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Abstract
The effect of heat treatment (as-weld, 615℃/48h) on fracture behavior in ENiCrFe-7 weld overlay
cladding material was investigated. There were more NbC precipitates in the interdendrites for the heat
treatment one after 615℃/48h than that of as-weld, which resulted in the lattice distortion in the
interdendrites reduced by the heat treatment. As a result, the fractography was classi�ed as brittle and
transgranular fracture and the interdendrites played a major role in the failure of as-weld Alloy ENiCrFe-7,
and the fractography was ductility fracture for the heat treatment one after 615℃/48h.`

1. Introduction
It is now well recognized that 82/182 alloys have been widely used for dissimilar metal welds in the
reactor coolant systems of nuclear power plants. In the past few years, the intergranular stress corrosion
cracking(IGSCC) or the primary water stress corrosion cracking(PWSCC) had been often discovered in
these dissimilar metal weld joints [1]. It was reported that Alloy 52 series had a low susceptibility to SCC
due to its higher chromium content. Therefore, alloy 52 series weld metal had been used for dissimilar
weldment[2]. However, ductility dip cracking(DDC) was one of the main concerns for alloy 52 series. It was
reported that DDC had been restrained by the addition of trace elements. e.g. niobium was normally
added in the weldments to improve DDC and it could improve the intergranular corrosion resistance for its
high carbon a�nity to reduce the Cr-depletion zone[3, 4], however, it was easy to induce brittle Laves phase
by which hot crack might be caused[5]. On the other hand, the hot crack can be effectively hindered by
manganese. Therefore, someone adjusted manganese and niobium content and Alloy ENiCrFe-7 was
ultimately made[6].

For metallic materials, many factors have an in�uence on the fracture behavior, some of the most
common factors are grain boundaries[7–8], phase interfaces[9–10], and precipitates[11–12], etc. For Alloy
ENiCrFe-7, the fracture behavior was another great concern. At present, many investigations were
performed by using the macroscopic material parameters (e.g. σUT, A)[6,13−18], comprehensive studies
were often missed.

In nuclear power plants, after the dissimilar metal weld joints were welded, the heat treatment was usually
performed to eliminate residual stress. However, The related literatures[19] showed that the heat treatment
temperature was usually 610 ~ 620℃. When the heat treatment time exceeded 48h, the performance of
the weld joint would be deteriorated[20].

The microstructure of ENiCrFe-7 weld overlay cladding materials consists of grain boundaries, dendrites,
interdendrites and precipitates. There was a correlation between microstructure and fracture behavior
which was rarely reported. In this paper, the as-weld sample and one after heat treatment at 615℃ for
48h were selected for comparative study. Fracture behavior of Alloy ENiCrFe-7 with as-weld and the heat
treatment one after (615℃/48h) was studied comprehensively.



Page 3/20

2. Material And Methods
The chemical composition of Alloy ENiCrFe-7 in this study was listed in Table.1.

Table 1 Chemical composition of Alloy ENiCrFe-7 (wt%)

 

  C Si Al Ti Cr Mn Fe Nb Ni

ENiCrFe-7 0.02 0.59 0.12 0.27 28.90 3.79 10.15 1.84 Bal.

Several layers of Alloy ENiCrFe-7 overlay cladding material were covered on the steel surface by SMAW
(Shielded Metal Arc Welding) to obtain cladding plates. Every interpass was welded not until the
temperature of covered metal was governed to be below than 225℃. The relevant welding parameters
were listed in Table.2.

Table 2 Welding parameters

 

Voltage (V) Current (A) Speed (mm/min) Pass number (N) Heat input (J/cm)

23 ~ 26 125 220 3 98 ~ 111

In order to perform the heat treatment, some samples were taken after welding, the heatment temperature
wer 615℃, and the holding time were 48h which were followed by furnance cooling at 300℃, and then
cooling in the air.

The samples which were used for microstructure, XRD, tensile and mechanical properties test were cut
from the top layers of cladding alloy as showed in Fig. 1(a) by wire-cutting. For microstructure and XRD,
the dimension of sample was 10×15×2mm, for tensile test, an arti�cal notch was prepared on the edge of
the specimen (in the central zone), and for mechanical properties, the dog bone shaped was prepared as
shown in Fig. 1(b). The geometrical dimension of tensile and mechanical properties test specimen were
shown in Fig. 1(c)-(d), respectively. The phase of Alloy ENiCrFe-7 was analyzed by X-ray diffractometry
(XRD, PANalytical B.V, Holland) with Cu Kα radiation operated at the voltage of 45kV and current of 45mA.
And the tensile curve was performed on VL2000DX - SVF17SP equipment with a strain rate of 10− 3S− 1.

The detailed schematic of tensile device was shown in Fig. 2. The device was made up of three parts (A,
B and C), the B part was moved by the rotation of the middle screw thread. The degree of deformation on
the test sample can be controlled by rotation the angle of screw thread. These test samples were
gradually ground to 5000# grit with Si-C papers, and then polished using a 2.5µm diamond paste. In order
to observe microstructure and the surface morphology of deforming materials, the samples were etched
at 10V in a solution of 4Vol% H2SO4 before tensile test. In-situ and ex-situ observation was performed on
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the surface of deforming materials by SEM during tensile test. Finally, the fractography was performed to
uncover fracture mechanism.

3. Result And Discussion
Fig.3 shows SEM image of the as-weld Alloy ENiCrFe-7 and the heat treatment one after 615℃/48h, it is
found that Alloy ENiCrFe-7 consists of dendrite(No.1), interdendrite(No.2), spherical precipitates(No.3) in
the dendrites and irregular precipitates(No.4) in the interdendrites. It is revealed from Table.3 that Nb
content of interdendrites is higher than that of dendrite, it is caused by constitutional supercooling and
the equilibrium partition coe�cient K of Nb is less than 1[21], it is also found that the precipitates are
(Al,Ti,O)-rich in the dendrite and (Nb,C)-rich in the interdendritic region simultaneously. There are not
precipitates at the grain boundary of the as-weld alloy ENiCrFe-7, while heat treatment one after 48h have
continuous precipitates along the grain boundary.

Table 3 Element compositions of each phases in Fig. 3 analyzed by EDS on SEM (wt%).

 

Phase in Fig. 3 O Al Si C Ti Cr Mn Fe Ni Nb

1 - - 0.6 4.7 - 30.4 3.4 11.6 52.6 1.4

2 - - 1.4 3.9 - 26.8 4.8 9.4 50.1 3.8

3 39.7 33.3 - - 9.5 6.6 1.1 1.8 7.9 -

4 - - 3.9 8.8 - 16.8 4.5 4.8 42.6 27.3

Figure 4 is the BSE image of the as-weld Alloy ENiCrFe-7 and the heat treatment one after 615℃/48h. It
can be seen from Fig. 4 that Alloy ENiCrFe-7 is mainly composed of black, white, gray-white and gray-
black phases. According to Table.4, it can be seen that the black phase (No.1) is (Al,Ti,O) compounds,
and the white phase (No.2) is (Nb,C)-rich phase. According to related literature[22], (Al,Ti,O) compound and
(Nb,C)-rich are Al2O3 and NbC, repectively. The gray-white phase (No.3) has a higher Nb content, so it is
interdendrite, and the gray-black phase (No.4) is dendrite, which is consistent with the results in Fig. 3. It
can be seen from Fig. 4(c) that the number of NbC in the heat treatment(615℃/48h) alloy is more than
that of as-weld, while the effect of heat treatment on the number of Al2O3 precipitates is not obvious.

Table 4 Element compositions of various phases in Fig. 4 by BSE-EDS(wt. %)
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Phase in Fig. 4 C Si Ti Nb Mn Fe Al O Cr Ni

1 - 1.5 7.4 0.1 - 0.7 46.0 40.0 2.9 Bal.

2 13.1 1.1 2.2 39.7 2.3 4.5 - - 15.1 Bal.

3 - 1.6 - 3.9 4.8 8.9 - - 27.7 Bal.

4 - 0.6 - 0.3 3.6 9.5 - - 28.8 Bal.

It is found from Fig. 5(a) that the characteristic peaks of Alloy ENiCrFe-7 including as-weld alloy and that
of 615℃/48h are single phase, it is slightly different from the standard fcc 2.90Ni0.70Cr0.36Fe
austenitic phase as shown in black line, which resulted from lattice distortion of that austenite[23]. It is
believed that Nb atoms are dissolved into the interdendrites of 2.90Ni0.70Cr0.36Fe austenitic phase,
which play an important role in the lattice deformation, it is com�rmed by H.T. Lee[24]. It can be observed
from Fig. 5(b) there is smaller lattice deformation in heat treatment sample than that of as-weld alloy,
which is related to the precipitation of NbC as shown in Fig. 4(c). The (Al,Ti,O)-rich and (Nb,C)-rich phase
were not found in Fig. 5, which resulted from less (Al,Ti,O)-rich compound and (Nb,C)-rich phase.

Figure 7(a) and (b) are SEM image of crack initiation in the different precipitates. Combined with Fig. 7(c)
and (d), there are some microcracks observed in (Al,Ti,O) compounds and (Nb,C)-rich phase, this
appearance is rather common in Alloy ENiCrFe7, the problem is caused by the poor ductility of
precipitates that cannot sustain su�cient plastic deformation as the matrix, which resulted from both
(Al,Ti,O)-rich[25] and (Nb,C)-rich[26] belonging to hard and brittle phase.

Figure 8 shows the effect of grain boundaries on the deformation behavior of the as-weld Alloy ENiCrFe-7
and the heat treatment one after 615℃/48h. It can be seen from Fig. 8 that the direction of slip lines on
both the sides of grain boundary in the as-weld sample is inconsistent, which indicates that the grain
boundary has a certain effect on its deformation, but there is no crack in the grain boundary of as-weld
sample, it indicates that a good bonding force exist between grains in the as-weld sample. Compared
with the as-weld sample, it can be seen from Fig. 8 that some micro-cracks appear along the grain
boundary of sample after heat treatment for 48h, which indicates that the precipitates generated by the
heat treatment reduce the bonding force between the grains.

Figure 9 shows the relationship between the slip lines and interdendrites after deformation in the as-weld
Alloy ENiCrFe-7 and the heat treatment one after 615℃/48h. It can be seen from Fig. 9(a) that the slip
line can be interrupted by the interdendrites, it indicates that the deformation behavior is inconsistent
between the interdendrites and dendrites. Compared with the as-weld sample, the in�uence of
interdendrites on the slip line in the heat treatment one after 615℃/48h is weaker under the same degree
of deformation, some slip lines are not even affected by the interdendrites, it shows that the heat
treatment can improve the deformation coordination between the interdendrites and dendrites.
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Figure 10 is the SEM image of the interdendritic deformation in the as-weld Alloy ENiCrFe-7 and the heat
treatment one after 615℃/48h. Combined with Table.5, it can be seen from Fig. 10(a) that the Nb content
(2 ~ 4wt. %) of sites 2 and 3 are higher than site 1, and it is consistent with the Nb content of
interdendrites in Fig. 3, which indicates the sites 2 and 3 are the interdendrites. It can be seen from Fig.
10(a) that there are some microcracks in the interdendrites of the as-weld sample. Under the same extent
of deformation, it can be also seen from Fig. 10(b) that the slip lines of the sample are not almost
interrupted from interdendrites after heat treatment for 48h, and no crack appear. That is to say,
compared with as-weld sample, the one after heat treatment for 48h has better deformation coordination
between the interdendrites and dendrites.

Table 5 Element compositions of various phases in Fig. 10 by SEM-EDS(wt. %)

 

Phase in Fig. 10 Nb Mn Si Fe Cr Ni

1 - 4.4 0.8 11.2 30.8 Bal.

2 2.3 4.4 1.0 10.5 29.5 Bal.

3 3.9 5.0 1.4 9.7 27.9 Bal.

Figure 11 is a trend of crack propagation near a notch tip of as-weld Alloy ENiCrFe-7. Combined with
Table.6, it is known that No.1 is the interdendrite and it is found from Fig. 11(a) that the microcrack is
formed in the phase interface between dendrite and interdendrite. It indicates that the interface is weaker
position against crack. Such a microcrack can bring about signi�cant stress concentration at the phase
interface, which could decrease the local strength considerably. Moreover, because of the limited
distance(about several µm) of microcrack to the crack of notch tip, its strength can be further weakened
due to stress concentration in the crack of notch tip. As a result, the concerned microcrack becomes a
critical site for the main crack. The coalescence of two microcrack into the main crack is found in Fig.
11(b), it can be also remarked that the interdendritic region plays a important role in propagation of crack
path due to its larger size.

Table 6 Element compositions of various phases in Fig. 11 by SEM-EDS(wt. %)

 

Phase in Fig. 11 Si Cr Mn Fe Ni Nb

1 0.6 27.8 4.7 12.9 50.2 3.6

2 0.6 30.4 3.4 11.8 54.0 -
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Figure 12 shows the fractography of the as-weld Alloy ENiCrFe-7 and the heat treatment at 615℃ for 48h
after tensile test. It can be seen from Fig. 12(a) and (b) that the fractography of as-weld ENiCrFe-7 is
composed of a number of Bluff pattern and dimples, it indicates that the fracture mode is a brittle and
transgranular fracture[27]. It can be concluded from Fig. 10 and Fig. 11 that the Bluff plane originates
from the interdendritic region, the same conclusion was drawn by Lee[24] and Huang[28]. From Fig. 12(c)
and (d), it can be seen that the fractography in the alloy after heat treatment for 48h are composed of
dimples, it indicates that the fracture mode is ductility. It is possible that the precipitation of NbC resulted
in a reduction in the lattice distortion in the interdendrites, which reduce the stress concentration in
interdendrites during fracture, as a result, there are better deformation coordination between the dendrites
and interdendrites as shown in Fig. 9(b) and Fig. 10(b). Although the intergranular precipitates can reduce
the bonding force between the grains as shown in Fig. 8(b), there is no intergranular cracks in the
fractography of heat-treated at 615℃ for 48h sample as shown in Fig. 12(c)-(d), it indicates that the
weaker bonding force between the grains does not play a major role during the fracture. In addition, it can
be aslo found from Fig. 12(b) and (d) there are precipitates in the dimples, it indicates that the
precipitates contribute to the formation of dimples.

Figure 13 represents that the stress-strain curve obtained of the as-weld Alloy ENiCrFe-7 and the heat
treatment one after 615℃/48h at room temperature. There are no apparent yielding plateau, then it is
followed by a long work hardening stage. A typical elasto-plastic deformation behavior is observed. The
elongation to failure can achieve 27.3% and 36.7%, with the ultimate tensile strength about 3.17kN and
3.3kN for as-weld and heat treatment one after 48h alloy, respectively. When the ultimate tensile strength
of as-weld sample reaches 3.17kN, it drops rapidly, it indicates that as-weld ENiCrFe-7 fails with brittle
fracture. When the ultimate tensile strength of heat treatment one after 615℃/48h sample reaches
largest, it descends in an arc, it indicates the heat treatment one after 615℃/48h sample fails with
ductility fracture.

4. Conclusions
The effect of heat treatment (as-weld, 615℃/48h) on fracture behavior in ENiCrFe-7 weld overlay
cladding material was investigated, the following conclusions can be obtained.

1. There was no precipitate along the grain boundary of as-weld Alloy ENiCrFe-7, the heat treatment not
only promoted the intergranular precipitate and interdendritic NbC formed, but also reduced lattice
distortion.

2. The transgranular precipitates contributed to the formation of dimple.
3. The precipitates along the grain boundary can reduce the bonding force beween grains.
4. Fracture model of as-weld Alloy ENiCrFe-7 was brittle and transgranular, the interdendritic region

played a major role in the failure of the material. While the fractography of heat treatment one after
615℃/48h sample was ductility.
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Figure 1

(a) Test material schematic, (b) the location of various test specimen, (c) the dimension of tensile
specimen, (d) the dimension of mechanical properties specimen.
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Figure 2

Schematic of tensile device

Figure 3

SEM images of ENiCrFe-7 with (a) as-weld and (b) 615℃/48h.
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Figure 4

BSE imgaes showing microstructure (a) as-weld Alloy ENiCrFe-7 and (b) heat treatment one after
615℃/48h, as well as (c) their distribution density of transgranular precipitates including NbC and Al2O3
in both alloys.
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Figure 5

(a) The XRD pattern of ENiCrFe-7 including as-weld and 615℃/48h alloy, as well as (b) magni�ed XRD
images of the rectangle region marked in (a).
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Figure 6

SEM images of the microvoid nucleation observed; (a) Al-Ti-O compound, (b) (Nb,C)-rich, as well as (c)
EDS result of the precipitate in Fig.6(a) and (d) EDS result as shown in the precipitate of Fig.6(b).
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Figure 7

SEM images of the crack observated in the different precipitates; (a) crack in (Al,Ti,O)-rich, (b) crack in
(Nb,C)-rich, as well as (c) EDS result of the precipitate in Fig.7(a), and EDS result of the precipitate in
Fig.7(b).
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Figure 8

The effect of grain boundary on crack propagation in as-weld Alloy ENiCrFe-7 and (b) heat treatment one
after 615℃/48h.

Figure 9

The effect of interdendrites on slip line in (a) as-weld ENiCrFe-7 and (b) heat treatment one after
615℃/48h.
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Figure 10

SEM images showing deformation of interdendrites in the as-weld Alloy ENiCrFe-7 and heat treatment
one after 615℃/48h.

Figure 11

In-situ SEM observation near a notch tip of as-weld ENiCrFe-7; (a) an initiation of the mirocrack at the
phase interface, (b) the coalescence of two microcracks into the main crack.
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Figure 12

(a) and (c) The SEM images of fractured surfaces of as-weld ENiCrFe-7 and heat treatment one after
615℃/48h, as well as b and (d) magni�ed SEM images of (a) and (c) respectively.
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Figure 13

The stress-strain curve obtained of the as-weld Alloy ENiCrFe-7 and the heat treatment one after
615℃/48h.


