Influence of Alloy Content and Prior Microstructure
on Evolution of Secondary Phases in Weldments of
9Cr-Reduced Activation Ferritic-Martensitic Steel
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9Cr-Reduced Activation Ferritic-Martensitic steels with 1 and 1.4 wt pct tungsten are materials
of choice for the test blanket module in fusion reactors. The steels possess a tempered martensite
microstructure with a decoration of inter- and intra-lath carbides, which undergoes extensive
modification on application of heat. The change in substructure and precipitation behavior on
welding and subsequent thermal exposure has been studied using both experimental and
computational techniques. Changes i.e., formation of various phases, their volume fraction, size,
and morphology in different regions of the weldment due to prolonged thermal exposure was
influenced not only by the time and temperature of exposure but also the prior microstructure.
Laves phase of type FeoW was formed in the high tungsten steel, on aging the weldment at
823 K (550 °C). It formed in the fine-grained heat-affected zone (HAZ) at much shorter
durations than in the base metal. The accelerated kinetics has been understood in terms of
enhanced precipitation of carbides at lath/grain boundaries during aging and the concomitant
depletion of carbon and chromium and enrichment of tungsten in the vicinity of the carbides.
Therefore, the fine-grained HAZ in the weldment was identified as a region susceptible for

failure during service.
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I. INTRODUCTION

HIGH chromium (9 to 12 pct) ferritic/martensitic
steels with good thermal conductivity and superior void
swelling resistance find application as core structural
materials in nuclear fission reactors. The Cr-Mo steels
are not suitable for service in high energy-high flux
neutron environment, as encountered in nuclear fusion
reactors due to the induced radioactivity of constituent
elements like Mo and Nb.[" Hence, a new variant of this
class of steel the ‘reduced activation’ ferritic/martensitic
steel (RAFM) was developed by (1) substituting W for
Mo and Ta for Nb and (2) minimizing the other radio
active elements, keeping its mechanical/thermal proper-
ties unaltered.” ™ 9Cr-RAFM steel with good me-
chanical property, weldability, adequate creep strength
[up to 873 K (600 °C)], and limited radiological activa-
tion in addition to better void swelling resistance was
chosen for fabrication of Test Blanket Modules (TBM)
in the International Thermo-nuclear Experimental
Reactor.[>¢
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Development of RAFM steels have focused on
tailoring the alloy chemistry, especially W and Ta
contents to achieve satisfactory mechanical properties
and weldability.”*! These and similar efforts led to
enhanced understanding on the effect of varying W and
Ta concentrations on creep rupture strength,”'” prior
austenite grain (PAG) size refinement,!'! evolution and
coarsening of precipitates,'> ¥ and weldability.!'”
Since welding is an inevitable fabrication process, study
on structural and mechanical properties of the welded
joints of 9Cr-RAFM steels is considered as a thrust area
of research.l'®!!

For fabrication of TBM components, fusion welding
techniques like electron beam welding, tungsten inert
gas (TIG) welding, and laser beam welding are chosen
where the extent of heat-affected zone (HAZ) is
minimum compared to other conventional methods.!*"”
However, in fusion welding, the weldment would
possess a highly heterogeneous microstructure depend-
ing on the distance of a region from the heat source and
number of passes employed.”'*?! Since it is the
microstructure that decides the response of a weldment
to stresses subsequent to post-weld heat treatment or
during long-term service exposures®*?*  many
experimental studies focused on the change in structure
and property of weld and HAZ upon varging the heat
input and cooling rates during welding.*>*®!

Recently, genetic algorithm-based computation was
attempted for optimizing the chemistry of RAFM steels
in order to achieve desired volume fraction and
coarsening rate of M,3Cq4 carbides and Laves phase.m]
To perform such complex calculations or use
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CALPHAD-based thermodynamic approaches for mul-
ticomponent systems,?*>”! there is a prerequisite for the
user to be familiar with the software structure, its
individual modules, and commands. A Java-based
software for modeling materials properties and behav-
ior, ‘JMatPro’®” is available which is extremely user
friendly and helpful to get information about stable
phase equilibria and phase transformation. Klueh!®!
used JMatPro to study the effect of boron addition in
NF616 (9Cr-1.8W) steel, predict the amount of laves
and precipitate phases in 9Cr-1WVTa and 9Cr-2WVTa
steels, and also to propose the composition for improved
versions of RAFM steels.

As a part of the long-term R&D efforts to support the
fusion program in India, the India-Specific RAFM
(INRAFM) steel with 1.4 wt pct W and 0.06 wt pct Ta
was developed.! In the present study, weldments of
INRAFM and IW-RAFM (with 1W and 0.06Ta) steels
were fabricated using TIG welding process. Microstruc-
tural evolution including coarsening of precipitates,
change in microchemistry, and formation of laves phase
in various regions of the weldments of INRAFM and
IW-RAFM steels after prolonged thermal exposures
were studied using variety of experimental techniques.
JMatPro was used to predict the formation of various
phases and their volume fraction in different regions of
the RAFM weldments. The predictions were validated
by an extensive experimental characterization program.
Comparison of the precipitation behavior of INRAFM
and 1W-RAFM steels clearly demonstrated the role of
W on the kinetics of Laves phase formation in different
regions of the weldment.

II. EXPERIMENTAL DETAILS

12-mm-thick plates of RAFM steels with 1 and
1.4 wt pct W (hereafter IW and INRAFM, respectively)
were supplied in the normalized [1253 K (980 °C)] and
tempered [1033 K (760 °C)] condition by M/s MID-
HANI, Hyderabad, India. Chemical compositions of
the steels are given in Table 1. The plates were machined
to 200 x 200 x 12 mm size and autogenous bead-on-
plate weldments were fabricated by T1G welding to
avoid (i) compositional changes in the weld metal and
(i1) multiple thermal cycles. Welding parameters used in
the present study are listed in Table IT and schematic of
the weld geometry is shown as Figure 1. Based on the
microstructure, various regions of the weldment were
identified as weld metal, HAZ1 (HAZ near to fusion
line), HAZ2 (HAZ near to base metal), and base metal.
Smaller 6-mm-wide specimens encompassing all the
regions were extracted from the weldment for heat
treatments. Specimens were aged in vacuum-sealed

quartz tubes at 773 K and 823 K (500 °C and 550 °C)
for 5000 and 10,000 hours durations. Metallurgical
investigations on ‘as welded’ (as received) and aged
specimens were carried out on cross section samples
prepared using standard metallographic practices.

Optical, scanning, and transmission electron mi-
croscopy (SEM and TEM), and hardness measurements
were carried out on different regions of the weldment.
Hardness profile across the weldment was obtained
using ‘Leitz miniload 2" micro harness tester with an
applied load of 100 g, whereas change in macro hard-
ness value was monitored to assess the effect of thermal
exposure. Philips XL30 ESEM operating at 30 kV was
used for microstructural observations.

Analytical transmission electron microscope (Philips
CM 200 ATEM) was used at an operating voltage of 120
to 200 kV to study both thin foil and carbon extraction
replicas obtained from the weldment. Characteristic
X-ray spectra acquired using INCA energy-dispersive
spectrometer (EDS) were quantified using standard kap
values. To prepare TEM specimens, specific regions of
the weldment i.e., weld metal, HAZ1, HAZ2, and base
metal were sectioned separately parallel to the weld
fusion line with a precision cutting device. Each of these
samples was then polished, etched, and coated with
carbon to obtain carbon extraction replicas. Further,
thin foil specimens were prepared by standard polishing
procedure followed by jet thinning using an electrolyte
of perchloric acid (10 pct) and methanol. In each
sample, typical microstructure from five different

Table II. Welding Parameters Used in the Present Study

Welding Speed 150 mm/min

Arc gap 1.5 mm

Current 150 A

Voltage 15V

Gas Flow 10 I/min
P 400

*+— HAZ] —
- ot HAZR, —
Base metal

Fig. 1-—Schematic of the weld geometry (all dimensions in mm).

Table I. Chemical Composition (in Weight Percent) of RAFM Steels Used in the Present Study

Steel Cr C Mn \ w N (6] Ti Ni Mo Nb
1w 9.04 0.08 0.55 0.22 1.0 0.02 0.01 0.005 0.005 0.002 0.001
INRAFM 9.03 0.13 0.56 0.24 1.38 0.03 0.002 0.005 0.005 0.001 0.001
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Fig. 2—(a) SEM micrograph of normalized and tempered 1W steel showing prior austenite grains and tempered martensitic structure. () SEM
micrograph of normalized and tempered INRAFM steel showing prior austenite grains and tempered martensitic structure.

Fig. 3—(a) TEM bright-field image obtained from thin foil of normalized and tempered 1W steel showing lath martensite structure with inter-
and intra-lath carbides. (b)) TEM bright-field image obtained from thin foil of normalized and tempered INRAFM steel showing lath martensite

structure with inter- and intra-lath carbides.

locations were examined to arrive at a conclusion on the
type, chemistry, and volume fraction of carbides. A spot
size of 15 to 10 nm was used for EDS analysis on carbon
extraction replicas. The precipitates were identified by
analysis of the selected area diffraction (SAD) and
microdiffraction patterns. Due to wide variation in the
precipitate size, a frequency distribution plot has been
made. Volume fraction of carbides was estimated from
TEM micrographs wusing “Image J’ software.
Approximately, 4000 to 5000 precipitates were used
for image analysis.

JMatPro was used to determine change in phase
constitution as a function of composition and tem-
perature. Correctness of the underlying thermodynamic
data was checked by comparing the predicted (using
JMatPro) phase transformation temperatures with that
of experimental calorimetry measurements.*?) In the
present study, computation of the phase evolution took
into consideration the difference in composition between
the RAFM steels and the thermal cycle undergone by
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different regions of the weldment during TIG welding.[**

Equilibrium phases were identified by thermodynamic
calculations using Gibb’s energy minimization routines
proposed by Kattner er al.?** and Lukas er al.B¥

III. RESULTS AND DISCUSSION

A. Identification of Equilibrium Phases in Normalized
and Tempered Steels (Base Metal)

The SEM micrographs of IW and INRAFM steels in
the normalized and tempered condition are shown in
Figures 2(a) and (b), respectively. As expected, the steels
possess a tempered martensitic structure, with an
average PAG size of ~14 and 10 um, respectively. The
average hardness is in the range of 220 to 230 VHN. The
TEM bright-field images in Figure 3 revealed a high
density of dislocations and the lath width measured are
in the range of ~500 to 600 nm. Precipitates of various
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sizes and morphologies decorated the prior austenite
and lath boundaries.

Typical TEM micrograph of carbon extraction replica
from INRAFM steel and diffraction patterns obtained
from two different types of precipitates are shown in
Figure 4(a). Analysis of the microdiffraction patterns
confirmed the presence of M,3Cq and MX carbides
along (114) and (121) zone axis, respectively, the
former being more predominant. Analysis of the EDS
spectra (Figure 4(b)) showed M»;Cy¢ to be Cr rich
(~58 wt pct) with W content as high as 11 wt pct.
However, MX carbides were found to be rich either in
V or Ta (Figure 4(c)). In fact, the composition served as
a unique signature to distinguish the two types of
precipitates. Size distribution of M,3Cs carbides
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(Figure 4(d)) showed a Gaussian distribution with an
average size range of 70 to 100 nm. In contrast, MX
carbides were few and of very fine size in the range of 10
to 15 nm. Volume fraction of carbides was higher in
INRAFM than in IW steel owing to the higher
concentration of carbon (Table I).

The change in phase fraction as a function of
temperature was computed using JMatPro for the two
steels and the results of INRAFM steel, is depicted in
Figure 5(a). It is seen that Laves and M»X phases were
stable only up to 923 K and 763 K (650 °C and 490 °C,)
respectively for the given steel composition. Predicted
equilibrium phases in the temperature range of interest
[1000 K to 1253 K (727 °C to 980 °C)] were M»;Cs,
MX, ferrite, and austenite. Dissolution temperature of
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Fig. 4—(a) TEM micrograph and typical micro diffraction patterns of M,3C4 and MX carbides obtained from ‘as received” INRAFM steel. (b)
EDS spectra showing Cr enrichment in M,;Cg obtained from ‘as received” INRAFM steel. (¢) EDS spectra showing V and Ta enrichment in
MX carbides obtained from ‘as received’ INRAFM steel (d) Frequency distribution with respect to the size of M,3C¢ carbides obtained from ‘as

received” INRAFM steel.
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Fig. 5—(a) Plot of distribution of various phases as a function of temperature for INRAFM steel calculated using JMatPro. () Change in phase
fraction as a function of tempering time at 1033 K (760 °C) for INRAFM steel calculated using JMatPro. (¢) Comparison of experimental and
computed concentration of M,;Cq carbides in both 1W and INRAFM steels.

M,3C¢ was found to be higher in INRAFM as com-
pared to 1W steel, which was attributed to the higher
amount of W in the carbide.*®! Change in phase fraction
with time at a temperature of 1033 K (760 °C) for
INRAFM steel as computed using JMatPro is given as
Figure 5(b). In contrast to normalized and tempered
microstructure obtained experimentally, JMatPro-based
computations assumed that the alloy was quenched
from a temperature above Ac3 followed by tempering at
a chosen temperature for specified durations. Effect of
pre-existing carbides (due to normalizing) on the avail-
ability of carbon in the matrix, competitive dissolution
and coarsening of carbides, and change in their micro-
chemistry with heat treatment were not considered.
Nevertheless, in agreement with experimental observa-
tions (Figure 4) predominantly M»;Cy¢ with few MX
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carbides were predicted to form after 1h. Computed
concentration of major alloying elements i.e., Fe, Cr,
and W in M,3Cq carbide (both 1W and INRAFM) also
agreed with the values obtained by EDS analysis
(Figure 5(c)). A similar comparison could not be made
for the MX carbide since both Ta- and V-rich MX
carbides with wide range of mutual solubility were
identified. Likewise computations showed that the
expected size of M»3Cq and MX carbides were 109 and
8 nm, respectively, after tempering for 1 hour at 1033 K
(760 °C), whereas experimentally M,3;Cq exhibited a
unimodal distribution (Figure 4(d)) with a peak size
range of 70 to 100 nm and MX size varied between 10
and 20 nm.

Validity of applying JMatPro to RAFM steels was
checked again by determining the microchemistry of
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precipitates in the base metal. Partitioning of tungsten
and tantalum among various phases in INRAFM steel
is shown in Figures 6(a) and (b), respectively. The
presence of W in both ferrite and M,3Cs phases
suggested that unlike Cr, it not only acted as ferrite
stabilizer but also provided enhanced solid solution
strengthening and precipitation hardening. JMatPro
correctly predicted the incorporation of W into M»3Cq
carbide and increased tendency for Laves phase forma-
tion in W containing steels as reported in literature.®
In contrast Ta has a higher affinity for carbon and gets
precipitated as carbides (Figure 6(b)) with a maximum
of only 2 to 3 wt pct solubility in the ferrite matrix.
Below 923 K (650 °C), percentage of Ta present in
Laves phase increased with decrease in temperature.
Vanadium was predominantly associated with the MX
phase with limited solubility in the M,3C¢ carbide.

B. Microstructural Changes Across the Weldment of
RAFM Steels

The weldments of RAFM steel showed a heteroge-
neous microstructure (Figure 7) with the formation of
only martensite in the weld region (WM) and a duplex
(o + o) microstructure in the HAZ away from fusion
line. The regions designated as HAZ1 (Figure 1) com-
prised coarse-grained heat-affected zone (CGHAZ),
while HAZ2 (Figure 1) consisted of fine-grained heat-
affected zone (FGHAZ) and the Inter-Critical heat-
affected zone. Complete microstructural and micro-
chemical descriptions of the zones are available
elsewhere.*”! No evidence was obtained for the presence
of delta ferrite or tantalum oxides in the weld metal, in
contrast to reported literature for TIG-welded CLAM
steel.® The present observations are also supported by
the chromium and nickel equivalents®® for 1W and
INRAFM steels evaluated as (11.2, 3.2) and (11.5, 4.8),
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respectively. Superimposing these values on Schaffler—
Schneider diagram showed that martensite is the only
constituent that forms in the WM at ambient
temperature following cooling from austenizing
temperature.

Hardness profile obtained across the weldment (su-
perimposed in Figure 7) showed the expected trend of
high hardness in the WM followed by a continuous
decrease across the HAZ until the base metal. This
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Fig. 7—Optical (top) and SEM micrographs with superimposed
hardness profile showing different regions in |W RAFM steel weld-
ments.
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Fig. 6—(a) Plot of distribution of W among various phases as a function of temperature in INRAFM steel as calculated using JMatPro. (b) Plot
of distribution of Ta among various phases as a function of temperature in INRAFM steel as calculated using JMatPro.
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variation was in agreement with the substructure and
decreasing amount of carbon super saturation in
martensite, as dictated by the residence time and the
peak temperatures witnessed by the respective regions.
High hardness of WM and HAZ1 (~530 and 514 VHN)
of INRAFM steel as compared to that of 1W steel (~500
and 465 VHN) is attributed to the high solute and
carbon contents.

C. Microstructural Evolution Across the Weldment of
RAFM Steels Upon Thermal Exposure

The microstructural changes occurring across the
weldments of RAFM steels upon aging in the tem-
perature range of 773 K to 873 K (500 °C to 600 °C)
have been investigated to obtain insights into the
integrity of the weld joint during long-term service
exposures. Further, there are reports of embrittlement in
the vicinity of 823 K (550 °C) in similar ferritic-marten-
sitic steels.**!! Hence, detailed computations using
JMatPro was carried out in the temperature range of
773 K to 873 K (500 °C to 600 °C) to investigate the
difference in the precipitation sequence of secondary
phases, their mole fraction, and coarsening rate between
different regions in the weldments of the two steels.
Experimental investigations were carried out for selected
temperature—time combinations to get confirmatory
evidence for validation of the predictions. Results of
these studies are presented in the following sections.

1. Thermal exposure-induced microstructural evolution
in the base metal

The sequence of evolution of secondary phases in 1W
and INRAFM steel as a consequence of thermal aging
at 773 K, 823 K, and 873 K (500 °C, 550 °C, and
600 °C) for durations in the range of 1 to 10,000 hours
has been computed using JMatPro. The computation
predicts the type and volume fraction of the different
phases that form as a function of aging time at different
temperatures. A summary of the results is listed in
Table III. Following are the significant differences
observed in INRAFM steel as compared to 1W steel.

e Early onset of precipitation of MX carbides was ob-
served specifically at 823 K and 873 K (550 °C and
600 °C).

e M,X carbonitrides were stable only up to 4 hours of
heat treatment at 873 K (600 °C).

e Although Laves phase formed in both the steels
after 1000 hours of aging at 823 K (550 °C), its vol-
ume fraction (VFF) was relatively higher in IN-
RAFM steel (VINRAFM = 0,003 vs 11V = 0.001).

e At 873 K (600 °C) Laves phase formed after
100 hours of aging itself, its volume fraction (Vf")
predicted to be extremely small (0.001) in comparison
to that of M»3C¢ (2.7) and MX (0.091) carbides.

e After 5000 hours of aging at 873 K (600 °C), Laves
phase was the second most predominant phase
(VF® = 0.228) next to My;Ce (VP = 2.7).

e For all temperature—time combinations volume frac-
tion of secondary phases was relatively higher.
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Summary of Computational Results Showing Differences in the Precipitation Sequence of Secondary Phases in the Base Metal of 1W and INRAFM Steels After

Table III.

Thermal Aging for Various Durations
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Fig. 8—(a) Computed change in the size of M,3Cq4 carbides in the base metal of RAFM steels with aging time for various temperatures. (b)
Computed change in the size of MX carbides in the base metal of RAFM steels with aging time for various temperatures.

Increase in the volume fraction of carbides and Laves
phase in INRAFM steel can be understood in terms of
the relatively high concentration of carbon and tung-
sten. The computed change in the size of M»3Cy and MX
carbides plotted as a function of aging time for various
temperatures is shown in Figures 8(a) and (b), respec-
tively for the two steels. As expected, coarsening rate of
MX carbides was found to be much lower than that of
M,;Cg in both the steels. In addition, average size of the
precipitates in INRAFM steel was lower than that in
1W steel.

Although JMatPro-based computations helped in
identifying different phases and their stability ranges in
the RAFM steels for various temperature—time combi-
nations, precise microstructural details could be
obtained only through detailed electron microscopy
investigations. Experimental studies were restricted to
longer durations of aging (5000 and 10,000 hours) at
773 K and 823 K (500 °C and 550 °C). M»3C¢ pre-
cipitate sizes were estimated from microstructural
analysis of a large number of regions and was observed
to vary over a wide range of 25 to 500 nm. An analysis
of the frequency distribution of precipitates sizes was
carried out for all temperature—time combinations in
both the steels. It revealed a unimodal Gaussian
distribution as depicted in Figure 9 [for INRAFM steel
after aging for 10,000 hours at 823 K (550 °C)] and the
values quoted are the normalized size of the carbides.
The observations described in the following paragraphs
hold good for both the steels unless stated otherwise.

Figure 10(a) shows a typical bright-field image of
INRAFM steel aged at a temperature of 773 K (500 °C)
for 10,000 hours. Coarsening of M»3Cq carbides, with a
size of ~130 nm was apparent along with recovery of
martensite structure with low dislocation density
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Fig. 9—Frequency distribution with respect to the size of M,;Cq car-
bides obtained from INRAFM steel after aging for 10,000 h at
823 K.

(Figure 10(b)). Inset in Figure 10(b) shows diffraction
evidence for the presence of M»3Cg carbides along [147]
zone axis. Dark-field image corresponding to (242)
reflection (Figure 10(c)) revealed coarse M»;Cg carbides
decorating PAG boundary.

Increasing the aging temperature to 823 K (550 °C),
showed enhanced rate of recovery as well as coarsening
of carbides. Figure 11(a) shows the microstructural
details of INRAFM steel after aging for 5000 hours.
M,3C¢ carbides were found to have grown up to an
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iis
1938

34

200 nm

Fig. 10—(a) TEM micrograph of base metal of INRAFM steel aged at 773 K (500 °C) for 10,000 h showing retention of lath structure. (b)
TEM micrograph of base metal of INRAFM steel aged at 773 K (500 °C) for 10,000 h showing recovered regions of low dislocation density and
carbides (inset shows diffraction pattern from M;Cg carbide along [147] zone axis). (¢) Dark-field image for (2 4 2) reflection highlighting coarse
carbides along PAG boundary.

(c)
W
40
2
c
3 |
8
= Fe
g ‘ |
2 20
2
=
|
Cr \
|
A | . I ' o
AR \l ,l'l"'!lp' o WA UL "\ A i n‘ .'n'll
0 1 il TS T T e T . Ly i) ST ! 4l
3 5 8 10
Energy (keV)

Fig. 11-—(a) TEM bright-field image showing carbides along with fine laves phase in the base metal of INRAFM steel after aging at 823 K
(550 °C) for 5000 h; inset is the diffraction pattern confirming the presence of laves phase. (b)) TEM dark-field image corresponding to circled
(001) reflection in (a) showing fine laves phase in the base metal of INRAFM steel after aging at 823 K (550 °C) for 5000 h. (¢) EDS spectrum
obtained from the base metal of INRAFM steel after aging at 823 K (550 °C) for 5000 h revealing the enrichment of W and Fe in Laves phase.
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Laves phase - ZA : (12'10)

Fig. 12—(a) Microstructure of base metal of INRAFM steel after aging at 823 K (550 °C) for 10,000 h showing retention of lath structure. (b)
Microstructure of base metal of INRAFM steel after aging at 823 K (550 °C) for 10,000 h showing grain boundary carbide and laves phase (ar-
row marked); insets are the SAD and micro diffraction patterns obtained from M C, carbides and Laves phase along [413] and [1210] zone ax-

is, respectively.

average size of 150 nm. Analysis of the diffraction
pattern (inset in Figure 11(a)) identified the presence of
an additional ‘Laves’ phase. TEM dark-field image
(Figure 11(b)) corresponding to the circled diffraction
spot in Figure 11(a) showed the Laves phase to be very
fine (~20 nm) in nature. Typical EDS spectrum
(Figure 11(c)) obtained from this fine phase provided
clear evidence for the enrichment of W and Fe and
hence confirming the formation of Fe,W-type Laves
phase. Laves phase was found to have nucleated around
or near the coarse carbides in lath/grain boundaries.
Coarsening of carbide consumes large amount of Cr and
C, leaving the surrounding matrix depleted in Cr. This
results in localized increase in W concentration favoring
the nucleation of Laves phase, in the presence of the
thermodynamic driving force for its formation. No
evidence was obtained for the presence of Laves phase in
IW steel though M,3Cq4 carbides showed similar enrich-
ment for Cr.

With increase in aging time to 10,000 hours, mi-
crostructure showed considerable changes. Figures 12(a)
and (b) show the TEM micrographs and diffraction
pattern obtained from INRAFM steel. Although the
lath morphology was retained in several regions
(Figure 12(a)) coarser carbides had grown up to an
average size of 175 nm and the Cr content in the carbide
was ~65 wt pct. In most of the regions Laves phase was
observed to grow encapsulating the existing carbides,
resulting in an apparent increase in its size. Figure 12(b)
shows a region with low dislocation density containing
both M»;Cg¢ carbide and Laves phase, confirmed based
on the analysis of the SAD and microdiffraction
patterns (given as inset). Average size of MX phase
remained stable at 30 to 40 nm confirming its stipulated
contribution to the creep strength of the steel. Even

METALLURGICAL AND MATERIALS TRANSACTIONS A

though JMatPro-based computations indicated the for-
mation of Laves phase in 1W steel (with relatively low
Vr) no experimental evidence could be obtained for its
presence possibly due to the following reasons: JMatPro
predicts only the equilibrium phases that can form for a
given alloy composition and does not incorporate the
kinetic contribution to phase formation such as (a)
enhanced diffusivity of alloying elements in grain/lath
boundaries (b) interaction of a diffusing species with
other alloying clements (c) effect of grain/lath size
variation, and (d) simultaneous dissolution and pre-
cipitation of M,3Cg¢ carbides leading to local concentra-
tion fluctuations in its vicinity, which may promote the
formation of Laves phase.

2. Thermal exposure-induced microstructural evolution
in the weld metal

Summary of computational results showing differ-
ences in the precipitation sequence of secondary phases
in the weld metal of IW and INRAFM steels after
thermal aging for various durations is shown in Table IV.
Following are the important inferences drawn in com-
parison with the base metal:

e Volume fraction of all phases was lower.

e Formation of MX carbides was not preferred except
at high temperature [873 K (600 °C)] beyond
1000 hours of heat treatment.

e M;C carbides formed only in INRAFM steel for
1 hour of exposure at 773 K (500 °C)

e Laves phase precipitation was delayed in both the
steels. Time required for its precipitation in INRAFM
steel was found to be 25000 hours at 823 K (550 °C)
and >1000 hours at 873 K (600 °C). For the same
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Table IV. Summary of Computational Results Showing Differences in the Precipitation Sequence of Secondary Phases in the Weld Metal of 1W and INRAFM Steels After

Thermal Aging for Various Durations

INRAFM

1W RAFM

823 K (550 °C) 873 K (600 °C)

773 K (500 °C)

873 K (600 °C)

823 K (550 °C)

773 K (500 °C)

Aging Time (h)
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temperature—time combination laves phase volume
fraction was relatively high in INRAFM steel.

Microstructural details of weld metal of INRAFM steel
after aging at 773 K (500 °C) for 5000 hours and 823 K
(550 °C) for 10,000 hours are shown as Figure 13(a
through c), respectively. Weld metal aged at lower
temperature [773 K (500 °C)] consisted of two types
M,3C; carbides which could be distinguished in terms of
their Cr contents and morphology. Extremely fine (10 to
15 nm) carbides (circled in Figure 13(a)) which were
aligned in two perpendicular directions had higher Cr
contents (~80 wt pct) when compared to the coarse
carbides (~60 to 65 wt pct). These type of carbides
maintained their morphology, size, and microchemistry
even after 10,000 hours of aging. Other type of carbides
indexed as M,3Cg4 were present in sizes ranging from 25
to 420 nm with the peaking of the frequency distribution
seen around 50 nm. Cr concentration of these carbides
was lower than those observed in the base metal.

It is known in literature®*? that Fe-rich M»;Cs, ¢
carbides and Cr-rich Cr,C hexagonal carbides form
during the early stages of tempering (or low temperature
exposure) of martensitic steels. They subsequently get
transformed to Cr-rich M,3C¢ with progress in temper-
ing. No evidence for MX carbides was observed in the
aged steel for the same reason. Nucleation of Laves
phase in the weld region on aging at 823 K (550 °C) was
observed after 10,000 hours. This delay as compared to
the base metal arises from the initial carbide-free
martensite structure in the weld and the slow consump-
tion of carbon as tempering/aging proceeds at tem-
peratures lower than the optimum tempering
temperature. The weld region of IW steel showed no
evidence for the presence of Laves phase in contrast to
JMatPro results the reason for which is the same as that
explained earlier in Section ITII-C—-1.

3. Microstructural evolution in the HAZ

Table V presents the summary of computational
results corresponding to the FGHAZ of 1W and
INRAFM steels after thermal aging for various dura-
tions. Similar computations carried out for CGHAZ
showed analogous behavior as that of the weld metal.
Precipitation sequence, volume fraction, and size of the
secondary phases in FGHAZ was similar to that of the
base metal (refer Table III). However, an important
observation was the relatively early onset of precipita-
tion of Laves phase in both IW and INRAFM steels on
aging at a lower temperature of 773 K (500 °C) itself.

Experimental investigations carried out using electron
microscopy revealed high volume fraction of M»3Cq
carbides in HAZ compared to other regions of the
weldment. Coarsening of carbide was found to be
highest (350 to 400 nm) in FGHAZ after heat treatment
at a temperature of 8§23 K (550 °C) for 10,000 hours.
The observed precipitation and coarsening of carbides
revealed by experimental studies and not through
computations is a clear manifestation of the effect of
prior microstructure (grain/lath sizes) on the kinetics of
precipitation. This effect is not reflected in the compu-
tations since it incorporates only alloy composition and
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Fig. 13—(a) Microstructure of weld metal in INRAFM steel after aging at 773 K (500 °C) for 5000 h showing the presence of fine needle shaped
carbides. (b) Microstructure of weld metal of INRAFM steel showing the presence of coarse M,3Cg carbides after aging at 823 K (550 °C) for
10,000 h (¢) Dark-field image for (112) reflection highlighting the laves phase surrounding the coarse carbide after aging the weld metal of

INRAFM steel at 823 K for 10,000 h.

temperature as input parameters. Figures 14(a) and (b)
show the morphology of Laves phase in the FGHAZ of
INRAFM steel after aging at 8§23 K (550 °C) for 5000
and 10,000 hours, respectively. Laves phase at
5000 hours was fine with an average size of 40 nm,
whereas it was grown up to ~100 nm after 10,000 hours
of aging. In comparison to the base metal, Laves phase
was coarser in FGHAZ which suggested that it might
have formed first in the FGHAZ of the weldment.
Precipitation of Laves phase has been reported earlier in
the HAZ of F82H (8Cr-2WVTa) steel after thermal
aging at 823 K (550 °C) for 3000 hours.[**!

The evolution of various phases in the three regions of
IW and INRAFM steel weldments after prolonged
service exposures for 10,000 hours is consolidated as a
schematic in Figures 15(a) and (b), respectively. Com-
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pared to 1W steel formation of Laves phase occurred
early in INRAFM steel due to higher W content and
abundant precipitation of carbides that increased the
availability of W and reduced the supersaturation of
carbon in nearby regions.

Based on the experimental and simulation studies it
can be summarized that thermal aging of the RAFM
weldments (during service exposures) will lead to the
formation of Laves phase and coarsening of carbides
mainly in the HAZ and base metal regions. Such
microstructural modifications are known to be detri-
mental to the fracture toughness and creep strength of
the weldments.['”?!) The thermal cycle during welding
experienced by the HAZ, favors extensive nucleation
followed by the growth of a discontinuous carbide
network especially along the lath boundaries during
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Table V. Summary of Computational Results Showing Differences in the Precipitation Sequence of Secondary Phases in the FGHAZ of 1W and INRAFM Steels After Ther-

mal Aging for Various Durations

INRAFM

IW RAFM

873 K (600 °C)
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service exposures. This condition set off the formation
of Laves phase in the vicinity of the carbides. The pre-
ponderance of Laves phase in HAZ in comparison to
base metal and weld metal clearly indicates that it is
due to kinetic factors. Based on the size and kinetics
of precipitation of deleterious phases, FGHAZ was
identified to be the weakest region in the weldment for
thermal exposures 2823 K (550 °C). This observation
was in accordance with the reported creep failures in
RAFM steel welds.!*!

Our studies have established that initial microstruc-
ture and the alloy content plays a significant role in the
microstructural evolution in RAFM steels. Despite the
Laves phase formation and its effect on creep properties,
the INRAFM steel provides an excellent combination of
strength and toughness at temperatures not exceeding
773 K (500 °C).

IV. CONCLUSIONS

The microstructural modifications as a function of
distance from the fusion line in weldments of 1W-
RAFM and INRAFM steels after welding and during
thermal exposures were studied by experimental and
computational methods. Following are the important
conclusions drawn based on the above studies:

1. M(Cr,Fe,W),;Cys and M(Ta,V)X carbides were the
predominant precipitate phases in normalized and
tempered RAFM steels, their volume fraction
relatively higher in INRAFM steel [V?/I23C6 =27
and VM* = 0.091 after aging at 873 K (600 °C) for
100 hours]. Coarsening rate of M,3C¢ carbides was
much higher than that of MX.

2. JMatPro-based computations helped in identifying
the temperature—time window for the formation of
undesirable phases in various regions of RAFM
steel weldments. In the base metal of INRAFM
steel prolonged aging beyond 5000 hours at 873 K
(600 °C) promoted the formation of Laves phase
as the second most predominant phase after
M23C6.

3. Experiments carried out for few selected tem-
perature—time combinations confirmed the forma-
tion of Fe,W-type Laves phase in both FGHAZ
and base metal of INRAFM steel after pro-
longed exposure to temperatures >823 K
(550 °C).  Although JMatPro predicted the
formation of Laves phase in 1W-RAFM steel,
experiments revealed that they are not kinetically
favored.

4. Enhanced precipitation of Laves phase observed in
the FGHAZ of INRAFM steel weldments was at-
tributed to the abundance of carbides in this region
resulting in a decreased availability of carbon and
the higher concentration of W.

5. Due to enhanced kinetics of precipitation of Laves
phases, FGHAZ was identified to be the region
susceptible for failure during long-term service
exposures of INRAFM steel weldments.
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Fig. 14—(a) TEM micrographs of carbon extraction replicas from FGHAZ of INRAFM steel aged at 823 K (550 °C) showing fine precipitates
of laves phase after 5000 h of heat treatment. (b) TEM micrographs of carbon extraction replicas from FGHAZ of INRAFM steel aged at

823 K (550 °C) showing coarse laves phase after 10,000 h of heat treatment.
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Fig. 15—(a) Schematic showing relative amount of various phases present in the different regions of IW RAFM steel weldment after aging at
773 K to 873 K (500 °C to 600 °C) for 10,000 h. (b) Schematic showing relative amount of various phases present in the different regions of

INRAFM steel weldment after aging at 773 K to 873 K (500 °C to 600 °C) for 10,000 h.
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