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Yielding and Strain-Hardening
of Reinforcement Materials

Ke Han , Vince Toplosky, Na Min, Yan Xin, Robert Walsh, and Jun Lu

Abstract—Part of the process for fabricating high field mag-
nets using exceptionally strong reinforcement materials involves
subjecting these materials to deformation at room temperature
beyond the yield point. During the operation of the magnets, fur-
ther plastic deformation may also occur at cryogenic temperatures.
In most face-centered-cubic (fcc) materials, strain-hardening oc-
curs after plastic deformation, further increasing strength. This
paper reviews some of our recent work concerning the effect of
microstructure on both yielding and strain-hardening in 316LN,
a modified stainless steel, and in Haynes 242, a Ni–Mo–Cr alloy.
Although both materials have fcc matrix, Haynes 242 yielded at
higher stress with a lower strain hardening rate than 316LN at a low
strain range. Because of high nitrogen content, 316LN showed pro-
nounced yield point elongation. At cryogenic temperatures, both
materials showed higher strain-hardening rates.

Index Terms—High strength materials, reinforcement, failure
mode, plastic deformation.

I. INTRODUCTION

R EINFORCEMENT materials have become more im-
portant as higher magnet fields have become possible

[1]–[13]. The search for those materials has turned up vari-
ous commercial alloys, previously invented for other purposes,
which now need to be properly evaluated for application in high
field magnets (HFMs). Two important parameters for assessing
these alloys are the degrees of yielding and of strain-hardening.
Reinforcement materials need both high yield strength and high
strain-hardening rates in order to carry a heavy load in the coil
and to avoid excessive plastic strain in the conductors. Certain
high field magnets are usually operated at cryogenic tempera-
tures, so the cryogenic properties of the reinforcement materials
must also be assessed properly [2]–[4], [13]. Austenitic stain-
less steels have been widely used in the past as reinforcement
materials [14]–[20]. Their database is relatively mature. In gen-
eral, however, their yield strength is mediocre (e.g., below 1000
MPa at cryogenic temperatures). To achieve more desirable yield
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strength in materials for next generation HFMs, conventional
austenitic stainless steels will have to be replaced [21]. Invent-
ing or modifying these replacements will require a significant in-
vestment. Finding other reinforcement materials by repurposing
existing materials is an attractive economic option. Many
promising new alloys were originally developed for high-
temperature applications, so they usually contain high-modulus
elements, which tend to have high yield strength and high strain-
hardening rate. This paper evaluates and compares the advan-
tages and disadvantages of using austenitic stainless steel (a
modified form of 316LN) as opposed to a high-temperature,
nickel-based alloy (Haynes 242). Various nickel-based alloys
have been considered before. Most nickel-based alloys were in-
vented for high temperature applications. Recent work indicates
that they can also be used at cryogenic temperatures for rein-
forcement materials for HFMs. Haynes 242 was selected for this
study because of its high modulus, high strength, high fracture
toughness, low crack growth-rate, and low thermal expansion
coefficient.

II. EXPERIMENTAL METHODS

A. Materials

The typical chemistry of the modified stainless steel 316 LN
is shown in Table I. One of the most important parameters is the
content of the interstitial elements, i.e., carbon and nitrogen.

Previous work indicates that high carbon content can enhance
the mechanical strength of the stainless steels but reduce the
fracture toughness at cryogenic temperatures. In most of our
cases, the carbon content is kept low.

The typical chemistry of Haynes 242 is also shown in Table I.
Because of the high nickel content, the material remains as a
face-centered cubic (fcc) phase at most fabrication temperatures.
Most fcc structured materials remains ductile at high strength.
In some alloys processed under certain conditions, however, in-
termetallic compounds may form [22], [23]. This may reduce
the toughness of the alloys for cryogenic applications.

B. Tensile Testing

Longitudinally oriented samples (i.e., their axis is parallel to
the sheet rolling direction) were used to perform most tensile
tests on a 100 kN MTS test machine. A cryostat was installed on
the machine to immerse both samples and test fixture in liquid
helium or liquid nitrogen so that data at cryogenic temperatures
can be collected.
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TABLE I
ALLOY CONTENT IN Wt.%

The ASTM E1450 standard was followed for tensile testing
in displacement-control mode with nominal strain rates between
1 × 10−4 and 7 × 10−4. Samples with a reduced middle sec-
tion were used so that the plastic deformation occurred within
the gage lengths between 22 mm and 38 mm. An extensometer
was clipped on samples to measure strain. The measurements
provided both engineering stress (s) and engineering strain (e).
Strain hardening rate was estimated by ds/de.

C. Microstructure Examinations

Transmission Electron Microscopy (TEM) samples were pre-
pared by sectioning the alloy to discs of 3-mm in diameter.
Electro-polishing was performed using both Fischione Model
110 and TenuPol-5 twin-jet electro-polishers. During the polish,
samples were immersed in a solution of nitric acid in methanol.
The polish current was 28–32 mA, and the temperature was
about 240 K. TEM work was undertaken in a JEOL JEM-2011
and an ARM200 Electron Microscope. An energy dispersive
X-ray (EDX) spectrometer was used to measure the elemen-
tal composition. Other details can be found in our previous
paper [15].

III. RESULTS

Most of the following results apply to materials that were
either heat treated or deformed. In most cases, reinforcement
alloys must undergo both processes during the manufacture of
coils.

A. Yielding at Low Strain

Stainless steel samples in the annealed condition showed both
upper and low yield points. Heat treatment at about 700 °C, the
commonly used temperature for Nb3Sn superconductor reac-
tion, enhanced both the high and low yield points for our sam-
ples (Fig. 1). This enhancement phenomenon is similar to what
has been previously observed in carbon steels [24], [25].

Some of our stress-strain curves also revealed a certain degree
of yield point elongation (YPE), which are known to produce
Lüders bands in carbon steels [24], [25]. Such YPE may result
in stretcher-strain. Studying the mechanism of YPE, therefore,
is very important for both the science of plastic deformation of
reinforcement materials and for the engineering applications of
such materials for HFM.

Most researchers attribute YPE in low-carbon steels to the
segregation of interstitial elements (e.g., carbon and/or nitro-
gen). If carbon and nitrogen content are reduced in steels (by,
say, wet hydrogen treatment) to extremely low values, samples
may show no yield point at all. Consequently, YPE, when it
occurs, must be attributed to an interaction between interstitial

Fig. 1. Upper and lower yielding shown in stress-strain curves measured at
room temperature for annealed, as-received 316 LN (thin solid line) and for aged
316 LN (thick solid line). Ageing was done at 700 °C for 100 hours. When both
samples reach a strain of about 0.25%, softening occurs. The materials begin
further hardening at strain values greater than 0.5%. The aged sample shows
higher yield strength than the as-received sample. The ultimate tensile strength
increases from 701 MPa before aging to 733 MPa after aging.

atoms and whatever dislocations are present. The yield point is
created by the unpinning of dislocations from surrounding in-
terstitial atoms. In our stainless steels, a high nitrogen content
may be the reason for the presence of YPE and of upper and
lower yield points. At 700 °C, the solubility of nitrogen in steel
is reduced. This leads more nitrogen atoms to segregate toward
nearby dislocations, resulting in enhancement of both YPE and
yield strength

B. Deformation at High Strain

Stainless steels usually begin to plastically deform at a lower
level of stress than nickel-based alloys (Fig. 2). Nickel-based
alloys, on the other hand, do not even begin to plastically deform
until a much higher level of stress is reached. Consequently, these
alloys can reach much higher yield strength values than stainless
steels.

C. Strain Hardening Comparisons

At low strain values (<2%), stainless steels exhibit high
strain-hardening rates (Fig. 3). In this paper, the strain-hardening
rate is the derivative of stress with respect to strain. At higher
strain levels (>3%), the strain-hardening rate becomes relatively
low, making it easier to deform the alloy for winding coils (for



HAN et al.: YIELDING AND STRAIN-HARDENING OF REINFORCEMENT MATERIALS 7800405

Fig. 2. Stress-strain curves of 316 LN stainless steel (thin orange curve) and
Haynes 242 nickel-based alloy (thick blue curve) showing that the achievable
yield strength of Haynes 242 is higher than that of 316LN. Both alloys were
tested at room temperature in the annealed, as-received condition.

Fig. 3. Typical curves of room temperature strain-hardening rates for as-
received (annealed) 316 LN (thin orange solid line) and Haynes 242 (thick
blue solid line).

use as reinforcement) or for manufacturing conduits (for use in
superconducting magnets).

Compared to stainless steels like 316 LN, certain nickel alloys
like Haynes 242 have not only higher yield strength and higher
Young’s modulus but also higher strain hardening rates at large
strain, (Fig. 3). The strain-hardening rate at a strain value of 3%
was above 2500 MPa for the Haynes 242 studied in this work.
The alloy has this higher strain-hardening rate because of its
nickel content and because of its other high-modulus alloying
elements (Mo and Cr).

D. 4 K Strain Hardening for Aged Alloys

In both 316 LN and Haynes 242, strain-hardening rates were
higher at 4 K than at room temperature. This was because of the
high dislocation accumulation rate produced by the suppression
of dynamic recovery that occurs at low temperatures. At rela-
tively low strain values, this suppression affected aged 316 LN
more than aged Haynes 242. The 316 LN thus showed a higher
strain-hardening rate at lower stress level (Fig. 4). When Haynes

Fig. 4. Typical curves of the 4 K strain-hardening rate for 316 LN (thin solid
orange line) and Haynes 242 (thick solid blue line). Both materials were aged
at 700 °C for 100 hours.

Fig. 5. TEM bright field image showing microstructure in aged Haynes 242.
Contrasts in the image result from formation of NSHDs, which are oriented in
four directions within a single grain. The arrowed region shows what appears
to be a large NSHD oriented differently from the rest, but close examination
reveals that it is actually composed of cluster of smaller close-packed NSHDs.

242 was age-hardened, Ni2Mo-type domains formed. These do-
mains strengthened the alloy and increased yield strength. At this
high stress level, activated dislocations needed only a moderate
strain-hardening rate for their further movement. Therefore, at
low strain, Haynes 242 had a lower strain-hardening rate than
316 LN.

Because the size of the domains in our aged samples was
smaller than∼50 nm, the strengthening component was assumed
to be nano-sized hardening domains (NSHDs) (Fig. 5). With the
addition of Cr to form Ni2(Cr,Mo), the Ni2Mo-type NSHDs
became stable. The kinetics of Ni2(Cr,Mo) formation depended
on heat treatment temperature; the lower the temperature, the
slower the formation rate. For most superconductors, reaction
temperature is between 600 °C and 700 °C. This temperature
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range matches the full hardening temperature for Haynes 242,
as well as for some other Ni-based alloys.

Previous researchers had identified only one orientation for
Ni2Mo-type NSHDs within the same grain [26]. Close exam-
ination of our samples, however, revealed four habit planes on
which these NSHDs prefer to nucleate. These planes facilitate
the growth of NSHDs in certain directions with respect to
one another (Fig. 5). Because of these habit planes, property
anisotropy is likely to develop in material that has undergone
deformation, thus leading to variations in yield strength and
strain-hardening rate.

IV. DISCUSSION

During fabrication of reinforcement components for magnets
(conduits for conductors and the like), materials are usually sub-
jected to gradually increasing levels of deformation strain. Con-
sequently, small and large strain values are equally important for
the manufacture of high field magnets. This paper therefore dis-
cusses deformation of reinforcement materials to various strain
values.

One of the advantages of using the stainless steel 316 LN in
winding magnets is that, at room temperature, it has a relatively
low strain-hardening rate at strain greater than 3%, as well as
acceptable yield strength. This low strain-hardening rate and
moderate yield point make it easier to fabricate the coil. Yield
elongation, however, may induce surface defects in the early
stage of deformation, making the material more susceptible to
cyclic loading fatigue failure.

Although aged Haynes 242 has a low strain hardening rate
at low strain, it has higher yield strength and a greater strain-
hardening rate at large strain. Therefore, large forces are required
to fabricate coils from aged Haynes 242. Lower force levels,
however, can be employed when the method known as winding-
and-hardening is used to make the coils from unaged Haynes
242. This means that the alloy before winding should be in an
annealed or cold-deformed form so that both the yield strength
and the strain-hardening rate remain moderate. In this manner,
the winding force for manufacturing the magnet is reduced to
an acceptable level.

Recently, other Ni-based alloys have been developed with
even higher strength, higher hardness and higher modulus than
Haynes 242. These alloys have various additional advantages
over conventional alloys for the manufacture of high field su-
perconducting magnets [27].

V. SUMMARY

Modified stainless steels like 316 LN, because of their moder-
ate strength, are deformed relatively easily at room temperatures
and are widely used to fabricate magnet reinforcement compo-
nents of various shapes. After aging, however, these steels, be-
cause of segregation of nitrogen, may show pronounced yield
point elongation, which often leaves surface defects in the steel
during the winding of magnet coils. Haynes 242, a Ni-based
alloy, showed no yield point elongation and reached higher me-
chanical strength than 316LN. Nano-sized hardening domains
(NSHDs), which occurred during aging, further enhanced the

strength of Haynes 242. Other alloying elements also enhanced
both strength and strain-hardening. These properties are desir-
able for reinforcing high field magnets but not ideal for wind-
ing magnet coils. Therefore, coils fabricated from Haynes 242
should be wound before age-hardening, i.e., before the forma-
tion of NSHDs.
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