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shomyguca@yahoo.com (M. Stanković).
a b s t r a c t

The subject of this paper is the microstructural and mechanical characterisation of regions of the heat-
affected zone (HAZ) in steels containing 9–12% Cr that are used for operation at elevated temperatures.
Tests were performed on regions in the HAZ, which was created by physical simulation using a thermal
welding simulator. Half of the simulated samples (SSs) were tested at room temperature (RT) and at an
operating temperature (OT) of 600 �C immediately after simulation/welding, while the rest of the simu-
lated samples were tested at RT and at the OT after heat treatment following the welding, i.e., post-weld
heat treatment (PWHT). In addition to the results from mechanical testing, the results from microstruc-
tural analysis using light microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are also presented. The manner in which PWHT contributes to the creep resistance
of the HAZ in P91 steel is demonstrated.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The components built into modern fossil-fuel power stations
are made of ferritic steels containing 1–12 wt.% Cr and 0.5–
1 wt.% Mo, which are designed for an OT of up to 600 �C. The need
to reduce CO2 emissions and to increase the efficiency of power
stations (by increasing steam operating pressures and tempera-
tures) led to a modification of these steels. Namely, these materi-
als, known as T/P91 steels (9Cr-1 Mo–NbV), are not used for
operating temperatures (OTs) above 600 �C, as they do not possess
the required creep strength and oxidation resistance at elevated
temperatures. Impressive progress has been made in the analysis
of the specific microstructural instability that causes a loss in creep
strength at an OT of 550 �C and above, including the prediction of
the onset time of the creep strength loss and theoretical modelling
of precipitation sequences in power plant steels. New types of
highly creep-resistant bainitic 3Cr and martensitic 9–12Cr, such
as T23 and P92 steels, with higher creep rupture strengths than
existing steels are already being developed [1].

The problems encountered in welded joints (WJ) of T/P91 steel
under creep conditions [2–4], both in parent metal (PM) and weld
ll rights reserved.
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metal (WM), are the result of Type IV cracking, i.e., crack initiation
in the region of the heat-affected zone (HAZ) immediately next to
the PM. Specifically, Type IV cracking may occur either in an inter-
critical HAZ (ICHAZ), i.e., in the region of the HAZ heated to a max-
imum temperature Ac1 < Tp < Ac3, or in a fine-grained HAZ (FGHAZ),
i.e., in the region of the HAZ heated slightly above Ac3. The initia-
tion of cracks of this type is mostly affected by microstructural
variations during welding, post-weld heat treatment (PWHT) and
service or creep tests [5–9]. HAZ material exhibiting a fine-grained
structure showed the lowest creep strength. Coarse-grained WM
generally had the highest creep strength, whereas PM exhibited
an intermediate behaviour [10,11].

Due to advanced transmission electron microscopy (TEM) spec-
imen preparations, the former location of extracted particles, such
as on grain/lath/subgrain boundaries, can be determined before
microanalysis [12,13]. The most significant factors in reducing
the creep rupture strength of the FGHAZ of WJ in P91 steel, as com-
pared with the CGHAZ of WJ and PM, are as follows: the finer prior
austenite grain size in the fine grained region, which accelerates
the rate of growth of martensite lath sub grains and enhances
creep cavitations, and the lower peak temperature during welding,
which results in a softer martensite matrix [14]. Additionally, chro-
mium-rich martensite laths play the largest role in the oxidation
process at an elevated OT by enhancing the chromium flux from
the metal towards the surface [15,16].

PWHT of the as-welded joints made from modified 9Cr-1 Mo
steel is necessary in fabricating the high-temperature structural
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Table 1
Chemical composition of the tested material, wt.%.

C Si Mn P S Cr
0.120 0.289 0.396 0.009 0.002 8.04

Ni Cu Al Mo Ti As
0.080 0.082 0.024 0.850 0.003 0.007

V Nb W Sb Co N
0.242 0.073 0.013 0.0091 0.012 0.040

Table 2
Mechanical properties of the PM.

Rm (MPa) Rp0.2 (MPa) E (GPa) A5 (%) Etot (J)

720 560 211 21 196

Fig. 2. Welding thermal cycle curve and dilatometric curve.

Table 3
Simulation parameters for the tested material.

Tp (�C) Dt8/5 (�C) Thold (�C) thold (s)

1386 40 1386 0.5
1300 40 1300 0.5
1250 40 1250 0.5
1200 40 1200 0.5
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components of steam power plants. The recovery and recrystallisa-
tion occurring at 730 �C, held for 2 h led to the fragmentation of
martensite laths and thus to the formation of equiaxial grains. Var-
iation in the recovery and recrystallisation behaviours is largely
influenced by the distribution of the M23C6 precipitates in the
microstructure of the modified 9Cr-1 Mo steel weldments after
PWHT [17]. The literature shows that analytical testing using
TEM at characteristic spots during a certain cycle of welding and
subsequent PWHT shows the complete dissolution of precipitates,
i.e., Cr-carbides, V-nitrides and (Nb,V), and of (C,N) during the
thermal welding cycle. During PWHT, they precipitate again and
are distributed similarly to the precipitates in the initial PM [18–
22]. Advanced microstructural characterisation has demonstrated
that long-term microstructural stability in 9–12% Cr steels under
technical loading conditions is related to the precipitate stability.
Mo and W can have a positive influence on the long-term creep
strength of 9–12% Cr steels by Laves phase precipitation hardening.
The unexpected breakdown of the long-term creep stability of a
number of alloys is due to the precipitation of the complex Z-phase
nitride, which may completely dissolve fine V- and Nb-containing
MX nitrides. High Cr contents of 10% and above in these steels
accelerate the Z-phase precipitation [23]. Although such steels nor-
mally have a fully martensitic microstructure, they are susceptible
to the formation of delta ferrite, mainly during the welding pro-
cess. Delta ferrite has several detrimental effects on properties
such as creep, ductility and toughness. Thus, it is important to
avoid its formation. The most effective way to avoid delta ferrite
in the WM, in order to obtain a fully martensitic microstructure,
is to reduce the amount of ferrite forming elements to as low a con-
centration as possible. The partial substitution of Mo for W helps
austenite stability and would be expected to improve the mechan-
ical properties at high temperature [24].

In this investigation, three states of a P91 material were tested:
the PM (initial structure of the material), the simulated HAZ region
at 925 �C without PWHT (SS925, no. PWHT), and the simulated
HAZ region at 925 �C with PWHT (SS925 PWHT). The simulated
HAZ region at Tp = 925 �C was marked by testing as a region where
Type IV cracking could occur, which is shown in [21,22,25] in de-
tail. Considering the loading of steam line components, the data
on the behaviour of the HAZ of WJ were obtained by tensile testing
of smooth specimens and by testing of specimens in the notched
regions. The PM samples and the samples obtained by the simula-
tion of welding (SS) of virgin material were tested. The PM and SS
were tested to determine the chemical composition, hardness,
structure, microstructure, tensile properties and impact energy at
a room temperature (RT) of 20 �C and at an OT of 600 �C.
Fig. 1. Dimensions of the tested pipe and operating conditions.

1150 40 1150 0.5
1100 40 1100 0.5
1050 40 1050 0.5
1000 40 1000 0.5

950 40 950 0.5
925 40 925 0.5
900 40 900 0.5
850 40 850 0.5
2. Literature data on the P91 steels microstructure

The 9–12% chromium heat resistant steels have a complex
microstructure that consists of fine micro grains that are separated
by a variety of different interfaces (prior austenite grain bound-
aries, block boundaries, twin boundaries and sub grain boundaries)
and of carbides that are precipitated on or near these boundaries
[26]. P91 steels are heat treated to produce a martensitic micro-
structure that is subsequently tempered to improve the ductility
and impact strength at elevated temperatures. The heat treatment
consists of austenitisation at temperatures of approximately



Fig. 3. Schematic of the welding thermal cycle and PWHT.

Fig. 4. Hardness of the PM and SS before and after PWHT, and the grain sizes of the SS.

Fig. 5. Microstructure of some regions of the simulated HAZ: CG-c
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1100 �C, quenching and high temperature tempering at approxi-
mately 750 �C. Austenitising produced a martensitic structure with
a high dislocation density within the martensite laths. During tem-
pering, recovery caused the formation of sub grains and of disloca-
tion networks. By using heat treatment, a good combination of
impact strength, ductility and creep strength during use can be
achieved. Creep strength is inversely correlated with the martens-
ite lath width and with the sub grain size [5].

In steels, chromium delays the formation of carbides. After
heat-treatment, the mechanical strength of P91 steels is improved
as a result of the precipitation and homogeneous distribution of V
and Cr originating from the carbides. Two types of precipitates can
be found in 9–12% chromium heat resistant steels: M23C6 carbides
(M = Cr, Fe or Mo), located at the prior austenite grain boundaries
and at other boundaries, and finely dispersed MX-type carbonit-
rides (M = V, Nb and X = C, N) within the martensite laths. The
MX precipitates restrain the movement of dislocations by anchor-
ing them and, therefore, provide high resistance to creep. The opti-
mum range of austenitising temperatures (680–780 �C) is adjusted
so that the M23C6 carbides and MX carbonitrides could dissolve
into a solid solution. NbC carbides should remain undissolved in
austenite to form austenite fine grains, which will have a favour-
able influence on the ductile properties [26,27].

3. Experimental details

3.1. Materials

The tested pipe (Fig. 1) was made of P91 steel. P91 steel is mar-
tensitic, case hardened, high-chromium steel used for operation at
elevated temperatures and under high pressures and was built into
components for steam lines of thermal power plants. The chemical
composition of the tested material is given in Table 1 while the
measured values of the tensile properties are given in Table 2.

3.2. HAZ microstructure simulation

Physical HAZ simulation procedures, which are commonly used,
were applied to the PM in laboratory conditions in order to charac-
terise in detail the different regions within the HAZ of a welded
oarse grain, FG-fine grain, IC-intercritical, OT-over tempered.



Fig. 6. Tensile properties of the PM and SS at RT and at the OT.
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joint. The physical simulation of HAZ involves the exact reproduc-
tion of the thermal and mechanical conditions that the material
would be subjected to in the actual welding process. A small sam-
ple of the material, which exhibits the same thermal and mechan-
ical profile as it would in the full scale welding process, was used in
the physical simulation.

For simulation of the HAZ microstructure, the thermal welding
simulator SMITWELD 1405 and specimens with square cross sec-
tions of 11 � 11 � 70 mm were used. The thermal welding cycles
Fig. 7. Distribution of the total impact energy (E), crack-initiation energy (Ei) and crac
surfaces of the SS: (a) and (b) SS PWHT at 600 �C, (c) and (d) SS no PWHT at 600 �C, (e)
needed for simulation were estimated based on actual thermal
cycles measured during welding.

Characteristic transformation temperatures during the welding
cycle were determined from the dilatometric curve and are
Ac1 = 835 �C and Ac3 = 930 �C. The heating rate was 53.8 �C/s. The
temperature of the onset of the martensite formation was Ms

= 375 �C, and the transformation of martensite was completed by
the temperature Mf = 210 �C (Fig. 2). The formation of martensite
was preceded by the separation of a small quantity of bainite. Dif-
ferent regions of the HAZ were obtained by simulation of single-
pass welding at 12 different temperatures with the cooling time
Dt8/5 = 40 s, [21]. In Table 3, a detailed survey of the simulation
modes for a sample is given. To test the influence of PWHT on
the HAZ microstructure, after welding all samples were subjected
to PWHT at 730 �C for 1 h and then air-cooled (Fig. 3).
4. Results and discussions

For all samples, the hardness and grain size were measured
(Fig. 4), and the microstructure was examined (Fig. 5). Additionally,
the tensile properties of tested material were determined from
round specimens taken from SS, the dimensions of which were
Ø5 � 70 mm. Tensile tests at an OT of 600 �C were conducted in
a high temperature chamber, where the loading rate was 5 mm/
min. The results for the tensile properties are given in Fig. 6. Dia-
grams were obtained from the testing of the impact energy using
an instrumented Charpy pendulum, from which the energy neces-
sary for crack initiation and crack propagation and the total impact
energy were determined. The results of the impact tests and the
appearances of obtained fracture surfaces are shown in Fig. 7.
k-propagation energy (Ep) in the PM and SS as well as the appearance of fracture
and (f) SS PWHT at 20 �C, (g) and (h) SS no. PWHT at 20 �C.



Table 4
Grain size and martensite-packet size in the region of CGHAZ.

Simulation temperature
Tp (�C)

Grain mean diameter
(lm)

Size of martensite
packets (lm)

1386 53.4 18.25
1300 37.8 15.33
1200 31.8 13.95
1150 18.9 12.12
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4.1. Effect of the austenising conditions

The microstructures of the PM and simulated regions in the HAZ
are shown in Fig. 5. The PM structure consisted of tempered lath
martensite. In the HAZ regions with a fine-grain structure (OTHAZ
and ICHAZ), i.e., at simulation temperatures of 850 �C < Tp < 925 �C,
the structure of the PM originally consisting of tempered martens-
ite partially transformed into austenite that again transformed into
martensite during cooling following simulation. This martensite
was subsequently tempered during PWHT. Therefore, the resulting
microstructure consisted of tempered martensite of the PM and of
tempered martensite formed during simulation. The fraction of
formed austenite increased with a rise in the simulation tempera-
ture, so at Tp = 925 �C the fraction was 90%, which was determined
using the dilatometric curve (Fig. 2).

Up to Tp = 1100 �C (the beginning of the CGHAZ region), the
grain size was homogeneous, and the grain growth was controlled
by precipitates VN and NbN [23,24]. In the CGHAZ region, one can
observe that the grain size varies, which is the consequence of
incomplete recrystallisation. As one can see from Table 4, the grain
size increases with the rise in Tp and, at the same time, the size of
martensitic packets increases as well.

The inspection of all simulated HAZ regions shows that the
smallest grain size occurred at Tp = 925 �C, which is why this tem-
perature was selected to characterise the zone where Type IV
cracks could initiate under creep conditions [28–30].
Fig. 8. Microstructure of the PM (TEM micrographs): (a) martensite laths with dislocatio
triple lath boundary and a precipitate at the lath boundary – P1, and (c) carbides – C at
4.2. Characterisation of the PM

A TEM micrograph of the PM is shown in Fig. 8. The PM consists
of tempered lath martensite with elongated carbides at the laths’
boundaries and individual dislocations within the laths (Fig. 8a).
In Fig. 8b, a carbide at the triple boundary and a precipitate sepa-
rated at the lath boundary has been observed. The boundaries are
clearly visible, which indicate that there is no stress at the bound-
aries (because the material was tempered during the production
process). The MX type precipitates within laths and the elongated
carbides at the laths’ boundaries are shown in Fig. 8c.
4.3. Characterisation of the FGHAZ

The region of Tp = 925 �C, i.e., the region where Type IV cracks
could initiate under creep conditions, was measured using TEM
after simulation without PWHT (Fig. 9) and after subsequent
PWHT (Fig. 10). Prior-austenite grains of 4 lm, in which one can
observe the packets of martensite, is shown in Fig. 9a. In Fig. 9b,
the martensite laths with no carbides separated at the laths’
boundaries are shown. The laths’ boundaries are less prominent
and the dislocation density is higher within the laths, which indi-
cates that the strain within the laths is higher than in the case of
the PM.
4.4. Effect of tempering

The microstructure in the region of the HAZ after PWHT ob-
tained using scanning electron microscopy (SEM) is shown in
Fig. 10a. The presence of particles approximately 1 lm in diameter
is observed at prior-austenite grain boundaries. Energy-dispersive
spectroscopy (EDS) analysis shows that these particles have a high-
er content of C, Cr and Mo in comparison with the matrix, Fig. 10c
and d; therefore, these are most likely carbides of M23C6 type
(M = Cr, Fe, Mo), [26,27]. One can also notice that the carbides sep-
arated at the boundaries of former austenitic grains are coarser
ns – D within laths and carbides – C at lath boundaries – LB, (b) a carbide – C at the
lath boundaries and precipitates within laths – P2.



Fig. 9. Microstructure of the SS no PWHT (TEM micrographs): (a) GB – boundaries of prior austenitic grain of 4 lm, and (b) LB – martensitic lath boundaries containing
dislocations – D.

Fig. 10. Microstructure of the SS with PWHT (a) SEM micrograph, C – carbides; (b) TEM micrograph: LB – laths’ boundaries, D - dislocations, P1 – precipitates at martensite
laths’ boundaries, P2 – precipitates within martensite laths; (c) typical EDS spectra of bigger particles; and (d) EDS spectra of the matrix.
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than those separated at the boundaries of ferritic sub grains. The
microstructure of the SS after PWHT obtained using TEM is shown
in Fig. 10b. One can see that the precipitates are more equiaxial
and distributed both at the boundaries of martensite laths and
within them. The laths’ boundaries are clearly visible, which indi-
cates that there is no stress within the grains. The martensite laths
gradually disappear and more equiaxial grains appear. The disloca-
tion density within the laths is lower than in the SS without PWHT,
which is the consequence of tempering during PWHT.
4.5. Mechanical properties of the HAZ constituents

4.5.1. Hardness
The measured hardness of the PM is 229 HV1 (Fig. 4). The mea-

sured hardness of the SS with PWHT is 213 HV1. In the ICHAZ, a
substantial drop in the hardness occurs. At this temperature, there
is no noticeable dissolution of carbides or nitrides, and there is a
transformation of C and N into a solid austenitic solution, which
is why martensite formed during cooling has a lower content of
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C and N. Due to the lower content of C and N, repeated separation
of M23C6 type carbides and of MX type carbonitrides is limited dur-
ing subsequent heat treatment, and so a lower hardness than that
of the PM is obtained (210 HV1). Additionally, MX type carbonit-
rides coarsen and coagulate, which reduce their hardening effect,
causing the lowest hardness in the FGHAZ region. When the tem-
perature of simulation increases, the solubility of carbides also in-
creases; this leads to the increase in the hardness of the CGHAZ.
4.5.2. Tensile properties
At the OT, the yield stress of the SS with PWHT (295 MPa) is

higher than the yield stress of the PM (231 MPa), so the strength
of welded structural components made of P91 steel will not be
jeopardised (Fig. 6).
4.5.3. Impact energy
The values of the total impact energy, E, crack-initiation energy,

Ei, and crack-propagation energy, Ep, of the PM and SS with and
without PWHT at RT and at OT, as well as the appearance of rele-
vant fracture surfaces of the SS, are shown in Fig. 7.

At RT, the crack-initiation energy, Ei, and crack-propagation en-
ergy, Ep, of the SS with PWHT are higher than that of the SS without
PWHT. At RT, the crack growth in the SS without PWHT was unsta-
ble, Fig. 7g.

At an OT of 600 �C, the total impact energy, E, and crack-propa-
gation energy, Ep, are higher for the SS with PWHT. However, the
crack-initiation energy, Ei, is slightly higher for the SS without
PWHT.

On the fracture surface of the SS with PWHT at 20 �C (Fig. 7e
and f), one can observe less prominent, larger, tearing-induced pits,
while at the very top one can observe equiaxial pits, which is the
result of higher strength and lower ductility. On the fracture sur-
face (Fig. 7a and b) of the SS with PWHT at 600 �C (the sample with
the highest crack-propagation energy Ep = 208 J), one can observe
the micro mechanism of the crack propagation exclusively through
the tearing-induced pits, which are typical for very ductile states.

On the fracture surface of the SS without PWHT at 20 �C (Fig. 7g
and h), one can observe tearing at the crack tip and at the fibre-
type zone with equiaxial pits between shear-induced pits. The mi-
cro mechanism of quasi-tearing with instable crack growth is
noticeable. Brittle behaviour of the material, which leads to insta-
ble crack growth, must be avoided as the crack-containing compo-
nent is susceptible to sudden fracture at cold start or during
cooling after shutting down (whether the fracture is caused by a
metallurgical defect or by a crack formed during exploitation).

As for the SS without PWHT at 600 �C (Fig. 7c and d), the crack-
propagation energy Ep = 165 J is lower than that of the SS with
PWHT, which is Ep = 208 J. On the fracture surfaces, one can notice
the region with prevailing shear pits and a transition spot between
tear-pits and equiaxial pits.
5. Conclusions

The FGHAZ microstructure proved to be the weakest under
creep conditions because of the higher tendency towards recrystal-
lisation in this area, which, in relation to the over aging of the pre-
cipitates, results in a significant softening of these fine grained
zones in the HAZ (which were heated up to 900–950 �C during
the weld thermal cycle after PWHT). Based on the inspection of
the microstructures of all simulated HAZ regions and the hardness
measurements, one can see that the finest grain size was obtained
in the soft zone simulated at Tp = 925 �C, which is why this temper-
ature has been chosen to characterise the zone where Type IV
cracks can initiate under creep-conditions.
In the present paper, the effects of heat treatment after welding
on the microstructure and hardness of some HAZ constituents in
P91 steel has been presented. Based on the results from testing,
the following conclusions can be drawn:

1. In the HAZ region where Type IV cracks can initiate, which was
not subjected to PWHT after simulation/welding, no presence of
precipitates at the martensitic lath boundaries was observed,
and so the resistance to plastic deformation at the grain bound-
ary is lower.

2. In the HAZ region that was subjected to subsequent PWHT, a
precipitate was observed at the boundaries of martensitic laths,
which increases the resistance to plastic deformation at lath
boundaries, thus increasing the resistance to creep as well.

3. Testing of the impact energy has not shown any essential differ-
ences between the values of the energies obtained, in either the
crack-initiation or crack propagation energy, especially consid-
ering that the values obtained for the energies were relatively
high.

4. Fractographic analysis indicated a partially brittle behaviour of
the material in the HAZ region without subsequent PWHT after
simulation/welding, which is more noticeable at room temper-
ature than at elevated temperatures. This finding suggests the
possibility of an instable brittle fracture, mainly caused by the
effects of residual tensile stresses and the presence of metallur-
gical defects; this fracture is particularly likely at cold start or
during cooling of welded components. This analysis confirms
the recommendation that PWHT should be conducted immedi-
ately after welding, before the welded joint cools to below the
temperature where formation of martensite is completed.
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