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1 Introduction

Seamless modified 9Cr-IMo steel tubes and pipes
(ASME SA 213 T21 and SA 335 P91) are being increas-
ingly used in boilers operated at high temperatures.
Many trials on the production and fabrication for appli-
cation 1o boilers have been reported for this steel'™”
High-alloy steel tubes are generally manufactured by the
hot extrusion process due to the poor hot workability,
and modified 9Cr-1Mo steel tubes are usually produced
by this process. However, the Mannesmann process is
superiot 1o the extrusion process in production cffi-

* Originally published in Kawasaki Steel Giho, 22(1990)4, 257-
265
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Svnopsis:

The production of seamless modified 9Cr-IMo steel tube
by the Mannesmann process was studied regarding the hot
workability and heat-treatment conditions. The mechanical
properties of the base metal and welded joints, and the
Charpy absorbed energy and precipitation behavior after
long-time aging were also investigated. The hot workability
of modified 9Cr-IMo(191} steel was found to be inferior
to that of low-alloy steel, but the steel tube and pipe can
be produced by optimizing the rolling conditions and by
reducing the S content. The tensile strength at elevated
temperatures and the creep rupture strength of T9I steel
pipe were excellent and satistied ASME specifications. The
tensile, impact, and bending properties of mechanized
GTAW girth welded joints were sufficiently good. The
Charpy absorbed energy of T91 steel pipe decreased after
aging at 350-65FC, but retained a good enough value,
this decrease being most marked at 60PFC due ro the
increase in coarse (FeCr);Mo precipitates identified by
SEM  observation. Hot-finished tube produced by the
Mannesmann process showed equivalent properties to
those of cold-finished tube, with sufficient dimensional
accuracy.

ciency and dimensional accuracy. One problem with the
latter process is scoring which appears easily at the rolling
stages of the piercing mill and mandrel mill. The newly
developed MAP system® (mandrel mill pass schedule
design system) has solved the problem for the mandrel
mill by adopting a suitable caliber design and appropri-
ate rolling schedule. The piercing mill, on the other
hand, still requires a suitable solution for the problem.
Cold-finished tubes have traditionally been used for
superheaters and reheaters owing to their good dimen-
sional accuracy and low internal surface roughness, but
the adoption of hot-finished tube has recently been
increasing. This is due to the development of betier
hot-finished tube with good dimensional accuracy as
well as to the economic advantages. Kawasaki Steel has
developed the method for producing modified 9Cr-1Mo
tube by the Mannesmann process and has gained con-
siderable experience in its production and application.
This paper reports a study on the hot workability and



heat treatment required in the production of T91 steel
tube and P91 pipe, as well as various other properties.

2 Materials and Experimental Method
2.1 Materials

The chemical compositions of the steels produced
from 100 kg ingots for the laboratory tests are shown in
Table 1. No.1 steels were used for the Gileeble test with
varying S contents from 0.001 to 0.003 mass %, and
No.2 and No.3 steels, which correspond to ASME SA
213 T9 and T1 steels respectively, were tested for com-
parison. The effects on mechanical propertiecs of heat
treatment conditions for normalizing and tempering
temperature were studied with No.4 steel.

The sizes and chemical compositions of the tested
mill products are shown in Table 2 as A~D. Stecls A,
C and D were seamiess cold-finished tubes produced by
the Mannesmann mandrel mill process with subsequent
cold drawing, and steel B was a seamless hot-finished
pipe produced by the Mannesmann plug mill process.

An example of the size and chemical composition of
hot-finished tube for testing is shown as E in Table 2.

2.2 Experimental Methods
2.2.1 Hot workability

Hot workability was evaluated for the critical reduc-
tion by the Mannesmann effect with a model piercing
mill test or for the reduction of diameter by a high-
temperature/high-speed tensile test (the Gleeble test).

2.2.2 Properties of the cold-finished tube and
hot-finished pipe

Various tests were performed: cross sectional
microstructure test; flattening and flaring tests; high
temperature tension and creep rupture tests with round
bar of 6-mm diameter and 30-mm GL test pieces taken
from mid thickness for longitudinal direction; ash corro-
sion test with synthetic ashes; welded joint test; and
impact test after long time aging.

Both similar welded joints in T91 and dissimilar joints
in T91 and STBA24 were tested. Tahle 3 shows the
tubes that were tested for mechanized GTAW girth
welding, and Table 4 shows the chemical composition of
the materials tested.

2.2.3 Properties of the hot-finished tube

Measurements of the dimensional accuracy, flatten-
ing and flaring characteristics, and mechanical properties
were taken.

Table 3 Base metal and welding material for simifar
and dissimilar joints

Tested tube Welding material

Simnilar joint 5A213 T91/5A213 T91

SA213 T91/STBA 24

KT-% CM(1.2 mm ¢}

Dissimilar joint KT-2CM(1.2 mm ¢)

Table | Chemical compositions of steels for laboratory tests (mass %)

Steel No. C Si Mn P S Cr Mo Nb A% N ASME

1 0.09 0.3 (.40 0.015 0.001~0.003 9.0 1.0 0.09  0.20  0.04 T9l

2 0.11  0.49  0.43  0.010 0.004 8.9 1.0 — — 0.01 T9

3 {015 023 051  0.014 0.078 — 0.54 — — -— TL

4 o9 030 0,43  0.008 0.003 9.1 1.0 0.C8 0.20 0.04 TS1

Table 2 Sizes and chemical compositions of the tested mill products
| s ‘ Chemical composition (mass %)
Steel AR — : : Products
{mm) | c Si Mn P s cc Mo Nb 0V N

A | 50.8¢4x10.8¢ ‘ 0.10  ©0.39  0.39 6,008 0.063 8.46 1.0l ©.078 0.20 0.038 | Cold-finished tube
B |355.6¢x 22 ¢10,10  0.39 0.39  0.008 0.003 846 1,01  0.076 0.20  0.038 , Hot-finished pipe
C | 508gx 5.0£[0.09 0.27  0.44  0.008 0002 9.15 0.99 0.080 0.20 0.041 | Cold-finished tube
D | 50.8¢x 6.0¢[0.09 0.3 0,37 0.008 0.004 B.50 099  0.079 0.20 0.034 | Cold-finished tube
E | 42.4¢x 4.5¢(0.10  0.37 032  0.018 0.002 860 093 0.077 0.19  0.037 | Hot-finished tube
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Table 4 Chemical compositions of base metal and welding material for similar and dissimilar joints

(mass %)

steel in its hot workability, and that reducing the S con-
tent was effective for improving hot workability at
1150-1250°C. In addition to reducing the S content for
mill preduction of T91 and P91 steel, the billet heating
temperature, roll gap, and the setting position and sur-
face temperature of the plug in the piercing mill were
optimized by Kawasaki Steel to establish the best
method for producing this steel tube and pipe without
internal defects.

3.2 Laboratory Tests en Normalizing and
Tempering Conditions

The CCT curve for T91 steel was first examined
before studying the heat treatment conditions and is

Testing temperature ('C)

Fig. 1 Temperature dependence in reduction of dia-

meter of T91 by Gleeble test

shown in Fig. 2. The M, temperature is about 400°C
and the Vickers hardness is almost constant over a wide
range of cooling times to 10*s.

The effects of heat treatment conditions on the
mechanical properties were studied by changing the
normalizing temperature from 1004 to 1075°C and the
tempering temperature from 730 to 820°C. Both the
0.2% PS and TS were a little higher after normatizing at
1050°C or higher than after normalizing at 1025°C or

Tested material C Si Mn P S Cr Mo Ni Nb v N
(ppm)
SA 213 To1+ 0.10 0.39 0.39 0.008 0.003 B.46 1.01 0.10 0.078 0.195 430
STBA 24% 0.12 0.34 (.44 G.G09 0.005 2.10 0.98 (.03 — —_ 68
KT-9CM 0.08 0.30 0.79 0.002 0.002 9.27 1.01 0.67 0.022 0.150 140
KT-2CM 0.12 0.30 0.75 0.002 0.003 2.49 1.06 - — - 16
$150.8mm ¢x10.8 mm¢
T T T T T T -
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Fig. 2 CCT diagram of T91
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mechanical properties

temperature on

fower, but the normalizing temperature had little effect
on the tensile properties. The specification of HRC
being less than or equal to 25 was not satisfied when
tempered at 730°C or lower for all normalizing tempera-
tures. The mechanical properties of this steel when nor-
malized at 1050°C and tempered at between 730 and
820°C are shown in Fig. 3. The tensile strength was
higher after tempering at 730°C or less and decreased
greatly after tempering at 820°C. Optimum strength
could be obtained by tempering between 760 and
790°C, with little dependence on the tempering temper-
ature within this range.

These experiments indicated that the optimum nor-
malizing temperature was 1050°C, which is the critical
temperature to avoid coarsening of the austenite grains,
and that the optimum tempering temperature lay be-
tween 760 and 790°C.

3.3 Progperties of Cold-Finished Tube and
Hot-Finished Pipe

The normalizing and tempering temperatures were
chosen as 1050 and 790°C, respectively, based on the
foregoing results.

33.1 Macro- and microstructure

Exampies of the macro- and microstructure of the
tube and pipe are shown in Photes 1 and 2. Both the
tube and pipe show a uniformly tempered martensitic
structure, and the cross-sectional photograph shows no
defects and a good shape.

No. 25 September 1991

Pipe : 3356 mmg X 22 mmt  —

Tube: 50.8 mmeg % 10 8 mm¢

1

Macrostructure of modified 9Cr-1Mo tube
and pipe

a,b:50.8 mmeg =< 10.8 mmi

c,d: 3556 mme¢ ¥ 22 mm!

Photo 2 Microstructure of modified 9Cr-1Mo tube
and pipe

33.2 Flattening and flaring tests

Phote 3 shows the test results after flattening and
flaring of tube A. No cracking was observed after con-
tact-flattening, and good elongation of more than 280%
was obtained in the flaring test.

3.3.3 Mechanical properties at elevated temperatures

The results of tensile tests at elevated temperatures
are shown in Fig. 4 for the L-direction of the tube and
C-direction of the pipe. The same strength properties
were obtained independent of the product size or test
direction equivalent to the figures obtained in other
tests. Figure 4 also shows the minimum value of 0.2%
PS and TS reported by Oak Ridge National Laboratory
{ORNL), the obtained values being sufficiently high
compared to the ORNL values.

The results of creep rupture tests are shown in Fig. 5,
the average value line and minimum value line also
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Flattening test
a: First step, no crack

Flaring test
¢ First step, no crack

H =409 mm Expansion rate = 1.38
b : Second step (contact), d : Second step (crack initiation)
no crack Expansion rate = 2.95
H =265 mm

Photo 3 Appearance of flattening and flaring tested
specimens

-
40k s B
F F g ] g = i
Soff emsagpab® .
o
it
ooby 0 T ORNL mun. stress §
™ TS
soops e 1
hlam oy
Sao0r? g e, ® T
g % - 4 g »
o a8 .
Ed00f L N S 7
£ T T e
5% 300} 02%PS T .
o~
(=3
200 - , N - o~ b
—+ Spec.min. 'S or TS at Rl
ook 24 AB0BEX108 (L) L
oRBIS6edx228(C) &
0 1 1 L L b 1 1
0 100 200 300 400 300 K00 700 BOO

Temperature(C)

Fig. 4 Temperature dependence of short time tensile

properties

400 T T T — T T T T T
3007 "_:':‘_ .;.’_ - == - N
200 R ey )
K SR e T
= = -~ Sy - o
= oo Sl :
T —“‘*‘A‘: w. O B Bl 3
g 1001 T 4o
= r
uwi + a A(50.8 mmg) R JiﬁU“C/
r(]: » B(355.6 mmg) s Spec.min.av.stress | “--174-
5 I : g((ggg gfrlnlgg + Spec. min. min.-stress
o Hot finished tube
30 TR A AT Lol L8 11l
10 10% 10? 104

Time to rupture (h)

Fig. 5 Stress—time to rupture curves at 550, 600, and 650°C

being shown. Linear extrapolated values to 10° h satisly
the minimum values calculated from the ASME maxi-
mum allowable stress, which is shown on the right-hand
side of the figure.

3.3.4 Properties of welded jeinis

Welding was done by mechanized GTAW girth
welding, the first layer being welded without preheating
(welding current 140-220A, welding voltage 11-13V)
after which 8 layers were welded in 2 passes with an
inter-pass temperature below 250°C.

Table 5 shows the tensile and bending test resulis on
the welded joints after a post-weld heat treatment
(PWHT) of 740°C for lh. The fracture position in the
similar-metal joints was in the base metal and the ten-
sile strength of the joint was the same as that of the
base metal. The fracture position in the dissimilar metal
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Table 5 Test results of welded joints

Tensile test(JIS Z 31213  Bend test
Condition of Welded S (JISZ 3122)
PWHT Joint TS Fracture |————-
(MPa) position Face | Root
] )

" Similar 70.7 BM B __Good Good
(ToL/T91) 69.4 BM Good | Good
740°Cx1h 7 BM T
(TP=120.3) Dissimilar 53.9 (STBA 24) Gaod | Good
(To1/ - ~

STRA 24} BM
! 53.2 (STBA 24) | Good | Good

joints was in the STBA24 base metal. No cracking was

observed after the bending test.

Figure 6 shows the Charpy impact test results from

KAWASAKI STEEL TECHNICAL REPORT
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Fig. 6 Charpy impact value of welded joints

the similar and dissimilar metal joints after PWHT of
740°C for 0.5h. The impact value was highest in HAZ,
next at the bond, and lowest in the weld metal (WM)
for both the similar and dissimilar metal welded joints.
The impact value for WM of the similar metal joints
was more than 80 J/cm’, and that of the dissimilar
metal joints was more than 160 J/cm?, these values
being satisfactory. (Good matching was confirmed be-
tween dissimilar welding materials of T91 and STBA24
steels when using STBA24 welding material. Figure 7
shows the maximum and minimum hardness depend-
ence on the PWHT conditions, the maximum hardness
decreasing to less than Hv 300 with a tempering para-
meter (TP) greater than 20.0. Softening in HAZ was
observed in the hardness distribution, but the fracture
position in the tensile tests were confirmed not to be in
this sofiened area as already mentioned.

The recovery of impact energy in the girth welded
joint of a boiler tube might be insufficient due to the
comparatively short time for PWHT. In such a case, it
is necessary to improve the absorbed energy in the as-
welded condition. Figure 8 shows the influence of wire
feed rate and inter-pass temperature on the absorbed
energy of the weld metal. In the case of a high wire
feed rate such as 7 g/min, the absorbed energy is low
for both continuous welding and at a low inter-pass
temperature of less than 250°C. The absorbed energy
can be greatly increased by controiling the inter-pass
temperature with a decreased wire feed rate, this

No. 25 September 1991
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Fig. 7 Change in hardness at welds and HAZ with
PWHT temperature 7(°C) and time ¢(h)
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Fig. 8 Influence of wire feed rate and inter-pass tem-
perature on absorbed energy of welds

increase being more marked when the inter-pass tem-
perature is less than 250°C. A fine microstructure is
obtained due to the reheating eflect when the inter-pass
temperature less than 230°C.

It is most effective to control inter-pass temperature
to less than the M, temperature, or preferably less than
250°C, and to control the wire feed rate to less than
about 5 g/min.

3.3.5 Ash corrosion test

Test resuits of hot corrosion by synthetic ash are
shown in Fig. 9, with the figures for STBA24 and
SUS321H added for comparison. The experimentat con-
ditions for the synthetic ash and gas compositions and
for the SO; content are shown in the figure. The corro-
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Fig. 9 Corrosion weight loss by ash corrosion test

sion resistance of T91 steel was between those of
STBA24 and SUS321H, and it increased with Cr con-
tent.

3.3.6 Precipitates and impact properties after aging

It has been pointed out that the impact energy of
9-12Cr steel decreased with aging time, and that this
behavior was closely related to precipitates.”'" Many
suggestions for the decrease in impact energy with
aging treatment were pointed out concerning such
aspects as coarsening of M»;C, precipitates, an increase
in precipitates of mainly M;:C,, carbide, and the precipi-
tation of Fe;Mo, but no decisive reason was presented.
A study on the effect of long-term aging on impact
energy change has been performed in detail at 550°C,
but few studies have been performed on this steel at
600°C or 650°C thal can be used to assess an accelerat-
ing precipitation behavior above that at 550°C. As boiler
tube js used for a long time at high temperatures, the
relationship between the change of microstructure
(especially the morphology) and the amount of precipi-
tates and the impact property was studied to better
understand the effect of long-term aging.'”

The change of Charpy absorbed energy at 0°C, £,
after aging for 1000h at between 550 and 650°C was
examined. There was no clear change until after 100h,
but the absorbed energy decreased in a temperature
range of 550-625°C after more than 300h, and
decreased further excluding aging at 650°C for 1000h,
On the bases of this findings, long-term aging was per-
formed at 600 and 650°C, the changes of £, for
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specimens aged at 600 and 650°C being shown in Fig.
10. Here, vE, decreased with increased aging time at
600°C after more than 100h, and was particularly
marked till 2000h. However, vE, was about 100J even
after aging for 10000h and this is a satisfactory value in
practice. The vEp decreased after more than 1000h
aging at 650°C, but the decrement was smaller than that
at 600°C.

The change in composition of the residue extracted
from the specimens after aging at 550-650°C for 100-
1000h and longer at 600°C is shown Fig. 11. The con-
tents of V and Nb were constant independent of aging
time at any temperature. The contents of Cr, Fe and
Mo increased with increasing aging time at 550 and
600°C, while that of Fe decreased at 650°C. The extract-
ed residues increased with increasing aging time, the
increment being largest ai 600°C.

Several reasons for the change of impact properties
after long-term aging are possible: (1) change in (he
tempered martensitic structure, (2) change in the hard-
ness {strength), and (3) change in the amount, mor-
phorogy, size and site of precipitates. No obvious
change was observed in the tempered martensitic struc-
ture, and almost no change was observed in the Vickers
hardness.

The relationship between the increments of Mo and
Fe+Cr contents in the residue in the normalized and
tempered condition is shown in Fig. 12. The data fit
well with the calculated line obtained by assuming the
formation of Fe.Mo as an intermetallic compound. In
considering the observation of an Fe;Mo type of pre-
cipitate by X-ray and EDX analyses, it was concluded
that the (FeCr);Mo type of precipilate increases with
aging time.

The change of precipitate morphology with aging

KAWASAKI STEEL TECHNICAL REPORT
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time at 600°C is shown in Photo 4 {from SEM observa-
tion. The number of large precipitates increased with
aging time, and they were found more at the pre-aus-
tenitic grain boundaries than within the grains.

The relationship between the decrement of Charpy
absorbed energy and the increment of Mo content in
the residue with aging is shown in Fig. 13, indicating
that the absobed energy decreased with increasing Mo
content. This decrease of Charpy absorbed energy after

No. 25 September 1991

a:AsN+T ¢ 600°C, 5000 h
b:600°C, 1000 h d:600°C, 10 000 h
Photo 4 Change of precipitate morphology with
aging
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Fig. 13 Change in Charpy absorbed energy and Fe +
Cr and Mo contents in residue with aging
time

long-term aging is ascribed to the formation of an Mo
intermetallic compound, namely an (FeCr);Mo precipi-
tate.

Modified 9Cr-1Mo steal showed little change in its
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tempered maftensitic structure and hardness {rom long-
term aging, while the formation and coarsening of the
(FeCr);Mo  intermetallic compound reduced the
absobed energy. However, the Charpy energy exceeded
about 100J even after 10°h, and this figure is high
enough for actual service.

3.3.7 Properties of the hot-finished tube

Although the hot workability of T91 steel is poor,
Kawasaki Steel has pained considerable experience in
the production and application of hot-finished T91 tube
by developing the Mannesmann process to prevent of
scoring and to improve the dimensional accuracy.

(1) Dimensional Accuracy

The dimensional accuracy of tubes of 424

mmOD x 45mmWT and  63.5mmOD x 4.0

mmWT (the numbers show the aimed-for dimen-

sional value) is shown in Fig. 14. The figures satisfy
well the ASTM specifications, and the cross-
sectional dimensions are particularly good as shown

in Photo 5.

(2) Mechanical Properties

Tensile test results for the 42.4 mmOD x 4.5

mmWT tube at room temperature are shown in

Fig. 15. These figures are at the same levels as those

of the cold-finished tube with TS of 676 MPa, 0.2%

PS of 529 MPa, and El of 38% on average. The

impact properties of a half-size specimen are shown

in Fig. 16. The energy value and transition tempera-
ture are equal to those of the cold-finished tube, for
which the shelf energy was about 260J and the tran-

{a) Tube size:42.4 ¢ X 45¢

Wall Thickness
T

Outside Diameter
(mm) T : {mm) .
3.32 t--—— Spec.max
U T d
428 [ Spec. max 4.9~5_011
L 4.4~4.9
425~426] 1 45~18
42.4~425 | 46~47
42.3~42.4 1 45~4.6
422423 ] 44—45
42.1~422 13~44
[ 42430
41.6----3pec. min 4.00 f-~--Spec. min
1 —1 1 1
0 10 20 30 0 10 20 3
Frequency Frequency
(b) Tube size: 6356 X 4.0 ¢
(mm) Outs:dve l}lamclter (mm Wa]]TThlckneis
63.8 |----Spec. max 473 }--— Spec. max
T 4.3~4.4
Gl6~63.7 4.2—4.3
63.5~63.6 41-~42
63.4~63.5 :1.()~4.I
613634 :3.9-"4.0
63.2~63.3 38~139
[ 1738
§2.7 [ - Spec. min 350 -—— Spec.min
: . 1 t t
0 10 20 30 0 10 20 30
Frequency Frequency

Fig. 14 Dimensional accuracy of hot-finished tubes
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Phote 5 Cross sectional stamps of hot-finished tubes
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g. 15 Tensile properties of hot-finished tubes

sition temperature was —55°C.

Creep rupture test results for the hot-finished tube
are shown in Fig. 3, indicating that both are equivalent,
The appearance of the flattened and flared test speci-
mens is shown in Photo 6, indicating good formability.

Modified 9Cr-1Mo steel exhibited no difference in
mechanical properties between cold-finished tube and
hot-finished tube, and in equivalent properties between
the laboratory scale and industrial scale, due to the uni-
form martensitic structure achieved by normalizing.
Hot-finished tube is expected to be used more due to
its economic advantages.
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Test specimen: 16.0 X 5.0{mm), 2 mmV -natch
054.0¢ X80 {(mm) ®#60.3¢X9.0 ¢{mm)
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Fig. 16 Charpy abscrbed energy of hot-finished

tubes

4 Conclusions

The properties of modified 9Cr-1Mo steel pipe and
tube produced by the Mannesmann process were
studied. The results obtained are as follows:

(1) By reducing the S content, optimizing the rolling
conditions, and applying the proper heat treatment,
steel tube and pipe manufactured by the Mannes-
mann process had excellent high-temperature pro-
perties,

(2) The mechanical and impact properties of welded
Jjoints were also outstanding.

(3) Modified 9Cr-1Mo steel showed little change in its
tempered martensitic structure and hardness after
long-term aging, while the formation and coarsening
of an (FeCr);Mo intermetallic compound reduced
the absorbed energy. However, the Charpy energy
was still about 100] even after 10°h, which is high
enough for actual service.

(4) Hot-finished tube was no different in its mechanical
properties from cold-finished tube, and its dimen-
sional accuracy was also just as good. It is expected
that hot-finished tube will be used more widely in
future,

No. 25 September 1991

Flattening test Flaring test
a: First step, no crack ¢ : First step, no crack
b : Second step (contact), Expanston rate=1.19

ne crack d: Second step (crack initiation)

Eepansion rate=1.95

Photo 6 Appearance of flattening- and flaring-tested
specimens of hot-funished tubes
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