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Abstract

In this study, the J-integral method was used to evaluate the fracture toughness (Jg) of
the isolation layer at the top of SA508-11I-309L/308L-316L dissimilar metal welded joints
(DMW]s) of a pressure vessel. Tests were carried out at varying temperatures, from room
temperature to 320 °C, to study the mechanism underlying temperature effects on unstable
crack propagation. The results show that failure occurs in the middle position of the weld
isolation layer of the welded joint at all test temperatures. The g of the inner diameter of
the joint decreases with increased temperature, with a maximum decrease of 31.8%. The
analysis shows that the lath ferrite structure in the isolation layer provides a favorable
path for crack propagation. The increase in temperature enlarges the difference in thermal
expansion between SA508-111 steel and the isolation layer, making it easier for second-phase
particles in the isolation layer to induce crack initiation and propagation, thus reducing the
Jq of the steel. In addition, at high temperatures, the dislocation density of the isolation
layer, the deformation resistance of the material, and the difference in the yield ratio of the
joint weld all decrease, which is not conducive to the redistribution of the stress field at the
tip of the fatigue crack, leading to further reduction in the Jq.

Keywords: dissimilar steel welded joint; fracture toughness; temperature; fracture behavior

1. Introduction

Dissimilar metal welded joints are extensively applied in nuclear power plants. For
example, submerged arc welding is used to weld a typical dissimilar metal joint between a
316L stainless steel safe end and a quenched and tempered SA508-11I steel pressure vessel
connecting pipe, meeting structure and component manufacturing requirements under dif-
ferent temperatures and corrosion conditions [1,2]. These joints are key components of the
primary circuit in pressurized water reactor nuclear power plants. During operation, they
need to withstand harsh working conditions, such as high temperature and high pressure,
alternating stress, and strong neutron irradiation for a long period. These joints often fail
because of corrosion fatigue, stress corrosion, toughness/brittle damage, or fractures [3-5].

Dissimilar steel welded joints mainly comprise a base metal, a heat-affected zone, a
fusion zone, and a weld zone. The weld zone includes the isolation layer and the butt
weld after surfacing. Much research and experience have shown that dissimilar metal
weld seams are the most prone to failure in structures [6], and their service life is much
shorter than their design life. Research on the failure mechanisms of these key components
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in nuclear power plants under service conditions is urgently needed [7,8]. Due to the
different thermal expansion coefficients between dissimilar metals, high local stress (strain)
is generated near the fusion boundary during welding shrinkage, which makes the weld
prone to stress corrosion failure [9-15]. In addition, residual stress/strain may form near
the weld seam [16,17]. Dong et al. [18-21] comprehensively studied the residual strain
distribution on the safe-end joint of a CAP1400 nuclear power plant nozzle using a finite
element model. The results show that welding residual stress is mainly affected by the
geometric shape and material properties of the nuclear power plant structure. The weld area
on the inner surface of the nozzle’s safe end in a CAP1400 nuclear power plant contains
significant axial tensile residual stress, significantly increasing its sensitivity to stress
corrosion cracking (SCC). However, the effect of welding residual stress on other mechanical
properties is not considered in this model. Gu et al. [22] studied the effect of residual stress
introduced by local loading on the fracture behavior of dissimilar metal welded joints
(DMW]s) under different constraint conditions. They found that tensile and compressive
stresses differ depending on the relative position of the local loading region at the crack
tip, thus affecting the fracture toughness of the joint. However, the actual stress state in
nuclear power plant engineering is poorly understood, and the mechanism underlying the
effect of temperature change on the stress state and fracture toughness is not entirely clear.
Younise et al. [23-25] found that the inhomogeneity and constraint conditions of materials
significantly impact their resistance to crack initiation and propagation. Three-dimensional
models of specimens have been developed to predict the difference in fracture resistance
between the weld and heat-affected zones; the results show that the heat-affected zone has
higher fracture resistance than the weld metal. However, the crack initiation resistance
of dissimilar steel welded joints has not been fully analyzed in other areas or service
environments. Samal [26-30] et al. evaluated the unstable crack growth behavior of various
parts of dissimilar steel welded joints in nuclear power plants. Their research shows that
the fracture resistance is lowest at the isolation-zone-weld-seam interface, where the hard-
facing layer and the heat-affected zone (HAZ) overlap, forming a coarse-grain heat-affected
zone. Ductility is also the lowest at the interface, which reduces the bearing capacity
of the single-edge notch bending (SEB) specimen; however, the microscopic mechanism
underlying this phenomenon in the hard-facing layer has not been thoroughly described.
In sum, the performance of dissimilar steel welded joints in nuclear power plants is greatly
affected by the material, the binding force, the size, and other factors. SA508-111-309L /308L-
316L dissimilar steel welded joints at the safe ends of inlet nozzles in nuclear reactor
pressure vessels have a radius and thickness of 367.5 mm and 445 mm, respectively, with a
thickness-to-radius ratio of 1:1.21. In the authors’ former study, the authors conducted a
tensile property test on the whole joint. The results showed that the joint’s fracture failure
occurred in the isolation layer, confirming that it was the weakest position of the joint.
However, the micro-mechanism at the weak joint position and the mechanism underlying
the ambient temperature’s influence on plastic deformation at the crack tip of the joint are
unclear. Therefore, this study uses the J-integral method to analyze the fracture mechanism
of the isolation layer zone at the top of an SA508-III-309L /308L-316L dissimilar steel welded
joint while raising the temperature from 25 °C to service temperature. The results will
help elucidate the mechanism by which temperature affects unstable crack propagation
behavior in the joint and clarify the interactive relationship between strain, temperature,
and unstable crack propagation, providing a reference for the safe operation of nuclear
power plants.
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2. Materials and Methods
2.1. Materials

An SA508-1II-309L/308L-316L DMW] produced by China First Heavy Industry
(Qigihaer, China) is the research object of this study. The base metals of the welded joint
are 316L stainless steel and SA508-I1I steel. ER308L and ER309L are filler metals. Figure 1 is
a schematic diagram of the DMW], and Table 1 details its chemical composition data.

41mm

Weld-308L Buttering-309L / 308L

Figure 1. Schematic diagram of the DMW]J.

Table 1. Chemical composition data of the DMW] (wt.%).

Fe C Si Mn P S Cr Mo Ni Cu A% N
SA508-II1  Bal. 0.17 0.21 147  0.006  0.002 0.12 0.51 0.75 0.02 <0.01
309L Bal. 0.015 0.18 1.55 0.015 0.012 19.11 0.09 9.65 0.05 <0.05 0.0373
308L Bal. 0.015 0.31 1.35 0.015 0.012  19.02 0.1 9.61 0.05 <0.05 0.0375
316L Bal.  0.028 0.6 177 0.017 0.007 17.65 2.37 11.9 0.16

2.2. Welding Process

The welding groove angle of a low-alloy SA508-3 steel nozzle was machined to 10 de-
grees. Before surfacing the isolating layer, the steel nozzle was preheated to 150~190 °C.
After that, hot-wire non-melting electrode gas-shielded welding (hot-wire TIG) was applied,
and an ER309L welding wire was used to build up the first layer (transition layer; thickness
of about 2 mm) of the isolation layer on the nozzle, with an interlayer temperature < 100 °C.
After surfacing the first layer, heat treatment was applied at 250~400 °C for 2 h, and chemi-
cal analysis was performed according to RCC-MS3512 requirements [31]. The rest of the
isolation layer was welded via hot-wire TIG welding with ER308l. The thickness of the
final surfacing isolation layer was about 6 mm. In the manufacturing of large pressure
vessels, intermediate stress-relief annealing (ISR) is carried out on the isolation layer to
prevent hydrogen-induced cracks in the weld, eliminate harmful gases in the weld area,
and reduce the hardness of the welded joint. In this study, heat treatment was carried out at
615 £ 15 °C, which was maintained for 1 h; the rate of temperature change (increase and de-
crease) during the heat treatment was <55 °C/h, and the outlet temperature was <300 °C.
After the heat treatment, the isolation layer was subjected to 100% non-destructive testing.
After it passed the test, it was butt-welded with the safe end of austenitic stainless steel
316L for multiple passes. The isolation layer and the 316L austenitic stainless steel safe-end
transition pipe were butt-welded using multi-pass submerged arc mechanical welding
(SAW). After butt-welding, stress-relief heat treatment was carried out on the vessel com-
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ponents. Table 2 shows the welding parameters of the welded joints, and Figure 2 shows
their welding sequence.

Table 2. Welding parameters of welded joints.

Nunll‘]:ngr of  Weldin Filler Metal.s Current Voltage Welding Wire Feeding
Welding Metho Metal Size Current Range Hot Wire Electrode Range (V) Speed Speed
Layers Grade (mm) (A) (A) Polarity (mm/min) (mm/min)
. Base value: Base value:
Mechanical :
150~180 1600~1800
(O») wgi{ici;n 309L ®0.9 Peak value: 30~50 DC/SspP 10~12 160~200 Peak value:
& 240~280 2200~2400
. Base value: Base value:
® Mo aooL 0.9 120~160 - DC/SP 10~12 180~220 1300~1500
weldin, ) Peak value: Peak value:
g 200~240 1700~1900
. Base value: Base value:
Mechanical :
150~180 1600~1800
@G wgﬁi(i;n 308L 0.9 Peak value: 30~50 DC/SP 10~12 150~200 Peak value:
& 240~280 2200~2400
. Base value: Base value:
Mechanical
® TIG 308L 0.9 120~160 - DC/SP 10~12 180~220 1300~1500
weldin, Peak value: Peak value:
& 200~240 1700~1900
Submerged
@ mechanical | 308L D4 490~530 - DC/RP 30~34 570~620 -
welding

(b) Cover weld path

end

3119L+308L

Surfacing layer

Figure 2. Welding sequence of welded joints: (a) Welding positions for layers (D to ©®; (b) Welding
position for layer .

2.3. Mechanical Property Tests

The tensile test of the joint was based on the ASTM E8-21 standard [32]. The sample
size was 2 mm x 8 mm x 30 mm, and the entire isolation zone was contained in the
working part of the tensile specimen (Figure 3). The axial direction of the sample was
consistent with the forging direction. During the test, the strain rate was controlled at
5 x 10~*/s. The fracture toughness test was based on the ASTM E1820-23b standard [33].
The fracture toughness value of the joint was measured using a three-point bending
specimen. If the sample’s thickness and ligament width meet the standards of the plane
strain fracture toughness test (B,by > 25 Jo/0y), then the conditional fracture toughness
is Jq = Jic- Considering that the size of the actual component and the accuracy of the test
measurement have difficulty meeting the standard, the variation rule was evaluated using
the conditional fracture toughness value, /. The sample size parameters were set as follows:
width, 16 mm; thickness, 8 mm; and length, 90 mm. The mechanical notch position of the
three-point bending sample was taken in the isolation layer area, and the notch direction
was perpendicular to the forging direction of the steel (Figure 4). The ratio of the initial
crack, ag, to the total width is 0.55 (ag refers to the initial crack length, which is controlled
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within a range of 8.8 to 8.9 mm). The sample was loaded to the initial crack length, ao,
using a Shimadzu EHF-F1 fatigue testing machine (Shimadzu Corporation, Kyoto, Japan).
The fracture toughness and tensile tests were performed using a SANS-CMT5105 testing
machine (Shenzhen Sans Testing Machine, Shenzhen, China). The fracture toughness test
was carried out using a constant loading rate of 1 mm/min at room temperature (25 °C),
150 °C, 260 °C, and 320 °C. The temperature accuracy in the heating process was +1 °C.
After reaching the preset temperature, the sample was maintained at that temperature for
30 min before loading. To ensure the reliability of the experimental data, three and five
samples were used for each tensile test state and fracture toughness state, respectively, and
the results were averaged.

Figure 3. Tensile specimen size.(red: SA508-3 Base Material; yellow: Weld zone; blue: 316L Base
Material; Gray: Isolation layer).

(b)

0
I
©
3
3

92mm

(c)

Figure 4. Sampling diagram of three-point bend sample: (a,b) Sampling locations for each group of
specimens; (c) Location of mechanical notch.

2.4. Structure Observation

The original structure of the DMW] was observed using an Olympus GX71 microscope
(OM, Olympus Corporation, Tokyo, Japan), and its fracture surface was analyzed using a
JEOL 6510A electron microscope (SEM, Japan Electron Optics Laboratory, Tokyo, Japan).
Transmission electron microscope samples were prepared using the electrolytic double-jet
process. The specific parameters were as follows: 9% perchloric acid and 91% ethanol
electrolyte were used, the working temperature was maintained at —35 °C, the operating
current was 35 mA, and the voltage was 25 V. The microstructure of the samples was
characterized by a TECNAI G? transmission electron microscope (TEM, Thermo Fisher
Scientific Inc., Waltham, MA, USA), including morphological observation, composition,
and structure analyses of the precipitates.
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3. Results and Discussion
3.1. Optical Structure Characteristics of Different Regions of DMW]

Figure 5 shows the optical organization of each region of the DMW]. Figure 6 shows
the TEM morphology of the DMW] and the EDS energy spectrum analysis of the carbides.
The microstructure of the 316L steel mainly comprises coarse equiaxed austenite grains
with some annealing twins (Figure 5a), and the average grain size is 50 um. The base-metal
SAS508-111I steel comprises a tempered sorbite structure after high-temperature quenching
and tempering treatment (Figure 5b), with an average grain size of 20 um. The weld is
mainly composed of paragenetic cellular austenite and columnar austenite (Figure 5c),
with an average grain size of 10 um. Furthermore, 6-ferrite precipitates are observed at
and within the grain boundary (Figure 6a), with 8.6% content, accompanied by randomly
distributed carbides. According to TEM morphology and energy spectrum analysis, the
carbides are the M3Cy type (Figure 6b,c). As shown in Table 3, in terms of energy spectrum
composition, d-ferrite has higher Cr content and lower Ni content than austenite. Therefore,
ferrite is able to transfer Cr to austenite, making it difficult for austenite grains to form a
Cr-poor layer. This reduces the possibility of precipitation of intergranular carbides and
improves the weld’s ability to resist crystal corrosion [34].

Figure 5. Optical microstructures of the DMW]: (a) base metal of 316L stainless steel; (b) base metal
of SA508-I11 steel; (c) welded joint.

Figure 6. TEM morphology of DMW] and EDS energy spectrum analysis of carbides: (a) o-ferrite
morphology; (b) carbide morphology; (c) carbide energy spectrum.
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Table 3. EDS composition of d-ferrite compared with austenite.

Cr (Wt%) Ni (Wt%) Fe (Wt%)
Austenite 20.16 9.77 66.84
Ferrite 28.74 4.07 65.78

3.2. Mechanical Properties of DMW] at Different Temperatures

Figure 7 shows the changes in tensile property parameters of the DMW] at differ-
ent temperatures. With increased temperature, the mechanical parameters of the DMW]
decreased significantly. As the temperature rose from room temperature to service tem-
perature (320 °C), the yield strength and tensile strength showed an approximate linear
downward trend, with decreases of 26.9% and 31.9%, respectively, with partial strength
loss due to thermal softening. The plasticity first decreased rapidly and then leveled off,
from 17.10% at room temperature to 8.19% at 320 °C, with a decrease of 52.1%. Figure 8
shows the fracture specimens at different temperatures, where the red line represents the
position of the fusion line. The fracture location of the joint is concentrated in the middle
position of the weld isolation layer, which indicates that this area is a weak link in the
service condition of the joint.

550 20
(@ (b)
S 500 ~
= = 16
- st
© 450 ¥
g 3. O \ E
2 400 \ Q\ o1z
-
& E
>3
Z 350 3 2 g
= L =]
—0— @, \ 2 8
300 b $ = —— 5
——G
S
n 1 1 1
250 L 1 L 1 L 1 L
0 100 200 200 200 0 100 200 300 400

Temperature, T (°C
Temperature, T( °C) p (o)

Figure 7. Curves of tensile properties of welded joints with temperature: (a) yield strength and
ultimate tensile strength; (b) elongation after fracture.

Figure 8. Tensile fracture location of joints at different temperatures.
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3.3. Fracture Toughness of DMW] Weld Isolation Layer

Figure 9 shows the curve of the DMW]’s fracture toughness with temperature. With
the increase in temperature, the fracture toughness decreases linearly (Figure 9a). The
linear regression equation between fracture toughness (Jg) and temperature (T) is shown in
Formula (1), in which the regression coefficient (slope) is —0.31, indicating that the average
decrease in fracture toughness, ], is 0.31 k] /m? for every 1 °C increase in temperature. At
room temperature, the g value is 290.8 k] /m 2. when the temperature rises to 320 °C, the
Jo value is 198.4 k] /m 2, with a decrease of 31.8% (Figure 9b).

Jo=-031T + 288(R? = 0.96, absolute error: +5 kJ/m?) (1)

300 400

(a) ’ (b)

300

_Jp=290.8 kJm™

250 L — Jy=240.9 kJm™?

200 [~

-2
Fracture Toughness, J (kJ'm )

Conditional Fracture Toughness, Ju( kJm?)

\?f T Jg=223.2kIm?
\ Jo=198.4 kIm™

o RT
100 o 150°C
200 - 4 260°C
v 320°C

. . . . 0 . ‘ .

0 100 200 300 400 0.0 0.2 0.4 0.6 0.8

Temperature, I'( °C) The Amount of Crack Propagation, Aa (mm)

Figure 9. Curves of |g values for the DMW] at different temperatures: (a) Jo-T curve; (b) J-Aa curve.

Figure 10 depicts the failure fracture surface of the DMW] at different temperatures;
the right figure shows the enlarged morphology of the corresponding white box area in the
left figure. The main crack extends from left to right. The area between the black dotted
lines is the crack propagation area, and the area marked by the white frame line in the black
dotted line is where the unstable crack initiated. The macro-fracture is relatively flat at
room temperature, with few secondary cracks (Figure 10a). With increased temperature, the
fracture surface gradually becomes more uneven, and the number of large-scale secondary
cracks along the thickness direction of the specimen increases (Figure 10b—d).

At room temperature, the crack initiation process is relatively gentle, the step feature
is not obvious, and the secondary crack size is relatively small (Figure 10f). However, at a
high temperature of 320 °C, the step at the crack initiation point increases significantly, and
the secondary crack becomes larger. This phenomenon indicates that the high-temperature
environment intensifies the stress concentration effect at the crack front, decreasing the ma-
terial’s plasticity and thus promoting the initiation and propagation of cracks (Figure 10h).

Figure 11 shows a micrograph of the DMW]’s failure fracture. At all temperatures,
the micro-fractures showed dimple shapes, and numerous positive and parabolic dimples
were distributed on the fracture surface, resulting in a mixed morphology. This confirmed
that the fracture process was a tensile-shear mixed mode. With an increase in temperature,
the dimple size decreases significantly, and the plasticity decreases accordingly.
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Figure 10. Failure fracture surface of DMW] at different temperatures: (ae) 25 °C; (b,f) 150 °C;
(c,8) 260 °C; (d,h) 320 °C.
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Figure 11. Microscopic morphology of the fracture surface of the DMW] after failure: (a) 25 °C;
(b) 150 °C; (c) 260 °C; (d) 320 °C.

3.4. Influence of Ferrite Morphology on Joint Fracture Behavior

Figure 12 shows the morphology of ferrite at different positions of the joint. The
distribution pattern of ferrite in austenitic welds is related to the cooling conditions. The
weld metal near the fusion zone has a fast cooling rate and a large temperature gradient. The
d-ferrite grows rapidly in the form of cellular crystals and crystallizes as primary austenite.
Cr element is easily enriched between grains and undergoes eutectic transformation [35,36],
forming point-like or short rod-shaped ferrite distributed along the austenite grains. The
temperature gradient of the weld isolation layer with a slightly slower cooling rate shrinks
to form Flat noodles ferrite (Figure 12b). Flat noodles ferrite is conducive to crack initiation
and propagation, so this is the weak zone of the weld. The cooling rate in the middle of
the weld seam slows down, resulting in the precipitation of primary ferrite, which grows
into dendritic crystals with a skeletal or dendritic morphology. At the same time, there is
also a small amount of worm-like ferrite (Figure 12¢c,d). The skeletal ferrite disrupts the
directionality of the austenite columnar crystals, and the austenite and ferrite interlock
with each other. This distribution pattern increases the number of grain boundaries and
phase interfaces in the butt weld metal, which can effectively hinder the movement of
dislocations. Therefore, cracks are not easily formed here, and once again explains the
reason why the final fracture occurs in the weld isolation layer.
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Figure 12. Morphology of the iron d-ferrite in the weld seam under scanning electron microscopy
(SEM): (a) Fusion zone; (b) Isolation layer; (c,d) Middle of weld seam.

3.5. Mechanism Underlying Temperature’s Effect on DMW] Crack Propagation

Figure 13 shows the morphological characteristics of the side backscatter of the
DMW]’s failure fracture surface at various temperatures. The main crack follows a bottom-
up propagation path. The gray porphyritic area is the ferrite structure. Many holes are
distributed near the fracture section. Transgranular growth cracks are evident on the
fracture surface of the specimen at all test temperatures except room temperature.

uonesedold

(©)

Figure 13. Backscattered electron micrographs of the fracture surfaces of the DMW]J at different
temperatures: (a) 25 °C; (b) 150 °C; (c) 260 °C; (d) 320 °C.

Figure 13d shows the microscopic morphological characteristics of the fracture inter-
face at 320 °C; in this image, the typical crack propagation path along the second-phase
particles can be observed. This indicates that at high temperatures, carbide becomes the
main crack nucleation location in the weld area. After plastic deformation, dislocation
movement around the carbide is blocked, and with the increase in stress, dislocations
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accumulate and form micropores. Under a sustained load, these micropores aggregate
and connect through dislocation movement; they then form macro-cracks and carry out
unstable propagation and finally fracture. Since the base and weld metals have different
linear expansion coefficients, an increase in temperature gradually increases the difference
in the two metals’ thermal expansion. The distribution of mechanical properties is thus
significantly uneven, intensifying the incompatible deformation and enhancement of the
driving force of crack propagation in the DMW] at a high temperature [37]. High tempera-
tures weaken the strength and plasticity of the DMW] (Figure 9), and the energy required
for connecting holes is reduced. Cracks form more easily under three-dimensional stress,
thus accelerating the unstable crack propagation and reducing the fracture toughness.
Figure 14 shows the dislocation distribution in the DMW] after tensile deformation at
different temperatures. Many dislocations can be found in the ferrite and austenite grains
after deformation at room temperature (Figure 14a,c). However, at 320 °C (Figure 14b,d),
dislocations are mainly concentrated in the austenite phase, and the number of dislocations
in the ferrite phase is significantly reduced. The dislocation density at 320 °C is significantly
reduced, and a typical large-scale cellular structure forms. The formation of this structure
requires the material to have high stacking fault energy and a cross-slip phenomenon,
which is a typical feature of polycrystalline materials in the multi-slip process. The high-
temperature environment decreases the dislocation density in welded joints and forms
a large dislocation cell structure. This is because the high temperature provides thermal
activation energy to the hindered dislocations and activates new slip systems, such as cross-
slip screw dislocations, climbing edge dislocations, and cut step movement dislocations
through vacancies and atomic diffusion. These mechanisms jointly promote the release
of dislocations, thus reducing the dislocation density, leading to material softening and
strength reduction [38]. In addition, the stacking fault energy of the face-centered cubic
metal is temperature-sensitive. With the increase in temperature, the increased stacking
fault energy will further promote cross-slip dislocation, and large-scale cellular structures

are more easily formed [39].

Figure 14. Dislocation configurations of DMW] at room temperature and 320 °C during tensile
deformation: (a,c) Room temperature; (b,d) 320 °C.
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The increase in temperature will lead to the release of dislocations, which reduces
the dislocation density, softening the welded joints and reducing their resistance to crack
propagation. At the same time, with the increase in temperature, the size of the dislocation
cellular structure increases, weakening the coordinated deformation ability of the welded
joint and reducing its plasticity, thus accelerating unstable crack propagation and reducing
the fracture toughness of the DMW].

3.6. Effect of Yield Strength Difference on DMW] Crack’s Unstable Propagation

The yield strength difference is the difference between the yield strength and tensile
strength of materials, reflecting the deformation-strengthening effect caused by dislocation
movement in plastic deformation. As the yield strength difference increases, more stress
is required before the material breaks after yielding, indicating that the material has a
significant work-hardening (or strain-hardening) ability. Research shows that there is a
certain correlation between yield strength difference and fracture toughness [40].

According to the strength data for the DMW] at the various temperatures measured
in Figure 1, the yield difference, Ao, corresponding to each temperature point can be
calculated, as shown in Formula (2):

Ao = |0’0.2 — U’b| (2)

Figure 15 shows the change curve of the DMW]’s Jo and Ao with the increase in
temperature. [o and Ac are linearly related to T, as shown in Formulas (1) and (3):

Ao =105 — 0.16T (RZ — (.94, absoluteerror : +6 k]/m2> 3)

where T is the test temperature; Ac is the joint yield strength difference; and ] is the
conditional fracture toughness.

N\
0
g 300] 1300
S &
e &
~ 5
<
s 250 J g
g Y {200 2
H
2 =
= L o
5 200 g}
2 =
g Ac {100 Z
—_— e
E 150 ' o)
2 °Jo o
g s Ao ﬁ
“ 100 . ' - ' - ' . 0
0 100 200 300 400

Temperature, 7/ (°C)

Figure 15. Variation curves of the fracture toughness and yield strength difference in the DMW] with
an increase in temperature.

Formula (3) is substituted into Formula (1) to obtain

Jo = 1.93A0 + 84.6 (R2 = 0.95, absoluteerror : +4.6 k]/mZ) @)
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Formula (4) shows that there is a proportional linear relationship between the Jo and
Ac values of the welded joint. With the increase in temperature, the welded joint’s Ac
decreases, leading to a corresponding decrease in J. The relationship between fracture
toughness and the yield strength difference is greatly affected by the material, the environ-
ment, the stress distribution, and other factors. For different materials and environments, it
is necessary to re-analyze their regularity.

At a high temperature, the dislocation density in the DMW] decreases after plastic
deformation (Figure 12). At room temperature, a higher dislocation density enhances the
deformation-strengthening ability of the material and increases the yield strength difference.
This large yield strength difference helps to alleviate the stress concentration at the fatigue
crack tip, and crack tip propagation is hindered; thus, the fracture toughness is high.

After bending at 320 °C, the dislocation density of the DMW] decreases, indicating
that its deformation resistance has weakened, reducing the tensile strength; subsequently,
the yield strength difference is reduced. This small yield strength difference increases the
stress concentration at the crack tip, promoting the formation of secondary cracks nearby
(Figure 10), accelerating crack growth, and reducing the fracture toughness.

4. Conclusions

1.  During the tensile process, from room temperature to 320 °C, the strength and plas-
ticity of the DMW] decreased significantly, and the isolation layer was the weakest
area of the welded joint. The decrease in partial strength is closely related to the
softening of the material, while the decrease in plasticity is due to the increased tensile
residual stress caused by the increased thermal expansion, accelerating the failure of
the material.

2. The fracture toughness of welded joints decreases with increased temperature for
the following reasons: First, the high temperature releases stacking dislocations,
reduces the dislocation density, and then weakens the tensile strength and reduces
the yield ratio. This change is not conducive to the redistribution of the stress field
at the fatigue crack tip; secondary cracks are more easily initiated near the crack
tip, accelerating crack propagation and reducing the fracture toughness of the joint.
Secondly, with the increase in temperature, the thermal expansion difference between
the base metal and the weld metal increases, and the dislocation cell size increases,
reducing the joint’s plasticity, accelerating the crack growth rate, and further reducing
the fracture toughness.
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