T-1113

REDUCTION OF RESIDUAL STRESS BY
WELDING UNDER PRE-.TENSION AND

EFFECT ON BRITTLE FRACTURE

By

Francis J. Furmwpan, Jr.



ProQuest Number: 10795863

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10795863

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



a0

A Thesis submitted to the Faculty and the Board ¢of Trustess ¢
the Colorado School of Mines in partial fulfillment of the requirements

for the degree ofiDoctor of Science,

—

Signed: %«%@ Q m z;l;

Francis J. M¢fman, Jr.

Golden, Colorado

Date: }%%% /7 , 1967
&

Lubann
is Advisor

A, ¥W. Schlechten, Head
Department of Mstallurgical Enginezring

Gelden, Colorads

Dates 4/7@”,% /7 1067
T~

it



T-1110

ABSTRACT

Notched, circumferentially welded, large-diémeter, mild-steel pipe
failed by yielding when stressed in thg welding direction at a temper-
ature well below the transition temperature of the material, Previous
work by Rosensteinl showed that wide-plate specimens with the sane
width, thickness, notch dépth, notch root radius, material, and weld
method failed by brittie fracture consistently at less‘than % the gross
vield strength, The ﬁajor differences between the pipes and the plates
- were a single-"W# versus a double-"V" weld preparation and notch and
a lower residual stress in the pipes as compared with the plates, This
lower residual stress in the pipes was due to less rigidity in the
direction of welding in the pipes as compared to the plétes.

Sinqe all the factors which were thought to cause biittle fracture
were present, modification of the present criteria for brittie fracture
is necessary. This modification may entail determining minimum vélues
fof the‘brittl@ fracture criteria or possibly may entail the discovery
of further factors necessary for brittle fracture,

Heavy equipment was designed and built to stress te failurs by
yield or fracture pipe with unlaxial tangential stress as mentioned

above, Both a hydraﬂlic'pressure device and a mzchanical expansion
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mandrel were used successfully to show the ability to test large-scale
welds under laboratory conditions.

Residual stress due to welding was substantially reduced in heavy
pipe by using the expanding mandrel to pre-tension the pipe adiacent
to the welding zoﬁe during welding. This method can be of value when

a structure cannot feasibly be stress relieved or warm stressed.
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INTRODUCTION

The problem of low-strength brittle fracture has been known sincz
before World War II, when a number of welded ships faileéAcatastrephi-
'cally under seemingly mild stress.

‘These ship failures brought to attention other low-strength
brittlie fractures which had occurred in gas-storage tanks, plpelines,
ete, Recently, low-strength brittie fractures have occurred in missile
casings, Hence, the problem is very important and is still occurring
with disturbing regulerity,

in the past, researchers have approached the problem from two
directions: the microscopic scale and the macroscopic scale,

The lnvestigators working on the microscopic scale have geone far
to delineate the differences in materials which exhibit brittle fracture
as opposed to materials which do not exhibit brittle fracture., This
research has been concentrated on the effects of structure, strain
hardening, slip systems, and other micro-matallurgical factors,

The other investigators have workszd on a macroscoplic scale, invess
tigating welding variables, specimen size, specimeﬁ geometry, loading

ables, etc.

2
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Although further work is needed on both sides of the investigation,
this investigator chose the macroscopic approach since the problem as
seen in nature is macroscopic., It was feit that, by approaching the
problem from the same direction as it i; observed, there was less
likelihood of lésing sight of the objective.

At the start of this.investigation, the investigators using the macro-
scopic approach had the brittle-fracture problem well In hand for low-
ductility materials with simple stress patterns, i.e., the fracture-machanics
approach,  There still remained much uncertainty about low-ductility mater-
ials with complex (high-gradient) stress patterns in the region of
fracture initiation. Also, high-ductility materials, although normally
susceptible to design by elastic theory or limit theor&, cap exhibit lLow-
strength brittle fractufe with catastrophic effect, Typically, but not
élways, certain conditions must be met before a material with high
ductility, such as mild steel, will display brittle fracture when
stressed. These conditions are:

1. sufficient restraint {(a specimen thin in one direction

generally will not fracture in a brittle manner),

2. a loss of gbility to absorb energy with decreasing temper-

ature and increasing strain rate,

3. a stress raiser of scme nature,

4, residual stress and/or metallurgical damage (generally from

welding).

Further investigation of all &4 of the above items is needed, but

the fourth item was selected as the subject of this investigation since
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it is the easigst to contrel in actual structures, The first item
depends on the geometry of the structure; the second item depends on
the‘material'usedf and the third item depends on geometry and unfcre.
seen defects, The fourth item depen@s in part on the methwod of welding,
which can be varied considerably in most structures.

The prebiem In the understanding of residual stress versus metal-
lurgical damage arises from two factors., First, there is considerable
cuestion a5 to the relative importance of residual stress and‘metallur~
gical démage. Second, experimentally it is difficult to separate
éleanly residual stress from metallurgical damage., Adding te the Jdiffi-
culty ie the fact that only one test has been devised which consistently
will demonstrate low-strength brittle fracture in the laboratory, This
test is knowa as the wide-plate test or the Greene-Yells test, The test
censists of walding together two mild-steel plates, 3 ft by 15 ft by
! in, in size. The plates are welded together along the 3 'ft by 1 in,
side, Before welding, a notch perpendicular to the welding direction is
sawed in the weld preparation, which is usually a double-"V" weld geo-
metry, The notch is about % in, deep with the root of the nptch 0.006 in,
wide, and is located opposite itself on both plates, (See Figure 12,)
After welding, the plate is cooled below the tramsition tetperature,
which may vary from 440 ¥ to -40 F in most mild steels, depending on
specimen geometry, compos tion? and test method. The plate is then .
tensioned in the direction of welding, Typically, the fracture strasngth

1

i{s less than half the gross yield strength as was shown by Rosensteln,
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(Ség Rosenstein for a complete review of the extensive research done
using the wide-plate tesf.)

One purpése of this project was to separate residual stress from
metailurgical damage in & clearer manner than had been done previously.
The separation of these two factors would aid in the understanding of
the effects of each factor.

Another purpose of thgs project was to develop a field method
which, during the welding operation, would reduce the residual stress
normally produced by welding. This reduction of residual stfess, in
the same step as welding, woulid lower the incidence of brittle fracture
since it is known that residual stress is a major contributing factor, 2

Ancther purpose was the deve{oément of equipment to lcad the pipe
to yield by uniaxial tangential s;ress. A ”burstiﬂé device" vas designed
to pressurize a 3-ft length of pipe to yield stress in the circumfevential
direction, This bursting device had @ concrete-filled steel core which
minimized the pressure exerted in the axial direction. The pipe was
scaled into the pressure device by "O'.ring seals‘between the pipe and
the top and bottom plates, The pressurization was accomplished with
alcohol, which would not freeze at -40 F, the opefating temperature of
‘the appératus. The ptessure was prévidéd by an air-operated Sprague
pump capable of 30,000 psi. The cooling was provided by a 2-hp compressor
using Freon 502,

The separation of residual stress from metallurgical damage was

approached by welding in such a manner as to have the normal metallur-

glcal damage held constant with a variable amount of residual stress.
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A method was developed by which large-diameter, heavy-walied pipe could
be welded with a "mandrel' which maintained the pipe at its yleld strength
in tension during welding, This method reduces the residual stresses,
as will be shown later,

The mandrel consisted of 2.conical shaped plates (called “wedges")
which were surrounded by 12 “shoes" which, when the wedges were brought
together, were forced outward, thereby expanding the surrounding pipe.
The wedges were brought together by 6 high-strength bolts{ This mandrel
was also used in testing the welded pipes at -100 F,

The method of testing to failure would use uniaxial circumferential
stress which would be in the same direction as the weld, Hence, the
state of stress would be identical to the state of stress in the wide-
plate test, The identical stress condition was used s¢ that the results
could be compared to the previous results of the wide-plate tests of

Rosenstein,
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EXPERIMENTAL PROCEDURES

The following section describes the experimental procedures
followed in preparing and testing the pipe specimens. The preparation
of gpecimens involves machining and assembly., The testing procedures
involve stressing the pipes to failure at both -4C F and -10G F. Also
described are welding and. the measurement of residual stresses in a
pipe expanded with the mandrel,

"Test Specimens

ASTM A-53 grade B (mild steel) seamless pipes of 18-in., diameter,
schedule 80 (15/16-in, wall thickness) were machined for welding as
.shown in Figure 1. The pipes were cut to length for machining by
abrasive wheels. The pipes intended for failure testing were notchedv
as shown in Figure 2. If the pipes were to be tested on the bursting
device,'they were machined after welding as shown in Figure 3. The
welding was done using highly automatic equipment as described by

Krankota.3

Failure Tests at -40 F

The assembly of the burst device is shown in Figure 4. (See
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Figure 1: PIPE FOR WELDING
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Figure 3: WELDED PIPE MACHINED FOR BURST DEVICE
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Appendix I for a completg description of the burst device design.)
The pipe was sealed into the pressure device with ¥QY.rings for the
following reasons:

1.  With "O".ring seals, there is no danger of a crack running
into expensive welded-on flanges or end caps.

2, Assembly is faster vhen welding of flanges or end caps is not
necessary.

3. The geometry prevents axial force of the pressure from being
fransm;ttea to the pipe. Hence, the stress at failure is
uniaxial, as in the platec tests.

Molybdenum disulfide lubricant was used on the bolt threads., Thess
bolts were torqued to approxlmateiy 30,000~1b axial force on each, The
vrench length necesséry to thain this force was determined by machining
a test bolt which woﬁld fit a universal testing maghine. The test bolt
wvas of the same material and had the same dianmeter and pitch as the
bolts to be used in the bursting device. The test bolt was tensioned
with wrenches of various lengths, A wrench with a 5-ft handle was
found to give 30,000 lb force on the bolt when torqued by the author,
This method was used because a torque wrench was not available,

The assembled burst device was pressure tested with 100 psi of air.
If the system wvas leak-tight, the space between the core and the pipe
was filled with alcohol, and the assembly was placed in an insulated
tank in which cooled alcohol was circulated, The apparatus was then

cooled to -40 F, (See Anpendix II for the_cooling system design.)



The temperature reached equilibrium after approximately 30 hours., The
high-pressure pump and gauge were then attached. (See Appendix I1II for
a description of the pressure systen, )

At this point, the area was cleared of all personnel, and the remote
control for the pressure system placed, with a transit for observing
the high-pressure gauge, in a well-protected, 40-ft-distant location,
Frem that iocatign the pressurization was begun, The strain rate was
0.0001?0.00005 sec‘l. Pressurization was continued until the previously
determined yield point was reached. (At this point, the pressure stopped

increasing and dropped off slightly while the material was ylelding

discontinuously.)

Fajilure Tests at ~100 F

In order to stress the pipe to faillure at -100 F, the expansion
mandrel had to be used. (Silicone "O"-rings lose their elasticity in
the neighborhood of -50 F, and the top secals of the bursting dgvice depend
on full elasticity of the "0O'-rings. See Appendix IV for the mandrel
design.) ~The mandrel was placad in the center of the notched and welded
pipe and expanded until snug. The entire pipe and mandrel were cooled
to -40 F using the cooling system. At that termperature, the cooling
system was shut off, and dry ice was added to the cooling tank to cool
the assembly to =100 F. The mandrel was then expanded until the yield
point of the pipe in the tanzential direction was reached. The strain
was determined by measuring with micrometers the change in distance

between blocks attached to a steel tape wrapped around the circumference
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&
of the pipe. The accuracy was .0,002 in. or 40,00004 in./ in. strain,

The strain rate was 4X10‘6f2X10'6sec'1.

‘Welding with the Mandrel

To vary the residual stress, the pipes were welded with the mandrel
expanded incide the weld zone. (See Discussion of Results for full
explanation.) The pipes, after being machined for welding, were placed
together in a vertical position.  The mandrel was then lowered into the
center of the pipes where it was expanded until the pipes yielded as
meastired by a circumferentiai tape 3 in. freom the veld joint. The
strain was measured as 0,003 in./in. The pipes weré then welded in
the normal fashion,3 that is, with a fully-automatic MIG welder.

After the pipes were thoroughly cooled, sectioning into rings for
residual stress measurements was begun. The circumference of eéch ring
was measured witﬁ the steel tape before and after sectioning the pipe
into rinzs, The phange in circumference of each ring is directly related
to the average residual stress in the circumferentiél direction of that
ring, Where the stress gradient is high (near the weld), the riﬁgs were
cut thin in the axial direction for greater accuracy. Due to difficulty
in cutting the weld fusion zone, the rings were not as thin as would be
desired, {See Krankota3 for a complete description of the process.)

The micrometer readings of the circumferential tape and the
calculated tangential stresses are shown in Table 1., All cuts were made

. : 3 _
with a 1/8-in.-wide cutoff tool. (See Krankota~ for an error analysis.)



T-1110

14,

Table 1. RESIDUAL STRESS FROM TANGENTIAL STRAIN MEASUREMENTS ON
MANDREL-WELDED PIPE
Ring # Ring Width (in.) Micrometer Readings (in.) Stress (psi)
Before Cut After Cut )

1 5-7/8 1.366 1.367 - 532
2 5.5/16 1.375 1,382 - 3,720
3 1-13/16 1.436 1,442 - 3,190
4 7/8 1.476 1.458 + 9,580
5 7/8 1,570 1.526 - 3,190
6 7/8 1.578 1.598 -10,840
7 7/8 1,595 1. 622 -16,370
8 3/8 1. 596 1,621 -18. &20
9 1/4 1.571 1.597 - 4,260
10({weld) 7/8 2,004 2,056 %20, 200
11 1/4 1.612 1.615 - 1,590
12 11/16 1.635 1.634 -10,120
13 7/8 1. 605 1,622 - 9,050
14 7/8 1.538 1.540 - 1,064
15 7/38 1,470 1. 460 # 5,320
16 1-13/16 1.399 1.388 % 5,850
17 5-1/8 1.338 1.346 - 4,260
18 6 1.407 1.410 - 1,590
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- DISCUSSION OF RESULTS

The following section discusses the results found from the exper-

iments in which the residual stresses were varied, Also, the results

found from the experiments in which the normally welded (without the

mandrel) pipes were stressed to failure are discussed.

Varying Residual Stress

been

lent

from

tion

that

The problem of residual stress versus metallurgical damage has
approached by numerous investigators. Rosensteinl gives an excel-
summary of the more important facets involved.

Since previous workrhad never clearly separated residual stress
metallurgical damage, the following demonstrates how this separa-
may be made. The appfoach is‘to weld a structure in such a manner

residual stresses due to thermal contraction can be released with-

out altering the metaliurgical damage.

Consider the wide-plate test. If, during welding, the plates were

stressed to the yield point in tension {see Figure 5) end rigidly held,

after the weld had cooled, the entire plate would be at the yield point

in tensien. Even the heated area next to the weld would, on cooling,

return to the yield stress. If the area adjacent to the weld got hot

enough to plastically deform in compression, on cosling it would

%
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Figure 5: TENSIONING DURING WELDING
OF FLAT PLATE
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plastically deform in tension and therefore would then be slightly above
yield stress. The stresses in the plate after the ends are released
would depend on the differeﬁce, if any, in the»yield strengths of the
base metal and the weld metal, If the yield strengths are approximately
the sane, thé stress would be near zero at any location, If the yield
strength of the weld metal were 30,000 psi higher than the yield strength
of the base metal, the final stress would be 30,000 psi in the weld
metal, (This calculation assumes the cross-sectional area of tﬁe weld

is small compared to that of the base metal. See Figure 6.)

These same considerations are also valid for a pipe. The pipe can
simply be considered as a plate bent until the ends join, with the weld
wrapped around the circumference,

If a mandrel is used to stress a pipe, the mandrel could not,
practically speaking, be the full length of the pipe. (The welded pipe
length is 3 ft in al! tests,) The mandrel would have to be on!y long
enough to provideArestraint'for any part of the pipe which has suffi-
cient thermal expansion to plastically strain itself.

The mandrel, on expansion, would produce an expansion of the pipe.
If the mandrel was expénded until the pipe expanded by the mandrel was
just at-its yield strength, when the mandrel was released, the pipe
would return to its initial state of zero stress,

qu consider a circumferential ring in the pipe, which is expanded
along with the adjacent pipe by the mandrel, and then heated untif it
flows plastically in compression. (The pipe adjacent to the ring pro-

vides the restraint which causes the ring to flow plastically in
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Figure 6:
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in compression r;ther than jﬁst expanding with the heat.,) VWhen this
ring céo{s, it wilg try to shriﬁk. The mandrel will prevent it from
‘shrinking past where the ring was beforg it wvas heated. Hence, the

ring will now flow plastically in tension the same amount that it

flowed in compression., If strain hardening is neglected, the ring will
now be in the same position and at the same stress that it was at before
it was heated, Now, when the mandrel is released, the pipe and the

ring will return to the initial state of zero stress,

If the heated ring is not backed by the expanded mandrél, but is
adjacent to the mandrel, the stress will be somevhat less than the yield
stress of the material.  The ring will flow plastically in compression
on heating as before. On cooling, the ring will return to a smaller
circumference, and will have a higher state o% tensile stress than it
had before heating. When the mandrel is released, some of this tensile
stress will remain as residual stress. This consideration shows that
the mandrel must be long enough to back up and expand to yield strength
all the pipe which might become hot enough to plastically strain in
compression during the welding operation.

If the yield is assumed to be 30,060 psi (mild steel at about
400 F)a the temperature necessary to obtain plastic strain in compressioﬁ
in steel which is initially at 30,000 psi tensile stress (with the

3

mandrel expanded and assuming full restraint on the pipe) can be found

from the relation:
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Thermal strain = elastic strain
6.5x10°%/ Fx ot (F) =

30,000 psi tension + 30,000 psi compression
30X10°1b/in. 4 (elastic modulus)

AT = 308 F,

Temperature equals room temperature plus AT, which equals 383 F,
Investigation by deLieges shows that the farthest point from the weld
metal that the temperature reaches 383 F is approximately 1.3 in, To
insure success, the ﬂandrel vas made 6 in. wide.

With the mandrel onl& straining part of the pipes, 2 residual stress
can be caused by the mandrel. This stress is due to exceeding the yield
strength of the pipe on expanding the mandrel. The section of the pipe

\
on which the mandrel pushes would be plasticaily strained in tension i€

the yield point of the pipe material was exceeded. If the mandrel

produced a plastic strain of 0,001 in./in, on a pipe width of 6 in.,, and

|

if the pipe was 3 ft long and also, after straining, the pipe radius was
constant with length, the resulting stresses would be as shown in
curve A of Figure 7. |
However, calculations using beam—on—elasti;-foundaticn theory6 show
that a2 stress from a circumferentially symetrical concentrated load dies
out to zero in 5.2 in. (pipe radius would not be constant with length),
Hence, the stresses can be visualized as curve B in Figure 7. Since
the stresses tend to die out at the same rate in both directiens and
'equil;brium of force must hold, the peak stresses (tensile and compres-

sive) would be similar to that shown in curve B of Figure 7 for
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0.001 in,/in. plastic strain.

However, since stress flelds are actually

overlapping in the center of curve B of Figure 7, the stress peaks

would not be equal in magnitude as shown in the figure., How much error

there is in assuming equal magnitude involves‘bomndary conditions

which are difficult to apply. The error is minor since the curve B,

used in the following analysis, gives a result which compares well with

the experimenta(ly found residual stresses,

To understand what the stresses from welding with the mandrel would

‘be, the problem will be'considered in steps.

1,

The mandrel is expanded until the pipe in contact with the
mandrel is at its yield strength in the tangential direction.
For conceptual purposes, let us assume a yield strength of
30,000 psi. Hence, the tangential elastic strain to yie&d
the pipe would be 0.001 in./in. Now, let us assume the
mandrel was expanded further, ﬁntil 0.0007 in./in. plastic
strain in the tangential direction occurred. (This value of
plastic strain was chosen to make the calculated results
correspond to the experimental results.) Assuming no strain
hardening, the tangential stress would still be 30,000 psi,
The pipe is now welded. The weld metal, iﬁmediately after
solidification, would be stress free. On cooling, the ring
of weld metal would try to shrink in dizmeter. The mandrel
would prevent it from shrinking, so the weld metal woulq yield

in tension. We shall assume a weld-metal yield strength of
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60,000 psi, which the weld metal would reach on cooling.
At this point, 3 regions are in tension due to the
mandrel, One region is the pipe out beyond the mandrel,
which is elastically flared open since it is connected to
the middle 6 in., of pipe which is expanded by the mandrel.
Thié region is at 30,000 psi tangential tension near the
edge of the mandrel and dies out to 0 stress in 5.2 in.6
Another region is the 6~in. section on the mandrel (excluding
the weld bead) which is at 30,000 psi tangential tension and
has plastically strained 0.0007 in./in. The last region is
.the weld bead itself, which is at 60,000 psi tension,
3. The mandrel is released until the 6-in. section of pipe on
the mandrel is at‘O psi stress. This stress change is
equivalent to 0.00! in./in. strain. Since this section was
plastically strained in tension 0.0007 in./in., the elastic
pipe adjacent to this center 6-in. section, for compatibility,
would still be 0.00067 in./in. elastically strained in tension.
This strain is equivalent to a stress of 20,000 psi. The
weld, having méved with the 6-in. section would be at 30,000 psi
tension., Since no compfessien is present in the pipe, equili-
brium of force in the pipe has not been reached.
4, The 6-in, section of pipe is compressed to I0,00Q psi compres-
sion or a further 0.000} in./in. strain. This reduction in
diameter brings the weld bead to 20,000 psi. Also, the maxi-

mum stress in the pipe adjacent to the 6-in. section would be
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reduced to 10,000 psi tension. At this point,iﬁhe tensile
and compressive regions are nearly equal, so the pipe isvnear
equilibrium., The actual situation would show some transition
in the region at the edge of the mandrel, and the center
section of the 6-in.—wide section would tend to deflect
towards O psi stress for the same reasons that the pipe away
from the mandrel tends toward O psi stress in 5.2 in. The
resulting stress distribution is shown in Figure 8. This
‘figUte compares well with the experimentally found stresses in
Figure ©. The experimental stresses were found by sectioning
into rinzgs a pipe which had been expanded with the mandrel
and then welded. The residual stresses were determined from
the change in circumference of the rings. The plastic strain
of 0,0007 in./in. was used since other calculations using
different plastic strains indicated that this value of 0.0007
in,/in. would préduce the experimentally found stress distri-
bution,

Experimental measurements during straining indicated 0.0030 in./in.
total strain., Since the yield strengzth was approximately 35,000 psi,
the plastic strain was 0,0018 in./in. This error is presumably due to
the approximations in the theoretical analysis,

Checking the thecretical value with the experimentally found value
of the peak tensile residual stress, the yield strength difference of
the base metal4 and the weld meta[7 was approximately 30,000 psi. By

multiplying 30,000 psi by the area of the weld metal (0.656 sq in.) in
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Figure 8: RESIDUAL STRESSES DUE TO WELDING WITH
MANDREL IN PLACE
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Figure 9: EXPERINENTALLY FOUND RESIDUAL STRuESSES DUE TO
WELDING WITH THE MANDREL IN PLACE
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the center ring of fhe sectioned pipe and by assuming thaf the remaining
metal of the ring had no measurable residual stress, (this stress can

be shown to be compression, if anything), 24,000 psi was calculated to
be the average residual stress when a.7/8 in.-wide center strip was cut
out, The measured value was 20,200 psi. However, since the compressive
stresses were not accounted fqr, the experimental va[ue should have been
lower than the calculated value.

‘The residual stresses as measured by Krankota3 due to normal welding
the same geometry pipe as used here are shown in Figure 10, = The average
tensile residual stress on a ring 1 3/8 in. wide at the weld centerline
was at 29,700 psi, This residual stress compares with an average
tensile residual stress on a ring 7/8 in. wide in the pipe welded with
the mandrel of 20,200 psi.

This average tensile residual stress of 20,700 psi in the 1 3/8-in,-
wide center ring of the normally welded pipe compares with the expected
maximum value of 60,000 to 68,000 psi (the yield strength of the weld
metal)7 on a ratio of 1 to 2. (This ratio compares the average stress
with the peak stress.) The center ring (7/8 in. wide) of the mandrel-
welded pipe should have no greater ratio and most likely a smaller ratio
since the ring is narrowver aﬁd hence, contains a2 smaller stress gradient,
If the ratio is the same, with an average residual tensile stress of
20,200 psi, the maximum stress would be 40,400 psi, This value compares
well with the theoretically expected maximum stress of-B0,000 psi;
which is the yield strength difference between the weld metal and the

base metal (34,600 psi by compression test).
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Figure 10: RESIDUAL STRESSLS DUE TO NORMAL WELDING3
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It should be mentionéd here that the rings were not cQt‘to a lesser
width due to experimental difficulties,

The mandrel had no effect on the metallurgical characteristics of
the weld since the heat and accompanying strain were the same as in a
normal weld. This fact enables investigators to obtain large-scale welds
with constant metallurgical properties but varying amounts of residual
stress. Hence, a method has been developed which clearly separates
residual stress from metallurzical damage,

Also, it has been demonstrated how cylindricatl stchtures can be
welded in a manner which produces low residual stress without the
necessity of warm prestressing or high-temperature stress relieving,
This method may prove extremely valuable in applications such as pipe-

line construction.

Testing to Failure

A single-"V'_-vwelded, 18-in,-diameter, 15/16-in.-wall, mild-steel
pipe with a notch (see Figure 2) of the same deoth and sharpness as the

1

notch used by Rosenstein” in his tests which displayed low-strength brit-
tle fracture was tested at -40 F. The pipe failed by yielding.

The temperature used by Rosenstein was -IOQ_F, so there was sonie
question as to whether the temperature was low enough for brittle
fracture to occur. It was decided that an attempt shou[d be made to test
at -100 F to insure that the lack of low-strength brittle fracture was

not due to temperature effects, ¥

With dry ice, the temperature of the bursting device was lowered
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to -lQO F, and éressurization was attempted. A pressure of 1200 psi
(3/10 of the pressure for yiélding) was reéched, at which point the seals
Leaked., Subseguent investigation revealed that the silicqne U0t rings
lose their elasticity at -50 F.

Since the mandrel was designed to yield pipe in the circumferential
direction, it was decided to attempt to stress the pipe to the yield
strength or to brittle fracture with the mandrel, .Low temperatures were
not considéred in the design of the mandrel, but investigation rgvealed
that all materials selected for use in the mandrel! were satisfactory for
use at low temperatures, Hence, the mandrel was used to test a notched
and welded pipe at -100 F. Again, gross yielding was the failure mode,
This yielding was measured at 2 in, above the weld centerline by the
circumferential tape, There was 0.0026 in,/in. strain at maximum mandrel
expansion. After release of the mandrel, 0.0015 in./in. plastic strain
remained, indicating an elastic strain of 0.0011 in./in. or a yield
strength of 33,000%1200 psi, assuming a 0.002 in. error in measurement,
This value is only slightly lower than the expected value of yield
strength (34,600 psi) as measured in a compression test.

The notch depth, notch sharpness, material thickness, specimen
‘width, ﬁaterial composition, weld metal, and teéting temperature in the
pipes which failed by yielding were all the same in the wide plates
tested by Rosenstein which failed by low-strength brittle fracture. This
consideration shows that a small change in conditions in this type of

test can cause a large change in the result. The only significant
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'differences between the 2 types.éf tests were the curvature of the pipe
compared to the flat plate and the single-'""" weld of the pipe compared
to the double-"V" weld of the plate,

‘Calculations by Kraﬁkota8 indicate that flexure (lack of rigidity)
due to welding a pipe would be on the order of 0.001 in./in. tangential
stréin. This lack of rigidity is the ability of a pipe to expaﬁd in
‘the direction of welding., This expansion doss not appear in the wide
plate, which holds the weld rigid in the direction of welding. The
expansion or "flex",.in a greatly exaggerated sense, would make-the free
end of a pipe look as if it were flared out. This flexure would have an
effect on both the total plastic strain'and the residual stress because
it timits the plastic flow and resultant residual stress. Since the
strains are caused by temperature, the strain from flexure can be.
regarded as equivalent to a thermél strain, Hence, to have the same
residual stress as a rigid plate, a pipe which can flex wouléd have to
have an additional amount of thermal strain equal to the flex. Consid-
ering the coefficient of expansion of steel of 6.5X1056/F,»the pipe
geometry under consideration here would need a2 154 F increase in temper-
ature in the weld zone to achieve this added strain.

This temperature difference does not seem as if it could be signi-
ficant on first consideration. However, when one considers the shape
of the fesidualvstress distribution (see Figure 11), the reduction in
the tensiié residual stress zone may be quite large. This concept can
be understood by considering what happens when tensilevrgsidual stresses

are produced in a very large welded plate. As the metal is heated, it
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strains elastically in compression until it reaches its yield point,

In 2 mild steel with a yield strength of 30,000 psi, this strain would
be 0.001 in./in., which would be produced by 154 F in a fully restrained
specimen such as in the large welded plate, At this po&nt, assuming no
'strain hardening, the steel would strain plastically on further heating
without change in stress. If the steel were heated 154 F more, the
plastic strain in compression wouldnbe 0.001 in,/in., If the steel were
then cooled, the stress would ge from 30,000’psi in compression to 30,000
psi in tension due to cooling 308 F, or a positive elastic strain of
0.002 in./in. The steel would now be at the yield strength in tension,
If the steel had been heated more than 308 F, plastic strain would have
occurred in tension on cooling, and the resultant stress would have

been the same. If the steel had been heated leés than 308 F, the tensile
stress would have been less. If the steel had been heated 154 F less,
or if the steel had been able to "flex" or 'give" by 0.00! in./in,, the
residual stress would have been zero., Hence, if in Figure 11, any of
the large plates had been allowed to flex 0.C01 in./in. in response to
the thermal stress, as happens in the pipe, any point on the curve of
tensile residual stress which is between 30,000 and O psi would have
been 0‘psivor below, and areas which have yielded plastically in temsion
less than o.ooi in./in. would have been between 0 psi and the yield
éoint, if the yield point was 30,000 psi. This reduction of stresses
has the effect of making the tension peak narrower in non-rigid struc-
tures, (Note on Figure 11 the blocks representing the residual stresses

of the normally welded pipe measured by Krankota.3 They appear to be
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comparabie»to the residual stresses of a 12-in.-wide plate as measured
by Zooktg) Hence, a 18-in.-0D, 36-in.-wide, 15/16-in,-wall piée is
comparable in rigidity to a l4-in,-long, 12—in.4wide, l1-in, -thick plate,
as far as residual stresses due to welding are concerned, A mild steel
plate of this width would not normally be expected to fail by low-
strength brittle fracture, and comsequently, if the restraint effects
discussed above are goverﬁing,-it is not surprising thet the pipe did
not fail by low-strength brittle fracture either,

The fol[owing further explains the "flex! difference in plate and
pipe.

The "flex™ or "give" occurs in a plate when the plate does nof
have sufficient metal to resist the stress of the heating and cooling
of the weld cycie, The heating during welding occcurs predominantly in
e strip of metal adjacent to the weld which is a few inches in width,
If the plate is only a few inches in width, the whole plate will freely
expand vhen-heated, If the plate is large_in pomparison to the heated
zone, say 3 ft wide, the heated zone is rigidly held and prevented f{rom
expanding in the welding‘direction when heated,

However, no matter how long a pipe is, there willt always be some
expansion and cont:actton of the circﬁmference at the weld zone when

“the area is heated and coocled. This expansion and contracticen is in the
direction of welding, while in a wide plate, there is virtually no
expansion or contraction in the welding direction,

The physical reason for the above effect is the necessity of

compatability, The wide plate would have to break apart for expansion
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to occur in the welding direction, while the pipe can accommodate expan-
sion in the welding direction by bending outward to look like a flange.

Although the-"residual stress' was affeéted by the flex of the pipe,
the 'residual stress" is only .a manifestation (symptom) of a deeper

detrimental effect, It is the plastic strain that Yruns the metal out

of ductility' to cause brittle fracture, and not the stress itself. How-

ever, the 'residual stress™ does contribute to the failure situation.

(Less severe "residual stress", as measured by dissection, correspandé

to a less severe plastic strain distribution wﬁen tﬁe structure is loaded,)
This consideration brings up the question of nctch geometiy,

Figure 12 shows the notch geometries of the normal wide-plate test, the

pipe test used here, and a 3-in.-thick, wide-plate test (tested in

tension as is the normal wide-plate test,) which was either notched in

the center, or notched at the 4 outside corners of the weld preparation,

Roszenstein, on his experiments with the normal wide-plate test, tested

at well below the transition temperature and got 6 brittle failures out

of 6 tests, Wheatley, as reported by Wells,zlon his experiments with

3-in, ~-thick, wide-plate tests, was testing at various temperatures in

the transition temperature range, so some test specimens did not fail

in a brittle manner., However, all geometries, whether the notch was in

the_middle or near the surfa;e,_failed in a brittle mannerv(at teast some

of the time), apparently when the test temperature was low enough, although

the report did not make clear whether or not. the épecimens that failed

by brittle fracture were at the lowest temperature. With the pipe

geometry, as shown in the center ofAFigure 12, no brittle failures
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occurred, even vhen the temperature waé well below the transition temp-
erature,

There does appear to be a comhined effect of residual stress and
notch ductility in the tests reported by Wells. The 3-in,-thick plates
had low residual stress in the center of the weld, 2nd high residual
stress in the outer portiéns of the weld., Hence, less sus&epﬁibility
to low-strength brittie fracture would be expected in the center-notched
specimens, other things being equal., iHowever, ductility tests on full-
scale stress-relieveq specimens show lowest ductility in center-notche
Qﬁecim@ns. Center-notched speciniens failed at 0.016 inb/in; strain
while edge-notched specimens failled at 0.025 in./in, strain, These data
show that the more favorable condition corresponding to lover residual
gtress in the center of the 3-in.-thick plates was counteracted by less
ductility avaiiable for that location in the plate, All these ductility
measurensnts were gross dubtility at -30 C,

From the above considerations, one should recognize that there are
some differences in notch ductility as a function of notch geometry,
but this differcnce by itself will not necessarily prevent low-strength
brititle fracture, Conversely, low residual stress, as in the center of
the 3-in,-thick plates, doeg not nécessarily prevent low-strength brittle
fraéture if the notch is of low enough ductility,

-From the above, the author concludes that, although residual stress
was lower in the pipe than was expected, the lower residual stress may
not be the cause of failure by ylelding instead of brittle fracture,

Notch geometry, producing a2 more ductile notch, may have contributed
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to a toughér stéucture than expected.vAlso, other factors may be
involved, The factors which wéré different in the pipe and piate tests
were as follows:

1. The pipes had a single-"V" weld while the plates used a
double~-"V'" weld., Arising from thic difference was a residual
stress variation through the thickness of the pipe. The average
resicdual stress in the weld zcne varied from the yleld stress
of the weld metal (64,000 psi) on the outer surface to neay
zerc stress on the inner surface, Krankota3 describes how
these stresses were measured., (The stress variation through
the thickness was calculated from the distance ths ring sprang
open when cut.) Also, because of the single-''V'' weld, the
volume of weld metal used in welding a pipe is approximately
3 times greater than the volume used in welding a plate.

2, The pipe was not as rigid in the welding direction as a plate
in the same width, The pipe used in the tests {3 ft long)
was equivalent to a 12-in,-wide, l4-in,-long plate. This lack
of rigidity was due to the radius of curvature (8.5 in.) of
the pipe.

The problem of brittle fracture can be thought of as composed of

crack initiation and crack propagation, If a crack cannot propagate,
it is not dangerous, Hence, if the material is such that a crack will
stop, the structure is safe. The ability of a crack to run is dependent

on the stress, both applied and residual, In order to prevent crack.
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propagation, residual stress can be reduced or material which is
resistant to crack propagation can be used.

The more direct apprbach would be to prevent a2 crack from initia-
ting. This initiation is probably a function of the ductility avéi!able.
Although simply said} this is_a very difficult concent, The ductility is
a function of the principal stresses. These stresses are a function of
the geometry of the structure which includes thickness, width, and notch
geometry. Also, in the presence of a notch, the stresses at the noctch
root are a function of metallurgical factors such as strain harderning and
strain aging, which in turn are a function of metallurgical structure,
composition, time and temperature. Obviously a complete theoretical solu.
tion to the brittle fracture prqb[emris extremely difficult, Nevertheless,
the Shin Structure Committee is supporting extensive research on the
plastic zones at the root of notches as a function of geometry and metal-
lurgical variables with the hopz of solving the problem. 13, s

The above statement of the cdmplexity of the problem indicates
the danger of designing structures with the known criteria for brittle
fracture only, with no larze scale tests of similar geometry and mater-
fal to test the feasibility of the proposed structure,

' o 15°
The known criteria, as stated by Lubahn = are:

1. Sufficiently low temperature
2. Residual stress
3. Load stress of sufficient magnitude

4, Sharp notch, crack, or other defect.
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All the above factors were present in the present tests, It is
possible factor 2 and/or & were not present in sufficient magnitude,
but present data do not allow any conclusions about this possibility,

It is also possible that some other factor should be added to the list.
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FURTHER STUDY

There remains the preblem of whether the single-'"W' versus double-
"W yeld preparation has an effect on brittle fracture. The most direct
method to determine what effect the weld preparation has on fracture
would be to weld and test in tension to failure wide plates with a
single-"W" yeld. The failure strengths of these tests would be compared
with the results of teste done by Rosenst:ein1 with double-"V" welded
plates., A problem would be welding the plates so they are flat after
welding since the weld would contract in the direction perpendicular to
the welding direction. Also, testing facilities are not always avaiiable,

Another test program which would be worthwhile would involve weld-
ing wide-plate specimens and then cutting off the sides. (See Figure
13.) The change in length of the center section during cutting would be
measured. This section would then be stressed at low temperature until
the original as-welded length was obtained, At this point, the section
would be stressed until an additional strain equal to the yield strain
of the material was obtained., This test would show how wide the tensile
specimen has to be for low-strength brittle fracture to cccur,

In order to show experimentally the effect of lowering the residual

stress, the wide-plate'test could be used, The plates, in a horizontal
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position to facilitate welding, would be stressed to the yield strength

in the welding direction and then welded. After the plates had completely
equilibrated in témperature; the applied stress would be released;, and

the plates cooled to test temperature, The plates would then be tested

in the usual fashion,

To carry out this program, a horizontal test fixture capable of
l-miltion-lb force would have to be constructed, This fixture could
be built with four 9-.in.-diameter hydraulic pistons capable of holcding
5000 psi pressure, (This diameter and pressure would provide over
1,250,000 1b force.) The plstons could be purchased or built in-house,
If they are built in-.house, time for thorough design, materials pro-
curement, machining, and construction should be allowed. The present
investigator estimafes that design through construction would take 10
to 12 months if done as a graduate-student project.

Further investigators should keep in mind that most tikely, neither
residual stress nor ductility is the answer when considered alone, The
present inyestigator feels that, for steels of all types in which a given
notch size is considered, as the ductility is raised at the notch root,
residual stress must also be ralsed to have low-strenzth brittle fracture.
ConVeréely, as the ductility is lowered, a residual stress becomes less
important and the problem approaches one that can be solved using frac-
ture mechanics,

The residual stress not only provides an additive stress on the

applied stress for crack propagation but has a significant effect on
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the notch root-ductility by keeping the notch root always in high
triaxiality, and enables the notch root to become brittie with only

very minor applied loads,
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CONCLUSIONS

Notched, circumferentially-welded pipe {18-in., CD 'and 13/16-in,
wall) of AISI A 53 grade B (mild steel) failled by yielding when
tested well below the transition temperature of the steel, The
wide-plate specimens with the same notch depth, root radius, and

material, and tested at the same temperature failed consistently

1

f

t less than % the gross vield strength in a brittle manner.

The

3

najor differences in.the pines compared w;th the plates were

the radius of curvature and a single-'V" weld_and notch in . the pipes
conmpared with a double-"V¥ weld and netch in the plates. A measur-
able difference was lower residual stress in a pipe than in =a

plate of comparable dimensions, This lower residual sFress‘was

due to a lack of rigidity in the pipe due to the radlus of
curvaturs,

It was shown that the presently kaown low-strength brittle fracture
criteria are not sufficient to predict low-strength bfittle fracture,
Whether this insufficiency is due to a lack of knowledge of the
minimum value the varlous criteria can have and still produce

brittlie fracture or is due to incompleteness in the list of

criteria is not known,
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Feasibility of separating residual stress from metallurgical

damage in welded structures has been demonstrated. This separatien
can be achieved by réducing or eliminating residual stress without
changing whatever metallurgical damage is present.

The reduction of residual stress produced by normal welding by
welding under tension has been successfully applied te heavy pipe.
This application proves the commercial value of welding under tension
when stress felieving ¢y warm prestressing are not prac;icai.
Equipment for laboratory testing heavy pipe to failure by uniaxial
tension in the tangential direction at low temperatures waz dove-
1opado This eauipment was of 2 forms, One form was a hydraulic
pressure device which exerted high pressure on the pipe without

the usual pressure-induced stress in the axial direction found

in pressure vessels, This result was accomplished by resisting

the axial force due to pressure by bolts rather than by the pipe
itself, and sealing the joints between the end plates and the pipe
with sophisticated "0'-ring seals, 'The other testing device, an
expanding mandre! with unusually high force multiplication, was

used for bocth the tensioning of the pipe durinzg welding and also
(=] = .

to stress the pipe to failure.
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APPENDIX I: Design of the Bursting Device

The bursting device (see Figures 14 through 22, and Figure 4) was
designed so that the pipes could be machined to a %1/32-in, tolerance
in length, Also, & certain "spring" was designed into the device, so
that the top would partially follow,the‘pipe as it shrinks in length
due to the stretching in the circumferential diresction. Hence, the
bolts were designedbto withstand a load of 30,000 ib each, far more than
was needed to hold the pressure.

The vessel had a large core which allowed the pressure to be applied
only to a thin ring of the end plates, This geometry allowed much
smaller restraining bolts than would otherwise have been required.

The core was filled with a low-shrinkage concrete to prevent the
exterior of the core from buckling inward,

Originally, thin-gage galvanized sheet metal was planned for the
core exterior. The sealing of the seans proved impractical, and a %-in,-
thick, mild-steel pipe was substituted, which was found easy to weld to
the mild-steel core top and to the stainless-steel bottom plate,

The top and bottom plates had to be sufficiently thick to minimize
deflection, The deflection of the plates was calculated by assuming
circular 18-in,-diameter plates with a simply supported edge and a con-
centric load distributed onn an ll-in, diameter. The equation6 that was

used to calculate the deflection of the load in relation to the support was
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Figure 14: TOP OF BURSTING DEVICE

L8,

. 22.0t.1 >
| Jikd sy «4}5§¢.o1 6
' A J45£-0278‘ ;2 2. Ot | ijﬁ”j;\h j } l
.78%. -Sea

Drill £" hole
through znd 3/8"
hole .3 to .4 deep

 5.750%+ 005 —~

<— 7.500 (To fit)

SECTION A-A

1 VIEW

BOTTO!

H—— 8.425+.000-.005—>

—

View "B"




e
[}

P
oz
)
<

49,

Figure 15: TOP OF BURSTING DEVICE
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Figure 16: BOTTOM OF BURSTING DEVICE
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Figure 17: BOTTOM OF BURSTING DEVICE
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" Figure 18: TOP OF BURSTING DEVICE CORE
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Figure 19: CORE EXTERIOR’
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Figure 20: BURSTING DEVICE BOLT
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Figure 22: BURSTING DEVICE
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d = p2(l-u?) /T2b210ge 2 & (3su)a2.(1-u)p2 (a2-b2>)7
JmEns | b 2(Trayal ]

deflection (in.),

load (b},

Poisson's ratlo,

modulus of elasticity (lb/in.z),
thickness (in.),

radius to the support (in,),
radius to the load (in,).

Whera:

g 0 8 8-

(S "N N < B S s B o B
N

v
&

200,000 1b,
0.3,

20x106 1b/in. ,2
2.3 in,,

9 in,,

b= 5,5 in.,

Using:

L

)
i

the answer found was:
deflection = 00,0054 in,

This answer ls conservative since the estimated load was somevhat
hlgh,vand the effect of material outside the simple support was not
considecrad, Alsn, both the support and the load were considerably spread
out, rather than concentrated in a thin ring, as the calculation assumes.
Hence, the actual deflection was most likely only a small part of the
calculated 0.0034 in.

The bolts had a minimun cross-sectional area of 1.52 sq in. With
30,000 b on each bolt, 19,700 psi was the maximum stress. With mild
steel, this valge 0f stress was safe¢ as long as the bolts were not used a
great nurber of timas, TFatigue was not considered in making this calcu-
Lation,

The area of the major portion of the bolts was 2,14 sq in., and the
Length between nuts was approximately 4C in, Hence, the elongation with
30,000 1bh force was 0,0187 in,

After the vessel was pressurized, 16,667 lb was the load on each
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bolt, (The initial load on the bolts was relieved because the pipe,
which counters the initial {oad, becomes shorter under radial pressure,
This relieving of the pipe load left only the load due to the peak pres-
sure.) So, after pressurization, the deflection in the bolts would be
only 0,0104 in,, 0.008 in, less than the initial bolt loading,

The pipe would change -0,0084 in, under bolt loading., Considering
only the internal pressurization, the pipe would deflect -0,0115 in,
with a 32,000 psi yield stress in the circumferential direction. (ihis
deflection is due entirely to elastic behavior.,) Hence, if the pipe
was only pressurized, 1t would be 0,003 in, shorter in length than when
it was bolt loaded.

Using the conservative'assumption that there was no change in the
deflection of the top and bottom plates (whatever change there was would
help the situation), the question of vhether a gar between the pipes and
the top plate would form during testing could be answered,.

The pipe would not release from Ehe top plate until -.0,008 in. axial
deflection occurred in it, which is the difference in the axial deflec-
tion of the bolts by the bolt loading and by the pressure loading., If
a gap were to open, only -0.003-in. axial deflection would occur by
élastié strain in the pipe during pressurizatioh. So, as long as the
pipe is elastic, no separation of the pipe from the top would occur
because the -0,008 in, the bolts can deflect is more than the -0,003 in,
the pipe can deflect., However, a tangential plastic strain of 0,002 in,/
in, in the pipe would cause a further deflection of -6.036 in, in the

axial direction of the pipe,bwhich would open a gap of 0.031 in, between
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the pipe and the top plat65

At &000 psi (yield pressure for the pipe) an Y0Y-ring of 70;Duro~
meter hardness should not be exposed to a gap greater than 0.001 in.
Hence, a "floating" seal had to be devised to prbtect against blowing.
out the "0".ring when plastic flow occurrad in the pipe. As a‘gap opened,
a copper wedge-shaped ring wés forced into the gap by the "0'.ring which
pushed against the copper ring because of the hydraulic pressure,

The copper ring was made from 3/16-in., copper electric cable, The
copper wire was hammered and rolled into a "W'.shaped groove cof the
required final cross-section dimensions of the copper ring. Dgrina
ferming, pzviodic anneals were needed, After the proper cross-sociional
shane was made, the copper was bent by hand into a circle sf the reguired

diameter and brazed teo formm a closed ringz., This seal geometry was found

by experim

E
]

nt adenquate for a gap as large as 0,050 in.

The bolts were made from mild steel, The too and boattom plates

0
o

~
[

were AISI 321 stainless steel, although mild steel could be used if
vere taken to prevent corrosion of the "OV-ring grooves. The core top
and exterior were mild steel,

were regular, 1% in,, National Fine, finished hexagon;

5

The nut
and the washers were standard washers trimmed on the sides to prevent
them from;overlapping cach other when placed on the bolts,

The ¥0'.rings were produced by Parker Seal ceompany of Culver City,
Catifornia and Cleveland, Ohio, and wvere desciibed as:

2-459, S60%4-7 for the 15-in, "O"-ring

and 2,463, S 604.7 for the 17-in, "¢".ring.
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The Teflon backup ring was also by Parker Seal Company and was

described as: |
MS 23774-479 (15-in, Teflon Parbak).

The rather complicated pressure inlet seals (see Figures 23 and 24)
were necessary because of difficulty encountered in welding the stainless- -
steel high-pressure tubing to the bursting device top, The inlet séal
was designed to hold the pressure tube in place in the top plate while
forcing a soft copper seal ring into the joint between the tube and the

top.
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Figure 23: PRESSURE INLET SEAL CLAMP
L . Make 2

t ] bl

L 1k l 1. Drill 13/64 holes

111 JRR 2. Drill ¥ holes |
I BN S A 1 3. Tap all 3 holes for 3-20
% b bl 4. Saw in half (See side view)
1 1 \ ]! l

L\\N\““Skxslk\\\ﬁ
Drill 2~~~ Drill 3 holes, 13/64 diam

holes, Z diam, & deep
TOP

T

% !

' : 1t
— s Cut

<. 2 -
BOTTOM SIDE
PRESSURE INLE" SEAL JACK PRESSURE INLEl SEAL SCREW

Make 2 kake 2

Drill 27/64 hole and
tap $-13 thread

y

Wl

3-13 thread\ {;‘

K

ko/16] “1_
PR P

!—LMr

T

T Flats for wrench'*! I
/16> | |
90 included angle

- em m» e wm e =
- - - -
-t

Full Scale | Full Scale

PRESSURE INLET SEAL RING
Make 2 of annealed copper

—
@ E 4
Yle 45



WO

Figure 24: PRESSURE INLET SEAL
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APPENDTX TI: Design of the Cosling System

The cooling system (sce Figure 25) that was designed had a 2-hp
COmpPressor witﬁ Freon 502 as the cooling medium., This medium was ex-
panded in a heat exchanger consistinz of 50 ft of 5/8-in. copper tubing
coﬁ!ed,in_a 10 gél drum through which alcohel circulated. The alcohol
was pumped from the heat exchanger by means of a Eentringai pump to
the cooling tank from which the alcohol returned to the heat exchanger
by gravity flow, The system was capable of reachinz -40 F,

A;Ilparts which handled cold fluld were insulated with Z-in,-thick

polyurethane foam wrapped in plastic sheseting,
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APPENDIX III: Design of the Pressure System

The pressure system (see Figure 26) had 3 main requirements:
suffiqient pressure, speed, and safety. A Sprague air-operated, high-
pressure pump provided the necessary pressure and speed. Use of special
high-pressure tubing and couplings on all of the high-pressure circuit
and a remately operated electrical off-on valve provided the safety.

Alcohol was used as the pressure medium because it would not fresze
at the low temperatures encountered, The use of alcohol necessiﬁated
the relubrication of the pump with a dry Teflon iubricant.. This lubri-
cant lasted much longer in the presence Qf alcoho!l than any petroleum

base lubricant,.
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APPENDIX IV: Design of the Mandrel

Initial considerations indicated that a 6-ih,-wide mandrel would
be sufficiently wide, It was then necessary to know the force involved
in expanding 6 in. of fhe pipe, In order tc simplify calculations, con-
stant pressure on the mandrel surface was assumed, This constant pres-
sure could be accomplished in practice by slightly tapering the mandrel
surface, which would be an advantage since it would lessen the stress
gradient at the mandrel edge., For calculation purposes, the pipe was
considered in one piece, as though welded, rather than in 2 sections,
as it actually was before welding.

. . . ‘ 6 :
Using beam-on-elastic-founcation methods,” the deflection was:

y = EEE (2°D3a‘35b)
2Eh
where: y = deflection (in.),
: P = stress normal to the surface (Ib/in,)%
r = the radius to the middle of the wall (in.),
E = modulus of elasticity (1b/in.)2
h = the wall thickness (in.),
Dpa = e~33cos (Ba),
D3y = e-Bbcos (b)),
a = distance from y to the left edge of the applied
force (in.),
b = distance from y to the right edge of the applied
force (in.),
5 = 1,285 , when Poisson's ratio is 0.3

Vi
In this problem:

0.017 in (0.002 in./in. strain),
8.531 in.,

30x108 1v/in. ,2

. 0.938 in.,

0.454/in. ,

W oremn<
I T
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and at various positions shown in Figure 27, the values of D, are shown
. . 2
in Table 2, which gives a stress or pressure of 7000 psi normal to the

pipe surface, Over the entire mandrel, the force is 2,240,000 Ib,

Table 2: DEFLECTION CALCULATION VALUES

Position Ba DBa Bb DBa
0 0 1.00 2,724 -0,059
1 0.454 0.57 2,270 -0.06¢
2 0,908 0,245 1.816 -0,038
3 1,362 0.051 1,362 0.051
3 1.816 -0.028 0,908 Q. 245
5 2,270 -0.066 0.454 0.57
6 2.724 -0.059 0 1.00

Table 3: DEFLECTIONS DUE TC MANDREL

Position Deflection
(see Fig 27) (in.)
0, 6 0.008¢%
1, 5 0.0135
2, 4 0.01561
3 0.0170

The deflections in Table 3 were used to determine the mandrel shoe
profile,

Numerous mandrel designs were considered. The design chosen is
shovn in Tisures 28 througzh 31,

The shoes were approximately 3 in, thick, This thickness gave a

pressure of aporoximately 10,3800 psi at the shoe-wedge interface.
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Figure 28: MANDREL SHOES
(Ductile iron)
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Figure 29: IANDREL WEDGE
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Figure 3%0: MANDREL BOLT
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Figure 31: EXPAWSION MANDREL
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Molybdenum disulfide was thought to be the most feasible lubricant
to use. Tests to determine the friction coefficient were run by using
10,800 psi on two lL-in. cylinders, with a flat plate between the cylin-
ders., DBoth plate surfaces were lubricated with lubrication-grade molyb-
denum disulfide wet with light petroleum-base cil. The moment necessary
to turn the plate was measured by noting the force required to move the
plate when applied at a certain distance from the center of the plate, The
friction coefficient could then be calculated, since the area and the
normal force were known. The friction coefficient was found to be 0.096,

There wés some concern whether this value of friction coefficient
would be valid for a taper configuration., A small (2%-in.-diameter and
3.in, -long) taper and sleeve were machined with a 2.40-in, taper. This
taper should have been just sufficient to prevent locking. The taper
was forced into the sleeve until! approximately 10,000 psi pressure
normal to the taper surface was reached. The load was released, and
the taper could be pushed out of the sleeve by hand, proving that the
taper was not locking, To further insure that the actual mandrel did
not loc&, the taper was raised to 2.88 in.

The force per wedge was calculated, In the calculation, 0.1 was
used as the coefficient of friction and 2,88 in. as the taper. The force
resuired was found to be 242;000 Ib. When 6 bolts of l-in. diameter and
National Fine Thread (14 threads per in.) are used, the maximum stress is
62,700 npsi. The steel seclected for the belts was AISI 4340, quenched
and tempered to 43 Rockwell C, This steel has a yield strgngth of approx-

imately 120,000 psi and sufficient ductility and toughness for use as
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bolts, Plastic flow at the thread roots was small enough that there
was no difficulty in binding of the nuts,

The mandrel! shoes were cast in a single piece of ductile iron
(vield strength approximately 60,000 psi) and machined to the dimenslons
of maximum mandrel expansion, The shoes were then sectioned apart, with
enough metal bhring removed to enable the outside diameter to be suffici-
ently small to slip into any 18-in.-Ob, Schedule-80 pipe,

Tﬁg wedges vere also of ductile iron, The tapered surfaces of the
wedges and the shoes were machined without moving the taper setting of
the lathe te insure the identical taper on all parts, The tapered

_surfaces were polished with No, 2 emery paper.
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APPENDIX V: As-Received Pipe Residual Stress Measurement

Some discrepancies in pipe yield strengths were found in various
tests, First indication of this discrepancy was noticed atr~&0 F when
the pipe yielded with an internal pressure of 3920%50 psi. Tﬁis pres-
sure is equivalent to 33,8007430 psi in the circumferential directibn
of the pipe. The actual yield strength of a small sample in compréssion
at room temperature was found to bé 34;600 psi, Extrapolating this value
to -40 F by using the slope of yield strength versus temperature foyr
ASTM A 53 grade B steel,a 36,600 psi was found as the yleld strength.*
Since the apparent yield strength was less than the actual yield strength,
residual stress in the as-received pipe was suspected.

A ring from the as-received pipe was cut open and found to spring
apart G,117 in. Another ring turned down to 0.485,in. thickness was
found to spring open 0,171 in, When one imposes the equilibriwum of force
condition and assumes the distribution of stress is linear on each
side of mid-thickness, a stress distribution can be drawn (see Figure 32)
which would give the experimentally determined opening when the ring
was cut,

If the pipe appears to yield when the peak tensile residual stress
region reaches yield strength, the apparent yield strength would be the
actual yield strength (36,600 psi) minus the peak tensile residual stress
(2730 psi), which equals 33,870 psi, The experimentally determined

apparent yield strength was 33,800%430 psi.
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Figure 32: RESIDUAL STRESS Il AS-RECEIVED PIFE
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