOTTED 
* STRESS-DAT 

LINE NO. SIN (PSI) ** 

1 
2 
3 
4 
5 

0.30I540E-01 
0.116980E-00 
0.250000E 00 
0.413I80E 00 
0.586820E 00 

STRAIN 

0.19910E- ■03  + 

0.16361E-03 

0.12811E-03 

0.926I7E-04 

0,57123E-04 

STRAIN 

0.2I6290E-04 
0.525850E-04 
0.972730E-04 
0.143500E-03 
0.199100E-03 

0.2I629E-04 +x 
+ + + + + + SIN(PSI)**2 

0.302E-01 0.141E 00 0.253E 00 0,364E 00 0.475E 00 0.587E 00 

Y-INTERCEPT =  0.14 74 HE-04 SLOPE =  0.3IS204E-03 

FIG, 6   TTY OUTPUT OF STRAIN VS. SIN2i|; 
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SOLID CURVE: THEORETICAL EXPECTED DISTRIBUTION 
VERTICAL BAR: X-RAY STRESS VALVE 
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