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it has been clearly evidenced (Figure 10) that the effects of strain hardening and plasticity exhaustion
play an important role in the final failure occurrence. The observed changes of failure locations
among individual weld material states (Table 2) can be directly related to gradual evolution of thermal
embrittlement effects in critical weld regions during performed ageing exposure (Figures 12-15).

Figure 15. The mechanisms of plasticity degradation of thermally exposed (620 °C/2500 h)
T92/TP316H nickel-based transition weldment subjected to tensile testing at room temperature.

The obtained results clearly indicate that the Ni WM and especially its interfacial region with
T92 BM belong to the weld most critical regions with respect to failure occurrence after long-term
thermal exposure.

Our future research will be focused on a continuation of the present investigation towards
longer ageing experiments, creep tests, and hydrogen embrittlement studies in relation with
the welds microstructure degradation characterization, aiming at a reliable prediction of their
life-time performance in high-temperature steam circuits of highly-efficient environmentally friendly
power plants.

4. Summary and Conclusions

Unconventionally post-weld heat treated (specifically: quenched and tempered) T92/TP316H
martensitic/austenitic weldments with Ni-based weld metal (Thermanit Nicro 82) were subjected to
long-term isothermal ageing at 620 °C for up to 2500 h in order to investigate the effects of thermal
embrittlement evolution on room-temperature tensile properties and fracture behavior in relation with
microstructure. From the obtained results the following conclusions could be drawn:

e Intheinitial material state i.e., in QT PWHT condition, microstructural observation and cross-weld
hardness measurement of the studied weldment revealed that the use of unconventional two-step
PWHT resulted in clear microstructural homogenization (i.e., no HAZ microstructural gradients)
and hardness values equalization within the both weld base materials (T92 and TP316H).

e  Subsequent ageing effects at 620 °C of the studied weldments resulted in gradual changes in
their individual microstructures represented mainly by additional precipitation and coarsening of
secondary phase precipitates. These microstructural changes resulted in significant detrimental
effects on the welds plasticity (EL, RA values), whereas their effects on the welds strength
(Re, Rm values) were rather small.

o The effects of thermal exposure resulted also in several changes of failure locations within the
studied weldments. In the initial QT PWHT condition, the failure occurred always in TP316H steel

263



Metals 2018, 8, 791

base material. After the ageing at 620 °C for 500 h, the weld failure location was in major cases in
central part of Ni WM. The weld failures after the longest thermal exposure (620 °C/2500 h) were
different for each individual tensile test. The most brittle failure was the failure in the vicinity of
T92/Ni WM interface.

e By analyzing the fracture path and microstructural features beneath the fracture surfaces,
the clearly observed mechanisms of the welds plasticity deterioration after thermal exposure
are related to the cracking of coarse secondary phase particles and interfacial decohesion at
precipitate/matrix interfaces during tensile straining. After the longest applied thermal exposure
(620 °C/2500 h), interfacial decohesion occurred in Ni WM dilution area along the precipitates at
Type II grain boundary.

e  Fractographic analyses of fracture surfaces of broken tensile samples also revealed clear evolution
of thermal embrittlement processes depending on the thermal exposure duration. In the initial QT
PWHT material state, the fracture surface related to the failure in TP316H BM showed pulled-out
dimples and pronounced tear ridges. Thermal exposure of the weldment at 620 °C for 500 h
resulted in failure located in Ni WM. It also showed dimple morphology but without pronounced
tear ridges. The most thermally embrittled material state of the weldment aged at 620 °C for 2500 h
exhibited small shallow dimples combined with fine quasi-cleavage areas on the fracture surface.

e  The most of fracture locations of the studied weldments in their individual material states
exhibited significant hardness peaks due to the intensive, necking-related strain hardening effects
that occurred during the room-temperature tensile tests.

e  The tensile deformation and fracture processes of the weldments in their individual material
states exhibited competitive behavior between the austenitic TP316H region and Ni-based weld
metal. The observed changes in failure locations for individual material states of the weldment
can be directly related to specific thermal embrittlement evolution in critical weld regions during
performed isothermal ageing. The obtained results indicate that the Ni WM and T92/Ni WM
interfacial region represent the most critical zones of the investigated weldment with respect to
the failure occurrence after long-term thermal exposure.
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Abstract: Local strength mismatch is one of the important factors which affects the fracture behavior
of a dissimilar metal welded joint (DMW]). The question to consider is how to improve the fracture
resistance of the DMW] effectively by optimizing the local strength mismatch. In this paper, a DMW]
in a nuclear power plant was selected, the J-resistance (J-R) curve and crack growth path of the
DMW] under different strength mismatches of heat affect zone (HAZ), fusion zone (FZ), and near
interface zone (NIZ) were systemically studied. And then, the optimal design of the local strength
mismatch was investigated. The results show that decreasing the strength of HAZ and NIZ and
increasing the strength of FZ will increase the fracture resistance of a DMW]. Increasing the strength
of FZ increases the ]-R curve obviously. When the M;(HAZ):M;(FZ):Ms(NIZ) = 1.12:1.4:1.26 and
M;(HAZ):Ms(FZ):Ms(NIZ) = 1:1.4:1, the DMW]Js have the highest |-R curves. Considering that the
two J-R curves are similar, it is suggested that the fracture resistance of the DMW] can be improved
only by increasing the strength of the FZ.

Keywords: local strength mismatch; dissimilar metal welded joint; fracture resistance; crack growth
path; optimal design

1. Introduction

As an indispensable part of nuclear power plant, the dissimilar metal welded joint (DMW])
has been widely used. The fracture behavior of a DMW] should be considered accurately
for the safe service of the nuclear power plant. Thus, the microstructural, mechanical, and
fracture properties of the DMW] have been studied extensively by experiment and finite element
simulation [1-10]. Wang et al. [1] and Ding et al. [2] studied the microstructure of DMW]s by different
techniques. Ming et al. [3-5] investigated the microstructure and local mechanical properties of the
low-alloy-steel /nickel-based-alloy interface in DMW by experiment. Rathod et al. [6,7] studied the
mechanical properties of the DMW] by different mechanical tests comprising bend test, transverse
tensile test, tensile test, Charpy impact test, and micro-hardness measurement. Hou et al. [8]
characterized the microstructure and mechanical property of the fusion boundary region of DMW].
Yang et al. [9] and Wang et al. [10] studied the fracture behavior of crack which located in the weakest
location of DMW] by experiment and finite element simulation, respectively.

Strength mismatch is also one of the important factor which affects the fracture behavior of
DMW], and has been paid more attention to both scholars in home and abroad. Kirk et al. studied the
crack-tip constraint in singe edge notched bend specimen affected by weld strength mismatch [11].
Burstow et al. investigated the crack-tip stress fields of the weld joint under different strength
mismatches [12]. Cetinel et al. studied the fracture behavior of the weld nodular cast iron affected by
under-matching [13,14]. An et al. studied the ductile crack initiation behavior affected by strength
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Metals 2018, 8, 494

mismatch [15]. Rakin et al. investigated the fracture behavior of the high-strength low alloyed steel
weld joint affected by strength mismatch [16].

In recent years, many scholars focused on the study of strength mismatch effect on the fracture
behavior of bi-material interface. Negre et al. [17] and Samal et al. [18] investigated the local fracture
resistance and crack path deviation affected by the local strength mismatch in the bi-material interface
region. Zhang et al. established a material constraint parameter M to consider the effect of strength
mismatch in bi-material interface crack [19]. Fan et al. studied the fracture behavior of bi-material
interface region under different work hardening mismatches [20-23].

Besides, some scholars investigated the fracture behavior of DMW] affected by strength
mismatch [24-29]. Wang et al studied the fracture behavior of DMW] under different
strength mismatches [24,25] and the fracture resistances at different crack positions [26,27]. Xue et al. [28]
investigated the micro region at the crack tip of DMW] under different mismatches of the yield
stress. Zhu et al. [29] studied the fracture behavior of nuclear pressure steel A508-III DMW] affected
by strength mismatch.

This study clarified the effect of strength mismatch on the fracture behavior of welded joints, and laid
the foundation for the building of accurately structure integrity assessment. In the next step, it is necessary
to consider the optimal design of the local strength mismatch to improve the fracture resistance of DMW].

In this study, a DMW] in nuclear power plant was selected, and the fracture behavior of the
DMW] under different strength mismatches of the heat affect zone (HAZ), fusion zone (FZ), and near
interface zone (NIZ) were systemically studied. And then, the optimal design of the local strength
mismatch was investigated.

2. Finite Element Numerical Calculation

2.1. Materials

The DMW], which was used for connecting the safe end to the pipe-nozzle in the nuclear power
plants was selected. The safe-end pipe material is austenitic stainless steel (316 L), and the pipe-nozzle
material is ferrite low-alloy steel (A508), as shown in Figure 1a. The DMW] was manufactured by
applying a buttering technique. The buttering material (52 Mb) and the weld material (52 Mw) are the
same nickel-base alloy, but their fabrication procedures are different. The true stress-strain curves of
the four materials are shown in Figure 1b.
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Figure 1. The dissimilar metal welded joint (DMW]) (a) and the true stress-strain curves of the four
materials composed of the DMW] (b).

The initial crack is located in the interface of A508 and 52 Mb, as shown in Figure 1a. It is the
weakest position of the DMW] [30] and has an obvious strength mismatch. At the left side of the
A508/52 Mb interface, the hardness of the material is 315 HV; at the right side of the A508/52 Mb
interface, the hardness of the material is 230 HV.
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To calculate the fracture behavior of the DMW] accurately, the local heterogeneous mechanical
properties are incorporated into the finite element model. The A508/52 Mb interface region is
divided into three zones: HAZ, FZ, and NIZ. In addition, based on the hardness measurement
and microstructure observation, the HAZ and NIZ are further divided into four-material subareas
(A, B, C, and D subareas) and two-material subareas (F and G subareas), respectively. The FZ is
a single-material E subarea, as shown in Figure 2a [31]. In the Figure 2a, the initial crack and the
A508/52 Mb interface are located in the middle of the E subarea. The true stress-strain curves of the
A, B, C, D, E, F and G subareas are shown in Figure 2b [31].
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Figure 2. Different subareas in the A508/52 Mb interface region (a) and the true stress-strain curves of
different subareas (b) [31].

2.2. Specimen Geometry

The SENB (singe edge notched bend) specimen was selected to study the fracture behavior of the
DMW] affected by strength mismatch. The geometry and loading configuration are shown in Figure 3.
The specimen width is 14.4 mm (W = 14.4 mm), the specimen thickness is 12 mm (B = 12 mm), the initial
crack is 7.2 mm (2 = 7.2 mm and a/W = 0.5), and the specimen span is 57.6 mm (L = 57.6 mm and L =4 W).

d)l:
/lnlerface

A508 { 52Mb 52Mw | =
=

L=4W

Figure 3. The geometry and loading configuration of the singe edge notched bend (SENB) specimen.

To obtain different strength mismatches, the true stress-strain curves of the HAZ, FZ, and NIZ
were changed, respectively. When the true stress-strain curve of one of three zones was changed, the
true stress-strain curves of subareas in this zone were changing with the same proportion, and the
stress-strain curves of the other two zones remain unchanged.

Under the same true strain, the ratio of changed true stress to unchanged true stress is defined as

strength mismatch coefficient M;. The change range of M; are 0.5, 0.6,0.7,0.8,0.9,1.0,1.2,14,1.6,1.8,
and 2.0.
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2.3. GTN Damage Model

To obtain the fracture behavior of the DMW] under different strength mismatches, the FEM
(finite element method) based on the GTN (Gurson-Tvergaard-Needleman) damage model was selected.
The GTN model was firstly proposed by Gurson in the year 1977 and then modified by Tvergaard and
Needleman in the year 1984. The yield function of the GTN model has the following form:

Cog? 3,0,
¢ (Om, g, f*) = % +2q1f*cosh<gzm —1—q3f*2 =0, (1)

f

where o7, is the hydrostatic stress, 0, is the von Mises equivalent stress, and ofis the flow stress of the
“voidless” matrix material. The g1, g2, and g3 are phenomenological based parameters, which are used
to consider the interaction between adjacent voids. The void volume fraction f* is the substitute of
f in the original equation, which is used to take into account the gradual loss of the stress carrying
capability of the material due to void coalescence. The void coalescence occurs when the void volume
fraction f reaches the critical value f;, and the fracture occurs when the f reaches the critical failure
void volume fraction fr. This GTN damage model has been implemented in ABAQUS code as a user
material subroutine, and is widely used to simulate and predict the crack initiation and propagation.

Generally, the GTN model has nine parameters: the constitutive parameters g4, q», and g3, the
void nucleation parameters fy, ey, and Sy, the initial void volume fraction f, the critical void volume
fraction fc and the final failure parameter fr, which have been listed in the Table 1 [32].

Table 1. The GTN (Gurson-Tvergaard-Needleman) parameters of different material zones [32].

Material ¢ q2 q3 N SN N fo fc fr
A508 1.5 1 2.25 0.3 0.1 0.002 0.00008 0.04 0.25
HAZ 1.5 1 2.25 0.3 0.1 0.002 0.00015  0.04 0.25

Fz 1.5 1 2.25 0.3 0.1 0.008  0.0008 0.01 0.15
NIZ 1.5 1 2.25 0.3 0.1 0.002 0.00004 0.04 0.25
52 Mb 1.5  variable 225 0.3 0.1 0.002  0.000001 0.04 0.25
52 Mw 1.5 1 225 0.3 0.1 0.002 0.00015 0.04 0.25

316 L 1.5  variable 225 0.3 0.1 0.002 0.000001 0.04 0.25

The finite element code ABAQUS was selected in this study. The 3D eight-node isoperimetric
elements with reduced integration (C3D8R) were used. In addition, the surface-to-surface contact
(explicit) interaction type was selected. And the sliding formulation is finite sliding, the mechanical
constraint formulation is kinematic contact method. Figure 4a shows the typical whole meshes of the
SENB specimen, and Figure 4b shows the local meshes at the crack tip. The minimum mesh size at the
crack tip is 0.1 mm x 0.1 mm [33]. The typical model contains 88,112 elements and 101,691 nodes.

A load roll is applied at the top and center of the SENB specimen, and two back-up rolls
are applied at the bottom of the SENB specimen. The loading is applied at the load roll by
prescribing a displacement of 6 mm, and the two back-up rolls are fixed by control displacement and
rotation. The load versus load-line displacement curve can be obtained from the FEM simulation.
With instantaneous crack lengths obtained at each loading point, a crack growth resistance curve can
be determined, as specified in ASTM E1820 [34].
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Figure 4. The whole meshes of the SENB specimen (a) and the local meshes along the crack growth
region (b).

3. Results and Discussion

3.1. The Changing of Strengh Mismatch in HAZ Effect on the Fracture Behavior of DMW]

Figure 5 shows the J-R curves and crack growth paths of the DMW] when the strength of HAZ
was changed individually. It can be found from Figure 5a that the ]-R curves of the DMW] increase
firstly then decrease with increasing of the strength mismatch coefficient Ms. When the M; = 0.8, the
DMW] has the highest ]-R curve, which means that decreasing the strength of HAZ appropriately on
the present basis will increase the fracture resistance of the DMW]. When the M > 1.6, the ]-R curves
tend to be stable and will not change with increasing of the M;. That is, increasing the strength of HAZ
excessively is invalid for the increasing of fracture resistance.

It can also be found from Figure 5b that when the M; < 0.8, the crack has a deviation path towards
the left side, and propagates in the HAZ along the direction of 45°. When the M; > 0.8, the crack has
a deviation path towards the right side, and propagates along the FZ/NIZ interface. It shows that
the crack growth paths deviate to the low-strength material side, and are mainly controlled by local
strength mismatch. When the Ms < 0.8, the strength of D zone at the left side of crack is lower than the
strength of F zone at the right side of crack, the crack has a deviation path towards the left side; when
the Ms > 0.8, the strength of F zone at the right side of crack is lower than the strength of D zone at the
left side of crack, the crack has a deviation path towards the right side. It is consistent with the results
of literatures [30,35].
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Figure 5. The J-R curves (a) and the crack growth paths (b) at different strengths of HAZ.
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3.2. The Changing of Strengh Mismatch in FZ Effect on the Fracture Behavior of DMW]

Figure 6 shows the J-R curves and crack growth paths of the DMW] when the strength of FZ was
changed individually. It can be found from Figure 6a that the ]-R curves of the DMW] increase firstly
then decrease with increasing of the strength mismatch coefficient M. When the Ms = 1.4, the DMW]
has the highest ]-R curve, which means that the strength of FZ still has much room for improvement
on the present basis. When the M; > 1.8, the ]-R curves tend to be stable and will not change with
increasing of the Ms. That is, increasing the strength of FZ excessively is invalid also for the increasing
of fracture resistance.

It can also be found from Figure 6b that when the M; < 1.4, the crack has a deviation path
towards the right side, and propagates along the FZ/NIZ interface. When the M; = 1.4, there is a
crack bifurcation phenomenon. The crack has a deviation path towards the right side firstly, and
then propagates to both left and right sides at the same time, as shown in Figure 7. The Figure 7
shows the VVF (void volume fraction) of the elements, which reflects the crack growth path and crack
growth length of the specimen. During the loading process, the element will be regarded as losing
its effectiveness when the VVF of the element reaches to the final failure parameter fr (as shown in
Table 1), and the crack will be regarded as extending an element length. For the elements in the FZ
zone, the fr is 0.15, the element color is green in the Figure 7 when the element losing its effectiveness;
for the elements in the HAZ and NIZ zones, the fr is 0.25, the element color is red in the Figure 7 when
the element losing its effectiveness. Because the element length at the crack tip is known (0.1 mm), thus,
the crack growth length can be calculated by counting the number of elements who lose effectiveness.
When the M; > 1.4, the crack has a deviation path towards the right side, and propagates in the NIZ
along the direction of 45°.

It is also caused by the local strength mismatch. Because the crack locates in the middle of the FZ,
the essence of the changing of strength mismatch in FZ is the interaction effect of D, E, and F zones
in Figure 2a. Because the strength of D zone at the left side of crack is higher than the strength of F
zone at the right side of crack, the crack deviated to the right side generally. When the M; < 1.4, the
strength of E zone increases with increasing of the M, but the strength mismatch between E and F
is not enough to precipitate the crack growth path deviates from the interface, thus, the crack has a
deviation path towards the right side, and propagates along the FZ/NIZ interface. When the M = 1.4,
the mismatch between D and E and the mismatch between E and F are similar, and the crack has a
bifurcation phenomenon under the competition. When the Ms > 1.4, there is a high mismatch between
E and F. Dominant by the high strength mismatch, the crack penetrates the FZ/NIZ interface and
propagates in the NIZ along the direction of 45°.
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Figure 6. The [-R curves (a) and the crack growth paths (b) at different strengths of FZ.
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Figure 7. The crack bifurcation phenomenon when the M; = 1.4.

3.3. The Changing of Strengh Mismatch in NIZ Effect on the Fracture Behavior of DMW]

Figure 8 shows the J-R curves and crack growth paths of the DMW] when the strength of NIZ
was changed individually. It can be found from Figure 8a that the |-R curves of the DMW] increase
firstly then decrease with increasing of the strength mismatch coefficient Ms. When the M; = 0.9, the
DMW] has the highest ]-R curve, which means that decreasing the strength of NIZ appropriately on
the present basis will increase the fracture resistance of DMW]. When the M = 2, the J]-R curve still
has not to be stable and decreases with increasing of the M.

It can also be found from Figure 8b that when the Ms < 0.9, the crack has a deviation path towards the
right side, and propagates in the FZ and NIZ along the direction of 45°. When 0.9 < M; < 1.4, the crack has
a deviation path towards the right side, and propagates along the FZ/NIZ interface. When the M; > 1.4,
the crack has a deviation path towards the left side, and propagates along the HAZ/FZ interface.

The same as the previous analysis in Section 3.2, it is also caused by the local strength mismatch.
When the M < 0.9, there is a high mismatch between E and F. Dominant by the high strength
mismatch, the crack penetrates the FZ/NIZ interface and propagates in the NIZ along the direction of
45°. With increasing of the strength of NIZ, the mismatch between E and F decreases. When 0.9 < M;
< 1.4, the crack does not have enough driving force (which derived from the strength mismatch) to
penetrate the interface, and the crack propagates along the FZ/NIZ interface. With increasing of the
strength of NIZ, when the Ms > 1.4, the strength of F zone at the right side of crack is higher than the
strength of D zone at the left side of crack, the crack has a deviation path towards the left side.
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Figure 8. The J-R curves (a) and the crack growth paths (b) at different strengths of NIZ.
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4. The Optimizing of the Local Strength Mismatch of DMW]

Based on the results above, when the strengths of HAZ, FZ and NIZ are changed independently,
the DMW] has the highest ]-R curve at:

M,(HAZ):M,(FZ):M(NIZ) = 0.8:1:1;
M,(HAZ):M,(FZ):M(NIZ) = 1:1.4:1;
M, (HAZ):M,(FZ):M(NIZ) = 1:1:0.9,

respectively. In order to obtain the best strength matching and the highest ]-R curve, four sets of
strength matching designs were carried out as follows:

M,(HAZ):M,(FZ):M(NIZ) = 0.8:1.12:1.008;
M,(HAZ):M,(FZ):Ms(NIZ) = 1.12:1.4:1.26;
M,(HAZ):M,(FZ):M,(NIZ) = 1.008:1.26:0.9;
M(HAZ):M,(FZ):Ms(NIZ) = 0.8:1.4:0.9.

And then, the J-R curves of the four sets of DMW]s were obtained and compared with other ]-R
curves, including the ]-R curves when the strengths of HAZ, FZ, and NIZ were changed independently
and the J-R curve of the real DMW], as shown in Figure 9.
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Figure 9. The J]-R curves of the DMW] under different strength mismatches.
It can be seen from Figure 9 that the J-R curves of the seven sets of optimized DMW]s are higher
than the J-R curve of the real DMW]. When the
M;(HAZ):5(FZ):Ms(NIZ) = 1.12:1.4:1.26
and
Ms(HAZ):Ms(FZ):Ms(NIZ) = 1:1.4:1,
the DMW/s have the highest ]-R curves. Which means that increasing the strength of FZ will increase

the J-R curve obviously, and will obtain the best results when the strengths of HAZ, FZ, and NIZ were
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wholly increased. But, the two highest [-R curves are similar, considering with the cost, it is suggested
that the [-R curve of the DMW] can be improved only by increasing the strength of the FZ.

In general, the results above show that the strength mismatch obviously effects on the ]-R curve and
crack growth path of DMW]J. As the weakest position of the nuclear power plant, the optimizing of the
local strength mismatch of DMW] is significant for the safety of the nuclear power plant. The optimizing
design of the local strength mismatch of DMW] needs to be further investigated by experiment.

5. Conclusions

(1)  With increasing of the strength mismatch coefficient M, the ]-R curve of DMW] increases firstly
then decreases, and tends to be stable when the M increases to a certain value.

(2) Decreasing the strength of HAZ and NIZ and increasing the strength of FZ increase the fracture
resistance of the DMW]. When the strengths of the HAZ, FZ, and NIZ are changed independently, the
DMW] has the highest |-R curve at the Ms(HAZ) = 0.8, Ms(FZ) = 1.4, and M(NIZ) = 0.9, respectively.

(3) Increasing the strength of FZ increases the J-R curve obviously. When the
M,(HAZ):M(FZ):M(NIZ) = 1.12:1.4:1.26 and My(HAZ):M,(FZ):M(NIZ) = 1:1.4:1, the DMWJs have
the highest |-R curves. It is suggested that the ]-R curve of the DMW] can be improved only by
increasing the strength of the FZ.
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