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Characterization of Nitronic-40 Stainless Steel Shells
Ke Han , Robert Goddard, Rongmei Niu , Yan Xin, and Vince Toplosky

Abstract—The construction of magnets with ever higher mag-
netic fields requires ever stronger and tougher reinforcement ma-
terials. Nitronic stainless steels are sometimes used for this pur-
pose. Avoiding the sensitization temperature of these steels during
fabrication is of critical importance because excessive exposure
to this temperature may make them sensitive to corrosion. Even
though these steels have exceptionally high mechanical strength
and satisfactory toughness for use at room temperatures, low
cryogenic temperatures may reduce their toughness to the degree
that they are rendered unsatisfactory as reinforcement materials.
This low toughness at cryogenic temperature in Nitronic steels
often stems from the microstructure established during fabrica-
tion, even when the heat treatment profile follows the required
protocol. Even materials that have not previously been exposed to
sensitization temperatures during fabrication may later be exposed
during the construction of magnets. Consequently, quality control
of reinforcement materials must include both toughness tests and
microstructure analyses. This paper reports recent studies of the
effect of component volume and microstructure on cryogenic tem-
perature toughness in Nitronic-type stainless steels. By comparing
four different shells, we established that the presence of grain
boundary particles caused lower impact fracture energy but had
no significant impact on mechanical strength.

Index Terms—High strength steels, alloy, deformation, high field
magnet, reinforcement.

I. INTRODUCTION

H IGH strength stainless steel is widely used as reinforce-
ment for coils in high field magnet systems[1]–[6]. During

fabrication, the material may be exposed to temperatures up
to 973 °K (700 °C) for a relatively long time [7]–[9]. For
example, heat treatment for up to 100 hours is required for
cable-in-conduit coils with low temperature superconductors
[4], [6], [10]–[14]. Under these conditions, the sensitization of
stainless steel may result in a deterioration of certain mechanical
properties [15]–[17]. This deterioration, such as the reduced
cryogenic fracture toughness and increased crack growth rates,
could be attributed to the formation of intermetallic compounds,
including σ phase [18]. Alternatively, it could be attributed to
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grain boundary precipitates like (Fe, M1, M2, …)23C6, where
M1, M2, … are alloying elements for enhancement of corro-
sion resistance [18]. More recent work showed that the grain
boundary precipitates could instead be (Fe,Cr,Ni,Si)2Mo1−x or
(Cr,,Fe)2N [15], [16], [19]. Sensitization can be minimized by
solution annealing at elevated temperatures, which are above
1100 °K[20]–[22]. If annealing occurs after the material has
reached its final geometry, it could distort the final product,
making it useless for application in a magnet[13], [14], [23].
Once a magnet is fully constructed, further annealing is impos-
sible because it may damage other components of the magnet.
Hence, characterization of materials must be done, and essential
corrections must be made, before final processing [24], [25].

In this paper, we discuss which microstructure features deter-
mine cryogenic mechanical strength and toughness in Nitronic-
40 stainless steels, and we include a brief discussion how to
control these properties in magnet reinforcement shells.

II. METHODS

A. Material Fabrication

Four Nitronic-40 cylindrical reinforcement shells were pre-
pared by hot forging at Scott Forge (Spring Grove, Il) according
to ASTM A437-17 modified according to ESA-TS-0-001. These
shells were intended for use as reinforcements in the 100 T
pulsed magnet. Table I gives the composition of the steels used
in this work (Note: throughout this article, all compositions are
quoted in weight percent. Composition in Table I was measured
by Element Materials Technology, a materials characterization
company.) Wall thickness of the shells varied from 79 to 116 mm
(Table II). Shell inner diameters varied from 0.259 to 0.643 meter
and shell height varied from 0.641 to 0.946 meter.

B. Property Characterization

Most mechanical tests were performed at 295 K and 77 K,
per ASTM E8-00b and ASTM A370-97a. In tensile tests, the
samples were loaded in displacement control mode. From the
measured stress-strain curves, both ultimate tensile strength (TS)
and 0.2% offset engineering flow stress (YS = Yield Strength)
were recorded. Charpy V-notch (CVN) tests were performed per
ASTM E23-00 and ASTM A37-97a. The impact energy values
were recorded in Joule. These tests were used to estimate the
toughness of our material [26].
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TABLE I
CHEMISTRY OF THE ALLOY

TABLE II
TENSILE MECHANICAL TESTING DATA AT TWO TEMPERATURES

TS = ultimate Tensile Strength, YS =flow stress at 0.2% offset, %El=Elongation to failure, and %RA = Reduction in Area at fracture.

C. Microstructure Examination

Microstructure was investigated using Zeiss 1540XB and FEI
Helios G4 UC field emission gun scanning electron microscopes
(FEG SEM). Energy Dispersion X-ray (EDX) spectrometers
were attached to both SEMs. We also used other microscopy
methods to assist our characterizations [10], [11]. The chemistry
of the alloy was determined according to ASTM 751-96 and
A484-16.

III. RESULTS

A. Heat Treatment on σ Phase

Nitronic-40, like most austenitic stainless steels, contains Cr,
which may form σ phase under certain heat treatment conditions
(Fig. 1). In the fabrication of large-volume magnet components,
such as reinforcement shells, the relatively large thermal mass
may lead to insufficient cooling, which can contribute to the
formation of σ and other undesirable phases [17]. Our previous
work indicates that, in addition to undesirable phases like σ,
insufficient cooling may also generate nitride and other problem-
atic grain boundary intermetallic compounds. These can produce
lower toughness at the cryogenic temperatures at which most
magnets operate.

B. Tensile Mechanical Properties

Tensile tests at room temperature, as shown in Table II, gave
ultimate Tensile Strength (TS) measurements above 700 MPa,
within the specification for Nitronic 40. Yield Strength (YS) val-
ues were above 350 MPa, with the maximum value at 412 MPa.

To estimate the ability of the shells to withstand plastic
loading, we calculated the ratio between TS and YS (TS/YS),
which yielded values above 1.5 for all components, indicating
that a high rate of work-hardening occurred during testing.
If further fabrication related to deformation is required for a
component, we expect that it will rapidly become stronger during
deformation [4], [6], [27]–[29].

We found that the values of TS/YS strain were highest in
components with the smallest volume. Our curve of room

Fig. 1. Light microscopy images showing σ and ferrite phases formed in
Nitronic-40. (a) Light micrograph showing dark lines of elongated ferrite formed
during forging. For clarity, a few of these are indicated by small arrows. (b) Large
magnification image showing several composites, each consisting of several
σ phase particles inside a single ferrite grain. In the large one, two phases
are separated by dark lines. In the smaller ones, dark lines are only visible
in certain regions. The presence of σ phase may cause premature failure of the
reinforcement at 77 °K.
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Fig. 2. Ratio of yield strength (YS) over tensile strength (TS) for four different
shells with different volumes (horizontal axis). The ratio is presented as TS/YS
in vertical axis. YS and TS were tested at both room temperature (solid square)
and 77 K (solid circle). From left to right, data is shown from Shells 1, 2, 3-o,
and 4 (thickness of 79, 83, 116, and 108 mm, respectively).

temperature TS/YS values for various components of different
sizes demonstrated that TS/YS decreased with volume (Fig. 2).

Values for elongation-to-failure (%El) were all above 50%,
and values for reduction-in-area-at-fracture (%RA) were all
above 70%. These values indicate good room-temperature
ductility.

The component with the least wall thickness had the lowest
YS but the highest %El. Because lower yield strength and higher
elongation-to-failure can indicate lower dislocation density, we
speculate that the component with the least wall thickness also
had the lowest dislocation density [30]–[34].

Tensile tests of all samples at 77 °K gave TS values above
1500 MPa, about twice the corresponding room temperature val-
ues (Table II). The YS values were even greater than twice those
of corresponding room temperature values. The great difference
between TS and YS indicates that work-hardening occurred after
materials were subjected to plastic deformation [29].

We estimated the work-hardening rate using a ratio of TS/YS.
Values for all components were lower (indicating lower work-
hardening rate after deformation) at 77 °K than at room temper-
ature. Moreover, at 77 °K, the smaller the component, the lower
the TS/YS values. This is the reverse of the test results at room
temperature (Fig. 2).

C. CVN Data

CVN data tested at 228 °K and at 77 °K showed that three
of the four shells tested (1, 2, and 4) required energy greater
than 100 Joule to fracture. Shell 3-o, however, failed at less
than 100 Joule at 77 K (Fig. 3). This shell had lower CVN
value than the others, which we feared would lead to premature
failure. We therefore replaced the original shell (Shell 3-o) with
a remanufactured version (Shell 3-r).

D. Microstructure

We focused our microstructure examination on Shell 3-o
because it showed lower %RA and CVN energy at 77 K. We also
used Shell 4 as a comparison. Under the same etching conditions,
we observed distinct grain boundaries accompanied by pitting

Fig. 3. Charpy V-notch data for four shells of different volume (horizontal
axis). From left to right, data is shown from Shells 1, 2, 3-o, and 4 (thickness of
79, 83, 116, and 108 mm, respectively). The tests were undertaken at either 228
K (solid square) or 77 K (solid circle).

Fig. 4 Scanning electron microscopy image and EDS data showing grain
boundary precipitates in Shell 3-o. Energy dispersion spectroscopy was used
to detect the chemistry in the matrix (indicated by a large circle) and in the
precipitate (indicated by a small circle).

in Shell 3-o, but we saw hardly any grain boundaries at all in
Shell 4. This indicates that Shell 3-o was more susceptible to
grain boundary etching. In Shell 3-o, we also observed grain
boundary precipitates in the pitted regions. These precipitates
were rich in Cr and poor in Ni, indicating they may have been
Cr-containing intermetallics (Fig. 4).

E. Properties of Improved Component

Our newly remanufactured Shell 3-o (Shell 3-r) had tensile
mechanical properties similar to those of the other shells. The
CVN energy at 77 K for this new shell was above 100 J, and
close examination of the shell revealed no large grain boundary
precipitates.

IV. DISCUSSION

The volume (i.e., thermal mass) of the components was large
enough to affect heat treatment profiles, given the thickness
of shell walls. The trend line of TS/YS at room temperature
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Fig. 5. Relationship between CNV and %El of shells tested at 77 °K. From
left to right, data is shown from Shells 3, 2, 4, and 1 (thickness of 116, 83, 108,
and 79 mm, respectively).

indicated that the smaller the thermal mass, the higher the
ratio. A high ratio indicated that the materials had a greater
tendency to work-hardening and thus needed higher flow stress
for deformation [29]. This ratio may also affect fatigue properties
of stainless steels for magnets [35]–[37].

Flow shear stress (τ ) in any given metallic material can be
related to dislocation densities:

τ = αμb δ0.5 (1)

whereα is a constant,μ is shear modulus, b is the Burgers vector,
and δ is dislocation density. We believe that a difference in the
thermal mass of a component does not change the values ofα,μ,
or b. Consequently, the value for δ will be different in different
components.

The higher the thermal mass, the longer the time required for
the component to reach the homogeneous temperature necessary
for achieving the designated δ, provided the power of the heat
treatment equipment remains the same throughout the fabrica-
tion of all shells, as was the case in our study. The component
with the largest thermal mass would show the highest flow stress
and/or yield strength, given the same duration of heat treatment.
In other words, the higher the thermal mass, the higher the yield
strength. This relationship indicated that the δ value was highest
in shell 4, which had the largest thermal mass, and lowest in
shell 1, which had the lowest thermal mass (Table II).

The δ value may affect both the strength and the ductility
of a material, but this was not the case in our alloys. Upon
examination of our room temperature data, we observed no
systematic trend. All the shells showed good ductility in that
the values for reduction-in-area-at-fracture did not vary signif-
icantly. At 77 °K, however, we observed lower ductility and
greater variation. Shell 3-o, which had later been replaced by
Shell 3-r (see result session above), showed the lowest elongation
and reduction-in-area-at-fracture, and its CVN value was also
the lowest (Fig. 5). This low CVN value was not related to the δ
value, but rather to the grain boundary phase formed during
thermal processing of the shell. The formation of the grain
boundary phase may be related to the fact that Shell 3-o had
the largest wall thickness. The greater the thickness, the longer
the time required to reach the same heat treatment temperature.

It is likely that a portion of Shell 3-o stayed at sensitization
temperature sufficiently long to form undesirable grain boundary
particles. Grain boundary particles may induce embrittlement in
some alloys [20], [21], [38]–[40].

We used the following equation to estimate the fracture tough-
ness (KIC) of stainless steels:

KIC
2/E = C ∗ CVN ∗%RA (2)

where C is a constant between 0.8 and 0.9, E is Young’s modulus
(200 GPa), CVN is the Charpy V-notch value, and %RA is the
percent of reduction-in-area at fracture [35], [36]. Using data
taken from tensile and CVN tests, we estimated that for Shells
1, 2, 3-r, and 4, KIC values were between 80 and 100 MPa∗m0.5.
These values indicated that these shells had sufficient toughness
for our applications, but not shell 3-o [17].

V. CONCLUSION

The characterization of samples from four Nitronic-40 magnet
shell components of different sizes indicated that the values of
TS/YS in general were lower at 77 K than at room temperature.
At room temperature, the largest shell had the lowest work-
hardening rate, but that rate was still higher than any of the rates
at 77 K. At 77 K, on the other hand, the largest shell had the
highest work-hardening rate, but it was still lower than any of
the shells at room temperature. Higher thermal mass led to lower
TS/YS at room temperature but higher TS/YS at 77 K.

Grain boundary precipitation had no direct impact on tensile
strength or room temperature ductility, but at 77 K this kind of
precipitation did lead to lower CVN test data, lower elongation,
and lower reduction-in-area-at-fracture.
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