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A friction welding is one of the most popular welding method
for joint of different materials. In the JMTR(Japan Materials Testing
Reactor), intensive studies have been made on various materials and
stainless steel joints fabricated by friction welding method and used
for structural materials as presure boundaries of irradiation capsule
against the primary coolant of the JMTR. Niobium alloy is one of
advanced materials because of the heat resisting and low activation
material. The friction welding can be applied to Jjoints of niobium
alloy/S8304. In the present work, the welding technique and
characteristics of friction welded Nbl%Zr/SS304 were investigated
under un-irradiated and irradiated specimens.

The study items for Nbl%Zr/SS304 joints fabricated by friction
welding are as follows:the measurement of tensile strength, torsion
fatigue strength, burst strength and hardness,, metallography and XMA
analysis for neutron-un-irradiated specimens. The measurement of
tensile strength and hardness, metalleography and XMA anyalysis for

neutron-irradiated specimens.
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The results obtained were as fallows:A suitable fabricating
condition were obtained from experiments for friction welding of
Nb1%Zr/5S304. From un-irradiated data, tensile strength of
Nb1%Zr/SS304 joints was egqual to the strength of Nbl%Zr allov,
Fatigue strength of Nbl%Zr/s$S304 joints was similar to the strength of
Nbl%zr alloy and burst positions by burst test were the parts of
Nb1%Zr alloy. From post-irradiation examination, all specimens have
broken at the part of Nbl%Zr alloy, and the strength of irradiated
specimens increased comparing with that of un-irradaited specimens.
The hardness of irradiated specimens also increased ccmparing with

that of un-irradiated specimens.

Keywords : Friction Welding, Nbl%Zr/S$304 Joint, Tensile Strength,
Torsion Fatigue Strength, Burst Strength, Hardness,

Metallography, XMA Analysis
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1. Introduction

Technology development for Jointing advanced materials and stainless steel have been
investigated for diffusion bonding, brazing, roll bonding, explosive bonding, and hot isostatic
pressing (HIP) [1]. On the other hand, a friction welding is one of most popular welding methods
for the joint of different materials used as a tube[2-7]. In the JIMTR (Japan Materials Testing
Reactor), investigations on joints of various materials and stainless steel fabricated by friction
welding method and used for structural components as pressure boundaries of an irradiation
capsule against the primary coolant of the IMTR, were carried out[8-11].

Niobium and low alloy forms of niobium (Nb1%Zr) have been studied since the early
1930's. Niobium is one of advanced materials from the view point of good heat resisting and its
low activation[12]. Additionally, niobium is the same group metal in the periodic table as
vanadium. Vanadium is one of advanced materials for the fusion materials[13]. It seems that
several kinds of data for Nb1%Zr/SS304 joints can be applicable to the friction welding of
vanadium alloy and SS5316.

In the present work, characteristics of Nb1%Zr/SS304 joints are investigated under
neutron-un-irradiated and irradiated conditions. Tensile, torsion fatigue and burst strength, and
hardness of Nb1%Z1/S8304 joints have been measured under neutron-un-irradiated conditions
and tensile and hardness of Nb1%Zr/SS304 joints have been measured under neutron-irradiated
conditions. Metallographical observation and XMA analysis have been also performed under both
conditions. These properties are described in this papers.

2. Characteristics of Nb1%Zr/SS304 Joints under Neutron-un-irradiated
Condition

2.1 Welding Conditions

In this work, $5304 and Nb1%Zr alloy rods of 15mm diameter were used as the first trail,
of which chemical compositions are shown in Table 1. Physical properties of SS304 and Nb1%Zr
alloy are shown in Table 2.

Conditions of friction welding for Nb1%Zr/SS304 joint ars shown in Fig.1. As the shape
of Nb1%Zr alloy, a cone of 110 degree was excellent. The welding were made with a rotational
speed of 2000 rpm under a friction pressure of 1.5~2.0MPa. Upset pressure was 2.5~3.0MPa and
welding time was 0.1sec. After friction welding, the burr glowed at welding was removed by lathe
to make test specimens.
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pressing (HIP) [1]. On the other hand, a friction welding is one of most popular welding methods
for the joint of different materials used as a tube[2-7]. In the IMTR (Japan Materials Testing
Reactor), investigations on joints of various materials and stainless steel fabricated by friction
welding method and used for structural components as pressure boundaries of an irradiation
capsule against the primary coolant of the IMTR, were carried out[8-11].

Niobium and low alloy forms of niobium (Nb1%Zr) have been studied since the early
1930's. Niobium is one of advanced materials from the view point of good heat resisting and its
low activation[12]. Additionally, niobium is the same group metal in the periodic table as
vanadium. Vanadium is one of advanced materials for the fusion materials[13]. It seems that
several kinds of data for Nb1%Zr/SS304 joints can be applicable to the friction welding of
vanadium alloy and S$316. '

In the present work, characteristics of Nb1%Zr/SS8304 joints are investigated under
neutron-un-irradiated and irradiated conditions. Tensile, torsion fatigue and burst strength, and
hardness of Nb1%Z1/SS304 joints have been measured under neutron-un-irradiated conditions
and tensile and hardness of Nb1%Zr/SS304 joints have been measured under neutron-irradiated
conditions. Metallographical observation and XMA analysis have been also performed under both
conditions. These properties are described in this papers.

2. Characteristics of Nb1%Zr/SS304 Joints under Neutron-un-irradiated
Condition

2.1 Welding Conditions

In this work, S5304 and Nb1%Zr alloy rods of 15mm diameter were used as the first trail,
of which chemical compositions are shown in Table 1. Physical properties of S8304 and Nb1%Zr
alloy are shown in Table 2.

Conditions of friction welding for Nb1%Zr/SS304 joint ars shown in Fig.1. As the shape
of Nb1%Zr alloy, a cone of 110 degree was excellent. The welding were made with a rotational
speed of 2000 rpm under a friction pressure of 1.5~2.0MPa. Upset pressure was 2.5~3.0MPa and
welding time was 0.1sec. After friction welding, the burr glowed at welding was removed by lathe
to make test specimens.



JAERI-Tech 95-017
2.2 Characteristics of Nb1%Zr/S8304 Joints

Tensile, torsion fatigue and burst strengths, and hardness of Nb1%Zr/SS304 joints
fabricated by friction welding have been measured under neutron-un-irradiated condition.
Metallographical observation and XMA analysis have been also performed.

a) Tensile strength

Tensile test were carried out for five specimens (TypeA~E) fabricated by friction welding at
room temperature, 573K, 773K and 973K.

The specimens used are shown in Figs.2-5. Specimens were prepared with the type of
rods and pipes. Tensile tests were performed for specimens A and B at room temperature, and
specimens C and D at 973K. Photographs of specimens before/after the tensile tests are shown in
Figs.6-13.

In the tensile tests at room temperature, all specimens broke at the part of joint section. The
results of tensile tests at 293k are tabulated in Table 3. The tensile strengths were 217~286 MPa
and 228~256 MPa for rod type and pipe type specimens, respectively. In this case, the tensile
strength of Nb1%Zr/SS304 joints was 91~95% of that of base material(Nb1%Zr alloy).The tensile
strength of Nb1%Zr/SS304 joints was almost equal to that of the base materials.

On the other hand, in the tensile tests at 973K, rod type specimens broke at the part of joint
section, and pipe type specimens at the part of the base material. The results of tensile tests at
973K are summarized in Table 4. Tensile strengths were 118~157 MPa and 206~225 MPa for rod
type and pipe type specimens, respectively. The tensile stress of pipe type specimen is almost
twice as high as that of rod type specimen.

Tensile tests with specimen type E (Fig.14) were conducted at room temperature, 573K
and 773K. The results of the tensile tests are tabulated in Table 5 ~ Table 7, and photographs
before/after tensile tests are shown in Fig.15 ~ Fig.18.

In the tensile tests at room temperature, all specimens broke at the part of base material.
Tensile strengths were 277~307 MPa, and elongations were 17.3~18.0%. The tensile strength of
Nb1%Zr/SS304 joints is equal to the that of Nb1%Zr alloy.

In the tensile tests at 573K and 773K, two specimens broke at the part of Nb1%Zr alloy.
Tensile strengths of Nb1%Zr/SS304 joints were 186~206 MPa, and elongation were 17.3~18.3%
at 573K. On the other hand, the tensile strengths of Nb1%Zr/SS304 joints were 207~208 MPa,
and elongations were 16.8 ~ 17.0% at 773K.

The results of tensile tests are shown in Fig.19. The tensile strength of Nb1%Zr/SS304
joints was almost equal to the that of the base materials at high temperature (see Fig.A-3).

b} Torsion fatigue test
The specimen of torsion fatigue test is shown in Fig.20. The results of torsion fatigue test
are shown in Table 8, and the S-N curve obtain from the test is shown in Fig.21. Photographs of

—_ 2 —
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the specimens before/after torsion test are shown in Fig.22 ~ Fig.25. From the results shown
above, the torsion fatigue strength of Nb1%Zr/SS304 joints is similar to that of Nb1%Zr alloy.

¢) Burst test

The specimen subjected to burst test is shown in Fig.26. To increase the internal pressure
of the specimens, water was supplied from the end of Nb1%Zr part which was connected to a
hydraulic pump. Conditions of burst test are as follows:

1) Temperature : Room Temperature

2) Pressure : increased up to 29.4MPa, then step by step with 1.0MPa.

The result of burst test is shown in Table 9. In the test, all specimens have broken at the
part of Nb1%Zr alloy. Stress equation of the thin tube is expressed as

- 6=PD/200t, 1.1

G, P, D and t are fracture stress{MPa], pressure[MPa], diameter[mm] and thickness{mm]
of pipe, respectively. The burst stresses were 340~361 MPa which were equal to the strength of
base material(Nb1%Zr alloy). Photographs of test specimens before/after burst test are shown in
Fig.27 and Fig.28. The burst positions are at base material(Nb1%Zr alloy) away from the joint

section by 12mm.

d) Metallographical observation
Metallographical observation was carried out for the specimen fabricated by friction
welding. Surface treatment of the specimen was as follows:
1) Mechanical polishing
2) Electrical etching of SS304
Etching solution : HCI(31em3)+HNO3(1.7cm3)+H2504(1.0cm?)
Etching time : 30sec
3) Chemical etching of Nb1%Zr alloy
Etching solution : H2SO4(10cm3)+Hp0(10cm3)+HF(5.0cm3)+H07(10cm3)
Etching time : 30sec SWAB |
Metallographic photographs are shown in Fig.29 ~ Fig.32. Points photographed are the
cone tip(Point A) and the points apart from the tip by 2mm and 4mm (Point B and Point C) as
indicated in Fig.29. As shown in Fig.30 ~ Fig.32, the strain of friction welding occurred at the
side of Nb1%Zr alloy.

e) XMA observation

Qualitative analysis using XMA was performed to examine elemental distribution in the
vicinity of Nb1%Zr/SS304 joint.

XMA photographs of Nb1%Zr/SS304 joints are shown in Fig.33(Point A) and
Fig.34(point B). The contents of Nb, C, Fe, Ni and Cr were measured at the cone tip and the
tapered part apart from the tip by Smm. From Fig.33 and Fig.34, each element was changed at the
joint. Very narrow intermetallic compound layer was generated at the joint.

4._3_



JAERI-Tech S85-017

2.3 Conclusion

The friction welding technique for jointing different materials have been developed, and
joint performance of friction welded Nb1%Zr/SS304 have been investigated under neutron-un-
irradiated condition.

A suitable fabricating condition has been obtained from experiments for friction welding of
Nb1%Zr/SS304. As the optimum friction conditions, a rotational speed is 2000 rpm and a friction
pressure is 1.5~2.0 MPa.

Un-irradiated data on Nb1%Zr/SS304 joints have been obtained, i.e., tensile strength,
torsion fatigue strength and burst strength, hardness, metallography and XMA analysis. From the
results of tensile tests, tensile strength of Nb1%Zr/SS304 joints is equal to the strength of
Nb1%Zr alloy within the error of 10%. The fatigue strength of Nb1%Zr/SS304 joints is similar to
that of Nb1%Zr alloy. And the burst positions were base material(Nb1%Zr). From the results of
metallographic observation and line scan, it has been found that almost specimens broke at the part
of Nb1%Zr alloy, and the joint of Nb1%Zr alloy and SS304 has enough integrity.

3. Characteristics of Nb1%Zr/SS304 Joints under Neutron-irradiated Condition

3.1 Irradiation Capsule

Neutron irradiation on Nb1%Zr alloy and stainless steel joints fabricated by friction
welding has been carried out in the JMTR (Japan Materials Testing Reactor). Two capsules named
87M-5J and 87M-20J were fabricated for the irradiation of Nb1%Zr/SS304 joints, being shown in
Fig.35 and Fig.38, respectively. They had four inner capsules each. In two inner capsules out of
four, the specimens of Nb1%Zr/SS304 joints were directly cooled by coolant water of the reactor.
In other two inner capsules, the specimens of Nb1%Zr/S§304 joints were hermetically sealed in
the containers. These inner capsules are shown in Fig.36-37 and Fig.39-40. As seen from Fig.36
and Fig.39, specimens were directly cooled by water in 5J-A, 5J-B, 20J-A and 20J-B. On the
other hand, the sealed inner capsules (3J-C, 5J-D, 20J-C and 20J-D) were described in Fig.37 and
Fig.40. Three neutron fluence and temperature monitors are inserted in the sealed inner capsules.

3.2 Irradiation Temperature

The irradiation conditions of Nb1%Z1/SS304 joints are tabulated in Table 10. The
irradiation temperature of Nb1%Zr/SS304 joints were calculated by GENGTC code.
A) 87M-5] capsule
1) 5J-A and 5J-B
The specimens of Nb1%Zr/SS304 joints were directly cooled by water . The surface
temperature of Nb1%Zr/SS304 joints were 328K and 331K at 85304 and Nb1%Zr alloy,

74_
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2.3 Conclusion

The friction welding technique for jointing different materials have been developed, and
joint performance of friction welded Nb1%Zr/SS304 have been investigated under neutron-un-
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Nb1%Zr/SS304. As the optimum friction conditions, a rotational speed is 2000 rpm and a friction
pressure is 1.5~2.0 MPa.
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torsion fatigue strength and burst strength, hardness, metallography and XMA analysis. From the
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Nb1%Zr alloy within the error of 10%. The fatigue strength of Nb1%Zr/SS304 joints is similar to
that of Nb1%Zr alloy. And the burst positions were base material(Nb1%Zr). From the results of
metallographic observation and line scan, it has been found that almost specimens broke at the part
of Nb1%Zr alloy, and the joint of Nb1%Zr alloy and SS304 has enough integrity.

3. Characteristics of Nb1%Zr/SS304 Joints under Neutron-irradiated Condition

3.1 Irradiation Capsule

Neutron irradiation on Nb1%Zr alloy and stainless steel joints fabricated by friction
welding has been carried out in the IMTR (Japan Materials Testing Reactor). Two capsules named
87M-5] and 87M-20J were fabricated for the irradiation of Nb1%Zr/SS304 joints, being shown in
Fig.35 and Fig.38, respectively. They had four inner capsules each. In two inner capsules out of
four, the specimens of Nb1%Z1/SS304 joints were directly cooled by coolant water of the reactor.
In other two inner capsules, the specimens of Nb1%Zr/SS$304 joints were hermetically sealed in
the containers. These inner capsules are shown in Fig.36-37 and Fig.39-40. As seen from Fig.36
and Fig.39, specimens were directly cooled by water in 5J-A, 5J-B, 20J-A and 20J-B. On the
other hand, the sealed inner capsules (3J-C, 5J-D, 20}-C and 20]-D) were described in Fig.37 and
Fig.40. Three neutron fluence and temperature monitors are inserted in the sealed inner capsules.

3.2 Irradiation Temperature

The irradiation conditions of Nb1%Zr/SS304 joints are tabulated in Table 10. The
irradiation temperature of Nb1%Zr/SS304 joints were calculated by GENGTC code.
A) 87M-5] capsule
1) 5]J-A and 5J-B
The specimens of Nb1%Zr/SS304 joints were directly cooled by water . The surface
temperature of Nb1%Zr/SS304 joints were 328K and 331K at §§304 and Nb1%Zr alloy,

— 4 —



JAERI-Tech 95-017

respectively. The center of Nb1%Zr/SS304 joints were 330K and 332K at SS304 and
Nb1%Zr alloy.
2) 5)-C and 5J-D
Capsule structure and dimension of the sealed inner capsules are shown in Fig.41l.
Calculation conditions are as follows:
a) Temperature of coolant water : 323K
b) Heat transfer coefficient of outer pipe : 12200W/m2K
c) g-calorific value of iron : 10W/g
d) Reduced coefficient of materials
Nb1%Zr alloy : 1.41
Al:0.77
The results of thermal calculation for SJ-C and 5J-D are shown in Fig.42 and Fig.43,
respectively. The surface temperatures of Nb1%Zr and SS304 joints are 792K and 843K,
respectively. The center temperature of Nb1%Zr/SS304 joints are 808K and 852K at $5304 and
Nb1%Zr alloy, respectively.
B) 87M-20J capsule
1) 20J-A and 20J-B
The specimens of Nb1%Zr/SS304 joints were directly cooled by water. The surface
temperature of Nb1%Zr/SS304 joints were 328K and 331K at SS304 and Nb1%Zr alloy,
respectively. The center of Nb1%Zr/SS304 joints were 330K and 332K at SS304 and
Nbl1%Zr alloy.
2) 203-C and 20J-D
Capsule structure and dimension of the sealed inner capsules are shown in Fig.44.
Calculation conditions are as follows:
a) Temperature of coolant water : 323K
b) Heat transfer coefficient of outer pipe : 11500W/m2K
¢) g-calorific value of iron : 4.0W/g
d) Reduced coefficient of materials
Nbl1%Zr alloy : 1.34
Al:0.80 _
The results of thermal calculation for 20J-C and 20J-D are shown in Fig.45 and Fig.46,
respectively. The surface temperatures of Nb1%Zr and S8304 joints are 690K and 737K,
respectively. The center temperature of Nb1%Zr/SS304 joints are 694K and 739K at SS304 and

Nb1%Zr alloy, respectively.
The results of thermal calculation by GENGTC code are tabulated in Table 11.
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3.3 Characteristics of Nb1%Zr/SS304 Joints

The irradiation conditions of Nb1%Z1/SS304 joints are tabulated in Table 12.
Nb1%Zr/SS304 joints fabricated by friction welding were measured after neutron irradiation.
Tensile strength, hardness, metallography and XMA analysis were performed.

a) Tensile strength

The tensile tests of Nb1%Zr/SS304 joints were carried out at room temperature and 773K.
The specimens used for the tensile tests are shown in Fig.47. The results of the tensile tests at
295K and 773K are shown in Fig.48 and Fig.49, respectively.

Almost specimens irradiated at 323K have broke at part of base material (Nb1%Zr). The
results of tensile tests of Nb1%Zr/SS304 joints irradiated at 323K are shown in Table 13 and
Table 14 (fast neutron fluence : 2.6~3.8x101%n/cm?). The tensile strength of Nbl1%Zr/SS304
joints tested at 295K was 489MPa. The strengths of Nb1%Zr/S5304 joints and base material
(Nb1%Zr) at 773K were 377MPa and 351MPa, respectively. From these results, the tensile
strength of Nb1%Zr/SS304 joints at 773K were higher than that of the base material. The
elongation of Nb1%Zr/SS304 joints tested at 295K and 773K were 4.6% and 4.7%, respectively.
The elongation of base materials (Nb1%Zr) was 4.0% at 773K, therefore the elongation of
Nb1%Zr/SS304 joints at 295K was equal to that at 773K.

Almost specimens irradiated at 323K broke at the part of base material (Nb1%Zr). The
results of tensile tests of Nb1%Zr/SS304 joints irradiated at 323K are shown in Table 15 and
Table 16 (fast neutron fluence : 2.8~3.3x1020n/cm?). The tensile strength of Nb1%Zr/SS304
joints tested at 295K was 515MPa. The strengths of Nb1%Zr/SS304 joints and the base material
(Nb1%Zr) at 773K were 355MPa and 325MPa, respectively. From these results, the tensile
strength of Nb1%Zr/SS304 joints at 773K were higher than that of base material. The elongation
of Nb1%Z1/SS304 joints tested at 295K and 773K were 3.7% and 3.0%, respectively. The
elongation of the base materials (Nb1%Zr) was 4.2% at 773K.

Almost specimens irradiated at 743K broke at the part of base material (Nb1%Zr). The
results of tensile tests of Nb1%Zr/SS304 joints irradiated at 743K are shown in Table 17 and
Table 18 (fast neutron fluence : 3.5x102n/cm?), respectively. Tensile strength of Nb1%Zr/SS304
joints tested at 295K was 500MPa. The strength of Nb1%Zr/SS8304 joints and the base material
(Nb1%Zr) at 773K were 350MPa and 378MPa, respectively. From these results, the tensile
strength of Nb1%Zr/SS304 joints at 773K is equal to that of the base material within the error of
10%. The elongation of Nb1%Zr/SS304 joints tested at 295K and 773K were 2.5% and 3.4%,
respectively. The elongation of base materials was 6.8% and elongation of the base material was
small comparing to that of Nb1%Zr/S5304 joint.

Almost specimens irradiated at 848K also broke at the part of base material (Nb1%Zr). The
results of tensile tests of Nb1%Zr/SS304 joints irradiated at 848K are shown in Table 19 and
Table 20 (fast neutron fluence : 2.8~5.3x101%n/cm?), respectively. The tensile strength of
Nb1%Z1/SS304 joints tested at 295K was 474MPa. The strength of Nb1%Zr/SS304 joints and
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base material (Nb1%Zr) at 773K are 362MPa and 503MPa, respectively. From these results, the
tensile strength of Nb1%Zr/SS304 joints at 773K was lower than that of base material (Nb1%Zr).
the elongation of Nb1%Zr/SS304 joints tested at 295K and 773K are 1.2% and 1.6%,
respectively. The elongation of base materials was 3.4%, therefore elongation of Nb1%Zr/SS304
joints is lower than half of base material (Nb1%Zr).

The result of tensile tests of Nb1%Zr/SS304 joints as a function of the irradiation
temperature is shown in Fig.50. When irradiation temperature is higher than that at 323K,
specimen broke at the part of joints sections and elongation is lower than that of specimen
irradiated at 323K.

b) Hardness test

The hardness tests of the cross-section of Nb1%Zr/SS304 joints were carried out after
tensile tests. Points measured are described in Fig.51. Hardness profile in the vicinity of
Nb1%Zr/SS304 joint is shown in Fig.52. The hardness of Nb1%Zr alloy increased with the
increase of the irradiation temperature. The hardness was closely connected with the tensile

strength and elongation.

¢) Metallographcal observation
Metallographcal observation was carried out for the specimen fabricated by friction
welding. Surface treatment of the specimen was as follows:
1) Mechanical polishing
2) Electrical etching of S5304
Etching solution : HCI(31cm3)+HNO3(1.7cm?)+H2804(1.0cm3)
Etching time : 30sec
3) Chemical etching of Nb1%Zr alloy
Etching solution : H2S04(10cm3)+H20(10cm3)+HF(5 0cm3)+H207(10cm3)
Etching time : 30sec SWAB
Photographs of metallographcal observation are shown in Fig.53 ~Fig.56. Figure 53 and
54 show that $S8304 at Nb1%Zr/SS304 joints is strained, and Fig.55 and Fig.56 show that
Nb1%Zr alloy side also was strained.

d) XMA observation

Qualitative analysis using XMA was performed to examine elemental distribution in the
vicinity of Nb1%Zr/SS304 joint. SEM micrographic photographs of Nb1%Zr/SS304 joints are
shown in Fig.57 and Fig.58.

Six elements of Ni, Cr, Fe, Nb, Zr and O are observed at the cone tip of Nb1%Zr/SS304
joint and the point apart from the tip by Smm. Surface and line analyses results for Ni, Cr, Fe,
Nb, Zr and O by SEM/XMA are shown in Fig.59. In Fig.59, it is noted that each element was
changed at Nb1%Z1/SS304 joint and the layer of an intermetallic compound was very narrow at

the Nb1%Zr/SS304 joint.
— 7 —_—
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3.4 Conclusion

The friction welding technique of different materials have been developed, and joint
performance of friction welded Nb1%Zr/SS304 have been investigated under neutron-irradiatied
condition.

Post irradiation data for Nb1%Z:/SS304 joints has been obtained on tensile strength,
hardness, metallographical photograph and XMA analysis. All specimens have broken at the part
of Nb1%Zr alloy, and the strength of irradiated specimens increased comparing with that of un-
irradiated specimens. The hardness of specimens irradiated at high temperature also increased
comparing with that of specimens irradiated at low temperature. Metallographical observation and
line scan on the joints have been performed to identify qualitative compositional variations. They

are almost the same as those of un-irradiated specimens.

4, Summary

Friction welding technique and the performance of Nb1%Zr/SS304 joint were investigated
under neutron-un-irradiated and irradiated condition. Nb1%Zr/SS304 joints fabricated by friction
welding have been characterized of tensile, torsion fatigue, burst strength and hardness test,
metallographical observation and XMA analysis.

A suitable welding condition has been obtained from experiments for friction welding of
Nb1%Zr/SS304 resulting in rotational speed of 2000rpm and friction pressure of 15~20 kgf/cm?2.

Tensile strength of un-irradiated Nb1%Zr/SS304 joints is equal to the strength of Nb1%Zr
alloy within the error of 10%. Fatigue strength of un-irradiated Nb1%Zr/SS304 joints is also
similar to that of Nb1%Zr alloy. From the results of metallograph observation and line scan, it has
been found that all specimens have broken at the part of Nb1%Zr alloy.

Strength of irradiated specimens is higher than that of un-irradiated specimens. Hardness
of irradiated specimens also higher than that of un-irradiated specimens. Metallographical
observation and line scan on irradiated joints showd the same qualitative compositional variations

as those of un-irradiated joints.
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Table 2 Physical properties of Nb1%Zr alloy and SS304.

Property Material Nb1%Zr alloy S$S304
Tensile Strength (MPa) 261 627
0.2% Yield Strength (MPa) 160 319
Elongation (%) 34.0 62.8
Hardness Hv 102 Hv 172
Density (g/cm3) 8.66 7.82
Melting Point ("C) ~2410 ~1410
Thermal Conductivity (cal/cm?/s/°C) 0.10 0.039
Thermal Expansion (/°C) 7.3X10°® 16.7X107°
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Table 3 Results of tensile test of Nb1%Zr/SS304 joints(Type A and B) at 293K.

Dimensions (mm)

Tensile Strength

Fractured

Sper\(fzi;.nen dia. in. dia. (MPa) Position remarks
1. | 18.05 | — 242 jreded bar
2. |13.05 | — 217 oed bar
3. | 1305 | — 286 preided bar
mean | — — 248 _ —
4. | 13.0 | 5.17 228 reded pipe
5. | 13.0 | 5.12 229 Mt pipe
6. | 13.0 | 5.17 256 reced pipe
mean | — — 238 — —
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Table 4 Results of tensile test of Nb1%Zr/SS304 joints(Type C and D) at 973K.

Dimensions (mm)

Tensile Strength

Fractured

o am in. dia. (MPa) Position Remarks
7. | 1000 | — 147 elded bar
8. | 1000 | — 157 veided bar
9. | 10.01 | — 118 M bar

mean — e 140 — S
10. | 10.02 | 5.00 225 Nb19%Zr pipe
11. 10.00 | 5.00 206 Nb1%Zr pipe
12. | 10.00 | 5.00 216 Welded pipe

mean | — — 216 — —
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Table 5 Results of tensile test of Nb1%Zr/SS304 joints(Type E) at 293K.

Specimen | _Dimensions {(mm) | Tensile Strength Elongation Fractured
No. dia, length (MPa) (%) Position
13. 6.00 40.0 289 17.3 Nb1%Zr
14. 6.00 | 40.0 307 18.0 Nb1%Zr
15. 6.00 | 40.0 277 18.0 Nb19%2Zr

mean 292

Table 6 Results of tensile test of Nb1%Zt/S5304 joints(Type E) at 573K.

Specimen |__Dimensions (mm) | Tensile Strength Elongation Fractured
No. dia. length (MPa) (%) Position
16. 6.00 40.0 206 18.3 Nb1%Zr
17. | 6.00 | 40.0 186 1.8 e
18. 6.00 40.0 205 17.3 Nb1%Zr

mean 199
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Table 7 Resuits of tensile test of Nb1%Zr/SS304 joints(Type E) at 773K.

Spel\(j:i)r-nen D;’:"Sions f;’;‘:h Tensi(lﬁn ﬁtar)ength Elo?%a)tion F;%c;tit:(r)%d
16. | 6.00 | 40.0 208 17.0 Nb1%Zr
17. 6.00 40.0 207 16.8 Nb1%2Zr
mean 208
Table 8 Results of torsion fatigue test of Nb1%Z1/SS304 joints.
Spel\? ci)r.nen Stress (MPa) | Fracture Cycles Remarks
1 123 7.19X104
2 98 8.88X10° | (Nojoezs alloy
3* 74 1.26X10"
4 123 6.66X10 4
5 98 8.23X105 | Ol Tearass0d
6* 74 1.93X107

* - Non Fracture
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Table 9 Resuits of burst test of Nb1%Zr/SS304 joints.

Specimen |__Dimensions (mm) | Pressure at Burst| Hoop Stress Bursted

No. LD O.D. (Kg/lem?) (MPa) Position

1. 11.00 | 13.00 650 350

2. | 11.00 | 13.00 630 340 | D Matorial

3. 11.00 | 13.00 670 361

Table 10 Irradiation conditions of Nb1%Zr/SS304 tensile test specimen.

Capsule Name 87M-5J 87M-20J
Irradiation Hole H7-1 K-11
Irradiation Cycle No. #82 #82
Numbers of Inner Capsule | 4 4
Inner Capsule Name 5J-A~D 20J-A~D
Numbers of Tensile Specimen 12 12
Thermal Neutron Fluence (n/cm?2) ~4X10 %Y ~4X101°
Fast Neutron Fluence (n/cm?) 2~4X1020 2~5X101*
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Table 12 Irradiation conditions of Nb1%Zr/SS304 joints.

Fast NeutFSn

——

{rradiation Number of

Temprare | Flence | Tosl
A 323 2.6X1019 3
B 323 3.8X 1010 3
C 323 2.8X1020 3
D 323 3.3X1020 3
E 848 5.3X1019 3
F 848 2.8X1019 3
G 743 3.5X1020 3
H 743 3.5X 1020 3




JAERI-Tech 95-017

Table 13 Results of tensile tests of Nb1%Zr/SS304 joints irradiated at 323K.

Test

0.2% Proof

Tensile

M| | S | e [
A-W1| 295 | 467.5 475.3 4.8
A-W2| 773 | 324.4 355.7 4.3
A-B1| 773 | 353.8 | 360.6 4.1

Table 14 Results of tensile tests of Nb1%Zr/SS304 joints irradiated at 323K.

soearen | e | Svess | Strongi | FonE"
(K) (MPa) (MPa)

B-W4| 295 464.5 502.7 4.3

B-W5| 773 344.0 397.9 5.0

_ B-B4| 773 334.2 | 341.0 3.8
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Table 15 Results of tensile tests of Nb1%Zr/SS304 joints irradiated at 323K.

0.2% Proof

e TL?nS;. Stress sﬂfgsgfh E'°f‘(§/a)“°”
K | (MPa) (MPa) o
C-W13| 295 479.2 484 .1 3.9
C-W14| 773 293.0 336.1 4.8
C-B7 | 773 316.5 318.5 4.3

Table 16 Results of tensile tests of Nb1%Zr/SS304 joints irradiated at 323K.

Seecnen | ornp ozl | Torde Flongator
(K) (MPa) (MPa)

ID-W16| 295 —" 544.9 3.4

D-Wi17| 773 | 281.3 | 374.4 1.1

D-B10| 773 —" | 3312 | 41 |

#1 : Broken before 0.2% proof stress.
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Table 17 Results of tensile tests of Nb1%Zr/SS$304 joints irradiated at 743K.

imen | T€st | 0.2% Proof [ Tensile :
Spe:; Temp. Stress Strené;th Elongatlon

° | (K) | (MPa) (MPa) %)
IG-W19| 295 | —* 424.3 0.7
la-w20| 773 | 259.7 | 4175 | 6.1
lcBs| 773 | —* | 3959 | 87

#1 : Broken before 0.2% proof stress.

Table 18 Results of tensile tests of Nb1%Zr/SS5304 joints irradiated at 743K.

] ot o2 P ] orste Teorgan
© | MPay | (MPa) :
Hw2| 205 | | 5762 | 4.3
H-W23| 773 — " 282.2 0.7
_H-_W]1 773 345.9 359.7 4.8_

#1 : Broken before 0.2% proof stress.
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Table 19 Results of tensile tests of Nb1%Zr/SS304 joints irradiated at 848K.

ﬁen TL?I‘]S:). 0.28"{?92200f sthgr?g’?h | Elon(g/oa)tion
(K) (MPa) (MPa)

E-W7| 295 | 405.7 | 493.9 1.2

|E-ws| 773 | 262.6 | 323.4 1.1

E-B2| 773 | 4743 | 480.2 | 3.9

Table 20 Results of tensile tests of Nb1%Zr/SS304 joints irradiated at 848K.

0.2% Proof

Spes::%n T-craﬁ;. Stress ;[(regr?gteh E'°”(§ /oa)t lon
| (K) (MPa) (MPa)

F-W10| 295 | 411.6 453.7 1.1
F-W11| 773 272.4 400.8 2.0
I_F-BS 773 212.5 526.3 2.9
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Cone Side Cup Side

(Nb-1%Zr) (SS304)
Conditions

Rotational Speed : 2000 rpm

Friction Pressure : 1.5~2.0MPa

Upset Pressure : 2.5~3.0MPa
Welding Time : 0.1 sec

Fig.1 Conditions of friction welding for Nb1%Zr/S5304 joint.
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friction weld
SS5304 Nb-1%Zr
// 4 AVAYAYS . / /L
/ o Jl o
i = ] =
10 ER
RIS\ o0 50 R15
100 100

Fig.2 Rodlike specimen of tensile test at 293K (Type A).

215

friction weld
Nb - {%Zr
/1
............ ]
“““““ /i
[
R15

Fig.3 Tubular specimen of tensile test at 293K (Type B).
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friction weld
55304 o~  Nb-1%Zr
1 I - o o
v&‘ ' = oo = <
0 W 22 0o
= ) | : 3
25 25 _IRI0 R
{5 20 {0 50 101 20 169}
140
Fig.4 Rodlike specimen of tensile test at 973K(Type C).
friction weld
55304 N Nb-1% Zr
o O o o ,
& / . =Y - -
AVAVAYS
Ol === e Gndbte | M s Y o 3, ©
a he __‘_—""f:" ''''' - “_W__"‘—__—_—"“"“‘_'_" _J’ E
25 25 gl R
15 20 {0 50 0] 20 15
{40

Fig.5 Tubular specimen of tensile test at 973K(Type D).
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Fig.6 Appearance of type A before tensile test.

Fig.7 Appearance of type A after ensile test.
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Fig.8 Appearance of type B before tensile test.

Fig.9 Appearance of type B after tensile test.
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Fig.10 Appearance of type C before tensile iest.

Fig.11 Appearance of type C after tensile test.
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Fig.12 Appearance of type D before tensile test.

Fig.13 Appearance of type D after tensile test.
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friction weld
50  \ 50
55304 o Nb- 1% Zr
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Fig.14 Rodlike specimen of tensile test at 293K, 573K and 773K (Type E).
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WO B

Fig.15 Appearance of type E before tensile test.
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Fig.16 Appearance of type E after tensile test at 203K,

Fig.17 Appearance of type E after tensile test at 573K.
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Fig.18 Appearance of type E after tensile test at 773K.

400 H |} b }
m .
£ 300 - % Dbartest _
% @ A pipe test
£ %
&) A
" 4 4
@ 200 4
%] &
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= 100 -
-
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0 ] i ] [
200 400 600 8C0 1000 1200

Temperature (K)

Fig.19 Results of tensile test for Nb1%Zr/SS304 joint.
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55304 ~ /Nb-1% Zr
friction weld
Fig.20 Torsion fatigue test specimen.
160 I 1 1 I
o 140 O base materiaal n
o a {Nb19%Zr)
= 120 ¢ Nb1%Zr/SS304 joint |7
® 100 a -
D -
% ©0 Oe
_5 60 “
7
|§ 40 -
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Number of cycles to fracture (cycles)

Fig.21 §-N curve of torsion fatigue test.
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Fig.22 Appearance of specimen before torsion fatigue test(base material).

Fig.23 Appearance of specimen before torsion fatigue test(Nb1%Z1/S5304 joint}.
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fretis

Fig.24 Appearance of specimen after torsion fatigue test(base material).

Fig.25 Appearance of specimen after torsion fatigue test(Nb1%Zr/55304 joint).
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friction weld

Tig weld 55304  Nb=1% Zr
// b / - I:(_?; .
= ¥ | g Gw / : ATWAY
L NN AN \.\ A T.M\\ : <~ I N X\
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‘ RN 30 3¢ RIS
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Fig.26 Burst test specimen.
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Fig.27 Appearance of specimen before burst test.

Fig.28 Appearance of specimen after burst test.
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Fig.30 Metallographic photograph of Nb1%Zr/SS304 joint(cone tip : Point A).
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Fig.32 Metallographic photograph of Nb1%Zr/SS304 joint(tapered part : Point O).
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Fig.33 XMA photograph of Nb1%Z1/S$$304 joint(cone tip : Point A).

Fig.34 XMA photograph of Nbi1%Zr/SS304 joint(tapered part : Point B).
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Fig.35 Arrangement of inner capsule (5J-A, 5J-B, 5J-C and 5J-D) in 87M-3J capsule.
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Fig.38 Arrangement of inner capsule (20J-A, 20J-B, 20J-C and 20J-D) in 87M-20J capsule.
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Fig.44 Capsule structure and dimension of inner capsule (20J-C and 20J-D).
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Fig.47 Irradiation specimens and irradiation conditions.
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Fig.48 Results of tensile tests at 295K for irradiated Nb1%Z1/S5304 joints.



JAERI-Tech 95-017

|
Test Temprature
T=773K
Tensile Speed .
600 0.1Tmm/min—2.0mm/min
Irradiation Temp.
@ : 323K
: 323K
© : 323K
© : 323K
® : 848K
—_ ® : 848K _
ntt_s 400 @ : 743K
é @ : 743K
0
;)
@
= %
) .
.k\'_
R
S _
200 \
X
b ©
Tensile Strength of Un-irradiated Joint : 190MPa

| -
00 10 20
Elongation (%)

Fig.49 Results of tensile tests at 773K for irradiated Nb1%Zr/SS304 joints.



JAERI-Tech 85-017

—— !
Tensile Speed
600 | 0. 1mm/min—2.0mm/min -

trradiation Temp. Test Temp.
® :Un-irradiated : 295K
:Un-irradiated : 773K
@ © : 323K : 295K
X ©® 823K : 773K
S e @ : 743K : 295K
® 743K : 773K

400} AN

Stress (MPa)

200

10

Elongation (%)

Fig.50 Results of tensile tests of Nb1%Z1/SS304 joints as a function of irradiation temperature.
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Fig.51 Broken position of tensile tests and hardness measurements.
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Fig.52 Hardness profile in the vicinity of Nb1%Zr/SS3304 joint.
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Fig.53 Metailographic photograph of Nb1%Zr/SS304 joints after irradiation(part of weldment).
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Fig.54 Metallographic photograph of Nb1%Zr/SS304 joints after irradiation(part of 58304).
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Fig.55 Metallographic photograph of Nb1%Zr/SS304 joints after irradiation(part of weldment).

Fig.56 Metallographic photograph of Nb1%Zt/SS304 joints after irradiation(part of Nb1%Zr).
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(a) $S304 (x300)

(b) SS304 (x1000)

Fig.57 SEM micrograph of Nb1%Zr/S5304 joints after irradiation.
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(a) Nbi%Zr alloy (x300)

(b) Nbi1%Zr alloy (x1000)

Fig.58 SEM micrograph of Nb1%Z:/SS304 joints after irradiation.
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| Meast

{a) Ni-Kg

Fig.59 SEM/XMA surface and line analysis for Ni, Cr, Fe, Nb, Zr and C in Nbl%Zr/SS304
joints after irradiation.
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(b) Cr-Kg

Fig.59 SEM/XMA surface and line analysis for Ni, Cr, Fe, Nb, Zr and O in Nbil%Zr/55304
joinis after irradiation.
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Measuring Line

Fig.59 SEM/XMA surface and line analysis for Ni, Cr, Fe, Nb, Zr and O in Nb1%Zr/5S304
joints after irradiation.
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(d) Nb-Lg

Fig.59 SEM/XMA surface and line analysis for Ni, Cr, Fe, Nb, Zr and O in Nb1%Zr/SS304
joints after irradiation.
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(e) Zr-Ly

Fig.59 SEM/XMA surface and line analysis for Ni, Cr, Fe, Nb, Zr and O in Nbi %Zr/55304
joints after irradiation.
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(f) C-Ka

Fig.5¢ SEM/XMA surface and line analysis for Ni, Cr, Fe, Nb, Zr and O in Nb1%Zr/SS304
joints after irradiation.
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Appendix. Data on Nb1%Zr alloy

Pure niobium and low alloy forms of niobium have been studied since the early 1930's;
however, it was not until the mid 1950's that serious development of niobium as an engineering
material began. In this appendix, the data that is presented reflects the properties that are currently
commercially achievable.

The unirradiated uniform and elongation are shown in Fig.A-1. Fig,A-2 shows the
decrease in uniform elongation after irradiation to 20dpa and 34dpa. Fig,A-3 and Fig.A-4 show
the effect of irradiation on both the ultimate and yield strength after irradiation to 20dpa and 34dpa.
Swelling of Nb1%Zr alloy is shown in Fig.A-5.

Reference

"ITER BLANKET, SHIELD AND MATERIAL DATA BASE" , ITER DOCUMENTATION
'SERIES, No0.29(1991).
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Fig.A-1 Average elongation (dpa=0) of Nb1%Zr, annealed.
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Fig.A-2 Uniforma elongation of irradiated Nb1%Zr (670-720K irr. T).

1000



JAERI- Tech 95-017
| Uniform Tensile Strength Nb-1Zr
= Irradiated 670-720K
% Qo o | —O— UTS Odpa
~ e SN FUU R, S |
£ 600 T - UTS 20dpa
o ~— ----0---- UTS 34dpa
o e
N
I 400
2
O

£ 200 T —— =
o
g 100 _

200 400 600 800 1000

‘Temperature (K)

Fig.A-3 Ultimate tensile strength of irradiated Nb1%Zr (670-720K irr. .
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Fig.A-4 Yield stress of irradiated Nb1%Zr (670-720K irr. T).
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Fig.A-5 Nb1%Zr swelling data.



