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(57) ABSTRACT 

An method for converting tensile residual stress on an inner 
surface of a Welded part of a pipe to compressive residual 
stress With use of ice plugs formed by cooling the pipe from 
the outer surface, comprises the steps of: placing refrigerant 
containers for forming the ice plugs in the upstream and 
doWnstream of a butt-Welded part; cooling the outer surface 
of the pipe to form the ice plugs; and then cooling the outer 
surface of the pipe With use of at least one refrigerant con 
tainer for expanding the pipe arranged between the refriger 
ant containers for forming the ice plugs. When the method is 
applied to a pipe With a large inside diameter, the method 
comprises forming the ice plugs at a curved pipe, an elboW or 
a branch pipe in the upstream and doWnstream of the butt 
Welded part. 
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METHOD FOR IMPROVING RESIDUAL 
STRESS IN PIPE AND APPARATUS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of Japanese 
PatentApplication 2005- 1 58290 ?led on May 31, 2005 and is 
a continuation application of US. application Ser. No. 
12/488,666, ?led Jun. 22, 2009, Which is a continuation appli 
cation ofU.S. application Ser. No. 11/442,282 ?led May 30, 
2006, now US. Pat. No. 7,565,812, the disclosures ofWhich 
are incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

[0002] (1) Field of the Invention 
[0003] The present invention relates to a method for 
improving residual stress at a Welded part of a pipe made of 
austenitic stainless steel or the like, in Which stress corrosion 
cracking can occur. 

[0004] (2) Description of RelatedArt 
[0005] As an example for reducing residual stress in an 
inner surface ofa pipe, JP-A-2001-150178 discloses that an 
outer surface of an annular Welded part is rapidly heated to 
decrease tensile residual stress on an inner surface. According 
to the document, a temperature difference betWeen the inner 
and outer surfaces of the pipe is introduced by rapid heating of 
the pipe, so that the residual stress in the inner surface of the 
pipe, Which is a low-temperature side, is improved by using 
the difference of the thermally expansion betWeen the inner 
and outer surfaces. 
[0006] In addition, there is a high-frequency induction 
heating method for decreasing tensile residual stress in an 
inner surface of a pipe, in Which an outer surface side is heated 
by induction heating With use of a high-frequency induction 
heating coil While the inner surface of the pipe is being cooled 
With Water, so that a temperature difference betWeen the inner 
and outer surfaces are imparted. 
[0007] As an example for improving tensile residual stress 
on an inner surface of a small diameter pipe, JP-A-2000 
052247 discloses that a high-speed stream of Water contain 
ing cavitation bubbles is spouted from a noZZle to the inner 
surface of the small-diameter pipe ?lled With Water, and the 
cavitation bubbles are broken in the vicinity of the inner 
surface of the small-diameter pipe so that the condition of 
tensile residual stress is improved. 
[0008] As an example for decreasing a tensile residual 
stress on an inner surface of a Welded part of a pipe With use 
of an ice plug formed by cooling of the pipe from the outer 
surface, JP-B2-1559804 discloses that each one portion of 
both sides of the Welded part or only the Welded part is cooled 
from the outer surface to form the ice plug, and the Welded 
part is isolated and consequently the inner pressure is 
increased, so that the vicinity of the pipe of the Welded part is 
expanded. JP-B2-1544585 discloses an example for expand 
ing the pipe While heating the outer surface of the pipe at the 
Welded part to prevent a formation of the ice plug at the 
Welded part. 
[0009] JP-B2-1428283 discloses an example for control 
ling an amount of expansion of the pipe by applying an 
electric current to the pipe containing a part inside of Which 
the ice plug is formed, and accelerating a melting of the ice 
plug by heating. Furthermore, Michisuke Nayama, “Devel 
opment of Stress Relief Method for Weld Joint of Pipe using 
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Ice Plug”, Quarterly Journal of the Japan Welding Society, 
Vol. 12 No. 1, pages 132 to 136, 1994, discloses a test result 
of decreasing residual stress on an inner surface of a pipe With 
use of a ice plug formed by cooling the pipe from the outer 
surface. 

BRIEF SUMMARY OF THE INVENTION 

[0010] Austenitic stainless steel and a nickel-based alloy 
may be subjected to stress corrosion cracking When exposed 
to a corrosive environment in high-temperature pure Water for 
a long time, While tensile residual stress is loaded. A poWer 
plant employs a high-temperature pipe made of austenitic 
stainless steel in a pipe system constituting itself, and a pipe 
at a high temperature is desired to reduce its tensile residual 
stress Working on the inner surface of the pipe in the vicinity 
of a Welded part or convert it into compressive one. Particu 
larly, an execution method Which can be simply applied to an 
already constructed pipe system employed in a currently 
operated poWer plant is strongly expected. 
[0011] When executing a Work on the basis of the Well 
knoWn example of decreasing tensile residual stress on an 
inner surface at a Welded part of a pipe With use of an ice plug 
formed by cooling the pipe from an outer surface, the ice plug 
has a poor pressure resistance in an early stage of its forma 
tion, because the ice plug repeats the folloWing processes of 
(a) formation of the ice plug 
(b) increase in inner pressure according to a groWth of the ice 
Plug 
(c) partial destruction of the ice plug 
(d) reduction in inner pressure betWeen the ice plugs (e) 
formation of the ice plug, so that When the ice plug has groWn 
to acquire adequate pressure resistance, Water has been 
already froZen in a Wide range. In order to freeZe Water for 
expanding the pipe, the Water has to be cooled through the ice 
plug already formed in a Wide area, Which decreases heat 
transferability and requires a long period of time for complet 
ing the execution, and consequently requires refrigerant hav 
ing high coolability such as liquid nitrogen. In addition, 
because Water is cooled through the ice plug formed in the 
large area, the ice plug continues to groW by a redundant 
cooling capacity of the ice plug formed in the large area, even 
if having stopped cooling just after having imparted objective 
strain to the outer surface of the pipe. Thus, the above method 
is required to control the strain to be given on the outer surface 
of the pipe by using a technique such as heating of the surface. 
[0012] The present invention is made in vieW of the above 
described problems, and is directed to providing a simple 
execution method for converting tensile residual stress Work 
ing on an inner surface in the vicinity of a Welded part of a 
pipe to compressive residual stress in a short period of time, 
and to providing an apparatus therefore. In order to solve such 
problems, a method for improving residual stress in a Welded 
part of a pipe is provided, in Which a pressure inside the pipe 
is increased With use of ice plugs formed by cooling the pipe 
from the outer surface, the method comprising: placing 
refrigerant containers for forming the ice plugs in the 
upstream and doWnstream of the Welded part of the pipe, and 
cooling the outer surface of the pipe to form the ice plugs 
inside the pipe; and then cooling the pipe With use of at least 
one refrigerant container for expanding the pipe, Which is 
arranged betWeen the refrigerant containers for forming the 
ice plugs. Thereby, the method improves the ef?ciency of 
cooling Water betWeen the ice plugs, and shortens an execu 
tion period of time. In addition, the method can shorten the 
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execution period of time even by using as a refrigerant ethanol 
added With dry ice, because requirement for coolability for 
the refrigerant is alleviated due to improved cooling e?i 
ciency. 
[0013] Speci?cally, refrigerant containers for forming ice 
plugs is placed in the upstream and doWnstream of a butt 
Welded part of a pipe Which is ?lled With Water, at spacing 
such that a refrigerant container for expanding the pipe can be 
placed betWeen them. Dry ice and ethanol are charged into the 
refrigerant containers for the ice plugs, and are left for a 
suf?cient period of time to form the ice plugs in the pipe. At 
this time, the inner pressure is increased by the formation of 
the ice plugs, but an amount of the increased pressure is small 
because a distance betWeen the ice plugs is suf?ciently long. 
The expansion of the pipe is started after the refrigerant 
container for expanding the pipe has been placed betWeen the 
refrigerant containers for forming the ice plugs and apart 
from the Welded part, and the dry ice and the ethanol have 
been charged therein as a refrigerant. An amount to be 
expanded of the pipe is controlled, by measuring strain gen 
erated in a circumferential direction With a strain gauge Which 
has been previously arranged at an outer surface of an edge 
preparation part in the vicinity of the Welded part of the pipe, 
and stopping cooling When the outer surface started to be 
plastically deformed. Cooling is stopped by draining the etha 
nol from a drainage hole of the bottom of the refrigerant 
container for expanding the pipe, and removing the dry ice 
from the inside of the container. The present execution 
methodhas high cooling ef?ciency, because cooling is started 
from such a condition in Which ice is not yet formed in a 
section to be cooled When expanding the pipe. A large area 
can be set to be cooled, and accordingly the above operations 
can be ?nished in a short period of time. In addition, the ice 
plug ?nishes its groWth due to redundant cooling capacity in 
a short period of time, because ice is thinly formed by cooling 
during expanding the pipe. For this reason, the method does 
not need heat treatment after having ?nished cooling. 
Thereby, the provided execution method easily converts ten 
sile residual stress Working on the inner surface in the vicinity 
of the Welded part of the pipe to compressive residual stress, 
in a short period of time. 

[0014] In order to solve the above described problems, the 
method according to the present invention also comprises: 
placing refrigerant containers for forming ice plugs, at a 
curved pipe, an elboW or a branch pipe in the upstream and 
doWnstream of a butt-Welded part of a pipe, and cooling an 
outer surface of a pipe to form the ice plugs inside the pipe, for 
expanding the vicinity of the Welded part in the pipe. Thereby, 
the present execution method makes a pipe Wall support a 
driving force on the ice plug in a pipe axis direction, Which is 
generated When expanding the pipe due to a pressure differ 
ence betWeen internal pressures on an upstream face and a 
doWnstream face of the ice plug, as a load vertical to the pipe 
Wall in the part at Which the ice plug are formed. Thereby, 
reduction of the internal pressure due to the movement of the 
ice plug in an axial direction of the pipe is prevented, and 
accordingly the method can be applied to a pipe With a large 
inner diameter. 

[0015] The execution method according to the present 
invention has high cooling ef?ciency, because cooling is 
started from such a condition in Which ice is not yet formed in 
a section to be cooled When expanding the pipe. A large area 
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can be set to be cooled, accordingly the operations can be 
?nished in a short period of time, and a refrigerant With loW 
coolability can be employed. 
[0016] The method according to the present invention can 
provide an execution method and a system Which do not 
require heat treatment after having ?nished cooling, because 
ice is thinly formed by cooling during expanding the pipe, so 
that an ice plug ?nishes its groWth due to redundant cooling 
capacity in a short period of time. 
[0017] In addition, the execution method according to the 
present invention makes a pipe Wall support a driving force on 
the ice plug in a pipe axis direction, Which is generated When 
expanding the pipe by a pres sure difference betWeen internal 
pressures on the upstream face and the doWnstream face of the 
ice plug, as a load vertical to the pipe Wall in the part at Which 
the ice plug are formed. Thereby, reduction of the internal 
pressure by the movement of the ice plug in an axial direction 
of the pipe When increasing the inner pressure is prevented, 
and accordingly the method can be applied to a Welded part of 
a pipe With a large inner diameter. 
[0018] Other objects, features and advantages of the inven 
tion Will become apparent from the folloWing description of 
the embodiments of the invention taken in conjunction With 
the accompanying draWings. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

[0019] FIG. 1 is a vieW explaining an execution method for 
giving compressive residual stress on an inner surface in the 
vicinity of a butt-Welded part of a pipe by the steps of: placing 
refrigerant containers for forming ice plugs in the upstream 
and doWnstream of a butt-Welded part of a pipe; cooling an 
outer surface of the pipe to form the ice plugs; and then 
cooling an outer surface of the pipe With use of a refrigerant 
container for expanding the pipe, Which is arranged betWeen 
the refrigerant containers for forming the ice plugs; 
[0020] FIGS. 2A and 2B are vieWs explaining a principle of 
giving circumferential compressive residual stress on an 
inner surface of a pipe by expanding the pipe. FIG. 2A shoWs 
the state of strain and stress on an inner surface of the pipe, 
and FIG. 2B shoWs the state of strain and stress on an outer 
surface of the pipe; and 
[0021] FIG. 3 is a vieW explaining an execution method of 
giving compressive residual stress on an inner surface in the 
vicinity of a butt-Welded part of a pipe With a large inside 
diameter. 

DETAILED DESCRIPTION OF THE INVENTION 

[0022] Embodiments according to the present invention 
Will be described beloW With reference to the draWings. 

Embodiment 1 

[0023] An execution method according to the present 
invention Will be described With reference to FIG. 1, Which 
converts tensile residual stress on an inner surface of a Welded 

part of a pipe to compressive residual stress, With use of ice 
plugs formed by cooling the pipe from an outer surface. 
[0024] FIG. 1 shoWs an embodiment of an execution 
method Which is applied to the vicinity of a butt-Welded part 
of a pipe, and includes the steps of: placing refrigerant con 
tainers for forming ice plugs in the up stream and doWnstream 
of the butt-Welded part of the pipe; cooling an outer surface of 
the pipe to form the ice plugs; and then cooling an outer 
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surface of the pipe With use of at least one refrigerant con 
tainer for expanding the pipe, Which is arranged betWeen the 
refrigerant containers for forming the ice plugs. 
[0025] In the embodiment shoWn in FIG. 1, there is an edge 
preparation part 3 With a partially-thin pipe thickness in the 
vicinity of the butt-Welded part 2 of the pipe 1. The inside of 
the pipe 1 is ?lled With Water 4. Refrigerant containers 5 for 
forming ice plugs are placed in the up stream and doWnstream 
of the butt-Welded part 2 of the pipe 1, and at least one 
refrigerant container 6 for expanding the pipe is placed 
betWeen the refrigerant containers 5. A strain gauge 18 is 
placed on an outer surface 12 of the edge preparation part 3 
With the partially-thin pipe thickness in the vicinity of the 
butt-Welded part 2, and a measuring instrument 19 is con 
nected to the strain gauge 18, so as to correct the Zero point 
and measure circumferential strain generated When the pipe is 
expanded. 
[0026] At ?rst, the vicinity of the pipe of the Welded part is 
expanded by charging ethanol 7 and dry ice 8 into the refrig 
erant container 5 for forming the ice plugs, and by forming ice 
plugs 9 in the pipe 1. The ice plugs 9 are formed so as not to 
be moved even When the pressure has been changed during 
pipe expansion treatment Which Will be described later, and so 
as to be strongly ?xed to the pipe 1. A Water-tight space 10 is 
formed in the pipe 1 including a butt-Welded part 2 betWeen 
thus formed ice plugs 9. 
[0027] The inner pressure in the Water-tight space 10 is 
increased by placing at least one refrigerant container 6 for 
expanding the pipe betWeen the refrigerant containers 5 for 
forming the ice plugs, charging ethanol 7 and dry ice 8 to 
rapidly cool and solidify Water 4 in the Water-tight space 10 
and form ice 51, and thereby expanding the volume in the 
Water-tight space 10. Then, as the inner pressure increases, an 
edge preparation part 3 With a thin pipe thickness is selec 
tively expanded. When the circumferential strain of the outer 
surface 12 of the edge preparation part 3 measured by the 
strain gauge 18 and the measuring instrument 19 becomes not 
less than 0.4%, it is judged that plastic deformation has begun 
on the outer surface 12, and then cooling is stopped to ?nish 
the expansion of the pipe. The cooling is stopped by removing 
dry ice 8 and ethanol 7 from the refrigerant container 6 for 
expanding the pipe and the refrigerant containers 5 for form 
ing the ice plugs. In the above step, the ethanol 7 can be 
removed by opening valves 13 for drainage placed in the 
refrigerant containers 5 for forming the ice plugs and the 
refrigerant container 6 for expanding the pipe. 
[0028] Next, the reason Why the expansion of a pipe 1 gives 
a circumferential compressive residual stress on an inner 
surface 11 Will be described With reference to FIGS. 2A and 
2B. 
[0029] FIG. 2A shoWs the state of strain and stress on an 
inner surface of a pipe, and shoWs that the state of the strain 
and stress migrates from a state 14 Which indicates a state 
before the execution, through a state 26 at Which an expansion 
of the pipe due to the execution has been ?nished, to a state 27 
Which indicates a state after the execution has been ?nished. 
FIG. 2B shoWs the state of strain and stress in an outer surface 
of the pipe, and shoWs that the state of the strain and the stress 
migrates from a state 22 Which indicates a state before the 
execution, through a state 23 at Which the expansion of the 
pipe due to the execution has been ?nished, to a state 24 Which 
indicates a state after the execution has been ?nished. 

[0030] Generally, in states 14 and 22 before the execution in 
the vicinity of butt-Welded parts 2 of a pipe 1, residual stress 
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is generated due to Welding. The residual stress is tensile on 
the inner surface of the pipe and compressive on the outer 
surface. Strain 15 generated by the expansion of the pipe 1 is 
greater in a state 26 of the inner surface of the pipe than in the 
state 23 of the outer surface, due to a difference of diameters 
betWeen the inner and outer surfaces. Because the tensile 
stress is applied, during expansion of the pipe, to the starting 
state 14 at Which the tensile residual stress Works on the inner 
surface of the pipe, plastic deformation 16 occurs on the inner 
surface earlier than on the outer surface When the pipe is 
expanded. For this reason, plastic deformation is given to the 
inner surface more than to the outer surface, by the expansion 
of the pipe 1. 
[0031] When internal pressure Which has been once 
increased by the expansion of a pipe decreases due to the 
melting 30 of the ice plug 9, strain corresponding to elastic 
deformation starts returning on the inner and the outer sur 
faces of the pipe. At this time, the strain 17 corresponding to 
the elastic deformation on the outer surface remains as tensile 
residual stress Without completely returning because much 
strain has been applied to the inner surface of the pipe, and 
Works as a driving force for applying the compressive residual 
stress to the inner surface of the pipe. 
[0032] Cooling of the outer surface by using a refrigerant 
container 6 for the expansion of the pipe is ?nished When not 
less than tWice amount of strain for causing plastic deforma 
tion, Which is estimated from stress-strain characteristics of a 
pipe material, speci?cally the strain of not less than 0.4%, has 
been applied to the outer surface of the pipe, because the outer 
surface of the pipe is generally in a state 22 of compressive 
residual stress before the execution. 

Embodiment 2 

[0033] Another embodiment of an execution method 
according to the present invention for converting tensile 
residual stress Working on an inner surface of a Welded part of 
a pipe to compressive residual stress With use of an ice plug 
formed by cooling the pipe from the outer surface Will be 
described With reference to FIG. 3. 

[0034] FIG. 3 shoWs an embodiment of an execution 
method Which is applied to the vicinity of a butt-Welded part 
of a pipe With a large inner diameter, and comprises the steps 
of: placing refrigerant containers 5 for forming ice plugs in 
the upstream and doWnstream of the butt-Welded part of the 
pipe; cooling an outer surface of the pipe to form the ice 
plugs; and then cooling an outer surface of the pipe With use 
of at least one refrigerant container 6 for expanding the pipe, 
Which is arranged betWeen the refrigerant containers for 
forming the ice plugs. 
[0035] In the embodiment in FIG. 3, there is an edge prepa 
ration part 3 With a partially-thin thickness in the vicinity of 
the butt-Welded part 2 of the pipe 20 With a large inside 
diameter. The pipe 20 With the large inside diameter is ?lled 
With Water 4. At least one curved pipe or elboW 21 is selected 
from each of the up stream and doWnstream of the butt-Welded 
part 2 of the pipe 20 With the large inside diameter, and 
refrigerant containers 5 for forming ice plugs are placed there 
and at least one refrigerant container 6 for expanding the pipe 
is placed betWeen the refrigerant containers 5 for forming the 
ice plugs. A strain gauge 18 is placed on the outer surface 12 
of the edge preparation part 3 With the partially-thin thickness 
in the vicinity of the butt-Welded part 2. The Zero point is 
corrected, and a measuring instrument 19 is connected to the 
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strain gauge 18, so as to measure circumferential strain gen 
erated When the pipe is expanded. 
[0036] At ?rst, an ice plug 9 is formed in an elbow 21, by 
charging ethanol 7 and dry ice 8 into refrigerant containers 5 
for forming ice plugs, Which have been placed at a curved 
pipe or an elboW 21. The ice plugs 9 are formed so as not to be 
move even When the pres sure are changed during pipe expan 
sion treatment Which Will be described later. A Water-tight 
space 10 is formed in the pipe 20 With a large inside diameter 
including a butt-Welded part 2 betWeen thus formed ice plugs 
9. Subsequently, the inner pressure in the Water-tight space 1 0 
is increased by charging ethanol 7 and dry ice 8 into the 
refrigerant container 6 for expanding the pipe to solidify 
Water 4 in the Water-tight space 10 to form ice 53 and conse 
quently expanding the volume thereof. At this time, driving 
force in a pipe axis direction, Which has been generated by a 
difference betWeen internal pressures on both surfaces of the 
ice plug 9, is supported by a pipe Wall of the curved pipe or the 
elboW 21 having the ice plug formed thereon, Which is per 
pendicular to the driving force. Cooling is stopped to ?nish 
the expansion of the pipe after it has been con?rmed that 
plastic deformation has begun on the outer surface 12, based 
on the circumferential strain of the outer surface 12 of the 
edge preparation part 3 measured by a strain gauge 18 and a 
measuring instrument 19. The cooling is stopped as in the 
case of above described Embodiment 1, by removing dry ice 
8 and ethanol 7 in the refrigerant container 6 for expanding 
the pipe and the refrigerant containers 5 for forming the ice 
plugs. In the above step, the ethanol 7 can be removed by 
opening valves 13 for drainage placed in the refrigerant con 
tainers 5 for forming the ice plugs and the refrigerant con 
tainer 6 for expanding the pipe. 
[0037] Cooling of the outer surface With use of the refrig 
erant container 6 for the expansion of the pipe is ?nished, as 
in the case of Embodiment 1, When not less than tWice amount 
of strain for causing plastic deformation, Which is estimated 
from stress strain characteristics of a pipe material, speci? 
cally the strain of not less than 0.4%, has been applied to the 
outer surface of the pipe. 
[0038] The present invention can be applied to a pipe of 
various materials, and has the effect of inhibiting a butt 
Welded part, particularly of a pipe made of austenitic stainless 
steel, from being subject to stress corrosion cracking. 
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[0039] It should be further understood by those skilled in 
the art that although the foregoing description has been made 
on embodiments of the invention, the invention is not limited 
thereto and various changes and modi?cations may be made 
Without departing from the spirit of the invention and the 
scope of the appended claims. 

1. A method for improving residual stress in a pipe, com 
prising: 

cooling a ?rst outer surface of the pipe to form respective 
ice plugs inside the pipe, 

Wherein the ?rst outer surface is on both sides of a butt 
Welded part of the pipe, and 

Wherein the pipe is a curved pipe, an elboW pipe, or a 
branch pipe; 

cooling a second outer surface of the pipe to expand the 
butt-Welded part and vicinities of the butt-Welded part, 

Wherein the second outer surface is betWeen the ice plugs; 
and 

measuring an amount of strain of a vicinity of the butt 
Welded part generated during the expansion of the pipe. 

2. The method according to claim 1, further comprising: 
stopping the cooling of the outer surfaces of the pipe, based 

on the amount of the strain measured, and stopping the 
expansion of the pipe. 

3. The method according to claim 1, further comprising: 
measuring a circumferential strain of the butt-Welded part 

and the vicinities of the butt-Welded part generated dur 
ing the expansion of the pipe. 

4. The method according to claim 1, further comprising: 
placing a strain gauge on an edge preparation part in the 

vicinity of the butt-Welded part to measure a circumfer 
ential strain of the edge preparation part, the edge prepa 
ration part having a partially-thin pipe thickness. 

5. The method according to claim 1, Wherein in the step of 
cooling the ?rst outer surface of the pipe, a refrigerant includ 
ing dry ice is used to cool the ?rst outer surface of the pipe on 
both sides of the butt-Welded part to form the ice plugs inside 
the pipe. 

6. The method according to claim 1, Wherein the pipe is 
expanded until the amount of strain in the vicinity of the 
butt-Welded part and in respective circumferential directions 
becomes greater than or equal to 0.4% 

* * * * * 


