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� Jackets for superconducting cables
successfully fabricated with friction
stir welding.

� The welded SS 316 LN has high
strength and conducive magnetic
properties.

� Relevant for jackets of cable-in-
conduit conductors (CICCs) in
tokamak type reactors.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 27 May 2022
Revised 10 July 2022
Accepted 11 July 2022
Available online 14 July 2022

Keywords:
Friction stir welding (FSW)
SS 316 LN
Nitronic 50
Nuclear fusion
Cable-in-conduit conductor jacket
a b s t r a c t

This study explored the possibility of using friction stir welding (FSW) to join jacket web sections of two
nitrogen-containing stainless steels for housing internally cooled superconducting cables which are uti-
lized to generate magnetic fields in tokamak type fusion reactor systems. The two candidate materials
chosen for the jacket are SS 316 LN and Nitronic – 50 owing to their desirable mechanical and physical
properties at cryogenic service temperature. The current manufacturing techniques to fabricate the jack-
ets or conduits include fusion butt welding. There are some inherent disadvantages of utilizing the fusion
joining process such as the possibility of sensitization and the evolution of undesirable phases detrimen-
tal to the application. An attempt has been made to fabricate the jackets with FSW to evaluate its feasi-
bility to obtain the desired mechanical and physical properties critical to the application. The welding
parameters optimization, workpiece clamping approach, microstructure evolution, hardness line profiles,
tensile properties, and magnetic properties of the jacket welds corresponding to both the materials have
been discussed in the paper. It has been shown that the FSW fabricated SS 316 LN jackets possessed the
required strength and magnetic properties critical to this application.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tokamak type nuclear fusion reactors work on the principle of
containing a donut-shaped plasma within a toroidal-shaped mag-
netic field [1]. Several experimental tokamaks are being developed
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around the world to better understand the science behind nuclear
fusion-based energy generation. The International Thermonuclear
Experimental Reactor (ITER) in France [2] and the SPARC reactor
in the US [3] are two of the notable programs around the world
that are in pursuit of reaching a break-even condition with their
experiments. The nuclear fusion-based energy generation technol-
ogy would be crucial to the entire world to meet the long-term
planetary goals of various climate change accords such as the
2016 Paris Climate Agreement and the United Nations Climate
Change Conference (COP) goals [4,5].

One of the crucial technologies that will enable the success of
nuclear fusion-based energy generation is the superconducting
magnet systems used to contain and control the super-hot plasma.
Internally cooled cable-in-conduit conductors (CICC), which com-
prise of wound coils of superconducting material on a copper cable,
are utilized to produce the magnetic fields in a tokamak [3,6].
These CICCs are comprised of electrical elements (superconductors
and copper), cooling elements (often in the form of a central cool-
ing channel) and structural elements which are in most cases made
of stainless steel. A cryogenic fluid is passed through the cable dur-
ing operation to maintain superconductivity as a high current den-
sity is passed through to generate a very strong magnetic field
around it [6]. Whenever radial plates are not used, the outer part
of the cable, often referred to as the ‘jacket’, is the main component
providing structural rigidity to the magnets [7–9]. In the case of the
SPARC Central Solenoid (or CS, one of the magnet systems of a
tokamak), the conductor of choice is a recently developed CICC
called VIPER, which has been jointly developed by the MIT Plasma
Science and Fusion Center and Commonwealth Fusion Systems
(CFS) in Cambridge, MA. The details of the configuration, construc-
tion, and performance of the cable are presented by Hartwig et al.
[10].

The jacket material must withstand the high stresses exerted by
the Lorentz force produced during operation and be least detri-
mental to the induced magnetic field [11,12]. This can be achieved
only when the material is strong enough and all the phases in the
material are paramagnetic in nature, where the induced dipoles
reorient randomly after the external magnetic field has been
removed [13]. Considering these structural and functional require-
ments, SS 316 LN and Nitronic-50 (N50) are two candidate materi-
als suitable for the jacket application as they possess the strength
and magnetic properties required at cryogenic (4 K – 77 K) service
temperature [14,15]. The key characteristic of these materials is
the ability to retain the austenitic c-phase which is paramagnetic
even at cryogenic temperatures. The high percentage of nitrogen
promotes the stability of the c-phase at cryogenic temperatures
[16,17]. The current technique to produce the jackets involves
compaction rolling and fusion butt welding of jacket sections
[18]. Fusion welding of the materials under investigation has been
shown to induce certain undesirable properties into the materials,
such as sensitization in the heat-affected zone (HAZ) and the evo-
lution of d-ferrite in the weld nugget [19–24]. d-ferrite is a ferro-
magnetic phase which would lead to a higher degree of
magnetization of the jacket material. This magnetization will inter-
fere with the induced magnetic fields of the internal coils and lead
to issues with the containment of the plasma within the tokamak
[25].

To address the shortcomings of the fusion welding process,
there have been alternative approaches adopted to join the sec-
tions of a jacket together. One such attempt was made by Decool
et al. [12] where they utilized explosive bonding technique to man-
ufacture twin-boxes that housed the cables. This technique would
not be suitable for a single CICC assembly and therefore has its own
set of limitations. In the current study, friction stir welding (FSW)
approach was adopted to join the jacket sections together to form
the conduit to house the internal cable.
2

To evaluate the feasibility of FSW to join the two candidate
materials – SS 316 LN and N50 – a series of experiments and char-
acterization tasks were carried out. The first step involved the
design of a suitable FSW tool which was made using a W-Re alloy.
The next step involved the optimization of welding parameters to
obtain a full penetration weld without defects. The subsequent
steps involved the welding of the jacket sections and evaluation
of the welds by microstructural analysis. Finally, the tensile behav-
ior, hardness line profiles, and magnetic properties of different
regions of the welded materials were also evaluated.

There have been several reports establishing the feasibility and
advantages of FSW to join ferrous alloys with similar compositions
utilized in this work [26–28]. This study is application specific to
evaluate the suitability of the FSW approach to fabricate SS 316
LN and N50 jackets for CICC application. However, the results pre-
sented here will help extend the understanding in literature by
evaluating magnetic properties of the FSW weldments which is
critical to the intended application in nuclear fusion systems. Since
SS 316 LN and Nitronic series alloys are used extensively in nuclear
fusion systems for various structural applications [29,30], the data
presented and discussed in this paper can potentially open new
doors to adapt FSW to fabricate other critical components in
nuclear fusion systems.
2. Materials and methods

The materials used in the present study were 1.5 mm thick
sheets and jacket web sections of austenitic stainless steel SS 316
LN and Nitronic 50 (N50). The jacket web sections were fabricated
at the Commonwealth Fusion Systems (CFS), Cambridge, MA. The
dimensions of the jacket web sections are included in Fig. 1 (a).
The nominal compositions of both the materials utilized in the
study are presented in Table 1. The microstructure and EDS spectra
corresponding to both the base materials are presented in Fig. 2.
The tool utilized in the present study was made from W – 25 wt
% Re with a tool geometry depicted in Fig. 1 (b) and was manufac-
tured at Joining Innovations, LLC, Wichita, KS. Argon shielding gas
was utilized to prevent oxidation of the weld surface and the tool.
Bead-on-plate runs were performed on the 1.5 mm thick sheets for
process parameter optimization with an emphasis on the down-
ward forge force and peak temperature below the sheets. The tem-
perature measurements were taken using K-type thermocouples
located at three locations beneath the processed regions under-
neath a 0.072 mm stainless steel shim as depicted in Fig. 1 (c).
With the optimized parameters, which are listed in Table 2, FSW
runs were carried out on the jacket sections using the clamping
approach shown in Fig. 3 (b, c). Four different welding runs were
performed to join all four jacket sections over the central solenoid
cable.

Transverse cross sections were obtained from the jacket-on-
cable assemblies using a precision abrasive saw, Buehler IsoMet
(Buehler Company, Lake Bluff, IL), for macro and microstructural
analysis. Specimens for metallographic examination were further
prepared using SiC polishing papers ranging from coarse to fine grit
sizes followed by cloth polishing with a 1 lm diamond suspension
and then finally with a 0.05 lm colloidal silica suspension in a
vibratory polisher, Buehler VibroMet (Buehler Company, Lake
Bluff, IL). Electro-etching with 10% oxalic acid solution (5 V, 10–
15 sec, room temp.) was used to etch the jacket section welds for
macrostructural investigation. Specific regions of the welded sam-
ples were examined in detail in the as-polished condition with
electron backscatter diffraction (EBSD) on an FEI Nova NanoSEM
230 (FEI Company, Hillsboro, OR) equipped with a field emission
source operated at an accelerating voltage of 20 kV and a spot size



Fig. 1. (a) SS 316 LN and N50 jacket web dimensions, (b) dimensions of the tool used, (c) thermocouple locations for temperature measurements during the FSW run, and (d)
schematic showing the region of mini-tensile sample extraction from the weld.

Table 1
Nominal compositions of the SS 316 LN and N50 base materials used in the study.

C Si Mn S Cr Ni Mo N Co P Fe

SS 316 LN
(wt. %)

<0.03 � 0.75 � 2.0 � 0.03 16.0–18.0 11.0–14.0 2.0–3.0 0.14–0.18 � 0.05 � 0.045 Bal.

N50 (wt. %) � 0.06 � 1.0 4.0–6.0 � 0.03 20.5–23.5 11.5–13.5 1.5–3.0 0.20–0.40 – – Bal.
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of 6. Scans were acquired at step sizes between 0.1 and 0.5 lm on a
hexagonal grid.

Further, hardness line profiles were generated along the mid-
sections of both the welded materials at a test load of 100 gf and
a dwell time of 10 s with an indent spacing of 250 lm using a
Buehler Wilson VH3300 auto hardness tester (Buehler Company,
Lake Bluff, IL). Mini tensile specimens were milled out of the
welded jacket sections (both from the base material region and
the FSW region) using a Tormach PCNC 440 CNC mill (Tormach
Company, Monona, WI). To characterize the tensile properties,
mini-tensile samples based on the sub-sized ASTM E8 sample
geometry were prepared and tested. Further details of the mini-
tensile sample geometry can be found elsewhere [31]. The dimen-
sions of the mini tensile specimen were 5 mm gauge length, �1
mmwidth, and� 0.75 mm thickness. The tensile tests were carried
out at an initial strain rate of 10-3 s�1. The tensile data is presented
only for the plastic region to account for machine rigidity issues in
the elastic deformation regime. The samples corresponding to the
FSW region were sectioned from the welded jackets as shown in
Fig. 1 (d). Finally, magnetic properties – magnetization, M (emu/
g) v/s temperature, T (from T = 5 K to 300 K, at 500 Oe applied mag-
netic field) and magnetization, M (emu/g) v/s applied magnetic
field, H (Oe) (at T = 5 K, 77 K, and 300 K) - were computed for both
the welded materials at different regions of each weld using the
DynaCool Physical Property Measurement System (PPMS) (Quan-
tum Design Inc, San Diego, CA) with a vibrating sample magne-
3

tometer (VSM) option. For this, the samples (�0.15 g in mass)
were fixed to the quartz rod and tested.
3. Results and discussion

3.1. Process parameter optimization

To find suitable process parameters for FSW, bead-on-plate runs
were made on the 1.5 mm thick sheets of SS 316 LN and N50 mate-
rials with spindle speeds 600, 800, and 1000 RPM at a constant tra-
verse speed of 50.8 mm/minute, a plunge depth of 1.35 mm, a
plunge velocity of 1 mm/min, and a spindle tilt of �1.5�. The goal
was to obtain a full penetration weld without any defects while
keeping the peak temperature as low as possible, and simultane-
ously keeping the forge force acting on the sheets low to avoid
any sort of warping and deflection that are commonly observed
during FSW of thin cross-section samples. It was experimentally
observed that the 600 RPM, 50.8 mm/minute, �1.5�set of process
parameters worked best for the SS 316 LN material and 800 RPM,
50.8 mm/minute, �1.5�set of process parameters worked best for
the N50material. The set of optimized parameters and process vari-
able responses (forge force, spindle torque, and temperature) are
presented in Table 2 and Fig. 4, respectively. It was observed that
the peak temperature beneath the processed regions at three differ-
ent locations reached 605�C ± 5�C for the SS 316 LN run and



Fig. 2. SEM micrographs and EDS spectra of the (a) SS 316 LN and (b) N50 base materials.

Table 2
Optimized FSW process parameters for both steels.

Material Rotational speed (RPM) Plunge speed (mm/min) Plunge depth (mm) Traverse speed (mm/min) Tile angle (degrees)

SS 316 LN 600 1 1.35 50.8 �1.5�
Nitronic 50 (N50) 800 1 1.35 50.8 �1.5�
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635�C ± 30�C for the N50 run as seen in Fig. 4 (a1 and b1). The peak
force recorded during the SS 316 LN run was 5168 N (Fig. 4 (a2))
and the peak force recorded during the N50 run was 4850 N
(Fig. 4 (b2)). The peak forces are observed when the tool shoulder
makes first contact with the workpiece material. The average tra-
verse forces were much lower at 3237 N for the SS 316 LN run
(Fig. 4 (a2)) and 3259 N for the N50 run (Fig. 4 (b2)). The lower spin-
dle torque values observed in the N50 weld also indicate that the
temperatures within thematerial are sufficiently high to accommo-
date the easier flow of material during the FSW process. Another
important observation with the temperature plots was that the
peak temperature reached at all the three thermocouple locations
for both the materials were similar and within a very small range,
indicating that the microstructural evolution throughout the weld
bead would remain consistent (Fig. 4 (a1 and b1)). Therefore, con-
ducting microstructural investigation and characterizing the
mechanical properties at any cross-section or region along the
welds would yield results relevant to the entire welded region. This
assumption will be used to draw general conclusions based on site-
specific observationsmade in the subsequent sections of this paper.

3.2. Clamping and welding of the jacket sections

With the FSW process parameters narrowed down for both the
materials, the next step was to design suitable clamping fixtures to
firmly secure the jacket web sections while joining them. A total of
4

four different welds would be required to form the complete jacket
around the cable. The clamping approach involved the utilization
of a machined AL6XN plate to hold a hardened steel mandrel which
supported the curved geometry of the jacket web sections. The
schematic representations of the front view and the top view
images of the clamping methodology used for all four welds
needed to create a complete jacket are shown in Fig. 3 (a, b, and
c). The first three welds were supported by a hardened M2 stain-
less steel mandrel with 19.56 mm diameter (McMaster-Carr, Santa
Fe Springs, CA) while the fourth weld was supported by the VIPER
cable wrapped in an austenitic stainless-steel shim. The weld
appearances of all four jacket welds corresponding to both the
materials are shown in Fig. 5 (a). The welds supported by the man-
drel had enough backing force to obtain full penetration welds
with no defects. However, the final weld (weld 4), which was sup-
ported by the copper cable, had both surface and sub-surface
defects (Fig. 5 a, b, c). The reason for the surface defects present
in weld 4 of both the materials was due to the presence of ridges
in the cable section where there was no backing force to support
the weld as it was being made. The sub-surface defects in weld 4
for both the SS 316 LN jacket and N50 jacket as observed in
Fig. 5 (b and c) were caused due to the soft nature of the copper
cable not being able to sufficiently support and provide the backing
reaction forces needed during the FSW run. Both the surface and
sub-surface defects would be bad considering the application.
The defective welds would possess weaker mechanical properties



Fig. 3. (a) Jacket sections schematics, (b) & (c) schematics and views of the clamping approach.
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and create adverse effects when the cable is magnetized. This
would rule out the possibility of utilizing this approach during
the manufacture of jackets for the Toroidal Field and Poloidal Field
cables. One solution to overcome these welding defects would be
to make the fourth weld which is also supported by a mandrel as
well and then insert the cable inside the complete jacket/conduit.

3.3. Macro and microstructural characterization of the welds

After making all four welds on the jacket sections with both the
materials, macro and microstructural investigations of all four
welds were carried out. To be inclusive to both the materials and
all four welds, representative regions for characterization were
taken from both the welded jacket materials covering all the bases
to give a complete picture. Fig. 5 (b) shows a complete cross section
of the jacket on cable arrangement after all four welds were made
on the SS 316 LN material. Welds 1–3, which were supported by
the mandrel, were defect-free, full penetration welds, whereas the
fourth weld had a sub-surface defect at the bottom of the stir
zone/weld nugget due to insufficient backing force provided by
the copper cable. Fig. 6 (a) shows weld 1 or 2 (since both welds
are identical in nature with the clamping setup) of the SS 316 LN
material starting from the macro-scale down to the micro-scale.
Fig. 6 (a2, b2) show the etched optical micrographs for both the
welded jacket materials with the different regions of the weld
delineated – the central stir zone (SZ) or weld nugget, the
thermo-mechanically affected zone (TMAZ), the heat-affected zone
(HAZ), and the base material (BM). Fig. 6 (a3, a4) show the inverse
5

pole figuremaps of regionswithin the SS 316 LN basematerial (BM)
and the stir zone (SZ), respectively. The BM consisted of strain-free
grains with an average grain size of 16.3 ± 5.6 lmand after welding,
the region in the middle of the SZ had an average grain size of 2 ± 0.
9 lm. Therewas a significant refinement of grains within the SZ due
to the process of dynamic recrystallization (DRXZ) occurring during
the FSW process. The mechanisms of DRXZ during FSW of nitrogen-
containing stainless steels and other alloys are explained elsewhere
[32–35]. Within the SZ, there was a bimodal distribution of strain-
free grains which indicates that the recrystallization process
occurred at different rates in different regions of the processed
material and hence led to a larger extent of grain growth of some
grains as opposed to others. Having a bimodal grain size distribu-
tion would be beneficial to attain a good synergy between strength
and ductility [36].

Fig. 6 (b) shows weld 3 of N50 material and beneath the welded
jacket, the cable wrapped in shim material is also visible. Like weld
1 or 2 of SS 316 LN, weld 3 of N50was also defect-free and had a full
penetration. Fig. 6 (b1-b4) show corresponding regions of the third
weld similar to Fig. 6 (a1 -a4). It was observed that the N50 BM had
a finer average grain size of 7.1 ± 3.6 lm as compared to the
16.3 lmaverage grain size of the SS 316 LNmaterial. After welding,
the average grain size in the SZ was refined to 1.2 ± 0.8 lm with a
bimodal distribution similar to what was observed in the SS 316
LN SZ. The grain refinement mechanism during FSW of N50 is also
similar to that of SS 316 LN which follows the DRXZ route.

Weld 4 of both the SS 316 LN in Fig. 5 (b) and N50 in Fig. 5 (c)
had a sub-surface defect at the bottom of the weld nugget apart



Fig. 4. Temperature and downward force tracking, (a) for SS 316 LN FSW run, and (b) for N50 FSW run.

Fig. 5. (a) Appearance of welded joints for both the SS 316 LN and N50 jackets, (b) macro cross-section of the SS 316 LN jacket weld, and (c) weld 4 of the N50 jacket showing
a sub-surface defect.
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from the surface defect as observed in Fig. 5 (a). The sub-surface
defect was caused due to insufficient backing force provided by
the copper cable supporting the FSW run as copper is an exceed-
ingly soft material when compared with the hardened stainless
steels mandrel. The general rule of thumb is to use much harder
6

backing plates as compared to the workpiece material to avoid
these kinds of sub-surface defects. However, since the initial opti-
mization was geared towards lowering the downward forge forces
acting on the material, an attempt was made with weld 4 sup-
ported by the copper cable, which proved to be unsuccessful. The



Fig. 6. Macro and micrographs of welds 1–3 with representing the SS 316 LN welded jacket (a, b) and the N50 welded jacket (c, d).
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motivation behind this approach was to reduce one step in the
manufacturing process of these jackets which did not work out
well in this case. However, this issue can be addressed by changing
the approach where weld 4 is also made with a hardened steel
mandrel providing backing support, similar to welds 1–3, and the
cable wrapped in protective shims being inserted into the fully
formed jacket with all four welds already made. This approach will
help mitigate the surface defects that were observed in Fig. 5 as
well due to the ridges being absent on a hardened steel mandrel.
Essentially, with the newer approach, all four welds are supported
by a hardened steel mandrel.
3.4. Hardness line profiles along the mid-region of the welds

Hardness line profiles of the weld were generated with a Vick-
ers microhardness indenter along the mid-way line of both mate-
rials to track the change in hardness from the BM to the SZ on both
the advancing side and retreating side of the welds. It was
observed that the SS 316 LN BM had an average hardness of
172 ± 4 HV0.1 and the SZ had an average hardness of 240 ± 10
HV0.1. The hardness within the TMAZ + HAZ region was between
the BM and the SZ indicating that there were no unwanted, weak-
ening phases forming in that region. The increased hardness in the
SZ region is due to the presence of a refined bimodal microstruc-
ture which would offer higher resistance to dislocation motion as
compared to the coarser grained BM. Fig. 7 (a) shows the hardness
line profile plot for the SS 316 LN material.

Similarly, the hardness line profile for the N50 weld was also
plotted and presented in Fig. 7 (b). The N50 BM had an average
hardness of 243 ± 5 HV0.1 and the SZ had an average hardness of
285 ± 10 HV0.1. Both the BM and the SZ of N50 were harder than
that of the BM and SZ of the SS 316 LN material due to the finer
grain size and presence of a higher fraction of substitutional solute
atoms increasing the impeding forces to dislocation motion [37].
Also, the TMAZ + HAZ region had an intermediate hardness range
between the BM and SZ indicating that there were no unwanted
phases evolving in the N50 material as well.

In general, FSW had a positive impact on the material properties
by strengthening the SZ in both the materials while avoiding the
evolution of undesirable weakening phases in the TMAZ and
HAZ. This unique advantage is a result of the nature of the FSW
process which involves severe plastic deformation accompanied
by dynamic recrystallization and cannot be achieved with tradi-
tional fusion welding [38]. Due to the dimensions of the welded
7

jacket, transverse tensile specimens were not possible for compu-
tation of joint efficiency. However, previous reports on FSW of aus-
tenitic stainless steels that reported defect free welds with similar
increase in hardness in the weld nugget as seen in the present
study also reported joint efficiencies of 100% where the tensile
specimens were fracturing in the base material region within the
gage sections [39]. The asymmetry in the hardness line profiles
within the SZ indicate the presence of so-called band structures
which resulted from the wear of the tool probe during FSW. These
band structures can be seen on the AS side of the SS 316 LN SZ
(Fig. 6 (a2)) and on the RS of the N50 SZ (Fig. 6 (b2)). The hardness
values in the regions where the band structures were present were
higher than the other regions within the SZ as seen in Fig. 7 (a) and
(b). The band structure formation was the result of worn particles
from the rotating tool that were deposited in an alternating layer-
wise fashion within the SZ. In-depth discussion on the formation
mechanism of these band structures during FSW of austenitic
stainless steels with W-Re tooling can be found elsewhere [33].
3.5. Tensile behavior

To further characterize the mechanical properties of the two
welded materials, tensile tests were carried out using mini-
tensile samples milled out from the FSW SZ and the BM. The sam-
ples were machined out of the jackets in a way that the gauge sec-
tions corresponded to the SZ (Fig. 1 (d)) and the BM were being
evaluated. The images of fractured tensile specimens are presented
in Fig. 8 (a). The engineering stress–strain curves for the SS 316 LN
and N50 materials are presented in Fig. 8 (b) for the corresponding
FSW and BM regions, respectively. The yield strength, ultimate ten-
sile strength, and plastic elongation for all the tensile tested sam-
ples are listed in Table 3.

It was observed that the FSW region corresponding to both the
SS 316 LN and N50 materials had a higher yield strength as com-
pared to the BM of the respective samples. This is because of the
much finer recrystallized microstructure of the FSW region as com-
pared with the coarser microstructure of the BM region following
the Hall-Petch relationship. To understand the deformation and
work hardening behavior post yielding of both the materials and
corresponding regions within each material, the true stress – strain
curves superimposed with the work hardening rate curves were
plotted (Fig. 8 (c) and (d)). Apart from the SS 316 LN BM sample,
all the other three samples displayed similar work hardening
behavior which is explained by the formation of twins during the



Fig. 7. Hardness line profiles along the mid sections of the (a) SS 316 LN, and (b) N50 jacket welds.

Fig. 8. (a) Fractured tensile specimens, (b) engineering stress–strain plots of BM and FSW region of SS 316 LN (b1) and N50 (b2), (c) true stress–strain response and work
hardening response of BM (c1) and FSW region (c2) of SS316 LN, and (d) true stress–strain response and work hardening response of BM (d1) and FSW region (d2) of N50.

Table 3
Tensile properties of BM and FSW section in both SS 316 LN and N50.

Sample/
region

Yield strength
(MPa)

Ultimate tensile
strength
(MPa)

Plastic
elongation (%)

SS 316 LN
BM

340 ± 5 686 ± 8 56 ± 3

SS 316 LN
FSW

513 ± 7 794 ± 11 33 ± 2

N50 BM 536 ± 21 916 ± 17 49 ± 4
N50 FSW 766 ± 19 927 ± 11 31 ± 2
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plastic deformation of these austenitic stainless steels [40]. With
the SS 316 LN BM sample, it was observed that there were two
local minimas within the work hardening curve indicating the
presence of two different modes of deformation at different strain
levels. This type of behavior was elucidated in Masumura et al. [41]
where they explain that the initial part of the plastic deformation
proceeds via the formation of deformation twins, but beyond a cer-
8

tain amount of strain, martensitic transformation occurs in the
regions between the deformation twins allowing further plastic
deformation and work hardening. Misra et al. [42] explained that
this phenomenon (twinning + martensitic transformation) is
prominently observed in austenitic stainless steels only when the
initial grain size of the material before the onset of plastic defor-
mation is large enough to accommodate both the modes of defor-
mation which was the case with the SS 316 LN BM region.
However, the SS 316 LN FSW, N50 BM, and N50 FSW regions had
significantly finer grain sizes to start with and therefore could
not accommodate noticeable enough martensitic transformation
to be reflected on the work hardening curves as observed during
the later stages of plastic deformation of the SS 316 LN BM region.

3.6. Magnetic properties

To evaluate how well the welded jackets would perform during
the application, which would involve cryogenic service tempera-
tures and very high-intensity magnetic fields passing through
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them, the magnetic properties were evaluated at three critical
locations within each of the welded jackets encompassing all the
possible microstructural variations within the samples. All the
samples had a mass of 0.15 ± 0.02 g to keep the measurements
consistent for comparison. The three distinct regions of the sam-
ples tested were the SZ, BM, and TZ (which had regions from the
SZ, TMAZ, HAZ, and BM). The magnetization, M (emu/g) v/s tem-
perature at a constant applied magnetic field, H = 500 Oe, ranging
from temperature, T = 5 K to 300 K along with the magnetization,
M (emu/g) v/s applied magnetic field, H, at T = 5 K, 77 K, and 300 K
were evaluated for the three distinct regions from both the welded
jackets. The magnetic properties corresponding to the SS 316 LN
material are presented in Fig. 9.

The general observation for all the three distinct regions, SZ,
BM, and TZ, was that they all displayed a paramagnetic response,
which is what is ideally required during application. Even though
there is a certain extent of magnetization at
temperatures < 100 K as indicated by the small coercivity of the
samples (�200 Oe), all three regions show the same behavior
and the 316 LN BM used in this experiment is rated to be utilized
for jacket application and both the SZ and TZ regions show almost
identical behavior and hence would also qualify for usage in a
nuclear fusion reactor. The increase in the degree of magnetization
at lower temperatures is associated with the ability of some dipole
Fig. 9. Magnetic properties magnetization (M) v/s temperature (T), and mag

Fig. 10. Magnetic properties magnetization (M) v/s temperature (T), and
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domains to retain their orientation after the applied magnetic field
is removed. There is some degree of magnetization of the c-
austenite phase at temperatures < 100 K. However, this phe-
nomenon is observed across all the three distinct regions analyzed
and therefore is suitable for the application.

The magnetic properties recorded for the N50 jacket at the
three distinct regions did not line up as they did with the SS 316
LN jacket. The SZ region displayed a sharp increase in the magne-
tization behavior as compared to the BM and TZ regions. This was
an indication that there were some microstructural modifications
happening in this region leading to the distinctly different
observed behavior in magnetic response. Such a variation in mag-
netic behavior suggests that the SZ region contained some fraction
of ferromagnetic phases which could be either a-ferrite or d-ferrite.
To further evaluate the microstructure, high-resolution EBSD scans
were carried out at different regions within the SZ of the N50
welded jacket. It was observed that there was the presence of d-
ferrite at the bottom of the SZ as shown in the phase map in Fig. 10.

Due to the presence of some fraction of d-ferrite formed during
the FSW process within the SZ of the N50 welded jacket, the SZ
region displayed a more pronounced ferromagnetic behavior dur-
ing magnetic testing. The formation of d-ferrite at the bottom of
the SZ during FSW can be attributed to the faster cooling rates in
this region as it is closest to the backing mandrel which acts as a
netization (M) v/s applied magnetic field (H) for the SS 316 LN jacket.

magnetization (M) v/s applied magnetic field (H) for the N50 jacket.
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heat sink. Due to the higher cooling rates, the residence time at ele-
vated temperatures where dynamic recrystallization is active is
very low leading to some regions not being able to recrystallize
and form new strain-free austenitic grains. There are reports of
the formation of d-ferrite and martensite during the cold deforma-
tion of high Mn steels. Nitronic 50 can be considered as a high Mn
steel with 4–6 wt% Mn [33,43]. The ferromagnetic behavior of the
SZ region would not be ideal during application which requires the
material to be as close to a perfect paramagnetic material as possi-
ble. Therefore, the N50 welded jacket would not be suitable for
application as a FSW welded jacket material in nuclear fusion
devices.

4. Conclusions

A friction stir welding approach was adopted to join jacket web
sections of SS 316 LN and Nitronic 50 materials for cable-in-
conduit conductor application in supercritical nuclear reactor sys-
tems. Broad conclusions drawn from the effort are listed below:

a. The feasibility of FSW to join jacket web sections for CICC
applications is demonstrated – the overall approach con-
sisted of four welds to form the jacket.

b. The first three welds (welds 1–3), which were supported by
a hard backing mandrel, were full penetration welds and
defect-free for both the materials, but weld-4, which was
made directly on the cable, had both surface and sub-
surface defects due to the soft nature of the copper material
and the ridges present on the cable.

c. It is suggested that these defects can be avoided by making
the fourth weld also on the hard backing mandrel material
and then inserting the cable into the fully formed jacket.

d. The SS 316 LN welded jacket possessed the ideal set of
mechanical and magnetic properties which are critical to
the application.

e. The weld nugget (SZ) region of the N50 welded jackets had
some fraction of d-ferrite phase which made its magnetic
behavior unsuitable for the application.
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