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Abstract

In this paper the dissimilar welded joints between the ferritic (tempered martensitic) steel
T92 and the non-stabilised austenitic steel TP316H were investigated in terms of microstruc-
ture and creep rupture behaviour characterisation. The welded joints were prepared by the
TIG method using the Ni-based filler metal Nirod 600 (Inconel-type). After the welding, the
individual weldments were subjected to the two different regimes of post-weld heat treatment
(PWHT), either the “classical” PWHT (i.e. subcritical tempering – below Ac1 temperature)
or the so-called “full” PWHT including the re-normalisation. The use of “classical” PWHT
preserved microstructural gradient in the ferritic steel heat-affected zone (HAZ), which led
to a premature creep failure by the “type IV cracking” mode. In contrast, the application of
“full” PWHT eliminated the critical HAZ region of T92 steel and changed the creep failure
mode to the “interfacial cracking” between the ferritic steel and the Ni-based weld metal.
Consequently, this suppression of the “type IV cracking” failure led to a significant creep life
increase of the studied ferritic/austenitic welded joints.

K e y w o r d s: dissimilar weldment T92/TP316H, post-weld heat treatment (PWHT), mi-
crostructure, creep, type IV cracking, interfacial cracking

1. Introduction

Dissimilar weldments of creep-resistant steels are
commonly used in a boiler system of fossil-fired power
plants [1, 2]. Whereas in a primary part of supercrit-
ical steam boiler the Cr-Mo ferritic steels are used for
water evaporators (membrane water walls) and steam
headers [3, 4], in the terminal part of superheaters and
reheaters the Cr-Ni austenitic steels are employed [5,
6].
The first produced ferritic/austenitic (α/γ) weld-

ments were manufactured by fusion welding using the
filler materials based on austenitic steels [1, 2]. The
most serious problem in these welds was associated
with carbon migration from ferrite to austenite driven

*Corresponding author: tel.: +421-55-792-2447; fax: +421-55-792-2408; e-mail address: lfalat@imr.saske.sk

by carbon activity gradient [2, 7–9]. To overcome this
problem, the alternative nickel-based welding consum-
ables of Inconel-type have been introduced. The Ni-
-based fillers possess low carbon solubility, so they act
like a carbon diffusion barrier and hence the carbon
depletion at the ferritic side of the dissimilar α/γ weld-
ment is considerably suppressed [2, 7].
The majority of published studies on dissimilar

α/γ weldments with Ni-based filler metal were per-
formed on the welds with 2.25Cr-1Mo ferritic steel
base material [10–16]. These studies were focused
mainly on microstructure evolution of either service-
-exposed or laboratory heat-treated weldments. How-
ever, the literature information on the α/γ welds with
advanced high Cr ferritic steels is very limited. For in-
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Ta b l e 1. Chemical composition (wt.%) of the base steels

Steel C N Si Mn P S Cr Mo W B Ni Al V Nb Fe

T92 0.11 0.056 0.38 0.49 0.019 0.002 9.08 0.31 1.57 0.0023 0.33 0.014 0.2 0.069 Balance
TP316H 0.052 – 0.51 1.77 0.031 0.006 16.76 2.05 – – 11.13 – – – Balance

Ta b l e 2. Chemical composition (wt.%) of the Ni-based filler metal

Alloy C Si Mn P S Cr Fe Nb Ni

Nirod 600 0.05 0.3 3.0 0.03 0.015 20.0 2.0 2.0 Balance

stance, the studies [17, 18] deal with thermal cycling
experiments on the dissimilar α/γ welds with P91
ferritic steel but the information about their creep be-
haviour is not available. Moreover, there is a lack of
any comparative studies about the influence of PWHT
conditions on microstructure and creep performance
of these welds.
Generally, the weldments of high Cr ferritic steels

require the application of PWHT in order to relieve
residual stresses and stabilise the microstructure [3,
19, 20]. The “classical” PWHT of these welds consists
of subcritical tempering (i.e. below Ac1 temperature),
typically in the range from 720 to 760◦C [3, 19]. It is
well-known that the “classical” PWHT decreases the
hardness of a welded joint and improves its tough-
ness [3, 21–23]. However, the remaining problem dur-
ing creep exposure of these weldments is their prema-
ture failure by the “type IV cracking” mode, i.e. the
failure within the fine-grained intercritical HAZ region
[24–28]. Albert et al. [24] reported that this failure
type cannot be avoided by any variation in subcrit-
ical (“classical”) PWHT regime. Some authors [29–31]
suggest that the only way to avoid “type IV cracking”
in the ferritic welds is their complete re-normalisation.
In the case of dissimilar α/γ weldments the PWHT

conditions are generally proposed with respect to the
ferritic steel of the joint, according to the “classical”
PWHT regime. The relevant literature data focusing
on the possibility of application of “full” PWHT (re-
normalisation followed by subcritical tempering) on
the α/γ welds are missing. Therefore, a present study
was undertaken to investigate the influence of different
PWHT regimes (the “classical” and the “full” PWHT)
on microstructure and creep rupture behaviour of dis-
similar T92/TP316H ferritic/austenitic welded joints.

2. Experimental procedure

The tubes of dissimilar steels T92 and TP316H
(38mm outer diameter, 5.6 mm wall thickness) were
circumferentially welded by the TIG method using the
Ni-based filler metal Nirod 600. Welding parameters

Fig. 1. Schematic cross-weld (c-w) sampling.

were the following: welding current 70–110A, voltage
12–17V, and heat input 9–12 kJ cm−1. The diameter
of TIG electrode was 2.4 mm and the negative polarity
on the electrode was used. The chemical compositions
of the materials used for the production of the weld-
ments are given in Tables 1 and 2.
After the welding, two different PWHT regimes

were applied to the first and second series of the pro-
duced T92/TP316H welded joints, respectively. The
“classical” PWHT regime consisted of subcritical tem-
pering (i.e. below Ac1 temperature) at 760◦C/60min,
followed by furnace cooling down to the room tem-
perature. The second series of the welded joints
was subjected to the “full” PWHT including the
re-normalisation (1060◦C/15 min/water quench) and
subsequent subcritical tempering.
For all following experiments the cross-weld

(c-w) samples were used. The sectioning of the tubular
T92/TP316H welded joint to the c-w blocks is schem-
atically shown in Fig. 1. One of the cut blocks was
used for the metallographic examination. The other
blocks were used for the machining of round tensile
samples (4 mm body diameter, 40 mm gauge length,
M6 head thread) for the creep rupture tests.
Metallographic analyses involved light microscopy

(LM), scanning electron microscopy (SEM) linked
with energy dispersive X-ray analysis (EDX), and
transmission electron microscopy (TEM). For LM and
SEM observations the samples were ground, polished
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Fig. 2. Microstructure of the ferritic part of the T92/TP316H weld joint after the “classical” PWHT (a) and after the
“full” PWHT (b).

Ta b l e 3. Etchants used for the etching of dissimilar ma-
terials

Material composition of etching solution

T92, TP316H
120 ml CH3COOH, 20 ml HCl,
3 g picric acid, 144 ml CH3OH

Nirod 600 5 ml HF, 10 ml HNO3, 85 ml H2O

and etched. For the etching of dissimilar materials the
different etching solutions were used (Table 3).
For the TEM observations thin foils were prepared

by mechanical grinding and polishing, and electro-
lytic thinning in the solution: 70 ml HClO4 + 930ml
CH3OH, at temperature −35◦C and voltage 20–25V.

3. Results and discussion

3.1. The influence of PWHT regime on
microstructure

Figures 2–5 show the light optical microstructures
of different regions of the studied T92/TP316H wel-
ded joint in two different PWHT states. In Fig. 2a,b
the microstructure of the ferritic (T92) region next to
the Ni-based weld metal (Ni WM) is shown for the
“classical” as well as for the “full” PWHT state, re-
spectively. After the “classical” PWHT the T92 mi-
crostructure exhibits a typical HAZ region consist-
ing of its coarse-grained (CGHAZ) and fine-grained
(FGHAZ) part (Fig. 2a). On the other hand, after
the “full” PWHT the T92 microstructure is free of
the HAZ region (Fig. 2b) as a result of transforma-
tion processes (re-austenitisation and back on-cooling
martensite formation) during this PWHT regime. In
addition, the “fully” post-weld heat treated micro-

structure is much coarser than the CGHAZ micro-
structure corresponding to the “classical” PWHT (see
details in Fig. 3a,b). The coarser T92 microstructure
after the “full” PWHT originates from the coarsening
of prior austenite grains during the re-austenitisation
period of this heat treatment.
In Fig. 4a,b the microstructures of the austenitic

(TP316H) region next to the Ni WM are shown for
the “classical” as well as for the “full” PWHT state,
respectively. In contrast to the ferritic part of the
weld joint, the microstructures of the austenitic part
are only slightly affected by the PWHT conditions
with respect to the grain size. After the “full” PWHT
only some individual grains of the TP316H steel are
coarsened (Fig. 4b), compared to the microstructure
after the “classical” PWHT (Fig. 4a). Since the micro-
structures of the ferritic creep-resistant steels (includ-
ing T92 steel) as well as the austenitic stainless steels
(type AISI 316) have been widely studied by many
other authors [32–40], no further detailed microstruc-
tural and/or phase analyses were carried out here on
these steels.
The microstructures of the Ni WM Nirod 600 close

to the interface with T92 steel are documented for the
both studied PWHT states in Fig. 5. (After the select-
ive etching of the Ni WM, the T92 material becomes
over-etched and hence appears fully dark.) The micro-
structures of Ni WM after the both PWHT regimes
are very heterogeneous with respect to the size, mor-
phology and distribution of grains and precipitates.
In the “classical” PWHT state (Fig. 5a) the micro-
structure contains well-preserved solidification grain
boundaries as well as sub-grain boundaries (in this
case – dendritic cell boundaries). To the contrary,
after the “full” PWHT (Fig. 5b) the microstructure
of Ni WM contains mostly migrated grain bound-
aries as a result of their intensive migration during
the heat treatment. The size of precipitates in the
“fully” heat treated microstructure (Fig. 5b) is signi-
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Fig. 3. Detailed microstructures of the ferritic part of the T92/TP316H weld joint after the “classical” PWHT (a) and
after the “full” PWHT (b).

Fig. 4. Microstructures of the austenitic part of the T92/TP316H weld joint after the “classical” PWHT (a) and after the
“full” PWHT (b).

Fig. 5. Microstructures of the Ni WM Nirod 600 close to the interface with T92 steel after the “classical” PWHT (a) and
after the “full” PWHT (b).

ficantly finer compared to the “classical” PWHT state
(Fig. 5a). This refinement of the precipitates is given
by their dissolution during the re-normalisation and

back re-precipitation during the subsequent temper-
ing. The microstructures in Fig. 5 contain intergranu-
lar as well as intragranular precipitates with different
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Fig. 6. Blocky Nb-rich precipitate in Nirod 600 weld metal
and its corresponding EDX spectrum.

Fig. 7. Intergranular Nb-rich precipitate in Nirod 600 weld
metal and its corresponding EDX spectrum.

morphologies. The precipitates are either blocky or
they form more-less continuous structures along the
grain boundaries. By means of EDX analyses both
these precipitate types were found to be rich in Nb
(Figs. 6 and 7). With respect to the overall chemical
composition of the Nirod 600 weld metal (Table 2) the
precipitates are likely the NbC carbides. Indeed, the
occurrence of these precipitates was also reported by
Ramirez and Lippold [41] in their study on the filler
metal “FM 82” with the chemical composition very
similar to that of the Nirod 600 weld metal. In addi-
tion, Jonšta et al. [42] also observed these precipitates
in another “Inconel-type” Ni-based alloy. The agglom-
erations of fine intragranular precipitates in Nirod 600
weld metal were analysed by EDX and selected area
electron diffraction (SAED) on carbon extraction rep-
licas in TEM. These fine particles were also found to
be the NbC carbides with face-centered cubic (f.c.c.)
crystal structure (Fig. 8).

Fig. 8. Agglomerations of fine intragranular NbC precipit-
ates in Nirod 600 weld metal (a) and their corresponding

SAED pattern (b).

3.2. The influence of PWHT regime on creep
rupture behaviour

In Fig. 9 the stress dependences of the creep life
(time-to-fracture) of the studied welded joints are
shown at two temperatures (625 and 650◦C) for the
“classical” and the “full” PWHT state. As expected,
with decreasing stress and/or temperature the creep
life for the both PWHT states increases. However, it is
shown that for all stresses at a given temperature the
creep life of the weldments after the “full” PWHT is
always higher than that after the “classical” PWHT.
In addition, with decreasing applied stress the differ-
ence in creep life between the “classical” and “full”
PWHT state increases. This creep life increase is in-
dicated in Fig. 9 by arrows. These results of creep
rupture tests clearly indicate a strong potential of the
“full” PWHT for the increase of creep life of dissimilar
ferritic/austenitic welded joints.
In Fig. 10 the influence of creep conditions and

PWHT regime on the failure mode of the studied weld-
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Fig. 9. Creep life of T92/TP316H weld joint in dependence
of applied stress, testing temperature and PWHT regime.

ments is shown. It is obvious that the long-term creep
failure mode of the studied weld joints is either the
“type IV cracking” or the “cracking at T92/Ni WM
interface” for the “classical” and the “full” PWHT
state, respectively.
Figure 11 documents a profile view on the as-crept

microstructures beneath the creep fracture surfaces
after the “type IV cracking” failure. The failure typic-
ally occurs within the fine-grained region of intercrit-
ical heat-affected zone (ICHAZ).
A detailed view in Fig. 12 reveals an important role

of coarsened precipitates on the intergranular charac-
ter of this failure type. The different types of precip-
itates were discriminated by the BSE contrast in the
SEM image (Fig. 12b).
The interfacial creep failure by “cracking at T92/

Ni WM interface” is documented in Fig. 13. The co-
alesced creep cavities and cracks are clearly visible
along the interface. The detailed SEM-image of inter-
facial T92/Ni WM microstructure is shown in Fig. 14.
It reveals an intensive precipitation in T92 steel at the
location close and parallel to the T92/Ni WM inter-

Fig. 10. Influence of creep conditions on failure mode of
T92/TP316H weld joint after the “classical” PWHT (a)

and after the “full” PWHT (b).

face. This morphological arrangement of the interfa-
cial precipitates was referred to as “type I carbides”
in [12, 13]. From Fig. 14 it is obvious that the inter-
facial creep damage is caused by a progressive growth
and inter-linkage of the interfacial precipitates which
act like crack nucleation sites. Thus, decohesion along
the “type I carbides” is likely to be the controlling

Fig. 11. Light optical microstructures of two counter-parts of the “classically” heat treated weld joint ruptured by “type
IV cracking” after 4060 h at 625◦C/100 MPa.
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Fig. 12. SEM microstructures of the ICHAZ visualised by the contrast of secondary electrons (a) and back-scattered
electrons (b).

Fig. 13. Failure by “cracking at T92/Ni WM interface” of the “fully” heat treated weld-joint ruptured after 5143 h at
625◦C/120 MPa.

failure mechanism of creep fracture in this case. The
formation of interfacial precipitates in different types
of dissimilar welds was observed also by many other
authors and it was found to be closely related to the re-
distribution of alloying elements across the weld metal
interface [6–9, 11–13, 43–45].
The substructure of ferritic (T92) regions of the

investigated T92/TP316H welded joints was charac-
terised by TEM (Fig. 15). The TEM observations
were carried out on the as-crept samples with compar-
able creep exposure corresponding to the both PWHT
states. The sampling was always carried out at the
location beneath creep fracture. Thus, in the case of
“classically” heat treated welded joint the ICHAZ re-
gion was investigated (Fig. 15a), whereas in the case
of “fully” heat treated weldment the TEM observation
was performed in the region close to the T92/Ni WM
interface (Fig. 15b). The substructure of T92 ICHAZ
after 4060 h of creep at 625◦C/100MPa contains fully
recrystallized polygonal grains with coarse precipit-

Fig. 14. Detailed SEM-image of interfacial T92/Ni WM
microstructure revealing the inter-linkage of interfacial
precipitates (“type I carbides”) and its relation to the in-

terfacial crack formation.
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Fig. 15. Substructure of T92 material: (a) ICHAZ region
of the “classically” heat treated weld-joint ruptured by
“type IV cracking” failure after 4060 h of creep test at
625◦C/100 MPa; (b) region next to the T92/Ni WM in-
terface of the “fully” heat treated weld-joint ruptured by
“cracking at T92/Ni WM interface” after 5143 h of creep

test at 625◦C/120 MPa.

ates (Fig. 15a). In contrast, the substructure of T92
region close to the T92/Ni WM interface still con-
tains laths and relatively finer precipitates (Fig. 15b)
even after 5143 h of creep at 625◦C/120MPa. The
described substructural differences can be directly re-
lated to the differences in creep resistance of the stud-
ied welded joint in different PWHT states. Thus,
the elimination of the T92 ICHAZ region by the
“full” PWHT eliminates the “type IV cracking” fail-
ure and significantly improves the creep resistance of
the T92/TP316H weldment.

4. Summary and conclusions

In this study the effects of different PWHT regimes
on microstructure and creep rupture behaviour of the
ferritic/austenitic T92/TP316H welded joints were in-

vestigated. From the obtained results the following
conclusions could be drawn:
– The microstructure of the ferritic steel (T92)

of the studied α/γ welds close to the Ni-based weld
metal (Nirod 600) exhibits after the “classical” (sub-
critical) PWHT a typical HAZ region consisting of
its coarse-grained and fine-grained part. To the con-
trary, after the “full” (re-normalised and tempered)
PWHT the microstructure of this part of the weld-
ment is markedly coarsened and the original HAZ re-
gion is totally eliminated.
– The microstructure of the austenitic steel

(TP316H) is only slightly affected by the PWHT con-
ditions.
– In contrast to the microstructure of Nirod 600

in the “classical” PWHT state, its microstructure
after the “full” PWHT is significantly affected by
the grain boundary migration and the re-precipitation
processes.
– The creep rupture behaviour of the investigated

α/γ welded joints is controlled by their ferritic part.
In dependence of PWHT regime and creep conditions
used, several types of creep failure modes were iden-
tified. To-the-date results indicate that the long-term
creep failure modes are the “type IV cracking” and the
“cracking at T92/Ni WM interface” for the welds after
the “classical” and the “full” PWHT, respectively.
– The creep-resistance (creep life) of the welded

joints after the “full” PWHT is significantly higher
than that of the welds after the “classical” PWHT.
The crucial reason for this creep life increase is appar-
ently the elimination of the “type IV cracking” fail-
ure by the elimination of the fine-grained T92 ICHAZ
region after the “full” PWHT. These findings clearly
indicate a strong potential of the “full” PWHT for the
increase of long-term operation of power plants. How-
ever, there is a need to perform the creep tests with
much longer durations – about 30 000 h and more (i.e.
at the more realistic creep conditions approaching the
real operating conditions) in order to verify the ob-
tained tendencies in creep-rupture behaviour and to
perform reliable creep strength predictions.
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