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The eﬀects of welding and post weld heat treatment (PWHT) on the morphology, composition and lattice
parameter of the precipitates in the welding joints of Hastelloy N alloy have been investigated. Joint samples
were prepared using a gas tungsten arc welding process with ERNiMo-2 ﬁllers, and then solid-solution treated at
1100 °C for 20 min. After welding, eutectic M6C carbides can be observed in the heat aﬀected zones (HAZ) and
weld zones (WZ). These eutectic M6C carbides become spheroidized during the following PWHT. The concentration of Si decreases during the transformation from the primary ones to eutectic ones, and then increases
during the spheroidizing process. The total concentration of Si + Cr in M6C carbides remains stable during
welding and PWHT. At the same time, the heat leads to the outward diﬀusion of Mo from the M6C carbides,
which results in a decrease of the lattice parameter.

1. Introduction
UNS N10003 alloy, also called as GH3535 in China or Hastelloy N in
US, is a Ni-Mo-Cr based superalloy developed in Oak Ridge National
Laboratory (ORNL) for Molten-Salt Reactor Experiment (MSRE) [1,2].
This alloy contains 16%–17 wt% molybdenum for strengthening and
7 wt% chromium suﬃcient to impart moderate oxidation resistance in
air and corrosion rates in molten ﬂuoride salts [3]. Thus UNS N10003
alloy possesses superior strength, good oxidation resistance, and exceptionally outstanding corrosion resistance to the molten salts [4]. The
microstructure of this alloy was characterized as many stringers of the
primary M6C carbide particles along the rolling direction in the Nibased solid solution matrix [5–8].
It has been widely reported that the primary M6C carbide would
experience a complex microstructure evolution during the welding of
this alloy. These primary M6C carbides trend to transform into an eutectic phase in HAZ during welding and then worsen the performance of
welding components [9,10]. Yang et al. [6] and He et al. [7] obtained
such eutectic phase in HAZ after the welding thermal cycles with a peak
temperature above 1300 °C, and identiﬁed them as MoC type carbides.
Jiang et al. [10] simulated the welding thermal cycle in the range from
1350 °C to 1365 °C and identiﬁed the eutectic phase as a γ- M6C′ type.
Bhattacharyya et al. [11] characterized the carbide precipitates at different locations of Hastelloy N weld joint and proposed that the carbide
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precipitates are M6C carbides with diﬀerent lattice parameters. Although there are considerable disputes over the type of the eutectic
phase, all researchers reach an agreement on their detrimental eﬀect on
the weld joints. On the other hand, a post-weld heat treatment (PWHT)
[12–15] has been found to improve the mechanical properties of the
weld joint, which was related to the degeneration of the eutectic phase.
However, the degeneration path and the related mechanism have rarely
reported.
In this study, we attempted to evaluate the eﬀects of welding and
PWHT on the morphology, composition and lattice parameter of the
carbides in the welding joints and discuss the evolution mechanism.
2. Materials and Experimental Methods
2.1. Welding and Materials
The material used for the welding experiment was solid-solution
treated Hastelloy N alloy (Haynes international Inc.). The weld joint
was prepared by gas tungsten arc welding (GTAW) using Hastelloy N
plates with a thickness of 20 mm and an ERNiMo-2 ﬁller material with a
diameter of 1.2 mm. The chemical compositions (wt%) of the two kinds
of materials are listed in Table 1.
Two pieces of Hastelloy N plates were prepared and welded together, as shown in Fig. 1. The welding was performed at a voltage of
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Table 1
Chemical composition of the Hastelloy N superalloy and ERNiMo-2 welding wire in wt%.
Elements

Ni

Cr

Mo

Fe

Si

C

Al

Mn

S

P

ERNiMo-2 ﬁller alloy
Hastelloy N substrate

Bal.
Bal.

6.89
6.96

16.4
16.3

3.62
3.88

0.43
0.33

0.053
0.061

0.06
0.08

0.58
0.52

< 0.001
0.001

0.002
0.003

Unit: mm

Fig. 1. Schematic drawing of two pieces of Hastelloy N alloy
plates being joined and the detail of welding groove.

precipitates are diﬀerent between WZ and HAZ (E). The WZ are characterized by the dendritic grains, which are approximately perpendicular to the fusion boundary, while the grains still maintain the
equiaxed morphology in HAZ (E). Also, there is obvious diﬀerent in the
morphology of precipitates between WZ and HAZ (E) as shown in
Fig. 3c and e. In the WZ, the eutectic precipitates with the morphology
of a skeleton structure can be observed (Fig. 3c). Correspondingly, the
eutectic precipitates with the morphology of a lamellae structure exist
in the HAZ (E). For AW samples, the HAZ (E) can be distinguished from
BM by the existence of the eutectic precipitates (Fig. 3a).
Obvious spheroidization of the eutectic precipitates can be observed
in the WZ and HAZ (E) after the PWHT, as shown in Fig. 3d and f. As
compared with the inset in Fig. 3c, e, and Fig. 3g, additional grain
boundary precipitates can be observed in the WZ (the inset in Fig. 3d),
HAZ (E) (the inset in Fig. 3f) and the adjacent BM (Fig. 3h). In contrast,
such grain boundary precipitates are absent in the matrix far from the
HAZ(E) whether before or after PWHT. It has been widely reported that
the grain boundary precipitates are M6C type carbides [8]. The redissolution of the primary M6C carbides become obvious ranging from
1177 °C to 1300 °C and the released Mo and C element tend to diﬀuse to
grain boundaries at the aging temperature due to the equilibrium segregation [10]. During the slow cooling stage of PWHT, the enrichment
of Mo and C elements would promote the formation of M6C carbides at
grain boundaries in these zones (the inset in Fig. 3d, f and Fig. 3h). In
the case of the BM far from the HAZ(E), the formation of grain
boundary M6C carbides was reported to occur in the long-term thermal
exposure [16], which is diﬃcult in the short-term slow cooling stage of
PWHT. Thus, the formation of grain boundary M6C carbides in the
adjacent BM also can be regarded as one heat-aﬀected phenomenon.
This zone should be part of the whole HAZ together with HAZ(E). As a
result, the width of the whole HAZ goes up from 400 μm to 526 μm
after PWHT (Fig. 3a and b).

14 V, a current of 200A, pulse frequency of 2.5 Hz, peak pulse duration
of 50%, base value/peak value of 50%, and 10 mm/s travel speed with
argon shielding gas. The heat input energy of GTAW was calculated as
2.8 kJ/cm. Multiple passes were applied with a 30% overlap between
passes and an interpass temperature of below 93 °C.
Then this weld joint was cut into two parts. One was as-welded
(AW) specimen, and another was treated by PWHT, namely, solid-solution heat treated at 1100 °C for 20 min followed by a furnace cooling.
2.2. Microstructural Characterization
Two sets of samples were sectioned from the middle of the weld
joint under the AW condition and the PWHT condition, respectively.
The metallographic samples were grinded down to 1500 grit with SiC
papers and polished with 0.05 μm Al2O3 powders. The polished samples
were etched in a mixed solution (1.2 g FeCl3 + 10 ml HCl + 20 ml
H2O) for 30s. The microstructures were examined by optical microscopy (OM, ZEISS AX10) and scanning electron microscopy (SEM, LEO
1530VP).
The base metal (BM), HAZ and WZ in the AW samples and the
PWHT ones were separated and then anodically extracted at 2 V with a
nickel cathode in a 25% HCl–75% methanol solution at room temperature, respectively. The precipitates in the samples were removed
from the matrix and collected to a suﬃcient amount for X-ray diﬀraction (XRD) analyses. The extracted precipitation powders were analyzed by a Bruker D8 Advance XRD machine with a Cu Kα target
(λ = 1.5418 Å).
In addition, the phase type and composition of the extracted precipitation powders were identiﬁed by a transmission electron microscope (TEM, FEI Tecnai G2 F20S-TWIN) equipped with an energy dispersive spectrometer (EDS).
3. Results

3.2. Phase and Composition Characterization of Precipitates
3.1. Morphology Evolution of Precipitates
The bright ﬁeld TEM images and the selected area electron diffraction (SAED) of the precipitates in the BM, HAZ and WZ in AW and
PWHT specimens are shown in Fig. 4. In all conditions, the SAED
clearly match the pattern of M6C carbides with a FCC structure. TEMEDX examinations were performed to determine the chemical composition of the M6C carbides as shown in Table 2.

As shown in the Fig. 2a, the microstructure of Hastelloy N alloy is
composed of γ equiaxed grains with a size of ~80 μm and stringers of
massive primary precipitates, which have been identiﬁed as M6C carbides [8,11]. These primary M6C carbides, with a size of 0.5–8 μm, can
be observed inside the grains or at the grain boundaries (Fig. 2b).
Fig. 3a shows the microstructures of the joints under AW conditions.
It can be observed that three diﬀerent zones coexist in the joints, including BM, HAZ (E) and WZ. The morphologies of grains and eutectic
312
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Fig. 2. The microstructure of the Hastelloy N alloy: (a) the low
magniﬁcation OM image and (b) the high magniﬁcation SEM
image.

carbides were calculated from the characteristic peaks by applying the
Nelson–Riley Function [17,18]. The intercept points on y-axis suggest
that the lattice parameters of M6C carbides in BM, AW-HAZ and PWHTHAZ are 11.10 Å, 11.08 Å and 11.07 Å, respectively, as shown in
Fig. 5b. It can be concluded that the lattice parameters of M6C carbides
decrease during welding and PWHT.

3.3. Lattice Parameter Calculation of Precipitates
To further understand the chemical and structural nature of M6C
carbides in various regions of the welded joint before and after the
PWHT, M6C carbides in these regions were extracted from the matrix
and detected by XRD, as shown in Fig. 5a. M6C carbides in the BM, HAZ
and WZ of the welded joint under the AW and PWHT conditions were
again veriﬁed by the characteristic peaks in the XRD spectra, which
agree with the SAED results (Fig. 4). The lattice parameters of M6C

Fig. 3. SEM morphology of the joints under AW and PWHT
conditions: overviews of the joint under (a) AW and (b) PWHT
conditions; (c), (e) and (g) magniﬁed view of precipitates and
grain boundaries under AW marked as 1, 2, 3 in (a), respectively;
(d), (f) and (h) magniﬁed view of precipitates and grain
boundaries under PWHT marked as 4, 5, 6 in (b), respectively;
the inset in (c) to (f) shows the grain boundaries of corresponding zone.
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Fig. 4. TEM micrographs and the corresponding SAED patterns
of the precipitates in diﬀerent regions of welded joints before
and after heat treatment: (a) AW-BM, (b) PWHT-BM, (c) AWHAZ, (d) PWHT-HAZ, (e) AW-WZ, (f) PWHT-WZ. Inset in each
ﬁgure shows the SAED pattern of a particular carbide marked by
“+”.

4. Discussion

Table 2
The composition of M6C carbides in diﬀerent regions of the AW specimens and PWHT
ones by TEM-EDX in at.%.
Elements
Regions
AW

PWHT

Si

Cr

Fe

Ni

Mo

5.3
1.1
2.3
6.5
4.9
8.2

6.8
10.7
11.3
7.9
8.8
6.6

1.0
0.9
0.4
0.6
0.8
0.3

31.0
34.9
32.3
34.8
36.7
36.1

55.5
52.4
53.7
50.1
48.8
48.8

4.1. Formation Mechanism of Eutectic Carbide during Welding
As shown in Fig. 2b with 3e, the same distribution character of
primary M6C carbides in BM and eutectic M6C ones in HAZ along the
rolling direction indicates that the primary M6C carbides transform into
eutectic M6C ones during the welding thermal cycle. In fact, the formation of the eutectic carbides is a common phenomenon that has been
reported in the welded joints of some other nickel-based alloys [11,19].
The formation mechanism of the eutectic M6C carbides seems complicated, which has been investigated preliminarily in some previous
studies [6,7]. It has been found that when Hastelloy N was exposed to
temperatures in excess of 1300 °C, as simulated in welding, the large
precipitates did not go into solution but were transformed into a lamellar-like product or a massive grain boundary phase [6]. To determine whether the lamellar phase was formed directly from the

Type of carbides
BM
HAZ
WZ
BM
HAZ
WZ

Primary
Eutectic
Eutectic
Primary
Globular
Globular
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M6C

Fig. 5. (a) XRD spectra of the precipitates in diﬀerent regions of the welded joints under the
AW and PWHT addition at 1100 °C for 20 min. (b) The ﬁtting plots of lattice parameter
about the precipitates in diﬀerent regions of welded joints before and after heat treatment
vs. Nelson-Riley function (cos2θ/sinθ + cos2θ/θ).
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)

carbides into the globular M6C ones decrease the area of phase
boundaries and the free energy. When the length/diameter ratio of the
eutectic precipitate lamellae is enough large, the interfacial energy of
the lamellae makes major contribution to the free energy of the eutectic
precipitate. In this study, the ranges of length/diameter ratio of eutectic
M6C carbides and globular ones are about 5.05–20.94 and 1.10–6.26,
respectively, which means that the interfacial energy of eutectic M6C
carbides can remarkably decreased during the PWHT. Thus, the low
interfacial energy promotes the spheroidization to obtain a stable
system during the PWHT. The spheroidization of the eutectic morphology into a globular morphology also decreases the volume energy
of eutectic M6C carbides.

primary M6C carbides, McCoy [8] melted the end of a Hastelloy N wire
and then cooled it very rapidly. The transformation was observed in the
transition region. However, it is not known whether it has a stoichiometric ratio diﬀerence from the M6C carbides or it simply represents
another distribution of the same phase. Also, it is not known whether
the formation of this lamellar grain boundary phase is indicative of
grain boundary melting or this is a solid-state transformation [20].
Recently, Jiang et, al [10]. propose that the constitutional liquation
mechanism occurs at the primary M6C carbide–matrix interface. These
discrete zones are very close to or at grain boundaries and merged into
a continuous strip by the fast diﬀusion of Si, Mo and C along the grain
boundaries. The low melting point strips would be melt and formed
liquated ﬁlms at grain boundaries when they heated to a high temperature below the solidus temperature, then solidiﬁed into a eutectic
phase. Compared with the constant speed heating with 20 K/min in
Jiang's study [10], less primaryM6C carbides would be dissolved during
the GTAW process in this study, and more primary M6C carbides exist
and transformed into eutectic M6C carbides in the HAZ (Fig. 3e).

4.3. Correlation of Morphology, Composition and Lattice Parameter of the
Carbides
From Table 2, the concentration of Si decreases remarkably when
primary M6C carbides are transformed into eutectic M6C ones. According to the composition of M6C carbides, there is an obvious enrichment of Si. During welding, M6C carbides and the surrounding
matrix are melt into liquid ﬁlms enriched in Si and Mo in HAZ. Before
the liquid ﬁlms are solidiﬁed into eutectic M6C carbides, Si atoms tend
to go into the matrix by the downhill diﬀusion and thus eutectic M6C
carbides contain less Si.
From Table 2, the Si concentration increases by four-fold when
eutectic M6C carbides are transformed into globular M6C ones during

4.2. Spheroidization Mechanism of Eutectic Carbide during PWHT
Eutectic M6C carbides are spheroidized during the PWHT, which is
proved to be beneﬁcial to the performance of a welding joint [21].
Understanding the spheroidization mechanism is necessary. It has been
widely accepted that the spheroidization is drove by the reduction in
the free energy [22,23]. The spheroidization of the eutectic M6C
315
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the PWHT process. It has been reported that the volume energy of M6C
carbides decreases with the Si concentration increasing [5]. Wada [24]
computed the thermodynamic parameters of the M6C carbides in a
2.25Cr-lMo steel by using a regular solution model, and found that Si is
attributed to the stability of the M6C carbides. Frisk et al. [25] modeled
the M6C carbide as (Co, Fe, Ni)2(Co, Cr, Fe, Mo, Ni, Si, V, W)2(Mo,
W)2C, where Si substitutes A atoms in the sub-lattice 2, and described
the Gibbs free energy of the M6C carbide using the compound energy
formalism. Thus, the solubility of Si in a M6C carbide was accurately
predicted by introducing the eﬀect of Si on Gibbs free energy. In our
previous work [5], the thermal-Calc simulation results indicate that the
Gibbs free energy of the M6C carbide drops by 0.325% when the silicon
concentration increases from 0 to 1 wt% in a Ni-Mo-Cr based superalloy. These thermodynamic studies are particularly valuable in revealing the downward trend of Gibbs free energy with an increased Si
concentration in M6C carbides. The spheroidization of the eutectic
precipitate into a globular morphology decreases the volume energy of
the eutectic precipitate. Thus, the decrease of volume energy promotes
the inward diﬀusion of Si into the globular M6C carbides after the
PWHT.
With further analyses of the chemical compositions in Table 2, the
total concentration of Si and Cr in M6C carbides during welding and
PWHT remains stable. When the concentration of Si decreases, the
concentration of Cr increases. As reported in our previous study [26],
the constant Si + Cr concentration resulted from their corporate substitution at Ni atom sites. Besides, the lattice parameters of the primary
M6C carbides, eutectic ones and globular ones examined by the XRD
show the same tendency that the lattice parameters of these carbides
become a little smaller. It is reported that the replacement of Mo atoms
with the large-diameter by the small-diameter silicon atoms reduce the
lattice parameter of the M6C carbides [5]. Therefore, the reduction of
main element, Mo, leads to the decrease of lattice parameter of the
carbides during the welding and the PWHT.
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5. Conclusions
In this study, the carbide precipitates of a Hastelloy N alloy welded
joint before and after heat treatment were investigated. Main results are
shown as follows:
(1) The eutectic carbides are detected in the HAZ of the Hastelloy N
welded joints. PWHT leads to further microstructural changes by
the processes of the spheroidization of the eutectic carbides precipitated in the HAZ of the AW joint.
(2) Constitutional liquation mechanism occurs at the M6C carbidematrix interface during welding and leads to the formation of the
eutectic carbides which contain less Si. The high interfacial energy
promotes the spheroidization to obtain a stable system. Besides, the
decrease of volume energy promotes the inward diﬀusion of Si into
globular M6C carbides during the PWHT.
(3) The total concentration of Si + Cr in M6C carbides during welding
and PWHT remains stable. The outward diﬀusion of Mo from the
M6C carbides leads to the decrease of lattice parameter of the carbide during the welding and PWHT.
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