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ABSTRACT

This report describes progress to date on a long-range project to develop the
Linde treatment as a method for reducing the residual stresses in butt-welds in
pipe,: thereby avoiding brittle fracture. The equipment development, the experi-
mental-teéhnique -development and the analytical-technique-development have
been largely completed. Pipes have been satisfactorily butt-welded and methods
of measuring residual stresses in and near these butt-welds have been developed.
Equipment for applying the Linde treatment and equipment for fracture-testing
the butt-welded pipe have been completed and shown to function properly.

A numerical technique for determining temperature distributions has been
applied to Linde treatment-type boundary conditions and Tall's method of deter-
mining residual stress in welds has been applied to the Linde treatment, A pre-
liminary elastic analysis was conducted to show how much less restraint exists

against contraction of localized hot zones in a pipe than in a plate,
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INTRODUCTION

The fact that low-strength brittle failure is a serious problem has been the
subject of many investigétions, Rosenstein has an excellent summaxry of the lit-
erature (Rosenstein, 1966).

The designers have been interested in the effect on brittle failure of metal-
lurgical damage and residual stresses because, of all the factors involved, these
two can most easily be altered, It is hard to evaluate these factoré individually
because they invariably occur together; therefore the separation of these two fac-
tors has been a subject of many investigations on welded-structures (Rosenstein,
1966), Greene and Holzbaur showed that a "controlled low-temperature stress-
relieving" heat treatment (the "Linde tréatment") reduced welding residual stres-
ses to zero and even compression (Greene and Holzbaur,’ 1946), Greene also
produced low-stress brittle -failure in non-Linde-treated welded plates and not
in Linde treated plates by bending them, but this method is not as straightfor -
ward as fracturing the plates in a tensile test (Greene, 1949). Kennedy showed
in tensile tests on notched and welded plates of the same size that the Linde
treatment did not conclusively improve brittle failure behavior; but he did not
measure the residual stresses after the Linde treatment (Kennedy,‘ 1957). If

the stresses had not been reduced to zero, as in Greene's specimens, . then the
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effect on brittle failure behavior of the full stress reduction could not be ob-
served,

Since large-plate tensile tests were inconvenient and expensive,‘ it was
thought that the low~-stress brittle ~failure caused by the loading of the weld and
notch in Greene's plate specimen could be produced in an internally~-pressur=-
ized butt~welded pipe of the same thickness (Furman, 1967)., With the available
equipment it was impossible to produce on the pipe a double~V weld like the one
on.Greene's plate specimen; therefore a single~V weld was used. When pres-
surized,g the circumferential stresses at the inner surface of the 18-inch O, D,
by 16~inch I, D, pipe were 13% higher than those produced at the outer surface.

- The pressuriied welded pipe ,'J therefore,! did not simulate pure tensile ioa.ding
nor did it contain the same notch geometry as in a tensile plate specimen, How-
ever the butt-welded pipe did provide a simple means of application of the Linde
treatment to the weld since all that was needed was to rotate the pipe under the
torch,

The determination of the effect of the Linde treatment on the brittle failure
of butt-welded pipe should proceed as follows:

1) for a given torch configuration and speed find the transient
temperature disti:ibution in a mathematical model of the pipe.

2) measure the transient temperature distribution in a physical
specimen and check the results with the predictions of step 1.

3) from this transient temperature distribution calculate the resi-
dual stresses produced upon cooling the mathematical model
(in welding and in the Linde treatment),

4) measure the residual stress distribution before and after the

o
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Linde treatment in a welded specimen and check the results with
the predictions of step 3,

5) run a fracture-strength test on as-welded specimens and on
Linde -treated specimens and show improvement in fracture
strength,

6) show any effects of the Linde treatment on the metallurgical
damage produced by welding and on the notch acuity, and show
how these effects might be controlled,

This thesis lays the groundwork for future investigations into the effect of
the Linde treatment on residual stresses for various torch configurations, A
numerical method of transient temperature determination in a plate is developed
and compared with an algebraic solution, Surface temperature measurements
were made on a pipe heated with a Linde torch, An algebraic method of calculat-
ing the circumferential elastic stresses produced in a pipe heated non-uniformly
along the axis was made to show how the pipe behaves under an axial temperature
gradient, Sjnce the residual circumferential stresses in the pipe are produced
upon cooling after plastic straining has occurred; a step by step numerical meth-
od of stress calculation must be used. The shape of the circumferential residual
stress distribution measured in the as-welded pipe was the same as that meas-
ured in as-welded plate specimens of comparable dimensions,

Just what affect the Linde treatment had on metallurgical damage in the
notch-root vicinity; if any, is not clear. Greene showed with Charpy impact spe-
cimens what appeared to be a definite improvement in the brittle behaviour of
material in the heat-affected-zone (near the notch root) after the Linde treatment;

But since the results were somewhat scattered and the tests limited in number, a
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definite conclusion was not justified (Greene ,J 1949), Jonassen claims that the
amount of plastic flow caused by the Linde treatment at the notch root may be
sufficient to cause a significant reduction in severity of this stress-raiser and
thereby improve the low temperature performance of the specimen (Jonassen,
1949). But the beneficial effect of reduction in notch acuity may be partially
counteracted by a loss of ductility resulting from the plastic flow at the notch
root, These two problems might be avoided by spacing the torches and cooling
the region between them so that the heat-affected-zone is not heated and the

notch not affected; and by cutting the notch near the weld after the heaf treatment,
as did Kihara and Masabuchi after welding to avoid the same problem (Kihara and
Masabuchi, 1959),

Even though the notched and as-welded pipe did not fail before it yielded when
pressurized at -40C (Furman, 1967), the equipment developed for the tesf per-
formed satisfactorily, If as-welded pipes could be made to exhibit iow—sﬁrength
fracture by increasing the severity of the conditions then this equipment could

be used to show the improvement due to the Linde treatment,
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EQUIPMENT DEVELOPMENT

The equipment developed and built for this project pexrformed very well, The
available shop equipment was adapted to cut the large diameter pipe into 18-inch
lengths in preparation for welding and to cut the welded pipe in.to residual-stress-
measurement rings, Notches were cut into the weld preparation as shown in
fig, 1. The automatic welding machine used by Rosenstein to butt-weld plates
(Rosenstein,'; 1966) was adapted to butt-weld pipe,'l fig. 2. The residual stresses
in the butt-welded pipe were determined by measuring the changes in circumfer-
ence of rings cut out of the pipe., A torch similar to the one Greene used in his
original investigation (Greene and Holzbaur,J 1946) was made and checked, Pres-
sure testing eqﬁipment was built and tested, This consisted of the welded pipe;
two end plafes;" the bolts to hold the end plates together,‘ a core to reduce the vol-
ume of compressed methanol, a high pressure pump, and end seals, These seals
permitted the end plates to move axia]ly,' the pipe to contract axially and the pipe
to move radially without leaking when the vessel was pressurized. A refrigera-
tion system consisting of a compressor;‘ a heat excha_nger,t a pump to circulate
the methanol coolant and a cooling tank to contain the pressure equipment was
made and tested. For a description of the pressure equipment and cooling sys-
tem see (Furman,‘ 1967). Experiments showed that with this equipment 18-inch

0.D. by 16-inch 1, D, pipe could be pressurized to 40,1000 psi circumferential
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stress at -40C,

In the butt~welding of Rosenstein's plates the Aircomatic welding-head was
mounted on a motor-driven carriage designed for carrying the head on a straight
path past the work (the Radiagraph) which travelled on a smooth track, The pipe
was butt-welded by keeping the welding head .stationary-and rotating the pipe un=-
der the welding head on ball-mill rollers, chain driven by a sprocket which re-
placed the drive wheel on the Radia’graph; fig. 2. The pipe was grounded tllrough"
two channel beams clamped on with a bolt, which, in_turn,‘ was grounded through
a friction contact to the welding cable, fig, 2, The remaining welding equipment
was not changed., The conditions of welding are shown in table 1. The weld
beads did not fill the notch (fig; 1) as was indicated by examination of a notched

section cut out after welding,

The circumferential residual stresses in a butt-welded pipe were found by
measuring the change of the circumference of the rings into which the pipe was
dissected. The change in circumference was measured by a tape as shown in
fig. 3. This circumferential deflection divided by the original mid-thickness
circumference is the average elastic strain released when the ring is freed from
the pipe. The average residual stress that would shrink the ring back to its orig-
inal diameter in the pipe is this elastic strain multiplied by the modulus of elas-
ticity of the material. The circumferential deflection at the surface of the pipe
is the difference in the mean readings of an average of six micrometer measure-

ments across the blocks,l as indicated in fig, 3, before and after each ring was
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cut out, The measured difference at the block corners is the same as that at

the outer surface, which is also the same through the wall thickness (see Appen-
dix Ii). The pipe can be considered thin-walled so that the neutral axis remains
at mid-thickness when the diameter changes., The standard deviétion of the mean
readings was about 0,002 inch for all measurements, The maximum exror in
the deflection would therefore be about + 0,004 inch: which corresponds to a
stress measurement error of + 2100 psi.

If the pipe were cut into infinitesimally thin Iings,' then the circumferential
residual stress in each parted off ring would be the average residual stress
(averaged over the radial thickness) for a point location along the pipe axis. We
shall refer to this stress as the "radially averaged stress" (averaged over the
wall thickness), "Radially averaged stress" is a single-valued function of axial
location, Since finite width rings are cut, a stress gradient exists across the
axial width of the ring in addition to the radial variation through the thickness,
fig. 4. In regions of the pipe where the slope of this stress distribution changes
rapidly along the axis, narrow rings should be cut so that the distribution across
the ring width is nearly linear, The measured residual stress will be the "rad-
ia]ly averaged stress"” at midwidth of the ring, fig. 4, 1eft-hand ring, If the
stress distribution across the axial width of the ring is not linear, then the meas-
ured residual stress is still the axial average of the "radially averaged stress",
but its location across the ring width will be unknown, fig, 4, right-hand ring,

The dissection scheme in fig, 5 was used for the butt-welded pipe because
published residual stress measurements on butt-welded plates showed that the

stress gradient changes most rapidly near the weld, The shape of the measured
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residual stress distribution in the butt-welded pipe was very similar to distribu-

tions measured in butt-welded plates of the same thickness,

In order to compare the residual stress distribution through the thickness

of a single-V weld with that measured in a double-V weld (Nordell and Hall, 1965),

a ring 1, 5-inches wide containing the weld was split and the opening at midthick-

ness (D) was measured, fig, 6.

R4

and the circumference at the midthickness was 2T/‘(R0 +t/2).

After sp]itti.ng,‘ the mid-thickness radius was

2T(R +1t/2)+D
27

= Ro +D/2T +t/2,

The final radius at the inner surface was Ro + D/2TT.

The separation distance at the inner surface was

Ry + D/2m
R+ D/2T + t/2.

D' = D

The final length of an inner fiber of the ring was
2TT(R° + D/2T77) - D' = ZTTRo + D - D,
The released elastic strain at the inner surface was

@UR, + D .- D). - 2TR 1

°L.D.

Before the ring was split the circumference at the inner surface was 27 Ro

(D - DY)

ZTTRO 2 “R’O
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Substituting for D' and simplifying

_ R |
e; p. = V(Dt/2)/(27TRO + TTROt + DRO)
Since D = 1.056 inch

t = 0.948 inch
Ro= 8.062 inch

then = 0.495/(408 + 24 + 9)

°1.D.

1 D. 0.00112

. The compressive stress at the inner surface and the tensile stress at the outer
surface that would cause this ring to open when split (the stress distribution is
symmettical because the neutral axis remains at the mid-thickness) is calculated

from this released elastic strain:

S' = €1 D. E

. 6
S' = 0.00112(30)(10)
S' = 33,600 psi

The residual stresses released at the outer surface, the mid-thickness and the
inner surface of the ring containing the weld after it was cut from the pipe were

calculated from the measured outer surface circumference change of 0,056 inches.



T-1118 10

(This value was the same as that measured at the block corners as previously

discussed):

S, p. = 0.056E _ 33 900 psi
c 217(8.063) '

SM g = 0.056E = 31,300 psi
* 277(8.532)

S - 0.056E ~ _ 29,700 psi

0.D. 51m(9.001)

These stresses when added to the linear stress distribution gives a residual ten-
sile stress in the outer fibers of the weld of 63, 300 psi and a residual compres-
sive stress at the bottom of the single-V weld of 400 psi, fig. 7.

Linde Treatment

The purpose of the Linde treatment is to relieve welding stresses by heating
two regioﬁs, one on each side of the weld, so that when they expand under partial
restraint the weld will flow plastically (because it is already under yield-point
residual tensile stresses). When the heated regions cool and contract the weld
will contract elastically (compatibility has to be satisfied) and relieve its tensile
stresses (Green and Holzbaur, 1946).

If,in a butt-welded plate of finite size all of the plate excluding the weld was
heated, then the total strain in the weld will be equal to the difference in the ther-
mal strains in the plate and in the weld (compatibility requires that the weld remain
attached to the plate and the weld negligibly restrains the expanding plate). If,

in a butt-welded plate of infinite size, two finite regions were heated near the
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Weld,' then the weld would not’be strained at all,‘ because the heated regions
would be prevented from expanding by the complete restraint of the remaining
infinite plate. The tensile strain in the weld of a finite Linde -treated plate will
be equal to the difference between the expansion of the hot zones and the thermal
strain of the weld. The tensile strain in the weld can be no larger than the to-
tal strain permitted in the hot zone by the surrounding plate. If,in a butt-welded
plate the partially restrained hot zones are too far from the weld, then their ex-
pansion will be fully restrained by the large amount of metal between them,
which includes the unstrained weld. If the hot zones are too close together,
then the weld becomes very difficult to keep cool and the difference in thermal
strain between the hot zone and the weld, which causes the tensile straining,
will be decreased or may even cause compression,

Greene and Holzbaur studied the effect of varying the torch widths, vary-
ing the distance of the torch from the weld and varying the hot zone temperature
(by changing the travel speed) on residual tensile stresses in butt-welded plates.
They showed that the residual stresses in the weld could be reduced to zero by
using a six-inch-wide torch with its centerline five inches from the weld center-
line. A heat-treating temperaturel of 350F was reached in the heated region by
moving the torch at a rate of sixteen inches—pér—minute. The weld was cooled
with a water spray between the torches. A water spray was located about six
inches behind each torch to remove surplus heat, localize the application to that
portion of the weld being treated, prevent any possible expansion,' buckling or
distortion of the plate and, most importantly, cause a contraction behind the

heated zone which would reduce the restraint on this heated zone.

11
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Apparatus was built for using the Linde treatment to relieve the welding
‘stresses in a butt-welded pipe. An oxy-acetylene torch was made to the pro-
per dimensions and when fired on a rotating pipe it functioned properly. The
accompanying quenching-spray was made and it also functioned properly. The
combination torch and quenching-spray is shown in fig, 8-B.

The torch was a 3/8;inch copper tube threaded to screw into an oxy-acet-
ylene mixing head,:vfig. 8-A. The nozzles were punched with a needle to the pro-
per depth to produce a 0,020-inch hole, fig. 8-C.

Temperature measurements were made, on the ihnei’ and outer surfaces of
a pipe rotating pasf the Linde torches, to determine what Greene meant by "heat-
treating temperature'. When the Vpipe was rotated at ten inches-per-minute, the
inside surface reached a maximum of 350F about 1.5 inches behind the torch
(lines were drawn in the direction of rotation with crayons indicating tempera-
tures of from 150 F to 400 F), fig. 9-A. When the pipe was rotated at sixteen
inches-per -minute, the inside surface of the pipe never exceeded 250 F, fig. 9-B.
When the pipe was rotated at ten inches-per-minute, the temperature on the out-
er surface of the pipe exceeded 400 F inside a five~inch long parabolic isotherm
following the torch, fig. 9-A. At sixteen inches-per-minute the 400 F isotherm
was less than one inch behind the torch, fig. 9-B.

From these experiments it was concluded that the pipe reached an average
temperature of 350 F when rotated at sixteen inches-per-minute, while it r‘eache.d
a minumum of 350 F at a rate of ten inches-per-minute. Therefore, when Greene
refers to a heat-treating temperature of 350 F at a torch travel rate of sixteen

inches-per -minute, he means the average plate temperature, -

12
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ANALYTICAL-TECHNIQUE DEVELOPMENT

Rosenthal has developed a theory of heat flow due to a moving source which
gives results that agree well with experiments involving simple heat-source
geometriesv(Rosent‘hal,' 1946). The mathematics involved in this theory prevents
an easy application to a specific heat-flow model. Therefore, a numerical meth-
od of finding the transient temperature distribution through the plate thickness
and parallel to the plate surfaces due to the Linde torches was made.

Considering heat flow only in a plane perpendicular to the weld centerline,

a heat balance is made on an element and its four surrounding elements of a grid
superposed on the plane, fig. 10. Equating the sum of the amounts of heat con-
ducted from the surrounding elements to the center element with that heat stored

in the center element during a time interval, at,

_Q
Qo * Yo+t Pg+t Yg= o
At
_ T, - T . . . .
where Ql-O = k(area) 1 o (Fourier's Law for finite differences)

AX

('QZ-O ,4 Q3_0 , Q4—O are similar)
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and Q = pCp (volume)(To};

o) “To) ¢

At
Substituting,

KaxXT, - T) + KaxXT, - T) + KaxXT, = T) +

AX AX AX
K(2x)2(T, = T) = pC (+x)(T. ., - T)
AX ?\t

Solving for the temperature at the end of the time interval,’

To’=At =T+ T, + T3 + Tyt M - 4)To
M
where /M = kat 9
(A x)"pC

The quantity M can have any positive value, For a given grid size ( .. x) the time
intervals become very small for large values of M and the complete solution be~-
comes more accurate, but it also becomes too long, For values of M less than
4 the solution becomes mathematically unstable, A value of M = 4 was chosen
“in order to maintain stability and keep the solution as short as possible, There-

fore,

- 'TI A+ T2 +. T .+.. T4

T 3

0, At
4

14
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The time interval between successive temperatures at a point in the grid is de-
termined by the grid size (A Xx) alone,' because p, Cp and k are specified.” For
the chosen grid size (4x = 0.2 inch) and assuming p, Cp and k constant with
temperature the time interval for mild steel is constant at 0. 58 seconds.

The boundry conditions assumed during heating were as indicated in fig. 10,
The 2000F torch boundary in the same figure was replaced by 100 F during cool-
ing. Since the surface temperature under the torch during heating is presently
unknown, an arbitrary value was used in order to illustrate the method and em-
phasize the heat flow perpendicular to the weld centerline and through the thick-
ness of the plate. Fixing the other boundary temperatures means that heat loss-
es through these surfaces would be larger than if the surfaces were allowed to
warm up (steeper temperature gradient means larger heatlosses). No heat loss-
es are allowed perpendicular to the plane of the grid; this would be true if the
torch was not a line source normal to the weld, but a plane source of heat finite
in both directions in the plane of the plate. The grid straddled the boundary be-
tween the heated and un-heated surfaces so that the temperature gradient perpen-
dicular to the weld centerline could be found simultaneously with the temperature
gradient through the plate thickness,

The numerically-calculated temperature gradient through the plate thick-
ness at the middle of the torch agreed very well with an analytical gradient for
the same type of boundary conditions and after the same time interval (Carslaw
and Jaeger,' 1959), fig. 1. This is to be expected, because the heat flow in the
plane of the plate is negligiblé at mid-torch width; and Carslaw and Jaeger's

solution is for no heat flow in the plane of the plate (one-dimensional heat flow).

15
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The numerically-calculated temperature gradient through the plate thickness
upon cooling is shown in fig. 11-B. A sample calculation of a transient tempera-
ture distribution is shown in fig. 12,

For purposes of determining more realistically what boundary conditions.
should be used in the above calculations,' the surface temperature variation with
time was determined by an experiment in which a single -nozzle oxy-acetylene
torch was held stationary for 25 seconds a half-inch from the outer surface of
an 18-inch diameter, one-inch thick pipe. When the torch was removed the
outer surface had reached 500 F and the inner surface 250 F (measured with
temperature -indicating crayons). These surface temperature variations could
be determined analytically if the heat losses were calculated from the heat trans-
fer coefficients and fluid characteristics at both surfaces. Since heating from
one side only gives a steep through-thickness temperature gradient, the effect
of this gradient on residual stress calculations should be shown. The through-
thickness temperature distribution produced by heating both surfaces and its
effect on residual stress calculations should be compared with that of the single-

surface heating,

The residual stresses produced by a cooled weld in a plate can be calculated
in the following manner (Tall, 1964):

1) Divide the plate into small increments wherever steep stress
gradients are expected and into larger increments where less
steep gradients are expected, fig, 13. Because the temperature
distribution is symmetrical about the weld centerline, the calcu-

lations were made on one half of the plate, line 1 (all "lines”
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2)

3)

4)

5)

6)

7)

8)

9)

17

refer to table 2).

Determine the maximum yield stress, line 3, for the temp-
eratures at the end of the time interval, line 2.

Calculate the thermal stresses, EaT (plane strain), line 5,

from the temperature change, line 4. The change of the mat-

erial properties E and a are then found as functions of tempera-

ture.

Add these thermal stresses,= line 5, to the stresses present

in each longitudinal element at the beginning Qf the tempera-
ture interval, line 6.

Limit the stress to yield, line 7.

Sum the forces over the plate (on the plane perpendicular to

the weld centerline) and divide the resultant force by the area
upon which all the non-yielding forces act to get an "equilibrium
stress', line 8.

Add the negative of this "equilibrium stress" to the sum of the
initial and thermal stresses on each element, line 9, unless it
would cause the stress to drop below yield.

Check force summation again, line 10. If the sum is near zero,
then the stresses from step 7 will be used for the initial stresses
on the next interval. If the sum is not near zero, then repeat
steps 6, 7 and 8,

Continue this procedure until the entire plate has cooled to room

temperature..
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This method was applied to typical Linde-type treatments, one of which was
two six-inch strips centered five inches from the weld center -line, heated by
500 F and cooled as shown in fig. 14. For simplicity, Ea was considered inde -
pendent of temperature. This method of calculation was used to show the effect
of various torch widths upon tensile residual stress reduction in a butt-welded
plate (see table 3). A modification of the method could be used also to show the
effect on welded pipe. Table 3 lists the torch widths and other significant fea-
tures for applying Tall's method to the Linde treatment. The welding stress
distributions to which the various: Linde treatments were applied were also
found by Tall's method, fig. 15.

The torch application that most closely represented Greene's condition in
~his original investigation reduced the weld tensile stresses by 50%, but the re-
gion under the torches contained tensile stresses near the yield point of the plate,
fig, 15-F. Greene measured tensile residual stresses in the region heated by
the torches of only ten to twenty percent of the yield stress of the plate material.
This difference between analytical and experimental results may be due to the
fact that the wide torches require a different compatibility condition than does
a weld., In his calculation of welding residual stresses, Tall assumes that
transverse planes remain plane and perpendicular to the weld centerline for
each temperature interval considered (Tall, 1964). This may not be true for

the: Linde treatment on a finite plate.

The Determination Of The Circumferential Stress Distribution In'A Pipe Caused

By A Non-linear Temperature Distribution Along The Axis

This derivation begins with the determination of the radial elastic displacement
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“in a pipe caused by an internal pressure distribution. When the differential
equation relating radial displacement to internal pressure has been found, the
solution will be modified to take account of temperature distribution. The equa-
tion will then be solved for radial displacement as a function of axial distance.
Knowing the radial displacément fuhction,’ we can find the circumferential stress
distribution along the axis for a given temperature distribution. An infinitely-
long thin-walled pipe will serve as a model for determining the integration con-
stants in the complementary solution, but the total solution will apply to a fin-
ite length of pipe because the radial displacement is dampéd out w_ithin a short
distance along the axis, fig. 19.

For the element of fig, 16, the summation of moments-per -circumferen-

tial-unit-length about point A, the summation of forces in the axial direction and

the summation of forces in the radial direction must all equal zero. The moment,

Mt , 1s zero along the circumference because the pipe remains round during in-
terial pressurization. The radial stresses are zero because the pipe is con-

sidered as thin-walled. Equating summation of forces to zero,

ds

FF_ =0 =SRHhde - (5. + %x dx)R hdo
X X O X —_— o
dx
9% R_hdxde = 0 (1)
dx
a-

-0 = 7 _ T, N
$F_=0= T ,Rhd - (T, + _ 'x dx)R hdo

dx

2S hdxsin®® + Z(x)R dodx
t 2 (o}

19
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t h (2)

'x (3)

The average axial stress, Sx’ is zero because the ends of the
pipe are not loaded (SX = 0atx = 00) and Sx does not change. If SX is not
zero the corresponding displacement can be added to the displacement caused
by the internal pressure.

We now need to find S ¢ and I\/Ix in terms of the radial displacement, w.
First we apply Hooke's Law to find St as a function of the strains, then find the

strains in terms of the radial displacement. From Hooke's Law

Solving for SX and St

- (eX + uet) (4)
l1-u

20
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(et + uex) (5)
l-u2

The circumferential strain (see fig. 17) is

R + w)d0. - R _do

R _de
o

(6)

w_
t R
(o]

Since there is uniaxial circumferential loading, the circumferential stress is

equal to the circumferential strain times the modulus of elasticity

S = — (7)

Now consider a longitudinal element one unit wide along the circumference,

fig. 18, The moment in the axial direction bends this element of the pipe into

an arc of radius, p, to the neutral axis., This moment arises from an axial bend-

ing stress (not the average axial stress, which is zero) which is distributed lin-
early and symmetrically through the pipe wall. The moment is calculated and
defined by integrating over the thickness, h, the product of the axial bending
stress,. S; , its moment arm, y,A and the area upon which the stress acts, (1)

dy. From Hooke's Law

21
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where e; and S; are the axial bending strain and stress and efand SE“‘ are the
circumferential bending strain and stress. Because an axial bending moment
distributed uniformly around the circumference will not warp a pipe out of

round, the circumferential bending strain, e*, is zero, therefore

t

S¥ = uS*

Substituting and solving for S;

&
sr = Bey (8)
x —
2
l1-u

The axial bending strain (fig. 18) is

+ - (+y)d) - pdd
- pdQ

=Y (9)

22
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For small slopes the radius of curvature of bending is

2
_dw

Q.-Q.'-

3
P
Substituting for 1/p ineq. 9

‘dzw

e

Mo

&

Substituting for e; ineq. 8

2

l1-u dx

(10)

——eend

Knowing the bending stress we can find the bending moment Mx

h/2

M SHy)M)d
X h'/fz Sl

Substituting for S; and integrating

_ Eh w
Mx—-————-— 2w

[=N

~ 2 -]
|

!

d

121 - uz) dx

h3.

where is defined as the flexural rigidity of a shell, D, which is.

121 - uz)
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similar to the flexural rigidity of a beam, EI. Therefore

M =pdVw (1)

We now have the circumferential stress and the axial bending moment as

functions of radial displacement. Now differentiating eq. 3

1 daM
T, = LM
b ax
Ty 1 a’m,
dx h 2

lxy o J K
dx R h
o
1dM, s,
h =, + x = )
dx o h

Substituting for Mx and St and multiplying through by h/D

iv + hEw _ Z(x)
DR? D
o

o

&
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Letting }—IEZ =
DR

(Appendix I)

o
g

%

4B4 to facilitate handling of the complémentary solution

+ apty = 2 (12)
D

Equation 12 describes the radial displacement behavior of a pipe under the

influence of an internal pressure distribution. This displacement behavior

can also be produced by an axial temperature distribution. The form of the

complementary solution of eq. 12 doesn't depend on the type of displacément

cause (e.g. pressure or temperature), The particular solution due to a tem-

perature distribution can be found in the following manner:

1
2)

3)

4)

S)

Cut the pipe into thin rings by planes normal to the axis,

Let each ring expand in accordance with its temperature in-
crease.

By means of external pressure, squeeze each ring back to its
original size,

Attach the rings into a pipe again, keeping Mx and e t equal to
Zero.

Remove the external pressure and find the displacements equiv-
alent to applying internal pressure, Z(x), which is equal to the
external pressure which was removed. This internal pressure
can be found from equilibrium of force and the compatibility

cordition

St - .Z(X)RO

h
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Solving for Z(x) and substituting for S ¢

Eha AT(X)

R
o

Z(x) =

The stresses produced in the ring by this internal pressure are obtained from

the displacements found by integrating eq., 12 which becomes

4 ) } . !
4 1 Eha A T()
+ agtw = L Ehe2T()
ax? . D R, (13)

The temperature distribution chosen to illustrate the method of solution
does not closely approximate physical reality, but it serves to show feasibility
of the method because it is non-linear,

1000e -0.75x

1

Letting A T(x) (for 0 < x < )

(14)

1000e+0’ 75x

AT(x) (for-oo<x < 0)

The particular solution to eq. 13 becomes

. . =0,75x. .
_ Eha 1000e (for 0 < x« 0)

w
P DR -0.75)% 4+ apt
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Sincé h = 1linch

E = (30)(10)° psi

¢ = (6)10)%/ F

R = 8.5 inch

o .

u - 0.2
Then g = 0,446 in”]

D = 2.75 (10)° in-1b
and w = 0. 0172¢ "0 7°%

For the general case letting.

w_ = Ke_gx
P

The complementary solution becomes (from Appendix I)

w, = e X (Cgcospx + C, sinfix)

The total solution is the sum of the complementary and particular solutions

w = e Px (C3cosBx + Cysinfx) + Ke 9%

The two constants C 3 and C 4 can be found from the following boundary

conditions:

27
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.l) The slope of the displacement curve is zero atx = 0 due
to the symmetry of the temperature distribution,

2) The shear stress, ’T’X,’ is equal to zero atx = 0, also be-
cause of the symmetry involved,

Applying the first boundary condiﬁon

dw
ax|x =0 = 0=B(C, - Cg) - KO
Applying the second boundaiy condition
7» _ D [d’w] 3 3
xjx =0~ o dX3JX=0-0=25(c4+(:3)-Ke
Solving for C3 and C 4
o - ke@® - 28%
3 3
48
_ xe@* + 2%
Cq = R
4B "
Since K = 0,0172 in
= 0,75
B = 0,446 in""
then Cy = 0.005935 in
C, = 0,034650 in
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Substitution of 03,' C 4,1 K, 0 and B into eq, 15 will give an expression for the
radial displacement caused by the given axial temperature distribution, eq. 14.
The circumferential stress can be found from this radial displacement, w,

~

which is related in turn to the total circumferential strain, which is

A =e + aATR) = —
t t R
o
Since S =S =0
: X T
then e, = ic_
E

Substituting for w and for A T(x)

Bx Bx

e-ﬁx(CscosBx + C4Sian) + Ke~ - Ea(lo00e ™7)

7]
!
Wi

Substituting for constants and combining terms

0. 446x(20’-950c050° 446x + 122, 300sin0, 446x)

- 119,'3006 -0,75x

St=

29
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This stress distribution is shown in fig, 19,

Conformity to equilibrium of forces can be checked by integrating the product
of the circumferential stress, St" and the differential area upon which it acts,
(2)dx, over the length of half of the pipe, 0—>o

== @D w

(. . -
f s(2)dx = 2[20,950, e Pcospxdx + 122,300/ e PFsinpxax
“a - } - .

(o) (o]

o> ) -
“a ann ! ~0.75x .
- 119,300/ e ax,
fSt(Z)dx = 2[20,950E—— + 122,300 £
5 = B +B B +B
1930 o )]
(-0.75) -

+2,740 Ibs,

(s (2)ax
A

6. 2 .
This force is negligible compared with . _(5 S (2)dx, {see fig, 19},

6. 2 ,
£ S.(2)dx = -112,600 Ibs.
.5 ¢t
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CONCLUSIONS

This report describes progress,‘ to date ,.' on a long-range project to develop

the Linde treatment as a method for reducing the residual stresses in butt welds

in pipe, thereby avoiding brittle fracture.

The equipment-development and experimental-technique -development pha-

ses have been largely completed. They consist of:

1

2)

3)

The Airco automatic gas-shielded arc-welding machine has
been converted to make butt welds in 18" pipe., These welds
are entirely satisfactory,

Methods of measuring residual stress in and near butt welds
have been developed, These methods provide a detailed axial
distribution and an approximate radial distribution. The axial
distribution is similar to that in plate, but the radial stress
is miuch more non-uniform in single-V butt welds than in
double-V plate welds,

Equipment for applying the Linde treatm ent‘ has been com-
pleted and shown to function properly, Preliminary explor-
ation of the temperature distributions has been condu’cted{

From these measurements it can be shown that Greene's "heat

31



T-1118

4)

32

ﬁeaﬁng temperature" is mid-plate temperature and that
through~thickneés temperature variations are large,

Equipment for fracture testing butt~-welded pipe has been com-
pleted. This equipment has been shown to be capable of pro-
ducing 40,000 psi. ‘circumferential stress in 18-inch O.D. by 1"

wall-thickness pipe at - 40 C without applying axial stress,

Using this equipment, developed jointly with F, J. Furman, it was found

that the notched and butt-welded pipe (with no benefit of stress relief), when

loaded at - 40 C, withstood yield point stresses, Apparently the notch in the

pipe did not simulate the same degree of severity necessary for brittle failure

as that in Greene's plate specimen,

The analytical aspects of the work consist mainly of analytical-technique

development,: as follows:

D

2)

A two-dimensional numerical technique for determining tem-
perature distribution has been applied for boundary conditions
which roughly simulate the Linde treatment, This analysis shows
that through~thickness variations are too large to be ignored
in the subsequent thermal-stress analysis, This analysis ap-
plies to plate or pipe,

Tall's method of determining residual stress in welds has been
applied to the Linde treatment, The results show a decrease
in residuai stress at the weld similar to what is measured,‘ but
the analysis showed an unexpectedly large tensile residual
stress at the hot zones which is not observed e}xpei‘imentally.
It is suggested that the compatibility condition which is appli-

cable to (narrow) welds is not applicable to {(wide) hot zones
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3)

' produced by Linde torches, This analysis applies only to

plate.

Since pipe provides less restraint against contraction of
localized hot zones than plate does, a preliminary elastic
analysis was conducted to show how much less restraint
exists in the pipe, Under arbitrary conditions selected for
illustrative purposes, a thermal stress of 118,000 psi. was
developed, This is considerably less than the 180, 000 psi.
that would have occurred under full restraint (e; g ina

large plate).

33
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1)

2)

3)

4)

5)

34

RE COMMENDATIONS

In i:he neighborhood of the Weld,: the local residual stresses
need to be delineated in greater detail by parting narrower
rings,

The temperature distributions corresponding to various com-
binations of torch width, speed, and spacing need to be inves-
tigated more in detail, including the effects of follow-up
water cooling,

Film coefficients and torch temperatures should be measured
so that accurate temperature distributions can be determined
by the method described; These distributions should be
checked against the measurements,

The thermal stress analysis needs to be modified to take ac-
count of.compatibility in a more ri'gdrouqfnanner, Also, the
effects of through-thickness temperature variations needs to
be assessed with respect to its effect on the thermal stress
analysis, The thermal stress analysis may have to be ex-
tended to cover through-thickness temperature yariétion;

The analysis of the lessened restraint due to pipe flexing

should be extended by numerical methods to include plastic
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6)

35

deformation. Before proceeding with the plastic case, the
numerical methods should be applied- to the elastic case in-
vestigated in the body of this report, and the results checked

against the algebraic solution.

"The conditions in fracture testing of welded pipes should be

made more severe so that low strength fracture, will be ob-
tained. If it is demonstrated that the Linde treatment does
not affect notch sharpness or metallurgical damage, then the
Linde treatment can be used to show that reduction of residual

stress is the cause of improvement in fracture strength.
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Table 1, ‘Conditions of Welding

Welding wire  1/16-in diameter Airco A-675 (mild steel)

Nominal composition of deposit:

0.09% C 0, 44% Cu
0. 90% Mn 0.027% S (max)
0,42% Si 0,014% P (max)

Mechanical properties of deposit:

1l

U.T.S. 76,000 psi % elongation = 25
Y.S. = 60,000 psi % red, of area = 40

Shielding gas Argon + 2% oxygen (for arc stability)
Gas flow = 40 - 50 cubic feet per minute
Voltage 25,4+ 0.2 volts

Current Root pass = 380+ 10 amps
Cover passes = 360+ 10 amps

Wirefeed 195+ 5 inches per minute

Pipe surface 14,5 + 1.0 inches per minute
speed past head

~ Time to complete
11/2 hours (13 passes at 4 minutes per pass plus 12 interpass
pauses at 3 minutes each)
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Fig. 1. Single-V notch in pipe
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Steel tape with

blocks on ends
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/

Fig. 3. Residual stress measuring technique
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Fig. 4. Error in average stress location
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Fig. 7. Distribution of circumferential residual stresses in weld
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Fig. 6-A. Split ring containing weld
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Fig. 13. Forces acting on transverse plane at the weld midlength
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Fig. 14 Transient temperature distribution due to Linde treatment
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Weld residual stresses

after Linde treatment

Stress

(Ksi) 8 2 10 inches

-20 "\
- Weld centerline

-30 ~

Fig. 15-A. Stress distribution after Linde-type treatment (refer to Table 3)
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Fig. 15-B.
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Fig. 18. Cpylindrical element bent along the axis by the moment Mx
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Appendix I. Complementary solution

To solve

o
g
-+
B
€
Il
o

guess a solution of the form
mx
w_ =e
c
Substituting

m4emx Z _4B4emx

This characteristic equation has four roots

-
‘m, = m, = %\,/:“—(1“) = p(1+i) = B+pi
= _ ik

i
= Y a1y = p1+i) = B

“-m. = m, = j—
2 4 N 4

The general solution takes the form

C m.Xx m.Xx m m X
wc—Ale 1 +‘A2e 2 +A3e 3X+A4e 4

If we substitute for ml,; mz,i m3’; and m, and let

i -
e bx cosfx + isinfix

e—l‘BX = cosfx - isinfBx

eéx(ClcosBx + C,sinpx) + e-€X(C3cosBx+C 4Sinfx)

then w
c

p <A Ay

9]
n

where
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where C2 = i(A1 - A.4)
Cy = A, + A,
Cy = 1Ay - Ay

Since W, must approach zero as x-»70, we must conclude that

Bx

Because as x->0, € —
Therefore

w, = e—{%x(ce’cosﬁx + C4s1'.n,8x)
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Appendix II.  Proof that block corner deflection is the same as surface

deflection
" ﬂ ~—_
. Block e 7
s~ Corner \ /L'_/
\y’/‘—A //
- £
_~PipeO.D. [/ \
> R +u_.J
o) i
Prove that A - a'= 8 - b o
Sectors of the same arc are proportional to the sector radii
.Ro\ + L .
= —_— b = 3(1 + )
R R,
o
R . +u + L A,
B _ _o g = A+ L )
A R +u R +u
Compatibility
: R +u .
a Ro Ro
Solving for A - a and 8 - b
A - a + a( e )
R
0.
B-b=a(l+2)(1+—2—)-a1+L)
. R R +u R
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Appendix II. Cont'd,

B - b = a(E + —_— —_—
. Ro Ro(Ro+u) R0 (RO+ u)

B -b=a(=)
Therefore
The constancy of circumferential deflection with radius of lines perpendicular

to apipe's outer surface also holds true for circumferential deflections in the

pipe wall itself,



