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Abstract: The microstructure, texture, and yield strength of an advanced heat-resistant alloy weldment made with
composition-matched weld filler were investigated. Scanning electron microscopy, energy dispersive spectroscopy, and
electron backscatter diffraction were used to characterize the microstructural and textural changes. Various grain
boundary engineering (GBE) processes were performed on the weldment. The yield strengths of the weldment at 973 K
were obtained before and after GBE processing, and were mostly consistent with the theoretically predicted values. The
coincident-site lattices, misorientation, and recrystallization of the weld metal after GBE were analyzed, and the results
indicate that the increase in dislocation density and the improvement in special grain boundaries in the weld metal are
the main reasons for the yield strength elevation of the weldment after GBE. The variation in elongation after
high-temperature tests has the same tendency as that in the impact toughness with different GBE parameters, which is
related to the coarsening behavior of carbides.
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Sanicro 25 tubes. However, utilizing nickel-base

1 Introduction

Sanicro 25 is a promising super-/re-heater
candidate for use in advanced 700 °C ultra-
supercritical (USC) power plants and has received
considerable attention due to its exceptional
high-temperature performance and outstanding
resistance to steam oxidation and hot corrosion in
hostile environment [1-3]. In addition, welding is
recognized as an ineluctable process in the
assembly of USC boiler components. Alloy 617
mod and Sanicro 53 are temporarily recommended
as the most compatible welding fillers to join

consumables increases costs when generation plants
are constructed. Moreover, the elemental
redistribution and microstructural heterogeneity
around the fusion interfaces tend to produce adverse
effects on dissimilar weld joints. Developing a
chemical composition-matched welding filler metal
with lower Ni content is thus imperative for the
more extensive dissemination and deployment of
Sanicro 25. In our previous research [4], a metal-
cored welding wire was manufactured for adjusting
chemical elements easily. The corresponding
all-weld-metal deposits were prepared through
shielded metal arc welding to determine the
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mechanical properties, which presented superior
performance over Sanicro 25 at both room and high
temperatures.

Control of grain boundary has been one of the
most important topics of materials science and
engineering associated with grain boundaries since
the 1950s. Grain boundary engineering (GBE),
which was first proposed in 1984 [5], has been
extensively applied by many research groups to
improve the bulk properties in structural and
functional  polycrystalline  materials  [6—8].
Essentially, GBE manipulates the grain boundaries
in microstructures that have a significant fraction of
sigma coincident-site  lattice (CSL)
boundaries. The important features of GBE are the
frequency of such boundaries, their distribution,
and the ability to replace the network of random
high-angle grain boundaries [9].

In this work, Sanicro 25 weldments were
prepared by gas tungsten arc welding (GTAW) with
a self-developed solid wire dedicated to Sanicro 25.
The weldment specimens were then subjected to
different GBE processes. The microstructures of the
welded joint before and after GBE were studied in
detail to confirm the strengthening mechanism.
Tensile tests of the welded joint before and after
GBE were conducted at 973 K and the yield
strength and ultimate tensile strength were
theoretically calculated. Moreover, the fracture
surfaces of the ruptured tensile test specimens were
examined and the related failure modes were
analyzed.

lower

2 Experimental

2.1 Materials
The as-received Sanicro 25 alloy used in the

993

present investigation was cold-pilgered and
solution-treated (1417—1523 K) in a seamless tube
with size of 53.8 mm X 8.9 mm. The ASME
standard chemical compositions of Sanicro 25 are
listed in Table 1. Based on the alloying system
modified from the aforementioned study [4], solid
metal wires (named GTSA25) were produced with
a diameter of 2.4 mm in an indigenous welding
consumable enterprise. The chemical compositions
of the GTSA25 are listed in Table 1 as well. The
manufacturing processes of solid metal wires can be
described as follows. A vacuum induction melting
furnace was used to prepare metal ingots. A new
ingot was prepared in the cooled crucible by
directional solidification from bottom to top while
avoiding macro and micro segregation. The wire
steel was made from billet (forging and rolling
billet from ingot). After the billet passed through
the heating furnace, the roughing mill, intermediate
rolling mill, finishing mill, reducing, sizing mill,
and laying head, it became a wire rod (in a diameter
of 8—9 mm). After cold drawing, the wire rod was
made as a welding wire. GTAW with 100% argon
shielding was applied to producing the welded
joints (with argon shielding on the back of the
weld metal (WM)). The interrelated welding
specifications are listed in Table 2. The measured
chemical compositions of the base metal (BM) and
WM of the joint are listed in Table 1. Photographs
of the weldments are provided in Fig. 1.

2.2 GBE and experimental procedures

The high-temperature tensile specimens were
taken parallel to the axial direction of the as-welded
Sanicro 25 tube, as shown in Fig. 1. These
specimens then received GBE heat treatment in an
electric furnace (Tianjin Zhonghuan SX-G03163) in

Table 1 Chemical compositions of Sanicro 25 (S25), welding wire (GTSA25) and weldment (wt.%)

Specimen C Si  Mn Cr Ni Nb N w Co Cu Mo B

S25 0.04-0.1 04 0.6 21.5-23.5 23.5-26.5 0.40-0.60 0.20—0.30 3.0-4.0 1.0-2.0 2.5-3.5 - -
GTSA25 0.077 037 2.11 23.7 26.2 0.5 0.15 3.27 1.37 3.1 2.280.001

Base metal 0.069 0.17 0.54  23.7 25.7 0.56 0.23 3.10 1.57 3.0 - -
Weld metal 0.08 029 1.78 23.23 24.6 0.433 0.113 3.82 1.54 3.52 1.66 0.001

Table 2 Welding specifications for Sanicro 25 welded joints
Welding Welding Welding heat Interpass Welding Welding
current/A voltage/V input/(kJ-mm ") temperature/°C speed/(mm-min ") layer
90 10-11 <1 <100 50—-60 4
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Photograph of welded joint

Gauge length: 25 mm

Fig. 1 Photograph and schematic representation of
weldments

air at 973 K for different holding times (listed in
Table 3). The specimens were hydrocooled
immediately after the holding time was completed.
A high-temperature tensile test was conducted using
an electronic creep testing machine (CRIMS
RDL50) with a loading rate of 0.1 mm/min. For the
high-temperature tensile experiments, the specimen
was attached to three K-type thermocouples to
monitor the test temperature. Extensometers were
used to measure the gauge length displacement of
each specimen in the tensile tests. The gauge length
for each specimen before and after testing was
examined to obtain the elongation value. Impact
toughness tests were conducted in the WM center at
room temperature. The dimensions of the impact
specimens were 5 mm X 10 mm % 55 mm with a
2mm V-shaped notch at the specimen center.
Specimens with notches in each zone were tested
in quadruplicate. In this study, high-temperature

Table 3 Grain boundary serrations parameters for
Sanicro 25 weldment

Sample GBE Holding Cooling
code  temperature/K  time/min method
GBEO - - -
GBE1 973 15 Hydrocooling
GBE2 973 30 Hydrocooling
GBE3 973 60 Hydrocooling

GEBO—As-welded Sanicro 25

tensile tests and Charpy impact tests were
conducted according to standards GB/T 4338 —
2006, and GB/T 229—2007, respectively.

2.3 Material characterization

An optical microscope (OM, Olympus GX51)
and field-emission scanning electron microscope
(SEM, ZEISS GeminiSEM 500) with energy
dispersive spectroscope (EDS, Oxford Instruments)
were used for microstructural characterization.
Samples for OM and SEM microstructure
examination were embedded and ground, and then
polished using diamond pastes. These were finally
etched with a solution of HCL (20 mL), ethanol
(20 mL), and CuSO; (5g). Grain boundary
transformation was measured by electron
backscatter diffraction (EBSD, Oxford Instruments).
Channel 5® software was used to analyze the EBSD
results and display the final data. The EBSD
samples were ground and electrolytically polished
in an alcohol solution of 4% perchloric acid.
JmatPro® software can emulate a wide variety of
material properties, including stable/quasistable
phase equilibria and solidification behavior. In this
study, by importing the measured chemical
composition of the WM into the JmatPro software
(version 7.0), the mass fractions of various stable
phases ranging from 200 to 1800 K could be
calculated.

3 Results and discussion

3.1 Thermodynamics simulation

In order to choose optimal GBE parameters,
previous  relevant studies were carefully
examined [5,6,8,10,11]. Then, 973 and 1033 K
were selected as candidates for the GBE
temperature. The weldment after heat treating at
1033 K, however, showed a decrease in mechanical
properties (particularly the ultimate tensile strength).
Therefore, this study was concentrated on the
mechanical properties and microstructures of the
weldment before and after treatment at 973 K.
Equilibrium phase proportions ranging from 200 to
1600 K of the WM are shown in Fig. 2. MX (M is
normally a carbide- or nitride-forming transition
metallic element such as Ti or V), M,;C¢, Z phase,
Laves and Sigma phases may exist in the
room-temperature microstructure of the WM. A
phase structure with specific amounts of carbides
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and nitrides is beneficial to increasing the
deformation resistance of metals, a finding similar
to those described in the aforementioned studies.
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Fig. 2 Stable phase proportions of weld metal ranging
from 200 to 1600 K

3.2 Microstructures of weldment before and

after GBE
3.2.1 As-welded microstructures

Metallographs of the welded joint are shown in
Fig. 3, where the four welding layers are enveloped.
The heat-affected zones were nearly invisible. This
was caused by the small welding current that
restricts the grain growth of the BM in a
solution-treated condition [12]. SEM observations
of the BM are shown in Fig. 4. The BM showed a
typical austenitic matrix with primary particles and
a twinned microstructure. However, the EDX
results demonstrate that a microscale Nb-rich phase
is observed on both the rolling (R) and transverse
(T) planes, whereas a Ti-rich phase with a zonal
arrangement (indicated by yellow arrows) can only
be found on the T plane. The precipitation-induced

anisotropy can be explained by the introduction of
coherent, directional precipitates into the matrix on
different planes [13].

Fig. 3 Metallographs of welded joint

Figure 5 shows metallurgical and SEM images
of the WM. Two primary types of precipitates were
revealed in the WM microstructure: carbide
(M23Cg), which was found in the weld metal grain
boundary, and Nb-rich Z phase, which was mainly
intragranular. M,;C; is a carbide that tends to select
preferential planes with the lowest interfacial
energy and is responsible for the triangular carbide
morphology at Carbide
nucleation relies on the concentration of carbon and
chromium, which do not experience significant
coarsening during welding [14,15]. Intensive
nitrogen segregation overlapping with chromium at
the coarsened G-phase (Nb(C,N) or MX phase)
center may cause Z-phase precipitation of Nb(C,N)
during aging as well as consumption of Nb(C,N)
during subsequent growth [16].

The fusion boundaries were found to be
extremely vague, according to Fig. 6. This was
caused by the close chemical compositions of BM
and WM. During welding, the grains in the BM
adjacent to the fusion zone partially melt and
subsequently solidify when connected to the WM
grains toward the weld center. Figure 7(a) displays
the element distribution across the fusion boundary,
revealing that elemental iron was slightly reduced
in the WM due to the rejection of Fe into the BM by
the solid WM during the initial stage of transient
solidification [4]. Moreover, regions subjected to
more than one weld pass as shown in Fig. 7(b) have
an elemental segregation tendency similar to that in
Fig. 7(a). Nevertheless, the element dilution and
remigration during the remelting and resolidification

random boundaries.
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Fig. 4 SEM observations of base metal

Weld metal

A Cdbida
= phase

Fig. 5 Metallurgical and SEM micrographs of weld metal

processes induced by heating of the subsequent
weld pass were not observed. This means that a
smooth element transition occurred around the
fusion boundary of this type of welded joint, thus
producing a certain homogeneity in microstructures
between the BM and WM.
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3.2.2 GBE microstructures in weld metals

Because the grain boundary characteristics of
the BM underwent very little change after GBE as
compared to those of the WM, we considered only
the WM. The CSL of the WM in the samples that
underwent different GBE procedures was measured
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Fig. 6 SEM observation of fusion boundary

using EBSD, as shown in Fig. 8(a). CSL boundaries
are characterized by the special values of
misorientation, which enable the atoms from
neighboring lattices to coincide notionally, and the
reciprocal density of coinciding sites is defined as
2 [17]. GBE refers mainly to the formation of
multiple twinning structures in which only CSL
boundaries present in abundance are X3, which
mostly influence special properties and a few other
23" types. The present work regarded CSLs not
larger than 229 as special grain boundaries (also
special boundaries or SBs) and in addition
calculated the percentages of SBs in all CSL
boundaries as well as 23 boundaries in SBs, as

shown in Fig. 8(b). It can be seen that both values
increased after GBE, which is consistent with a
previous study on nanocrystalline GBE [18]. The
number of SBs is low prior to GBE and increases
considerably after GBE. In addition, X3 content
remains to be zero in WMs for GBEO and GBEI
but gradually increases to a high level following
GBE2 and GBES3. Previous research has assumed
that the increase in SBs was mainly due to an
increase in the 23 grain boundaries [19]. With
respect to GBE, the critical case in which annealing
twinning adds special boundaries to the
microstructure when an annealing twin is nucleated
from or meets a 23" boundary with n>1. Annealing
twinning is considered to form for one of two
reasons: (1) to diminish the overall interfacial
energy when the energy of the boundaries between
neighbors of a grain and its twin is less than that of
the boundaries between the neighbors and the grain
itself, or (2) to reorientate grain boundaries to
facilitate dislocation absorption and mobility during
recrystallization. The role of twinning in GBE is
necessary for the appropriate enhancement of the
microstructure and properties: first to retain strain,
then to generate noncoherent 23 boundaries (and
other “special” boundaries), and finally to break up
the random boundary network.

Ni Nb
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—Cu
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Distance/um

450 550
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Fig. 7 Solute distributions across fusion boundary of microstructure subjected to one weld pass (a) and microstructure

subjected to more than one weld pass (b)
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To evaluate the variation in local orientation,
kernel average misorientation (KAM) maps for the
weldments before and after GBE are shown in
Fig. 9. The KAM maps can be interpreted as the
mean misorientation of a point with respect to its
nearest adjacent points on the map. Based on the
KAM results, the geometrically necessary
dislocations (GNDs) that represent the local crystal
orientation in a given region were measured for

Fig. 9 KAM maps of weld metals before and after GBE
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each sample. GND density can be calculated as

pNP=26/ub (1)

is the GND density at the point of
interest, @ is the local misorientation angle, x is the
unit length (400 nm) of the point, and b is the
absolute value of Burger vector (0.248 nm for an
FCC structure). As shown in Fig. 9, an increasing
GND density is observed in the samples as the GBE
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holding time increases. According to a study on
low-stacking-fault energy materials [20], a higher
GND density implies that extensive twinning
accumulates strain energy in the material, causing
subsequent selective grain-boundary migration.
Previous work [21] showed that the GBE
constituted a recrystallization process that involves
the formation of large grain clusters with many
inner-connected X3"-type triple junctions. The
recrystallization maps are shown in Fig. 10, where
recrystallized and non-recrystallized regions are

GBEO0

Frequency/%

Frequency/%

Frequency/%

Frequency/%

separated by random grain boundaries. As the
annealing time increased from 15 to 60 min, the
fraction of recrystallization also increased, which
was consistent with the variation trend of 23.
During recrystallization, the grain clusters began to
grow from a single recrystallized nucleus, and were
then formed through generation of a series of 23
annealing twin boundaries. Simultaneously, 23"
grain  boundaries occurred when different
generation twinned grains met. Forming annealing
twins for FCC structures with low stacking fault

GBEO
Substructured ~ Deformed
GBE1
0
Recrystallized Substructured ~ Deformed
GBE2
—1
Substructured ~ Deformed
GBE3
|
Substructured ~ Deformed

Fig. 10 Recrystallization maps of weld metals before and after GBE
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energy during a period of newly formed grain
growth is easy. Thus, new annealing twins were
iteratively produced on the moving grain boundary
during recrystallization, leading to the inter-
connecting 23"-type grain boundaries.

3.3 High-temperature tensile properties

Tensile test results at 973 K are displayed in
Fig. 11. The high-temperature strength variations in
the weldment before and after GBE are shown in
Fig. 12, where the increase rate of the yield strength
against that of the weldment that did not undergo
GBE processing is present.
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Heat treated specimen \
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Fig. 11 High-temperature engineering tensile curves at
973 K
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Fig. 12 High-temperature tensile test results

3.3.1 Theoretical prediction of yield strength

To explain the yield strength variations of the
weldments before and after GBE, a proof stress
prediction model [22] was used by measuring the
microstructural parameters. The 0.2% proof stress
(oy) was computed by aggregating the root-mean-
square of components o, and o, which are

strengthening factors associated with different types
of obstacles. o, is the dislocation strengthening (oy),
and op includes all other components of the yield
strength. The contribution of dislocations to
strengthening (o4) can be calculated by

o=aGbp°? 2)

where G is the shear modulus (55.69 GPa at 973 K),
b=0.248 nm, and p is the total dislocation density
obtained from EBSD. In the equation, a is a
constant, and 0.38 was adopted in the present
modeling according to the literature [22]. Figure 13
presents the variations in GND density and
dislocation strengthening, which showed a similar
tendency with increasing the holding time. The
theoretically calculated creep threshold stress (o)
of Sanicro 25 at 973 K reported in Ref. [1] was
113.37 MPa. Because the main strengthening
precipitate of the weldment is a nano-sized Cu-rich
phase, the precipitate strengthening (o,) could
be regarded as oy The strengthening from
substitutional elements in the solid solution after
precipitation was considered here. Based on a
systematic experimental work by REITER and
HIBBARD [23] that confirmed the strengthening
effects of substitutional alloying elements in a BCC
iron matrix, the strength oy derived from the
substitutional alloying elements can be expressed
simply as

=0.00689kX" 3)

where oy is the strength (MPa), k is the
strengthening coefficient, X is the equilibrium
content of substitutional elements (at.%), and
m=0.75 for all elements investigated. A higher value
of k implies a greater substitutional element
strengthening effect. The value of o was
approximately 50 MPa for GBEO and 100 MPa for
GBEI1, GBE2 and GBE3, which was obtained by
determining the content of substitutional elements
through EDS [24]. Furthermore, the
hardening effect during tensile testing should be
considered as contributing to oy,. A value of oy,
(=40 MPa) was adopted in this study to be the work
hardening term based on the assumption that matrix
microstructures respond similarly to external stress,
even though the element segregations of the four
materials were different. To summarize the
aforementioned results, we can solve og=0pt0t0own.
The root mean squares of components g, and op

work
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(o,=yos +op ) are plotted in Fig. 14 and compared
to the experimental values. The theoretical

prediction and experimental values were very close,

strongly demonstrating the effects of each
component.
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Fig. 14 Yield strength of weldment at 973 K

3.3.2 Relationship between microstructure and
tensile property

Three reasons may explain the enhancement of
the yield strength at 973 K for the WMs that
underwent the GBE processes. First, GBE heat
treatment helps to generate large CSL boundaries
(especially twinning boundaries) in the WM, which
facilitates the retention of strain and increases the
strength. Subsequently, an increased GND density
was observed in the GBE samples as compared to
the original as-welded sample. The dislocation
density is well-known as strongly influencing the
yield strength. Eventually, nanosized precipitates
such as Cu-rich and NbN phases may form during
the GBE process [25], but little time remains for the

nanoscale phases to coarsen due to hydrocooling.
The precipitation strengthening mechanism thus
plays a role in improving the yield strength at
973 K.
3.3.3 Fracture surface analyses

The fracture surfaces of the ruptured
specimens after high-temperature tests are shown in
Fig. 15. The rupture position was in the WM for all
tensile tests. As Fig. 15(a) shows, the weldment
without GBE processing ruptured in a typical
intergranular which is a common
phenomenon in heat-resistant materials [26]. The
fracture surfaces of the ruptured specimens of
GBEl and GBE2 showed dense and less-dense
distributions of dimples, as shown in Fig. 15(b) and
(c), respectively. However, the ruptured specimen
of GBE3 exhibited a mix fracture mode with
dimples and intergranular features. Based on our
previous studies [1,27], the fracture mode is
strongly dependent on the microstructure evolution
at a high temperature. The intracrystalline
precipitates in the WM after GBE processing for
15 min were very small, and the ductility of the

manner,

weldment increased significantly. However, the
precipitation coarsened after a longer GBE holding
time (30 min). These coarsened particles thus
produced larger but sparse dimples, which led to
reduced ductility. When the GBE holding time was
increased to 60 min, the fracture surface had a
somewhat intergranular characteristic, which may
be caused by the coarse carbides that formed along
the grain boundary. As plotted in Fig. 16, the
variations between the elongation and impact
toughness versus the GBE holding time showed a
tendency that was mostly consistent with the
fracture surface analyses.

4 Conclusions

(1) The BM displayed an anisotropic
distribution of a Ti-rich phase. A Z phase and
carbides were found in the WM. The fusion
boundary exhibited a homogeneous microstructure,
which may have contributed to the enhanced
mechanical properties of the weldment.

(2) The increase in dislocation and improved
special grain boundaries in the WM were regarded
as the main reasons for the yield strength elevation
of the weldment after GBE, which was confirmed
by theoretical calculation.
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Fig. 15 Typical fractographs after high-temperature tensile tests: (a) GBEO; (b) GBE1; (c) GBE2; (d) GBE3
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Fig. 16 Elongation after high-temperature tensile tests
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(3) The weldment after GBE1 showed better

ductility because insufficient time was allowed for
the precipitates to coarsen. Holding time of 15 min
could be selected as an optimal GBE parameter
when considering comprehensive performance.
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