
Introduction
     P91 steel, a modified 9Cr-1Mo steel
for use as pipes, is one of the new
9–12% Cr ferritic martensite steels de-
signed to improve creep resistance.
P91 steel contains vanadium (V), nio-
bium (Nb), and nitrogen (N) as minor
alloying elements to improve the creep
resistance by fine precipitates of vana-
dium carbonitride V(CN) and niobium

carbonitride Nb(CN) in a tempered
martensite matrix (Refs. 1–9). These
precipitates are commonly denoted as
MX precipitates, where M stands for V
or Nb and X for carbon and/or nitro-
gen. Regardless of MX, M23C6 carbide
precipitates from the martensitic ma-
trix, where M denotes Cr and Fe and C
for carbon. In comparison to MX pre-
cipitates, M23C6 precipitates are much
less stable morphologically at elevated

temperatures. At elevated tempera-
tures, they tend to coarsen over time
much more significantly than MX pre-
cipitates and are thus less able to resist
creep by pinning down the movements
of dislocations and interfaces, such as
prior austenite grain boundaries, prior
martensite lath boundaries, and sub-
grain boundaries (Refs. 5, 10–17). It
has been suggested (Ref. 11) that sub-
grain boundary migration may control
the recovery of dislocations and that
subgrain boundary hardening en-
hanced by fine dispersions of precipi-
tates along the internal interfaces is
one of the most important strength-
ening mechanisms in 9–12%Cr ferritic
steels (Ref. 12). It is worth noting that
David et al. (Ref. 9) and Siefert and
David (Ref. 18) have reviewed the 
weldability of new alloys developed for
advanced fossil power plants including
ferritic and austenitic alloys.
     The production of P91 steel usually
involves normalization at about
1050°C, air cooling to the room tem-
perature to form martensite, and then
reheating at about 750°C to temper
the martensite (Ref. 19). The evolu-
tion of the type and size distribution
of precipitates during the above pre-
weld tempering condition also con-
trols the Type IV creep failure ob-
served in the heat-affected zone (HAZ)
(Refs. 9, 20, 21). The present study
pertains to the microstructure evolu-
tion in the fusion zone.
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   d-ferrite is the first solid phase to
form during solidification, that is, the
primary solidification phase, and it
transforms to austenite g upon further
cooling. However, the d → g transfor-
mation may not be complete in many
alloy compositions. This phenomenon
had been observed in self-shielded
flux cored arc welds containing high
concentration (1.8 wt-%) of aluminum
(Al) (Ref. 22).  
     This can also be seen from the
study of Mayr et al. (Ref. 23) on a 9-Cr
steel similar to P91 by in-situ X-ray
diffraction using synchrotron radia-
tion. They showed that d-ferrite is nu-
cleated upon heating (at 10 K/s) the
steel to 1210°C (1483 K) and the
amount of d-ferrite was 19% upon fur-
ther heating into the d + g region to
the peak temperature of 1300°C (1573
K). Upon cooling, the d-ferrite trans-
formed back to austenite but the
transformation was incomplete, re-
sulting in about 2% retained d-ferrite
when the martensite transformation
started. Thus, it is likely in welding
P91 steel to find retained d-ferrite in
the martensite matrix in the fusion

zone as a result of
cooling during solidification and in the
HAZ as a result of cooling after reheat-
ing into the d + g region. 
     The presence of d-ferrite in the fu-
sion zone of P91 steel has been report-
ed (Ref. 24). The d-ferrite tends to be
elongated during creep rupture test
near the fracture surface (Ref. 3).
Since d-ferrite is much softer than the
surrounding martensite matrix, it can
reduce the creep resistance of the fu-
sion zone significantly (Refs. 9, 25).
     For power plant applications, the
weld metal, beside good creep resist-
ance, needs to have adequate tough-
ness to meet pressure test and other
requirements at the room tempera-
ture, e.g., to withstand transient
stresses during shutdown periods, as
pointed out by Arivazhagan et al. (Ref.
6), Sireesha et al. (Ref. 7), and Francis
et al. (Ref. 8). Arivazhagan et al. (Ref.
6) and Sireesha et al. (Ref. 7) suggest-
ed that reduction in Nb, N, and Si con-
tents improves toughness, but the Ni
content has to be adjusted such that
the lower critical temperature (AC1)
temperature does not fall below the

postweld heat treatment (PWHT) tem-
perature. The need to balance filler
material composition to restrict the
occurrence of d-ferrite and ensure a
fully martensitic structure in the fu-
sion zone has also been emphasized
(Refs. 9, 25).
     The effect of Al on the creep resist-
ance of welds of P91 steel has not been
investigated so far. An experimental
study unrelated to welding was con-
ducted by Naoi et al. (Ref. 26) on 9Cr-
0.5Mo-1.8W steel, which is somewhat
similar to P91 steel. They observed
that increasing the Al content im-
proved the toughness of 9Cr-0.5Mo-
1.8W steel at the room temperature.
This improvement was attributed to
grain refining caused by Al nitride pre-
cipitates. However, they also reported
that the Al addition reduced the creep
resistance. A computational study un-
related to welding was conducted by
Magnusson et al. (Ref. 27). Their cal-
culations showed that the Al additions
to P91 steel could reduce the creep
rupture life by a factor of six. 
     The present study was conducted to
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Fig. 1 — Designs for welding and creep-rupture testing.
A — Joint design for butt-joint welding; B — creep-rupture
test specimen.

Fig. 2 — Results of creep-rupture tests (Table 3) showing much
lower creep resistance of high-Al weld by plotting applied stress
vs. Larson-Miller parameter (LMP), where T[K] is temperature in
degrees Kelvin and tr[h] is time to rupture in hours. 

A

B

Table 1 — Nominal Composition of P91 S eel (Ref. 29)

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

Min wt-% 0.08 0.30 – – 0.20 8.00 0.85 0.18 0.06 0.030 – –
Max wt-% 0.12 0.60 0.020 0.010 0.50 9.50 1.05 0.25 0.1 0.070 0.04 0.40
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investigate the effect of Al on the creep
resistance of the welds (the fusion
zone) of P91 steel. The addition of Al to
the welding consumable for P91 steel is
intended to significantly lower the oxy-
gen content in the weld metal, which is
known to enhance the toughness of
steel welds (Ref. 28). It is essential to
know how the Al addition affects the

creep resistance of the weld metal.

Experimental Procedure
     The nominal composition of P91
steel is shown in Table 1 (Ref. 29). P91
steel is for fabrication of pipes. A large
plate, e.g., 19 mm (3⁄4 in.) in thickness,
can be bent and welded along the lon-

gitudinal joint to make a pipe, and the
specimens for creep rupture tests can
be prepared from the weld metal in-
side the fusion zone. However, in or-
der to follow AWS A5.29/A5.29M:
2010, Specification for Low-Alloy Steel
Electrodes for Flux Cored Arc Welding
(Ref. 30), the butt joint design in Fig.
1A (which is consistent with Fig. 3 in
the AWS specification) was used. A
root opening was provided between
the two plates to allow multipass weld-
ing with the use of a filler metal. A
piece of P91 steel 13 mm (1⁄2 in.) in
thickness and 32 mm (11⁄4 in.) in width
was used as a backing plate.
     Two welding consumables were used
to weld P91 steel. One was a commer-
cially available covered electrode,
E9015-B9 H4R, for shielded metal arc
welding (SMAW), and the other was an
experimental tubular electrode for flux
cored arc welding (FCAW). Shielded
metal arc welding was conducted with
an average current of 140 A, an average
voltage of 22.5 V, and a welding speed of
2.88 mm/s (6.8 in./min) in 33 passes,
and the linear heat input was calculated
as 1.09 kJ/mm (27.8 kJ/in.). Flux cored
arc welding, on the other hand, was
conducted with a mixture of Ar and CO2
for shielding and with an average cur-
rent of 260 A, an average voltage of 27
V and a travel speed of 4.23 mm/s (10
in./min) in 13 passes, the linear heat in-
put can be calculated as 1.66 kJ/mm
(42.2 kJ/in.). The preheat and interpass
temperatures were 260°C (500°F) for
both welding processes. The fewer pass-
es in FCAW were because the electrode
was designed for welding with a rela-
tively high welding current. Differences
in the thermal cycles due to heat input

WELDING RESEARCH

MAY 2015 / WELDING JOURNAL 147-s

Fig. 3 — Weld specimens after creep rupture tests at 600°C. A, C — Macrographs showing
much more necking with high-Al weld; B, D — SEM images of fractured surfaces showing
clear microvoids characteristic of ductile fracture with high-Al weld. 

Fig. 4 — Transverse macrographs and hardness distributions in high- and low-Al welds in
as-welded condition. A, C — Transverse macrographs; B, D — microhardness maps.
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Table 2 — Measured Composition of elds

High-Al Weld Low-Al Weld
Element wt-% wt-%

C 0.114±0.004 0.117±0.008
Mn 1.025±0.025 0.55±0.01
P 0.007±0.001 0.013
S 0.004 0.009±0.001
Si 0.11±0.01 0.34±0.01
Cr 8.09±0.2 8.22

Mo 0.865±0.065 1.06±0.01
V 0.165±0.005 0.28±0.01

Nb 0.047±0.004 0.051±0.001
Al 0.455±0.035 0.001
N 0.035±0.001 0.043±0.001
O 0.028±0.003 0.1±0.005
Ni 0.04 0.72±0.01
Cu 0.04 0.04
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are likely to affect the weld metal pre-
cipitation, but the large differences in
chemical composition are expected to
overshadow the effect of different heat
inputs. Chemical analysis was per-
formed on “undiluted” weld metal.
Most element determinations were
made using optical emission spec-
troscopy (Bruker-Quantron Q8 Magel-
lan). Nitrogen and oxygen were deter-
mined using the fusion method (LECO
TC-436), and carbon was determined
using the combustion method with a
LECO CS-200 instrument.
     Microhardness measurements were
conducted on weld specimens in the as-
welded condition and after PWHT at
760°C (1400°F) for 4 h, which is in the
suggested PWHT temperature range
(730° to 770°C) for P91 steel welds by
David et al. (Refs. 9, 18). Sireesha et al.
(Ref. 7) also found PWHT at 760°C sig-
nificantly improved the fusion zone
toughness and Silwal et al. (Ref. 31)
found PWHT at the same temperature
significantly improved the HAZ tough-
ness. Microhardness measurements
were conducted automatically using a
LECO AMH-43 system with computer-
controlled scanning of the weld speci-
men (Ref. 32). Additional microhard-
ness indentations were made manually
at selected locations in the welds with a
Tukon 1102/1202 Knoop/Vickers auto-
mated hardness tester from Wilson
Hardness. 
     After PWHT, specimens for creep
rupture tests were prepared according
to the design shown schematically in
Fig. 1B. Essentially, rods 13 mm (0.5 in.)
in diameter and 89 mm (3.5 in.) long

were machined from the
fusion zone in the lon-
gitudinal direction such
that the rod axis was
along the centerline of
the fusion zone. The
mid-section of the rod
was reduced by machin-
ing to provide a 35.6-
mm gauge length of 8.9 mm diameter.
Threads were provided at the two ends
of the rod to allow connection to the fix-
tures of the test machine.  
     Creep rupture tests were conducted
in air in standard creep rupture frames
at AMC Vulcan Laboratories of Birm-
ingham, Ala. The tests ranged from
190 MPa (27.6 ksi) at 575°C to 80 MPa
(11.6 ksi) at 650°C and lasted up to
5000 h. These ranges were selected
based on the expected service temper-
atures and the stress levels estimated
for rupture to occur in one thousand
hours in the base metal. The yield
stress of P91 steel, either the base
metal or the weld metal, is over 300
MPa at 575°C and 200 MPa at 650°C
(Ref. 33). These are well above the 190
MPa stress level applied in the creep
rupture test at 575°C and the 80 MPa
stress level at 650°C.

Results and Discussion

     The chemical composition of the
high-Al weld made by FCAW is shown
in Table 2. The 8.09 wt-% Cr and 0.865
wt-% Mo are close to the nominal
composition of 8.75 wt-% Cr and 0.95
wt-% Mo of P91 steel (Table 1). The C,

V, and Nb contents were 0.114, 0.165,
and 0.047 wt-%, respectively. In addi-
tion, the weld contained 0.455 wt-% Al
and 0.035 wt-% N. 
     The chemical composition of the
low-Al weld made by SMAW is also
shown in Table 2. The fusion zone con-
tained 8.22 wt-% Cr and 1.06 wt-%
Mo, again close to the nominal Cr and
Mo contents of P91 steel, respectively
(Table 1). The C, V, and Nb contents
were 0.117, 0.28, and 0.051 wt-%, re-
spectively. The N content was 0.043
wt-%, comparable to that of 0.035 
wt-% in the high-Al weld made by
FCAW. However, unlike the high-Al
weld, it was nearly Al free (0.001 wt-%
Al).

Creep Rupture Tests

     Table 3 shows the results of creep
rupture tests of the high- and low-Al
welds. As shown, the high-Al weld last-
ed much shorter in creep rupture tests
before failure, up to about 300 h as
compared to about 5000 h for the low-
Al welds. This difference is consistent
with the adverse effect of Al on the
creep resistance of P91 steel (Ref. 27)
and 9Cr-0.5Mo-1.8W steel (Ref. 26)
reported in previous studies unrelated
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Fig. 6 — Hardness measurements after postweld heat
treatment showing lower hardness in the high-Al weld than
in the low-Al weld. A — High-Al weld with an average hard-
ness of 219 HV in fusion zone; B — low-Al weld with an av-
erage hardness of 247 HV in fusion zone.
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Fig. 5 — Hardness maps on welds after postweld heat treatment show-
ing lower hardness in fusion zone of the high-Al weld than that of the
low-Al weld. A, D — Transverse macrographs; B, E — microhardness
maps; C, F — hardness scale changed.
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to welding. 
     In Fig. 2, the applied stress is plot-
ted vs. the Larson Miller Parameter
(LMP) defined as follows:

(1)
where T[K] is temperature in degrees
Kelvin, C is a constant taken as 25,
and tr[h] is time to rupture in hours.
     As expected, the curve for the high-
Al weld is significantly more to the
left, indicating its much lower resist-
ance to creep rupture as compared to
the low-Al weld.
     Considerable necking occurred be-
fore rupture in all the high-Al weld
specimens down to 80 MPa. Figure 3A
shows necking in the specimen tested
at 600°C and 155 MPa, which is con-
sistent with the low creep resistance of
this specimen, that is, significant de-
formation under tensile loading at the
test temperature. According to Table 3,
this specimen had a 51.4% elongation
and 87.1% reduction in cross-sectional
area. The SEM image of the fracture
surface in Fig. 3B reveals clear dimples
and hence the ductile nature of failure,
again consistent with the low creep re-
sistance of the specimen.
     Only slight necking occurred in the
low-Al weld under identical test condi-
tions as can be seen in Fig. 3C, which
is consistent with the high creep re-
sistance of the specimen. According to
Table 3, this specimen had a 13% elon-
gation and 29.1% reduction in cross-
sectional area. The SEM images of the
fracture surface in Fig. 3D reveal no
clear dimples like those typical of duc-
tile failure (Fig. 3B), again consistent
with the high creep resistance of the
specimen.

Hardness Distributions

     Figure 4A shows the transverse
cross section of the high-Al weld in the
as-welded condition. Due to the multi-
pass nature of the weld, the mi-
crostructure in the fusion zone is not
uniform. Figure 4B shows the hard-
ness distribution in the weld, which is
not uniform, either. The HAZ of a pass
can be well inside the fusion zone and
HAZ of its previous pass. This can
cause local reheating and hence mi-
crostructural and hardness changes
within the fusion zone (Refs. 9, 34).
     As can be seen from the last pass

shown in Fig. 4B, the maximum hard-
ness is about 475 HV and is immedi-
ately along the fusion boundary, that
is, the coarse-grained HAZ (CGHAZ).
This is reasonably close to the average
hardness of about 510 HV observed by
Silwal et al. (Ref. 31) in the CGHAZ of
P91 steel in the as-welded condition.
According to them, the CGHAZ experi-
enced during welding a peak tempera-
ture between 1100°C (above the AC3
temperature 925°C) and the melting
temperature of 1382°C, thus allowing
complete carbide dissolution and
austenite grain growth and hence for-
mation of brittle martensite upon
cooling.
     Figure 4C shows the transverse

cross section of the low-Al weld in the
as-welded condition. As compared to
the high-Al weld (Fig. 4A), the low-Al
weld has a more uniform microstruc-
ture due to the more and smaller pass-
es used (33 vs. 13). The microhardness
distribution in the fusion zone, as
shown in Fig. 4D, is also more uniform
than that of the high-Al weld (Fig. 4B). 
     Figure 5A shows the transverse
cross section of the high-Al weld after
PWHT at 760°C (1400°F) for 4 h. As
compared to the as-welded condition
(Fig. 4A), the microstructure in the fu-
sion zone is more uniform. Conse-
quently, the microhardness in the fu-
sion zone is also more uniform as can
be seen in Fig. 5B. On the average, the

( )( )[ ] [ ]
=

× + log tr
LMP

T K C h

1000
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Fig. 7 — Presence of soft δ-ferrite in harder matrix of martensite in high-Al weld in as-
welded condition. A — Transverse macrograph of weld; B — optical micrograph at point
B in A; C — at point C; D — at point D.

A
B

C D

Table 3 — Results of Creep Rupture Tests of the High-Al Weld and the Low-Al Weld

Weld Temperature (°C) Stress (MPa) Rupture (h) % Elong % RA

High-Al weld 575 (1067°F) 190 41.4 35.6 82.0

Low-Al weld 575 (1067°F) 190 5110 11.3 30.6

High-Al weld 600 (1112°F) 155 41.1 51.4 87.1

Low-Al weld 600 (1112°F) 155 2875.2 13.0 29.1

High-Al weld 625 (1157°F) 120 52.2 43.8 82.5

Low-Al weld 625 (1157°F) 120 2326.0 12.9 33.2

High-Al weld 650 (1202°F) 80 296.4 42.6 59.8

Low-Al weld 650 (1202°F) 80 4713.6 13.5 36.1
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hardness is significantly lower after
postweld heat treatment. For better
resolution of the hardness distribu-
tion, a different color scale for hard-
ness was used in Fig. 5C. As can be
seen from the last pass shown in Fig.
5C, the maximum hardness is about
290 HV and is again in the CGHAZ im-
mediately along the fusion boundary.
The PWHT at 760°C for 4 h did not
make the CGHAZ identical to the base
metal in hardness, but it still reduced
the CGHAZ hardness significantly
(from about 475 to 290 HV). Silwal et
al. (Ref. 31) reduced the hardness in
the CGHAZ of P91 steel from about
510 to 290 HV after PWHT at 800°C
for 2 h.
     Figure 5D shows the transverse
cross section of the low-Al weld after
PWHT at 760°C (1400°F) for 4 h. The
microstructure in the fusion zone is
more uniform than that in the as-
welded condition — Fig. 4C. The mi-
crohardness in the fusion zone is
shown in Fig. 5E, which is also more
uniform and, on the average, signifi-
cantly lower than that in the as-weld-
ed condition — Fig. 4D. In Fig. 5F, a
different color scale for hardness is
used to show the hardness distribu-
tion. 
     In order to determine the average
hardness in the fusion zone, addition-
al microhardness measurements were
conducted manually in the weld speci-
mens after PWHT, and the results are
shown in Fig. 6. For the high-Al weld,

the average hardness in the fusion
zone is 219 HV. This corresponds to an
ultimate tensile strength (UTS) of 738
MPa (107 ksi) according to standard
charts for converting hardness to UTS
(Ref. 35). This UTS is very close to the
UTS of 703 MPa (102 ksi) measured in
the tensile testing of the high-Al weld
specimen after PWHT. For the low-Al
weld, the average hardness in the fu-
sion zone is 247 HV, which corre-
sponds to a UTS of 841 MPa (122 ksi)
according to the conversion table. The
room-temperature strength of the
high-Al weld (738 MPa) is only some-
what (12%) lower than that of the
low-Al weld (841 MPa). As suggested
by one reviewer of the present study,

Fig. 2 was replotted such that the ap-
plied stress was substituted by the ra-
tio of the applied stress to the UTS.
The two curves only moved slightly
closer to each other instead of collaps-
ing onto one. This new plot seems to
suggest that the much lower creep re-
sistance of the high-Al weld was not
caused by its lower strength but by its
less favorable microstructure (includ-
ing its coarse precipitates).  

Optical Microscopy and 
d-Ferrite

     The optical microstructure of the
high-Al weld is shown in Fig. 7. The
presence of d-ferrite in the fusion zone
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Fig. 9 — Absence of δ-ferrite in low-Al weld in as-welded condition. A —Transverse
macrograph of weld; B — optical micrograph at point B in A; C — at point C; D —
at point D. 

Fig. 8 — Quasi-binary phase diagram of
T91 steel (Ref. 36) shown here to illus-
trate formation of δ-ferrite in fusion
zone during solidification and in HAZ
during reheating by subsequent passes
to near 1300°C. Incomplete transforma-
tion of the δ-ferrite to austenite γ upon
cooling causes retained δ-ferrite. 

A B

C D

Table 4 — Solubility Products(a) for Carbides and Nitrides in Steels (Ref. 40)

Compound Metal Nonmetal A B

Cr23C6 Cr C 5.90 7375
V4C3 V C0.75 5.36 8000
TiC Ti C 2.75 7000

NbC Nb C0.7 3.11 7520
Mo2C Mo C 5.0 7375

Nb(C,N) Nb (CN) 2.26 6700
VN V N 2.27 7070
VN V N 3.46 + 0.12%Mn 8330
AIN Al N 1.80 7750
AIN Al N 1.03 6770
NbN Nb N 4.04 10230
NbN Nb N 3.70 10800
TiN Ti N 0.32 8000

(a) The data refer to dissolution of MaCb or MaNb. Following the equation log10(Ca
M Cb

N) = A – B/T with concentrations
measured in wt-% and T in K.
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is evident. A polygonal, light-etching
phase distinctly different from the
surrounding martensite matrix can be
seen in the HAZ of the second to last
pass (Fig. 7B) and the HAZ of the last
pass (Fig. 7C). This phase is expected
to be d-ferrite, judging from its signifi-
cantly lower hardness than the sur-
rounding matrix. Although the weld
metal can be reheated into the d + g re-
gion of the phase diagram during mul-
tipass welding, the presence of d-fer-
rite is not likely to be caused by this
reheating. First, reheating also oc-
curred in the low-Al weld made by
multipass SMAW but, as is shown sub-
sequently, no d-ferrite was found. Sec-
ond, d-ferrite was found in the fusion
zone of the last pass of the high-Al
weld (Fig. 7D), which was not reheated
by any passes. 
     The presence of d-ferrite suggests it

did not transform completely to
austenite during cooling. For the pur-
pose of discussion, the quasi-binary
phase diagram calculated for T91 steel
(reasonably close to P91 steel) by Ay-
ala et al. (Ref. 36) using Thermo-Calc is
shown in Fig. 8. The carbon contents
of the high- and low-Al welds are
0.114 and 0.117 wt-%, respectively
(Table 2). As shown, the weld pool so-
lidifies with d-ferrite as the primary
solidification phase. d-ferrite trans-
form to austenite g, which can in turn
transform to martensite upon further
cooling. However, using in-situ X-ray
diffraction by synchrotron radiation,
Mayr et al. (Ref. 23) showed that the 
d → g transformation in a 9-Cr steel
similar to P91 steel is incomplete.
With a simulated thermal cycle like in
welding, the steel was heated to a peak
temperature of 1300°C in the d + g re-

gion and cooled to the room tempera-
ture. The transformation of d-ferrite
into austenite during cooling was in-
complete. About 2% retained d-ferrite
was found in a matrix of martensite.   
     According to Paul et al. (Ref. 37),
the Cr equivalent Creq can be written
as follows for welds of P91 steel: 

     Creq = Cr + 6Si + 4Mo + 1.5W 
     + 11V + 5Nb + 12Al + 8Ti – 40C
     – 2Mn – 4Ni – 2Co – 30N – Cu
     (2)
where the elements are expressed in
wt-%, e.g., 8.09 for Cr, whose content
in the high-Al weld is 8.09 wt-%. The
plus signs are for elements that are
ferrite stabilizers, and the minus signs
for those that are austenite stabilizers.
As shown, Al is a stronger ferrite stabi-
lizer, 12 times stronger than Cr. 
     Based on the composition of the
high-Al weld shown in Table 2 and
Equation 2, the Cr equivalent of the
high-Al weld is 11.11. According to
Paul et al. (Ref. 37), if the Cr equiva-
lent of the P91 steel is greater than 9,
d-ferrite can exist. This seems to be
consistent with the presence of d-
ferrite in the high-Al weld. As for the
low-Al weld, the Cr equivalent is 8.25
based on its composition in Table 2
and Equation 2. This is consistent
with the microstructure of the low-Al
weld in Fig. 9, which shows no d-
ferrite in the matrix. 

Electron Microscopy and
Precipitates

     Figure 10A shows a SEM image,
along with the results of EDS composi-
tion analysis, of the high-Al weld after
PWHT in an area away from d-ferrite.
Here precipitates are visible both
along grain boundaries and inside
grains. Point 1 represents a location in
the matrix away from precipitates. It
shows 8.16 wt-% Cr and 0.67 wt-%
Mo. The precipitate near point 2 is
richer in Cr than point 1, which sug-
gests the precipitate is likely M23C6.
Precipitates of M23C6 have been ob-
served in P91 steels (Refs. 1–4). A sim-
ilar difference has been reported previ-
ously. For instance, Panait et al. (Ref.
4) showed a higher Cr content in
M23C6 precipitates than in the sur-
rounding matrix. Figure 10B is a simi-
lar SEM image in an area with d-
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Fig. 10 — Results of EDS composition analysis after postweld heat treatment. A — High-
Al weld in area free of δ-ferrite; B — δ-ferrite in high-Al weld showing no precipitates;
C — low-Al weld. Cr contents are higher at precipitates 2, 3, 4 than matrix at point 1 in A
and at precipitates 1 and 3 than matrix at point 2 in C, suggesting the precipitates are
likely to be M23C6.
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ferrite. As shown, d-ferrite is precipi-
tation free, which makes it soft. Figure

10C shows a SEM image of the low-Al
weld after PWHT along with the re-

sults of EDS composition analysis. The
higher Cr contents of the precipitates
near points 1 and 3 than that at point
2 in the matrix suggest that the pre-
cipitates are likely M23C6. 
     Figure 11A shows the SEM image of
a carbon replica from the transverse
cross section near the fracture surface
of the high-Al weld specimen tested at
600°C (1112°F) and 155 MPa. It shows
near points 1 and 3 plate-like precipi-
tates that are considerably larger in
size than M23C6. The EDS composition
analysis shows these precipitates are
Al-rich without detectable V. Figure
11B shows the SEM image of a carbon
replica from the transverse cross sec-
tion near the fracture surface of the
low-Al weld specimen after creep rup-
ture testing at 600°C and 155 MPa. As
compared to the high-Al weld (Fig.
11A), the precipitates are smaller and
more uniformly distributed. Further-
more, unlike in the high-Al weld, the
precipitates here contain significantly
more V and no detectable Al. 
     Figure 12 shows the element map-
ping of the transverse cross section
near the fracture surface of the high-
Al weld specimen tested at 600°C and
155 MPa. Two large precipitates about
1 mm in size are visible in Fig. 12B, the
one in the upper-right corner being
plate-like. Both are rich in Al as shown
by the Al map in Fig. 12C. The Cr map
in Fig. 12D shows two isolated Cr-rich
precipitates and two others in the low-
er left corner that seem to be sitting
on top of a large Al-rich precipitate
that is presumably plate-like. The two
large precipitates in Fig. 12B are fur-
ther analyzed by transmission electron
microscopy (TEM) in Fig. 13. Consid-
ering the small but significant N con-
tent in the fusion zone, the two large
Al-rich precipitates are likely to be
AlN. They can be seen in the TEM im-
age in Fig. 13B. The large precipitate
on the upper-right corner shows a dif-
fraction pattern similar to that of AlN,
as can be seen by comparing Fig. 13C
with Fig. 13D.
     Figure 14 shows the element map-
ping of the transverse cross section near
the fracture surface of the low-Al weld
specimen tested at 600°C and 155 MPa.
Precipitates are shown by the SEM im-
age in Fig. 14A, wherein some small pre-
cipitates about 100 nm in size are visi-
ble. The Cr-map in Fig. 14B suggests
these precipitates are M23C6. However,
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A B

Fig. 11 — SEM images of carbon replicas from transverse cross sections near fracture
surfaces of creep specimens tested at 600°C. A —High-Al weld showing coarser precipi-
tates containing Al (points 1, 3); B — low-Al weld showing no such precipitates. 

Fig. 12 — Carbon replica from transverse cross section near fracture surface of high-Al
weld specimen after 600°C creep rupture test. A — SEM image; B — enlarged SEM
image; C — Al distribution in Fig. 12B suggesting presence of coarse Al-rich precipitates;
D — Cr distribution in Fig. 12B suggesting presence of Cr-rich M23C6 precipitates.
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the coexistence of more than one type
of precipitate seems visible at some lo-
cations in the SEM image Fig. 14A. The
V-map in Fig. 14C suggests the presence
of V-containing precipitates and their
coexistence with the larger M23C6 pre-
cipitates. These V-containing precipi-
tates are likely to be V(CN). 

Thermodynamic and Kinetic
Analyses

     A thermodynamic analysis of nitride
precipitates can be made based on the
Ellingham diagram of nitrides shown in
Fig. 15A (Ref. 38) for the relative stabili-

ty of AlN, VN, and NbN. Since a nitride
with a lower free energy of formation
has a greater tendency to form, the dia-
gram shows a greater tendency for AlN
to form than either VN or NbN. This is
consistent with the presence of AlN pre-
cipitates in the high-Al weld. However,
the Ellingham diagram shows the stan-
dard-state condition and does not con-
sider the actual concentrations of Al, V,
Nb, and N in the welds.
     A kinetic analysis of nitride precipi-
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Fig. 13 — Evidence of AlN precipitates in high-Al weld specimen after 600°C
creep rupture test: A — SEM image of carbon replica (same as Fig. 12B);
B — TEM image at same location as in Fig. 13A; C — electron diffraction
pattern of the Al-rich precipitate in Fig. 13A; D — simulated diffraction pat-
tern of AlN indicating the Al-rich precipitate is AlN.

Fig. 14 — Evidence of V(CN) precipitates
in low-Al weld specimen after 600°C creep
rupture test. A — SEM image of carbon
replica from transverse cross section near
fracture surface; B — Cr distribution sug-
gesting presence of Cr-rich M23C6 precipi-
tates; C — V distribution suggesting
presence of V(CN) precipitates.

A
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Table 5 — Supersaturation emperature of Nitrides in High-Al Weld

Compound A B Supersaturation emperature (oC)

VN 2.27 7070 1257
VN 3.46 + 0.12%Mn 8330 1175
AlN 1.80 7750 1477
AlN 1.03 6770 >1500
NbN 4.04 10230 1087
NbN 3.70 10800 1231

Table 6 — Supersaturation emperature of Nitrides in Low-Al Weld

Compound A B Supersaturation emperature (°C)

VN 2.27 7070 1257
VN 3.46 + 0.12%Mn 8330 1319
AlN 1.80 7750 <800
AlN 1.03 6770 <800
NbN 4.04 10230 1101
NbN 3.70 10800 1247
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tates can be made based on the solu-
bility products of nitrides. Figure 15B
shows the solubility products of ni-
trides (and some carbides) in steel ac-

cording to Aronsson (Ref. 39). The sol-
ubility products of all the nitrides de-
crease as the temperature decreases.
AlN has the lowest solubility product

at the temperature above 863°C
(104/1136 K = 8.8 K–1), indicating AlN
is likely to precipitate first during cool-
ing after solidification. For a metal M,
the solubility product of its nitride
MN can also be calculated using the
following equation (Ref. 40):

     log10(CMCN) = A – B/T (3)

where the concentration C is in wt-%
and temperature T in degrees Kelvin.
The constants A and B are given in
Table 4 in two different sets of values
according to Ashby and Easterling
(Ref. 40). 
     For a MN nitride such as AlN, VN,
and NbN, the level of supersaturation
at a given temperature can be defined
as follows:

     (4)

where the wt-% of M in the weld and
the wt-% of N in the weld are given in
Table 2 (composition of welds). A pre-
cipitate is considered supersaturated
when the ratio is greater than 1.0, and
the higher the ratio is, the greater the
tendency for the precipitate to form.
Calculated results for the high-Al weld
based on Equations 3 and 4 in Table 2
are summarized in Table 5. As shown,
AlN can reach supersaturation upon
cooling to 1477°C or even before
1500°C.  However, NbN and VN can-
not reach supersaturation until fur-
ther cooling to lower temperatures:
NbN to 1087° or 1231°C, and VN to
1175° or 1257°C. Consequently, dur-
ing cooling AlN can precipitate before
VN and NbN, and this is consistent
with the fact that no V-rich precipi-
tates were found in the high-Al weld.
Thus, AlN precipitates could have
formed at the expense of V(CN) and
Nb(CN) precipitates. Therefore, the
absence of creep-resistant V(CN) and
Nb(CN) precipitates is consistent with
the poor creep resistance of the high-
Al weld. It is worth mentioning that
AlN inclusions about 1 μm in size were
found in FCAW deposits containing
1.70 wt-% Al and 0.064 wt-% N with-
out V or Nb, and they exhibited a
faceted morphology (Ref. 41).
     Calculated results for the low-Al
weld based on Equations 3 and 4 and

( )
( ) ( )
Level of supersaturation =

wt- of in weld x wt-% of N in weld

C C

M% /

M N
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Fig. 15 — Effect of temperature on formation of nitrides. A — Ellingham diagram show-
ing a greater tendency for AlN to form than VN and NbN under standard state (Ref. 38);
B — solubility products of some nitrides and carbides in austenite (Ref. 39).

Fig. 16 — Dominance of AlN over NbN (and VN, which does not even form) in high-Al
weld (0.455 wt-% Al). A — Volume fractions of nitrides vs. temperature; B — volume
fractions of nitrides vs. Al content at 1250°C (with Al replacing Fe while contents of
other alloy elements being kept identical to Table 2); C — volume fractions of nitrides
vs. Al content at 1100°C. All curves calculated using Pandat (Ref. 42) and PanIron
(Ref. 43) of CompuTherm. 
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Table 2 are summarized in Table 6. The
lack of AlN in the low-Al weld is less due
to the competition with other nitrides
as the fact that there is almost no Al in
the weld. Because of the very low Al
content, AlN does not reach supersatu-
ration upon cooling until below 800°C.
However, NbN and VN can reach super-
saturation upon cooling to higher tem-
peratures: NbN to 1101° or 1247°C, and
VN to 1257° or 1319°C. Consequently,
during cooling VN and NbN can precipi-
tate before AlN, and this is consistent
with the fact that no Al-rich precipitates
could be found in the low-Al weld.
     In the study of Quintana et al. (Ref.
41) on Fe-C-Al-Mn steel welds made
by FCAW, the thermodynamics com-
puter software ThermoCalc was used to
analyze the formation of AlN, Al2O3,
and Ti(CN) precipitates in the welds.
    In the present study, the thermody-

namic computer software Pandat (Ref.
42) and the database PanIron (Ref. 43)
of CompuTherm, LLC, were used to
calculate the formation of nitride in
the welds based on their compositions
in Table 2. The calculated results for
the high-Al weld are shown in Fig. 16.

    Figure 16A shows that AlN precipi-
tation starts at a much higher temper-
ature than NbN formation and that no
VN precipitates during cooling. Figure
16B and C showed volume fractions of
nitrides vs. the Al content at 1250°
and 1100°C, respectively. It shows that
at 0.45 wt-% Al, precipitation of AlN
dominates that of NbN and precipita-
tion of VN does not even occur, con-
sistent with the experimental results.
It is perhaps worth mentioning that
the solubility of nitrogen is much
higher in d-ferrite than in a-ferrite
(Ref. 44). This may suggest that some
N may be trapped in d-ferrite in the
case of the high-Al weld, thus further
reducing the amount of N available for
the precipitation of NbN and VN.   
     Similar results calculated for the
low-Al weld are shown in Fig. 17. Fig-
ure 17C shows that at 0.001 wt-% Al,
only VN and NbN can precipitate out
but not the AlN, which is consistent
with the experimental results. The
lack of AlN in the low-Al weld is less
due to the competition with other ni-
trides as the fact that there is almost
no Al in the weld.

Conclusions

     1) Stress rupture tests of welds of
P91 steel made with significantly differ-
ent Al contents in the fusion zones have
shown that increasing the Al content
can significantly reduce the creep resist-
ance of P91 steel welds, from up to
about 5000 h at 0.001 wt-% Al to up to
about 300 h at 0.455 wt-% Al under the
tested conditions in the present study.
     2) Optical microscopy of the welds
has shown that increasing the Al con-
tent can promote the formation of re-
tained d-ferrite in the matrix of tem-
pered martensite, which is detrimental
to the creep resistance of P91 steel.
This effect of Al on the d-ferrite forma-
tion is consistent with Al being a pow-
erful ferrite stabilizer, twelve times
more powerful than Cr according to
Equation 2.   
     3) Electron microscopy and EDS
composition analysis of the welds have
shown that increasing the Al content
can promote the formation of coarse
(about 1 mm) AlN precipitates at the
expense of the fine (< 100 nm) VN
precipitates needed to resist creep.    
     4) Thermodynamic analysis based
on the Ellingham diagram of nitrides
suggests that AlN can have a greater
tendency to precipitate than VN and
NbN, at least under the standard state.  
     5) Kinetic analysis based on the solu-
bility products of nitrides and the com-
position of the high-Al weld suggests
that, during cooling after solidification,
supersaturation can be reached to cause
precipitation at a significantly higher
temperature for AlN than for NbN and
VN. Thus, AlN can be expected to pre-
cipitate first and use up N before NbN
and VN can precipitate.
     6) Computations using the comput-
er software Pandat suggest that the
dominance of AlN precipitation in the
high Al-weld and the absence of AlN
formation in the low-Al weld.
     7) The presence of retained d-
ferrite and the absence of VN (or
V(CN)) and NbN (or Nb(CN)) precipi-
tates have contributed to the much
lower creep resistance of the high-Al
weld. 
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Fig. 17 — Dominance of VN and NbN over AlN in low-Al weld (0.001 wt-% Al). 
A — Volume fractions of nitrides vs. temperature; B — volume fractions of nitrides
vs. Al content at 1250°C; C — volume fractions of nitrides vs. Al content at 1100°C.
All curves calculated using Pandat (Ref. 42) and PanIron (Ref. 43) of CompuTherm. 
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