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Mechanical Properties of a Ni-Co-Cr-Mo Alloy
Ke Han , Y. Xin , V. J. Toplosky, R. M. Niu , and J. Lu

Abstract—Because effective reinforcement materials must have
both high capacity for load bearing and high resistance to deforma-
tion under external force, they require both high mechanical tensile
strength and a high elasticity modulus. Both strength and modulus
are usually amplified at cryogenic temperatures, so properties
at both cryogenic and room temperatures must be characterized
before the materials can be used for applications. In this study, we
investigated a nickel-based alloy whose Young’s modulus is higher
than that of the stainless steels that have commonly been relied
on as reinforcement materials in cryogenic environments. Our test
alloy was subjected to a type of thermo-mechanical processing that
strengthens the alloy through very fine planar defects. We first
deformed the alloy to various magnitudes at room temperature,
and we then measured its properties at both cryogenic and room
temperatures. Finally, we assessed the properties (at both tempera-
tures) of the materials that were deformed to different deformation
strains at room temperature. We found that our test alloy had
anisotropy in both elastic modulus and mechanical strength and
had more resistance to plastic deformation at cryogenic temper-
atures than at room temperatures. We then investigated physical
property changes in various magnetic fields and at various cryo-
genic temperatures. This paper summarizes 1) the changes that
occurred in the microstructure of our alloy and 2) the properties
desirable for effective reinforcement materials.

Index Terms—Mechanical strength, reinforcement, Young’s
modulus.

I. INTRODUCTION

M P35NTM -35wt%Co-35wt%Ni-20wt%Cr-10wt%Mo is
a high-strength, high-modulus, and high-corrosion-

resistant material with various applications [1], [2], [3], [4].
MP35N is considered a biomaterial and can be used in appli-
cations such as fasteners for the repair of bone fractures [5], [6].
In the 2000s, researchers began using MP35N as reinforcement
material for pulsed magnets [7], [8]. MP35N has recently been
suggested as an alternative to other Ni-based alloys, such as
Hastelloy alloys, for manufacturing superconductors and super-
conducting magnets [9], [33]. Hastelloy C-276, for example, is
composed of nickel, chromium, molybdenum, and tungsten. Its
Young’s moduli are reported to be 195 GPa at room temperature
and up to 212 GPa at cryogenic temperatures [27]. Researchers
have also explored the use of Haynes alloys in superconductor
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magnets [10], [11], [12], [13], [14]. Although these alloys have
higher moduli than stainless steels, their strength and moduli
are lower than those of MP35N. Due to the unique properties
of MP35N, researchers have focused on both characterizing and
improving its properties [15], [16], [17].

MP35N can be used in an annealed condition [18]. In this
condition, the alloy takes the form of a solid solution with
a face-centred-cubic (fcc) structure. MP35N is hardened by
cold deformation. In this condition, MP35N was described as a
multiphase cobalt-nickel alloy [19], [20], [21], [22], [23], [24].
The second major phase manifested by this alloy has been found
to display a hexagonal-close-packed (hcp) structure. The lack of
evidence for an hcp phase in a cold-deformed quaternary alloy
like MP35N, however, suggests that its strengthening mecha-
nisms and phase transformations require further investigation
[16], [25], [26], [27]. In binary cobalt-nickel alloys, for example,
it has not been possible to use X-ray diffraction techniques to
detect a stress-induced hcp phase [28].

Several researchers have attributed the strengthening of
MP35N to the production of deformation twins in the fcc matrix
[29], [30], [31]. Some researchers have reported the absence of
hcp, and they have attributed the alloy’s strength to dispersed,
nanosized γ’ phase particles [28]. Recent studies have revealed
that most of the planar defects or stacking faults that strengthen
the fcc matrix of MP35N are produced by deformation [32].

Aging strengthens cold-deformed MP35N significantly [21],
[22]. There are optimized aging times and temperatures for
the maximization of mechanical strength [7], [30]. Various
researchers have found that, to produce age-hardening, it is
necessary to deform MP35N beforehand; otherwise, aging alone
will not strengthen this material [21], [22]. In contrast, most
other age-hardened nickel-based materials can be hardened ei-
ther with or without prior deformation [33], [34]. To resolve
this contradiction, it will be necessary to explore the relative
effects on hardening brought about in MP35N by various com-
binations of deformation and aging. To understand the hardening
mechanisms involved, it will be necessary to identify any phase
transformation resulting from any possible combination of de-
formation and aging. This paper will review existing research
concerning the deformation mechanisms and the resulting mi-
crostructure changes that occur in MP35N.

Even though MP35N is generally known to have good cryo-
genic mechanical properties, very little detailed research has
been undertaken so far on its deformation mechanism at cryo-
genic temperatures [9], [29], [35], [36], [37], [38]. This paper is
particularly focused, not only on cryogenic properties, but also
on the microstructure changes induced by cryogenic deforma-
tion of MP35N. All tests, therefore, were done at both room
temperature and at 77K.
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II. EXPERIMENTAL METHODS

A. Materials

MP35N plates and sheets, which were rolled to reduction-in-
thickness of 45%, 55%, 65%, and 70%, were supplied for this
study by H.C. Starck of Cleveland, OH. The fact that the rolling
process itself introduced almost no change in width indicated
that rolling had occurred under biaxial stress. The rolled materi-
als were subjected to aging heat treatment at 820 K–850 K in a
furnace retort. Samples were heat-treated under flowing argon,
some for 4 hours and some for 8 hours.

Samples were machined with the tensile axis either parallel
to the longitudinal direction of cold rolling, or parallel to the
transverse direction, or perpendicular to the rolling plane.

B. Tensile Tests

Tensile tests were conducted according to the guidelines given
in ASTM E 8M. All tests were done either with a 100 kN capacity
servo-hydraulic MTS test machine equipped with a cryostat or
250 N Tytron. The tensile-test specimen was attached to the
test machine using bolt-together grips. Strain was recorded by a
clip-on extensometer with a gauge-length of 25 mm in MTS test
machine or by a digital imaging correlation system. Force was
recorded by either a 100 kN load cell or 250 N load cell. Tests
were conducted at an actuator stroke rate of 0.5 mm/min. When-
ever an accurate measurement of the modulus of elasticity was
needed, we instructed the program to perform the unload/reload
cycle after the observed onset of plastic strain (typically 1.5 to
2.0% strain) and then to load the specimen further until failure.
Samples were tested at either room temperature (295 K), or
liquid nitrogen temperature (77 K), or liquid helium temperature
(4 K).

C. Microstructure Examinations

We prepared transmission electron microscopy specimens
ground to a thickness of about 50 μm. From each, a 3 mm diam-
eter disk was punched out and subsequently ion- or jet-polished.
In order to study strengthening mechanisms, the microstructure
and composition of the samples were observed using a JEOL
JEM-ARM200cF Transmission Electron Microscope (TEM),
equipped with an Oxford Aztec Energy-dispersive spectroscopy
(EDS) detector [39], [40].

III. RESULTS

A. Mechanical Properties

Materials showed anisotropy in mechanical strength. In plate
samples deformed to 45%, for example, Ultimate Tensile
Strength (UTS) and Yield Strength (YS) had the highest values
in Transverse Direction (TD) and the lowest values in Normal
Direction (ND). These results are consistent with the data on
sheet samples [7].

As materials were cold-deformed (up to 74% reduction-in-
thickness) at room temperature, they became stronger because
work-hardening was positive. In samples deformed to 45%
and 55% reduction-in-thickness, the values of UTS reached

TABLE I
RT TENSILE TEST RESULTS OF SAMPLES DEFORMED TO 45%

1222 MPa and 1546 MPa, respectively. We did not observe
any further strengthening in materials deformed to greater than
74% reduction-in-thickness. This is consistent with our previous
observations [7].

In our materials, work-hardening appeared to be anisotropic,
leading to different ratios of UTS/YS in different directions. In
samples deformed to 45% reduction in thickness, for example,
the values of UTS/YS were 13% in both TD and LD (Longitu-
dinal Direction), but the value of UTS/YS was 25% in ND. The
anisotropy in mechanical properties was related to texture and
planar defects in the materials.

Aging treatment further increased the strength of deformed
materials. In some samples of materials subjected to aging heat
treatment after they had been deformed to 55% reduction-in-
thickness, UTS reached 1748 MPa. This was a 10% increase over
the UTS of deformed samples that had not been aged. We noticed
that insufficient ventilation during the aging process reduced the
achievable strength. The UTS reached only 1667 MPa in samples
deformed to 55% and then aged thereafter without sufficient
ventilation. In samples that had been deformed by rolling to
greater than 65% reduction-in-thickness, the aging process fur-
ther improved strength by >20% compared to similar samples
without aging. After aging, samples that had been deformed to
a higher deformation strain showed higher mechanical strength
than samples deformed to a lower deformation strain.

At cryogenic temperature (77 K), the stress -strain curves
of materials subjected to uniaxial loading showed the same
deformation-hardening features that had appeared at room tem-
perature (Fig. 1).

The biaxial stress of the rolling process introduced an
anisotropy of elastic properties. Young’s modulus showed the
highest values in the ND of the plate and the lowest values in
the direction parallel to LD or the rolling direction (Table I). We
observed this anisotropy in samples tested at room temperature,
at 77 K, and at 4K (Table II).

In our tensile tests, which we performed by applying uniaxial
stresses to samples, we found that a difference in deformation
mode (i.e., rolling alone vs rolling plus tensile testing) intro-
duced a difference in the Young’s modulus. Before testing, our
samples had been subjected only to a rolling process that exposed
materials to reduction in thickness of 45%, 55%, or 65%. This
rolling process subjected materials to biaxial stress rather than
the uniaxial stress of tensile tests.

As plastic deformation increased by about 0.2%, the modulus
in tensile tests appeared to decrease by up to 10% (Table II).
During previous rolling deformation from 45% to 55% or from
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Fig. 1. (a) Comparison of typical stress strain curves of MP35N sheets
deformed to 55% (thin solid line) and 65% (thick solid line). Both samples were
aged after deformation. For samples deformed to 65%, the modulus for the initial
loading from 0% strain is about 231 GPa and the modulus for the second loading
after ∼0.5% plastic deformation strain is 217 GPa. For samples deformed to
55%, the modulus for the initial loading from 0% strain is about 220 GPa and
the modulus for the second loading after ∼0.05% plastic deformation strain is
211 GPa. Both tests were undertaken at 77 K with the tensile axis parallel to the
rolling direction (RD). (b) Strength vs deformation strain.

TABLE II
TENSILE TEST RESULTS OF SAMPLES DEFORMED TO 65% AND THEN AGED

55% to 65% reduction in thickness, however, these same sam-
ples had already been subjected to biaxial rather than uniaxial
stresses, with the result that the modulus of samples deformed
to 65% was higher than that of samples deformed to 55% and
45%.

B. Microstructure

The microstructure of as-rolled samples showed a high den-
sity of planar defects (in addition to the dislocations expected

Fig. 2. Microstructure in samples deformed to 65% and aged at 550 °C for
8 hours. (a). Bright field TEM image. Selected stacking faults are indicated by
black arrows. White arrows show that rolling direction (RD) is parallel to<112>
orientation. (b). Atomic resolution STEM-HAADF image showing a stacking
fault. The zone axis for imaging is in [011]. The bright dots show columns of
atoms. Two dashed lines show a stacking fault.

in any face-centred-cubic, deformed material). Our analyses
indicated that these planar defects were either stacking faults
or twins. The distance between these planar defects was about
50 nm, and their length ranged from 100 to 500 nm. We believe
that the high density of planar defects played a major role in
strengthening the materials at both room and cryogenic temper-
atures.

Similarly, the microstructure of samples that had been both
rolled and aged showed a high density of stacking faults and/or
twins (Fig. 2). In all samples, the density of planar defects
increased with deformation strain, but there was no obvious dif-
ference between aged samples and those that had been deformed
but not aged.

We observed that the formation of planar defects in our
samples occurred in more than one habit plane. We measured the
angles between habit planes and the rolling direction and found
that most of them were about 0 and 60 degrees. Such orientation
may play a role in the anisotropy that we observed in mechanical
properties.

Previous researchers have observed either element-
segregation or precipitate-formation in deformed and aged
wire samples. These researchers have suggested that the major
element that leads to segregation or precipitation is Mo [41]. To
see whether these results, particularly Mo segregation, apply
also to sheet samples, we used atomic resolution High-Angle
Annular Dark-Field (HAADF) STEM imaging to compare
samples that had been deformed to samples that had been both
deformed and aged. Our data showed that most of the stacking
faults stood alone. The thickness of a single stacking fault
was only one to three atomic layers. We found no significant
change in image contrast between the atomic columns located
within grains and those located on the planar defects themselves
[42]. There was no evidence of Mo element segregation or
precipitation in our STEM-HAADF data. Because the atomic Z
numbers of Ni, Co, and Cr fall in a very narrow range, however,
we could not determine from HAADF-STEM images whether
segregation of Cr and Co occurred on stacking fault planes.

Magnetic property measurement at temperatures above 77 K
of as-rolled samples (some without aging, others with aging)
demonstrated that aging introduced ferromagnetic ordering. All
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of the as-rolled samples had entirely paramagnetic properties.
Aged samples, however, had magnetic properties similar to
those of a composite with both paramagnetic and ferromagnetic
components. The coercivity of the aged samples was only 200 Oe
[43]. Assuming that these aged samples were indeed composed
of two components, this coercivity value would indicate that
the ferromagnetic component had a very small volume fraction,
like the volume fraction of the stacking faults. The change from
paramagnetic to ferromagnetic ordering may have contributed to
age-strengthening. Further work, using atomic resolution EELS
mapping, is underway to ascertain whether the strengthening of
the aged samples was the result of magnetic ordering or alloying
segregation.

IV. DISCUSSION

In both annealed condition and as-deformed condition, we
observed neither elemental segregation nor phase separation in
our alloy. Consequently. we chose to model the entropy of this
alloy as an ideal solution, i.e., one in which the thermodynamic
properties are analogous to those found in a mixture of ideal
gases. As an ideal solution, this alloy seemed to us to have
met an important criterion for the category of High Entropy
Alloy (HEA). Its calculated configuration entropy, however, was
only 1.25R, which has led some other researchers to instead
consider this alloy a Medium Entropy Alloy (MEA) [44]. These
researchers have focused on the fact that the activation energy
of recrystallization and the activation energy of grain growth are
very similar to the activation energy of self-diffusion in MEAs.
Researchers, of course, are very interested in both MEAs and
HEAs because of their high achievable mechanical strength.
Based on our studies of samples deformed to various levels
of deformation strain and subsequently heat-treated at different
temperatures for different times, the high strength of MP35N
has been attributed largely to a high density of planar defects
(twins and stacking faults). We have observed that achievable
strength in MP35N, particularly at cryogenic temperatures, is
considerably higher than in most of the HEAs and MEAs studied
so far.

We found that, in other alloys with face-centred cubic struc-
ture matrices, strengthening resulted from the introduction of
deformation-induced precipitates and dislocations [11], [45],
[46], [47], [48], [49], [50]. In MP35N, however, strengthening
resulted from the introduction of deformation-induced planar
defects rather than precipitates. The distance between these
planar defects was only about 50 nm, small enough to restrict
the motion of dislocations at low stress levels and thus provide
high strength to the alloys.

In our alloy, the sample that was both deformed and aged
exhibited an electrical resistivity higher by 0.7 × 10−8Ωm and
a magnetic susceptibility higher by 0.005 at 25 K compared to
the sample that was only deformed. This suggests that the aging
process produces an internal structural change that leads to a
greater scattering of transport electrons. Other researchers have
attributed this stronger scattering to the segregation of certain
alloying elements in wire samples [41], [43]. Some researchers
have found segregation of Mo, Al, and Cr in wires of MP159 and

MP35N alloys [41], [51], [52]. In our MP35N sheets, however,
we observed no evidence of segregation.

At cryogenic temperatures, our MP35N sheets became
stronger. Other researchers have attributed cryogenic strength-
ening in MP35N to grain refinement [53]. In our sheets, how-
ever, grain refinement did not appear. We attributed cryogenic
strengthening instead to a phenomenon we have observed in
other fcc materials–the suppression of dynamic recovery [42].

Plastic deformation appeared to change the Young’s modulus
of our alloy. Other researchers have found that plastic defor-
mation reduces the modulus in alloys with similar chemistry
[18], [51]. In our alloy, however, we observed more complex
behaviour. The modulus was higher in samples that had been
subjected to large plastic deformation but not to age-hardening.
In samples that had previously undergone deformation followed
by aging, however, the modulus was reduced when we subjected
these same samples to additional plastic deformation. Such
behaviour may be related to internal stresses resulting from the
formation of more and more planar defects.

Fabrication parameters significantly affected the cryogenic
properties of our MP35N alloys. The strengthening effect of
aging increased progressively in samples subjected to higher
and higher deformation strain. The strengthening effect of ag-
ing in samples tested at 77 K, for example, was at its lowest
when deformation strain was kept below 45% and reached its
maximum when deformation strain rose to 65%.

V. CONCLUSION

Deformation of Co-Ni-Mo-Cr produced stacking faults and
twins, which strengthened the alloy. Increasing the deformation
strain to 74% increased the strength of the alloy at both room
and cryogenic temperatures. Strength showed anisotropy in
deformed samples. In the rolled plate, samples showed highest
strength in transverse direction and lowest strength in normal
direction. Young’s modulus showed similar anisotropy. We at-
tribute this anisotropy to both the texture of the matrix and
orientation of the deformation-induced nanoplatelets. Young’s
modulus was increased by introducing biaxial deformation strain
but decreased by introducing uniaxial deformation strain. Aging
of deformed samples appeared to make the alloy stronger at
both room and cryogenic temperatures. We attribute this age
strengthening to internal ordering in the deformation-induced
nanoplatelets.
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