
Introduction
     ASTM A182F91 Grade 91 steel, also
known as the modified 9Cr-1Mo fer-
ritic-martensitic steel, is one of the
most popular Cr-Mo creep-resistant
steels used in energy industries (Refs.
1–3). The development of modern ul-
tra-supercritical (USC) power plants
requires higher operating tempera-
tures (> 650°C) and pressures (> 30
MPa) (Refs. 2, 3). Recently, the appli-
cation of Grade 91 steel, heavy sec-
tion, has been considered to meet this
requirement. Grade 91 steel, heavy
section, has also been considered as a
candidate material for nuclear power
plants in replacement of lower-grade
pressure vessel steels (Refs. 4–6). Fu-
sion welding processes, such as gas
tungsten arc welding (GTAW), flux
cored arc welding (FCAW), and sub-
merged arc welding (SAW), are often

used to join such heavy sections dur-
ing fabrication (Refs. 1, 3, 7).
     Formation of the heat-affected zone
(HAZ) in the weldment is unavoidable
after fusion welding. It has been recog-
nized that the HAZ microstructure gov-
erns the mechanical properties, espe-
cially the high-temperature creep be-
havior of welded joints (Refs. 8, 9).
While most studies have focused on
thinner-section Grade 91 weldments,
structural evolution in the HAZ of
heavy-section weldments has not been
well understood. One common issue re-
lated to Grade 91 steel is short-term
creep cracking, especially the infamous
Type IV cracking in the fine-grained
heat-affected zone (FGHAZ) or inter-
critical heat-affected zone (ICHAZ)
(Refs. 8–10). Creep cavities in Type IV
cracking preferentially nucleated close
to the coarsened precipitates along the
grain boundaries in the FGHAZ/ICHAZ

(Refs. 8, 9). There are numerous studies
on the structure of the HAZ after post-
weld heat treatment (PWHT) and high-
temperature creep tests in Grade 91
pipe steel (P91) weldments (Refs. 7,
11–13). All reported results point out
that the FGHAZ/ICHAZ with higher
grain growth and precipitate coarsen-
ing rates has the largest creep strength
reduction during PWHT and creep
tests. Due to combined effects from the
various PWHT parameters (tempera-
tures and holding times) and different
creep testing conditions (applied tem-
peratures and stresses), it is difficult to
identify the critical structure factor re-
sponsible for cracking issues in the
HAZ.
     Recently, the initial HAZ structures
in the as-welded condition have been
recognized to serve as the starting mi-
crostructure for the subsequent struc-
tural evolutions during PWHT and
creep conditions (Ref. 13). Careful
characterization of the HAZ structures
with the advanced microscopic solu-
tions provides insights to the hetero-
geneous features in the HAZ. To the
authors’ knowledge, study on the 
as-welded HAZ of Grade 91 heavy-
section weldments has rarely been 
reported.
     In addition to the common creep 
issues in the Grade 91 pipe steel 
weldments, the possible presence of 
-ferrite in the Grade 91 heavy-section
base metal brings more complexities
to welding. The -ferrite phase is com-
monly observed in the thick Grade 91
steel plates, especially the cast compo-
nents (Ref. 14). The existence of the 
-ferrite is reported to decrease the
toughness, ductility, and creep
strength of Grade 91 steel plates (Refs.
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15, 16). Coarsened precipitates dis-
tribute along the boundaries between
the -ferrite and tempered martensite
matrix (Ref. 16). Segregation of the al-
loying elements has been observed in
the -ferrite (Ref. 16).
     The -ferrite grains have been de-
tected in the HAZ close to the weld in-
terface after welding in the thick
plates, which causes failure in the
HAZs of the weldments (Refs. 2, 14).
The -ferrite grains form at high tem-
peratures just below the melting point
on heating, and do not fully transform
into austenite on cooling, and a small
amount of -ferrite grains are retained
at room temperature (Ref. 14). A simi-
lar mechanism is believed to apply to

the formation of -ferrite grains in the
weld fusion zone of Grade 91 steel
weldments (Ref. 17). It must be point-
ed out that the -ferrite grains do not
always form in the HAZ of Grade 91
steel but depend on variations in the
base metal chemistry, structure, and
welding parameters.
     In our previous study (Ref. 18), no
-ferrite grains were observed in the
HAZ of the P91 pipe weldments. How-
ever, -ferrite was observed in the
thick-walled Grade 91 steel base metal
in this study. This report summarizes
the findings of the microstructural
evolution of -ferrite grains along with
the formation of new austenite in the
HAZ of heavy-section Grade 91 steel.
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Fig. 1 — A — The welding setup; B — a Grade 91 heavysection block weldment; C —
crosssectional macrostructure of the weldment. The FCAW filling pass, GTAW root pass,
base metal, and HAZ are marked in C.

Table 1 — Chemical Composition of Grade 91 Steel Heavy Section and Filler Metals (wt%, FeBal.)

    Materials              C                  Cr              Mo             Mn                 Si             Ni         Al              V                  Nb               S               P                N

  AWS A.5.28                                         0.07–0.13    8.0–9.5   0.80–1.10       1.25a       0.15–0.30    1.0a     0.04    0.15–0.25   0.02–0.10    0.010       0.010     0.03–0.07
    ER90SB9                                                                                                                                                                                                                         

ER90SB9 GTAW                                                                                                                                                                                                                  
                                0.097          8.830         0.928          0.560           0.250       0.307   0.002      0.197           0.064        0.004       0.006         0.030  (Measured)                                                                                                                                                                                                                       

   AWS A5.29                                                                                                                                                                                                                                                    0.08–0.13   8.0–10.5  0.85–1.20        1.2b             0.50        0.80b     0.04   0.15–0.30   0.02–0.10    0.015       0.020     0.02–0.07
    E9XT1B9                                                                                                                                                                                                                         

E91T1B9 FCAW                                                                                                                                                                                                                                                  0.100          8.830         0.880          0.790           0.280       0.550   0.001      0.200           0.030        0.008       0.020         0.050
  (Measured)                                                                                                                                                                                                                       

  ASTM A182     0.08–0.12    8.0–9.5   0.85–1.05   0.30–0.60   0.20–0.50    0.40     0.02    0.18–0.25   0.06–0.10    0.010       0.020     0.03–0.07
         F91                                                                                                                                                                                                                              

Grade 91 Base                                                                                                                                                                                                                     
       Metal               0.086          8.890         0.870          0.390           0.330       0.300  0.003       0.220           0.096        0.001       0.020         0.034
  (Measured)                                                                                                                                                                                                                       

a,b Mn + Ni = 1.5% maximum.

A B

C

Wang June 2017 Supp 2016107_Layout 1  5/10/17  1:55 PM  Page 204



Materials and Methods
     An ASTM A182F91 Grade 91 steel
heavy-section block, used as the base
metal, had a dimension of 127 mm (5
in.) thickness  228.6 mm (9 in.)
width  304.8 mm (12 in.) length. It
had been normalized at 1050°C for 3.5
h and tempered at 780°C for 3.5 h fol-
lowing forging. The welding setup is
shown in Fig. 1A. An example of the
heavy-section block weldment is
shown in Fig. 1B.
     Gas tungsten arc welding (GTAW)
and flux cored arc welding (FCAW)
were used to deposit the root and fill
passes, respectively. The weld joint
configuration was a compound-bevel
single-groove joint design with a 60-
deg included angle, 7/8 high at the
bottom of the joint, and a 30-deg 
included angle maintained through
the rest of the joint. ASTM/AWS speci-
fications (ASTM A182 (Ref. 19), AWS
A5.28 (Ref. 20), and AWS A5.29 (Ref.
21)) and measured compositions of
the Grade 91 heavy-section block,
GTAW filler metal ER90S-B9 (1.2 mm
diameter), and FCAW filler metal
E91T1-B9 (1.2 mm diameter) are
shown in Table 1.
     The welding parameters used in
this work were the same as the 25.4-
mm- (1-in.-) thick P91 pipe weldments
in our previous work (Ref. 18). The
GTAW parameters used for the root
pass were 300 A DC and 1.27 m/min
wire feed speed. Deposition of the
FCAW fill passes was robotic. FCAW
parameters for the fill passes were 1.0

kJ/mm heat input, 0.292 m/min lin-
ear travel speed, 27 V arc voltage, 
and 7.62 m/min wire feed speed. The
shielding gases used for GTAW and
FCAW were pure argon and mixed
75/25 argon/CO2, respectively. The
multiple temper beads were designed
to improve toughness of the fusion
zone. A preheat temperature of 150°C
and an interpass temperature of 
300°C were selected to avoid common
cracking issues, especially hydrogen-
induced cracking. A 4-h postweld 
bake was conducted at 400°C.
     A cross-sectional HAZ specimen
was extracted from the middle thick-
ness of the as-welded weldment,
shown in Fig. 1C. An as-received base
metal specimen was also prepared for
comparison. Vickers hardness across
the cross section of the polished HAZ
specimen was measured with a 0.5-kg
force, a dwell time of 10 s, and an in-
dentation spacing of 150 m by using
a Tukon 2500 automated hardness
mapper. Hardness of the -ferrite
grains in both base metal and HAZ
were averaged from the individual in-
dentation points. For microstructure
characterization, the HAZ specimens
were mounted, ground, and polished
by using an automatic mechanical pol-
isher. Grit 360, 600, and 1200 SiC
sandpapers were used for grinding.
The 3/1-m diamond suspensions,
0.5/0.05-m alumina suspensions,
and 0.02-m colloidal silica suspen-
sion were used for polishing. The elec-
tron backscatter diffraction (EBSD)
analyses on the HAZ were conducted

on a Zeiss Sigma Field-Emission SEM
(FESEM) equipped with an Oxford
AZtec system under 20-kV accelerat-
ing voltage, a 60-m objective aper-
ture, and step sizes of 0.3–1.0 m.
     Specimens for EBSD characteriza-
tion were polished without further
etching. The polished specimens for
optical and FESEM microscopic analy-
sis were etched with 10% Nital for
2–10 min. The EBSD analyses were
conducted based on indexing the 8–11
characteristic Kikuchi bands of crystal
orientations and phases. The HKL
Crystal Structure Database and Inor-
ganic Crystal Structure Database
(ICSD) were used for EBSD data acqui-
sition. A postprocessing (reconstruct-
ed map) of the EBSD data was con-
ducted by using the HKL Channel 5
software package. Matrix grain orien-
tation was interpreted by the inverse
pole figure (IPF) in Z direction (trans-
verse direction, perpendicular to the
screen).
     Low-angle grain boundaries 
(LAGBs, misorientation  below 10
deg) and high-angle grain boundaries
(HAGBs, misorientation  ≥ 10 deg)
were distinguished by the scalar mis-
orientation between the adjacent 
pixels. Grain size of the grains with
HAGBs was measured from the grain
boundary maps with the line-intercept
method. Due to the small distortion in
the lattice parameter c by the low-
carbon content in the base metal, the
martensite matrix is treated as body-
center-cubic (bcc) iron. Misorientation
maps were processed to evaluate and
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Fig. 2 — Optical microstructure of the asreceived Grade 91 heavysection block: A — Tempered martensite matrix within the coarse prior
austenite grains. A prior austenite grain is highlighted by the black dash line. B — the ferrite distributes along the prior austenite grain
boundaries.
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visualize the local plastic strain or de-
formation magnitude within grains by
calculating the kernel average misori-
entation (KAM) between groups of
pixels/kernels within the grains.
     To distinguish the local strain ener-
gy difference, matrix grains were clas-
sified into recrystallized, substruc-
tured, and deformed grains by grain

average misorientation (GAM) evalua-
tion with a threshold of 1 deg (Ref.
13). The recrystallized grain had the
lowest local strain energy, while the
deformed grain had the highest local
strain energy. The EDS mapping of the
-ferrite grains in the HAZ was con-
ducted under an accelerating voltage
of 20 kV.

Results
Base Metal Characterization

     A typical microstructure of the as-
received Grade 91 heavy-section base
metal, after normalizing at 1050°C for
3.5 h and tempering at 780°C for 3.5
h, is shown in Fig. 2.
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Fig. 3 — EBSD analyses of the asreceived heavysection base metal: A — Band contrast map; B — grain boundary map (black lines indi
cate misorientation above 10 deg, red lines indicate misorientation between 5 and 10 deg, and blue lines indicate misorientation below 5
deg); C — all Euler angle map; D — IPF in the Z direction; E — local misorientation map illustrated by KAM; F — GAM map with a thresh
old of 1 deg identifies three categories of grains: recrystallized, substructured, and deformed grains.
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     Tempered martensitic laths were ob-
served inside the coarse prior austenite
grains (PAGs). One PAG is highlighted
with the black dash lines, as shown in
Fig. 2A. After tempering, precipitates

(black dots in Fig. 2B) nucleated along
the various boundaries, including the
prior austenite grain boundaries (PAG-
Bs), packet/block boundaries, and lath
boundaries. Compared to the matrix

grain structure (20-m PAG) of the
Grade 91 pipe steel (P91) reported (Ref.
18), the average PAG size in heavy-
section material was significantly larger
(~150 m). Figure 2A shows the -
ferrite grains distribute along the PAG-
Bs. A -ferrite grain without obvious
substructures is shown in Fig. 2B. A few
fine PAGs were also observed inside the
-ferrite grain and along the boundary
between the -ferrite grain and tem-
pered martensite matrix, which sug-
gests this -ferrite grain had only par-
tially transformed into the austenite
during cooling.
     The EBSD analyses in Fig. 3 were
conducted to further quantify the
structural differences between tem-
pered martensite matrix and the -fer-
rite grains. The band contrast map in
Fig. 3A indicates the brighter and coars-
er grains were identified as -ferrite
grains, and the darker and finer grains
were the tempered martensite matrix.
The grain boundary map in Fig. 3B 
illustrates the boundaries between 
the tempered martensite matrix and -
ferrite grains are identified as the high-
angle grain boundaries (HAGBs, de-
fined by misorientations larger than 10
deg) with black lines. It was observed
there were a few sub-boundaries inside
the -ferrite grains that were the low-
angle grain boundaries (LAGBs, defined
by misorientations smaller than 10
deg, blue and red lines).
     The all-Euler map in Fig. 3C indi-
cates dramatic orientation variations
between different martensitic blocks;
in comparison, the orientations within
the -ferrite grains are similar in all
three directions. Second, the inverse
pole figure (IPF) in Fig. 3D shows
those tempered martensite blocks
within one PAG all having similar crys-
tal orientations; in comparison, all -
ferrite grains seem to show the same
preferred <110> crystal orientation.
     The KAM map in Fig. 3E indicates
the tempered martensite matrix
shows high KAM values, i.e., high local
misorientations or strain energy lev-
els; in comparison, the -ferrite shows
invariably low KAM or low-strain en-
ergy levels. The GAM map in Fig. 3F
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Fig. 4 — Optical microstructure of the HAZ in the aswelded condition (10% Nital etched):
A — Overview of the HAZ from the FZ to the base metal; B — CGHAZ; C — FGHAZ; D —
ICHAZ; E — the base metal. The ferrite grains are marked by black arrows in A. The 
δferrite grain is marked with the letter  in B.

Fig. 5 — Secondary electron images of the HAZ in the aswelded condition (10% Nital
etched): A — Base metal; B — CGHAZ; C — FGHAZ; D — ICHAZ.
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shows the majority of the martensitic
matrix grains were categorized as de-
formed grains with the high-strain en-
ergy levels. In contrast, the -ferrite
grains present were identified as the
recrystallized or substructured (i.e.,
partially recrystallized) grains. In Fig.
3D and E, the martensitic blocks be-
tween the two -ferrite grains had
larger width and lower KAM values
than that of other blocks. The PAGs
containing these martensitic blocks
seem to suggest that there have been
-ferrite-to-austenite transformation
on cooling.

Microstructure Evolution
in the HAZ Regions

     Due to the rapid heating/cooling
rates and peak temperature gradient
in the welding process, significant
structure evolutions, including austen-
itization, dissolution, and coarsening
of the precipitates, and martensitic
transformation, occur in the HAZ re-
gions. Figure 1C shows macroetched
structures of the entire weldments, in-
cluding a GTAW root pass at the bot-

tom and multiple
FCAW fill passes.
The width of the
HAZ is narrower
than 2 mm. A
midthickness HAZ
specimen was cho-
sen to character-
ize the HAZ struc-
tures because
creep cavities nor-

mally get observed in the mid-thick-
ness HAZ after creep.
     Figure 4 shows the entire structure
of the HAZ and the correlated sub-
zone structures. Based on the experi-
enced peak temperatures and extent of
tempered martensite-to-austenite
transformation during the welding
thermal cycles, the HAZ was further
divided into coarse-grained HAZ (CG-
HAZ), fine-grained HAZ (FGHAZ), and
inter-critical HAZ (ICHAZ). Different
from the P91 pipe HAZ structures (a
wide CGHAZ and FGHAZ as well as a
narrow ICHAZ) reported in Ref. 18,
the thickness of the CGHAZ was only a
few grains wide (0.3 mm width), but
the thickness (0.7 mm width) of the
ICHAZ was much greater. Figure 4B
shows coarse equiaxed PAGs of the
CGHAZ. A -ferrite grain was also ob-
served in Fig. 4B. Figure 4C shows the
relatively fine equiaxed PAGs in the
FGHAZ (0.7 mm width). The ICHAZ in
Fig. 4D consists of fine newly formed
PAGs and retained tempered marten-
site blocks from the base metal.
     The -ferrite grains marked by the
black arrows in Fig. 4A are observed

from the high peak temperature end of
the CGHAZ to the low peak tempera-
ture end of the ICHAZ. Because the
morphology of the -ferrite grains is
close to the equiaxed grains, not the
skeletal or thin-string -ferrite grains
retained from the partial -ferrite-
austenite transformation as reported
by Mayr et al. (Ref. 14), these -ferrite
grains are believed to be retained from
the base metal, rather than newly
formed during the welding thermal 
cycles.
     The SEM images in Fig. 5 show the
magnified structures of each HAZ sub-
region and base metal. The base metal
in Fig. 5A has tempered martensitic
blocks with coarse dispersive precipi-
tates along the boundaries. The CG-
HAZ in Fig. 5B shows a relatively new
martensitic structure within coarse
PAGs. The black cavities inside the
PAGs are believed to be locations of
the previous coarse precipitates from
the base metal. A fine martensitic
structure in the FGHAZ in Fig. 5C is
due to martensitic transformation
from the newly formed, fine PAGs.
“Ghost” tracks of the previous precipi-
tates from the base metal, shown as
dots indicative of the previous PAGs in
the base metal, can be observed within
the newly formed PAGs.
     Figure 5D shows a mixed structure
of untransformed martensitic blocks
from the base metal and newly trans-
formed martensite. Coarse precipi-
tates, identified as the Cr-rich M23C6

carbides (Refs. 8, 13), are observed
along the martensitic blocks, and even
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Fig. 6 — EBSD grain boundary distribution maps: A — CGHAZ; 
B — FGHAZ; C — ICHAZ. Black lines indicate misorientation
above 10 deg, red lines indicate misorientation between 5 and
10 deg, and blue lines indicate misorientation below 5 deg.
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inside the transformed PAGs in Fig.
5D. These carbides were reported to
undergo an abnormal growth during
the PWHT and creep, which provide
preferential nucleation sites for the
creep cavities (Refs. 10, 11, 22).
     Gradient welding peak temperatures
in the HAZ differentiate the austenitic
transformations with different PAG
sizes and alloying concentrations inside
the PAGs on heating, which affects the
subsequent martensitic transformation
on cooling by changing the morpholo-
gy, size, and type of the martensite
packet/block/ lath. Electron backscatter
diffraction analyses were conducted on
the CGHAZ, FGHAZ, and ICHAZ to vi-
sualize and quantify these structural
variations.
     Figure 6 shows the grain boundary
distribution in the CGHAZ, FGHAZ,
and ICHAZ, respectively. Figure 6A
shows the thick martensitic blocks
with an average size of 2.8 m in the
CGHAZ. The FGHAZ obtains a median
block size of 2.4 m — Fig. 6B. The IC-
HAZ shows the finest block size of 1.4
m — Fig. 6C.
     The GB distributions in the three
individual regions are plotted in Fig. 7.

Statistical analyses of the HAGB and
LAGB frequencies are tabulated in
Table 2. The GB distribution of the
HAZ in Fig. 7B does not follow the
typical Mackenzie distribution. In-
versely, the CGHAZ had the lowest
HAGB frequency of 22.9%; the FGHAZ
had a median HAGB frequency of
24.1%; and the ICHAZ had the highest
HAGB frequency of 31.5%, as shown
in Table 2.
     There is a complementary trend in
the LAGB frequencies, as shown in Fig.
7A. The finest grain size in the ICHAZ
may cause a higher susceptibility to
creep strength degradation at high
PWHT and creep temperatures instead
of the conventional grain boundary
strengthening at room temperature.
The HAGBs in the ICHAZ were bound-
aries with higher energy and mobility;
therefore, ICHAZ has a higher poten-
tial to undergo the recovery/recrystal-
lization process, thereby lowering its
creep strength.
     Besides the above grain boundary
distribution variations, the crystal ori-
entations of the tempered martensitic
matrix had significantly changed as
well. Figure 8 represents the all-Euler

maps and IPFs of the three HAZ sub-re-
gions, respectively. Different colors in
those figures indicate various orienta-
tions. In summary, the figures (Fig. 8A
and D) of CGHAZ have fewer colors,
which means there were limited orien-
tation variations within the CGHAZ.
The FGHAZ (Fig. 8B and E) shows more
colors, especially for these fine equiaxed
grains. Due to fine PAGs formed at low-
er peak temperatures, the ICHAZ dis-
plays the largest orientation variations,
as shown in Fig. 8C and F.
     It is reported that martensitic laths
in low-carbon steels normally follow
the Kurdjumov-Sachs (K-S) orienta-
tion relationship (Refs. 23, 24). For
low-carbon martensitic steels, six ma-
jor variants likely form three groups of
variant pairs (Ref. 25). In the CGHAZ,
high length/width martensitic blocks
with similar colors/orientations were
observed within coarse PAGs. The IPF
in Fig. 8D indicates there were two
main variant pairs (blue-red, green-
yellow) between blocks within the
PAGs. In the FGHAZ, the high
length/width blocks with a single col-
or/orientation were still observed, but
more equiaxed grains with gradient
colors exist in the FGHAZ, as shown in
Fig. 8E. In the ICHAZ, the majority of
the matrix grains were fine equiaxed
grains or short-length blocks with sin-
gle color. Those wide blocks are be-
lieved to be untransformed (i.e., not
austenitized on heating) tempered
martensitic blocks from the original
base metal.
     The nonequilibrium martensitic
transformation in the CGHAZ, FGHAZ,
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Fig. 7 — Statistical grain boundary distribution in CGHAZ, FGHAZ, and ICHAZ: A — Low angle range; B — high angle range.

A B

Table 2 — EBSD GB and Grain Size Analyses on CGHAZ, FGHAZ, and ICHAZ

EBSD Measurement                                            CGHAZ                  FGHAZ                   ICHAZ

Block size by lineintercept method (µm)          2.8                        2.4                         1.4
Block size standard deviation (µm)                      3.2                        2.6                         1.4
HAGB frequency (≥ 10 deg, %)                            22.9                      24.1                      31.5
LAGB frequency (< 10 deg, %)                             77.1                      75.9                      68.5
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and ICHAZ eventually causes local
strain distribution variations and differ-
ent recovery/recrystallization potentials
of the martensitic laths in each region.
Figure 9 illustrates local strain energy
variations by evaluating the KAM and
GAM in the CGAHZ, FGHAZ, and IC-
HAZ, respectively. The KAM and GAM
reflect local misorientation inside the
grains, which are sensitive to lattice dis-
tortions caused by the dislocations.
     Statistical results are shown in Fig.
10 and Table 3. In summary, all three
HAZs show relatively high KAM values
and most of the grains are identified

as deformed grains, which have high
internal strain energies. The CGHAZ
shows a nonuniform KAM distribu-
tion with some high-strained grains

(green color) and some low-strained
grains (blue color) in Fig. 9A. The
blocks with lower KAM values were
categorized as the substructured
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Fig. 8 — Crystal orientations illustrated by the allEuler maps (A, B, C) and IPF in the Z direction (D, E, F): A, D — CGHAZ; B, E — FGHAZ; 
C, F — ICHAZ.
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Table 3 — EBSD KAM and GAM Analyses on CGHAZ, FGHAZ, and ICHAZ

EBSD Measurement                                             CGHAZ                 FGHAZ                    ICHAZ

Normalized KAM value (deg)                                1.16                     1.43                        1.47
Deformed grain frequency (%)                             75.6                     87.0                        84.6
Substructured grain frequency (%)                      20.4                      8.6                          7.7
Recrystallized grain frequency (%)                        4.0                       4.4                          7.7
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grains (20.4%, partially recrystallized)
in Fig. 9D. The KAM distribution in
the CGHAZ shifts toward lower values
in Fig. 10A. The normalized KAM val-
ue in the CGHAZ was 1.16 deg.
     The FGHAZ and ICHAZ show com-
parable KAM values, 1.43 and 1.47 deg,
respectively. But the ICHAZ shows a
more uniform KAM distribution. Both
CGHAZ and FGHAZ obtain low fre-
quencies of the recrystallized grains, 4.0
and 4.4%. The ICHAZ has a slightly
higher frequency (7.7%) of recrystal-
lized grains, which is contributed from
the overtempered martensite observed
in Fig. 5D. This local strain variation of

matrix grains in the CGHAZ, FGHAZ,
and ICHAZ may be a significant factor
for the creep strength reduction in each
region during PWHT and creep. We 
suggest that the PWHT thermal cycle
and creep testing conditions may bring
a greater creep strength reduction 
effect on grains with a high KAM value
(i.e., more dislocations), such as the 
deformed grains in the FGHAZ and 
ICHAZ.
     Beside the effect of martensite ma-
trix, particle precipitation also affects
creep performance of the HAZ. It has
been proven that precipitation
strengthening is determined not only

by the particle size, shape, and volume
fraction, but also its distribution (loca-
tion). Many studies reported welding
thermal cycles can cause dissolution of
the precipitates in the HAZ, especially
M23C6 carbides (Refs. 8, 9, 11). It is also
reported that MX carbonitrides are
barely affected during the welding ther-
mal cycles (Refs. 1, 3). The kinetics of
dissolution of Cr-rich M23C6 carbides
was much faster, therefore affecting the
creep strength to a much greater ex-
tent. It is widely recognized that the
M23C6 carbides were completely dis-
solved in the CGHAZ, and partially dis-
solved in the FGHAZ and ICHAZ on
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Fig. 9 — Local strain distribution illustrated by the KAM maps (A, B, C) and grain average misorientation maps (D, E, F): A, D — CGHAZ; B, E —
FGHAZ; C, F — ICHAZ.
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heating (Refs. 9, 11). However, visuali-
zation of this difference is difficult. We
attempted to show this difference with
the help of EBSD capability.
     Figure 11 represents the precipitate
distributions in the CGHAZ, FGHAZ,
and ICHAZ, respectively. The red back-
ground is the bcc-iron matrix. Precipi-
tates detected by the EBSD include Cr-
rich M23C6 carbides, Cr-rich M7C3 car-

bides, and Mo2C car-
bides. Finer MX car-
bonitrides were not
sufficiently detected
possibly due to the
limit of spatial resolu-
tion of the large step
size chosen in this
work. Generally, it is
observed that Cr-rich
M23C6 carbides and Cr-
rich M7C3 carbides dis-
tribute along the PAG-

Bs, packet/block boundaries, and some
lath boundaries, which correlates with
the SEM structures shown in Fig. 5A.
Some Cr-rich M23C6 carbides inside
laths were detected as well. The major-
ity of Mo2C carbides were observed
along the boundaries.
     Density variations of M23C6 car-
bides within the martensite blocks ex-
ist in all three HAZ subregions. Some

blocks were free of M23C6 carbides;
however, some blocks had a high den-
sity of M23C6 carbides. This M23C6 car-
bide density variation is probably due
to local alloying concentration varia-
tions from the base metal, especially
the Cr concentration, which is report-
ed in Ref. 26. This M23C6 carbide den-
sity difference may eventually affect
the recovery/grain growth behavior
and the creep deformation resistance
from grain to grain.
     Figure 11 shows the CGHAZ had
the lowest fraction and the smallest
size of Cr-rich M23C6 carbides. This can
be explained from the fact that the
CGHAZ had experienced the highest
peak temperature during welding ther-
mal cycles, and M23C6 carbides had sig-
nificantly dissolved in the CGHAZ.
The majority of these fine M23C6 car-
bides in CGHAZ were believed to have
precipitated during cooling.

WELDING RESEARCH

WELDING JOURNAL / JUNE 2017, VOL. 96212-s

Fig. 10 — Statistical analyses of KAM and GAM distributions in the three HAZ regions: A — KAM; B — GAM.

Fig. 11 — The EBSD phase distribution maps: A — CGHAZ; 
B — FGHAZ; C — ICHAZ.
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     The ICHAZ had the highest fraction
and largest size of Cr-rich M23C6 car-
bides. Figure 5D shows some M23C6

carbides were not completely dis-
solved, but retained in the newly
formed PAGs. Coarsening of the M23C6

carbides were also observed in the IC-
HAZ by other researchers (Refs. 8, 9).
One more observation needs to be
pointed out: Figs. 11C and 5D show
the retained overtempered martensite
blocks (coarse grains) in the ICHAZ
have nearly no M23C6 carbides inside.
In many works, the abnormal grain
growth in the ICHAZ was often ob-
served in the Type IV cracking (Refs.
9, 11). It can be summarized that the
ICHAZ not only had the largest frac-
tion and size of M23C6 carbides, but
also a large M23C6 carbide density dif-
ference between the newly trans-

formed martensite and the retained
over-tempered martensite.

Microhardness Distribution

     The microhardness mapping was
conducted on a cross-sectional HAZ
specimen, shown in Fig. 12A. Hard-
ness contour and average hardness
values are shown in Fig. 12B and C, re-
spectively. Fusion zone (FZ) on the left
side shows a high and uniform hard-
ness value of 477 HV0.5. The base
metal on the right side shows a low
and uniform hardness of 304 HV0.5.
In contrast, the HAZ had a nonuni-
form hardness distribution due to the
peak temperature gradient. On both
sides of the HAZ, either bordering the
FZ or the base metal, the denser con-
tour lines were seen, which means

there were larger hardness differences.
The CGHAZ close to the weld interface
had a relatively lower hardness than
that of the CGHAZ neighboring the
FGHAZ. This was probably caused by
the tempering effect from the subse-
quent fill passes on the CGHAZ.
     The KAM map in Fig. 9A shows the
relatively lower local strain (and pro-
portionally a lower hardness) in the
CGHAZ, compared to that in the FG-
HAZ, which had the highest hardness
value of 448 HV0.5. The ICHAZ close
to the base metal had a low hardness
of 323 HV0.5, but a large deviation
(23 HV0.5). The limited martensite
from the partially austenitic transfor-
mation on heating, as shown in the
Fig. 5D, and the coarser and more
M23C6 carbides, as shown in Fig. 11C,
were responsible for the lower hard-
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Fig. 12 — Hardness distribution in the crosssection HAZ specimen in the aswelded condition: A — Darkfield optical image of the hard
ness indentations; B — hardness contour map; C — average hardness distribution profile.
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ness value. The hardness difference
between the newly transformed
martensite and retained overtempered
martensite leads to the large hardness
deviation in the ICHAZ. The softest
zone with the lowest hardness of 286
HV0.5 exists in the overtempered base
metal right outside the ICHAZ.

δFerrite in the Base Metal
and HAZ

   The -ferrite grains were observed
in the entire HAZ, including the 
CGHAZ adjacent to the weld interface,
as shown in Fig. 4A. Figure 13 repre-

sents the band contrast and all-Euler
maps of -ferrite grains in the base
metal, IGHAZ, and CGHAZ, respec-
tively. Based on all-Euler map, -fer-
rite grain in the base metal contains
subgrains, while -ferrite grains in the
HAZ contain no subgrains. Shape mor-
phology of the -ferrite grain changes
from a high length/width ratio in the
base metal to a low length/width ratio
in the HAZ. The large orientation vari-
ation (big color difference) between
the -ferrite grain and martensite ma-
trix in the base metal had decreased in
the HAZ. The unique local concave
curvatures of the -ferrite grains in

the HAZ seem to show the growth of
PAGs had consumed part of the -fer-
rite grains. This reflects the diffusive
mechanism of the -ferrite-to-austen-
ite transformation, which was also re-
ported by others (Refs. 14, 16).
     The EDS analyses were conducted to
uncover the alloying element distribu-
tion within the -ferrite grains. The
EDS mapping in Fig. 14 shows the dis-
tribution of the ferrite-stabilizers, Cr,
Mo, V, and Nb in the -ferrite grains in
the HAZ and base metal. Higher con-
centrations of Cr, Mo, V, and Nb were
observed in the -ferrite grains in both
the base metal and HAZ. The distribu-
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Table 4 — EDS Analyses on δFerrite Grains in CGHAZ, FGHAZ, ICHAZ, and BM

Element Concentration (wt%)                 Si                    V                     Cr                 Mn                 Fe                   Ni                   Nb                  Mo

                BMδferrite                               0.47               0.44               10.65             0.31              85.89              0.13                0.04               2.06
              ICHAZδferrite                            0.39               0.57               10.52             0.31              86.24              0.22                0.10               1.64
             FGHAZδferrite                            0.43               0.34               10.41             0.38              86.21              0.23                0.07               1.92
             CGHAZδferrite                            0.45               0.37               10.34             0.44              86.57              0.18                0.10               1.53

Fig. 13 — The EBSD band contrast maps (A, B, C) and allEuler maps (D, E, F) of ferrite grains in various regions: A, D — Base metal; 
B, E — ICHAZ; C, F — CGHAZ.
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tion of Cr was more homogeneous than
Mo, V, and Nb. The particles, rich in Mo
and Nb, distribute along the boundaries
between -ferrite grains and PAGs. The
Mo- and Nb-rich particles were also 
detected inside -ferrite grains in the
CGHAZ, as shown in Fig. 14 C2 and C4.
In Fig. 14 B3, V-rich particles were ob-
served along the boundaries between 
-ferrite grains and PAGs. It is also no-
ticed that concentrations (shown by the
intensity) of the alloying elements, es-
pecially Cr and Mo, in -ferrite have
decreased in the ICHAZ and CGHAZ,
compared with Cr and Mo concentra-
tions in the -ferrite grain of the as-

received base metal.
     Measured compositions of the 
-ferrite grains in both the base metal
and HAZ are tabulated in Table 4. Cr
concentrations inside -ferrite grains
in the base metal were above 10 wt-%,
which is higher than the nominal 8.89
wt-% Cr of this alloy. Mo concentra-
tions inside -ferrite grains in the base
metal are above 1.5 wt-%, which was
also higher than the nominal concen-
tration 0.87 wt-%. The Si, V, and Nb
concentrations were higher than their
nominal compositions as well. To show
how the welding thermal cycles affect
the distributions of these alloying ele-

ments, accumulated concentrations of
ferrite stabilizers in the -ferrite
grains in HAZ and base metal are
shown in Fig. 15.
     It can be concluded that ferrite-sta-
bilizer elements were enriched in 
-ferrite grains in both the HAZ and
base metal, but Cr and Mo concentra-
tions in the HAZ were slightly lower
than that in the base metal. Addition-
ally, the accumulated concentration of
ferrite stabilizers slightly decreased
from the low peak temperature ICHAZ
region to the high peak temperature
CGHAZ region, which may be due to
greater diffusion coefficients of those
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Fig. 14 — EDS mapping of ferrite grains in various regions: A — Base
metal; B — ICHAZ; C — CGHAZ.

Fig. 15 — Accumulated concentration of ferrite stabilizers in
ferrite grains of the HAZ and base metal. The nominal
composition of the asreceived base metal is also shown.

Fig. 16 — Precipitate distribution around ferrite grains in various regions: A — Base metal; B — ICHAZ; C — CGHAZ.
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elements at higher temperatures. So,
welding thermal cycles seem to have
promoted the homogenization of
these ferrite stabilizers by accelerating
interdiffusion.
     The EBSD phase maps in Fig. 16
show the precipitate distribution
around the -ferrite grains. It can be
seen that a few fine Cr-rich M23C6 car-
bides, Mo2C carbides, and V-Nb MX
carbonitrides were detected inside the
-ferrite grains. A large amount of Cr-
rich M23C6 carbides and Mo2C carbides
were observed along the boundaries
between the -ferrite grains and
martensitic matrix. This observation
agrees with results by Kimura et al.
(Ref. 15) that segregation of these car-
bide-forming elements in -ferrite
grains promotes the precipitation in-
side and along the -ferrite grains.
Densities of the M23C6 carbides in the

CGHAZ and ICHAZ had decreased,
compared with that in the base metal,
due to the dissolution effect from the
welding heating cycles.
     The EBSD KAM and GAM maps in
Fig. 17 show local strain levels in the 
-ferrite grains in both the base metal
and HAZ. The martensitic matrix in the
HAZ shows higher KAM values than
that in the base metal. Compared with
the tempered martensite matrix, -fer-
rite grains in both the base metal and
HAZ show relatively lower KAM values.
However, the GAM maps in Fig. 17
show that part of the -ferrite grains in
the base metal was identified as the re-
crystallized grains due to the previous
normalization/tempering heat treat-
ment, and -ferrite grains in the ICHAZ
and CGHAZ were all substructured
grains instead of recrystallized grains.
     The local line scanning misorienta-

tion analyses in Fig. 18 show there
were large misorientation changes
across the subgrain boundaries of -
ferrite grain in the base metal. Misori-
entation variations within -ferrite
grains in the ICHAZ and CGHAZ, how-
ever, were larger than that in the base
metal. These results seem to indicate
local strain levels of -ferrite grains in
the HAZ were higher than that of the
-ferrite grain in the base metal. Mi-
crohardness measurements on the -
ferrite grains had also verified this
conjecture. The -ferrite grains in the
base metal were softer than -ferrite
grains in the HAZ. The -ferrite grains
in the base metal had the lowest aver-
age hardness value of 240 HV0.05.
The -ferrite grains in the ICHAZ and
CGHAZ had higher average hardness
values of 271 and 289 HV0.05, respec-
tively, although the alloying element
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Fig. 17 — KAM (A, B, C) and GAM (D, E, F) evaluations of ferrite grains in various regions: A — Base metal; B — ICHAZ; C — CGHAZ.
Note: The straight line with high KAM values in C is due to a polishing scratch.
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concentrations are slightly lower.
     This hardness comparison agrees
with the trend shown in the KAM and
GAM data. Higher local misorientation
inside the -ferrite grain in the HAZ in-
dicates higher straining (higher disloca-
tion density). These increasing disloca-
tions were believed to have generated by
constraints from martensitic transfor-
mation during cooling.

Discussion
     Comparing the microstructure of the
5-in. Grade 91 heavy-section HAZ in
Fig. 4 with the 1-in. P91 pipe HAZ (Ref.
18), a significant difference was that the
heavy-section HAZ had a narrow CG-
HAZ and a wide ICHAZ, but the pipe-

HAZ had a wide CGHAZ and a narrow
ICHAZ. It should be pointed out that
the welding heat input for both the pipe
weldment and this heavy section weld-
ment was the same. It is our opinion
that this HAZ difference was due to the
steeper temperature distribution for the
heavy-section weldment.
     The following discussion will focus
on why the identified soft zone in this
as-welded thick heavy-section weld-
ment was the overtempered base met-
al adjacent to the ICHAZ (Fig. 12B),
not the reported FGHAZ or ICHAZ in
the Type IV cracking of the pipe weld-
ments (Refs. 3, 7). It was known that
hardness in the ICHAZ was a result of
two competing effects — the hardness
increase due to the martensitic trans-

formation from the new PAGs, and the
hardness decrease due to overtemper-
ing of martensite from the base metal.
In this work, hardness in the ICHAZ
gradually decreases from a higher peak
temperature close to the FGHAZ to a
low peak temperature close to the base
metal, but without a lowest dip, as
shown in Fig. 12C. This indicates the
newly transformed martensite on
cooling is the main contributor to
hardness in the ICHAZ. For the
overtempered base metal, there was
only a hardness reduction effect from
the welding tempering, which caused
the lowest hardness (286 HV0.5).
     The hardness of the normal Grade
91 base metal after normalizing and
tempering was about 210–250 HV0.5,
which will not be significantly reduced
even after PWHT and creep. Hardness
of the P91 base metal in our previous
study reduced only from 230 HV1 (as-
welded) to 210 HV1 (postweld heat
treated at 760°C for 2 h) and 200 HV1
(crept at 650°C and 70 MPa for 649 h)
(Ref. 13). A hardness of 304 HV0.5 for
this heavy-section base metal was
much higher than 211 HV0.5 of the
P91 base metal (Ref. 18). It seems rea-
sonable to suggest the hardness reduc-
tion in the overtempered base metal of
the heavy section was larger than that
of P91 pipe; therefore, the softest zone
was located just outside the ICHAZ of
the heavy-section weldment.
     The following part is going to dis-
cuss why the -ferrite grains were
formed in the base metal and how re-
tained -ferrite grains in the HAZ may
harm creep resistance of the weld-
ment. The -ferrite formation traces
its origin to the initial solidification
during the casting process. The Cr
equivalent value of 10.81 for this
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Fig. 18 — Local misorientation analysis across the ferrite grains in various regions: A — Base metal; B — ICHAZ; C — CGHAZ.

Fig. 19 — An isopleth of Grade 91 heavysection base metal calculated by ThermoCalc.
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heavy section steel, calculated based
on the Equation 1, is higher than 10,
which shows a high potential for the -
ferrite formation (Ref. 2).

      Creq = Cr + 6Si + 4Mo + 1.5W + 11V
     + 5Nb − 40C − 30N − 4Ni − 2Mn
     − 2Co (%) (1)

     An isopleth of the studied steel cal-
culated by ThermoCalc, using the
database TCFE6, is shown in Fig. 19. It
shows that during the solidification,
the -ferrite (-BCC) was the first
phase nucleated from the liquid and
then -ferrite transforms into austen-
ite (-FCC) by diffusive transforma-
tion. It is our opinion that formation
of the high-temperature -ferrite is
enhanced with higher concentrations
of the ferrite stabilizers, especially Cr.
The left dash line shows the -ferrite
(-BCC) completely transforms into
austenite (-FCC) during a slow cool-
ing at nominal Cr concentration of
8.89 wt-%. However, microsegregation
may cause enrichment of Cr during
the initial solidification of -ferrite 
(-BCC). Once the concentration of Cr
exceeds the 11.76 wt-% (the right
dashed line), a duplex region of -fer-
rite (-BCC) and austenite (-FCC) 
exists beyond the “austenite loop”
when the temperature decreases.
Those -ferrite (-BCC) grains will 
be retained when the temperature 
further cools down, which produces 
a mixture of ferrite (-BCC) and 
-ferrite (-BCC).
     The measured Cr concentration in
the -ferrite grains in the base metal
in Table 4 is lower than 11.76 wt-%,
but accumulated concentration of the

ferrite stabilizers in Fig. 15 exceeds
11.76 wt-%. Another factor is that
the subsequent normalizing and tem-
pering processes may have homoge-
nized (decreased) the as-cast distribu-
tion of Cr as well. So it was likely that
the -ferrite grain in the as-received
base metal had initially formed due to
microsegregation during the solidifi-
cation. For -ferrite grains in the
HAZ, Cr concentration slightly de-
creases, but the accumulated concen-
tration of the ferrite stabilizers is still
beyond 11.76 wt-%. This seems to
support the contention that a duplex
structure (-BCC + -BCC) in the
HAZ is thermodynamically stable 
after cooling.
     The presence of those -ferrite
grains in the HAZ brings potential
harm to the creep strength, as report-
ed by others (Refs. 14–16). Figure 20
compares the boundary precipitates
between the -ferrite grain and
martensitic matrix in the base metal,
and the CGHAZ. A higher density of
precipitates distributes along the
boundaries between the -ferrite grain
and martensitic matrix in the base
metal. Precipitates along the bound-
aries between -ferrite grain and
martensitic matrix in the CGHAZ were
believed to be the undissolved precipi-
tates from the base metal. The EBSD
phase map in Fig. 16C shows those
precipitates are the M23C6 and Mo2C
carbides. High alloying concentrations
in -ferrite grains, as shown in the
EDS maps in Fig. 14, may promote a
preferential coarsening of these car-
bides during PWHT and high-tempera-
ture creep service.
     Coarsened boundary carbides and

-ferrite grains can cause local stress
concentration, which provides the
preferential nucleation sites for the
creep cavities. To eliminate -ferrite
grains in the base metal and improve
creep resistance of the weldments, a
heat treatment should be conducted.
Increasing the normalizing holding
time is reported to dissolve the 
-ferrite grains (Ref. 16), but the ki-
netics for eliminating the -ferrite
grains still needs further investigation.

Conclusions
     The 5-in.-thick-walled ASTM A182
F91 Grade 91 steel heavy sections
were successfully welded with FCAW
and GTAW.
     The nonequilibrium microstructure
of the HAZ in the as-welded condition
was systematically studied. Islands of
-ferrite along the prior austenite
grain (PAG) boundaries and tempered
martensite constitute the typical mi-
crostructure of the as-received heavy-
section base metal. The as-welded
HAZ of this heavy section was distin-
guished by a narrow CGHAZ, a wide
FGHAZ, and a wide ICHAZ. Marten-
sitic transformation from coarse and
fine PAGs contributed to various local
strain distributions in the CGHAZ and
FGHAZ. The ICHAZ had the finest
structure with an average martensitic
block width of 1.4 m, the largest local
strain distribution with a normalized
KAM value of 1.47 deg, and large fre-
quency (84.6%) of the deformed
grains with higher strain energies.
This high structural inhomogeneity
may lead to preferential coarsening
and strength reduction of ICHAZ dur-
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Fig. 20 — InlensSEM images of boundary precipitates at the interfaces between a ferrite grain and martensitic matrix in the following:
A — Base metal; B — CGHAZ.
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ing PWHT, which eventually makes it
more vulnerable to creep deformation
and cracking during creep.
     The overtempered base metal, in-
stead of FGHAZ or ICHAZ, had the
lowest hardness value of 286 HV0.5
due to the dominant tempering effect
from welding thermal cycles. Micro-
segregation of the ferrite stabilizing
elements in the -ferrite grains, origi-
nated from the initial base metal, ther-
modynamically stabilized its presence
in the HAZ after welding. Decomposi-
tion of the -ferrite grains in the HAZ
favored precipitation of dense carbides
along the boundaries with the adja-
cent tempered martensite matrix,
which may be harmful to creep resist-
ance of the HAZ.
     A heat treatment needs to be con-
ducted on the base metal to eliminate
the -ferrite grains before welding.
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