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Relative type-1V cracking susceptibility in 2.25Cr-1Mo, 9Cr-1Mo, and 9Cr-1MoVND ferritic
steel weld joint has been assessed. The type-IV cracking was manifested as preferential accu-
mulation of creep deformation and cavitation in the relatively soft intercritical region of heat
affected zone of the weld joint. The type-IV cracking susceptibility has been defined as the
reduction in creep-rupture strength of weld joint compared to its base metal. The 2.25Cr-1Mo
steel exhibited more susceptibility to type-IV cracking at relatively lower temperatures; whereas,
at higher temperatures, 9Cr-1MoVND steel was more susceptible. The relative susceptibility to
type-IV cracking in the weld joint of the Cr-Mo steels has been rationalized on the basis of
creep-strengthening mechanisms operating in the steels and their venerability to change on
intercritical heating during weld thermal cycle, subsequent postweld heat treatment, and creep

exposure.
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I. INTRODUCTION

THE Cr-Mo ferritic steels are widely used in fabri-
cation of power plants and petrochemical industries.
Different grades of Cr-Mo ferritic steel with chromium
in the range 0.5 to 12.0 wt pct and Mo in the range 0.25
to 2.0 wt pct are in use, and the selection of a specific
grade is based on their creep-rupture strength and
oxidation resistance. The Cr-Mo ferritic steels derive
their creep strength from the solid-solution strengthen-
ing, precipitation strengthening by the complex inter-
and intragranular metal carbonitride particles and from
the phase-transformation induced dislocation substruc-
tures. The strengthening mechanisms are vulnerable to
change on thermal and creep exposures, and degrada-
tion in creep strength of the steels occurs on service
exposure. Large-scale plants are usually fabricated
employing fusion-welding techniques. The deposited
weld metal and the heat affected zone (HAZ) of the
base metal of the joint have different microstructures
possessing appreciably different mechanical properties
than the base metal.""? These result in creep-rupture
strength of Cr-Mo ferritic steel weld joint lower than the
base metal due to the different types of cracking
developed during creep exposure.”) Type-IV cracking
at the outer range of HAZ is considered life-limiting
factor of high-temperature welded components fabri-
cated out of Cr-Mo ferritic steels.[*
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To decrease environmental pollution by CO, emis-
sion, the traditionally used 2.25Cr-1Mo steel is now
increasingly replaced by higher creep-resistant
9Cr-IMoVNDb (modified 9Cr-1Mo) steel in an effort
to increase the efficiency of power plants by operating
them at higher temperatures and pressures. However,
many concerns have been reported regarding the
premature failure of welded components fabricated
out of the more advanced higher creep-resistant
ferritic steels.>® This study is concerned with the
relative susceptibility to type-1V cracking under creep
condition in the weld joint of different grades of
Cr-Mo steel. The steels investigated are low-chromium
2.25Cr-1Mo (grade 22) and high-chromium 9Cr-1Mo
(grade 9), and 9Cr-1MoVND (grade 91).

II. EXPERIMENTAL DETAILS

The chemical compositions of the 2.25Cr-1Mo,
9Cr-1Mo, and 9Cr-IMoVND steels are shown in
Table I. The steels were received in normalized and
tempered conditions. The normalization was carried out
at 1223 K for 17 minutes, 1223 K for 15 minutes, and
1333 K for 6 hours; whereas, tempering was carried out
at 1003 K for 1 hours, 1053 K for 2 hours, and 1043 K
for 4 hours, respectively, for the 2.25Cr-1Mo, 9Cr-1Mo,
and 9Cr-1MoVND steels. Similar weld joints of the steels
were fabricated by a manual metal arc welding process
employing a basic coated respective matching weld
electrode. The chemical compositions of the deposited
weld metals are also shown in Table I. The weld pads of
the 2.25Cr-1Mo, 9Cr-1Mo, and 9Cr-1IMoVNDb steels
were subjected to a postweld heat treatment (PWHT)
for 1 hour at 973, 1023, and 1033 K, respectively, and
were subsequently X-ray radiographed for their sound-
ness. Optical metallography, transmission electron

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table I. Chemical Compositions of the Steels and the Deposited Weld Metals (Weight Percent)
Material C Si Mn P S Cr Mo Ni A% Nb N Fe
2.25Cr-1Mo Base metal 0.06 0.18 0.47 0.008 0.008 2.18 0.93 — — — — bal
2.25Cr-1Mo Weld metal 0.05 0.40 0.72 0.02 0.012 2.30 1.10 — — — — bal
9Cr-1Mo Base metal 0.10 0.49 0.46 0.008 0.002 8.36 0.93 — — — — bal
9Cr-1Mo Weld metal 0.12 0.52 0.52 0.003 0.03 8.90 0.98 — — — — bal

0.096 0.32 0.46 0.01
0.098 0.35 0.58 0.011

9Cr-1MoVNDb Base metal
9Cr-1IMoVNb Weld metal

0.008 872 090 0.10 022 0.08 0.05 bal
0.008 8.63 1.02  0.63 020 006 0.06 bal

microscopy (TEM), and microhardness testing were
carried out across the joint of the steels.

To simulate HAZ microstructures, the base steels were
subjected to heat treatments consisting of soaking for
5 minutes at temperatures in the range 973 K to 1333 K
(below Ac to above Acy), followed by oil quenching and
subsequent tempering at respective PWHT conditions.
The simulation of HAZ was based on the detailed
comparison of the prior austenitic grain size, hardness,
and the microconstituents of the 5-minute soaking heat-
treated samples of the steel with those of the actual HAZ
of the steel weld joints.”) Hardness, tensile, and creep
tests were carried out on the heat-treated steels.

Creep tests were carried out on the steels and their
weld joints over a stress range of 50 to 275 MPa at
773 K, 823 K, and 873 K. Creep specimens were of
S5-mm diameter and 50-mm length. Creep-deformation
inhomogeneity across the weld-joint specimen was
monitored by interrupting specially conducted creep
tests at periodic intervals and measuring the distance
between the hardness-indentation marks made across
the weld-joint specimen before creep test. Creep-
ruptured joint specimens were sectioned longitudinally
and mechanically polished to carry out the microhard-
ness testing and scanning electron microscopy (SEM).
A series of SEM photographs were taken of the creep-
exposed weld joints of the steels. The photographs were
analyzed to estimate the accumulated creep cavitation
across the different constituents of the steel weld joints.
Transmission electron microscopy was carried out on
creep-exposed joints of the steels.

III. RESULTS AND DISCUSSION
A. Soft-Zone Formation in Weld Joint of Cr-Mo Steels

Microstructure across the Cr-Mo steel weld joint was
found to vary in a complicated manner. The 2.25Cr-
IMo base metal (Figure 1(a)) and weld metal had
bainitic structure, and the HAZ was comprised of coarse
prior-austenitic grain bainite, fine prior-austenitic grain
bainite, an intercritically heated (between Ac; and Acs)
two-phase region, and an over-tempered (below Ac;)
zone, in an order away from the weld-fusion interface
toward the unaffected base metal..’”? Both the 9Cr steel
(9Cr-1Mo and 9Cr-1MoVND) base metals (Figure 1(b))
and weld metals had martensite structures and the HAZ
consisted of coarse prior-austenitic grain martensite, fine
prior-austenitic grain martensite, intercritical, and over-
tempered regions.® The hardness across the joints of
the steels varied significantly (Figure 2). A relatively soft
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Fig. —TEM micrographs of the steels (a) 2.25Cr-1Mo and (b)
9Cr-1MoVNb.

zone was observed at the outer edge of the HAZ of the
steels weld joints. The hardness variation across the weld
joint was found less in the 9Cr-1Mo steel than that in
the 2.25Cr-1Mo and 9Cr-1MoVND steels (Figure 2).
The microstructures developed across the HAZ and
the location of soft zone in it can be rationalized on the
basis of the peak temperatures experienced by the base
metal during weld thermal cycle and the phase-trans-
formation characteristic of the steel.**”"”! The region of
the HAZ closest to the weld-fusion boundary experi-
ences peak temperature well above the [(x + 7)/y] (Acs)
phase transformation. At these temperatures, the car-
bides that impede the austenite grain growth dissolved,
resulting in the formation of coarse-austenite grain. On
cooling, the coarse-grain austenite transforms into
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Fig. 2—Microhardness variation across the weld joints of 2.25Cr-
1Mo, 9Cr-1Mo, and 9Cr-1MoVND steels.

bainite in 2.25Cr-1Mo steel and martensite in both the
9Cr steels. The prior-austenitic grain size decreases with
increasing distance from the weld-fusion line as the
peak temperature experienced decreases. The HAZ
that experiences peak temperatures just above the
transformation temperature Ac; possesses very fine
(approximately 10 um) prior-austenitic grain. When
the thermal-cycle peak temperature experienced is in
the range between the Ac; [o/(« + y)] and Acs (inter-
critical range), only partial transformation to austenite
could occur during heating of the weld thermal cycle.
The intercritical microstructures resulting on subsequent
cooling would be a mixture of two phases: one being
the freshly formed austenite-transformation product
(bainite/martensite), and the other being the untrans-
formed ferrite (initial tempered bainite/martensite).!”’
Below Acy, the steels merely are tempered.

Intercritical heating of the steels followed by quench-
ing resulted in hlgher hardness than on subcritical
heating (below Ac;).”*) The portion of the ferrite that
had been re-austenitized on intercritical heating trans-
formed into bainite/martensite on quenching to have
high hardness. The untransformed ferrite merely tem-
pered extensively. The temperatures in the intercritical
range are not expected to dissolve the pre-existing
carbides appreciably. The carbides could be either
coarsened by Ostwald-ripening mechanism; whereby,
the relatively coarser particles increase in size at the
expense of the relatively fine particles or the existing
carbides are replaced by higher-order particles. Thus,
the austenite formed on the intercritical heating had
lower carbon content in solution than that expected
from the usual normalization when the majority of the
prior-existing carbides dissolve. The low-carbon austen-
ite transformed on subsequent cooling into bainite/
martensite. On subsequent tempering at temperatures
below Ac;, no further secondary precipitation is
expected in the heavily tempered ferrite and much less
secondary precipitation is expected in the bainite/mar-
tensite derived from the low-carbon austenite. The
microstructural features described above led to an
enhanced recovery in the intercritical structure com-
pared to the other regions of the HAZ on subsequent
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Fig. 3—Variation of hardness with 5-min soaking at temperatures in
the range below the Ac; to above the Ac; of the 2.25Cr-1Mo,
9Cr-1Mo, and 9Cr-1MoVND steels (in tempered condition).

tempering to form a soft zone in weld joint (Figure 2).
The variations of hardness of the Cr-Mo steels with a
S-minute soaking temperature followed by tempering
show lower hardness on intercritical soaking (Figure 3).
The exercise of heating the base steels has proved quite
unambiguously that the soft-zone formation in the weld
joint of these steels (Figure 2) was in the intercritical
region of the HAZ adjacent to the overtempered HAZ
and the unaffected base metal.

B. Creep-Strength Heterogeneity across Cr-Mo Steel
Weld Joint

The variations of creep-rupture life with applied
stress at 823 K of the 2.25Cr-1Mo, 9Cr-1Mo, and
9Cr-1MoVND steels and their weld joints are shown in
Figure 4. The 9Cr-IMoVNDb steel possessed higher
creep-rupture strength than both the 2.25Cr-1Mo and
9Cr-1Mo steels. The 2.25Cr-1Mo and 9Cr-1Mo steels
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Fig. 4—Variation of creep-rupture life with applied stress for the
2.25Cr-1Mo, 9Cr-1Mo, and 9Cr-IMoVNDb steel-base metals and
their weld joints at 823 K.
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had comparable creep-rupture strength. The weld joints
of the steels had lower creep-rupture strength than their
respective base metals. Creep-rupture strength of the
2.25Cr-1Mo and 9Cr-1MoVND steels and their weld
joints at different temperatures are displayed as Larson—
Miller parameter, P = T(C + log ¢,) in Figures 5(a) and
(b), respectively.'!"") The difference in creep-rupture
strength between the base metal and weld joint increased
with an increase in creep-rupture life and testing
temperature, and the difference was found to depend
on the grade of the Cr-Mo steel. At 823 K, the difference
was higher for the 2.25Cr-1Mo steel and lower for the
9Cr-1Mo steel (Figure 4). Macrostructure of the failed
joint specimen (Figure 6) reveals that the failure
occurred in the HAZ close to the base metal, commonly
known as type-IV failure.”

The variation of steady-state creep rate with applied
stress of the different constituents of the 2.25Cr-1Mo
weld joint (viz. base metal, weld metal, coarse-grain
HAZ, fine-grain HAZ, and intercritical HAZ) is com-
pared in Figure 7, showing high creep-strength hetero-
geneity among the constituents of the weld joint.
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Fig. 5—Larson—Miller plots for rupture lives of the steels and their
weld joint of (a) 2.25Cr-1Mo and (b) 9Cr-1MoVND steels.
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The coarse-grain bainitic HAZ possessed the lowest
creep rate; whereas, the intercritical HAZ had the
highest. Similar variations in creep properties among
the different constituents of the 9Cr steel weld joint have
been reported.!"! The existing strength heterogeneity
across the weld joint of the Cr-Mo steels is expected to
yield complex deformation behavior of weld joint
especially under creep condition. Finite-element analysis
of the equivalent creep strain and the principal stress
across the 2.25Cr-1Mo steel weld joint was carried out
employing the creep-deformation properties of the
different constituents of the joint. Figure 8 shows the
variations of creep strain and principal stress across
the 2.25Cr-1Mo steel weld joint creep tested at 823 K and
150 MPa for 500 hours, in both the central and surface
locations of the creep specimen. The analysis predicts a
preferential creep deformation in the soft intercritical
region of HAZ. The experimental-measured accumula-
tion of creep deformation across the different constitu-
ents of the 2.25Cr-1Mo and 9Cr-1Mo steels weld joint
during creep test at 150 MPa and 823 K are compared
in Figure 9. As predicted by finite-element analysis
(Figure 8), a pronounced localization of creep deforma-
tion in the soft intercritical/fine-grain region of HAZ in
the steels weld joint was observed, which ultimately led
to failure of the joints in this zone (Figure 6). A similar
creep-strain concentration in the soft intercritical region
of HAZ was predicted and validated in modified
9Cr-1Mo steel welded pipe by Eggeler et al.l" It is to
be noted that the creep-straining inhomogeneity was
more pronounced in the 2.25Cr-1Mo steel weld joint

Fig. 6—Location of creep failure in the 9Cr-1MoVNDb steel weld
joint.
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Fig. 7—Variation of steady-state creep rate with applied stress of the
different constituents of 2.25Cr-1Mo steel weld joint at 823 K.
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than that in the 9Cr-1Mo steel weld joint (Figure 9), and
this, as discussed later, has a strong implication on the
type-1V cracking susceptibility of different Cr-Mo steels.
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Fig. 8—Finite-element analysis of creep strain and principal stress
across the weld joint of 2.25Cr-1Mo steel creep tested at 150 MPa
and 823 K for 500 h.
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Fig. 9—Progress in creep deformation at 823 K and 150 MPa across
the weld joint of the 2.25Cr-1Mo and 9Cr-1Mo steels.
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C. Characteristic of Type-IV Cracking

Macrostructure of the 9Cr-1MoVNbD steel weld joint
creep tested at 823 K and 160 MPa (¢, = 25,422 hours)
containing the type-IV crack is shown in Figure 10.
Type-IV cracks developed in the central location of
intercritical region of HAZ in the weld joint. Similar
type-IV cracks were observed in the weld joints of the
other two Cr-Mo steels. Coalescence of creep cavities led
to the type-1V cracking. The cracking started at the
central region of the creep specimen and propagated
outward to the surface by coalescence of creep cavities
ahead of the crack. The creep cavitation was predom-
inantly confined to the intercritical region of HAZ
(Figure 11), which experienced more pronounced local-
ized creep deformation (Figures 8 and 9)!'>!¥ leading to
type-1V failure in the intercritical region of HAZ. A
triaxial state of stress developed across the weld joint
during creep test because of the creep-strength inhomo-
geneity across it (Fi%ure 8) and has been reported by
many investigators.'*'>! The highly localized stress
region in the center of the specimen (Figure 8) promoted
creep cavitation at the interior region of intercritical
HAZ (Figure 10), because the creep cavitation is pre-
dominately controlled by the principal stress.l'®! Inter-
rupted creep test revealed that the creep cavities are
associated with coarse-precipitate particles in the inter-
critical region of HAZ (Figure 12).['%13]

Scanning electron microscopy fractographs of the
simulated intercritical HAZ of the 2.25Cr-1Mo steel and

Fig. 10—Macrocrack at HAZ in 9Cr-1IMoVNb steel weld joint
(creep tested at 823 K, 160 MPa, and ¢, = 25,422 h).
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Fig. 11—(a) Preferential creep cavitation in the intercritical region of
HAZ in 9Cr-IMoVNDb steel weld joint (923 K, 40 MPa, and
t, = 15,721 h, and (b) creep-cavity density (nos/mm?) across creep
fractured (873 K, 100 MPa, and ¢, = 12,200 h) weld joint of 2.25Cr-
1Mo steel.

Fig. 12—SEM micrograph of interrupted creep tested (40 MPa,
923 K for 9881 h, and #/t, = 0.64) 9Cr-1MoVNbDb steel weld joint,
showing type-IV creep-cavity nucleation associated with the coarse
particles in the intercritical HAZ.
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its weld joint failed in the intercritical region of HAZ
under creep conditions are shown in Figure 13. Typical
transgranular dimple failure was observed in the simu-
lated intercritical HAZ (Figure 13(a)). Mixed mode
failure comprising transgranular dimple and intergran-
ular creep cavities was observed in the weld joint which

Fig. 13—SEM micrographs (@) ductile dimple fracture in simulated
intercritical HAZ of 2.25Cr-1Mo steel (130 MPa, 823 K, and
t, = 1456 h), (b) mixed-mode dimple and intergranular creep failure
in 2.25Cr-1Mo weld joint (150 MPa, 823 K, and 7, = 1267 h), and
(c) creep cavitation along with creep strain in intercritical HAZ of
2.25Cr-1Mo steel weld joint (150 MPa, 823 K, and 7, = 1267 h).
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failed in the intercritical HAZ (Figure 13(b)). The
localized creep deformation and intergranular creep
cavitation in type-IV cracking (Figure 13(c)) led to
mixed-mode creep failure as illustrated by intergranular
creep cracks surrounded by intragranular dimples in the
weld joint (Figure 13(b)). At higher temperatures,
more predominant intergranular creep cavitation was
observed in the 9Cr-IMoVNbD steel weld joint than in
the 2.25Cr-1Mo steel weld joint. Fine-grain size may
also promote creep cavitation in the intercritical HAZ.
However, the transgranular dimple failure of the sim-
ulated intercritical HAZ (Figure 13(a)) reveals that fine-
grain size of intercritical HAZ might not be the main
reason for the localized creep cavitation in the joint. The
triaxial state of stress resulted from the “‘metallurgical
notch” induced creep cavitation in the soft intercritical
region of HAZ in the Cr-Mo ferritic steels weld joint to
produce type-1V failure.

D. Relative Type-1V Cracking Susceptibility of Cr-Mo
Steels

The reduction in creep-rupture strength of weld joint
depends on the type of the Cr-Mo steel (Figures 4 and 5).
The type-1V cracking susceptibility has been defined as a
percentage reduction in creep-rupture strength of the
steel weld joint compared to its base metal for a specific
creep-rupture life. The percentage reduction in creep-
rupture strength of the weld joint of the steels at 823 K
is compared in Figure 14. The 2.25Cr-1Mo steel was
found more susceptible to type-IV cracking than the
9Cr-1MoVND steel, and the 9Cr-1Mo was least suscep-
tible. The percentage reductions in creep-rupture
strength of the weld joint at different temperatures are
plotted as a function of rupture life for the
9Cr-1MoVND and 2.25Cr-1Mo steels in Figures 15(a)
and (b), respectively. The temperature sensitivity of the
susceptibility to type-1V cracking in the steels weld joint
(strength reduction) was found to be more in the
9Cr-1MoVND steel than that in the 2.25Cr-1Mo steel.
At higher test temperature, the 9Cr-1MoVND steel was
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Fig. 14—Variation of the weld creep-strength reduction percentage
of the steels with rupture life at 823 K.
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found more susceptible to type-IV cracking than the
2.25Cr-1Mo steel.

The type-1V cracking occurs in the intercritical region
of HAZ (Figure 11). The reduction in creep-rupture
strength of Cr-Mo steel weld joint due to type-IV
cracking and the different susceptibility to type-IV
cracking of the steels can be rationalized on the basis
of creep-strengthening mechanisms operating in the
steels and their modification on intercritical heating
during weld thermal cycle and, subsequently, on thermal
and creep exposures.

1. Strengthening mechanism in Cr-Mo steels

The Cr-Mo ferritic steels derive their creep strength
from solid-solution strengthening, dislocation-substruc-
ture strengthening, and precipitation strengthening.['”-'®!
Molybdenum promotes solid-solution strengthening of
the Cr-Mo steels. The 2.25Cr-1Mo steel on normaliza-
tion undergoes transformation to bainitic structure
(Figure 1(a)) and the 9Cr steel to martensitic structure
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Fig. 15—Variation of the weld creep-strength reduction percentage
of the steels (a) 9Cr-IMoVND and (b) 2.25Cr-1Mo with rupture life
at different test temperatures.
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(Figure 1(b)). On tempering, the bainitic/martensitic
lath structures change to subgrain structures by the
lateral fragmentation of laths but still retain a high-
dislocation density. A relatively coarser dislocation
subgrain structure develops on tempering in the bainitic
2.25Cr-1Mo steel than in the martensitic 9Cr steels
(Figure 1).

Tempering of the Cr-Mo steels subsequent to nor-
malization promotes the precipitation of various types
of carbonitride particles. The general sequence of the
pI"GClpltdthH of carbides in 2.25Cr-1Mo steel on tem-
pering has been reported by Baker and Nutting.!'” The
most effective creep strengthening in 2.25Cr-1Mo steel
results from the fine dispersions of semicoherent acicular
Mo,C particles. However, the Mo,C precipitates are
relatively less stable against thermal and creep exposures
and are eventually replaced by molybdenum-rich M4C
through the intermediate precipitation of M,C; (chro-
mium and molybdenum rich) and M»3Cq (chromium
rich)."”) The normalized martensitic 9Cr-1Mo steel
contains autotempered Fe-rich M5C type of carbides.!'”!
During tempering, Cr-rich M»;Cg¢ carbides precipitate at
grain and subgrain boundaries as coarse particles and
serve as agents for stabilizing the subgrain structures
and, thus, indirectly contribute to the creep strengthen-
ing. In 9Cr-1MoVND steel, the additions of V, Nb, and
N ensure intragranular precipitation of highly stable
V,Nb-carbonitrides (MX) particles on tempering and
during creep exposurel?” to confer relatively high creep
strength (Figure 4). The primary (prior existing particles
retained on normalization) NbX particles act as nucle-
ating centers for M»;Cg¢ precipitates and, thus, promote
the precipitation of much finer and higher density of
M,3C; precipitate in the 9Cr-1MoVND steel than in the
9Cr-1Mo steel. Also, V can enter in the M,3Cq to
increase its coarsening resistance against thermal and
creep exposures so that the M,3;Cy precipitates can
stabilize the subgrain structure in 9Cr-1IMoVNbD steel
more effectively for longer creep duration than in the
9Cr-1Mo steel. Laves phase (Fe,M), an intermetallic
compound, is found to precipitate on grain and subgrain
boundaries on thermal and creep exposures in the Mo
and W containing high-chromium ferritic steels. The
precipitation of laves phases is expected to decrease the
solid-solution strengthening but increases the precipita-
tion strengthenmg of the steels, at least when they are
fine in size.? On long-term high-temperature thermal
and creep exposures, modified Z phase, a complex
Cr(V, Nb)N particle, is reported to lprempitate intergra-
nularly in the 9Cr-1MoVNb steel.*"?? They are fine in
size just after precipitation but grow quickly by dissolv-
ing the beneficial MX types of precipitates to accelerate
the recovery process of the steel to decrease its strength
drastically on long-term thermal and creep exposures.

The variation in hardness of the Cr-Mo steels on
thermal and creep exposures at 823 K is shown in
Figure 16. The hardness of the steels decreased more
significantly on creep exposure as compared to thermal
exposure. The combined effect of stress and temperature
in decreasing the dislocation density, coarsening the
precipitates, and increasing the subgrain size have been
suggested to be responsible for the more pronounced
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Fig. 16—Variation of the hardness of the steels on thermal and
creep exposures at 823 K.

degradatlon in strength of the Cr-Mo steels under creep
conditions.”® The decrease in hardness with creep
exposure was comparatively more in the 2.25Cr-1Mo
steel and less in the 9Cr-1Mo steel. This indicates that
the strengthening mechanisms operating in the 2.2Cr-
1Mo steel are more prone to change on thermal and
creep exposures than those in the 9Cr steels.

2. Microstructure and type-1V cracking susceptibility

Type-1V cracking occurred in the intercritical region
of HAZ. Transmission electron microscopy micro-
graphs of the 2.25Cr-1Mo base metal and the intercrit-
ical region of HAZ of the 2.25Cr-1Mo and the
9Cr-IMoVND steel weld joints are shown in Figure 17.
Dissolution and coarsening of the precipitates, as well as
the reduction of dislocation density, were noticed in the
2.25Cr-1Mo steel upon intercritical heating during weld
thermal cycle (Figure 17(a) and (b)). An almost com-
plete absence of Mo,C in the intercritical region of HAZ
in 2.25Cr-1Mo steel weld joint had been reported by
Roy and Lauritzen,” leading to the decrease in
hardness (Figure 2). Energy dispersive X-ray spectrum
(EDXS) analysis of the precipitate particles in 2.25Cr-
1Mo base metal and intercritical HAZ was carried out
(Figure 18). The abundantly present needle-shaped par-
ticles in the 2.25Cr-1Mo base metal (Figure 17(a)) were
molybdenum-rich Mo,C particles (Figure 18(a)). In the
intercritical HAZ, a relatively smaller number of Mo,C
particles was seen (Figure 17(b)), and the relatively
coarser particles were identified as chromium-rich
M,3C¢ (Figure 18(b)) and molybdenum- and chro-
mium-rich MgC Figure 18(c)). Replacement of lathlike
martensitic structure with high dislocation density in the
base metal by large subgrain with low dislocation
density and coarsening grain boundary and subgrain
boundary carbides are evident due to intercritical
heating in the 9Cr steels (Figures 1(b) and 17(c)). Lower
carbide density in the intercritical region of HAZ has
been reported by Laha er al' and Li er al"* in 9Cr
steels. In the 9Cr-1MoVND steel weld joint, reduction of
hardness in the intercritical region of HAZ is reported to
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Fig. 17—TEM micrographs (a) 2.25Cr-1Mo base metal, (b) the
intercritical HAZ of the weld joint of 2.25Cr-1Mo steel, and (c) the
intercritical HAZ of the weld joint of 9Cr-1IMoVNbD steel.

be due to (1) the replacement of martensite laths with
high dislocation density by large subgrains having low
dislocation density, (2) the coarsening of M,3C¢ type of
carbides at grain and subgrain boundaries, and (3) the
change in shape of the V/Nb carbonitride particles from
needle to spherical and the reduction of their misfit with
matrix.!*”!
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Fig. 18—EDXS of (a) precipitate in 2.25Cr-1Mo base metal and (b)
and (c¢) precipitates of intercritical HAZ of 2.25Cr-1Mo steel weld
joint. (Nickel peaks are from nickel grid used to hold the specimen).

The 2.25Cr-1Mo steel owes its creep strength mostly
to the intragranular precipitation of Mo,C particles.
The partial/complete absence of Mo,C in the intercrit-
ical region of HAZ (Figures 17(a) and (b)) reduced the
creep strength of the 2.25Cr-1Mo steel weld joint quite
extensively compared to those in the 9Cr-1Mo and
9Cr-IMoVNbD steels (Figure 14). In the 9Cr steels,
especially in the 9Cr-1Mo steel, the hardness reduction
on intercritical heating was much less than that in the
2.25Cr-1Mo steel (Figure 3). The strengthening mecha-
nisms operating in the 9Cr steels appear to be much less
affected by the intercritical heating than those in the
2.25Cr-1Mo steel. The pronounce strength inhomoge-
neity across the 2.25Cr-1Mo weld joint than that in the
9Cr-1Mo steel is also reflected in the higher creep
deformation rate variation across the 2.25Cr-1Mo steel
weld joint during creep test (Figure 9). The dominant
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occurrence of type-IV cracking in the 2.25Cr-1Mo steel
reduces the creep-rupture strength of the 2.25Cr-1Mo
steel joint more drastically than that of the 9Cr-1Mo
steel in spite of their comparable creep-rupture strength
(Figure 4).

The 2.25Cr-1Mo steel was found to be more suscep-
tible to type I'V cracking at lower test temperatures but at
higher test temperatures the 9Cr-1MoNbV steel had a
higher susceptibility to type IV cracking than the other
two Cr-Mo steels (Figure 15). It is probable that in the
2.25Cr-1Mo steel, in the absence of Mo,C in the
intercritical region of HAZ, the higher creep-testing
temperature could not further reduce the strength appre-
ciably. In the 9Cr-1MoVNpb steel, appreciable coarsening
of the Cr-rich M,3C¢ carbides was observed on creep
exposure, especially at higher temperatures.’'**! The
coarsening of carbides led to the enhanced recovery of the
dislocation substructures. The Z phase was observed in
the intercritical region of HAZ in 9Cr-1MoVND steel
weld joint on creep exposure (Figure 19); whereas, very
little was observed in base steel. Formations of modified
Z phase in modified 9Cr-1Mo steel on creep and thermal
exposures have been reported by Danielsen and Hald.!*”
It is probable that the creep-strain concentration induced
more extensive precipitation of Z phase in the intercritical
region of HAZ than in the base metal. The Z-phase
precipitation is accompanied with dissolution of MX
type of carbonitrides, which provide creep strength in the
steel. The enhanced coarsening of the M,;Cq particles
and the precipitation of the Z-phase in the intercritical
region of HAZ at higher creep test temperatures than that
in the base metal could be the reasons for the higher
reduction in creep rupture strength of the 9Cr-1MoVND
steel weld joint. These lead to the higher susceptibility to
type IV cracking in 9Cr-1MoNbV steel at higher testing
temperatures than in the other Cr-Mo steels investigated
(Figure 15).

E. Type-1V Cracking Resistance Steel

Type-1V cracking in the fusion-welded components of
power-generating utilities made out of the ferritic steels
is reported as a grave concern.”® Development of high-
temperature creep-resistance ferritic steels is mostly
based on the creep-rupture strength of the base metal
giving less consideration to the joint strength.*) The
following measures could be adopted to develop higher
type-IV cracking resistance steels.

(1) Increasing the solid-solution hardeninﬁg of the steel
on alloying with Mo, W, and Re,””" while mini-
mizing the precipitation of laves phase, which
takes away the solute from the solution, is ex-
pected to increase the type-IV cracking resistance,
as the strengthening is not expected to change
appreciably on intercritical heating of tempered
ferritic steel. The addition of W in 9Cr steel has
been reported to increase the type-IV cracking
resistance."

(2) Increasing the recovery resistance of the disloca-
tion substructure on stabilizing the M»3Cg4 particles
against coarsening, the type-IV cracking resistance
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Fig. 19—TEM micrographs of intercritical HAZ of 9Cr-1MoVNb
steel joint (creep tested at 923 K, 40 MPa, and ¢, = 15,721 h): («a)
thin foil, (b) extracted replica, and (¢) EDXS, showing the presence
of Z phase. (Copper peaks are from copper grid used to hold the
specimen).

of steel can be increased. Microalloying the steel
with boron is reported to suppress the type-1V
cracking by increasing coarsening resistance of the
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M»;3Cq preciyitate on replacing some of its carbon
with boron.*?*” The added boron content is to be
judiciously adjusted with the nitrogen content to
avoid BN formation so that boron is available for
the desired effect.”!) Similarly, the addition of
tungsten is reported to retard the coarsening
kinetic of M,;Cy precipitates in the 9Cr-0.5Mo-
1.8WVND (P92) steel over that in the 9Cr-1MoVNb
(P91) steel to increase the type IV cracking resis-
tance of 9Cr-0.5Mo-1.8WVND steel.[25-32

Ensuring the stability of intragranular precipitates
against thermal and creep exposures in ferritic steel
can increase the resistance against type-IV cracking
by reducing the strength disparity among the con-
stituents of weld joint. The precipitation of highly
stable MX type of precipitates (as in the 9Cr-1MoV-
Nb) over the relatively unstable Mo,C precipitate
(as in the 2.25Cr-1Mo) has increased the type-IV
cracking resistance of steel (Figure 6). Boron addi-
tion in the Cr-Mo steel is also reported to increase
the stability of MX type of precipitates.”” A suit-
able adjustment of composition within the specifica-
tion range (reduction in carbon, nitrogen, and
niobium contents) is reported to suppress type-IV
cracking by reducing the strength disparity among
the weld-joint constituents in the 9Cr-1MoVNb
steel.**] The Z-phase precipitation in steel dissolves
the MX type of carbonitrides.*?! Retarding the pre-
cipitation of Z phase can increase the type-1V crack-
ing resistance in steel as the enhance precipitation of
Z phase was observed in the HAZ (Figure 19). The
propensity of the Z-phase formation in steel
increases with the contents of chromium, niobium,
vanadium, and nitrogen. The reported higher reduc-
tion in creep-rupture strength (compared to the base
metal) of 12Cr steel weld joint than the 9Cr steel
weld joint"*¥ is probably due to higher propensity of
Z-phase formation in the intercritical HAZ in the
12Cr steel than that in the 9Cr steel.

IV. CONCLUSIONS

. Weld joint of Cr-Mo steels suffered a reduction in

creep-rupture strength compared to their respective
base metal due to type-IV cracking.

. Type-IV cracking was manifested as preferential

accumulation of creep strain coupled with creep
cavitation in the intercritical region of HAZ.

. Percentage reductions in creep-rupture strength of

the joint increased with creep-rupture life and test
temperature.

Susceptibility to the type-IV cracking depended on
the steels and the operating temperature. The low-
chromium 2.25Cr-1Mo steel was more prone to
type-IV cracking than high-chromium 9Cr-1Mo
and 9Cr-1MoVND steels at lower temperatures. At
higher temperatures, 9Cr-IMoVNDb was more sus-
ceptible than 2.25Cr-1Mo steel.

. Susceptibility to type-IV cracking of the steels could

be rationalized on the basis of precipitation-
strengthening mechanisms operating in the steels
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and the vulnerability of strengthening mechanisms
to change on thermal exposure during weld thermal
cycle.
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