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ABSTRACT .
2876

This report presents a state-of-the-art survey of the nondestruc-
tive measurement and evaluation of residual stresses produced in
metals and metal structures. The report is concerned primarily with
residual stresses produced during the fabrication of structures made
of high-strength aluminum alloys.

Discussions are presented in four sections which provide the
following:

fundamental nformation on residual stresses that is needed
to understand measurement techniques

review of methods of mecasuring residual stresses, including
stress-relaxation techniques, X-ray diffraction technique, the ultra-
sonic technique, the hardness technique, and cracking techniques

measurement of residual stresses during fabrication of metal
structures (methods of measuring residual stresses and typical
experimental data are described)

sclection and usc of appropriate measurement technigques
and cvaluation of results.

On the basis of findings obtained during this survey, recommenda-
tions are given for future research on nondestructive measurement of
residual stresscs produced during fabrication of metal structurcs.




FOREWORD

The purpose of this survey was to review presently available
information relative to the nondestructive measurement and evaluation
of residual stresses produced in metals and metal structures, as
requested by the Marshall Space Flight Center, Manufacturing Engi-
neering Laboratory, NASA.

Information for this report was obtained from the literature and
from a visit to Redstone Arsenal.

An attempt was made to use the most recent literature available
to describe the techniques employed in measuring residual stresses;
however, some old literature was necessarily used since it provided
the basis for currently applicable techniques.
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Section |. INTRODUCTION

Residual stresses are those stresses that would exist in a body if
all external loads were removed. Residual stresses in metal struc-
tures occur for many reasons during various manufacturing stages.
They are known to be detrimental to the behavior of metals structures
under certain conditions.

A state-of-the-art survey has been made of nondestructive measure-

ment and evaluation of residual stresses in metals and metal struc-
tures. The survey is concerned primarily with residual stresses pro-
duced during the fabrication of structures made in high-strength alu-
minum alloys; however, some discussion is necessarily based on data
relative to steel.

The first section describes fundamental information on residual
stresses that is necessary for a complete understanding of measure-
ment techniques.

The second section reviews presently available techniques for
measuring residual stresses. Various methods based on the stress-
relaxation techniques are reviewed. Discussions also are made on
the X-ray diffraction technique, the ultrasonic technique, the hardness
technique, and the cracking techniques.

The third section describes measurement of residual stresses
produced during quenching, machining, forming, and welding. For
each of these processes, methods of measuring residual stresses are
discussed, along with typical data, especially those on high-strength
aluminum alloys.

The fourth section describes information on (1) selection of meas-
urement techniques appropriate for a particular job, (2) use of mathe-
matical analysis in the experimental studies of residual stress, and
(3) the evaluation of experimental data on the basis of the effects of
residual stresses on the behavior of structures. On the basis of the
quality of data and cost required, bonded strain gages are recom-
mended as far as they are applicable. The X-ray diffraction technique
may be used in some cases. The ultrasonic technique may become
useful in the future.

On the basis of findings obtained during this survey, recommen-
dations are given for future research on nondestructive measurement
of residual stresses during fabrication of metal structures. Major
areas where research is needed are:



development of nondestructive methods of measuring residual
stresses

measurement and control of residual stresses during fabri-
cation

effects of variations in procedures on the magnitude and dis-
tribution of residual stresses.




Section Il. FUNDAMENTAL INFORMATION ON RESIDUAL STRESSES

This section provides fundamental information on stress, strain,
and the mechanical properties of metals as they are important for the
measurement of residual stresses. Alsogiven is fundamental informa-
tion on residual stresses that is needed to understand measurement
techniques, as well as definitions of important technical terms.

1. Stress, Strain, and the Mechanical Properties of Metals

a. Stress and Strain

When a f)ody is in equilibrium under the action forces,
it is said to be in a condition of stress or in a stressed state. ! Such
stresses cause deformations or strains in the body.

(1) Stress. Stress intensity is usually measured in
pounds per square inch.* In the simple case of a prismatical bar
subjected to tension, as shown in Figure 1, the stress, o, is

P
o= (1)
where
P = total tensile force, or tensile load
A = cross-sectional area.

In a general stress field, stresses are not distributed uniformly
and stresses are not uniaxial. Figure 2 shows stress components
acting on the three perpendicular planes passing through any point, 0,
of a body. On each pair of parallel planes there are three components:
a normal stress perpendicular to the plane and two components of
shearing stress acting in the plane. Acting on the plane perpendicular
to the x-axis, for example, are the normal stress, oy, and the shearing
stresses, Tyy and Txz, acting in the directions parallel to the y- and
z-axes, respectively. Because of the equilibrium of the element, only

six components are independent, as follows:

o T = T oy Tow =T

xy = Tyx’ Tyz zy’ Tzx xz*

These six quantities are called the components of stress for that point.

x? O-Y’ O-Z;

2

*In the metric system, kg/mm®is commonly used to express the

stress intensity:

1 kg/mm?® = 1422 psi.
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Figure 1. Prismatical Bar Subjected to Tension Load, P
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If the six components of stress are known, the stress on any
inclined plane through the same point can be calculated (refer to
Paragraph 1 of Appendix). It is alwavs possible to find three perpen-
dicular plancs for which shearing stresses vanished,  These plancs
are called the principal planes (coordinate axes perpendicular to these
plancs are called the principal axes), and stresses acting on these
planes are called principal stresses,

(2) Strain. When forces arc applied to a body, the body

deforms slightly., In the simple casce, as shown in Figure 1, the length
of the bar increases from its original value L to L. + AL. The strain,
€, is expressed as follows:

m~
i
.
P
&™)
~—

In a gencral strain field, there are six independent strain com-
ponents: normal strains, e, ¢y, and ¢z, and shearing strains,

Yyz: and y, .

YX\//’

(3) Stress-Strain Relationships, Hooke's Law. In most

engineering stress analyses it is customary to assume that structural
materials are purely elastic, homogeneous, and isotropic (material
properties are the same in all dircctions)., According to Hooke's law,
the magnitudes of strains and stresscs arce proportional as follows:

1
" F {"x "V (cry+ UZ)

1
v = E %Y -V (ot o)
1
€, = 5 g, - v (o 4 U\],)
1 1 4 1 ,
Yxy = G Txyr Vyz TG Tyz Yzxo G Tax? (3)

where

E = Modulus of elasticity (in tension), or Young's modulus
v = Poisson's ratio
G = modulus of rigidity, or shear modulus.

Stress-strain relationships in the plastic condition are much more
complex.



b. Mechanical Properties of Metals

Figure 3 shows schematically the stress-strain curve of
a metal, such as an aluminum alloy. As the load or stress increases,
strain changes as shown by the curve OABCD. The region OA is the
elastic region and its slope corresponds to Young's modulus. The
stress at point B is the yield stress,* and when the load is increased,
the metal deforms plastically. Point C represents the ultimate tensile
strength, and the metal fractures at point D.

Stress

-— & € Strain

Figure 3. Stress-Strain Curve of a Metal

*Some metals, including carbon steel, clearly exhibit yielding,
while others, including aluminum alloys, do not. The stress at which
0.2 percent permanent extension has taken place is commonly used for
defining the yield stress in metals such as aluminum alloys.




Strain changes when the load is decreascd or when the metal is
unloadced. When stress is decreased from an arbitrary point, P, on
the linc OA, strain decreases as shown by the dotted arrow and no
permanent set remains after the load is removed (returns to the origin,
0). When stress is decreased from an arbitrary point, Q, on the curve
BC, strain changes as shown by the line QO'. OQ!' (= ¢'') represents
the permanent set or the plastic strain. The line QQ' is parallel to
the line AO. If the metal is loaded again, strain changes as shown by
O'QCD, indicating an increase in the elastic limit from the stress
which corresponds to A to that which corresponds to Q. The magnitude
of stress ¢ at point Q can be determined by measuring the amount of
elastic strain, Q'Q''= ¢', which takes place during unloading, as
follows:

o = E . (4)

An important characteristic of metals during unloading is that
they behave in a purely elastic manner, even if they have undergone
plastic deformation. This characteristic is the basis on which strain-
relaxation technigues have been developed for measuring residual
stresses in metals.

In most cases involving residual stress measurements, the history
of the metal being investigated is not known. In many cases at least
some portions of the specimen have undergone plastic deformation,
and nonuniform plastic deformation is a major source of residual
stresses in metals. Even so, it is possible to determine the magnitude
of residual stress by mecasuring the amount of elastic strain that takes
place during unloading. Table I shows typical tensile properties of
2024 aluminum alloy at various temperatures.

2. Residual Stresses

Various technical terms have been used to refer to residual
3,4
stresses, "’ such as

internal stresses
initial stresses
inherent stresses
reaction stresses
locked-in stresses,

Residual stresses also occur when a body is subjected to nonuniform
temperature change; these stresses are usually called thermal stresses.



Table I. Properties of 2024 Alloy at Various Temperatures
(Metals Handbook)?

Testing Tensile Yield
Temperature Strength Strength Elongation
(°F) (psi) (psi) . (percent)

Mechanical Propertiess

75 68,000 47,000 19
300 45,000 36,000 17
400 27,000 20,000 27
500 12,000 9,000 55
600 8, 000 6,000 75
700 5, 500 4,000 100

Coefficient of Linear Thermal Expansion,a

Temperature (°F) a, (micro inch/inch/°F)
68 to 212 12.7
68 to 392 13.3
68 to 572 13.7

*Data given above are for bare product (T4 temper). Young's
modulus at room temperature is 10.8 x 10° psi. Poisson's ratio is
0.33.

a, Occurrence of Residual Stresses

Residual stre

for many reasones Resgids

ses in metals and metal structures occur
1 st

s
a resses may he produced as follows:

in many materials including plates, bars, and sections
during rolling, casting, forging, etc.

during forming and shaping of metal parts by such
processes as shearing, bending, machining, and grinding

during fabrication, such as during welding.




- Heat treatments at various stages can also influence residual
stresses. For example, quenching produces residual stresses while
stress-relieving heat treatments reduce residual stresses.

Residual stresses are classified on the basis of the mechanisms
which produce them, being those produced by structural mismatching
and those produced by uneven distribution of elastic strains, including
plastic and thermal strains.

b. Residual Stresses Produced by Mismatch

Figure 4 shows a s'mpl case in which residual str
are produced when bars of different le ngth are forc1b1y connecte d
Tensile stresses are produced in the shorter bar, 72, and c compr sive

stresses are produced in the longer bars P and P

///////////////////////

%

//

N

\\\\\\\\\\\\\\\\\\\\\\

]

(a) Free Stote (b) Stresse d State

Figure 4. Residual Str s Produced When Bars With
Different Length are Forc1b1y Connected
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Figure 5 shows how a heating-and-cooling cycle causes mismatch
resulting in residual stresses. Illustrated is the case in which three.
2024 alloy bars of equal length and sectional area are connected by two
rigid blocks at the ends and the middle bar is heated to 500°F and then
cooled to room temperature while the side bars are kept at the room
temperature. The diagram shows the temperature versus stress
relationship of the middle bar (details of the calculation made by the
author are given in Paragraph 2 of the Appendix).* When the middle
bar is heated, compressive stresses occur in it, since its expansion
is restrained by the side bars which are kept at room temperature.

As the temperature of the middle bar increases, the stress in it changes
as shown by line AB. The yield stress in compression is reached when
the temperature is approximately 230°F, as indicated by point B.
Beyond point B, as the temperature rises, the stress in the middle

bar is limited tc the yield stress at each corresponding temperature,
as shown by curve BC. When the temperature decreases below 500°F
on cooling, the action in the middle bar is elastic again. The com-
pressive stress in the middle bar drops rapidly, changes to tension,
and soon reaches the yield stress in tension, as indicated by point D.
Then, as the temperature decreases further, once more the stress in
the middle bar is limited to the yield stress at each corresponding
tempcrature, as shown by curve DE. Thus, a residual tensile stress
equal to the yield stress at room temperature is set up in the middle
bar. The residual stresses in the side bars are compressive stresses
and equal to one-half of the tensile stress in the middle bar (because
the two side bars are resisting the deformation of the one middle bar).
Line B'E indicates that residual stress of the same magnitude, which
is equal to the yield stress at room temperature, will be produced by
heating the middle bar at any temperature exceeding 340°F.

c. Residual Stresses Produced by Unevenly Distributed
Nonelastic Strains

When a material is heated uniformly, it expands uniformly
and no thermal stress is produced. On the other hand, when a metal is
heated unevenly, thermal stresses are produced. Residual stresses
also are produced when unevenly distributed nonelastic strains such as

*Wilson and Hao® calculated the temperature versus stress relation-

ship for low-carbon steel. It was assumed that Ag = A (refer to
Paragraph 2 of the Appendix). '
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plastic strains exist. The following are fundamental relationships for

a two-dimensional (plane stress, ¢, = 0) residual-stress field:**

Strains are composed of elastic strain and nonelastic

strain:
€, = & t e
€y = e'y + e;,'
Vay = Vi + Yy (5)
where
€ €y YXY are components of the total strain
e;(, e'y, Y}'{y are components of the elastic strain
e)'(', e'y', Y;(|y are components of the nonelastic strain.

The nonelastic strain can be plastic strain, thermal strain, etc.**

A Hooke's law relationship exists between stress
and elastic strain (refer to Equation (3)):

m
H

-V 0

1
E x y)
1 |
&y = E (crY -V oy)
1
T Txy (6)

*Stresses in a plate with uniform thickness are common cases of
the plane-stress field. In this case, O, = Tyy = Tygy = 0. Equations
are more complex for the three-dimensional stress field.

<**In the case of thermal stress:
e}'('zei,':(l'AT V=0,
where

a is the coefficient of linear thermal expansion, and
AT is the change of temperature from the initial temperature.




The stress must satisfy the equilibrium condition:

00y Txy
ox * oy =0
aT il
Xy y
. + By 0. (7)

The total strain must satisfy the condition of com-

82! 826;’ 9"V y %' dey dhVLY
+ - + + - - = 0. (8)
ay> x> 9x-9y gy 9x*  9x- 3y,
The above equations indicate that residual stresses exist when

the value of R, which is determined by the nonelastic strain as follows,
is not zero:*

patibility: !

2 11 92t §2y11
R - - [0 T SR £ g (9)
dy? ox 9x. 8y
R can be considered as the cause of residual stresses.® Moriguchi7
called R "incompatibility. "

Many investigators have made mathematical analyses of residual
stresses. >’ * © 78 geyeral equations have been proposed to calculate
stress componenzs Txs Oys and Txy for given values of nonelastic strain
€5 s e'Y', and yLi. " Important findings obtained from these mathe-
matical analyses with regard to the measurement of residual stresses
are:

Residual stresses in a body cannot be determined by measur-
ing the stress change that takes place when external load is applied
to the body. (Because of this, the body is cut to determine residual
stresses.)

ot

“R = 0, consequently residual stress will not occur when the
nonelastic-strain components are linear functions of the position:

el = a+bx+dy,eéf'=e+fx+gy,y}'{")r:k+l,x+my.

1
.4

13



Residual stresses oy, Ty and Txy €an be calculated from
Equation (6) when elastic-strain components €l, €, and yl ! are
determined. However, components of nonelastic strain ex’s €'y and
y)'(' , which have caused residual stresses, cannot be determined
théoretically.

d. Equilibrium Condition of Residual Stresses

Since residual stresses exist without external forces,
the resultant force and the resultant moment produced by the residual
stresses must vanish:

IO’.dA = 0 on any plane section, (10)

and
IdM = 0. (11)

It is very imiportant to check whether residual-stress data deter-
mined in any experiment satisfy the above conditions.

e. Macroscopic and Microscopic Residual Stresses

Areas in which residual stresses exist vary greatly from
a large portion of a metal structure down to areas on the atomic scale.
Figure 6 shows macroscopic residual stresses on various scales. For
example, when a structure is heated by solar radiation from one side,
thermal distortions and thermal stresses are produced in the structure,
as shown in Figure 6(a). Figure 6(b) shows residual stresses by weld-
ing residual stresses and distributed in areas near the weld. Figure
6(c) shows residual stresses produced by grinding; residual stresses
are highly localized in a thin layer near the surface.

Residual stresses also occur on a microscopic scale.? For example,
residual stresses are produced in areas near martensitic structures in
steel since the martensite transformation that takes place at relatively
low temperatures results in the expansion of the metal. Residual
stresses on the atomic scale exist in areas near dislocations.

This report is concerned primarily with microscopic residual
stresses.
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Figure 6. Macroscopic Residual Stresses on Various Scales
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Section lll. REVIEW OF METHODS OF MEASURING RESIDUAL STRESSES

This section reviews various methods of measuring residual
stresses in metals and metal structures. 1% 1 Thege methods
can be classified into the following four groups according to the
principles on which these methods are based:

methods in which residual stresses are determined by measur-
ing elastic-strain release that takes place when residual stresses are
relaxed by cutting the Specimerl into pieces or by removing a piece
from the specimen: the stress-relaxation techniques

methods in which elastic strains are determined by measur-
ing the lattice parameter of the specimen

methods in which residual stresses are determined by measur-
ing stress-sensitive properties such as ultrasonic attenuation

methods in which residual stresses are determined by observ-
ing cracks produced in the specimen by residual stresses.

Stress- relaxation techniques, which have been widely used for
measuring residual stresses, will be covered in three parts as follows:

principles of stress-relaxation techniques for measuring
residual stresses

methods for measuring strains

various methods of measuring residual stresses based on

stress-relaxation techniques.

Discussions will then be conducted on methods of measuring
residual stresses other than stress-relaxation techniques.

1.  Principles of Stress-Relaxation Techniques for Measuring Residual Stresses

Stress-relaxation techniques are based on the fact that strains
that develop during the stress relaxation are elastic even when the
material has undergone plastic deformation, as shown in Figure 3.

a. Complete Stress-Relaxation Technique Applied to a Plate

Residual stresses in a plate can be determined by measur-
ing the strain change that takes place in a small piece when it is removed
from the plate. Suppose that a small piece of metal surrounding the
point of interest is removed with a trepan saw, as shown in Figure 7,




Figure 7. Complete Stress-Relaxation Technique
Applied to a Plate
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and the strains due to the stress-relaxation process, E’X, € , and ny,
are measured by electric strain gages. If the piece is small enough,
it can be assumed that residual stresses no longer exist in the piece
after removal; then, the following holds good:

|

i

]
m
.

i

]
m
.
<\

N 12
y - "%y Yxy  TVxy (12)

where, e, e'y, and Y.l<y are elastic-strain components of the residual
stress. The minus signs in Equation (12) indicate that, when tensile
residual stress exists, shrinkage (not elongation) takes place during
stress-relaxation. Then residual stresses are

E — -
ot - % (G + v ey)

o + v'e‘x)

y 1-vZ ¢y

Txy T -nyy. (13)
It is advisable to make strain measurements on both surfaces of
the plate, because there may be residual stresses caused by bending.
The mean value of strains measured on both surfaces represents the
plane-stress component, while the difference between the strains on
both surfaces represents the stress component caused by bending.

b. Determination of Residual Stress by Partial Stress-
Relaxation Technique

When a small circular hole is drilled in a plate containing
residual stresses, residual stresses in areas outside the hole are
relaxed partially. It is possible to determine residual stresses that
existed in the drilled area by measuring stress relaxation in areas
outside the drilled hole. The hole method of measuring residual stress

was first proposed and used by Mathar'* and was later developed by
Soete, '* Suppiger, et al.!® ' '

For an illustration of how the technique is used, suppose that the
components of residual stress at point O are 044, Tyos and Txyor Then
the components of residual stress along the periphery of a small
circle surrounding point O are given by Equation (14). See Figure 8(a)
and Paragraph 3 of Appendix,




1 1 .
o= o +o )+ > (o o‘yo) cos 20 + ZTxyo sin 20

X0 yo X0
1 1 |
00" 32 Tso + O'YO) -3 (GXO - (TYO) cos 20 - ZTxyo sin 26
- 1 .
Treo = Txyo €OS ZG'E(GXO —cryo) sin 20 , (14)
whoie
0., = the residual component

0go = the tangential component

T = the shearing component of residual stress along the

periphery at an angle 6.

rBo

In Equation (14), it is assumed that residual stresses are uniform in
the area inside the small circle.

The next step is to calculate the strain change that will take place
in areas outside the small circle, radius a, when the material inside
the circle is removed, e.g., by drilling. The important fact about the
strain change is that the circle will become stress free; in other words,
0ro and Trgo Will vanish. Therefore, the strain change during the
stress-relaxation process is the same as the strain caused in a plate
with a hole (but no residual stress) by applying stresses -o ., and -7 g,
to the edge of the hole.
= 0;

To simplify discussion, assume that oy, = Uyo = 0o and Txyo

or residual stresses are biaxially tensile. Then, o, o 00
The strain release which takes place at point P (r, 6) when a hole
(radius a) is drilled around point O is given in Equation (15) and shown
in Figure 8(b):

1+v a’

YZ

=<
1
[e]
—
m

ro
where €, €, and y,.gare components of the strain release.
When residual tensile stresses exist in areas around point O, the

strain change in the radial direction € will be shrinking from the
stretched state. Ejuation (15) indicates that if values of a and r are

= og_. and T = 0.
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known and €. or ¢y is measured, it is possible to determine the amount
of the residual stress, o. '

In the case of a general stress field in which three components,
Oyor Tygor and Txyo exist, the strain release that takes place around
the drilled hole is more complex than that given in Equation (15). A
common way to determine stresses is to place strain gages in a star
form, at 120 degrees from each other, as shown in Figure 8(c). The

magnitudes and directions of the principal stresses are determined
as follows:®" 17

51 = -E {mm-a + p.z(x)s}

q
™~
I

-E {Hl()\)a - lJtz(x)B}

_° (16)

Erl - (1.

tan 2¢

where
o1 and o, = the magnitudes of principal stresses

¢ = the angle between the No. 1 gage and the direction
of the o1-principal stress

r
A = P the ratio of the distance of the measuring points
from the center of the hole, r, and the radius of
hole, a.
X
A) =
H(N) T+ v
Nt
M2(X) =

4NT - 3 (1 + v)

(€p1 + €, t €rs)

w|—

B =y (e, -al+d

1 _ o
5 " 5 (€pp - Ts) (16)

where €., €.,, and €., = radial strains measured on No. 1, No. 2,
and No., 3 strain gages, respectively.
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Figure 8. The Mathar Method of Measuring Residual Stresses
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c. Determination of Residual Stresses in Solids

A complete stress-relaxation technique such as shown in
Figure 7 is not feasible in the determination of residual stresses in a
three-dimensional body because a small piece must be taken from the
interior of the body, while strain measurements can be made only on
the surface of the body. Consequently, all techniques for measuring
residual stresses in three-dimensional solids are partial stress-
relavation techniques requiring complex experimental procedures such
as follows:

strain changes are measured when portions of the
specimen are removed successively.,

narrow blocks in different directions are taken from

the specimen, and residual stresses left in the blocks are measurced.

Residual stresses that existed in the specimen are then calculated, A
number of methods have been proposed and used to determine residual
itresses in solids of various shapes such as cylindrical bars, pipes,

and heavy weldments.,  Most methods, however, reguire complete
destruction of the specimen and they are also time consuming and costly.
The following describes, as a simple example, principles of the Bauer-
Hvynlg’ " {echnique for determining residual stresses in a cylinder,
especially in a cylinder containing longitudinal tensile stresses in the
outer portion and compressive stresses in the core.

Figurce 9 shows, schematically, the basic principles of the Baucer-
Heyn method. ' The tensile stresses in the outer portion of the rod
are represented by a system of stretched springs balanced by comi-
pressed springs in the inner portion, which represent the longitudinal
compressive stresses, as shown in Figure 9(a).  If the outer springs
arc removed, the core will expand, as shown in Figure 9(b).

If A, is the original cross-sectional arca of the bar, Ay is
the area of the core (area of the skin is dA; = A, - A), and the average
residual stress which existed in the skin is 03, then the force in the
removed outer skin, Fokine 18

Fokin = o1 dA;.

Now the force in the core which-is released, Feorer 1s

Feore = Ai1E-dey,




where dey is the strain release (expansion per unit length) of the core.

The two forces must be equal; therefore, the residual stress which

existed in the skin, o, can be determined by

N T T %
s

Al . E' d(’[

07 - —-—d_—Al—_ . (17)

{a) Original State {b) Core Expanded by

Figure

the Removal of
Outer Skin

9. Spring Analogy of Bauer-teyn's Mcethod of
Determining Longitudinal Residual Stress
in a Cylinder
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Equation (17) satisfies the condition when the residual stress
pattern is of the case and core type exemplified in Figure 10(a). In
order to determine residual-stress patterns as shown in Figure 10(b),
it is necessary to remove thin layers from the cylinder in a sufficient’
number of steps and to measure the length of the remaining portion.
The stress which existed in the n-th layer is given by

AnE- de
crn=—dA———E(del+de2+de3+~----+den_1), (18)
n
where
A, = the sectional area after the removal of the n-th layer
dA, = the area of the n-th layer
de; = the strain change due to the removal of the i-th layer
(i=1, 2, 3, ++--» , n).
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Figure 10. Longitudinal Residual Stresses in Cylinders




2. Methods for Measuring Strains

Various methods for measuring strain have been used for
détermining residual stresses, such as bonded strain-gage techniques,
extensometers, g¢rid svstems, brittle coatings, and photoclastic coat-

Ings.

e

Basically, techniques used for residual-stress measurements are
the same as those used for ordinary stress measurements, or for
measurement of stresses caused by external loading. Information on
stress-measuring techniques in general are available from various

sources including the Handbook of Experimental Stress Aralysis

. 7’ . 3] " s L
edited by Hetényi, 7 and recent reviews by Crites, 20021522, 23 This scc-
tion describes briefly the characteristics of various stress-measuring
techniques as they are used for measuring residual stressces.

a. DBonded Strain-Gage Techniun&Z, 23, 24

In the resistance-type bonded strain-gage techniques,
gages are bonded on the test specimen. As the specimen is strained,
the resistance of the gages changes, and the magnitude of strain is
determined by measuring the resistance change. Most bonded clectrical-
resistance strain gages are made from either metallic wire or foil
materials, There are also the recently developed semiconductor gages.
A variety of sizes, shapes, and configurations are available including
single-element gages and rosettes with two, three, or four elements.
Table II illustrates various types of strain gages.

(1) Wire Gages, Foil Gages, and Semiconductor Gages.

Wire gages were the first to become commercially available. Wire
materials commonly used include constantan, nichrome V, and iso-
elastic. Wire gages are made in three. general forms: flat-wound,
helix-wound, and single-filament. Flat-wound and helix-wound gages
are widely used. Flat-wound gages are manufactured in sizes from
approximately 6 inches to '/, inch, and are backed with paper or
phenolic material. Helix-wound gages are made in sizes from ', inch
down to 1/16 inch. Single-filament gages, available in scveral sizes

up to approximately 8 inches, are suited for high-temperature applica-
tions.

Foil gages are a more recent development. They are manufactured
in a grid configuration from metallic foil between 0.001-inch and
0.0001-1inch thick, and are usually backed by paper, cpoxy, or phenolic
materials. When compared with wire gages, foil gages have excellent
features, as follows:
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Table II. Various Types of Bonded Strain Gages (Crites)“
WIRE
GAGES

MONOFILAMENT

FLAT-WOUND HELIX-WOUND FREE-FILAMENT
) /
]
-}
—t

80°-ROSETTE

45°-ROSETTE

WELDABLE, SINGLE-WIRE

Single-strand
Flat-wound
Helix-wound
Free-filament
Monofilament
90°-Rosette
60°-Rosette
45°-Rosette

Weldable

FOIL
GAGES

RECTANGULAR-GRID

RECTANGULAR-GRID,
HIGH-TEMP

120°-ROSETTE

45°-ROSETTE

DUAL-ELEMENY

J
90°-ROSETTE

HIGH ELONGATION

Rectangular-gric
Rectangular-gric
Weldable
90°-Rosette
120°-Rosette

45° -Rosette
Dual-element

High elongation

SEMICONDUCTOR
GAGES

SINGLE-ELEMENT

= — )

HIGH ELONGATION
U-SHAPED

Single-element

U-shaped

Dual-element




Gage Length

Range (in.) Gage Backing
1-3/5 to 8 Paper, bakelite
Y to 6 Paper, epoxy, polyester, bakelite
116 to 1/2 Paper, bakelite
Y to e None
Ysto 1 Ceramic coating
1/4 to 7/16 Paper
o to s Paper, bakelite
Yy to 3 Paper, bakelite

%he to 1-The Stainless steel

(std.) s to 6 Paper, epoxy
(high-temp)| '/ to 1 Bakelite, strippable
Y, o Stainless
Ye to Y, Epoxy, bakelite
Ys to Vs Epoxy
1/16 to 1/2 Bakelite, epoxy
Y, Bakelite, strippable
1/64 to 1 Epoxy

0.05 to -0. 5] Epoxy, mica, etc.
0.16 High temperature, none

0.16 Selected

2




Applications

Narrow widths, wrap around

General purpose, static, dynamic
Limited space, static dynamic

High temperature

High temperature

Biaxial strain, principal, strains known
Biaxial strain, principal, strains unknown
Biaxial strain, principal, strains unknown

Elevated-temperature, quick installation

General purpose, dynamic

Elevated temperature

Elevated temperature, easy installation
Biaxial strains, principal strains known
Biaxial strains, principal strains
Biaxial strains, principal strains
High-low temperature compensation

Tensile tests or high elongation conditions

High sensitivity, transducers
High sensitivity, transducers

Temperature compensation, high sensitivity

3




they can be manufactured to smaller sizes with greater
accuracy

they can carry heavier currents because their generally
greater surface area and thin backing provides better heat dissipation

they can be formed around sharper radii because they are
thinner.

Semiconductor gages are made of thin crystals of germanium or
silicon and are usually less than Y/,-inch long. Semiconductor gages
are very sensitive strain indicators; however, they also are sensitive
to temperature changes and are somewhat expensive. Semiconductor
gages will undoubtedly become more popular as manufacturing techniques
improve and as they become more widely known.

(2) Temperature Effects and Temperature Compensation.
A key consideration in gage selection is the temperature range in which
the gage must function. Although the largest selection is available in

the room-temperature range, many gages are available for use at
extremely low and high temperatures, as follows:

paper-backed gages for temperatures ranging
from cryogenic to about 175°F

epoxy-backed gages from -400°F to 250°F

phenolic- or bakelite-backed gages from cryogenic
temperature to 350°F

phenolic-backed or epoxy-backed gages reinforced
with glass fiber for temperatures from cryogenic to 450°F.

With each gage, appropriate cements must be used. For applications
above 500°F, no backing materials are employed except with weldable-

ype gages,

Changes in temperature tend to cause an apparent strain; there-
fore, some type of temperature compensation is needed. Frequently,
a '""dummy gage, ' which is not subjected to the strain, is exposed to
the same temperature as the actual gage to provide a basis for com-
parison. A temperature-compensated gage can also be used.
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(3) Gage Bonding. Gages must be bonded securely to the
specimen. Various types of organic cements are used widely for appli-'
cations up to 500°F. Ceramic cements are used for high-temperature
applications. Gages are sometimes spot welded to the specimen.
Figure 11 shows temperature ranges for commonly used strain-gage
‘ements.

DeKhotinsky

Duco, SR-4 -

Eastman 910

Epoxy EPY -150

Armstrong C-2

Bakelite

GA-50; EPY-400;

Mithra 200
RX-1
A-Pl; PBX;
Bean type H ‘
(o] 200 400 600 800 1000
Temperature®F

Figure 11. Temperature Ranges for Strain-Gage Cements




Organic cements in current use are nitrocellulose, phenolic,
epoxy, cyanoacrylate, and shellac. Nitrocellulose cements, which
were the first cements employed for strain-gage applications, are
used exclusively for paper-backed gages and can not be employed
with bakelite- and epoxy-backed gages. Nitrocellulose cements
commercially available include SR-4 (Baldwin), Post-Yield (Baldwin),
and household Duco (Du Pont). Phenolic cements have long given
satisfactory results. However, they require a high cementing tempera-
ture (between 200 and 300°F) and a high clamping pressure (not less
than 50 to 75 psi).

Epoxy cements, which are used for bonding epoxy- and phenolic-
backed gages to the specimen, are noted for their strength of bond and
for their ability to penetrate surface films to secure good adhesion.
There are two general types of epoxy cements: room-temperature
curing cements and heat-curing cements. EPY-100 (Baldwin) cures
in 12 to 15 hours at 75°F. Commercially available heat-curing cements
include Armstrong C-2, EPY-400 (Baldwin), Mithra 200 (Mithra
Engineering), and GA-50 (Budd).

One of the newest cements adapted for strain-gage application is
a modified cyanoacrylate cement called Eastman 910. Becausec of its
rapid setting characteristics (it can be ready within a minute or so),
the cement is widely used, however; the cement tends to be brittle
and is limited to elongation in the order of 2 percent at room tempera-
ture.

Shellac cements (de Khotinsky, hard) can be employed with most
strain gages, but bonds tend to creep. Therefore, shellac cements
are not suitable for residual-stress determinations in which measure-
ments must be made before and after machining.

Three types of ceramic cements arc available: silicate cements,
phosphate cements, and fusible materials. X-Y and RX-1 (both
Baldwin) are silicate cements. The most widely employed ceramic
cements are phosphate cements, which can be used up to 1000°F stati-
cally and even higher dynamically. Commercially available phosphate
cements include Allen Pl, Allen PBY, and Bean Typc H. Fusible
materials are now available for bonding gages. A bonding process
developed by the Norton Company involves spraying molten aluminum
oxide (Rokide A) and other refractory materials by means of a special
gun. ‘
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Spot welding strain gages to a structure is an increasingly popular
technique. The method provides quick installation for high-temperature
analysis. A number of weldable gages are on the market or in late
stages of development. .

(4) Gage Protection. In most residual-stress measure-

ments, gages must be protected from metal chips produced during
machining as well as from the oil or water necessary to cool the speci-
men. A number of systems have been devised for protecting gages
under various conditions.

Some¢ coating can be applied cold, while others require heat. Cold-
applied coatings include petroleum jelly, Di-Jell, and silicone greases.
Protective coating applied with heat include microcrystalline waxes and
cpoxy coatings. A combination of coatings is used when more extensive
protection is necded.

A combination coating developed at Battelle has been proved in
field service on various pipe lines for a number of years.22 It consists
of multiple coatings of Glyptal enamel, Neoprene, and Petroscene wax,
as shown in Figurce 12. Gages are first thoroughly dried and the lead
wires soldered. A coating of Glyptal enamel is applied to gage, gage
leads, and surrounding areas of the test specimen. The enamel is
dried at 120 to 180°F for approximately 1 hour. Four successive
coats of necoprene cement are then applied. Each coat is extended
just beyond the periphery of the preceding coat. Also, each coat is
dried about '/, hour at 120°F. The final coat of Petrosenc is applied
over the whole arca while the test specimen is still hot, When addi-
tional mechanical protection is required, a small metal shield is
placed over the gage.

(5) Strain Indicators. To obtain accurate measurements

of strain in structures with the use of clectric-resistance strain gages

requires careful selection of highly sensitive measuring instruments

and circuitry. 2 A quick evaluation of the degree of sensitivity that is

required in straingage equipment can be obtained by referring to the

basic equation which relates changes in resistance to changes in strain
AL

AR:(GF)xRxT , (19)

where

R = gage resistance (ohms)
L = length of conductor

GF = gage factor, experimentally determined by the gage
manufacturer,.




Four successive coats of Neoprene over Glyptal.

Figure 12. Strain-Gay

~

Final coat of Petrosene microcrystalline wax.

que Developed at Battelle
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For example, for measurement of a 1000- psi stress in an alumi-
num member, equipment and circuitry sensitive enough to detect a
change in resistance of 0.024 ohm would be required. This is deter-
mined by noting that Young's modulus for aluminum is approximately
10 x 10°® psi; hence, the strainis 0.0001 in, /in. If the gage factor is
2.0, and the gage resistance is 120 ohm, the sensitivity required is

AR = 2 x 120 x 0.0001 = 0.024 ohm.

To detect such small resistance changes, specially designed
instruments, which are frequently called static-strain indicators, are
used. These instruments have a built-in current source, balancing
galvanometer, gage-factor adjustment, balancing resistors, and gage
connections. Switching devices are used for taking measurements
from a series of gages on a specimen or structure. Recorders for
dynamic measurement also are available.

b. Techniques Using Extensometers

Extensometers are strain-measuring devices. Mechanical-
electrical, and optical extensometers are commonly used. 1% Most
commercially available extensometers are primarily for developing
stress-strain curves during the material testing. Some of them,
however, can be used for residual-stress measurements.

Figure 13(a) shows a mechanical extensometer which has been
developed by Gunnert® primarily for measuring residual stresses in
weldments. The legs, 1 and 2, are supported against each other by
two points, 3. The adjusting screw, 4, is threaded into leg 1 and
the nut, 5, is fixed to leg 2. The flat end of the adjusting screw lies
against the gage pin, 7, of the special indicator, 6, invented by
Abramson. The indicator is fixed to leg 2 by holder 8. The parts
9, 10, and 11 form a protective cover. The adjusting screw, 4, is
accessible through a hole, 12. A holder, 13, with balls, 14, is fixed
to the lower part of legs 1 and 2. These balls are Brinell balls and
are 0.079 inch in diameter.

In carrying out strain measurements, the Gunnert extensometer
is placed with its balls in conical depressions 0.354-inch apart on the
test specimen, as illustrated in Figure 13(b). The shape of the depres-
sions is shown in Figure 13(c). For measuring residual stresses,
eight depressions are made along the periphery of a circle 0.177 inch
in radius. After the distances between four sets of depressions are
measured, the measuring area is freed from the surrounding material
by means of a core drill which produces a groove around the measuring
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Figure 13. Gunnert's Method for Measuring
Residual Stress
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area, as shown by the broken lines in Figure 13(d). The distance
between the four sets of depressions are measured to determine elas-
tic strains released during the stress relaxation. *

c. Grid Systems?2?

Probably the simplest method for determining distortion
or plastic deformation in a model or a part is by marking it with a sys-
tem of grid lines. The lines are applied by several means, depending
upon the material and the geometry: they can be scratched by hand,
machine scribed, drawn with ink, imposed on photosensitive coatings
by a photographic process, or stamped with an inked rubber stamp.

The sensitivity of measurement is dependent upon the size and
accuracy of the scratches or lines and the kind of measuring instru-
ment used. With an optical micrometer, measurements can be made
to about 50 to 100 microinches per inch. However, the measurements
require pain-taking efforts.

d. Brittle-Coating Technique'®”

The use of brittle coatings or brittle lacquers as strain
indicators is bascd on the observation that such coatings through their
rupture, can reveal the magnitude of strain in the underlying material
of the test piece. These coatings work on the principle that, under
strain, cracks will agppcar normal to the direction of maximum principal
stress.

There are two general classes of brittle coatings: resin-based
coatings and glass-based coatings. Resin-based coatings are designed
for room-temperature use, while glass-based coatings can be used at
high temperatures up to about 600°F. Best results are obtained when
coatings arc sprayed on specimens. A kit is available which includes
a spray gun, a calibration device, and other necessary equipment.

e. Photoelastic-Coating Technique

Under the action of stresses, transparent materials become
doubly refracting (birefringent) and if a beam of a polarized light is
passed through a model (under stress) made of such a material, a

*Theoretically, measurements of distances between three sets of
depressions are cnough for determining residual stresses. The fourth
set is used for improving the accuracy of measurement.




colored picture is obtained from which the stress distribution can be
determined. This technique is called the photoelasticity.* ' ’ !
* The photoelastic-coating technique is a method of stress analysis
in which the actual structure to be stress analyzed is coated with a
photoelastic plastic. 28, 29, 30,31
strains are transmitted to the plastic coating, which then becomes

When strains occur in the specimen, the

birefringent. The birefringence can be observed and measured, using
a reflection polariscope, as shown schematically in Figure 14. Figure
15 shows an example of fringe pattern. The principles of analyzing
fringe patterns, which are basically the same as those obtained in
ordinary photoelasticity, are found in instructions provided by the
manufacturer.

O

Ring for simultaneous

rotation of the Eyepiece
e il
assembly ‘E — 1 gg:::::nsator
Light Source
...... — Polarizer
Lensl—-E - Coatings
LZZ77IT7Z
Specimen

Figure 14. Schematic of Optical System
of Reflection Polariscope

*The usual photoelastic technique which employs models made with
specizal plastic materials are seldom used for studying residual stresses
in metals and metal structures primarily because distributions of resi-
dual stresses produced in metals are different from those produced in
the plastic materials.
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Figurce 15, Photostress Coating Technique

for Mcasuring Stresses

((Il‘i[vs)“)“

The photoctastic coating can be applied by brushing a liquid plastic

on the surface of the specimen and polyimerizing it by applying heat.
Alternatively, a prefabricated flat or countered sheet of plastic can be

bonded to the part at room temperature,  The maximum strain measurced

rangces between 3 and 50 percent, depending on the type of plastic used;

=

the strain sensitivity usually decreases with the increased in the max-

mmum measurable strain.

3. Various Methods of Measuring Residual Stresses Based on Stress-Relaxation

Techniques

Sutmarizoed in the following pages are 15 methods of measur-

: : . . . 32,33 34

g residual stresses based on stress-relaxation techniques:
Mecthods 1 through 8: applicable primarily to plates
Mcthods 9 through 12 applicable primarily to solid

cvliinders and tubes

Mcthods 13 throuoh 15: ;(}x{\li(@ll)lv 1\1‘i11\;11'i1\ to three-

dimensional solids.



The methods are named on the basis of the principle involved, the
strain-measuring techniques used, or the name of the persons who
have developed or described them. For each of these methods the
description includes experimental procedures, range of application,
advantages, and disadvantages.

a. Method l. Electric-Resistance Strain Gage Sectioning
35, 3%

or Trepanning

(1) Procedures. Electric-resistance strain gages are

mounted on the surface (both surfaces if possible) of the test structure
or specimen, and then a small picce (or pieces) of metal containing

the gages is taken from the structure and measurement is made of strain
changes that occur due to the removal, as shown in Figure 7.

(2) Application. Relatively all-around use, with the

measuring surface placed in any position.

(3) Advantages. Reliable method. Simple principle,
High measuring accuracy.

(4) Disadvantages. Destructive. Gives average stresses

over the area of the piece removed from the specimen; not suitable for
measuring locally concentrated stresses. Machining is sometimes
expensive and time consuming.

b. Method 2. The Gunnert Technique for Plates®

(1) Procedures. Details of the Gunnert technique are

described previously in connection with Figure 13.

(2) Application. Suitable for laboratory and field work,
Can be used on horizontal, inclined, or vertical measuring surfaces.

(3) Advantages. Rapid. The main stresscs at a measur-
ing point can be determined both as regards direction and magnitude
in about 1 hour. Easily repaired damage of the measured object.
Permits the measurement of stress peaks to some extent owing to
the small measuring distances. Robust apparatus which permits
measurements in unfavorable weather.

(4) Disadvantages. The method entails considerable

manual training in order to ensure correct manipulation.
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c. Method 3. Vinckier's Mcthod?% ?7

(1) Procedures. Hardened steel balls are punched into

a measuring surface. The distance between them is measured before
and after the material (with the balls in position) has been removed
from the object. From the differences in the measurements of the
distance between the balls which have occurred, the original residual
stresses can be calculated.

(2) Application. Suitable for laboratory and field work.
Can also be used for inclined, vertical, and overhcad surfaces.

(3) Advantages. Rapid method. Easily repaired damage
of the test piece. High measuring accuracy.

(4) Disadvantages. The relatively long distance between
the measuring balls (3/4 inch) do not permit the measurement of stress

peaks or accurate measurements in regions with pronounced differences
in the stress distribution,

d. Mecthod 4. Dividing-Grid System®?

(1) Procedures. The surface of the object measured is

provided with a system ofﬂsui-tably located measuring points, placed

at the corners of a square network, for example. The distance between
the points is determined and the distance between their diagonals is also
measured, generally with a mechanical measuring instrument, The
points may consist of depressions or punched-in balls. The whole
object is then divided into square elements, each containing four
measuring points. The distances previously measured are measured
again. The stresses can be calculated from the difference between the
two measurements,

(2) Application. Laboratory method, since a division of
the object tested is not usually permissible.

(3) Advantages. Simple principle and measurement.
Allows the determination of closely adjoining areas over large surfaces.

(4) Disadvantages. Involves total destruction of the object.

¢. Method 5. Drilling-Strain Gage (Mathar-Soete)“’ 15, 16

(1) Procedures. Residual stresses are relieved by drill-
ing a hole, for example 1/4 inch in diameter. Strain changes that take




place in areas around the hole due to drilling arc measured, and the
residual stresses that existed in the drilled area are calculated
(Figure 8).

(2) Application. The method can be uscd for laboratory
and field work and on horizontal, vertical, and overhcad surfaccs.

(3) Advantages. A simple principle. Causecs little
damage to the test piece, convenient to use on welds and adjoining
material,

(4) Disadvantages. Drilling causes plastic strains at
the periphery of the hole, which may displace the measured results.
The method must be used with critical care.

f. Method 6. Drilling-Brittle Coating (Gadd)''» 8

(1) Procedures. The measuring point and its surround-
ing areas are coated with a brittle lacquer. A hole (diameter d, c.g.
/g inch) is drilled at the measuring point to a depth of between '/, d and
d. Cracks are produced in the lacquer due to relaxation of residual
stresses caused by the drilling. As shown in Figure 16, radial cracks

occur if residual stresses are tensile, and circular cracks occur if
residual stresses are compressive. From the direction and distribu-
tion of the cracks, it is possible to determine the dircction of main
stresses since the latter are perpendicular to the direction of the cracks.

(2) Application. Preferably a laboratory method, but
it can also be used for field measurements if the atmosphere is dry.

The measuring surface can be chosen as desired.
(3) Advantages. Little damage to the test piece., Rapid
determination of the directions of the principal stresses and an indica-

tion of their magnitude.

(4) Disadvantages. Only qualitative.

g. Method 7. Photoelastic Coating3°’32,39

(1) Procedures. A photoelastic coating is placed on the
specimen. A hole is drilled at the measuring point through the photo-

elastic coating and a portion of the specimen to a certain depth, e. g.,
equal to the diameter., If residual stresses exist, birefringence occurs
in areas near the drilled hole. By analysis, the birefringence strain
release that took place due to drilling is determined and then the residual
stresses that existed in the drilled areas are calculated.
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Figure 16. Typical Crack Pattern Obtained Under Various
Surface-Stress Conditions, Showing Combination of the
Mathar Hole Method and Brittle Coating

(2) Application. Primarily a laboratory method, but it
can also be used for field measurements under certain circumstances.

(3) Advantages. Permits the measurement of local
stress peaks. Little damage to the material.

(4) Disadvantages. Sensitive to plastic strains which
sometimes occur at the edge of the drilled hole.

h. Method 8. Successive Removal of Metal Layers
(Stiblein)lls 325 40

(1) Procedures. Let it be assumed that residual stresscs
arc present in a bar-shaped body. When material is removed on one
side of the body by milling, for example, the bar will bend toward the
milled side if they are tensile stresses, as shown in Figure 17. By
this means, the opposite side of the bar will cither be lengthened or
shortened. If measuring devices such as strain gages are applied to
this side, it is possible to study to what extent the surface has changed
in length for each layer of the material removed on the opposite side
and, from the values read off, the residual stresses in the different
laycrs can be calculated. Instead of measuring the surface changes
in length, the bending of the bar can be measured.

(2) Application. Mcasurement of the uniaxial residual
stresses along plates, shafts, surface-treated, heat-treated, or surface
bar- shaped objects.
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Figure 17. Residual Stress Measurement by
Successive Removal of Metal Layers

(3) Advantages. Reliable method for measuring the mean
stresses over a relatively large surface.

(4) Disadvantages. Does not permit measurement of
stress peaks. Involves total destruction of the object measured. Only
uniaxial stresses are measured. Risk of residual stresses set up
mechanically owing to the milling.

i. Method 9. Bauer-Heyn's Method!?s 185 19

(1) Procedures. Metal in a thin outside layer of a cylin-
drical specimen is removed in a sufficient nuinber of steps, and the
length of the remaining portion is measured, as shownin Figures 9
and 10. Residual stresses are then calculated.

(2) Application. Cylindrical bodies with rotationally
symmetrical stresses.

(3) Advantages. Rather simple.

(4) Disadvantages. Longitudinal stresses only are con-
sidered. Applicable to limited cases.

J- Method 10. Mesnager-Sachs' Boring-Out Method!!s 41 42

(1) Procedures. On the outside of a cylindrical body,
measuring devices are applied to the measured object in the longitudinal
and tangential directions, in the form of strain gages for example, or
in the longitudinal direction and across the diameter in the form of

43



44

mechanical measuring devices. A central hole is drilled in the body .
and the changes in the deflections of the measuring devices are noted
as the diameter of the hole is increased in steps by repeated drilling.

(2) Application. Circular cylindrical bodies with rotation-
ally symmetrical distribution stresses.

(3) Advantages. Permits the measurement of the uni-
and biaxial residual stress distribution in the whole of the test piece.

(4) Disadvantages. Assumes that the stresses are con-
stant along the cylinder and that the stress distribution is rotationally
symmetrical. Involves total destruction. Risk of mechanically caused
residual stresses due to working. Not very snitable for measuring
residual stresses in welds.

k. Method 11. Deflection Measurements by Splitting Strips
or Barsll

(1) Procedures. A strip or a bar is split down its central
longitudinal plane and, as a result, the two halves curl back. The deflec-
tion of the bars, or the amount of split, is measured and residual
stresses are calculated.

(2) Application. For laboratory and field measurements.
(3) Advantages. Simple.

(4) Disadvantages. Only an approximate method and
applicable only to cases in which the stresses are thought to vary
linearly through the thickness of a plate or shell but are constant along
the length, across the width of the plate, or around the circumference
of the shell.

. Method 12. Slitting a Tube (Sachs-Espey)'!’*®

(1) Procedures. A slit is made in a tube, and the deflec-
tion of the tongue is measured. The removal of metal from the tube
may be made by pickling or machining. Residual stresses are cal-
~ulated from the deflection.

(2) Application. For laboratory and field measurements.




(3) Advantages. Relatively simple.

(4) Disadvantages. Not very accurate.

m. Method 13, Successive Drilling (Soete-Vancro1rr1brugge)32’44

(1) Procedures. Strain gages are applied in a star around
the measuring point, similarly to the Mathar-Soete method (Method 5).
As in that method, a hole is drilled at the center of the star, but in steps

of about 1 mm in depth at a time. For each step the changes in measure-
ments are read off on strain gages. From the values obtained for dif-
ferent drilling depths it is possible, with the help of empirical values,

to calculate the original residual stresses at the different levels.

(2) Application. The method can be used both for labora-
tory and field work.

(3) Advantages. If the directions of the main stresses
are not known, they can be determined. Damage to the object measured
is easily repaired. Can be employed for all inclinations of the plate.

(4) Disadvantages. Drilling causes plastic strains at the

periphery of the hole which may displace the measured results. The
method must be used with critical care.

n. Method 14. The Gunnert Drilling Method*®’ 6

(1) Procedures. Four 3-mm (0.12 inch) parallel holes
located at the periphery of a circle with a 4. 5-mm (0. 18 inch) radius
are drilled through the plate at the measuring point, as shown in
Figure 18. The diametrical distance between these holes at different
levels below the surface of the plate is measured by means of a spe-

cially designed mechanical gage. The perpendicular distance between
the plate surface and measuring points at different levels below the
surface is also measured. A groove is then drilled around the measur-
Ing points in steps of about 0.08 inch in depth. The perpendicular dis-
tance is read off for each step. After the groove has been drilled to

the desired depth, the four holes will be located in a plug with a dia-
meter of 16 mm (0.63 inch), and this plug is free from the surroundings
and is thus also free from residual stresses. A further measurement
of the diametrical distance at all levels previously measured, together
with the perpendicular measurements, provide information for calculat-
ing the original residual stresses.
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Figure 18. The Gunnert Drilling Method

(2) Application. Can be used both for laboratory and
field work. The surface of the plate must be substantially horizontal.

(3) Advantages. Robust and simple apparatus. Semi-
nondestructive; damage to the object tested can be easily repaired.

(4) Disadvantages. Relatively large margin of error for
the stresses measured in a perpendicular direction. The underside of
the plate must be accessible for the attachment of a fixture. The
method entails manual training.

o. Method 15. The Rosenthal-Norton Sectioning Technique®’

(1) Procedures. Two narrow blocks having the full
thickness of the plate are cut with their long axes directed along the
axis of weld and transverse to the weld, as shown in Figure 19. The
blocks should be made narrow with respect to the thickness; then it
may be assumed that the operation has relieved practically all of the
residual stresses acting in the direction perpendicular to the long axis,
while relieving only a part of the stress in the direction parallel to the
long axis. At the same time, the blocks should be made long enough
with respect to thickness (twice the thickness or more, if possible).
Subsequently, the stress that has been relieved in the central portion
of the block is very nearly a linear function of the thickness. In other
words, if the value of this stress is known on the top and bottom faces
of the plate, then values of the stress relieved throughout the thickness
can be computed. The next step is to determine residual stresses still
left in the blocks. This can be done by mounting strain gages on the
walls of the blocks and then measuring strain relaxation that results
from slicing them into small pieces.
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(a) Sectioning the Weldment to prepare Longitudinal and Transverse Blocks.

(b) Further Sectioning of Biock.

Figure 19. Rosenthal-Norton Sectioning Method

Two blocks, one longitudinal and one transverse, must be cut in
order to determine three-dimensional stress distribution. Since two
blocks cannot be cut from the same spot, the layout must be so arranged
so as to make use of the symmetry of the specimen, or using the method
of interpolation.

(2) Application. For laboratory measurements.

(3) Advantages. When the measurements are carried
out carefully, there should be little error.

17



48

(+) Disadvantages. A troublesome, time-consuming,

and completely destructive method.

4. Measurement of Residual Stresses by X-Ray Diffraction Techniques

Elastic strains in metals that have crystalline structures can
be determined by measuring the lattice parameter by X-ray diffraction
techniques. *® 19,50551,52,53, 54,55 gihce the lattice parameter of a metal
in the unstressed state is known or can be determined separately,
clastic strains in the metal can be determined nondestructively without
machining or drilling. X-ray diffraction techniques are applicable
only to crystalline materials having randomly oriented small grains.
but most metals fall into this category.

a. Basic Principles

When external or internal forces are applied to a structure
made up of metallic crystals, the crystalline lattice is distorted, thus
changing the interatomic distances. When the deformation exceeds the
clastic limit, plastic deformation.takes place as a result of slipping
between the lattice planes. In any event, the change in the interatomic
spacing is directly proportional to the stress.

X-ray diffraction techniques of measuring stresses in metals are
based on the fact that the wavelengths of X-rays are of the same gen-
cral order of magnitude as the atomic spacings in metallic crystals,
which are approximately 1 angstrom unit or 4 x 10" inch. - The short
wavelength of X-rays makes it possible for the rays to penetrate the
crystalline lattice to some extent and be reflected back from the atomic
planes which they have penetrated.

Suppose that a monochromatic plane wave is introduced to the
atomic planes in the direction AB, as shown in Figure 20. The reflected
beams from successive parallel planes of atoms are reinforced in one
direction BC: the diffraction direction. Bragg's law defines the condi-

tion for diffraction as followe:>>

*ABC and DFH, in Figure 20, represent paths travcled by points in
the wave front which excite atoms at B and F in adjacent planes. Rein-
forcement in the direction BC (or FH) requires that the path difference
(EF + FG) be equal to an integral number of wavelengths, i.c.,

1
EF = FG = > n\, where n is an integer.
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Figure 20. Diffraction Resulting from Reflections from
Adjacent Atomic Planes of a Monochromatic
Plane Wave

n\ = 2d sin 6 , (20)
where

\ = the wavelength of incident beam

0 = the angle between incident or reflected beams and surface
of reflecting planes

d = the interplaner spacing.

o]
1

the order of reflection (n = i, 2, 3, ... ).

Equation (20) shows that, if the wavelength of the X-ray is known,
the interplaner spacing, d, can be determined by measuring the angle 0.

(1) Precision in Measurements. Equation (20) shows

that precision in measuring the interplaner spacings depends on the
precision in measuring angle 8. To evaluate the effect of errors,
the Bragg equation is differentiated with respect to 0:

Ad

—&-—: - cot 0-Af. (21)

Thus, more precise values of d, corresponding to a small product of
cot 0-AQ, areobtained at large angles of 68 because cot 0 decrcases as 0
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approaches 90 degrees. Figure 21 shows the precision required in
measuring 0 to obtain a precision in the interplaner distance d of 0.01
percent and 0,005 percent, Since it is difficult to measure AO to better
than 0. 005 degree, diffraction angles of 60 degrees and preferably ovetl
70 degrees are used to select X-ray radiation wavelengths for the
particular material to be investigated.

g 0005 percent —f————— 11—
® 80 /
o
©
a / 0.0l percant
< 60 A
o
c
<
S
= 40
©
2
o 20
O
0.00 0.0l 0.02 0.03 0.04 0.05 0.06
A8, degrees

Figure 21, Precision of Measurement of A8, as a Function
of Diffracting Angle 0, to Obtain a Precision in
Interplaner Distance of 0.01 and 0. 005 Percent

(Vaughan and C rites):’5

Table 3 gives the diffraction angle, 0, the diffraction plane, (hki),
and the radiation employed for stress analysis of a number of metals. =
In aluminum, for example, X-rays produced by a copper target can be
used (the diffraction angle is 81 degrecs). Sometimes, however, these
optimum conditions cannot be employed because of adverse X-ray
scattering by the sample.  When this condition occurs, other diffraction
plancs must be chosen, at some sacrifice in the precision of analysis.

#“The miller index, hkf, is the ¢rystallographers' method of defin-
ing the various sects of planes in refeorence to the three coordinate axes

of crystals.”®
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Two general methods are employed in the recording of diffraction
patterns:

The photographic or X-ray film method, as shown in Figure 22.

The X-ray diffractometer or counter-tube method, with elec-
trical readout attachments, as shown in Figure 23.

Equipment shown in Figure 22 is portable and can be mounted in place
on a large structure for field use. The diffractometer type shown in
Figure 23 is a laboratory instrument, and the size of specimen that
could be tested is limited by the geometry of the instrument. *

(2) X-Ray Film Method. The apparatus consists essen-
tially of a film in a light-tight cassette mounted perpendicularly to the
incoming X-ray beam, with a hole through which is inserted the pinhole

_ystem that collimates the beam, as shown in Figure 22(a). The film
records the rays diffracted by the specimen, and shows, on develop-
ment, almost circular rings. The diameter of a diffraction ring
divided by the distance from the film to the specimen gives 2 tan (180 -
26) from which 06 is obtained for insertion in Equation {20).

For best results it is advisable to oscillate the film using the metal
tube containing the pinholes as the axis of oscillation. This removes
much of the spottiness of the diffraction lines, as shown in Figure 24.
If the grain size of the specimen is large, it may also be necessary to
oscillate the specimen a few degrees, keeping the distance from the
film to the irradiated spot on the specimen strictly constant. This
distance can be measured by inside micrometers or can be adjusted to
a predetermined distance by means of a special gage inserted between
the cassette and the specimen. Another method frequently employed is
to compute the distance from specimen to film by measuring the dia-
meter of a calibrating ring of known 6 on the film. In this method a
strain-free powder is placed on the surface of the test object. The
powder is chosen to yield a ring near 8 = 90 degrees that does not inter-
fere with measurements of the ring produced by the specimen. Silver
powder is used for aluminum alloys.

*It would be possible to build a specially designed diffractometer-

type equipment that can be used for the field measurement of residual
stresses in large structural components of space rockets, although no
such equipment is commercially available at the present time.
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Figure 23. X-Ray Diffractomeceter Scetup
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(a) Stationary (b) Oscillated

Figure 24. Improvement of Diffraction Lines
by Oscillation

(Norton and Rosenthal)50

For maximum accuracy, the surface of the test object should be
free from cold work introduced by machining. If the surface is not in
suitable condition, electropolishing is probably the best way to condi-
tion it, but good results are also obtained by etching the surface, pro-
vided the etching does not leave etch pits so deep that they relieve the
surface stresses.

o T | R
Visual reading o

-
o+

. he films can be made by removing a very fine
cross hair or scratch over the film under good illumination. The
reading also may be made using microphotometers.

(3) X-Ray Diffractometer Method. The X-ray diffraction

method and the film method differ, in most cases, only in the detector
and the angle made by the specimen with the X-ray beam. The angle
between the X-ray beam and the specimen surface is 90 degrees in

the film method but is an angle of € degrees for the diffraction method.
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Intensity of Reflected Beam

A counter and a receiving slit are moved along a geometric circle
to record the intensity of the reflected beam, as shown in Figure 25.
The diffraction angle is determined as the angle of the maximum inten-
sity.

b. Strain-Analysis Procedures

Although a complete stress analysis would require suffi-
cient data to construct the ellipsoid defined by the loci and interplaner
distances about a specific area on the specimen (Figure 26), it is gen-
erally of interest to know the strain or stress in a given direction, ¢.
Thus, the ellipsoid reduces to an ellipse of which the major and minor
axes, dg and d;, would differ from a given stress T e
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Figure 25. An Example of Intensity Recording by a
Counter

(Vaughan and C r‘ites)55
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Because the value of E, v, sin® Y, and cot O are constant for a
given material, reflecting plane, X-ray, and angle U, the stress o is
quickly computed by multiplication of A6 by a predetcrminable constant:

oy = K A0 . (24)

C. l/alues of the Elastic Constants

The preceding equations assume isotropic material. In
general, this assumption is not valid for the individual grains of a

metal even when it is valid for the metal as a whole. This fact, together
with the fact that a diffracted beam comes from only those grains having

certain orientations in the specimen, has given rise to much uncer-
tainty concerning the correct values to use for Young's modulus and

3357558 holieve that the effective

Poisson's ratio.’® So.ne investigators
values of the constants vary with the chemical composition of the speci-
mens, their heat treatment, the radiation used, and the angle of inci-
dence of the radiation on the surface, and recommend that the operator
alwayvs calibrate his apparatus for the given set of conditions that he
uscs. Certain other investigators, including Norton and his collabora-
tors, have found that the ordinary values of the elastic constants are
satisfactory to use in X-ray work.

5. Determination of Residual Stresses by Measuring Stress-Sensitive Properties

When stresses exist in metals, some physical or mechanical
properties, such as the propagation speed of shear waves and hardness,
arc changed. It is theoretically possible to develop techniques for
determining residual stress by measuring such stress-sensitive pro-
pertics.  Stress-measuring techniques that have been developed or
proposed include ultrasonic techniques and hardness-measuring tech-
niques. However, none of these techniques have been developed beyond
the laboratory stage.

a. Ultrasonic Techniques

It has been recognized for some time that velocity and
attenuation of sound waves in a metal specimen often change when
stresses arc applied to the specimen.  Attempts have been made to use
this phenomenon for determining stresses in metals. Since shorter
waves are able to penetrate more (or are absorbed less) in metals,
the ultrasonic waves are more suitable than ordinary sound waves.

Firestone and Frederick® first reported that the velocity of
Rayleigh waves was affccted by surface stresses and Frederick® has
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more recently reported on the utilization of this phenomenon to measure
residual surface stresses. Hikata, et al. ,61 measured the stress-
induced changes in the velocity and attenuation of compressional waves
propagating through aluminum. A number of other investigators have
reported experimental results that illustrate the stress dependence of

. . . 2, 63, 64
ultrasonic velocity or attenuation, 62,63, 64,65, 66

The velocity of an elastic wave, V, propagating through a homo-
gencous clastic medium is given by

C
vV -4F 25
Vi e

where C is the elastic modulus and ¢ is the density. By taking the
differential of the above equation, onc finds that

av 1 [Ae . o], (26)
A% 2 LC ¢

Equation (26) shows that a fractional change in the elastic modulus or
the density would affect the velocity,  The density of a metal changes
as a compressive or tensile stress is applied. One would expect that
the speed would increase when compressive stresses arce applied and
the density increases. [t has been found that stresses cause changes

i

p . A
22 and S (shear stressces will cause no change m—t—"). Among

various techniques that have been proposed so far for determining
residual stresses, the following two appear to be promising:

The technique which makes use of a stress-induced change
in the angle of polarization of polarized ultrasonic waves

The technique which makes use of stress-induced change in
the absorption of ultrasonic waves,

(1) Polarized Ultrasonic Wave Technique. This technique

is bascd on the stress-acoustic effect similar to the familiar stress-
optic effect on which the ghotocelastic technique is based. In the optical
casc, a stress inside an optically transparent object will change the
index of refraction, thus, changing the velocity of light.  When a polar-
ized light beam is passed through that object, the different components
of light traveling along the axes of principal stress will have different
velocities and will cause a rotation of the angle of polarization of the
light beam,




When polarized ultrasonic waves pass through a stressed metal,
the angle of polarization changes proportionally to the stress level.
Benson and Raclson” mentioned this phenomenon as the acoustoclastic
phenomenon. Figure 28 shows an example of the acoustocelastic setup.
Ultrasonic waves are generated bv a radio-frequency pulse generator
coupled to a Y-cut quartz cryvstal. The cryvstal is mounted against the
test sample with wax, and another such crystal is mounted at the output
end of the sample. Signals passing through the sample arce then ampli-
fied and displaved on an oscilloscope

Polarizing Crystal .
Receiving Crystal

RF Q Q2 RF
Pulse Test Sample Amplifier Oscilloscope
Generator

Figure 28. Acoustoelastic Setup

i3
(Benson and Raelson)

(2) Ultrasonic Attenuation Toechnigue., It is well known

that the absorption of mechanical vibrational encergy (megacycle
frequencies were usced) depends on the mechanical properties of the
metal. A residual stress would therefore manifest itself by the change
in the absorption of vibrational encrgy. By opposing the effect of this
stress on the ultrasonic attenuation by suitable means, such as the
application of an opposite external stress, a measure of the respective
residual stress (tension. compression) component might be obtained.
In the case of ferromagnetic material, an external magnetic field

might be employed.

The technique proposed by Bratina and Mills®! involves the follow-
ing procedurces. By plotting the relative attenuation (db/ i sec) versus
applied clastic stress (or magnetic field strength), a point is reached

where the respective components of the residual and the external stresses
are cqual and opposite. This point corresponds to a maximum in attenua-

tion.
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b. Hardness-Measuring Techniques

Kokubo®” performed experiments on a number of metals
to show the effect of strain on hardness measurements. He applied a
bending load sufficient to cause 0.3 percent strain on the outer fibers
of the specimen and took Vickers hardness readings, using a 5-kg
(11 1b) load, on the material in the strained state. A summary of his
data is. presented in Table IV, It can be seen that in all cases, except
for the brass, aluminum, copper, and Armco iron, all in the anncaled
condition, the applied tensile stresses made the material appear 5 to
12 pereent softer while the compressive stresses caused only 0 to 3
percent increase in apparent hardness.

Bascd on the information obtained by Kokubo, Sines and Carlson®®
suggested a nondestructive method for determining residual stresses
in machine parts and structures. The method called for external loads
of varving degrees be applied to a part while hardness measurements
arc taken, I the residual stress is compressive, an applied compres-
sive  stress will have little or no effect on the hardness mceasurements
and a tensile stress also will show no effect as long as the sum of the
applicd stress and residual stress is compressive; but, if the tensile
stress 1s great enough so that the sum becomes tensile, the material
will appear softer as the applied cornpro\ssive stress is increased.
However, if the metal appears to increase in hardness as the applied
compressive stress is increased, it is known that the sum of the
applicd and residual stress is still tensile; but when a compressive
stress is reached that gives no further increase in the hardness
measurements, the sum becomes compressive. The residual stress
15 cqual and opposite to the applied stress that causes the transition
in hardness measurements,

The state of surface residual stress influences the yield compres-
sive strength obtained when a small hard ball is gently pressed on the
smooth surface of the specimen to be studied. Pomey, et al. , 8
suggested a method of measuring residual stresscs based on the above
phenomenon, A small hard ball, 0.06 to 0.16 inch in diameter, is
pressed with increasing load on the specimen surface, and a relation-
ship between the load and the clectric resistance of the contact point
is obtained. A sudden fall in resistance occurs when portions of the
specimen under the ball becomes plastic.  The corresponding load
gives in surface stresses of the specimen.
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6. Determination of Residual Stresses by Hydrogen-Induced and Stress-Corrosion

Cracking Techniques

Techniques have been developed to determine residual stresses
by observing cracks caused in the specimen due to the residual stresses.
The cracks may be induced by hydrogen or stress corrosion.

a. Hydrogen-Induced Cracking Technique Applied to High-
Strength Steel Specimens

Masubuchi and Martin™ investigated the use of hydrogen-
induced cracking to study residual stresses in welded joints, especially
in complex weldments. Welded specimens were made with heat-treated
SAE 4340 steel (approximate ultimate tensile strength was 260, 000 psi).
Specimens were then immersed in an electrolyte and charged with
hydrogen by applying DC current, using the specimen as the cathode
and a set of lead strips as the anode. The electrolyte was 4 percent
sulfuric acid to which was added 5 drops per liter of poison; the poison
was 2 grams of phosphorus dissolved in 40 milliliters of CS,;. The
current density ranged between 0. 35 and 0.8 ampcre per square inch of
exposed specimen surface. Various crack patterns that could be
related to residual-stress distributions were obtained when different
specimens were tested. Figure 29 shows the crack pattern obtained
in a complex welded structure after hydrogen charging for 2'/, hours.

Hydrogen-induced-cracking tests were conducted on weldments in
a heat-treated, low-alloy, high-strength steel (ultimate tensile strength
was about 120, 000 psi), the U. S. Navy HY-80 steel (a quenched-and-
tempered high-strength stecl with yield strength over 80,000 psi), and
carbon steel. When steels of lower strength were used, longer charging
times were required to produce cracks, and crack patterns were less
pronounced. The hydrogen-induced-cracking techniques do not seem to
work on a carbon-steel weldment.

b. Stress-Corrosion Cracking Technique Applied to Steel

Specimens

Investigators including M(:Kinsey,71 Ridcker, '* and
Masubuchi and Martin’® have used stress-corrosion cracking to study
residual stresses in welded joints in carbon steel and in low-alloy
high-strength steels. Figure 30 is a radiograph of a butt-welded speci-
men in a commercial heat-treated, low-alloy, high-strength steel after
being immerscd for 31 hours in a boiling aqueous solution of 60 percent
Ca(NOs3); and 4 percent NH4NO3. The crack pattern is quite similar to
those obtained in SAE 4340 steel specimens tested by the hydrogen-
induced cracking technique.
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Made with a Commercial Low- Alloy High-

-Corrosion Cracking Test for 31 Hours

Radiograph of Butt- Welded Specimen

Figure 30.

Strength Steel Plate After Stress

(Masubuchi and Martin)70



c. Use of Cracking Technique in Studying Residual Stresses
in Aluminum Alloys

No work has been reported on the use of cracking techniques
in studying residual stresses in aluminum alloys. Stress-corrosion
cracking, however, has been identified with certain aluminum alloys
of the Al-Cu, Al-Mg, Al-Zn-Mg-Cu, and Al-Si- Mg types. »'* For
example, failures developed in 2 days when a specimen of 7079-T6
alloy was stressed to 48,000 psi (75 percent of the yield strength) and
exposed to the 3.5 percent NaCl alternative immersion test.
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Section IV. MEASUREMENT OF RESIDUAL STRESSES DURING
FABRICATION OF METAL STRUCTURES

This section describes measurement of residual stresscs produéed
during quenching, machining, forming, and welding processes. For each
of the above processes, methods of measuring residual stresses will be
discussed along with typical data, especially data on high-strength
aluminum alloys.

1. Residual Stresses Produced by Quenching

With the introduction of heat-treated aluminum alloys, the
problem of quenching stresses in aluminum alloys has become important.

a. General Nature of Residual Stresses Produced by
Quenching

When a round bar is quenched, for example, the outer
layer cools more quickly than the core. Consecquently, the outer layer
shrinks on the core which has not yet begun to contract, i.e., the outer
layer is submitted either to elastic strain or to over-straining. As a
result of the subscquent cooling of the core, a state of cquilibrium is
next set up between the stretched outcr zone and the compressed core.
In time, cooling of the core continues, and the core is thereby subjected
to tension, The outer layer will experience compressive residual
stresscs. The magnitude and distribution of residual stresses depend
on various factors including the temperature history, the material
properties (thermal conductivity, the coefficient of expansion, etc.),
and gcometry of the specimen,

b. Examples of Measurement of Quenching Stresses in
Aluminum Alloys

Residual stresses produced in aluminum alloys during
quenching have been studied by investigators including Wassermar, &
Brick, ct al. ,76 and Zcerleder.” Wasserman and Brick, et al., used
X-ray diffraction techniques to measure residual stresses, while
Zeerleder usced a stress-relaxation technique.

Figure 31 shows longitudinal residual stresses determined by
Zeerleder” in an extruded bar of Avional D (4 percent Cu, 0.2 percent
Si, 0.6 percent Mg, 0.5 percent Mn) 1. 97 inches in diameter, 3 The
bar was water quenched from 970°F, and then aged for 24 hours at
120°F. The bar was cooled for 1 sccond before quenching. Residual
stresses were determined by the Bauer-iHeyn method (refer to Figures
9 and 10). Compressive stresses were produced in arcas necar the




surface, and tensile stresses were produced in the central areas.
Increasing temperature of the quenching bath reduced residual stresses,
as shown in Figure 31.
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Figure 31. Longitudinal Residual Stresses in a Vional D
Extruded Bar

(Zeerleder)™

2. Residual Stresses Produced by Machining

It has been known that highly localized residual stresses
exist in thin layers near the surface prepared by various machining,
shot blasting, and grinding operations.33 Because of the highly local-
ized nature of these residual stresses, the X-ray diffraction techniques
are the only techniques that have been used for measuring these

stresses. 8,79
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Frommer and Lloyd78 made X-ray studies of residual stresses
produced during machining of the aluminum alloys Y alloy and Hiduminium _
RR 56.% Table V summarizes the experimental results. High compres-
sive stresses were produced in thin layers near the surface. The .
""thickness of compressive stress layer' quoted in the table indicates
the depth of etching necessary to obtain practically zero surface stress.
The approximate thickness of the compressive layer ranged from 0. 025
inch for shot blasting to practically zero for surface milling.

3. Residual Stresses Produced by Forming

It has been known that stresses remain after a metal part is
tormed by bending or pressing and then freed. 80, 81, 82, 83, 84

a. General Nature of Residual Stresses Produced by
Forming

Curve BAOCD in Figure 32 represents the longitudinal
stress distribution in a beam of rectangular section and unit width
bent by pure bending moment. 8 When a beam is formed and is still
under the bending load, the outer fibers of the beam have yielded
plastically on both the tension and the compression faces, as indicated
by BA and CD. When the beam is released from the bending moment,
elastic springback occurs and the final stress distribution through the
beam is a compressive stress on the tension face and a tensile stress
on the compression face, having changed sign three times through the
section, as shown by curve FEOGH in Figure 32. The value of these
residual stresses depends largely on the mechanical properties of the
material at the time of bending, by the degree of bend, and the geometry
of the section.

b. Examples of Measurement of Residual Stresses in
Aluminum Alloys

Yen® investigated residual stresses due to room-
temperature forming of structural sections such as angles, tees, and
channels. Figure 33(a) shows longitudinal residual stresses in an
angle after it was formed to a final radius of 90 inches, which Figure
33(b) shows residual stresses in a channel formed to a final radius of
56'/4 inches. Both sections were made of 7075 aluminum alloy.

*Y alloy: 3.5-4.5 Cu, 1.2-1.7 Mg, 1.8-2.3 Ni, 0-0.2 Ti.
Hiduminium RR 56: 2 cu, 1.25 Ni, 1.2 Fe, 0.8 Mg, 0.08 Ti, 0.6 Si.




Surface Stresses Brought on by Operation

Stress Sum
(Compressive),

Approximate
Thickness of
Compressive
Stress Layer,

Measurement Obtained At (tons/in. %) (in.) Alloy
Actual surface (unetched) 3.3 ~0.002 RR 56
0.006 in. beneath original 7.2 ~0,015 Y alloy
surface
0. 005 in. beneath original 20.7 ~0.024 RR 56
surface
Actual surface of base of 6.9 >0.004 RR 56
recess (unetched) <0.015
Actual surface (unetched) Nil Nil RR 56
Actual surface (unetched) Nil Nil RR 56
Actual surface of sidewall 14. 7 ~0.006 RR 56
Actual surface of sidewall 16.5 ~0.011 Y alloy
0.006 in. beneath original 22.5 ~0.025 RR 56

surface
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Table V.

Survey of Magnitude of Compressive Surface-ILayer Stresses Induced by

Various Machining Operations and by Shot Blasting (Frommer & Lloyd)’®

Operation

Machining Data

Cutting
Type of Speed Depth of
Operation Description (rpm) Feed (in. /rev) Cut (in.)
Turning Flat surface faced off with fine - ~0.0015 ~0.0005
finishing cut
Cylindrical surface turned with 375 ~0,012 ~0,050
rough cut
Surface faced off under condi- - - -
tions producing chatter marks
Recessing Recess made with flat-bottom 290 ~0.005 -
drill (Y in. dia)
Surface milling Flat surface side-milled with end 220 ~0.010 ~0.125
(cutter not en- mill (2 in. long, % in. dia)
ici?soid.:g) mates- Flat surface milled with stradd- | 220 ~0.010 ~0. 125
J ling mill (6 in. dia, /g in. wide)
Milling of slots Tapered groove (/g in. deep, 220 ~0.010 ~ 12
and grooves 5'/4 in. long) made with 7-degree
(cutter enclosed angle cutter ("he in. dia)
by material of Arc-shaped groove sunk with form- | 1700 | Rough cut 0.05 | 0.010-0.020

job)

Shot blasting

ed, spiral-fluted milling cutter
(tapered 4-degree, max. cutting
dia 0. 455 in.)

Flat surface faced off on lathe
(fine finishing cut) and then
shot-blasted

Fine cut 0.01

Diameter of steel shot = 0.040 in.
Air pressure in mains ~30 psi
Throttle at "half pressure"

NOTES:

All data refer to specimens which were fully heat treated before the operation quoted.

When several similarly machined specimens were examined, the highest stress values
obtained are quoted in the table.

The stress values quoted refer to the immediate surface when measurable X-ray
patterns were obtainable from that surface; otherwise they refer to that stratum
beneath the surface (exposed by etching) where first measurable patterns could be

obtained.

The ''thickness-of-compressive-stress layer'" quoted indicates the depth of etching
necessary to obtain practically "stress-free' patterns.

I



Compression  Tension

Bending

Figure 32. Formation of Residual Stress by Bending a Beam

The residual stresses were determined by a sectioning technique. The
length of the section was marked into many parallel strips, and the
length of each strip was measured after forming. Then the section
was slit along the parallel marks into thin strips, and the lengths were
measured again. The average longitudinal stress, o,, in each strip
was determined

where
L, = the length before slitting
L = the length after slitting

Yen also calculated residual-stress distributions based on the theory of
plasticity. Calculated values coincided well with the observed values.

Hawkes®® used an X- ray back-reflection technique to measure the
surface residual stresses in bars and sheets resulting from the cold
and hot forming of high-strength aluminum alloys (British specifications,
DTD 683, DTD 687, and B.S.S. L65).
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Figure 33. Residual Stresses Produced by Bending of an
Angle and Channel in 7075 T6

(Yen)84

4. Residual Stresses Produced by Welding

Welding is one of the major fabrication processes that pro-
duce stresses in metal structures.

a. General Nature of Residual Stresses Produced by Welding

The residual stresses in a welded joint are caused by the
contraction of the weld metal and the plastic deformation produced in
the base-metal region near the weld. Residual stresses in a welded
joint are classified as '"residual welding stress'' which occurs in a joint
free from any external constraint, and ""reaction stress'' (or locked-in
stress') which is induced by an external constraint.




(1) Residual Stresses in Butt- Welded Joints. A typical
distribution of residual stresses in a butt weld in shown in Figure 34.
The stresses of concern are those parallel to the weld direction,
designated o, and those transverse to the weld, designated ¢

y -

The distribution of the o, residual stress along a line transverse
to the weld is shown in Figure 34(b). Tensile stresses of high magni-
tude are produced in the region of the weld; these tarer off rapidly
and become compressive after a-distance of several times the width
of the weld. The weld metal and heat-affected zone are trying to shrink
to the direction of weld, and the adjacent plate material is preventing
this shrinkage. The distribution of o, residual stress along the length
of the weld is shown it Figure 34(c). As shown, tensile stresses of
relatively low magnitude are produced in the middle of the joint, and
compressive stresses are observed at the end of the joint,

If the contraction of the joint is restrained by an external con-
straint, the distribution of oy is as shown by the broken line in Figure
34(c). Tensile stresses approximately uniform along the weld are
added as the reaction stress. An external constraint, however, has

little influence on the distribution of ¢, residual stresses.

X

(2) Residual Stresses in Spot- Welded Joints. Distribu-
tions of residual stresses in spot-welded joints are very dependent on
the weld pattern used. The simplest case to consider is the residual
stress due to a single spot weld. The components of stress which are
of most concern are those in the radial direction, oL and those in the
circumferential direction, ocg. Inside the weld zone, botho,. and og
stresses are tensile and are as high as the yield stress. Outside the
weld zone, radial stresses are tensile and circumferential stresses
are compressive, both approaching zero as the distance from the weld
increases. Concentrated residual stresses often exist in areas close
to the original interface of the sheets.

b. Residual Stresses and Shrinkage in Weldments in Alumi-
num Alloys

Only limited information is available on residual stresses

. . . . . 5, 86
and distortions in weldments in aluminum alloys. 8, 86, 87, 88

Hi11% investigated residual stresses in butt joints in Alloy 5456-H321
plates welded by the inert-gas-shielded arc welding using Alloy 5556
consumable electrodes. Figure 35 shows a typical distribution of longi-
tudinal residual stresses in a '/; x 36 x 48-inch panel by welding two
!/, x 18 x 48-inch plates. Variation in yield strength of the material
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with distance from the centerline of weld is also shown. The residual

tensile stresses in and adjacent to the weld approach the yield strength.

These tensile stresses are confined to the region in which the heat of
welding has lowered the yield strength of the material.
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Figure 35. Distribution of Yield Strength and Residual Stresses
in a Longitudinally Welded 5456-H321 Plate 36 Inches
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(1) Transverse Skrinkage. Capel87 investigated shrink-
age transverse to the weld which occurred during butt welding (60-

degree vee, no root gap) two 0.24 x 6 x 20-inch plates in aluminum,
stainless steel, and carbon steel. The aluminum plates were welded
by the inert-gas tungsten-arc welding, whereas stainless steel and
carboun-stecl plates were welded with covered electrodes. The trans-
verse shrinkage was given by the following formulas:
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20.4 x W x 10°
Sx U

Al (aluminum) =

22.7x W x 103
Sx U

Al (stainless steel) =

17.4 x W x 10°

Al b teel) = s 27
(carbon steel) S+ U (27)
where

Al = transverse shrinkage, mm

W =V xI, Vis arc voltage, volts, and I is arc current,

amperes
S = thickness of layer of weld metal, mm
U = welding speed, cm/min.,

Capel®” mentioned that the large shrinkage of aluminum was caused
mainly by the low welding speed in comparison with that of the covered
electrodes.

c. Residual-Stress Measurements During Welding

Several attempts have been made to measure stress
changes that take place during welding; such attempts include observa-
tion of strain changes using high-temperature electric-resistance strain
gages mounted on the surface of plates being welded. However, these
attempts have not yet provided useful information primarily because
of difficulties in analyzing experimental data. The resistance change
observed on an electric-resistance strain gage, AR, is composed of

AR = AR, (¢') + AR, (¢'") + AR, (e) + AR, (T), (28)
where

AR; (¢') is the resistance change that corresponds to the
elastic strain, ¢', from which stresses can be com-
puted

AR; (€") is the resistance change that corresponds to the plastic
strain, "




p AR, (eT) is the resistance change that corresponds to the
thermal strain caused by the temperature change

AR, (T) is the change in resistance caused by the change in
temperature.

It is very difficult to determine AR, (¢') from the measured resistance
change, AR.

Strain change during welding can be measured in some applica-
tions in which &R, (¢'"), AR, (eT), and AR, (T) are negligible. Travis,
et al., 89 used constrained joints, as shown in Figure 36, to study
cracking under hindered contraction. The change of reaction stresses
produced in the constraining bar was measured by strain gages mounted
on the bar. Two types of specimens as shown in Figures 36(b) and
36(c) were used, the latter being designed to cause a bending moment
as well as a separating force to be imposed upon the test weld. Accord-
ing to the investigators, the 9-inch moment specimen was more suitable
than the pure transverse loading-type specimen for studying weld crack-
ing. Figure 37 shows examples of experimental results obtained on the
moment-type specimens made in the U. S. Navy HY-80 steel. The
separating force of the U-bar was calculated from the strain measured
on the bar. The figure illustrates the effects of preheat on the mag-
nitude of separating force and on cracking under the restrained condi-
tion. Occurrence of weld cracking is noticed by decrease in the
separating force, since cracking reduces residual stresses. With
sufficiently high preheat, there was no cracking. With no preheat,
cracking took place in 15 minutes after the start of welding. With a
200°F preheat, cracking was delayed more than 1'/, hours.

d. Measurement of Elastic and Plastic Strains in Areas
Near the Weld

Using the Gunnert strain indicator, as shown in Figure 13,
Masubuchi?®” ' made an investigation of the distribution of elastic and
plastic strains in areas near the weld. The specimen was a slit-type
weldment in carbon steel, as shown in Figure 38; a double-vee slit
10-inches long was made by machining in a plate */s x 31 x 43 inches,
and the slit was welded with covered clectrodes. Figure 38 also shows
locations of strain-measuring points. For each of the measuring
points, strain-measuring depressions, as shown in Figure 13, were
prepared prior to welding on the specimen surface and distance between
the de bross.ons were measured. After the specimen was welded, the
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distances between the depressions were measured to determine strains
produced by welding. Since the strain produced by welding may con-
tain both elastic and plastic strains, particularly in areas near the
weld, the elastic part of the strain also was measured by the relaxation
method using the Gunnert core drill.

Figure 39 shows distributions of strains produced by welding. In
this figure, the values of I determined with strain components (e

y €
X'y
and YXY) by the following equation are plotted:

1
1= [0'}22 - crx'(ry' + O‘Y'2 + 3T>;.§,] f2 ) (29)
where
E
oy = T2 (eX+vey)
E
1 —
Oy = Tz (ey+vex)
T;(Y =G Vxy-

As known from Equation (29), the values o 0'};, and -r)'(y
of an apparent stress assuming that the strain (e, €y and ny) is

elastic. According to Mises, the yield condition in a plane-stress state

are components

is

I=0_,
Y
where oy is the yield stress of the material. Therefore, I can be used
as a measure to determine whether or not the material at a specific
position has undergone plastic deformation during welding. It is

believed that the region has undergone plastic deformation when the
value of I is larger than the value of oy.

Figure 39 shows that the value of I was generally large in regions
ncar the weld. Curves of equal I value (equi-I curves) also are shown
in Figure 39(c). The half breadth of the plastic region that corresponds
to the yield strength (21 kg/rnrn2 or 30, 000 psi) was about 55 mm
(25/32 in.), and the penetration of the plastic region beyond the end of
the weld was about 50 mm (2 in.).

The values of I, due only to elastic-strain recovery (Iz), were
obtained (broken lines in Figure 39) and compared with those deter-
mined with strain caused by welding. No difference between the values
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I and I, was observed in the area outside the above-mentioned plastic
region; however, the values of I. were much lower than those of I in
the plastic region. The values of I, on the weld metal were about

35 kg/rnrn2 (50, 000 psi). Since the yield stress of the weld metal is

between 38 and 43 kg/mm? (54,000 and 61, 000 psi), the state of resi-
dual stress in the weld metal was probably near the yield condition.

e. Measurement of Degree of Constraint of a Welded Joint

In the welding fabrication of metal structures, especially
those made in high-strength materials that are usually susceptible to i
cracking, care must be taken so that joints are not constrained beyond ‘
a certain limit. During the fabrication of complex structures, however,
some joints may have to be welded under a severe constraint. In such
cases it is quite useful to determine the degree of constraint of the
joint. Investigations have been made to determine the degree of con-
straint of various types of welded joints.

Figure 40 shows a simple butt joint (length: L) restrained by a
set of springs. When tensile stress, o5, uniformly distributed along
the weld, or total load, P = crOL, is needed to cause transverse shrink-
age, 6, the degree of constraint (the spring constant of the constraint),

K, can be defined as

K= —=>—. (30)

Masubuchi?’ applied the above idea to a slit-type specimen, as
shown in Figure 41. When welding is done in a part of the slit between
x = x) and x; (slit length, L; weld length, - X1~ X;), the degree of
constraint, K, can be given by [refer to Figure 41(a)]

= x 2 31
K 2L L F° (31)
where
2
o0 1 62
F = Z o j sin © sin n6~d6
n=1 0,
L
X, :E- coSs 01
L
X, 2—2— cos 92.
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Figure 40. Definition of Degree of Constraint, K, of a Simple
Butt Joint Constrained by a Set of Springs

The physical measuring of K is as follows. When uniform stress, o,

is applied along the part of the slit between x = x; and x,, transverse
shrinkage, [v], as shown in Figure 41, will occur along the slit. The
relationship between oy and the mean value of transverse shrinkage over
the portion of the slit where the load is applied, [v ] , is given by

0o = K[JQ] . (32)

Figure 41(b) shows an experimental relationship between the
degree of constraint K and the transverse shrinkage obtained during
shielded metal-arc welding carbon-steel specimens */s-inch thick.

The experiment was conducted on various combinations of slit length

L (3 to 20 inches) and weld length £ (/L = 0.3 to 1.0). The transverse
shrinkage decreased as an increase in degree of constraint. Details

of experimental conditions are not described here.

The degree of constraint of a welded joint in a complex structure
can be determined experimentally. 9,93, 94 Figure 42 shows a setup used

by Watanabe, et al.,’® to measure the degree of constraint of a butt joint
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between two deck assemblies of an actual cargo ship. A and B are
turnbuckles which were hooked to small steel pieces welded to the
deck plate. Dial gages are numbered 1, 2, and 3. Changes in the gap
between the deck plates were measured with the dial gages while the
plates were pulled together by the turnbuckles. The tightening force
was determined by strain gages mounted on the turnbuckles. The
degree of constraint of the joint was then calculated by Equation (30).
Attempts were made successfully to estimate from laboratory weld-
shrinkage data the shrinkage that took place during joining the large
assemblies.
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Figure 42. Measurement of the Degree of Constraint of
a Butt Joint Between Deck Assemblies of an
Actual Cargo Ship

(Watanake, et al. )12
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Section V. SELECTION AND USE OF APPROPRIATE MEASUREMENT
TECHNIQUES AND EVALUATION OF RESULTS

This section contains information pertaining to the selection of
appropriate measurement techniques, the use of mathematical analysis
in the experimental studies of residual stresses, and the evaluation of
experimental data on the basis of the effects of residual stresses on
the behavior of structures.

1. Selection of Appropriate Measurement Techniques

In determining residual stresses in metals and metal struc-
tures it is important to select measurement techniques that are most
appropriate for a particular job. Factors to be considered are?’

permissible extent of damage to the structure (destruc-
tive or nondestructive testing)

required quality of measurement (accuracy of data,
determination of stress components, etc.)

effects of variations in metal properties
applicability to field tests
cost and time.

Table VI shows the characteristics of typical methods for measur-
ing residual stresses.

a. Permissible Extent of Damage to the Structure

Permissible extent of damage to the structure is an
important factor in selecting appropriate methods for measuring
residual stresses in metal structures. Stress-relaxation techniques
are destructive; however, the extent of the damage to the structure
can be limited (semi-nondestructive) in some cases. For example,
the Gunnert technique requires making circular plugs 0.8 inch in
diameter.

If absolutely no damage to the structure is allowed for measuring
residual stresses, the only presently available technique is the X-ray
diffraction technique. The ultrasonic technique is still in the develop-
ment stage. The hardness technique and cracking techniques are
not suitable to be applied to actual structures.



Table VI. Characteristics of Techniques for Measuring Residual Stresses

Stress-Relaxation Techniques
Photoelastic
Strain Gages | Extensometer | Grid System Coating
(1) Extent of damage to the < Destructive (extent varies)
structure
(2) Quality of measurement
Approximate strain sensi- 5 (10 to 100) 50 10
tivity, microin. /in.
Determine stress components| Yes Yes Yes Yes
Usual gage length, in. 1/(,4 to 1 Varies Varies Very small
Applicability to uneven Yes Yes Yes Yes
stress field
Surface or interior strains < Surface measurement
(3) Effects from variations in —<— Not affected
materials
(4) Field application
Field, F or laboratory, L F, L F, L Primarily L} L, F
Remote indicating Yes No No No
b
Operating environment A, W( ) A A A
(5) Cost and time
Complexity of equipment(c) 1, 2 1, 2 1, 2 3
Time required(d) 1 1 2 2
Required operator exper- 2 2 2 3
ience'€

(a) Sensitivity in stress is given.

(b) A: air, W: water.

(c) 1 - 4: less expensive - expensive.

(d) 1 - 4: short - long.

(e) 1 - 4: less experienced - highly experienced.



X-Ray Diffraction
Technique
Film Ultrasonic Hardness Cracking
Brittle Coating | Technique | Diffractometer Techniques Techniques Techniques
> | =< Nondestructive +>|Destructive
500 400 300 10,000 psi'? | 500 Qualitative
Not appropriate | Yes Yes No Not appropriate|Indirect
Very small ~<—Lattice spacing ————— - - -
Yes Yes Yes No Yes Yes
> |e«—Surface strain———»| Interior stress| Surface strain -
> | Affected >
L, F L, F L L, F Primarily L L
No No No Yes No -
A, W A A A A -
1 4 4 4 2 2
1 3 3 1 2 4
1 4 4 4 2 2
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b. Required Quality of Measurement

In selecting measuring techniques and designing test
programs, it is important to know whether they will provide data that
meet the required quality, including accuracy of stress analysis,
determination of stress components, etc.

(1} Accuracy of Strain Measurement. Some techniques

provide accurate quantitative data while others provide only qualita-
tive data. The accuracy of measured values in actual cases depends
upon various factors including the strain sensitivity of gages used,
methods of cutting in case of stress-relaxation techniques, surface
condition of the specimen, condition of measuring devices and equip-
ment, and the skill and experience of operators.

Table VI shows approximate values of maximum strain sensitivity
of devices (or the lowest strains that can be detected by the devices)
in microinches per inch. For aluminum alloys with Young's modulus
of approximately 10 x 10° psi, 10 microinch-per-inch strain corresponds
to 100 psi stress. Bonded strain gages provide the best strain sensi-
tivity. However, it must be mentioned that the fluctuation of data in
the actual measurement would be considerably greater than the maxi-
mum strain sensitivity of the gages unless extreme care is taken
during the measurement.

(2) Determination of Stress Components. Some techniques
provide information on stress components so that the directions and
the magnitudes of principal stresses can be determined, while others

do not provide enough information on stress components. Techniques
that belong to the first group include bonded strain gages, extensometers,
grid systems, photoelastic coatings, and the X-ray diffraction technique.

(3) Gage Length. Table VI shows usual gage lengths used
in various techniques. The gage length must be short enough so that
variations in stress can be detected; however, too short a gage length

also is not favorable. For example, when the X-ray diffraction techni-
que is used to determine residual stresses that are widely distributed
in a large structure, such as those shown in Figure 6(a), extreme care
must be taken to eliminate the effects of localized residual stresses
such as those caused by grinding, as shown in Figure 6(c).

(4) Applicationto Uneven Stress Field. Mosttechniques are
applicable to specimens that contain unevenly distributed residual stress,
although some are not applicable to such cases. At the present stage of
development the ultrasonic technique is not applicable to unevenly
distributed residual stresses.
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(5) Surface Strain or Strains in the Interior Determined.
Suppose that the curve ABCD in Figure 43 represents the thickness-
direction distribution of residual stresses parallel to the plate surface,

o, having highly localized tensile stresses in a thin layer near the
surface. Stresses determined by different techniques may vary con-
siderably.

When the X-ray diffraction technique is used, only surface strains
to a depth of approximately 0. 0001 inch are determined; the surface .
stress OA is measured. In the stress-relaxation techniques using
bonded strain gages, extensometers, grid systems, photoelastic coat-
ings, and brittle coatings, strain measurements are made on the
surface. However, the measured values do not exactly represent
the stress on the very surface, OA. When a plug is cut as shown in
Figure 43, for example, the relaxation of the surface stress is restric-
ted by the metal in the central portion and residual stresses as shown
by a curve A'B'C'D' may still remain in the plug. Therefore, the
stress determined by strain release measured on the surface does
not represent OA but AA' which is somewhat between the localized
skin stress OA and the mean stress OM. OA' depends on various
factors including the stress distribution, ABCD, or sharpness of the
curve near the surface, the plate thickness, and the size of the plug.

In the ultrasonic technique, it is believed that stresses in the
interior of the material, e.g., around BC, are determined.

Strain Gage
Plug
A'M A
1/' -
8 e
I oy I
==
| .
\
s\ c
Y 4_\
D' D

T"igurc 43. Thickness-Direction Distribution
of Residual Stress




c. Effects of Variations in Material Properties

Large fabricated structures contain variations in metal
properties: welded structures have the weld metal, the heat-affected
zone, and the base metal, and heat treatments also change material
properties. These variations in metal properties can cause serious
problems when the X-ray diffraction technique and the ultrasonic
technique are used.

It has been recognized that diffraction lines are broadened, result-
ing in lower accuracy in strain measurements when the X-ray diffrac-

tion technique is used on heat-treated materials.

d. Field Application

Some techniques are applicable to both laboratory and
field tests, while others are applicable to laboratory tests only.
Diffractometers commercially available at the present time are for
the laboratory use; however, special equipment for a field test may
be made.

Whether or not the remote reading can be made is an important
factor in selecting techniques for field tests. Bonded strain gages
have advantages over other techniques in this respect.

In some cases, the structures may be exposed to environments
other than air, i.e., water or oil. Some techniques work under various

environments.

e. Cost and Time

Cost and time for determining residual stresses depend
on many factors including the shape and size of the specimen, number
of measuring points, and the accuracy of measurement, etc. Table VI
shows only in relative numbers the complexity of equipment, time
required for measurement, and required operator experience.

Electric-resistance strain gages are relatively simple to operate
and not expensive. However, cost and time for stress-relaxation
procedures such as drilling and sectioning can be tremendous, depend-
ing upon the machining required.

The X-ray diffraction technique is a rather slow process. At each
measuring point, the X-ray diffraction measurement must be made in
two directions, each requiring 15 to 30 minutes exposure time for the
film technique,.
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1. Use of Various Techniques in Studying Residual Stressés
in Metal Structures

As shown in Table VI, there is no single residual-stress
measuring technique which satisfies all requirements of nondestructive-
ness, high-strain sensitivity, applicability to field tests, low cost, and
short measuring time. However, each technique has some advantages
over other techniques and eventually have certain areas of application.

(1) Bonded Strain Gages. Bonded strain gages have been
widely used in many residual-stress measurements, since strain gages
have great advantages, on the basis of the quality of data and cost
required, over other strain-measuring techniques. The following are
examples in which strain gages may be used for measuring residual
stresses produced during the fabrication of metal structures:

Strain gages may be mounted on portions of metal
structures and strain changes which take place during fabrication be
traced.

During the fabrication of structures, there may be
a number of occasions in which metal parts are removed, such as
drilling or cutting holes of various sizes. Measurements of residual
stresses by the stress-relaxation technique may be made during these
occasions.

(2) Extensometers, Grid Systems, Photoelastic Coatings,

and Brittle Coatings. Extensometers, grid systems, photoelastic

coatings, and brittle coatings have several unique features as stress-

measuring devices and consequently unique areas of application; however,

their use is rather limited.

The Gunnert method, which employes a mechanical extensometer
with short gage length, has been used to measure residual stresses in
welded plates. The Gunnert method also has been used to measure
residual stresses in actual structures such as ships.95

(3) X-Ray Diffraction Techniques. The X-ray diffraction
technique has been used fairly widely, although to a much less extent
compared with bonded strain gages, for the measurement of residual
stresses. The X-ray diffraction technique is the only technique that
is applicable to measure such residual stresses as those in ball bear-
ings, gear teeth, and surface residual stress after machining or grid-
ing. 96597,98, 99,100 The X- ray diffraction technique also has been used
to measure residual stresses in structural components of airplanes, 101




(4) Ultrasonic Technique. According to recent informa-
tion, the ultrasonic technique is capable of determining the magnitude

of stresses in a simple stress field, such as a bar under tensile load-
ing. However, it has not been proved that this technique is useful for
determining unevenly distributed residual stresses in metal structures.
The usefulness of this technique lies somewhere in the future.

(5) Hardness Techniques. No actual application of the
hardness techniques has been reported.

(6) Cracking Techniques. Cracking techniques will be
useful for studying residual stresses in complex structural models,
but they are not suitable to be applied to actual structures.

2. Use of Mathematical Analysis in the Experimental Studies of Residual Stresses

The proper use of mathematical analysis based primarily
on the theory of elasticity and plasticity is sometimes very useful in
the study of residual stresses in metal structures. In some simple
cases, the distribution of residual stresses can be calculated analyti-
cally. In most practical problems, the geometry of the specimen is
so complicated that it is almost impossible to calculate residual-stress
distributions. Nevertheless, mathematical analysis is still useful in
studying residual stresses in practical problems, because mathemati-
cal analysis will promote a correct understanding of the problem,
different sets of data such as residual stress and distortion can be
related quantitatively by a mathematical analysis, and the number of
experimental conditions necessary to obtain certain information can
be reduced by proper use of a mathematical analysis.

a. Calculation of the Distribution of Residual Stresses

Figure 33 shows calculated distributions for residual
stresses produced by forming an angle and a channel. The calcula-
tion done by Yen® was based on the theory of plasticity. The stress-
strain curve was assumed to be composed with two straight lines
representing the elastic portion (with slope E) and the plastic portion
(with slope a). Calculated values coincided well with the observed
values.

Analytical studies of residual stresses due to welding have been
made by a number of investigators. 102, 103, 104, 105, 106, 107 1, 5rder to
calculate the change of stresses during welding, it is necessary to
know the thermal history of the weldment and properties of the metal
at various temperatures. Because of the difficult mathematical
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analysis required, theoretical investigations have been limited to
simple models such as a simple butt weld. Kozimirov and Nedoseka®
calculated residual-stress distributions in butt welds in the AMgSV
alloy (aluminum alloy containing 5 percent manganese, and about 0.1
percent vanadium).

b. Use of Mathematical Analysis in Studying Practical
Problems

Masubuchi’® ? made a systematic investigation in which
mathematical analysis was used extensively in studying various prac-
tical problems of residual stresses in welded joints. A few examples |
are given in the following paragraphs.

(1) Distortion in Framed Structures. When frames are
fillet welded to a plate, angular changes take place. It the welded
structure is free from outer constraint, the plate will simply bend
to a polygonal form having a knuckle at the weld, as shown in Figure
44(a). However, when the structure is constrained by some means,

a different type of distortion is produced. For example, when the
movement of stiffeners welded to a plate is prevented, wavy distor-
tion of the plate, as shown in Figure 44(b), results.

Extensive investigations were made by Japanese investigators on
the wavy distortion of the bottom plate of welded ships. 106, 108, 109, 110
It was found that wavy distortion of a welded structure can be calculated
if the angular changes at the fillet joints are known. In the simplest
case of a symmetric distortion, as shown in Figure 44(b), the distor-

tion at Point P, §, is given by’

5 1 x 1)2
z:ﬂ‘(i'i) ¢ (33)
where

6 = distortion at point P

w
1

distance between P and the center of the span

*It is believed that the initial distortion and residual stresses pro-
duced in the plate, as shown in Figure 44(b), decreases the buckling
strength of the plate. The major recason for the corrugation damage of
the bottom-shell plating which occurred in a number of all-welded
transversely framed cargo boats some time ago was attributed to exces-
sive wavy distortion. 109, 110, 111




f = length of span

¢ = angular change at the fillet joint.

(a) Free Joint
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(b) Constrained Joint

Figure 44. Distortions Caused by Angular Changes in Free
and Constrained Fillet- Welded Structures

(Masubuchi, et al. )108

The distortion of the specimen after the constraining member was
removed was smaller than that which was produced in a free joint,
indicating that less angular change was produced during welding
because of the constraint. The angular change, ¢, also decreased
when the length of span decreased since the degree of constraint
increased. Masubuchi, et al., % presented the following formula
to express the influence of the length of span, §, and the flexual
rigidity of the plate, D, on the amount of angular change:

¢0
$ T, 1 (34
g cC

where
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¢ = angular change in a free joint
¢ = angular change in a constrained joint
C = coefficient.

Experimental investigations were made to determine the values of ¢,
106, 112
and C for various conditions.

(2) Residual Stress and Longitudinal Distrotion of a ‘
welded Bearmm. When a T-bar as shown in Figure 45(a) is manufactured

By welding, longitudinal shrinkage of the weld metal induces longitudinal

distortion of the beam’'unless the weld line coincides with the neutral
axis of the beam. Longitudinal residual stress, oy, and curvature of
longitudinal distortion, 1/R, are given by the following equation

(Figure 45):%" 13

sk P
_ y X
Oy - Eey + I Z + A
y
_l ) Myz{\ ) szkﬁ* (35)
R EI,  EI ’
y
where
¢;'' =nonelastic strain in the x-direction
A =sectional area of the joint
Iy =moment of inertia of the joint around the neutral axis
PX* = apparent shrinkage force, P* = JJEE "'dydz
My*: apparent shrinkage moment, JI Ee ''zdydz = Py % L
L+ =distance between the neutral axis and the acting axis

of apparent shrinkage force.

Equation (35) shows that it is necessary to know the distribution
of nonclastic strain,e¢,', in order to know that distribution of residual
stress, o,; however, information about the moment, M %, only is
sufficient to determine the amount of distortion, 1/R, The moment,
My%*, is determined when the magnitude of the apparent shrinkage
force, P *, and the location of its acting axis are known,
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Figure 45. Analysis of Longitudinal Distortion in Fillet Joint
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Sasayama, et al.,

investigated experimentally the effects of
welding conditions and the dimensions of beams on the amount of P_*.
It was found that the acting axis of PX* usually is located in the weld

metal.

(3) Buckling Distortion in Welded Thin Plates. When a
thin plate is welded, the plate will buckle because of compressive

residial stresses produced in areas outside the weld. Figure 46 shows
longitudinal distortions of a long strip, 0.09 x 0. 16 x 283 inches in
size, after a weld bead was laid by the submerged-arc process along
the centerline of the plate. 106, 114
wavy distortions, as shown in Figure 46(b). The amplitude of distor-

tion decreased with the increase in the wavelength or with the decrease

The specimen showed eight stable

in the number of waves. A mathematical analysis bascd on the theory

of elastic stability suggested the following relaltions‘l'lip:115

—Q- n

where

A

amplitude

L

mean wavelength

Zb = width of the plate
C and n - constants,

By analyzing experimental data, it was found that the valuc of n was
approximately 2; in other words, the amplitude increasecd almost
proportionally to the square of the wavelength.

The above results indicate important characteristics of the buckling-
type distortion caused by welding:

In the buckling-type distortion, more than one stable distortion
can cxist. A complicated thing is that in some cases only a few distor-
tion instcad of all possible distortions may really appear, and a few
other distortions may occur in other specimens, giving guite confusing
data.

Nevertheless, some regular relationships exist among scem-
ingly quite different distortions, as shown in Equation (36).
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3. Evaluation of Experimental Data on the Basis of the Effects of Residual Stresses
on the Behavior of Stresses

An important problem related to the measurement of residual
stresses is the difficulty of evaluating experimental data on the basis
of potential effects of residual stresses on the behavior of the metal
structure. Since this report is primarily concerned with the measure-
ment of residual stresses, thorough discussions of the effects of
residual stresses on the behavior of metal structurés is not given
here. Brief discussions are given on the effects of residual stresses
on ductile fracture, brittle fracture, fatigue fracture, buckling, and
dimensional stability.

a. Ductile Fracture

It has been established that the effects of residual stress
on fracture properties, including the fracture strength, elongation,
and the energy absorption of a metal structure are negligible when the
fracture occurs in a ductile manner after the structure has exhibited
considerable plastic deformation.

b. Brittle Fracture

During the last several years, considerable information
has been developed on the influence of residual stresses on brittle
fracture, especially in welded structures. It has been noticed by
investigators that there is a difference between the evidence obtained
from brittle failures in actual structures and the experimental results
obtained with notched specimens. Actual fractures occurred at stresses
far below the yield stress of the material, while the nominal fracture
stress of a notch specimen is as high as the yield stress, even when
the specimen contains very sharp cracks. A number of research
programs have been carried out on low-stress fracture of weld-

116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126 Although these still are
disagreements among researchers in the interpretation of experimental
findings, 125,126 it has been established that low-stress brittle fracture
occurs in a weldment when certain conditions are satisfied. The
following is a mechanism suggested by Kihara and Masubuchi''? on the
effect of residual stress on brittle fracture,

ments.

Figure 47 shows, schematically, general tendencies of fracture
strength of welded specimens at various temperatures and the effects
of sharp notches and residual stress on fracture strength. When a
specimen does not contain a sharp notch, fracture will occur at the
ultimate strength of the material at temperatures concerned, as
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shown by curve PQR. When a specimen contains a sharp notch (but

no residual stress), fracture will occur at stresses shown by curve
PQST. When the temperature is higher than the fracture transition
temperature, Ty, a shear-type fracture occurs at a high stress. When
the temperature is below Ty, the fracture appearance changes to a
cleavage type, and the stress at fracture decreases to the value near
the yield stress. When a notch is located in areas where high residual
tensile stresses exist, various types of fracture can occur, as follows:

When the temperatue is higher than Ty, the fracture stress
is as high as curve PQ. Residual stress has no effect on fracture
stress.

When the temperature is lower than Tf but higher than the
crack-arresting temperature, T,, a crack may occur at a low stress
but it will be arrested.

When the temperature is lower than T, the following two
phenomena can occur, depending upon the stress level at fracture
initiation:

1)  When a crack initiates at a stress below the critical
stress VW, the crack will be arrested aftcr running a
certain distance. The complete fracture will occur at
the yield stress (ST).

2) When a crack initiates at a stress higher than VW,
complete fracture occurs.

Analytical investigations of brittle fracture also have been made.
The fracture mechanics theory developed by Griffith,*?" Irwin,'?8»1%?
and other investigators has been widely applied to unstable brittle
fractures of high-strength materials, especially ultrahigh-strength
materials for aerospace applications, 130, 131, 132 when uniform tensile
stress is applied to a plate containing a sharp transverse crack, the
fracture strength, o, decreases with increasing crack length, f§ = 2a

(provided that L is greater than a certain critical length §c):

K =ovra = Kc‘ (37)

In other words, fracture occurs when the stress-intensity factor, K,
reaches a certain value, K., which is characteristic for the material.




K. is called the critical stress-intensity factor or the fracture tough-
* ness of a material. *
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Figure 47. Effects of Sharp Notch and Residual Stress
on Fracture Strength

(Kihara and Masubuchi)“9

#*The AxSTM Committee on Fracture Testing of High-Strength Sheet
Materials'® has described methods of measuring fracture toughness of
high-strength sheet materials (ferrous and nonferrous materials having
a strength-to-density ratio of more than 700, 000 psi/]b/in.3).
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Kammer, et al., 134 proposed the mechanism shown schematically .

in Figure 48 to explain analytically the effects of residual stress on
brittle fracture. When a material does not contain residual stress,

the relationship between crack length, £, and the strain-energy release
rate with crack extension G = K*/E (E is Young's modulus) is expressed
by a straight line, OA, as expected by Equation (37). Fracture will
extend when the G value is greater than G, = KZC/E; in other words, an
initial crack has to be longer than P.C for unstable fracture to occur.
However, when uniform tensile stress, o, is applied to a plate that
contains residual stresses, the relationship between the crack length
and the strain-energy-release rate may be as shown schematically by
curve ORB. If an initial crack is located in an area which contains
high tensile residual stresses, the G value, while the crack is still
short, is increased significantly and unstable fracture can occur from
a crack as short as .. (the G value is greater than G_ for any crack
longer than £,.).

Figure 48 explains why low-applied-stress fractures as shown in
Figure 47 take place when a sharp notch is located in areas contain-
ing high tensile residual stresses. This type of approach can be used
for evaluating residual-stress distributions on the basis of their
potential effects on brittle fracture of the metal structure. When the
residual-stress distribution is known, the G value when a crack extends
to a certain length can be calculated and compared with the material
property G.. Methods of calculating the G value for a given stress
distribution have been proposed by several investigators including
Masubuchi'®® and Barenblatt, }*®

c. Fatigue Fracture

Much research has been done on the effects of residual
stresses on the fatigue fracture of metals and metal structures. 1375 138, 139
The problem, however, is still under debate. A number of investiga-
tors have reported that the fatigue strength (the number of cycles at
fracture under a given load, or the endurance limit) increased when
specimens had compressive residual stresses, especially on the speci-
men surfaces, On the other hand, a number of investigators have
believed that the effect of residual stress would be wiped out after

certain numbers of stress cycles are applied to specimens.

It has been established that the fatigue strength is strongly depend-
ent on the condition of the surface of a specimen. Many investigators
have observed that notches on the specimen, even when they were very
shallow, decreased drastically the fatigue strength of the specimen.
Consequently, it is reasonable to assume that high tensile residual stresses
inareas near the surface may decrease the fatigue strength of a structure.
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d. Buckling

Failures due to instability, or buckling, sometimes occur
in metal structures composed of slender beams or thin plates. Buckling
occurs under compressive axial loading, and it also occurs under bend-
ing and torsional loading. It has been known that residual compressive
stresses decrease the buckling strength of a metal structure. 140, 141

Distortion caused by residual stresses also decreases the buckling
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strength, as described in relation to Figure 44, Commission X of the
International Institute of Welding recently prepared a report based on
the information given at a colloquium to the study of the effects of
residual stresses on instability phenomena in metallic structures.
Residual stresses reduce significantly the stability of metal structures
under certain conditions. For example, the critical load of an axially
loaded I-beam fabricated by welding may only be about 50 percent of
that of a bcam without residual stresses.

141

With regard to the effect of buckling strength, residual stresses
with the following nature are important:

Widely distributed compressive residual stresses
Distortion caused by residual stresses.

e. Dimensional Stability

When a metal part which contains residual stresses is
machined, distortion may take place because of redistribution of resi-
dual stresses. With regard to the dimensional stability, residual-
stress distributions which cause bending or torsional distortion by the
removal of metal portions are most detrimental. Localized stresses
usually are not important from the viewpoint of dimensional stability.




Section VI. RECOMMENDATIONS FOR FURTHER RESEARCH

One of the most important observations made during this state-of-
the-art survey has been that there is no nondestructive method that
can be used to measure, with satisfactory accuracy and reasonable
cost and time, residual stresses produced in such metal structures as
structural components of space boosters. It was also observed that
little has been done to measure residual stresses and distortions during
various stages of fabrication so that the structure will have minimum
residual stresses and distortions after it is completéd.

1. Development of Nondestructive Methods of Measuring Residual Stresses

At present, the destructive and scmidestructive methods, in
which the elastic strain release produced by drilling or machining is
measured, are most widely used. However, they are not only damaging
but also expensive and time consuming. It is, therefore, urgent to
develop nondestructive methods for measuring residual stresses. The
most promising techniques, on the basis of the presently available
information, are the X-ray diffraction technique and the ultrasonic
technique,

The X-ray diffraction technique has been used to some extent for
determining residual stresses in metals. However, the accuracy of
data must be improved and the time required for testing needs to be
shortened before the technique can be used extensively. It has been
recognized that the diffractometer technique has various advantages
over the film technique, however, the diffractometer technique is
applicable only to small specimens. Limited applications may be one
of major reasons why no portable diffractometer unit is commercially
available. It is recommended that efforts be made to build portable
diffractometer units so that residual-stress measurements can be
made with greater accuracy and less time.

At the present stage, the ultrasonic technique is a'laboratory
technique that works only on simple stress fields. Efforts must be
made to develop the technique so that it can be used on metal structures
containing complex residual stresses.

2. Measurement and Control of Residual Stresses During Fabrication

In most fabrication jobs it is too late to find that the structures
have high residual stresses after they are completed. It is more
advantageous to measure residual stresses at various stages of fabri-

cation and to control the residual stresses and distortions to a minimum.
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To do this thoroughly requires simple and reliable nondestructive
methods of residual stresses which are not available at the present
time. Nevertheless, there are ways to obtain some information about.
residual stresses produced during various stages of fabrication. Since
there is no single technique which can be applied to all cases, a com-
bination of various techniques will be most appropriate for a specific
job. For controlling residual stresses and distortions produced during
welding fabrication of structures, for example, the following can be
done:

When a hole is drilled or cut, residual-stress measure-
ments based on the stress-relaxation technique may be made.

Strain gages may be mounted on some portions of a struc-
ture somewhat away from the weld and the strain changes produced by
welding can be measured. This technique will be useful to study
reaction stresses produced in constrained joints, such as patch welds.

Measurements can be made on transverse shrinkage
across the weld, longitudinal shrinkage along the weld, and distortion
of a welded structure. Rough estimation of residual stresses may be
made from these observations.

Measurements can be made on the degree of constraint
of a joint (Figure 42). These measurements will help prevent cracking
due to excessive constraint of a weld joint.

Measurement of the above-mentioned values plus appropriate mathe-
matical analysis based on the measured data would provide, in most
cases, information which is useful in controlling residual stresses and
distortions and in preventing troubles such as weld cracking.

3. Effects of Variations in Procedures on the Magnitude and Distribution
of Residual Stresses

It has been known that the magnitude and distribution of residual
stresses will be changed when variations in proc.edures are made. For
example, residual stresses and distortions may be different when
different welding procedures are used. Information on these subjects
is quite useful in predicting how much residual stress will be produced
after the fabrication and in selecting proper manufacturing procedures.
More research is needed on the effects of variations in procedures on
the magnitude and distribution of residual stresses, especially residual
stresses and distortions due to welding aluminum alloys. Extensive
researchhas beenmade on residual stresses and distortions produced dur-
ing welding steel, but only limited informationis available on aluminum alloys.
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APPENDIX
STRESS CALCULATIONS

1. Stresses Acting on an Inclined Plane

To simplify the discussion, an analysis for the two-dimensional

plane stress (o, = T4, = T,, = 0) is given here. Stress components on
plane BC are (Figure 49)

q
I

2 .2 .
n = 0y COs <j>+0'y sin ¢>+2TXY31n¢- cos ¢

-
"

Txy ((:os2 ¢ - sin? o) + (cry - o) sin ¢ cos ¢ , (38)

where

0, is the normal stress on plane BC

T 1is the shearing stress on plane BC

¢ 1is the angle between the normal to the plane, N, and the
n-axis.

T =0 at the following angles ¢ and ¢ +g—:

tanq):sinq)-cosq) _ Txy ) (39)

1
2 cos? ¢ -sin? ¢ 0x - Oy

These two directions are called the principal directions.

2. Calculation of Thermal Stresses in a Three-Bar Frame

Strains in the middle and t"e side bars must be the same:

A = S 40
— + a* AT __;_ s ( )
where

0, and o, = stresses in the middle and side bars, respectively

E ,and Eg = Young's modulus of the middle and side bars,
respectively
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a = coefficient of linear thermal expansion
AT = the temperature change.
Forces in the bars must be in equilibrium:
CmAm t 0shg =0, (41)

where Ap, and Ag = sectional area of the middle and'side bars, respec-
tively. In this case, Ag = 2A .

Ay <—

Figure 49. Stress Components on Inclined Plane BC

By solving the above equation, ¢, is given as follows:

m
= -2a-AT-E : 42
o, = -2a- ‘Eg x o (42)
2 — -1
Em

Since changes in properties in the temperature range between
room temperature and approximately 300°F are not great, they are
assumed to be constant as follows:




E_ - E_=10.8 x 10° psi
m S
a=13.3x10"°/F,

‘ The magnitude of thermal stress when the middle bar is heated is

o = -2 x13.3x10.8x2T=- 287 x AT.

Thus, the line AB is determined. Curves PBCQ and EDR represent
the yield stress at various temperatures (Table I).

3. Stress Components Expressed in the Polar Coordinates
y
A
r x=r cos @, y=r sin8
< 0-9 or x+iy = reie
.“ iz 4/~
8 \
0 3 X
1 1
—?:(cre +Ur)_E(Uy+Ux)
1 1 . 2
E(O’e -op) tiTeg ® E(UY Ux)‘LlTxy c“i0.

#N. I. Muskhelishvili, SOME BASIC PROBLEMS OF MECHI-
ANICAL THEORY OF ELASTICITY, Croningen, Holland,
P. Noordhott Lta., 1953,
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