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Direct observation of phase transformations
in the simulated heat-affected zone

of a 9Cr martensitic steel

An experimental test melt of a boron alloyed 9Cr-3W-3Co-
V,Nb steel for high temperature applications in the thermal
power generation industry was produced by vacuum induc-
tion melting. This grade of steel typically displays a homo-
geneous tempered martensitic microstructure in the as-re-
ceived, i.e. normalised and tempered, condition. However,
after welding, this microstructure is significantly altered,
resulting in a loss of its desired properties. The phase trans-
formations during simulated thermal cycles typical of those
experienced in the weld heat-affected zone were directly
observed by in-situ X-ray diffraction experiments using
synchrotron radiation. Heating rates of 10 Ks™' and
100 K s~ " up to a peak temperature of 1300 °C are investi-
gated here. The final microstructures observed after both
simulated weld thermal cycles are primarily composed of
martensite with approximately 4 % retained delta ferrite
and 4 % retained austenite, by volume. With the temporal
resolution of the in-situ X-ray diffraction technique, phase
transformations from tempered martensite to austenite to
delta ferrite during heating and to martensite during cooling
were monitored. With this technique, the evolution of the
final microstructure through both heating and cooling is
monitored, providing additional context to the microstruc-
tural observations.
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transformations; Delta ferrite; Retained austenite

1. Introduction

Martensitic 9—12 wt.% chromium steels with controlled
additions of boron and nitrogen have received increased in-
terest for high temperature applications in the thermal
power generation industry [1-5]. These steels are pro-
cessed using a complex heat treatment procedure to create
a fully martensitic microstructure with finely dispersed
M,3C¢ and MX type precipitates located along prior auste-
nite grain boundaries as well as martensitic lath and sub-
grain boundaries [6, 7]. This combination of microstructur-
al constituents ensures a high resistance to creep up to
temperatures of 620 °C.

These 9—12 wt.% Cr steels primarily solidify with either
a fully ferritic (delta ferrite — §) or a dual austenite (y) and
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delta ferrite (8) microstructure. The presence of d-ferrite in
these martensitic steels has been shown to reduce their
toughness and ductility [8—10], creep rupture strength
[11-14], low cycle fatigue and creep fatigue strength [15,
16], and oxidation resistance [17]. Therefore, the elimina-
tion of the retained d-ferrite by a balanced alloying concept
and a sound heat treating procedure is one of the main
targets in the development of martensitic steels.

Thermal cycles typical of welding and post-weld heat
treating significantly alter this carefully adjusted micro-
structure. The heat-affected zone (HAZ) of these martensi-
tic steels is characterised by a very complex structure and
consists of several sub-zones displaying different micro-
structural features [18—20]. Regions close to the weld fu-
sion line are exposed to high peak temperatures and can
contain significant amounts of retained delta ferrite after
welding.

An understanding of the phase transformations that occur
during characteristic weld thermal cycles is important for a
better understanding of the microstructural evolution in
these regions. By using conventional dilatometry, the onset
of austenite formation (Acy), its completion (Ac3) on heat-
ing, and the martensite start temperature (Ms) on cooling
can be determined from changes in the expansion of the
sample. Dilatometry, though, is not well suited to monitor-
ing the transformation of austenite to delta ferrite (Ac4)
and its retransformation in the high temperature region.

In-situ X-ray diffraction (XRD) using high energy syn-
chrotron radiation has been successfully employed for the
characterisation of phase transformations in a range of ma-
terials systems [21-28]. Comprehensive maps of phases
existing in the HAZ during welding have been produced
for 1005 steel [22, 24], 1045 steel [28], titanium [21], and
duplex stainless steel [23] based on in-situ XRD. The ef-
fects of the welding process on the delta ferrite —austenite
phase balance in the steel welds across all of the HAZ re-
gions surrounding the weld pool were studied, including
the formation of bainite and martensite [25] on cooling at
high rates. The effects of weld heat input on the size of the
different HAZ was studied in 1045 steel [26], including
mechanisms for the ferrite to austenite transformation on
heating [27].

In the work presented here, an in-situ synchrotron X-ray
diffraction technique is used to monitor phase transforma-
tions occurring during controlled heating and cooling of a
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Table 1. Chemical composition of 9Cr-3W-3Co-V,Nb test melt in wt.% balance Fe.

Analysis C Si Mn Cr

W Co v Nb B N

0.074 0.29 0.44 9.26

2.84 2.95 0.21

0.056 0.0120 0.0130

complex martensitic 9 wt.% chromium steel. These heating
and cooling cycles are designed to simulate the thermal cy-
cles typically experienced in the weld HAZ. Through these
experiments, the formation of austenite and delta ferrite on
heating are monitored and characterised, as is the evolution
of the martensitic microstructure during cooling. The origin
of the retained austenite and delta ferrite observed in HAZ
microstructures is also analysed.

2. Experimental

A 20 kg test melt of a 9Cr-3W-3Co-V,Nb steel with con-
trolled additions of 120 ppm boron and 130 ppm nitrogen
was produced by vacuum induction melting. The exact
chemical composition in wt.% of the test melt is given in
Table 1. For homogenisation of the material, the ingot
(110 mm square) was forged within a temperature window
of 950°C-1150°C to final dimensions of 50 mm square.
The final quality heat treatment consisted of normalising
at 1150°C for 1 hour followed by tempering at 780 °C for
4 h.

Metallographic specimens were sectioned from the small
ingot, polished to a 1 pm finish, and etched using a prior
austenite grain boundary sensitive modified LBII aqueous
solution containing 0.75 g/100 ml ammonium hydrogen
fluoride and 0.9 g/100 ml potassium disulphide. After nor-
malising and tempering, the steel shows a homogeneous
tempered martensitic microstructure with precipitates
aligned along prior austenite grain boundaries and marten-
site lath boundaries (Fig. 1). No delta ferrite was observed
in the as-received condition. The prior austenite grains of
the starting material have an equivalent average diameter
of 250 pum.

The in-situ X-ray diffraction experiments were per-
formed at the UNICAT beamline BM-33-C at the Ad-
vanced Photon Source (APS), Argonne, USA using a
30 keV X-ray beam. The monochromatised beam was fo-
cused and sized to dimensions of 1 mm wide by 0.25 mm
high using a dynamically bent Si crystal and collimator

Fig. 1. Optical micrograph of base material in normalised and tem-
pered condition showing a tempered martensitic microstructure.

2

slits. Test coupons measuring 100 mm long by 4.75 mm
wide by 2 mm thick were machined from the base material
bar and used in these experiments. The surface of the sam-
ple was polished using metallographic methods to a 1 pm
finish where the X-ray impinges in preparation for the
XRD experiments.

Direct resistance heating of the sample was used to apply
a thermal cycle, and water cooled grips allowed the sample
to be rapidly cooled. The temperature of the sample was
monitored and recorded using type-S (Pt-Pt/Rh) thermo-
couples which were spot welded on the back side of the
sample directly below the X-ray impingement point. A
schematic of the experimental setup is shown in Fig. 2.
Further details regarding the experimental setup are de-
scribed in detail elsewhere [29].

Two thermal cycles were investigated within this work.
The slower thermal cycle consisted of heating to a peak
temperature of 1300°C at a rate of 10 K s~'. After holding
at the peak temperature for 3 s, the sample was allowed to
cool freely to room temperature which resulted in a charac-
teristic cooling time between 800 °C and 500 °C (tg/s5-time)
of approximately 40 s. The faster thermal cycle was charac-
terised by a heating rate of 100 K s~ " up to a peak tempera-
ture of 1300 °C. Holding time at peak temperature and cool-
ing rate were similar to the slower thermal cycle. Each
sample, along with the heating and cooling stage assembly,
was placed inside a vacuum chamber in order to minimise
any potential oxidation and atmospheric contamination dur-
ing the heating cycles. Prior to the experiment, the chamber
was evacuated and maintained under vacuum during the en-
tire experiment.

The samples were scanned in the d-spacing range of 1.1
to 2.3 A, allowing three Debye arcs representing the auste-
nite phase and three arcs representing the ferrite/martensite

1024 1024 pixel
CCD camera

Diffracted beam ' :
Data analysis

Beam shaping
Ol slit aperatures

Synchrotron
beam

Fig. 2. Schematic of the experimental setup for in-situ X-ray diffrac-
tion experiments using synchrotron radiation during direct resistance
heating of specimens.
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phase to be monitored. During the XRD runs, diffraction
patterns were captured with a one second exposure of a
CCD camera, followed by a two second rest period for the
bins in the CCD detector to be cleared. Therefore, patterns
could only be taken at three second intervals. The Debye
arcs were then converted into a 1-D plot showing diffracted
beam intensity versus d-spacing using Fit-2D software [30].
Because of their similar lattice constants, the diffraction
peaks of the ferrite (body-centred-cubic — bce) and marten-
site (body-centred tetragonal — bct) [31] phases cannot be
distinguished by this technique.

The phase fractions of delta ferrite and newly formed mar-
tensite are combined to give an integrated ferrite/martensite
phase fraction. The amounts of austenite and ferrite/marten-
site present at each time increment are then calculated using
an analysis of the peaks present in each diffraction pattern
and plotted as a function of temperature. A detailed descrip-
tion of the method is given elsewhere [24].

Dissolution of precipitates and local enrichment in alloy-
ing elements were investigated using a Leo 1450 VP scan-
ning electron microscope equipped with an Everhard-
Thornley 4-quadrant backscatter detector and line scans
using an attached Bruker X-Flash 4010 energy dispersive
X-ray (EDX) detector.

3. Results and discussion
3.1. In-situ X-ray diffraction experiments

In-situ X-ray diffraction techniques were used to directly
observe changes in the crystal structure of this 9% chro-
mium steel and to measure the relative amounts of marten-
site, austenite and delta ferrite under controlled heating
and cooling conditions typical of that experienced in the
weld HAZ. Figure 3 shows the diffraction patterns obtained
at room temperature (a), at 1016 °C (b) and close to the peak
temperature at 1295 °C (c) with a heating rate of 10 K's~'.
In the initial stage of heating, only bcc peaks of the tem-
pered martensite are present (Fig. 3a). Whereas, at a tem-
perature of 1016°C only peaks of the face-centred cubic
(fcc) austenite are recorded, indicating that the tempered
martensite has fully transformed and the steel has been aus-
tenitised. Close to the peak temperature of 1300 °C, bcc
peaks reappear, indicating the formation of high tempera-
ture delta ferrite.

The intensity plots in Fig. 4. follow the progression of the
bee(110) and fec(111) peaks over the course of the simu-
lated thermal cycle in each experiment. The measured
specimen temperature is also shown to the right of each
intensity plot. During the initial stage of heating, the bcc
d-spacing values increase as a result of thermal expansion.
The ferrite to austenite transformation then proceeds very
rapidly, starting at a temperature of approximately 900 °C,
and ending at a temperature of approximately 1016°C.
Only a sharp transition to the higher fcc d-spacing is visible.
Further increases in temperature lead to the thermal expan-
sion of the austenitic lattice until transformation to delta
ferrite is initiated with the reappearance of the bce(110)
peak and a decrease in the intensity of the austenite peaks.
The sequence of phase transformations observed during
the faster thermal cycle is basically the same. At the high
heating rate (100 K s~ "), though, the fully austenitised con-
dition is passed through on heating very quickly and few
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diffraction patterns are obtained within the austenite single
phase region.

During cooling, delta ferrite transforms back to austenite
but never reaches completion, as evidenced by a remaining
weak trace of the ferrite signal. After reaching a certain
temperature (~420°C), the intensity of the austenite peak
begins to decrease and the intensity of the ferrite peak
increases, indicating the onset of martensite formation
(Mg-martensite start temperature). The exothermic nature
of the transformation of austenite to martensite leads to a
decrease in cooling rate during the time interval of marten-
sitic transformation. Similar behaviour is observed for both
thermal cycles.

In Fig. 5, the phase fractions are plotted as a function of
temperature for both thermal cycles. Starting from a tem-
pered martensitic microstructure, the steel fully transforms
to austenite during heating. As also shown in the single dif-
fraction patterns, the steel at higher temperatures enters a
dual phase region of austenite and delta ferrite. Shortly after
reaching the peak temperature, the delta ferrite reaches a
maximum. During cooling, the phase fraction of delta fer-
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Fig. 3. Diffraction patterns recorded at different temperatures during
the slow thermal cycle (10 K's™ '): (a) initial diffraction pattern at am-
bient temperature, (b) fully austenitised at 1016°C, and (c) close to
the peak temperature at 1295 °C.
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rite steadily decreases while the austenite fraction in-
creases. The phase fraction of ferrite does not completely
transform to austenite on cooling.
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Fig. 4. Sequence of phase transformations in 9Cr-3W-3Co-V, Nb steel
for a thermal cycle with a heating rate of (a) 10 K s~ 1and (b) 100 K s71
observed by in-situ X-ray diffraction experiments using synchrotron
radiation.
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As the steel has been fully austenitised on heating (see
diffraction pattern in Fig. 3b), the measured bcc peaks close
to the peak temperature originate only from the volume
fraction of delta ferrite and not from the initial tempered
martensitic microstructure. Approximately 4% of delta
ferrite is retained through the initial portions of the cooling
cycle. At a temperature of about 430 °C, austenite starts to
transform to martensite. A slight decrease in the cooling
rate is observed at this same temperature, resulting from
the exothermic nature of the martensitic transformation. It
is assumed that the d-ferrite present at the initiation of the
martensitic transformation remains in the microstructure
and is included in the resulting phase fraction measure-
ments. After completion of the fast thermal cycle, the
HAZ simulated microstructure consists primarily of virgin
martensite with approximately 4% retained delta ferrite
and 4 % retained austenite. Further cooling of the HAZ sim-
ulated microstructure by immersing the sample into liquid
nitrogen did not result in a transformation of the retained
austenite into martensite indicating that austenite is a stable
constituent in this microstructure.

The experimental results, particularly those obtained at
the lower heating rate, allowed for the determination of
phase transformation temperatures signifying the onset of
the ferrite to austenite transformation (Ac), its completion
(Ac3), the onset of delta ferrite formation (Acs), and the
martensite start temperature (Ms). Since the experimental
setup for the diffraction measurements is characterised by
a time resolution of 3 s, the exact temperature of the onset
of each phase transformation is appointed with some level
of uncertainty. Therefore, the temperature interval in which
the phase transformation starts is given. The temperature
intervals of the transformations are summarised in Table 2.
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Fig. 5. Plots of the volume fractions of the matrix phases, ferrite/martensite and austenite, during the initial heating and cooling part (top) and the
further cooling down to room temperature (bottom) evaluated from XRD data of the thermal cycles with a heating rate of 100 K g7 ! (left) and

10 K s~ (right).

4

Int. J. Mat. Res. (formerly Z. Metallkd.) 99 (2008) 4



MK_mk101649 - 21.2.08/druckhaus kéthen

P. Mayr et al.: Direct observation of phase transformations in the simulated heat-affected zone

Table 2. Temperature intervals of the onset of phase transformations and final microstructures measured for two different thermal cy-

cles by in-situ X-ray diffraction.

Specimen Heating rate Aci Acs Aca Mg Maximum Final microstructure
Ks™h (°C) (C) (°C) (°C) 8-ferrite (%)
(ND) 100 n.o. n.o. n.o. 424 45 % martensite
- 4% o-ferrite
433 4 9% austenite
(N5) 10 896 985 1206 443 65 % martensite
- - - - 4 % o-ferrite
924 1016 1235 446 3 % austenite
n.o. ... not obtained due to high heating rate

Specifically, above the Ac4 transformation temperature,
d-ferrite starts to nucleate and grows by a diffusive process.
The slower thermal cycle allows the sample to be exposed
to temperatures above the A, temperature for a long period
of time, thus explaining the higher maximum &-ferrite con-
tent of 65 % produced by the slower thermal cycle com-
pared to the 45 % of the faster thermal cycle. Interestingly,
the levels of retained delta ferrite (4 %) and austenite (3 to
4 %) after completion of the thermal simulation are very
similar for both temperature cycles.

Optical microscopy was used to reveal the microstruc-
tures found after each experiment. Figure 6 shows optical
micrographs of the resulting microstructure after HAZ sim-
ulation for both heating rates.

The retained delta ferrite appears as bright phase between
the packages of martensite laths. Local enrichment in chro-

Fig. 6. Optical micrographs of weld simulated HAZ microstructure
with a peak temperature of 1300°C applying a heating rate of 10 K s~
(top) and 10 K s~ ! (bottom).
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mium resulting from the dissolution of chromium rich
M;;Cg particles and also tungsten was detected by an EDX
line scan across a delta ferrite region, as shown in a back-
scattered electrons image (Fig. 7). This enrichment is high
enough to allow the delta ferrite to remain stable at room
temperature and is also supported by optical microscopy,
which shows d-ferrite grains at the prior location of the
chromium carbides. Retained austenite could not be visua-
lised by microscopy.

4. Summary and conclusions

Phase transformations in a 9Cr-3W-3Co-V, Nb steel with
controlled additions of boron and nitrogen were observed
using in-situ X-ray diffraction using synchrotron radiation
during simulated HAZ heating and cooling cycles. This ex-
perimental method provides detailed insight into the impor-
tant phase transformations in the HAZ of a martensitic
chromium steel. Based on these results, a number of specif-
ic conclusions can be drawn.
1. During the entire thermal cycle, four phase transforma-
tions are observed. During heating at a rate of 10 Ks™ !,
the onset of austenite formation from the initial tem-
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Fig. 7. EDX line scan across an elongated grain of delta ferrite show-
ing local enrichment in chromium and tungsten.
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pered martensite microstructure starts around 900°C
and ends at temperatures higher than 1016 °C, when the
steel is fully austenitised. With a further increase in tem-
perature of approximately 200 °C (1220°C), the trans-
formation of the austenite to delta ferrite is observed.
On cooling, the major fraction of delta ferrite re-trans-
forms to austenite, which then transforms to martensite
after reaching the Mg temperature close to 430 °C. Small
amounts of austenite and delta ferrite are retained,
which leads to a final microstructure consisting of mar-
tensite with retained delta ferrite and retained austenite.
For a heating rate of 100 K s~', the same sequence of
phase transformations is observed, but transformation
temperatures were not obtained.

2. Diffraction peak analysis of the XRD data was used to
produce a quantitative phase evolution mapping as a
function of the thermal cycle. The maximum amount of
delta ferrite is measured shortly after reaching the peak
temperature of 1300 °C close to 1250°C. For the faster
(100 K's™ 1) thermal cycle, the maximum amount of del-
ta ferrite is slightly lower with 45 % compared to 65 %
of the slower (10 Ks™") cycle. The levels of retained
delta ferrite (4 %) as well as of retained austenite (4 %)
within the HAZ simulated microstructure are similar
for both thermal cycles.

3. During the simulated weld cycle, most of the precipi-
tates are dissolved. Dissolution of chromium rich
M,3C¢ particles along prior austenite grain boundaries
as well as martensite lath and packet boundaries leads
to local enrichment in chromium. This enrichment is
high enough such that delta ferrite is stabilised down to
room temperature. Electron microscopy and EDX mea-
surements confirm this finding by clearly showing en-
richment in chromium and tungsten in the delta ferrite
grains.
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