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ABSTRACT

A new technique has been developed to measure residual stress which is uniformly
distributed over the thickness of the plate. The computational model for the tongue-cutting
method is based on theoretical solution of elasticity for deformation of a rectangular plate
which is subjected to an arbitrary surface traction at the ends of the plate. An experiment
is carried out with butt-welded steel plates. The result obtained by the new method agrees
well with the one obtained by the X-ray methods.

1. INTRODUCTION

The presence of residual stresses can influence the reaction of a material to
externally applied stresses. Not all residual stresses are considered to be damaging. In
general, the stability and resistance to deformation of materials and fatigue life are
increased by the presence " of compressive residual stress and are decreased by the presence
of tensile residual stresses. The effect of residual stresses on fatigue or stress corrosion
cracking performance is a well-recognized phenomenon.  Reactor internal attachment
welds affected by stress-corrosion cracking have relatively little applied load. Rather, the
mechanical driving force for the crack propagation is primarily welding residual stress.
Some materials used in reactor components are susceptible to stress-corrosion cracking.
Therefore measurement of residual stresses is of great importance in many engineering
application. The estimation of residual stress fields due to welding or other sources has
received a great deal of attention in both experimental and computational studies.

The X-ray diffraction techniques can be used for determination of residual stresses.
Recently, Bourke et al.[1] reported that the non-destructive measurement of residual stress
has been accomplished by using the neutron diffraction technique. But, the measurements of
the stresses by these diffraction techniques require usually very expensive equipment. The
mechanical techniques for measuring stress variations of a pipe or plate require relatively
inexpensive equipment. They usually involve release of residual stresses in the region of
interest. After removal of material or separation of parts of the specimen the relationship
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between released stresses and measured strains is used to compute residual stresses. The
repetitive process of removing or slicing material generally increases the chance of
introducing new residual stresses and makes residual stress measurement expensive. Wolf
and Bohm([2] presented a ring-core method of measuring residual stresses near the core.
Schajer[3] has developed an exact hole-drilling method for determining non-uniform residual
stress fields. Cheng and Finnie[4] have developed a crack compliance method for estimation
of residual stresses near the surface of the plate. This method can be applied only to shallow
cut with a depth of 0.05¢; ris thickness of the body measured. The crack compliance
method only estimates the normal stress and shear stresses along the plane where the cut is
made while hole drilling allows the estimate of complete biaxial surface stress state at the
location of the hole. These techniques provide information about surface residual stresses.
Its main Iimitations are that its accuracy tends to diminish with the depth of cut. With this
motivation a new technique has been developed to measure residual stress which is
uniformly distributed over the cross section of the plate. The method makes use of parallel
thin cuts of progressively increasing depth to release normal stress along the plane of the
cuts. The computational model for tongue-cutting method is based on theoretical solution of
elasticity for deformation of a rectangular plate which is subjected to an arbitrary traction at
the ends of the plate. The great advantage of determining the residual stresses by the
tongue-cutting and strain measurements is that this can be done relative easily and with
inexpensive equipment. A residual stress distribution due to welding is generally localized.
From St. Venant’s principle the effect of releasing the stress is expected to decay at a rapid
rate. Thus, the gradient of the measured strains will tend to decrease as the width of the
tongue increases. The limitations are that flat plate-type specimens are required and the
residual stresses have to be uniformly distributed over the thickness of the plate.

2. ANALYSIS

We suppose that a butt-welded plate is wide enough and weld is made along the x-axis.
We also suppose that the residual normal stresses ¢ x, ¢, and shearing residual stress
T «y are functions of x and y, and are uniform in the zdirection. Figure 1 shows a plate
with a uniform thickness and a tongue of depth 24 and width 2a which can be provided in
experiments by thin slits made by a saw. Let the center of the tongue be the origin O of a
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xy-coordinate. The significant stresses are those parallel to the weld direction, designated
0 x , and those transverse to it, designated ¢ y . Stress distributions across two adjoining
section, such as sections A-D and B-C, are essentially the same[5]. In other words,
changes of stresses in the x-direction, except in areas near both ends of the rectangular
plate, are far less than those in the y-direction. The stress distribution shown above is an
ideal for one-dimensional stress analysis. When no external forces act on a plate, the
residual stresses balance across a cross section. The balance is disturbed when a part is
removed. The relation of the stress change measured at the upper side and the y-axis may
be determined by the force existing in the parts before slitting to the vertical sides of the
plate. The strains measured by the strain gages shown in Fig.1 can be used to estimate the
residual stress ¢ « in the x direction. On this basis an analysis is developed to obtain the
deformation due to releasing residual stresses by introducing slits of progressively
increasing depth with a final value of 2b. On removing the parts, the forces which have
been removed from each square unit of the cross section are the original residual stress ¢ x .
Removing the force ¢ ., which is by convention considered a tensile force, is equivalent
to applying an equal compressive force - 0 « . Rectangular plate A, B, C and D loaded
with arbitrary distributed forces, can be approximated in experiments, Fig.2. Suitable
boundary conditions in this residual stress analysis are expressed as follows:

®
-0 x= ao+21(an COS @n ytba sin any) for x== a

n'.:
Txy=0 for x=2x a } (1)
Ty= T xy=0 for y=05
Oy=0o0r Txy=0 for y=-b

where, ¢ n=n 7 /b (0=1,23,.) and a0, an and b » are coefficients of Fourier series.
Exact solutions for stresses in rectangular plates under any boundary conditions expressible
by Fourier series can be obtained by the Fourier method are solved by Picket[6]. The stress
function for this two-dimensional problem may be taken as

AO 9 mAn .
O=— y*- ¥ — [aaxsinh @nx-(1+ an acoth an gcosh a s xJcos @ n y
2 n=1 & ."
m Brl
-Zl — , [ @a xsinh @ x(l+ @n acoth @n gcosh @ xsin an y
n= an

0 1
- ZI_B-‘Z[EmSinh ,Bmy+ Fm,Bm_)'Sinh ,Bm_y
m= m
+ Gusinh Bm ytrHmn B m ycosh Bm ylcos Bmx (2)
where @ n=nmn/b and Bw=mn/a and As Bn Em, Fn,Gn and Hn are

arbitrary constants. The constants of Eq. (2) are determined from the boundary conditions
(1) as follows:

0 sinh Bmb
ao= A o- Zl(-l)m—é—_b_ [Em+Fm(1+ ,me coth ,me)] (3)
m= m
dn &8 ® 2(*1) m+an .
dan=-An(————— -csh &na)—2 —————— {Ensinh Bnb
sinh @ o a 2. g, m=l( ant+ Bu) b
an = m
+Fm[(2+;;—2';“‘§;7)sinh Bmnb + Bmb cosh Bwb]} 4)
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bo=-Ba(———— -cosh ana)—2 ————————o {Gumsinh Bub
(sinhana )m=1(an+,3m)“b{
H 2a.” inh Bmb + Bnb cosh Bmb 5
+ m T T m + m m
(an2+5mzsm cos )] (5)

0 4A4A.-D™"a.B8n"
5 -1

mzl(an2+ﬁm2)za

Sinh & n a=EmCOSh Bm b+FmBm bsinh ,me

+Gmsinh B b+ HufB b cosh b (6)

ooZ 4B (-1) ™ " a % B m
m=l( an2+Bm2)za
+Fn(sinh Bm b+ Bmbcosh B b)tHnm(cosh Bm b+ Bmbsinh Bnb) (7)

sinh & n» 2= Em sinh me+GmCOSh ,me

By the assumption that the lower edge(y=-b) of the plate(Fig.2) is free from external forces,
the following relation will hold for the stress at the edge ;

Oy= 0 and T.y= 0 for y=-b
The following equations are obtained by the above conditions.
Gmsinh Bm b +HufBmbcosh Bub=0 (8)
Ensinh Bm b +Fm(2sinh 8w bt Bmbcosh Bmb)=0 ()

Assuming that strains are being measured in the x direction at the upper side and the y-axis
and that these readings change by &£ x(x, b ) and € « (0, y ) respectively. From the
boundary condition that the upper edge(y=b) of the plate is free from external forces, the
following relation hold for the stress and the strain at the edge ;

Ox= Eex(x b) for y=b
where, £ is Young’s modulus.
Strain € «(x, b ) and € « (0, y ) may be expressed by Fourier series and may be
measured by strain gages. At the edge(y=b ) of the plate, the stress component in terms of
the stress function(2) are

®
[O«]y=s=Ao+ ElAn(-l)"[ Qo xsinh @ o x-(1+ @ n acoth @« acosh @ o ]
n=

(4]
- —l[EmSinh ,Bmy""FmBm}/Sinh Bmy‘" Gmsinh ,Bmy""Hm,Bm}'COSh ,Bm}/]COS ,BmX

m
o
=E€x(x,b) =50-2 smcos Bnx (10)
m=1
The coefficients of the above Fourier series can be obtained in the usual manner.
© -n-°
Ao-22A,—  sinhadna = so (11)
n=1 A a

0 4AL (1) aa’ .
z 5 ;-5 sinh @ n a+{Encosh Bm b+Fn(2cosh Bu bt Bmbsinh Bub)
m=l(a."*+*+Bn’)°a

+Gnsinh Sn b+Hn(28inh Bu b + Bmbcosh B B] = -sn (12)

Under condition of plane stress and at the center line EOF (x=0) of the plate (Fig.2), the
following relation hold for the stress and the strain at the line ;
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Oxt+tVvoy= E€x(0y) for x=0
where, v isPoisson’s ratio.

At the center line(x=0), the stress component in terms of the stress function(2) are
®
[ Ox+Vv 0y]x=0=A0- ZlAn[(l- v #(+ v ) an.acoth @nalcos any
n=

®
- Zan[(l- Yy )1+ v ) @nacoth s alsin @any
n:

- 0021 (-1) " {Ew(1+ v )cosh Byt Fu[2cosh Bu yH(1l- ¥ ) Bm ysinh Su y]
m=

+ Gn(1+ v sinh Bm y+Huw [2sinh B yH(1+ ¥ ) Bw ycosh Bn i}

o
=E Ex(O,y)=po-Zl[pncosany +gosin a .yl (13)
mn=
The coefficients of the above Fourier series can be obtained in the usual manner.
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m y
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o0 (1)m+nB
2(+ v )Y ————— sinh Bm b{Ean+ Fnu[ Bmnbcoth Bnb
m=1(an’+ Bn’)b
2 +an2-,8m2 )]} 15
+ =.pn
( 1+ v an’+ Bn’ P (15)
1- v ) 2" "an
[-—-—~+anacothana] Y —————— sinh Banb{ Gn
1+ vy 5 Jn=l(an"+ Ba )b
An’-v Bnt
+Hm . + mb th mb = -n 16
[an2+,8m2 "y Bmbcoth Bmb ]} q (16)

Substituting the coefficients of the Fourier series expressed by Eqgs. (10) and (13) into the
simultaneous Eqs. (6), (7), (8), (9) and (15) or (16), arbitrary constants Ao, Aa., B.,
Em, Fun, Gn and Hn are determined by measured strain. The distribution of applied
forces is then expressed by Eqs.(3), (4) and (5). The residual stress distribution ¢ . is
obtained as follows:

0

Ox=-[ a0 + Z (@ancos @ny+ba sin @ny)]
n=1

Experiment and Results

An experiment was carried out with butt-welded plates for determining residual stresses
distributed in the direction of parallel to the weld joint. The material used was a low carbon
steel JIS SS400 supplied as a 6mm thick. The mechanical properties are given in Table 1.
Hot-rolled plates with a width 65mm or 100mm were machined to a thickness 5.5mm and a

length 600mm. After annealing at 973K, they were then butt-welded to two types specimens- --

with width 130mm and 200mm under the welding condition of table 2.Two specimens
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(designated A and B), were used. The shapes of the specimens are shown in Fig.3. Residual
stress was measured by a parallel beam X-ray diffractometer with a scintillation counter.

Table 1.

at room temperature

Material properties of SS400 steel

Table 2. Welding conditions

Thickness X Width(mm) 6X65 |6X100 Welding current 135A
Young’s modulus, HGPa) 215 | 210 Welding voltage 20V
Poisson’s ratio, V 0.3 0.28 Welding speed 8mm/sec
Yield point(MPa) 333 | 294 Sealing gas CO .
Tensile strength(MPa) 441 | 402 Electrode wire 1.2mm
Elongation at failure(%) 39 45
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obtained by the X-ray methods.

Fig.5. Locations of multiple strain gages.

The X-ray techniques were used to verify the calculated resuits for the same test pieces. The
residual stress distributions by the X-ray methods, at the center of the specimens, are shown
in Fig.4. Multiple strain-gages are placed on the upper edge and the center of the plate, as
shown in Fig.5. Each specimen was notched perpendicular to the plate surface to a depth
of 60mm. Figure 6 shows distributions of measured strains € x (x, &) for eight values of
depths of cut.  Distributions of measured strains € x (0, y ) for the same eight depths are
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shown in Fig.7. Figure 8 shows a
comparison in residual stresses between the
new methodproposed in this paper and the
X-ray methods. The results obtained by the
new methods agrees well with the one
obtained by the X-ray methods.

DISCUSSION

The X-ray diffraction techniques can be
used to measure the residual stresses. But
there are certain well-known limitations,
such as excessively large grain size and



effects of sever plastic deformation, detract from universal acceptance of the technique. The
method proposed in this paper, has no metallurgical limitations such as X-ray method. The
method makes use of parallel thin cuts of progressively increasing depth to release normal
stress along the plane of the cuts. The computational model for tongue-cutting method is
based on theoretical solution of elasticity for deformation of a rectangular plate which is
subjected to an arbitrary traction at the ends of the plate. Saint-Venant’s principle might
prevent measured strains from perfectly representing details of removed stresses. From his
principle the effect of releasing the stress is expected to decay at a rapid rate. Thus, the
gradient of the strains € « (x, b) measured at upper end will tend to decrease as the depth
2a of the tongue increases. The distributions of the strains &€ « (0, y ) are not exactly
representing the removed stresses. This fact is shown Figs. 6 and 7. The boundary
conditions that ¢ y =0 and 7 xy = 0 for the lower edge(y= -b) of the plate(Fig.2) are
somewhat controversial, it may approximately hold when a plate has not steep gradients in
the stress distribution.

CONCLUSIONS

The new method was applied to a butt-welded plates. X-ray techniques were used to verify
the calculated results for the same test pieces. The results obtained by the new methods
agrees well with the one obtained by X-ray methods. This indicated that good results can be
expected from the new metnod. The great advantage of determining the residual stresses by
the tongue-cutting and strain measurements is that this can be done relative easily and with
inexpensive equipment. The limitations are that flat plate-type specimens are required and
the residual stresses have to be uniformly distributed over the thickness of the plate.
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