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Introduction

Background

     Magnetic permeability (r) is one of the important fac-
tors governing the choice of material for construction of
vacuum chambers of particle accelerators, particularly those
placed near the magnets. r of the material must be close to

one to minimize the distortion of the applied magnetic field.
In light of the above-mentioned considerations, the choice
of construction material for vacuum chambers of particle ac-
celerators is practically limited to either aluminum, alu-
minum alloys, or austenitic stainless steels (SSs).
     Aluminum and its alloys are often used for the construc-
tion of vacuum chambers that are placed near the magnets.
Gas tungsten arc welding (GTAW) of conventional alu-
minum alloys like AA6061, 6063, 5083, and 5086 produces
nonmagnetic weld metals, but it requires special skills/care
not only during welding but also during storage of weld filler
metals and the base metal. The aluminum alloy weld metals
are often marked with solidification cracking and porosities
(Refs. 1–5). With respect to austenitic SS, aluminum alloy
vacuum chambers also suffer from higher material and man-
ufacturing costs, higher wall thicknesses arising from their
lower elastic modulus, and higher eddy current losses due to
their higher electrical conductivity. Limited availability of
qualified welders of aluminum alloys is also a limiting factor
toward the fabrication of aluminum alloy vacuum chambers.
     Alternatively, austenitic SSs, due to their excellent me-
chanical properties at cryogenic temperatures and machin-
ability as well as the availability of fabrication vendors, are
an attractive choice for the construction of particle accelera-
tor vacuum chambers. Apart from copper-plated, normal-
conducting cavities, austenitic SS is also a strong candidate
material for the construction of helium vessels of supercon-
ducting radiofrequency (SRF) cavities of high-energy, high-
power particle accelerators. The SRF cavities, made of niobi-
um (Ref. 6), are operated at 2 K. The niobium cavity is
housed in a liquid helium bath called “helium vessel.” Con-
ventionally, the helium vessel is made of titanium due to the
close matching of its coefficient of thermal expansion with
niobium (Ti: 8.4–8.6 m/m.K; Nb: 7.2–7.3 m/m.K from
273–373 K [Ref. 7]). Titanium helium vessels cannot meet
the requirements of the American Society of Mechanical En-
gineers (ASME) Boiler and Pressure Vessel Code (BPVC) Sec-
tion VIII, Division 1, (Ref. 8) and pose severe challenges dur-
ing their welding due to the active nature of the metal. In
contrast, helium vessels made of austenitic 316L SS can
meet the requirements of Section VIII, Division 1, of the
ASME BPVC, and they are also cost effective.
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     The most critical factor influencing the performance of 
the austenitic stainless steel components is their residual r,
which must be very close to one to minimize the distortion of
the magnetic field. In austenitic SS, the two major sources of
residual r are the formation of ferromagnetic strain-induced
martensite during forming and machining and -ferrite in the
weld metal (WM) (Ref. 9). The formation of strain-induced
martensite is largely governed by chemical composition. The
undesirable effect of strain-induced martensite formation can
be effectively suppressed by the following: 1) increasing rela-
tive concentrations of strong austenite stabilizers, nitrogen,
and carbon, although other alloying elements like Ni, Mo, Cr,
and Si also display a relatively lower degree of effects on the
suppression of strain-induced martensite formation (Ref. 10),
and 2) solution annealing of the formed component. It may
be noted that an increase in C content is not a preferred
choice as it leads to the problem of weld decay in the heat-af-
fected zone (HAZ) of the weldment (Ref. 11). Alternatively, a
small amount of the ferromagnetic -ferrite phase is purpose-
ly introduced in the room-temperature (RT) microstructure of
the austenitic SS WM to suppress weld solidification cracking
(Refs. 12, 13).
     Many reasons have been proposed that are responsible for
enhanced solidification cracking resistance of austenitic SS
welds. Some of the important factors are the following: 1)
Higher solubility of sulphur (S) and phosphorous (P) in -
ferrite (than in austenite) leaves little segregation of S and P
at the grain boundary region; 2) an irregular crack path of-
fered by a duplex austenite()/delta-ferrite () structure helps
in arresting the crack (Ref. 14); 3) lower surface energy of /
leads to reduced wettability by eutectic films as compared to a
/ or / interface (Ref. 15); 4) presence of -ferrite results in
more interface area, and subsequent solid-state transforma-
tion to  results in reduced concentration of impurity ele-
ments at grain boundaries; 5) greater ductility of -ferrite at
high temperatures (as compared to the  phase) facilitates
stress relaxation; 6) the lower coefficient of thermal expan-
sion of -ferrite (with respect to the  phase) leads to reduced
shrinkage stress; 7) there is a narrower solidification tempera-
ture range for primary ferrite welds (with respect to primary
austenite welds) (Ref. 16); 8) the presence of ferrite refines
grain size of the solidified WM, resulting in better mechanical
properties and cracking resistance; 9) a higher coefficient for
impurity diffusion in ferrite (with respect to the  phase) al-
lows faster homogenization in ferrite; and 10) volume con-
traction associated with -ferrite-to- transformation reduces
tensile stresses close to the crack tip (Ref. 17). In this respect,
many predictive diagrams have been proposed for predicting
RT weld microstructure. These diagrams are extremely useful
in identifying the chemical composition of weld filler metals
for controlling resultant WM microstructure, which in turn
controls solidification cracking. The diagrams developed by
Schaffler (Ref. 18), Delong (Refs. 19, 20), and the Welding Re-
search Council (Refs. 21, 22) are some of the most used pre-
dictive diagrams.
     Because solidification cracking in austenitic SS welds oc-
curs prior to their complete solidification, cracking resist-
ance of the WM is mainly influenced by the sequence of mi-
crostructural changes during the course of solidification and
is not based on its RT microstructure. Masumoto et al. re-
ported that the primary ferrite mode of solidification is
more important than the residual ferrite content after weld-

ing in suppressing cracking in austenitic SS welds (Ref. 23).
It is now well known that welds made with the primary
austenite mode of solidification are relatively more prone to
solidification cracking, whereas those that solidify with the
ferrite mode exhibit better resistance against solidification
cracking (Ref. 24). Control of the primary mode of weld so-
lidification is obtained by controlling the chemical composi-
tion of the filler metal. Kujunpaa et al. reported an abrupt
increase in cracking propensity in duplex SS WM as its
Creq/Nieq ratio (where Creq and Nieq are defined in Schaffler’s
diagram) dropped below 1.5 (Ref. 25). This observed effect
is attributed to the change in the primary mode of solidifica-
tion from ferrite to austenite.
     Based on the research carried out to review the role of -
ferrite in suppressing solidification cracking, it was suggested
that a higher Mn content in the WM is an effective means to
obtain completely defect-free austenitic welds (Ref. 26). The
beneficial effect of Mn is attributed to the fact that it encour-
ages ferrite solidification at high temperatures, while promot-
ing its rapid transformation to austenite at lower tempera-
tures (Refs. 27, 28). In addition, the high Mn content of
austenitic SS welds also serves to tie up S to form higher-
melting MnS- eutectic in place of crack-promoting iron/nickel
sulphide (Refs. 29–31). Dixon demonstrated that ferrite-free
welds of exceptionally low sensitivity to solidification cracking
can be obtained with a high-Mn electrode (Fe-20Cr-15Ni-
7.6Mn-2Mo) (Ref. 31). Kane et al. reported development of a
low--ferrite, high-Mn welding consumable for cryogenic ap-
plications (4 K) (Ref. 32). Use of these kinds of SS filler metals
should result in the formation of completely nonmagnetic
welds while suppressing solidification cracking.
     The chemical composition of weld filler metals used for
the welding of austenitic SSs is designed to obtain a WM with
3–8% -ferrite in the austenite matrix. For example, GTAW
of 316L SS with conventional filler metals like ER 316L in
American Welding Society (AWS) A5.9/A5.9M:2017 (ISO
14343:2009 MOD), Welding Consumables — Wire Electrodes,
Strip Electrodes, Wires, and Rods for Arc Welding of Stainless and
Heat Resisting Steels — Classification, ensures that the result-
ant WM contains some amount of -ferrite (generally more
than 3%). The presence of ferromagnetic -ferrite in the
austenitic SS WM, although successful in alleviating the prob-
lem of hot cracking, serves to enhance r of the weldment.
Control of r of the WM is of paramount importance when
considering the WM as a candidate material for components
of particle accelerators. Also, while considering the applica-
tion of SS helium vessels of SRF cavities, the increased r of
the WM can result in entrapment of some fraction of the
earth’s magnetic field and can contribute to an increase in the
residual resistance of niobium materials (Refs. 33, 34). This
will increase the power loss in the SRF cavities, thereby in-
creasing the cryogenic load and increasing the operating as
well as capital cost of the particle accelerators. Therefore, a
reduction in the r of the austenitic SS weldment is useful for
particle accelerators operating at 298 K as well as those oper-
ating at liquid helium temperature (4 K).

Literature Review

     With respect to the above-mentioned requirement of low
r SS welds, one such development was made and successful-
ly implemented at the authors’ laboratory (Ref. 35) during
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the manufacturing of an injector microtron vacuum cham-
ber (Ref. 36). This particular solution used 316LN base met-
al welded with high-Mn filler metal W Z18 16 5 N L of ISO
14343. The 316LN SS base metal is not only more expensive
than the conventional 316L SS, but its ready availability in
all thicknesses is also a matter of concern. The filler metal is
also special, scarcely available, and very expensive as com-
pared to ER316L in AWS A5.9 (Ref. 37). The 316LN filler
metal, when used for GTAW of 6-mm-thick 316L SS at the
authors’ laboratory, did not produce low r welds. Hence,
there is a need to develop a welding process for 316L SS to
obtain low r WM.
     Several other nonmagnetic stainless steel grades are be-
ing used in oil well drilling sectors during directional drilling
(Ref. 19). Nonmagnetism of the material is required as the
magnetic field of earth is used to define the 3D position of
the drilling tool as well as the drilling direction (Ref. 39).
These are high-nitrogen stainless steels like Cr-Mn-N and
Cr-Mo-Mn-N types (Refs. 38–40) for meeting high-strength,
wear-resistant, corrosion-resistant, and nonmagnetic re-
quirements. The relative r of these stainless steel grades
and their WMs is less than 1.01 (Ref. 39). The welding of
high-N stainless steel results in the loss of nitrogen from the
WM, which is compensated by the addition of nitrogen in
the shielding gas during GTAW (Ref. 41). The limit of nitro-
gen in the shielding gas is 5% to control electrode erosion
and arc instability. Most of these materials are not approved
by the ASME BPVC Section VIII, Division 1, for pressure
vessel construction and are also not popular with particle ac-
celerators that require an ultra-high vacuum and nonmag-
netic behavior.
     The limits of relative r in particle accelerators is not uni-
form, and they depend on application and constraints im-
posed by design. One Cr-Ni-Mn-N stainless steel Böhler
P506 (Ref. 41) was proposed for the high-energy particle ac-
celerator Large Hadron Collider, where the relative r was re-
stricted to be less than 1.005 at 2 K. The welding of P506
was performed in the thickness range of 1 to 12 mm with a
laser beam without the addition of filler metal. The weld
metal exhibited a fully austenitic structure and met the re-

quirement of relative r < 1.005. Commercial high-nitrogen
grades and their weld metals were unable to meet this ex-
tremely stringent requirement. However, commercial stain-
less steel grades like 316L are also being routinely used in
the construction of particle accelerators at places where the
magnetic hygiene is required but either is not very stringent
or is being addressed through special design and construc-
tion. Once 316L stainless steel is selected for a particle accel-
erator component, then the limitation of the relative r of
its weld metal would be that of the base metal.

Objective

     It may be noted that nitrogen is a strong austenite stabi-
lizer; its addition to austenitic SS is known to improve cor-
rosion resistance and cause an increase in hardness through
solid solution hardening (Ref. 42). Therefore, if the GTAW
process is modified to add nitrogen in the weld pool, it
should serve to reduce the r of the resultant WM through
the suppression of ferromagnetic -ferrite phase formation.
The upper limit of the nitrogen content of 316L SS is 0.1 wt-
% (Ref. 43), although it is usually found in the range of
0.02–0.04 wt-%. The nitrogen-strengthened, commercially
available austenitic SSs can have nitrogen content up to
0.22% by weight (steel number 1.4406 and 1.4429 in DIN
EN 10028-7, Flat Products Made of Steels for Pressure Purpos-
es — Part 7: Stainless Steels). Therefore, there is a large scope
of addition of nitrogen in the WM. The possibility of adding
nitrogen to the argon shielding gas to enhance the nitrogen
content of the WM has been explored by other researchers.
This has resulted in significant addition of nitrogen content
in the WM (Refs. 44, 45). In this regard, the present experi-
mental study was undertaken with an objective to obtain
low r GTA welds of 316L SS though controlled addition of
nitrogen in the argon shielding gas. The resultant welds
should not only display acceptable levels of strength and
ductility but should also qualify the impact energy require-
ment of ASME BPVC for operation at RT and also at a 
cryogenic temperature of 2 K.
     Section VIII, Division 1, of the ASME BPVC 2019 edition

Fig. 1 — The joint designs of weld pads used for preparing
tensile and impact test specimens.

Fig. 2 — A comparison of the r of the base metal and
welded specimens (shielding gas: Ar with 0%, 1%, and 1.5%
N2) in as-welded and machined conditions.
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permits the minimum design metal temperature (MDMT) to
be lower than 77 K if the weld is qualified at 77 K against im-
pact testing. Paragraph UHA – 51(a)(3)(-a) of the code allows
impact testing to be performed at 77 K, even though the
MDMT is below 77 K under the following conditions (Ref. 46):
     • Type 316L/308L filler metals are to be used;
     • The welding process is to be GTAW/gas metal arc weld-
ing; and
     • If 316L filler metal is used, then it shall not have a fer-
rite number (FN) greater than 5, and if 308L filler metal is
used, it shall have a FN between 4 and 14.
     Therefore, helium vessels conforming to ASME BPVC
Section VIII, Division 1, can be manufactured from 316L SS,
provided the welds meet the specified RT FN (< 5) and im-
pact test requirements at 77 K.

Experimental Procedures

     The present experimental welding study was performed in
two parts. The first part of the study was performed on 6-mm-
thick sheet of 316L SS, and it was aimed at optimizing the
composition of the premixed shielding gas (argon + nitrogen)
with respect to the r, FN, and chemical composition of the re-
sultant WMs. On the other hand, the second part of the study

was performed with optimized premixed shielding gas, and it
involved characterization of the resultant WMs with respect to
their chemical composition, magnetic properties, microstruc-
ture, and mechanical properties. This part of the study was
performed on 6 and 12-mm-thick sheets of 316L SS. Table 1
presents the chemical composition (in wt-%) and r of the SS
sheets used for the experiments. In all of the cases, the welded
SS specimens were prepared in butt configuration by manual
GTAW in direct current electrode negative mode, while using a
2-mm-diameter ER 316L SS filler wire. The chemical composi-
tion of the dilution-free GTA deposit of the ER 316L filler met-
al is provided in Table 1.
     During GTAW, argon shielding gas was premixed with a 
controlled amount of nitrogen, ranging from 0 to 5% by vol-
ume. The controlled mixing of the two gases was achieved
through use of a gas mixer having the capability to mix argon
and nitrogen in the range of 0 to 5%, with an accuracy of 0.1
lit/min. The gas mixer was comprised of two separate mass
flow controllers for argon and nitrogen that control the flow
rate of the respective gases, as per the user’s requirement. The
two gases to be mixed were individually flown into the gas
mixer, and the outgoing gas mixture passed through the weld-
ing nozzle. Table 2 presents the experimental welding parame-
ters used for the study. It may be noted that 6-mm-thick GTA-

Fig. 3 — The microstructure of the 316L SS (A) base and (B) its weld metal (shielding gas: Ar).

A B

Table 1 — Chemical Composition (wt-%) and Magnetic Permeability (r) of 316L SS Sheets and ER 316L Filler GTA Weld Deposit

Material C Cr Ni Mn Si Mo Cu N S P r

316L SS 6-mm-thick
sheet 0.03 16.44 10.04 2.13 0.237 2.13 0.33 0.05 0.0014 0.040 1.02–1.04

316L SS 12-mm-thick
sheet 0.017 16.83 10.03 2.10 0.22 2.10 0.52 0.039 0.0010 0.038 1.02–1.05

2-mm-diameter ER
316L filler 0.0064 18.33 11.02 1.58 0.344 2.14 0.18 0.045 0.008 0.03 1.16–1.25
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welded specimens were used for preparing tensile and bend
test specimens, as per Section IX of ASME BPVC (Ref. 47),
while 12-mm-thick welded specimens were used for preparing
Charpy V-notch impact test specimens, as per ASTM E23,
Standard Test Methods for Notched Bar Impact Testing of Metallic
Materials (Ref. 48). For welding of 6-mm-thick SS sheets, a sin-
gle-V groove was machined on the two mating edges to be
welded while 12-mm-thick sheets were welded with a double-V
groove joint, as shown in Fig. 1. It may be noted that the de-
sign of the welding groove for the 12-mm-thick specimens was
based on the feedback obtained from an initial study where in-
complete was seen at the root of the WM.
     The welded SS specimens were characterized with respect

to RT r, chemical composition by optical emission spec-
troscopy, -ferrite number by ferritoscope, weld microstruc-
ture by optical and scanning electron microscopy, micro-
hardness, tensile strength, ductility by guided bend test, im-
pact strength by Charpy impact test, and low-temperature
magnetic susceptibility (). The relative r of the base metal
and weld metal was measured using a permeability meter
(Ferromaster by Stefan Mayer Instruments, Germany).
Measurements were carried out at RT after ensuring there
was no external magnetic field interference and calibrating
the measuring instrument with the standard reference  =
1.31 ± 0.01 (National Physical Laboratory, UK). The perme-
ability meter has the measuring range of 1.001 to 1.999

Table 2 — Experimental Parameters for GTAW of SS Sheets

Voltage Current Welding Rate Gas Flow Rate
Composition of

Premixed Shielding
Gas

Root pass 12–13 V 75–80 A 0.5–0.6 mm/s

6 lit/min 

Nitrogen: 0–5%

Subsequent passes 12–14 V 85–90 A 0.5–0.55 mm/s Argon: 95–100%

Fig. 4 — The cross-sectional microstructures of 316L SS weld metals made with different premixed shielding gases. A — Ar + 1%
N2; B — Ar + 1.5% N2; C — Ar + 2.0% N2; D — Ar + 2.5% N2. (Etchant: 10% oxalic acid, electrolytic etch.)
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(resolution 0.001). r measurements were carried out on
both the weld face and cross sections of the specimens at
various locations prepared for impact testing (10-mm-thick
double-V-groove configuration) and 6-mm-thick specimens
for tensile and guided bend tests. Results of r are reported
in Table 4. Magnetic susceptibility measurements were per-
formed on cylindrical SS specimens (length: ~ 3 mm; diame-
ter: ~ 3 mm) extracted from the base metal and the 10-mm-
thick weld metal specimens welded with 1% and 1.5% nitro-
gen addition in the shielding gas. The superconducting
quantum interference device (SQUID) magnetometer was
calibrated using a pure Pd reference sample with a relative
permeability value of 1.0007847. The magnetometer is ex-
tremely sensitive, and it can resolve the relative permeabili-
ty up to seven decimal places. Before conducting the mag-
netic measurements, the specimens were electropolished to
remove the cold-worked surface layer introduced by machin-
ing. The magnetization measurements as a function of tem-
perature in a constant applied magnetic field of 0H = 2mT
were performed in a commercial SQUID magnetometer.
Three different standard protocols were adopted for the
magnetization vs. temperature measurements: zero field
cooled (ZFC), field-cooled cooling (FCC), and field-cooled
warming (FCW). In the ZFC warming protocol, the sample
was first cooled in a zero magnetic field from 300 K to the
lowest temperature of measurement. The magnetic field was
switched on at this lowest temperature, and magnetization
was measured while warming up the specimen in the con-
stant applied field. In the FCC protocol, magnetization was
measured while cooling down the sample without changing
the magnetic field that was applied during the ZFC protocol.
After reaching the lowest temperature during the measure-
ment in the FCC protocol, the measurement of magnetiza-
tion was then performed while warming up the specimen in

the presence of the same applied field, which was the FCW
protocol. The temperature dependence of magnetization
thus measured was used to get the temperature dependence
of magnetic susceptibility as (T) = M(T)/H. Besides magne-
tization vs. temperature measurements, magnetization (M)
vs. magnetic field (H) measurements were also carried out 
at different temperatures in the range of 10–55 K. M-H
measurements were performed in the ZFC protocol. 

Results and Discussion

Part I of the Study

     Table 3 presents the results of the r, FN, and nitrogen con-
tent of the experimental GTA welds. It may be noted that the
r and FN data reported in this table is the range of values ob-
tained or average of five and eight measurements, respectively.
It was seen that with an increase in the nitrogen content of
the premixed shielding gas, the resultant SS welds experienced
a corresponding reduction in their r and FN. The initial addi-
tion of nitrogen in the argon shielding gas brought about an
abrupt reduction in r and FN of the WM, while further in-
creasing the nitrogen reduced the rate of reduction in r and
FN, and beyond 3% N2 in the shielding gas, a further drop in
these two parameters was quite low. It should be noted that
the r of 316L SS base metal was found to be in the range of
1.02–1.05; therefore, there is little advantage in obtaining SS
WM with a r less than 1.05. SS welds with a r of 1.05 pro-
duced with 2% nitrogen addition in the Ar shielding gas intro-
duced up to 0.28% nitrogen (max.) in the WM. With the above
considerations, it was felt that Ar shielding gas with a nitrogen
content of 1–1.5% should give rise to the WM with an accept-
able level of r and FN (welds with FN < 5 can be impact tested
at 77 K for MDMT of 2 K [Ref. 42]).

Fig. 5 — A — Macrograph of the weld cross section of the 6-mm weld, flushed from top and bottom for conducting the tensile
test; B — macrograph of the weld cross section of the 12-mm-thick weld, machined from all sides for impact specimen fabrica-
tion; C, D — Charpy impact test specimens before machining the notch. GTA welded with (N1) 1% and (N1.5) 1.5% nitrogen premixed
shielding gas, respectively. Notch machined at red lines marked at the center on weld faces/cross sections.

A B

C D
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Part II of the Study

Magnetic Permeability and FN Measurements

     In this part of the study, 6- and 12-mm-thick SS welds were
made with premixed shielding gas of 1 and 1.5% nitrogen (by
volume) while also using 316L SS filler wire for melting the
root pass. The r and FN measurements of the resultant weld-
ments are presented in Table 4. The results show that in all the
welds made with 1.5% nitrogen, the r was less than 1.1 (often
close to 1.05). Figure 2 compares the r of 12-mm-thick 316L
SS GTA WM (made with a premixed shielding gas of 1 and
1.5% nitrogen content) with that of the base metal. It was also
seen that machining of GTA welds (made with premixed
shielding gas) did not cause any significant increase in their r.

Chemical Compositional Analysis

     Table 5 presents the chemical composition (as deter-
mined by optical emission spectroscopy), r, and FN of
316L SS welds made with shielding gas containing 1 and
1.5% nitrogen. The results demonstrate that the addition
of nitrogen in the argon shielding gas serves to increase
the nitrogen content of the WM, which results in the sup-
pression of the related FN and r. In the case of both 6-
and 12-mm-thick 316L SS sheets, the addition of 1.5% ni-
trogen in the argon shielding gas produced a WM with a r

(1.033–1.035) quite close to the base metal, while the addi-
tion of 1% nitrogen in the shielding gas produced a WM
with a relatively higher value of r (1.07–1.17).

Table 3 — Results of Magnetic Permeability (r), Ferrite Number (FN), and Nitrogen Content of Experimental GTA Weld Metals (6 mm thick)
Made with Different Compositions of Shielding Gas (Ar + N2)

Composition of Shielding Gas 
(vol-%) r FN Nitrogen Concentration

(wt-%)

100% Ar 1.2–1.3 4.53 0.04

99% Ar + 1% N2 1.09–1.129 0.9–1.9 0.11–0.16

98.5% Ar + 1.5% N2 1.04–1.08 0.2–2.2 0.15–0.2

98% Ar + 2% N2 1.056 0.9 0.17–0.28

97% Ar + 3% N2 1.028 0.21 0.19–0.22

96% Ar + 4% N2 1.020 0.12 0.16–0.28

95% Ar + 5% N2 1.011 0.11 0.25–0.40

Table 4 — Results of Relative Magnetic Permeability (r) and Ferrite Number (FN) Measurements on 316L SS Welds Made with Argon Shielding
Gas Containing 1 and 1.5% Nitrogen

Weld Thickness Composition of 
Shielding Gas (vol-%) r (Average) FN

12 mm: Double-V groove

As Welded Welded + Machined

99% Ar + 1% N2 1.06 1.07 1.0–1.14

1.098 1.11 1.4–1.8

98.5% Ar + 1.5% N2

1.02 1.05 0.22–0.29

1.03 1.05 0.14–0.28

1.07 1.09 0.56–0.78

6 mm: Single-V groove 99% Ar + 1% N2 1.17 1.23 1.76–1.78

1.16 1.24

98.5% Ar + 1.5% N2 1.06 1.055 0.29–2.07

1.07 1.057 0.22–2.24
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Microstructural Characterization and Microhardness
Measurements

     A metallographic examination of the cross sections of the
base metal and welds of 6- and 12-mm-thick specimens of
316L SS was carried out. Type 316L SS base metal in the as-
received (mill-annealed) condition displayed typical banded
structure with equiaxed austenite grains. Figure 3A presents
the microstructure of the SS base metal in the as-received
condition. The metallographic examination of the 316L SS
WM (with Ar shielding gas without nitrogen addition) dis-
played a significant presence of -ferrite in the microstruc-
ture (FN = 4.53, Table 5). The vermicular morphology of the
retained -ferrite at the dendrite core shown in Fig. 3B is in-
dicative of a primary ferrite mode of solidification (Refs. 9,
49). Due to the presence of a large amount of -ferrite, the

GTA welds made with argon shielding gas also displayed a r

of 1.2–1.3. The measurements performed on the face, root,
and cross section of the welds yielded similar results. The
controlled addition of 1–1.5% nitrogen in the argon shield-
ing gas brought about a significant modification in the WM
microstructure. The appearance of retained -ferrite was
significantly reduced as compared to welds made without ni-
trogen addition, with a drop in corresponding FN and r val-
ues. Further increasing the nitrogen content of the shielding
gas beyond 1.5% by volume further reduced the r values
(Ref. Table 3). Increasing the nitrogen beyond 1.5% has no
additional advantage as the r value of the WM (1.5% N2) is
close to that of the base metal (r = 1.05). The WM (1–1.5%
N2 premixed shielding gas) displayed predominantly pri-
mary austenite cells/dendrites indicating the primary
austenite mode of solidification in the WM. Figure 4 pres-
ents microstructures of 316L SS WMs made with 1 to 2.5%

Table 5 — Chemical Composition (in wt-%), Magnetic Permeability (r), and Ferrite Number (FN) of 316L SS GTA Weld Metals Made with 
Premixed Shielding Gases

Weld Specimen C Cr Ni Mn Si Mo N S P r FN

Thickness: 6 mm 
Shielding gas: Ar

0.026 17.67 10.01 1.43 0.27 2.01 0.045 0.0056 0.021 1.27 4.53

Thickness: 6 mm 
Shielding gas: 99% Ar

+ 1% N2

0.018 17.54 9.78 1.36 0.29 2.07 0.113 0.0078 0.018 1.17 2.3

Thickness: 6 mm 
Shielding gas: 

98.5% Ar + 1.5% N2

0.024 17.78 10.93 1.57 0.32 2.08 0.146 0.0071 0.027 1.035 0.22

Thickness: 12 mm 
Shielding gas: 99%

Ar + 1% N2

0.012 18.15 10.79 1.51 0.29 2.10 0.12–0.14 0.0069 0.034 1.07 0.78

Thickness: 12 mm
Shielding gas: 

98.5% Ar + 1.5% N2

0.018 18.03 10.91 1.51 0.31 2.09 0.16–0.2 0.0084 0.029 1.033 0.59

Fig. 6 — Microhardness profiles across the welds made with a premixed shielding gas of 1 and 1.5% nitrogen.

GTAW with 1% nitrogen premix gas shielding GTAW with 1.5% nitrogen premix gas shielding

Current Supplement-Kumar-202091-Layout.qxp_Layout 1  9/9/21  2:50 PM  Page 330



WELDING RESEARCH

OCTOBER 2021 / WELDING JOURNAL 331-s

nitrogen addition in the argon shielding gas. Figure 5A and
B presents the macrographs of the weld cross sections of 6-
mm- and 12-mm-thick welds. The figures show the etched
cross sections of machined tensile and impact specimens de-
picting the weld metal in the full thickness.

Microhardness Measurements

     Microhardness measurements were carried out using a
Vickers microhardness tester using a load of 200 g (1.96 N)
on the weld face and cross sections of the 6- and 12-mm-
thick welded specimens. The microhardness of the 6-mm-
thick 316L SS base metal was in the range of 200–210 VHN.
Microhardness profiles across the welds made with a pre-
mixed shielding gas of 1 and 1.5% nitrogen are shown in 
Fig. 6. The WMs with Ar shielding gas with 1 and 1.5% ni-
trogen displayed microhardness values in the range of
200–225 and 195–230 VHN, respectively. In both cases, the
microhardness of the HAZ of the welds was in the range of
160–170 VHN.

Tensile and Bend Testing of GTA Weldments at RT

     GTA-welded 316L SS specimens, made with premixed

shielding gases of 99% Ar + 1% N2 and 98.5% Ar + 1.5% N2,
displayed tensile strength in the range of 552–572 MPa,
which is comparable to that of the base metal. Both kinds of
welded specimens exhibited ductile fractures in the WM
with a percentage reduction in area ranging from 44.8 to
58.9%. The welded specimens exhibited 52–55% elongation
in 25-mm gauge length, and the base metal exhibited about
69–72% elongation in 50-mm gauge length. Tensile load-
displacement data, photos of failure locations of the welded
specimens, and fractographs of the tensile-tested 316L SS
base metal are presented in Fig. 7. Apparently, the higher
peak load with respect to the base metal in the case of the
welded specimens is due to different cross-section dimen-
sions. Base metal specimens were prepared as per ASTM E8,
Standard Test Methods for Tension Testing of Metallic Materi-
als, and welded specimens were prepared as per ASME BPVC
Section IX. Weld metal specimens of 1 and 1.5% nitrogen
were of different thicknesses due to machining to flush out
the weld metal and remove the distortion. High-magnifica-
tion examination of the fracture surfaces of the tensile-test-
ed base metal and welded specimens exhibited dimpled frac-
ture surfaces, representing the ductile nature of fracture, as
shown in Fig. 7.
     Guided bend ductility tests were performed on the 6-

Fig. 7 — A — Tensile load-displacement data; B — photos of failure locations of welded specimens; C — fractograph of tensile-
tested 316L SS base metal; D — fractograph of GTA-welded specimen with premixed shielding gas Ar + 1% N2 (W1.0/WM-1N2); 
E — fractograph of GTA-welded specimen with premixed shielding gas Ar + 1.5% N2 (W1.5/WM-1.5N2).

A B

C D E
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mm-thick base metal and its welded specimens (made with a
premixed shielding gas of 99% Ar + 1% N2 and 98.5% Ar +
1.5% N2). Welded specimens (150 × 150 × 6 mm) were ma-
chined on face and root sides to flush out excess weld metal.
Specimens that were 150 × 38 × 5 mm were extracted from
the central portion of the weldments, excluding about 25
mm at either edge. Transverse face bend and root bend tests
were carried out, as per the test procedures in ASME BPVC
Section IX, QW 160 and QW 462.3(a) (Ref. 47). The test jig
used for conducting the guided bend tests was prepared, as
per WQ 466.1. The thickness of the plunger (bend die diam-
eter) was 20 mm, which was four times the specimen’s thick-
ness (T = 5 mm). The specimen was placed on greased ad-
justable shoulders with a gap of 6T + 3.2 mm (~ 33.2 mm),
as per the test standard. The specimens were bent to a U
shape with the weld face/root facing downward by applying
a load using a 150-kN universal testing machine in the
stroke control mode slowly without any jerking. In the case

of the welded specimens, the tests were conducted in trans-
verse face bend and transverse root bend configurations.
None of the bent specimens developed any cracks on their
convex surface. Figure 8 presents photographs of guided-
bend-tested GTA-welded specimens of 316L SS.

Impact Testing of GTA Weldments

     The 12-mm-thick welded specimens (100 × 100 × 12
mm) were machined on both sides to flush out the excess
weld metal. The machined specimens (10-mm-thick weld-
ments) were used to extract the Charpy test specimens (10 ×
10 × 55 mm) by wire electro-discharge machining. The spec-
imens were etched to reveal the macrostructure of the weld
to identify the weld face and cross section. A Charpy V notch
was made on the weld face for some specimens and on the
weld cross section for other specimens. Figure 5C and D
presents the photos of the Charpy test specimens before
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Fig. 8 — Convex surfaces of guided-bend-tested GTA-welded
(made with a premixed shielding gas of 1 and 1.5% nitrogen)
specimens.

Fig. 9 — Comparison of lateral expansion of the Charpy-
impact-tested base metal and GTA-welded 316L SS speci-
mens with respect to the minimum qualifying value specified
by the ASME BPVC. RT: room temperature, LN2T: liquid nitro-
gen temperature.

Table 6 — Results of Charpy Impact Tests of 316L SS Specimens

Specimen Test Temperature Notch Details Impact Energy (J) Remarks

Room temperature – 254–296 Specimens not broken

Base metal LN2 temperature – 212–248 Specimens not broken

Weld metal
Shielding gas:
1% N2 + 99% Ar

Room temperature Notch on weld face 208 and 262 –

Notch on weld cross section 274 and 286 Specimens not broken

LN2 temperature Notch on weld face 144, 124, 118 –

Notch on weld cross section 126, 120, 130 –

Weld metal 
Shielding gas: 
1.5% N2 + 99% Ar

Room temperature Notch on weld face 276 and 278 –

Notch on weld cross section 296 and 276 Specimens not broken

LN2 temperature Notch on weld face 114, 134, 130 –

Notch on weld cross section 122, 146, 154 –
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making notches. Two-mm-deep notches were machined us-
ing a notch cutter exclusively meant for preparing notches
on Charpy impact specimens. Standard Charpy V-notch 
impact specimens, extracted from the base metal and GTA-
welded specimens (made with premixed Ar + N2 shielding
gas with nitrogen content of 1 and 1.5%), were tested at RT
(298 K) and at liquid nitrogen temperature (LN2T: 77 K), as
per the ASTM E23 testing procedure. The results of the
Charpy impact tests are presented in Table 6. It can be seen
that specimens with a notch on the weld cross section ab-
sorbed higher energy for failure with respect to specimens
with a notch on the weld face for both the specimens welded
with 1 and 1.5% N2 in the shielding gas. Charpy impact
specimens, tested at RT as well as at LN2 temperature, dis-
played prominent shear lip regions separated by a narrow,
flat region. Lateral expansion values associated with
Charpy-impact-tested specimens are presented in Fig. 9.
Fractographic examination of the Charpy-tested base metal
and welded specimens under a scanning electron microscope
revealed ductile fractures associated with dimples of mixed
size, as shown in Fig. 10.
     According to UHA-51(a)(3)(-a)(-3) of the ASME BPVC,
Section VIII, Division 1, 2019 edition, the Charpy V-notch
impact-tested specimens should display a minimum lateral
expansion of 0.53 mm if the MDMT is less than –196°C.
This lateral expansion corresponds to the impact energy of ~

53 J (impact energy in J ≈ lateral expansion in mm × 100)
(Ref. 50). For the welded specimens, the values of lateral ex-
pansion of Charpy-tested specimens at RT were close to that
of the base metal specimens. In the case of weld specimens
tested at liquid nitrogen temperature, the lateral expansion
values were well above the ASME requirement of 0.53 mm,
with corresponding Charpy impact energy values in the
range of 114–154 J. The specified minimum Charpy impact
energy for 316L SS for flat stainless steel products for pres-
sure purposes as per DIN EN 10028-7 is 100 and 60 J at 293
K (RT) and 77 K (LN2T), respectively (Ref. 51). The results of
the Charpy impact tests presented in Table 6 show that the
impact energy of GTA WM made with premixed shielding
gas (Ar + N2) was much higher than the minimum require-
ments of the SS 316L base metal as per DIN EN 10028-7
standard at both RT and LN2T.

Magnetic Susceptibility Measurements

     Temperature-dependent magnetic susceptibility meas-
urements were performed on specimens extracted from a
12-mm-thick base metal and its GTA WM made with argon
shielding gas with 0, 1.0 and 1.5% nitrogen. The test results
are presented in Fig. 11. It can be seen that the -T plot of
the base metal is similar to reported results for austenitic
SSs. The magnetic susceptibility peak at about 40 K is gener-
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Fig. 10 — Magnified views of the fracture surface of impact-tested GTA-welded 316L SS specimens (made with a premixed shield-
ing gas of 1 and 1.5% nitrogen) at RT and LN2T.
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ally attributed to paramagnetic-antiferromagnetic transition
(Ref. 52). However, the irreversibility between the ZFC and
FCC plots until high temperatures indicates that the respec-
tive phases may not be purely paramagnetic or antiferro-
magnetic. Further studies are required to gain insight into
the exact nature of the magnetic phases with a possibility of
underlying short-range correlations, which is beyond the
scope the present study. The M-H plot of the base metal
specimens at different temperatures in supposedly paramag-
netic and antiferromagnetic phases displayed a nearly linear
behavior, as shown in Fig. 12A. The measurements recorded
a maximum value of magnetization at 40 K, which is in line
with the magnetic susceptibility results presented in Fig.
11A. Whereas the -T plot of the GTA WM made with argon
shielding gas (Fig. 11B) displayed an entirely different be-
havior. In contrast to the base metal specimen, the GTA WM
specimen exhibited a continuous increase/decrease in mag-
netic susceptibility during warming/cooling (Fig. 12A) with-
out any peak in susceptibility. Instead, the -T plots of the
WM displayed a change in slope at 40 K in all three proto-
cols of measurement. The magnitude of magnetic susceptibili-
ty of the GTA WM specimen was significantly higher than that

of the base metal specimen. It is believed that the magnetic re-
sponse of the GTA WM was largely dominated by that of the
ferromagnetic -ferrite phase present in the WM. The rise in
magnetic susceptibility with a rise in temperature during ZFC
measurements is generally observed in the case of ferromag-
nets at temperatures well below the Curie temperature. These
results therefore indicate the presence of a magnetically or-
dered phase whose Curie temperature was much greater than
the RT. The M-H plots of the WM specimens at 30–50 K show
a tendency toward saturation at a higher field (Fig. 12B),
which also reflects the dominating response of the ferromag-
netic -ferrite phase present in the WM. The addition of 1%
nitrogen in the shielding gas brought about a noticeable
change in the magnetic response of the WM specimen. A no-
table difference produced by the 1% addition of nitrogen gas
in the -T plot of the WM specimen included the reappearance
of a low-temperature peak at 40 K and the relative reduction
in magnetic susceptibility — Fig. 11C. The M-H plots of the
WM specimens (with 1% N2 in the shielding gas) at 35–55 K
also showed a tendency toward saturation at a high field, al-
though with a relative reduction in the magnetization with re-
spect to that of the WM made without nitrogen addition in
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Fig. 11 — Magnetic susceptibility () vs. temperature plots of 316L SS (12-mm-thick base metal) (A) and GTA weld metals made with
a shielding gas of argon (B), argon + 1% nitrogen (C), and argon + 1.5% nitrogen (D).

A

C

B

D
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the argon shielding gas — Fig. 12C. The results reflect a more
visible effect of the paramagnetic austenite phase, although
the contribution of the ferromagnetic -ferrite phase to the
overall response of the specimen was still significantly high.
Further increase in nitrogen addition in the shielding gas re-
sulted in further reduction of magnetic susceptibility, while
displaying a more prominent low-temperature peak in the -T
plot of the WM specimen — Fig. 11D. The magnetic response
of the WM indicates that most of the paramagnetic austenite
phase was retained. A small amount of -ferrite in the WM
still made a significant contribution to its overall magnetic re-
sponse, which is also reflected in its M-H plot — Fig. 12D. A
notable feature of the magnetic susceptibility plot of the GTA
WM specimen is the large difference in magnetic susceptibility
values of the material at cryogenic temperatures tested under
ZFC and FCC/FCW protocols. This irreversibility indicates that
the effect of a stray magnetic field on the net magnetic re-
sponse of the material is history dependent, which underlines
the importance of shielding the materials from earth’s mag-
netic field. The difference between the ZFC and FCC/FCW
plots gradually narrows down as the nitrogen content in the
shielding gas was enhanced. At a temperature of 5 K, the dif-

ference in the magnetic susceptibility of the specimen meas-
ured under ZFC and FCC protocols was 0.009 with respect to
the corresponding value of 0.003 for the 316L SS base metal.
Both the dimensionless quantities of volumetric magnetic sus-
ceptibility () and relative r are empirically related (1 +  =
r) (Ref. 52). It may be noted that the RT r values correspon-
ding to the magnetic susceptibility () measurements (Fig. 11:
 values corresponding to RT ~ 300 K for various specimens)
using the above relation were well within the range of r of re-
spective specimens measured by a permeability meter. The
above observation confirms the reliability of RT r values ob-
tained by a magnetic permeability meter, which is more con-
servative. These results show that the addition of nitrogen gas
in the argon shielding gas serves to increase the austenitic
phase in the resultant WM to a large extent.

Conclusion

     The results of the study have demonstrated that the r of
multipass GTA-welded 316L stainless steel can be effectively
reduced through the controlled addition of nitrogen in the
argon shielding gas while using conventional ER316L stain-
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Fig. 12 — M-H plots of 316L SS (12-mm-thick base metal) (A) and GTA weld metals made with a shielding gas of argon (B), argon 
+ 1% nitrogen (C), and argon + 1.5% nitrogen (D).
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less steel filler metal.
     For 1.5% nitrogen addition by volume in the argon
shielding gas, nitrogen concentration in the resultant multi-
pass weld metal increased from about 0.04 wt-% to 0.15–0.2
wt-%. The resultant weld metal exhibited magnetic perme-
ability (r: 1.033–1.035) quite close to that of the base metal
(r: 1.02–1.05). There was a significant reduction in the FN
value from 4.53 (WM without nitrogen) to about 0.22–0.59
for the WM with a 1.5% nitrogen addition in the argon
shielding gas. This shows the direct relationship between r

and FN values, as both are a manifestation of the WM’s -
ferrite content, which is controlled through nitrogen alloy-
ing of the WM.
     The welded specimens not only displayed good ductility
and RT strength close to that of the base metal but also
qualified the Charpy impact test requirement as specified by
the ASME BPVC for operation at RT as well as at the liquid
helium temperature of 4 K.
     Although the magnetic susceptibility of the WM (made
with 98.5% Ar + 1.5% N2 shielding gas) was of the same or-
der of magnitude as that of the base metal, it displayed sig-
nificant thermomagnetic irreversibility. Therefore, any cool-
down of the welded 316L stainless steel vessel should be car-
ried out in a magnetically shielded environment to reduce
the effect of the trapped field. 
     The technique developed in this study is highly useful for
the fabrication of BPVC-compliant 316L SS vacuum cham-
bers and pressure vessels for particle accelerators, including
helium vessels of superconducting RF cavities.
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