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Synopsis :

In order respond to the tendency of using stainless steel for automotive exhaust pipes, a
technology of manufacturing high quality ERW stainless steel pipes has been needed.
Roll marks and penetrator defects of welded seam due to formation of oxides easily
occur during the manufacture of ERW stainless steel pipes because the physical
properties of stainless steel are different from those of carbon steel. In the conventional
forming process, lubrication is necessary to prevent roll marks. However lubricant is a
cause of deterioration of welded seam quality. Kawasaki Steel developed a mill using a
new forming process. It is the CBR (chance-free bulge roll) forming mill that can
manufacture high quality ERW stainless steel exhaust pipes with excellent formability.
It has achieved high quality of welded seam in welding with a speed as high as 110

m/min and the suppression of roll marks without lubrication.
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1 Introduction

Flectric resistance welded (ERW) pipes are produced
by continuously feeding a steel strip and forming it into
a cylindrical shape by means of forming rolls and then
by welding the two edges of the open pipe by the high-
trequency welding method. Because the process of man-
ufacturing FRW stainless steel pipes is a continuous one
in the same line. this is onc of the highest productivity
and high rcliability pipe production methods. The usage
of ERW pipes has become widespread and ERW pipes
are being used in increasingly severe applications.

[n the automobile industry, the worsening giobal envi-
roamental problem has promosed the trend toward
cicaner exhaust gas, better fuel consumption. Therefore,
lower weight materials for automotive exhaust systems
and the use of stainless stecl are being rapidly fur-
thered' . Against this background, ERW stainless steel
pipes are being used in parts such as exhaust manitolds
and center pipes in an increasing number ol cases. In
particular, exhaust manifolds are subjected 1o severe
working such as bending and pipe expanding because
they are used in a narrow engine room. Therefore, supe-
rior workability of pipe including the quality of ERW
scams hecomes an important property in addition 1o
strength at elevated temperatures and resistance to oxi-
dation™.

Al Kawasaki Steel, a 2-inch chance-free bulge roll

* Originally published in Kawasaki Stecef Gilo, 29019972, 78--83

Synaopsis:

In order respond 1o the tendency of using stainless
steel for automotive exhaust pipes, o technology of man-
wiacturing high quality. ERW staindess steel pipes has
been needed. Roll marks and penctrator defects of
welded seani due to Jormarion of oxides easily occur
during the manufacture of ERW stainfess steel pipes
because the physical properties of stainless steel are dif-

Jerent from those of carbon sicel In the conventional
SJorming process, lubrication is necessary o prevent rof

narks. However lubricant is a cause of deterioration of
welded seam qualitv. Kawasaki Steel developed o mili
using a new Jorming process. {1 is the CBR {chance-free
hulge roll) forming mill that can manufaciure high qual-
ity ERW stainless steel exhaust pipes with excellent

Jormahility, It has achieved high qualine of welded scam

in welding with a speed as high as 110 mimin and the
suppression of roll marks without lubrication,

(CBRY forming mill was introduced in 1990 in the
small-diameter ERW pipe plant in order to produce
ERW stainless steel pipes for automolive cxhaust sys-
tems® ' The CBR forming mill was developed in order
to improve productivity by the common use of forming
rolls among various pipe sizes, and improve weld gual-
ity and the formability of pipes'"’.

Because stainless steels contain clements that have a
strong affinity for oxygen, such as Cr, oxides cailed pen-
gtrators are apt to remain in the seam during ERW, and
so stainless steels are more difficult to weld than carbon
steels. In order to improve the welded seam quality of
stainless steel, the CBR forming mill features dry pipe
production in addition to the use of the inert gas
shielded welding method. In the dry pipe-making
method, no lubricant is used for the forming rolls
because it is considered to affect the welded seam qual-
ity by increasing the dew pomnt ef the atmosphere!'™,
High-speed (mass) pipe production tests without lubri-
cation were conducted during the start-up of the CBR
forming mill and a high-speed tube production technol-
ogy for stainless steel pipes without lubrication, which
has been considered difficult in the conventional mill,
was established by solving various forming problems.
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This cnabled ERW stanless steel pipes of excellent
welded scam quality to be manufactured.

This reports describes the high-speed tube production
technotogy without lubrication using torming rolls in the
CBR Torming null.

2 Outline of CBR Forming Mill

The CBR forminyg process 1s characterized by a new
bulge roil forming method and a high-accuracy forming
mill that includes cape rolls and flexibility of forming
rolls.

2.1 Forming Flowers

Figure 1 shows the forming flowers of the CBR form-
ing process as compared with those of the conventional
forming process. [n the CBR forming process, the two
cdges of a strip are formed beforchand by edge bend
rolls and the center of the strip is then subjected to bend
forming nto a long and narrow oval-shaped pipe mate-
rul using center bend rolls and cage rolls, The oval-
shaped pipe material is then subjected to overbending at
four pomnts in the circumferental direction of the pipe
using fin pass rolls, and the bulge roll fornung of the
side portion of the pipe and unbending of the overbent
portion are then conducted by reducing the larger diam-
cter of the oval. thereby finishing the oval pipe material
o an open pipe. The CBR forming process thus ditfers
from the conventional crrcular bend  process  that
imvolves gradually bending the whole strip into a circu-
lar arc.

With the edges butted in an l-type torm as shown in
Fig. 1, 1L 1s possible to increase the edpe opening width
Wi after fin pass roll foraung. ie.. the edge opening
width (V-comvergence angle) just before welding owing
to the adoption of this characteristic bulge roll forming
flowers using {in pass rolls. Thus this forming process
cnables high-frequency welding with stable weld scam
quality to be conducted' ',

2.2 Forming Equipment

The line configuration of the CBR torming null is
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Fig. 2 Layout of 27 CBR forming mill for manufac-
turing ERW stainless stee! pipes

shown in Fig. 2. The arrangement of forming stands in
sequence from the upstream forming side 15 as tollows:
edge bend rolls (EB). 4 pairs of center bend rotls (1CB
to 4CBY, 2 pairs of in pass rolls (1F and 2F). rotary
scam puide rolls (RSG)Y and squeeze rolls (SQ). The
range from the exit side of 1CB to the entry side of 1F
is the cage roll forming range (CR). Driving rolls are
used in the 4 pairs of rolls EB, 1CB, 1F and 2F In ths
forming process, the upstream forming rolls used before
fin pass rell forming arc shared among various pipe
sizes and it is possible 1o form ERW stamless steel pipes
of various sizes without roll changing by changing only
the position settings of these rolls, thus greatly improv-
ing the productivity'™"™ The CBR forming mill can
produce ERW stainless steel pipes of 22,2 60.5 mm in
outside diameter and 0.6 2.0 mun in wall thickness.

3 Forming Technology in Pipe Production
without Lubrication

3.1 Control of Roll Marks

Figure 3 schematically shows the cross-sectional con-
tour of the formed strip at the center bend (CB) rolls of
the CBR forming mill as compared with that of the con-
ventional breakdowm (B[2) mill. In the CBR forming
mill. the edges are constrained by the cage rolls and,
therelore, the contact of the center bend rolls with only
the center of the strip will suffice for forming by bend-
ing. Therefore. the width of CB rolls can be made nar-
row and the difference in the roll peripheral speed
hetween the throat portion and the flange portion s
small, suppressing the formation of roll marks. With the
conventional BD rolls. even the edges of the strip are
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Fig. 3 Companson ol forming rolls between CBR

and conventional forming
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constrained and, as a result, the difference m the roll
peripheral speed 15 great and roll marks are apt to oceur.

When the CBR forming process is adopted, fewer roll
marks occur even in fin pass roll forming for the follow-
ing reason. In the conventional formmng process. the

maximum bending moment acts o the side pertion of

the pipe and, at the same time, the edge narrowing by
the rolls at the side portion of the pipe maxinmzes the
contact pressure of the side portion of the pipe with the
rolls at this portion. In the CBR forming process, how-
ever, the maximum bending moment acts on the over-
bent portion rather than on the side portion of the pipe
and the lateral width of the side portion ol the pipe is
narrower than that of the roll caliber. Therefore, forming
is such that the side portion of the pipe is bulged within
the rotl bite and the pressure of contact with the strip at
the roll flange is low, hence the formation of roll marks
is suppressed' . Figure 4 shows the results ol measure-
ment of the contact of the material with the rolls at 1F
using pressure measuring film. o the CBR forming
process, the contact pressure belween the material and
the rolls in the portion corresponding to the roll flange
of two-toil type fin pass is simall. Therefore, it is possi-
ble to suppress roll marks formed in this portion in the
conventional forming process. In actual production. the
prevention of roll marks at the fin pass rolls without
Jubrication was achieved by adopting the bulge roll cal-
iber and divided roll construction.

3.2 Suppression of Decrease in Neutral Axis
Length of Formed Material

A continuous pipe production test withoul lubrication
was conducted in the high-speed range of pipe produc-
tion of 110 m/min and the forming characteristics werc
mvestipated. As a result, the neutral axis length of
formed material on the exit side ol fin pass was found to
deerease. This phenomenon could not be reproduced in
model mill experunents in which small guantities of
pipe were made. The characteristics of this phenome-
non, its causc, and preventive measures are described
below.
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3.2.1 Characteristics of decrease in neutral axis
length of formed material

[n 4 continuous {mass) pipe production test without
lubrication, the line was stopped twice, e, just alier the
start of operation and afler producing about 15 tof pipes
to take samples. Then. chunges in the neutral axis length
of material formed during the forming process were
measurcd and compared. The results are shown in Fig.
5. In the sample of formed material taken after the pro-
duction of about 15t of pipes, the neutral axis length of
formed material on the exit side of the fin pass is small
compared with that ol the sample of formed maternal
taken just after the start of operation and, therefore, the
amount of upset is decreased. This decrease in the neu-
tral axis length of formed material was observed in the
upstream forming stage on the entry side of the fin pass
and the neutral axis length on the exit side of the final
cage zone was about | mm smaller than the neutral axis
length just after the start of production. Tlus  suggests
that the amount of welding upset 1s decreased due to o
decrease in the ncutral axis length of formed material.
When the amount of welding upset 1s insufficient, the
amount of molten metal discharged to the mternal and
external surfaces decreases and penetrator defects are
apt o occur. Therefore. it is difficult to assure the gual-
ity of welded seams.

The amount of upset during the mass production of
pipes may be obtained by increasing the strip width. In
this method, however, the problem of great work harden-
ing of material was considered owing 1o the addition of
an excessive upsct and great circumlerential reduction
of the pipe at the beginning of production. Therefore, 1t
was necessary 1o use another approach.

3.2.2 Clarification of cause

(1y Method of Experiment
A hypothesis of the occurrence mechanism of the
decrease in the newral axis length is tlustrated in Fig,
6. In ERW stainless pipe mills mciuding the CBR
forming mill, the ratio of roll peripheral speed s
raised gradually for each drive stand n order to pre-
vent the rolling movement of strip, and pipes are pro-
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Fig. 6
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duced by providing interstand tension. ln the CBR
forming mill, pipes are produced by increasing the
ratio of throat-diameter-convericd toll peripheral
speed of the first fin pass roll (1F) refative to the first
center bend roll (1CB) by 1%. For this rcason. longi-
tudinal tension acts on the sirip. However. this force
alonc may be insufficient to cause the plastc defor-
mation of the material, so that higher tension may be
necessary. I a compressive foree in the transverse
direction acts in addition to that in the longitudinal
direction during forming, a statc of biaxial stress is
produced and as shown by the von Mises vield condi-
tion, plastic deformation occurs under the action of a
longitudinat stress below the yield stress in a state of
longitudinal uniaxial stress, with the resubt that the
neudral axis length decreases. Therefore, the pipe-
making characteristics were investigated by consider-
ing the longitudinal and transverse stresscs.

Because it is difficult to directly measure the tension
in the mill, changes in torque were measured using
strain gauges attached to the roll shafts of 1CB. Fur-
thermore, strain gauges were attached to yokes of the
cage rolls at the outer of 3CB and changes in the force
acting on the cage rolls were measured. Next, the roll
temperature may rise duc to the generation of triction
heat during pipe production without lubrication.
Therefore, the temperature rise in each roll was mea-
sured and the temperature dependence of the coefhi-
cient of friction was also investigated.

{2} Experiment Results and Considerations
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The results of measurement of the top roll torque of
1CB are shown in Fig. 7. The torque shows values of
directton in which the motor 15 on the generating side
and the torgue value tends to increase with increasing
production amount. Therefore, the longitudinal ten-
sion in the mill increases with increasing production
amount.

The results of measurement of changes in the force
acting on the cage roll are shown in Fig. 8. As with
the longitudinal tension (1CB torque), the torces in
the contact pressure direction and in the thrust direc-
tion (P, and P,) increase with increasing production
amount. It was found that the force in the thrust dirce-
tion P, acts in the dircction in which the roll is lifted
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Fig. 7 Effect of pipe preduction amount on roll

torque of No. | CB roll

Strain gauge # .

Cage roll
(CR.5)

Strain gauge +|

Ij Juest after start of production of stainless steel pipe

% After producing 15 1 stainless steed pipes
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Fig. 8 Variation of forces acted in cage roil

up. This means that conversely, a compressive force in
the transverse direction acts on the matenal side due
to the action of P,.

Therefore, the forces acting on the cage roll in the
contact pressure direction and in the thrust direction
were considered as follows. The mechanism by which
the transverse compressive force is produced by the
cage roll is shown in Fig. 9. In the cage zone in which
the flat sheet is formed into a cylinder, this formation
occurs during the rising movemnent of the edges. In
contrast to this, because the direction of the cage roll
axis is perpendicular to the direction of the mill line,
the direction of roil rotation is different form the pass-
ing direction of material. The material is formed dur-
ing an upward slide over the roll surface when 1t
passes each roll, with the formation of a thrust force
(friction (oree) P, in the direction in which 1l raises
the roll. The reason why this force in the thrust dirce-
tion increases with longitudinal tension may be that

KAWASAKI STEEL TECHNICAL REPORT



Passing direction of material

T Material slip (Friction foree 1)

Material (-';111“ ‘ ™~ Direction of roll rotation

roll %

I . )
FForming direction
Lotlom Roll axis —

Fig. 9 Formation mechanism of friction force act-
ing on cage roll

FFarce in longitudingl
direction

— _L’

Cage rall

Forming direction

Fig. 10 Relation between longitudinal force and
forces acting on cage roll

the force in the contact pressure direction Py increases
as the strip tension increases. with the result that Py,
which is a component of 4P, (u denotes the coelfi-
cient of {riction), also increases as shown in Fig. 10

This would suggest that a decrease in the neutral
axis length of sheet material occurs because the action
of the longitudinal tension and that of the transverse
compressive force by the cage roll producce a state of
biaxial stress.

The reason why the neutral axis length deereased
during the continuous production of a large amount of
pipe may be the rise in the roll temperature, since the
temperature of the fin pass roll (1F) rose to about
[50°C after the continuous production of about 15t of
pipes. It seems that the tension acting on the strip s
correlated with the friction force P between the roll
and the material. Because the coefficicnt of friction u
has temperature dependence as shown in Fig. 11, gb
is related o the roll temperature which is raised by the
heat of friction. [n other words, because the roll tem-
perature rises during the mass production of pipes and
g increases, the longitudinal tension increases.

3.2.3 Preventive measures

Because it was estimated that the decrease in the
neutral axis length is caused by the action of longitudi-
nal tension and that of a transverse compressive force by
the cage roll, measurcs were taken to reduce these
actions.

The measure to reduce the transverse compressive
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force by the cage rofl is shown in Fig. 12. An increasc in
the force in the thrust dircction was suppressed as shown
in Fig. 13 cven during continuous pipe production by
skewing the cage roll axis so as to reduce the differcnce
between the dircction of roll rotation and the passing
direction of material. The level of this stress was about
1/4 the observed before the improvement.
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Next, the longitudinal tension in the forming region of
the cage roll was reduced by reviewing the ratio of roll
throat peripheral speed of 1F to that of 1CB. Figure 14
shows the relationship between the roll throat peripheral
spead of 1F to that of 1CB and roll torque. It is apparent
that the 1CB torque is on the drive side at the ratio of
peripheral speed of not more than about 98% and on the
generating side at the ratio of peripheral speed of 98%
or more. When the ratio of peripheral speed is 97%, the
strip is strongly pushed in by 1CB and the strip vibrates
vertically between 1CB and 2CB, making forming
unstable. Furthermore, because tension tends to be loose
at the Teading and trailing ends of the strip and comes to
the compressive side when the ratio of peripheral speed
is set at a lower level, a ratio of peripheral speed of 99%
at which about 200 N-m of generating side torque (1CB)
is penerated was sclected so that tension remains on the
tension side in the longitudinal direction of the strip.

Figure 15 compares the results of measurement of
ICB torque during continuous pipe production before
and after the review of the ratio of peripheral speed. An
increasc in the 'CB torque was suppressed cven during
continuous pipe production because the ratio of periph-
cral speed was set at 99% and the level of this torgque
was about 1/2 that observed before the improvement.
Furthermore, because the ratio of peripheral speed was
roviewed, a rise in the fin pass roll temperature
decreased as shown in Fig. 16. Thus, this (emperature
was held to 70°C or under. The force in the contact pres-
sure direction was also reduced as shown in Fig. 13
because the ratio of roll throat peripheral speed was
reviewed.

Owing to these measures, the neutral axis length of
formed materiat did not decrease and stable forming was
achicved cven when the maximum mill speed was
increased 1o 110 m/min without lubrication of {orming
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roils. Commercial production was started afier the estab-
lishment of this high-speed pipe production technology
without lubrication. Although it was initially considered
that this variation could be suppressed by lubricating
rolls with soluble oil, etc., the above measures were
tuken to improve the welded seam guality of stainless
steel.

4 Quality Characteristics of ERW Stainless
Steel Pipes for Exhaust Gases
4.1 Quality of Welded Seams

Sharpy impact test picces were prepared by flattening
pipe and the effect of forming roll lubrication on the
toughness of welded seams was investigated. The results
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of the investigation are shown in Fig. 17. The lubricated
samples were produced in Kawasaki Steel’s conventional
mill and water-soluble oil was used as the lubricant. it s
apparent from Fig. 17 that the nonlubricated sample 18
superior o the lubricated one in the toughness of welded
seams. Photo 1 shows the SEM 1mages of the fractured
surface of the Sharpy mmpact test piece. Many penetra-
tors are abserved on the fructured surface of the lubri-
cated sample, probably due 1o the bonding of the oxygen
in the lubricant to Cr. In the nonlubricated sample, there
is no penetrator and a sound welded seam is obtained.
The new high-speed stable forming technology without
lubrication greatly improved the quality of welded
scams of ERW stainless steel pipes after inert gas sealed
welding,

4.2 Production of Ultra-Thin-Walled Pipes

In the CBR forming mull, the stable forming or thin-
walied pipes in which the formation of edge waves is
suppressed can be achieved for the following two rea-
sons. First, is smoothly
changed and redundant strain in the strip is minimized
by the cage roll forming process, which allows the edges

the cross-scctional contour
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of strip to be continuously constrained at short intervals.
Second, the diameter in the vertical direction of the open
pipe is compressed during the bulge roll forming at the
fin pass rolls and, therefore, the bottom portion of the
open pipe is easily elongated in the longitudinal dirce-
tion. In the conventional breakdown mill, forming 1s
conducted in a stepped manner and the cross-sectional
contour chanpes abruptly. Therefore, excessive clonga-
tion called edge stretch occurs and edge waves are apt 10
be formed, making it difficult to form ultra-thin-walled
pipes 0.6 to .8 mm in thickness. In the CBR forming
mill, however, such ultra-thin-walled pipes can be pro-
duced as shown in Photo 2 and commercial production
of these pipes has already been started.

4.3 Elongation Property of Product Pipes

The elongation property of product pipes in the ten-
sile test of pipes (JIS No. 11 test piece) is shown in Fig.
i8. Because the work hardening of material during the
forming process is small in the CBR forming mill'”. it
is possible to produce ERW stainless steel pipes that
have & high elongation property comparad with the con-
ventional mill.

5 Conclusions

In order t¢ improve the quality of welded scams of
ERW stainless steel pipes for automotive exhaust sys-
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tems that must provide high formability, a high-speed

stable tube production technology without the lubrica-

tion of forming rolls was established, and the quality
characteristics of product pipes were investigated. The
following results were obtained:

(1) The formation of roli marks was suppressed by cage
roll forming and bulge roll forming and the preven-
tion of roll marks during rolling without lubrication
was achieved.

2y The forming problem of a decrease in the neutral
axis length of formed material, which occurred in the
continuous pipe production test without lubrication,
wus solved by optimizing the interstand tension and
skewing the cage roll axis. Stabilization of forming
and welding was thus achieved in the rolling without
lubrication and commercial production has been
started.

(3} Because of the successful establishment of a high-
speed stable forming technology without lubrication,
a completely nonoxidizing atmosphere was produced
and the quality of welded scams of ERW stainless
steel pipes after inert gas shiclded welding was
improved substantially.

(4) The formation of edge was suppressed by the bulge
roll forming at the fin pass rolis and stable production
of ultra-thin-walled pipes 0.6 to 0.8 mm in thickness
became possible.

(5) The work hardening of material during the forming
process was suppressed, allowing ERW stainless stecl
pipes with a high elongation property to be produced.
Kawasaki Steel has established a high-specd tube pro-

duction technology for ERW stainless steel pipes for

automotive exhaust systems by the CBR forming mull
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that has various excellent characteristics as mentioned
above.
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