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ABSTRACT

This rep o rt describes p rog ress  to date on a long-range project to develop the 

Linde treatm ent as a method for reducing the residual s tre sse s  in butt-w elds in 

pipe, thereby avoiding b rittle  frac tu re . The equipment development, the ex p eri­

m ental-technique-developm ent and the analytical-technique -development have 

been largely  completed. Pipes have been satisfactorily  butt-welded and methods 

of m easuring residual s tre s se s  in and near these butt-w elds have been developed. 

Equipment for applying the Linde treatm ent and equipment for frac tu re -te stin g  

the butt-welded pipe have been completed and shown to function properly.

A num erical technique for determ ining tem perature distributions has been 

applied to Linde treatm ent-type boundary conditions and T a il’s method of d e te r­

mining residual s tre s s  in welds has been applied to the Linde treatm ent. A p re ­

lim inary  e las tic  analysis was conducted to show how much le ss  re s tra in t exists 

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

The fact that low -strength b rittle -fa ilu re  is  a serious problem  has been the 

subject of many investigations0 Rosenstein has an excellent sum m ary of the l i t ­

e ra tu re  (Rosenstein, 1966).

The designers have been in terested  in the effect on b rittle  failure of m eta l­

lu rg ical damage and residual s tre s se s  because, of a ll the factors involved, these 

two can m ost easily  be a lte red . It is  hard  to evaluate these factors individually 

because they invariably occur together; therefore the separation of these two fac ­

to rs  has been a subject of many investigations on w elded-structures (Rosenstein, 

1966). Greene and Holzbaur showed that a "controlled low -tem perature s tre s s  - 

relieving" heat treatm ent (the "Linde trea tm en t”) reduced welding residual s t r e s ­

ses to zero  and even com pression (Greene and Holzbaur, 1946). Greene also 

produced lo w -stress  b rittle -fa ilu re  in non-L inde-treated welded plates and not 

in Linde trea ted  plates by bending them , but this method is  not as s tra ig h tfo r­

ward as fracturing  the plates in a tensile te s t (Greene, 1949). Kennedy showed 

in tensile te s ts  on notched and welded plates of the same size that the Linde 

treatm ent did not conclusively improve b rittle  failure behavior; but he did not 

m easure the residual s tre s se s  after the Linde treatm ent (Kennedy, 1957). If 

the s tre s se s  had not been reduced to zero , as in G reene’s specimens, then the

1
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effect on b rittle  failure behavior of the full s tre s s  reduction could not be ob- 

served.

Since large-p late  tensile te s ts  were inconvenient and expensive, it was 

thought that the lo w -stress  b rittle -fa ilu re  caused by the loading of the weld and 

notch in Greene*s plate specimen could be produced in an in tem a lly -p re ssu r-  

ized butt-welded pipe of the same thickness (Furm an, 1967). With the available 

equipment it was im possible 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 p re s ­

surized, the circum ferential s tre s se s  a t 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 p ressu rized  welded pipe, therefo re , did not sim ulate pure tensile loading 

nor did it  contain the same notch geom etry as in a tensile plate specimen. How­

ever the butt-welded pipe did provide a simple means of application of the Linde 

treatm ent to the weld since a ll that was needed was to ro tate the pipe under the 

torch .

The determ ination of the effect of the Linde treatm ent on the b rittle  failure 

of butt-welded pipe should proceed as follows:

1) for a given torch configuration and speed find the transien t 

tem perature distribution in a m athem atical model of the pipe.

2) m easure the transien t tem perature distribution in a physical 

specim en and check the re su lts  with the predictions of step 1.

3) from  this transien t tem perature distribution calculate the r e s i ­

dual s tre s se s  produced upon cooling the m athem atical model 

(in welding and in the Linde treatm ent).

4) m easure the residual s tre ss  distribution before and after the



Linde treatm ent in a welded specimen and check the re su lts  with 

the predictions of step 3.

5) run a frac tu re -stren g th  te s t on as-w elded specimens and on 

L inde-treated  specimens and show improvement in frac tu re  

strength.

6) show any effects of the Linde treatm ent on the m etallurgical 

damage produced by welding and on the notch acuity, and show 

how these effects might be controlled.

This d iesis lays the groundwork fo r future investigations into the effect of 

the Linde treatm ent on residual s tre s se s  for various torch configurations. A 

num erical mediod of transien t tem perature determ ination in a plate is  developed 

and com pared with an algebraic solution. Surface tem perature m easurem ents 

were made on a pipe heated with a Linde torch . An algebraic method of calcu lat­

ing the circum ferential e lastic  s tre s se s  produced in a pipe heated non-uniform ly 

along the axis was made to show how the pipe behaves under an axial tem perature 

gradient. Since the residual circum ferential s tre s se s  in the pipe are  produced 

upon cooling after p lastic strain ing has occurred, a step by step num erical m eth­

od of s tre s s  calculation m ust be used. The shape of the circum ferential residual 

s tre s s  distribution m easured in the as-w elded pipe was the same as that m eas­

u red  in as-w elded plate specimens of comparable dim ensions.

Just what affect the Linde treatm ent had on m etallurgical damage in the 

notch-root vicinity, if any, is  not c lea r. Greene showed with Charpy im pact spe­

cim ens what appeared to be a definite im provem ent in the b rittle  behaviour of 

m ateria l in the heat-affected-zone (near the notch root) after the Linde treatm ent. 

But since the resu lts  were somewhat scattered  and the tests  lim ited in num ber, a
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definite conclusion was not justified (Greene, 1949)„ Jonassen claim s that the 

amount of p lastic flow caused by the Linde treatm ent at the notch root may be 

sufficient to cause a significant reduction in severity  of this s tr e s s - ra is e r  and 

thereby improve the low tem perature perform ance of the specimen (Jonassen,

1949). But the beneficial effect of reduction in notch acuity may be partia lly  

counteracted by a loss of ductility resu lting  from  the plastic flow at the notch 

roo t. These two problem s might be avoided by spacing die 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 afte r the heat treatm ent, 

as did K ihara and Masabuchi a fter welding to avoid the same problem  (Kihara and 

Masabuchi, 1959).

Even diough the notched and as-w elded pipe did not fa il before it yielded when 

p ressu rized  a t -40C (Furm an, 1967), the equipment developed for the te s t p e r ­

form ed satisfactorily . If as-w elded pipes could be made to exhibit low -strength 

frac tu re  by increasing  the severity  of the conditions then this equipment could 

be used to show the im provem ent due to the Linde treatm ent.
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EQUIPMENT DEVELOPMENT

The equipment developed and built fo r this pro ject perform ed very  well. The 

available shop equipment was adapted to cut the large diam eter pipe into 18-inch 

lengths in preparation for welding and to cut the welded pipe into re s id u a l-s tre ss -  

m easurem ent 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-w eld pipe, fig. 2. The residual s tre sse s  

in the butt-welded pipe were determ ined by m easuring the changes in c ircu m fer­

ence of rings cut out of the pipe. A torch s im ila r to the one Greene used in his 

original investigation (Greene and Holzbaur, 1946) was made and checked. P re s ­

sure testing  equipment was built and tested . This consisted of the welded pipe, 

two end p lates, the bolts to hold the end plates together, a core to reduce the vol­

ume of com pressed methanol, a high p ressu re  pump, and end sea ls . These seals 

perm itted  the end plates to move axially, the pipe to contract axially and the pipe 

to move rad ially  without leaking when the vesse l was p ressu rized . A re fr ig e ra ­

tion system  consisting of a com pressor, a heat exchanger, a pump to circulate 

the methanol coolant and a cooling tank to contain die p ressu re  equipment was 

made and tested . F or a description of the p ressu re  equipment and cooling sy s­

tem  see (Furm an, 1967). Experim ents showed that with th is equipment 18-inch

O. D„ by 16-inch I. D. pipe could be p ressu rized  to 40,000 psi circum ferential
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s tre s s  a t -40C.

Welding Procedure

In the butt-welding of Rosenstein’s plates the A ircom atic welding-head was 

mounted on a m otor-driven carriage designed fo r carry ing  the head on a stra igh t 

path past the work (the Radiagraph) which travelled  on a smooth tra ck 0 The pipe 

was butt-welded by keeping the welding head stationary and rotating the pipe un­

der the welding head on ball-m ill ro lle rs , chain driven by a sprocket which r e ­

placed the drive wheel on the Radiagraph, figc 2. The pipe was grounded through 

two channel beam s clamped on with a bolt, which, in tu rn , was grounded through 

a friction contact to the welding cable, fig* 2. The rem aining 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 a fter welding.

M easurem ent of R esidual S tresses

The circum ferential residual s tre s se s  in a butt-welded pipe were found by 

m easuring the change of the circum ference of the rings into which the pipe was 

d issected . The change in circum ference was m easured by a tape as shown in 

fig. 3. This c ircum ferential deflection divided by the original m id-thickness 

circum ference is  the average e lastic  s tra in  re leased  when the ring  is  freed  from  

the pipe. The average residual s tre s s  that would shrink the ring  back to its  o rig ­

inal d iam eter in the pipe is this e lastic  s tra in  m ultiplied by the modulus of e la s ­

tic ity  of the m ateria l. The circum ferential deflection a t the surface of the pipe 

is  the difference in the mean readings of an average of six m icrom eter m easu re­

ments ac ro ss  the blocks, as indicated in fig. 3, before and after each ring  was
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cut out. The m easured difference at the block co m ers  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 neu tral axis rem ains 

a t m id-thickness when the diam eter changes,, The standard deviation of the mean 

readings was about 0.002 inch fo r a ll m easurem ents. The maximum e r ro r  in 

the deflection would therefore be about + 0.004 inch, which corresponds to a 

s tre s s  m easurem ent e r ro r  of ’+ 2100 psi.

If the pipe were cut into infinitesim ally thin r in g s , then the circum ferential 

residual s tre s s  in each parted off ring  would be the average residual s tre s s  

(averaged over the rad ia l thickness) for a point location along the pipe axis. We 

shall re fe r  to this s tre s s  as the "radially  averaged s tre s s"  (averaged over the 

wall thickness). "Radially averaged s tre ss"  is  a single-valued function of axial 

location. Since finite width rings are  cut, a s tre s s  gradient ex ists across  the 

axial width of the ring  in addition to the rad ial variation through the thickness, 

fig. 4. In regions of the pipe where the slope of this s tre s s  distribution changes 

rapidly  along the axis, narrow  rings should be cut so that the distribution across 

the ring  width is  nearly  linear. The m easured residual s tre s s  will be the " rad ­

ially  averaged s tre s s"  at midwidth of the ring, fig. 4, left-hand ring. If the 

s tre s s  distribution acro ss  the axial width of die ring  is  not linear, then the m eas­

ured  residual s tre s s  is  s till the axial average of the "radially  averaged s tre s s " , 

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 s tre s s  m easurem ents on butt-welded plates showed that the 

s tre s s  gradient changes m ost rapidly near the weld. The shape of the m easured
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residual s tre s s  distribution in the butt-welded pipe was very  s im ilar to d istrib u ­

tions m easured in butt-welded plates of the same thickness.

In o rder to compare the residual s tre s s  distribution through the thickness 

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

a ring  1.5-inches wide containing the weld was sp lit and the opening a t m idthick­

ness (D) was m easured, fig. 6„

, Before the ring  was sp lit the circum ference a t the inner surface was 277 Rq 

and the circum ference a t the m idthickness was 2 TT(Rq + 1/2).

A fter splitting, the m id-thickness radius was

2TV(R . -ht/2) + D
0 = R + D/2Tr + t/2 .

2TT o

The final radius a t the inner surface was R + D/27T,o
The separation distance a t the inner surface was

R + D/2TT
D* = D 0

Rq + D/2TT + t/2 .

The final length of an inner fiber of the ring  was

2TT(R + D/2TT ) - D* = 2TTR + D - D’, o o

The re leased  e lastic  s tra in  a t the inner surface was

= (2TTRo .+ . D . - . D ' ) . . -  .2TTRo 1 ( p  -  OT

L D * 2T7R 27rR0
o u
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Substituting for D1 and simplifying

e , „  = (Dt/2)/(2TTR2 + TTR t  + DR )I. D. o o o

Since D = 1.056 inch

t = 0. 948 inch

R = 8.062 inch o

then ej ^  = 0.495/(408 + 24 + 9)

ej D = 0.00112

The com pressive s tre s s  at the inner surface and the tensile s tre s s  at the outer 

surface that would cause this ring  to open when split (the s tre s s  distribution is 

sym m etrical because the neutral axis rem ains at the m id-thickness) is calculated 

from  this re leased  e lastic  strain:

S e I.D . E

S' = 0 .00112(30)(10)6

S' = 33, 600 psi

The residual s tre s se s  re leased  a t the outer surface, the m id-thickness and the 

inner surface of the ring  containing the weld after it was cut from  the pipe were 

calculated from  the m easured outer surface circum ference change of 0. 056 inches.
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(This value was the same as that m easured at die block corners as previously 

discussed):

s  = <U)56E------  = 33; 200 psi
1- U- 2 TT (8.063)

c 0 .056E 0, onnS . T -  --------------  = 31, 300 psi
* 277(8.532)

c 0 .056E on ~nn
Sn  n  = —    = 29,700 psi

u  .u .  277(9.001)

These s tre s se s  when added to the linear s tre s s  distribution gives a residual ten ­

sile s tre ss  in the outer fibers of the weld of 63, 300 psi and a residual com pres­

sive s tre ss  a t the bottom of the single-V  weld of 400 psi, fig. 7.

Linde T reatm ent

The purpose of the Linde treatm ent is to relieve welding s tre sse s  by heating 

two regions, one on each side of the weld, so that when they expand under partia l 

r e s tra in t the weld will flow plastically  (because it is already under yield-point 

residual tensile s tre sse s ). When the heated regions cool and contract the weld 

will contract e lastica lly  (compatibility has to be satisfied) and relieve its  tensile 

s tre s se s  (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 s tra in  in the weld will be equal to the difference in the th e r ­

m al s tra in s  in the plate and in the weld (compatibility req u ires  that the weld rem ain 

attached to the plate and the weld negligibly re s tra in s  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 a t all, because die heated regions 

would be prevented from  expanding by the complete re s tra in t of the rem aining 

infinite plate. The tensile s tra in  in the weld of a finite L inde-treated  plate will 

be equal to the difference between the expansion of the hot zones and the therm al 

s tra in  of the weld. The tensile s tra in  in the weld can be no la rg e r than the to ­

ta l s tra in  perm itted  in the hot zone by the surrounding plate. If,in a butt-welded 

plate the partia lly  re stra in ed  hot zones are  too fa r from  the weld, then their ex ­

pansion will be fully restra in ed  by the large amount of m etal between them, 

which includes the unstrained weld. If the hot zones are  too close together y 

then the weld becomes very  difficult to keep cool and die difference in therm al 

s tra in  between the hot zone and the weld, which causes the tensile straining, 

will be decreased or may even cause com pression.

Greene and Holzbaur studied the effect of varying the torch widths, v a ry ­

ing the distance of the torch from  the weld and varying the hot zone tem perature 

(by changing the travel speed) on residual tensile s tre s se s  in butt-welded plates. 

They showed that the residual s tre s se s  in the weld could be reduced to zero by 

using a six-inch-wide torch with its  centerline five inches from  the weld cen te r- 

line. A h eat-trea ting  tem perature of 350F was reached in the heated region by 

moving the torch a t a ra te  of sixteen inches-per-m inute. The weld was cooled 

with a w ater 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, m ost im portantly, cause a contraction behind the 

heated zone which would reduce the re s tra in t on this heated zone.
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Apparatus was built for using the Linde treatm ent to relieve the welding 

s tre s se s  in a butt-welded pipe. An oxy-acetylene torch was made to the p ro ­

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, fig. 8-A. The nozzles were punched with a needle to the p ro ­

per depth to produce a 0.020-inch hole, fig. 8-C.

Tem perature m easurem ents were made, on the inner and outer surfaces of 

a pipe rotating past the Linde torches, to determ ine what Greene meant by "heat- 

treating  tem perature". When the pipe was rotated a t ten inches-per-m inute, 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 tem pera­

tu res  of from  150 F to 400 F), fig. 9-A. When the pipe was ro tated a t sixteen 

inches-per-m inute , the inside surface of the pipe never exceeded 250 F , fig. 9-B. 

When the pipe was rotated a t ten inches-per-m inute, the tem perature on the out­

e r  surface of the pipe exceeded 400 F inside a five"'-inch long parabolic isotherm  

following the torch, fig. 9-A. At sixteen inches-per-m inute the 400 F isotherm  

was le ss  than one inch behind the torch, fig. 9-B.

F rom  these experim ents it was concluded that the pipe reached an average 

tem perature of 350 F when rotated  at sixteen inches-per-m inute, while it reached 

a minumum of 350 F a t a ra te  of ten inches-per-m inute. Therefore , when Greene 

re fe rs  to a h eat-trea ting  tem perature of 350 F at a torch travel ra te  of sixteen 

inches-per-m inute, he means the average plate tem perature.
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ANALYTICAL-TECHNIQUE DEVELOPMENT

Num erical Method of Finding Tem perature Distribution

Rosenthal has developed a theory of heat flow due to a moving source which 

gives re su lts  that agree well with experim ents involving simple heat-source 

geom etries (Rosenthal, 1946). The m athem atics involved in this theory prevents 

an easy application to a specific heat-flow  model. Therefore, a num erical m eth­

od of finding the transien t tem perature distribution through the plate thickness 

and para lle l 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 elem ent and its four surrounding elem ents of a grid  

superposed on the plane, fig. 10. Equating the sum of the amounts of heat con­

ducted from  the surrounding elem ents to the center elem ent with that heat stored 

in the center elem ent during a time in terval, At,

^ 1-0 + ^ 2-0 + ^ 3-0 + ^ 4-0 = —  ’
A t

T - Twhere ^1-0 = k(area) 1 o (F o u rie r’s Law for finite differences)
A x

( V o ’ Q3 - 0 ’ Q4- q are sim ilar)
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and Q = pC (volume)(T -T  )«m r p ' o, At o7

Substituting,

k( A x)2(Tr  -  T o) + k( A x)2(T2 - To) + k( x)2(T3 -  To) +

AX. A X A x

k(. x)2(T . T ) = pC ( x)3(T - T )4 o' * p v ' v o, At a
A x  A:t

Solving for the tem perature a t the end of the tim e in terval,

T o, A t T j + .T 2 . + .T 3 + T4 .+ (M - 4 )T o

M

where 1/M = - 9
( a x ) pCp

The quantity M can have any positive value. For a given grid  size ( x) the time 

in tervals become very  sm all for large values of M and the complete solution b e ­

comes m ore accurate, but i t  also becom es too long. F o r values of M less  than 

4 the solution becom es m athem atically unstable, A value of M = 4 was chosen 

in o rder to m aintain stability  and keep the solution as short as possible. T h ere ­

fo re ,

T ■ „ = T1 + T 2 + T 3 + T4
O, A t  -------------------------------------- -------
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The time in terval between successive tem peratures a t a point in the grid  is de­

term ined by the grid  size ( ax) alone, because p, and k are  specified. For 

the chosen grid  size ( ax  = 0. 2 inch) and assum ing p, and k constant with 

tem perature the time in terval for mild steel is constant a t 0. 58 seconds.

The boundry conditions assum ed 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 tem perature under the torch during heating is presently  

unknown, an a rb itra ry  value was used in order to illu stra te  the method and e m ­

phasize the heat flow perpendicular to the weld centerline and through the th ick­

ness of the plate. Fixing the other boundary tem peratures means that heat lo s s ­

es  through these surfaces would be la rg e r than if the surfaces were allowed to 

warm  up (steeper tem perature gradient means la rg er heat losses). No heat lo s s ­

es  are  allowed perpendicular to the plane of the grid; this would be true if the 

torch was not a line source norm al to the weld, but a plane source of heat finite 

in both directions in the plane of the plate. The grid  straddled the boundary b e ­

tween the heated and un-heated surfaces so that the tem perature gradient perpen­

dicular to the weld centerline could be found sim ultaneously with the tem perature 

gradient through the plate thickness.

The num erically-calculated tem perature gradient through the plate thick­

ness a t 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. 11. This is to be expected, because the heat flow in the 

plane of the plate is negligible a t m id-torch width; and Carslaw  and Jaeger’s 

solution is for no heat flow in the plane of the plate (one-dimensional heat flow).
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The num erically-calculated tem perature gradient through the plate thickness 

upon cooling is shown in fig. 11-B. A sample calculation of a transien t tem p era­

ture distribution is shown in fig. 12.

For purposes of determ ining more rea lis tica lly  what boundary conditions 

should be used in the above calculations, the surface tem perature variation with 

time was determ ined by an experim ent 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 diam eter, one-inch thick pipe. When the torch was rem oved the 

outer surface had reached 500 F and the inner surface 250 F (m easured with 

tem perature-indicating crayons). These surface tem perature variations could 

be determ ined analytically if the heat losses were calculated from  the heat t ra n s ­

fe r  coefficients and fluid ch arac te ris tics  a t both surfaces. Since heating from  

one side only gives a steep through-thickness tem perature gradient, the effect 

of this gradient on residual s tre ss  calculations should be shown. The through- 

thickness tem perature distribution produced by heating both surfaces and its 

effect on residual s tre s s  calculations should be com pared with that of the single- 

surface heating.

Num erical Method Of Residual S tress Calculation

The residual s tre s se s  produced by a cooled weld in a plate can be calculated 

in the following manner (Tall, 1964):

1) Divide the plate into sm all increm ents w herever steep s tre ss  

gradients are  expected and into la rg e r increm ents where less  

steep gradients are  expected, fig. 13. Because the tem perature 

distribution is sym m etrical about the weld centerline, the calcu­

lations were made on one half of the plate, line 1 (all "lines"
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re fe r  to table 2).

2) Determine the maximum yield s tre s s , line 3, for the tem p­

e ra tu re s  a t the end of the time interval, line 2.

3) Calculate the therm al s tre s se s , EaT (plane strain), line 5,

from  the tem perature change, line 4. The change of the m at­

e r ia l p roperties E and a are then found as functions of tem pera­

tu re .

4) Add these therm al s tre sse s , line 5, to the s tre sse s  presen t 

in each longitudinal elem ent at the beginning of the tem p era­

ture interval, line 6.

5) L im it the s tre s s  to yield, line 7.

6) Sum the fo rces over the plate (on die plane perpendicular to

the weld centerline) and divide the resu ltan t force by the area  

upon which all the non-yielding forces act to get an "equilibrium  

s tre s s" , line 8.

7) Add the negative of this "equilibrium  s tre s s"  to the sum of the 

initial and therm al s tre s se s  on each elem ent, line 9, unless it 

would cause the s tre ss  to drop below yield.

8) Check force summation again, line 10. If the sum is near zero , 

then the s tre s se s  from  step 7 will be used for die initial s tre sse s  

on the next in terval. If the sum is not near zero , then repeat 

steps 6, 7 and 8.

9) Continue this procedure until the entire plate has cooled to room 

tem perature .
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This method was applied to typical Linde-type treatm ents, one of which was 

two six-inch s trip s  centered five inches from  the weld cen ter-line, heated by 

500 F and cooled as shown in fig. 14. For sim plicity, E a was considered inde­

pendent of tem perature. This method of calculation was used to show the effect 

of various torch widths upon tensile residual s tre s s  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 lis ts  the torch widths and other significant fe a ­

tu res fo r applying T a il's  method to the Linde treatm ent. The welding s tre s s  

d istributions to which the various Linde treatm ents were applied were also 

found by T a il's  method, fig. 15.

The torch application that m ost closely rep resen ted  G reene's condition in 

his original investigation reduced die weld tensile s tre s se s  by 50%, but the r e ­

gion under the torches contained tensile s tre sse s  near the yield point of the plate, 

fig. 15-F . Greene m easured tensile residual s tre sse s  in the region heated by 

the torches of only ten to twenty percent of the yield s tre s s  of the plate m ateria l. 

This difference between analytical and experim ental resu lts  may be due to the 

fact that the wide torches require  a different com patibility condition than does 

a weld. In his calculation of welding residual s tre s se s , T all assum es that 

tran sv erse  planes rem ain plane and perpendicular to the weld centerline for 

each tem perature interval considered (Tall, 1964). This may not be true for 

the Linde treatm ent on a finite plate.

The D eterm ination Of The C ircum ferential S tress Distribution In A Pipe Caused 

By A N on-linear Tem perature D istribution Along The Axis

This derivation begins with the determ ination of the rad ia l e lastic  displacement
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in a pipe caused by an in ternal p ressu re  distribution. When the differential 

equation relating  rad ia l displacem ent to internal p ressu re  has been found, the 

solution will be modified to take account of tem perature distribution. The equa­

tion will then be solved for rad ia l displacem ent as a function of axial distance. 

Knowing the rad ia l displacem ent function, we can find the circum ferential s tre ss  

distribution along the axis for a given tem perature distribution. An infinitely - 

long thin-walled pipe will serve as a model for determ ining the integration con­

stants in the complementary solution, but the total solution will apply to a fin ­

ite length of pipe because the rad ia l displacem ent is damped out within a short 

distance along the axis, fig. 19.

F or the elem ent of fig. 16, the summation of m om ents-per-c ircum feren- 

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

the summation of forces in the rad ia l direction m ust all equal zero . The moment, 

, is zero  along the circum ference because the pipe rem ains round during in- 

terrfal p ressu rization . The rad ia l s tre sse s  are zero  because the pipe is con­

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

I F .x 0 = S R hd9 - (S + dSx dx)R hd9
X  o  X    o

dx

dSx R hdxdQ = 0 ( i )o
dx

I F r 0 = r  R hd9 - ( T  + d dx)R hd9 x o x   o
dx

dfi
2S hdxsin—  + Z(x)R dQdx t 2 o
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d T x + S -  Z(x)
— -  _L iT  <2 >

dx
O

I M .  = 0 = M - (M + dMxdx) + T h d x  A x x   7 x
dx

dMx = h T ( 3 )x
dx

The average axial s tre s s , S , is zero  because the ends of the 

pipe are  not loaded (S = 0 at x = oo) and S does not change. If S is not
X  X X

zero the corresponding displacem ent can be added to the displacem ent caused

by the in ternal p ressu re .

We now need to find S and M in te rm s of the rad ia l displacem ent, w.t x
F ir s t  we apply Hooke’s Law to find S as a function of the s tra in s, then find the 

stra in s  in te rm s of the rad ial displacem ent. From  Hooke's Law

Ee = S uS x x t

Ee_ = S - uS t  t  x

Solving for S and S
X  t

S = —— - (e + ue ) (4 )
x  2 x  E

1 - u
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St = <e t  + uex> (5 )
1 - u

The circum ferential s tra in  (see fig. 17) is

(R . + . w)dQ - R d0 e, = o 7 ot
R d9 o

e = —  (6 )
z Ro

Since there is uniaxial circum ferential loading, the circum ferential s tre s s  is 

equal to the circum ferential s tra in  tim es the modulus of e lastic ity

st = 1 *  ( 7 )
1 RO

Now consider a longitudinal elem ent one unit wide along the circum ference, 

fig. 18. The moment in the axial direction bends this elem ent of the pipe into 

an a rc  of rad ius, p, to the neutral axis. This moment a r ise s  from  an axial bend­

ing s tre s s  (not the average axial s tre s s , which is zero) which is distributed lin ­

ea rly  and sym m etrically  through the pipe wall. The moment is calculated and 

defined by integrating over the thickness, h, the product of the axial bending 

s tre s s , S* , its  moment arm , y, and the area  upon which the s tre s s  ac ts , (1) 

dy. From  Hooke’s Law
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Ee* = S* - uS* x x t

Ee* = S* - uS* t t x

where e* and S* are the axial bending s tra in  and s tre s s  and e*and S* are  the
X  X  I  L

circum ferential bending s tra in  and s tre s s . Because an axial bending moment 

distributed uniformly around the circum ference will not warp a pipe out of 

roimd, the circum ferential bending s tra in , e * , is z e ro , therefore

S* = uS* t  x

Substituting and solving for S*
X

F ,p *S* = x (8 )
x   21 - u Z

The axial bending s tra in  (fig. 18) is

= (p'+y)dQ - pdQ 

X Pd0

(9 )
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For sm all slopes the radius of curvature of bending is

i j 21 d w
~ , 2 p dx

Substituting for 1/p in eq. 9

A 2d we o  
x  A  2dx

Substituting for e* in eq. 8
X

s* = S c
X 1 - u

A 2  ’d w 
2dx i

Knowing the bending s tre s s  we can find the bending moment

h/2 
M = S  (s*)(y)(l)dy 

x h/2 x

Substituting for S* and integrating
X

f t , 3 .2 1M = Eh d w i
X 12(1 - u 2) _dx2 j

Eh^
where ---------- -̂---  is defined as the flexural rig id ity  of a shell, I

12(1 - u )

( 10)

, which is
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sim ilar to the flexural rigidity  of a beam , El. Therefore

M  = (1 1 )
dx

We now have the circum ferential s tre ss  and the axial bending moment as 

functions of rad ia l displacem ent. Now differentiating eq. 3

^  1 dM
I -  — x

x  u -------
h dx

d ^ x  1 d2Mx
dx h , 2dx

Substituting for d ^  /dx  in eq. 2

d T  .S, r j ,  V1 x + t _ Z(x)
dx R ho

1 d2M S.
h = m

dx2 Ro h

Substituting for M and S and multiplying through by h/DX L

4d w hEw _ Z(x)
4  + 2

dx DR Do
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hE 4Letting —  9 = 4/5 to facilitate handling of the complementary solution
DK2o

(Appendix I)

A
2 J ?  , . 4  Z(x) (12), 4 + 4/5 w = - ■ ■ - x '
^  D

Equation 12 describes the rad ia l displacem ent behavior of a pipe under the 

influence of an internal p ressu re  distribution. This displacem ent behavior 

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

complementary solution of eq. 12 doesn’t depend on the type of displacem ent 

cause (e.g . p ressu re  or tem perature). The particu lar solution due to a tem ­

peratu re  distribution can be found in the following manner:

1) Cut the pipe into thin rings by planes norm al to the axis.

2) Let each ring  expand in accordance with its tem perature in ­

c rease .

3) By means of ex ternal p ressu re , squeeze each ring  back to its 

original size .

4) Attach the rings into a pipe again, keeping M and e equal to
X  I

zero.

5) Remove the external p ressu re  and find the displacem ents equiv­

alent to applying internal p ressu re , Z(x), which is equal to the 

external p ressu re  which was rem oved. This in ternal p ressu re  

can be found from  equilibrium  of force and the com patibility 

condition

S = Z« Ro t ----------
h
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St = a AT(x)
E

Solving for Z(x) and substituting for -S

Z(x) = Elm "•T(x) 
Ro

The s tre sse s  produced in the ring  by this in ternal p ressu re  are obtained from  

the displacem ents found by integrating eq. 12 which becomes

d^w , A  1 Eha AT(x)+  W ,  ( 1 3 )

The tem perature distribution chosen to illustra te  the method of solution 

does not closely approximate physical rea lity , but it serves to show feasibility 

of the method because it  is non-linear.

Letting A T(x) = lOOOe (for 0 < x < co)

AT(x) = 1000e"^*^^x (for-oo<x<0)

(14)

T he p articu la r solution to eq. 13 becomes

- 0 .75xEha lOOOe ,, n \w = ----- ------- —”3--------j -  (for 0 < x< io)
P DRq (-0.75) +4(3
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Since h = 1 inch

E = (30)(10)6 psi

a = (6)(10)'6 /  F

R = 8. 5 inch o
u - 0 . 2

Then (3 = 0.446 m "1
D = 2.75 (10)6 in-lb

and w = 0. 0172e 75x
P

F or the general case letting

■tr ’ OXw = Ke 
P

The com plem entary solution becom es (from Appendix I)

w = e (CQcosjSx + CA sin/3x)
C O 4

The total solution is  the sum of the com plem entary and p articu la r solutions

w = e (C^coSjSx + C^sinjSx) + Ke

The two constants and can be found from  the following boundary 

conditions:



T-1118 28

1) The slope of the displacem ent curve is zero  a t x 

to the sym m etry of the tem perature distribution,

2) The shear s tre s s , T  , is  equal to zero  a t x = 0,
X

cause of the sym m etry involved.

Applying die f ir s t  boundary condition

dw
dx x = 0 = 0=/3(C4 - C ) - K9

Applying the second boundary condition

T x x = 0
D_
h

:̂ 3 '  d w
^ 3’ dx x = 0 = 0 = 2/3 (C, + C.

Solving for and

„  _ K0(92 - 2/32)
3

K0(02 4- 2/32)
4

Since K = 0.0172 in

0 = 0.75 i n '1 

f3 = 0.446 in

then Cg = 0.005935 in

C4 = 0.034650 in

= 0 due

also  b e -

) - K93



Substitution of C^, C^, K, 0 and /3 into eq. 15 will give an expression for the 

rad ia l displacem ent caused by the given axial tem perature distribution, eq. 14,

The circum ferential s tre s s  can be found from  this rad ia l displacem ent, w,* \
which is  re la ted  in turn  to the to tal circum ferential s tra in , which is

wX . = e + a AT(x) = —
t  t  R

o

Since S = S = 0x r

Sthen e , = tt
E

Substituting and solving for Ŝ

s  = 5 ™. - E a iT ( x )  
1 Ro

Substituting for w and for A T(x)

S = — e ^(CnC-os^x + C,sin/3x) + Ke - Ea(L000e t  p ~ o 4
Ro

Substituting for constants and combining te rm s

•(1 44 * 
s  e u* ^ ox(20,950cos0.446x + 122, 300sin0.446x)

-0 75x - 119,300e o/DX
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This s tre s s  distribution is shown in fige 19„

Conformity to equilibrium  of fo rces can be checked by integrating the product 

of the circum ferential s tre s s , Ŝ ., and the differential a rea  upon which it  acts, 

(2)dx, over the length of half of the pipe, 0 —> 0 3

r c o  CO o >

S.(2)dx = 2 [20, 950 : e ^xcos/3xdx + 122, 3 0 0 'e ^xsin/3xdxt  «- j  J0
/'^-O 75x n- 119, 300 j e d x ;

I -J- s  a

S (2)dx = 2 T20,950—. f - - + 122,300 ~ J  ■,
1 L r + r  p +f

_ 119,300 (0  _ i  p
( - 0 , 7 5 )  J

r 03
I S (2)dx = +2,740 lbs.

4  1 
6.2

This force is  negligible com pared with /  S (2)dx, (see fig. 19).
1.5

6.2
JT S (2)dx = -112,600 lbs.
1.5 *



CONCLUSIONS

This rep o rt describes p ro g ress , to date, on a long-range project to develop 

the Linde treatm ent as a method for reducing the residual s tre sse s  in butt welds 

in pipe, thereby avoiding b rittle  frac tu re .

The equipment-development and experim ental-technique-developm ent pha­

ses have been largely  completed. They consist of:

1) The Airco automatic gas-shielded arc-w elding machine has 

been converted to make butt welds in 18" pipe. These welds 

are  en tire ly  satisfactory .

2) Methods of m easuring residual s tre s s  in and near butt welds 

have been developed. These methods provide a detailed axial 

d istribution and an approximate rad ia l distribution. The axial 

distribution is sim ilar to that in plate, but the rad ia l s tre ss  

i-s much m ore non-uniform in single-V  butt welds than in 

double-V plate welds.

3) Equipment fo r applying die Linde tre a tm en t has been com ­

pleted and shown to function properly . P relim inary exp lo r­

ation of die tem perature distributions has been conducted. 

F rom  these m easurem ents it  can be shown that G reene’s "heat
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treating  tem perature" is  m id-plate tem perature and that 

through-thickness tem perature variations are  large*

4) Equipment fo r frac tu re  testing butt-welded pipe has been com ­

pleted* This equipment has been shown to be capable of p ro ­

ducing 40,000 p s l  circum ferential s tre s s  in 18-inch O. D. by 1” 

w all-thickness pipe a t - 40 C without applying axial s tre s s .

Using this equipment, developed jointly with F . J. Furm an, i t  was found 

that the notched and butt-welded pipe (with no benefit of s tre s s  re lie f), when 

loaded a t - 40 C, withstood yield point s tre s se s . Apparently the notch in the 

pipe did not sim ulate the same degree of severity  necessary  for b rittle  failure 

as that in G reene’s plate specim en.

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

development, as follows:

1) A two-dim ensional num erical technique for determ ining tem ­

peratu re  distribution has been applied for boundary conditions 

which roughly sim ulate the Linde treatm ent. This analysis shows 

that through-thickness variations are too large to be ignored

in the subsequent th e rm a l-s tre ss  analysis* This analysis ap­

plies to plate or .pipe*

2) T a il’s method of determ ining residual s tre s s  in welds has been 

applied to the Linde treatm ent. The resu lts  show a decrease 

in residual s tre s s  at the weld s im ilar to what is m easured, but 

the analysis showed an unexpectedly large tensile residual 

s tre s s  a t the hot zones which is not observed experim entally.

It is  suggested that die com patibility condition which is appli­

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



produced by Linde torches* This analysis applies only to 

plate.

Since pipe provides le ss  re s tra in t against contraction of 

localized hot zones than plate does, a prelim inary  e lastic  

analysis was conducted to show how much le ss  re s tra in t 

ex ists  in the pipe* Under a rb itra ry  conditions selected for 

illustrative purposes, a therm al s tre s s  of 118,000 psi. was 

developed* This is considerably le ss  than the 180,000 psi. 

that would have occurred under full re s tra in t (e.g* in a 

large plate)*



RE COMMENDATIONS

In the neighborhood of the weld, the local residual s tre s se s  

need to be delineated in g rea te r detail by parting narrow er 

rings*

The tem perature distributions corresponding to various com ­

binations of torch width, speed, and spacing need to be inves­

tigated m ore in detail, including the effects of follow-up 

w ater cooling*

F ilm  coefficients and torch tem peratures should be m easured 

so that accurate tem perature distributions can be determ ined 

by the method described* These distributions should be 

checked against the measurements*

The therm al s tre s s  analysis needs to be modified to take a c ­

count of. com patibility in a more rigorousm anner. Also, the 

effects of through-thickness tem perature variations needs to 

be assessed  with resp ec t to its  effect on the therm al s tre s s  

analysis. The therm al s tre s s  analysis may have to be e x ­

tended to cover through-thickness tem perature variation.

The analysis of the lessened re s tra in t due to pipe flexing 

should be extended by num erical methods to include plastic



deform ation. Before proceeding with the plastic case, the 

num erical methods should be applied to the elastic  case in ­

vestigated in the body of this report, and the resu lts  checked 

against the algebraic solution.

The conditions in fractu re  testing of welded pipes should be 

made m ore severe so that low strength fracture, will be ob­

tained. If it is dem onstrated that the Linde treatm ent does 

not affect notch sharpness or m etallurgical damage, then the 

Linde treatm ent can be used to show that reduction of residual 

s tre s s  is the cause of im provem ent in fractu re  strength.
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Table 1. Conditions of Welding

Welding wire 1/16-in d iam eter A irco A-675 (mild steei)

Nominal composition of deposit:

0. 09% C 0. 44% Cu 
0o 90% Mn 0.027% S (max)
0.42% Si 0.014% P (max)

Mechanical p roperties of deposit:

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

Argon + 2% oxygen (for a rc  stability)

Gas flow = 40 - 50 cubic feet per minute

25.4 + 0. 2 volts

Shielding gas

Voltage

C urrent

W irefeed

Pipe surface 
speed past head

Time to complete

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

195 ’+ 5 inches per minute

14.5 + 1.0 inches per minute

11/2 hours (13 passes a t 4 minutes per pass plus 12 in terpass 
pauses a t 3 minutes each)
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Steel tape with 
blocks on ends

Fig. 3. Residual s tre s s  m easuring technique

Save

Save
S tress

Ring Width

Axial
Direction

Fig. 4. E rro r  in average s tre s s  location
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O. D.

Weld

*■" I. D.1 1 / 2 "

-33, 600 After parting
and before splitting

After splitting and 
re lease  of moment

I. D. ------------------O. D.

Fig. 7. Distribution of circum ferential residual s tre s se s  in weld

Fig. 6 -A. Split ring  containing weld
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Elem ent
Width
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Weld

->

Fig. 13. F orces acting on tran sv erse  plane a t the weld midlength
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Fig. 14 T ransien t tem perature distribution due to Linde treatm ent
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40 _ Weld residual s tre sse s  
after Linde treatm ent

30 ir

S tress
1 0  inches

-10

-20
Weld centerline

-30

Fig. 15-A. S tress distribution afte r Linde-type treatm ent (refer to Table 3)
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Fig. 15-D.



T-1118

Stress

-10

-20

-30

-40 Weld centerline

Fig. 15-E.

S tress

-20 L

-30 i_
5
i|

-40 L

Fig. 15-F.



kJ \J

Y x
dM.

M +dxdx

dS
dx

dx
t

r  + <'  V  ___________ dx
dx

S
Z(x)

dQ

Fig. 16. Cylindrical elem ent of a pipe under internal p ressu re  Z(X)

Fig. 17. Cylindrical elem ent used to define circum ferential s tra in
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Fig. 18. Cylindrical elem ent bent along the axis by the moment Mx
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Appendix Ic Compleme 11 ta ry  solution

4
To solve + 4j34w = 0

dx4

guess a solution of the form

mxw = e c

Substituting

4 mx A A  mxm e  = - 4p e

This charac te ris tic  equation has four roots

-m  = m = 4  (1 + i ) = (3( 1 + i )  = (3 + (3i
1 d v 4 . . .

r r
-m „ = m , = 4  I (-1 + i ) = /3(-1 -f i ) = -ft -hi2 ~ Ul4 ~ M 4 

The general solution takes the form

wc = A1e mlX + A2 em 2x + A3 em 3X + A4 e m4x

If we substitute fo r m^, m^, m^, and m 4  and le t

e 1̂ X = cosjSx + isin/3x

e = cospx - isinfix

then wc = e^XC^cos/hc + C^sinjSx) + e ^ (C ^cos/lx  + C^sm[3x)

where = A  ̂ + A4



where C2  = i(A^ - A^)

C3 A2 + A3

C4  = i(A 2  -  A3)

Since wc m ust approach zero  as x>:o, we m ust conclude that

C1 = C2 = °

Because as x->co, e^X—> oo

Therefore

w£ = e ^(C gcos/b t + C^sin/Sx)
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Appendix II. Proof that block corner deflection is the same as surface 
deflection

'iV-
Block
Corner

—R

' Pipe O. D.

 R +u

Prove that A - a ' = £ - b 

Sectors of the same arc  are  proportional to the sector rad ii

,  R^ + L T

D  O  i /  i  I -Lj \

-  = — ------  ’ b = “ (1 + R" >a R o

R + u o R + u o

Compatibility

A
a

R + u
O A I  1 , U  \ —  > A -  a( 1 + — )

R Ro o

Solving for A - a and (3 - b

uA - a + a( -  ) 
R

/3 - b = a( 1 + — ) (1 + — ----- ) - a( 1 + t  )
R R + u o R
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Appendix II. Cont’d.

P - b

P - b

Therefore

A - a

The constancy of circum ferential deflection with radius of lines perpendicular 

to apipe’s outer surface also holds true for circum ferential deflections in the 

pipe wall itself.

L(R H- u) T (R + u)/ U . ' o  ' L v o
a( ~ + --------------  " -  --------------

R R (R + u) R (R + u) o o ' o  ' o ' o

t u \a ( -  ) 
R

= p - b


