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Severe elastic modulus shift of deformed CoNiCrMo alloy under relative low-temperature exposure
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Elastic modulus (EM) is usually considered to be a relatively stable physical quantity; even phase trans-
formation only results in a little change in EM, while this work demonstrates that it is not so straightforward.
Internal friction tests reveal that the EM of a 60% cold-worked CoCrMoNi (MP35N) alloy increases by over 17%
after exposed at 100-700 °C, with no change in phase or grains. Analysis of nanoscale structure of the alloy by
high-resolution transmission electron microscope shows that high-density nanosized unstable stacking faults and
incoherent nanotwins are formed in the cold-worked MP35N alloy, which severely weaken the bonding between
the atom planes and decrease the EM. During the exposure process, the unstable fault interfaces and incoherent
nanotwins transform into coherent nanotwins or annihilate to decrease the system energy, which repairs the
crystal structure and increases the interatomic bonding force and the EM. The segregation of solute atoms at the
twin boundaries and stacking faults also contribute a little to the increase in EM. These mechanisms should also
suit for the faced centered cubic (FCC)-structured alloys with low-level stacking-fault energy.

DOLI: 10.1103/PhysRevB.107..020102

MP35N, a superalloy containing 35%Ni, 35%Co, 20%Cr,
and 10%Mo (wt.%), is widely used for high-strength de-
vices. For these applications, the MP35N usually undergoes
a cold-working process followed by exposure at 350 °C to
800 °C. Earlier investigations reveal that tensile strength of
the MP35N increases due to the formation of high-density
nanotwins during the cold-working and segregation of Mo at
the twin boundaries (TBs) and the stacking faults (SFs) oc-
curring during the exposure process [1-5], whereas the elastic
modulus (EM) of the MP35N reported from various sources
differs greatly [6-8].

The EM, a key parameter for load-bearing devices and con-
struction elements, is commonly considered to be dominated
mainly by composition [9]. Besides, due to the anisotropy of
EM in the faced centered cubic (FCC) metals, one reason
for the change in EM of the polycrystalline is the formation
of deformation texture [10]. However, even when a cold-
worked MP35N is exposed to a temperature far lower than
the recrystallization temperature, its EM still varies with in-
creasing exposure time, with no change in composition, phase,
or grains [6,8,10]. Similar phenomena were also observed
in some Al alloys, Ti alloys, and nanocrystalline Cu that
experienced severe plastic deformation and a relative low-
temperature exposure [11-13], which could not be attributed
to phase transformation or deformation texture. The micro
mechanism requires investigation.

Recent studies reveal the important role of nanotwins and
stacking faults on strengthening. Since the grains and phase
do not change when the deformed MP35N is exposed to an
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elevated temperature [6], the effects of recrystallization and
phase transformation on the EM changes can be excluded,
suggesting that nanotwins and stacking faults may be respon-
sible for the EM variation. In this study, the abnormal EM
variation of the MP35N has been measured and the nanoscale
microstructure evolution has been characterized. Through an-
alyzing the evolutions of the nanoscale defects, a mechanism
of the EM changes has emerged.

The MP35N used in this study was a 60% cold-drawn
wire obtained from Fort Wayne Metals with a diameter of
1 mm. An inverted torsion pendulum under a free-damping
mode was used to measure the changes in EM [14], with
the initial strain amplitude set at 4x 107 of the torsion os-
cillation [15]. The specimen was heated and cooled between
100 °C to 700 °C with a step of 50 °C (i.e., heated from
room temperature to 150 °C, then cooled to room temperature,
next heated to 200 °C and cooled, and next to 250 °C). The
heating/cooling rate was 10 °C/min. The EM was calculated
with the following formula:

E =287l + wn)/R*,

in which 7 is the moment of inertia, / is the effective sample
length, f is the inherent frequency, R is the sample radius,
and p is the Poisson ratio [16]. To assess the evolution
in nanoscale microstructure of the cold-drawn MP35N be-
fore and after exposure, some samples were aged at 300 °C
and 600 °C for 6 min, and a transmission electron micro-
scope (TEM, JEOL2000FX) was used to characterize the
microstructure of the samples cut by focused ion beam.

The real-time increase in EM of the cold-drawn MP35N
is shown in Fig. 1, in which the ordinate is the ratio of the
EM after each cycle compared to the original value. There
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FIG. 1. Modular curves of a 60% cold-drawn MP35N alloy dur-
ing heating and cooling between 30 °C and 700 °C with a step of
about 50 °C.

is obvious increase in EM after each cycle. As presented in
the embedded graph, the increase during 400 °C to 550 °C is
the fastest, and the total increase is about 17% after heating
to 700 °C. These results demonstrate that the activation tem-
perature for the microstructure transformation that increases
the EM is very low, and the transformation occurs from room
temperature to 700 °C, resulting in a significant increase in
EM. Such a change in EM should be a serious consideration
in engineering design.

As the phase and grains do not change during the low-
temperature exposure process, changes in the nanoscale
structure within the grains were characterized by TEM to
understand the effects of the exposure, as shown in Fig. 2.
For the as-drawn specimen shown in Fig. 2(a), high-density
parallel deformation bands can be seen, and the diffraction
contrast induced by lattice distortion is obvious at the bands’
boundaries. At higher magnification, it was found that the
boundaries are sharp TBs or SF interfaces [see Fig. 2(b)].
Since the width of the deformation twins decreases monoton-
ically with decreases in the stacking-fault energy (SFE) [17],
and the SFE of the MP35N is very low [18], the twin width is
quite thin (2 ~ 5 nm) and the twin density is very high in the
60% cold-worked MP35N. As reported before, there are both
coherent twins and incoherent twins in the deformed FCC
alloys [19,20]. In Fig. 2(b), the TBs are mostly incoherent,
i.e., there is no common atomic plane for the lattices at the two
sides of the TBs, as indicated by the red lines. Although the
SFs in Fig. 2(b) are similar to common SFs, the width of the
SF interface is obviously higher (~0.245 nm) than the normal
atomic-plane spacing (~0.193 nm), as marked by “gap” in
Fig. 2(b), which indicates a severe lattice distortion and stress
field around the SF interface. According to the Lennard-Jones
interatomic potential, it is predicated that the wider atomic-
plane spacing will decrease the attractive force between the
atomic planes at the SF interfaces. The incoherent TB and
SF are both incoherent and two-dimensional defects, and the
incoherent twin can be considered to be a coherent twin with
SF, they can be collectively referred to as “ITBSFE” As nan
plane defects in the crystal, the very high-density ITBSF

FIG. 2. Microstructures of the MP35N alloy: (a), (b) after 60%
cold drawn; (c), (d) aged at 300 °C for 6 min after the cold-working;
and (e), (f) aged at 600 °C for 6 min after the cold-working.

will weaken the bonding between the atomic planes. With
further deformation, these ITBSF will transform into new
grain boundaries or microcracks [21-23]. Since the distortion
at the ITBSF is much higher than that at the coherent TBs,
these incoherent defects locate at high-energy state and are
unstable [19]. After aged at 300 °C for 6 min, the deformation
bands can still be identified, as presented in Fig. 2(c), whereas
fewer TBs and SFs were found in the high-resolution image
[Fig. 2(d)], and the TBs or SF interfaces are not as sharp as
that in Fig. 2(b), i.e., the interfacial lattice distortion at the
ITBSF is less serious. Therefore, it can be assumed that some
of the ITBSF have disappeared or become less incoherent.
After aging at 600 °C, the ITBSF have almost disappeared,
and some thin and bright bands were identified, as indicated
by the arrows in Fig. 2(e). Figure 2(f) reveals that there are thin
bands localized around the TBs or SF interfaces. As the bright
region corresponds to the concentration of heavier elements,
formation of these bands is attributed to the segregation of
Mo and Cr atoms [6,24,25]. The TEM images reveal that after
a short-term exposure, obvious transformation occurs at the
ITBSF to release the lattice distortion, resulting in nanoscale
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FIG. 3. Illustrations on evolution of the unstable fault during the cold-working and exposure processes: (a) typical generalized planar
fault-energy curve for an FCC metal, y, is the unstable stacking fault energy, yis is the intrinsic stacking-fault energy, yy is the unstable
twin-fault energy, yes is the extrinsic stacking-fault energy, y, is the energy barrier for the formation of a three-layer twin, y; is the twin
energy; atomic configurations of (b) perfect crystal; (c) unstable stacking fault; (d) intrinsic stacking fault; and (e) dependence of interatomic

force and modulus based on Lennard-Jones potential.

partial recovery, and some solute elements segregate at the
TBs and SF interfaces when the exposure temperature is
increased. As the grains and phase do not change, this mi-
crostructure evolution and segregation may be the reason for
the obvious increase in EM.

As shown in Fig. 2, the incoherent TBs and faults disappear
or transform after the exposure, which leads to additional re-
search focus on clarifying their evolution mechanisms. During
the cold-working process, high-density twins and SFs can
be formed in the FCC-structured metals [19,26-29]. In situ
observation on deformation of the FCC metals reveals that
formation and elimination of the SFs and twins occurs dynam-
ically [30,31]. When a stress is applied on the FCC crystal,
glide of a Shockley partial on a {111} plane will form a
single-layer SF named “intrinsic stacking fault,” and glide of
an identical partial on an adjacent {111} plane forms a two-
layer fault named “extrinsic stacking fault” or “twin fault”
[19,28,29]. With gliding of more identical partials on the
adjacent planes, twins of three or more layers will be formed.
There are also intermediate states between the perfect crystal,
single-layer SF, two-layer fault, and so on, called “unstable
stacking faults,” “unstable twin faults,” and “unstable twins,”
respectively [32]. During the formation processes of the
twins and SFs, a series of energy barriers must be overcome
[28,29,32], as shown in Fig. 3(a). As formation of the SFs
and twins is continuous, the high-energy intermediate states,
such as unstable SFs and unstable twins, can be reached under
the applied stress [31], while the strain energy stored in the
lattice around these microdefects can promote the evolution of
microdefects [33], whereas since the plastic deformation con-
tributed by the SF and nanotwins cannot recover immediately
once the specimen is unloaded, these unstable microdefects
should not transform immediately after unloading. Although
thermodynamically a single unstable fault cannot exist, it is

possible for a group of unstable faults or TBs to interact with
each other and achieve a metastable state, if the distortion
stress field of these adjacent unstable defects can maintain a
balance [34], which is similar to tripod legs supporting each
other. There should be some discrepancy between simulations
and experiments on the twinning propensity of the FCC metals
[35], and the modeling and calculation may be optimized by
considering the interaction of the microdefects. A possible en-
ergy curve of a fault considering the surrounding microdefects
is illustrated by the dotted line in Fig. 3(a), in which energy
platforms exist. Moreover, unstable deformation twins have
also been observed in the pure Al and W at low exposure
temperature [36,37].

Figures 3(b)-3(d) illustrate the evolution of the unsta-
ble one-layer fault during the cold-working and exposure
processes based on the TEM observation. During the cold-
working process, glide of the atomic plane forms the unstable
fault and then a one-layer fault. The atomic-plane spacing
at the unstable fault interface (d) is larger than the normal
atomic-plane spacing (dp). When a SF is formed, the atomic
bonding between the atomic planes at the SF interface will
be weakened, especially at the unstable SF interface. On
macrolevel, the weakened bonding force is exhibited as a
decrease in EM. In fact, decrease in EM of graphene in-
duced by presence of lattice defects has been proved [38].
When the unstable faults transform into a stable one-layer
fault, the atomic-plane spacing becomes close to normal
[see Fig. 3(d)], and the atomic bonding can recover. According
to the fault-energy curve, if the cold-working is stopped before
an unstable fault transforms into a one-layer fault, the unstable
fault may transform into perfect crystal or one-layer fault
to decrease the energy. Transformation of an incoherent TB
should exhibit a similar process. As the loading condition
of each atom in an atomic plane is the same, the interaction
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FIG. 4. Illustrations of the increase in EM and inner-crystal
microstructure evolution of the cold-worked MP35N during the
exposure process; the insets shows the atomic arrangement at
nanoscale: (a) cold-worked, exposed at relative (b) low and high (c)
temperature before recrystallization; and (d) recrystallized crystal.

force between the two atomic planes at the two sides of the
twin-fault interface can be simplified to the force between
two atoms. According to the Lennard-Jones potential, there
is a balance distance, dj, between the two atoms. Figure 3(e)
qualitatively illustrates the distance dependence of the bond-
ing force and the modulus between the atomic planes. The
modulus, as the slope of the net force curve, decreases when
the distance (d) is larger than dj. As the atomic-plane spacing
is increased when lattice distortion occur, the attractive force
will decrease. During the exposure process, the atomic-plane
spacing at the ITBSF gradually returns to the balance distance
and the EM recovers.

The evolution in EM of the cold-worked MP35N with
increasing exposure temperature is shown in Fig. 4. First,
the increase in GBs, TBs, and SFs during the cold-working
will destroy the perfect crystal, forming high-density two-
dimensional defects, which weaken the atomic bonding and
decrease the EM, as exhibited in Fig. 4(a). During the elevated
temperature (<700 °C) exposure process, there is no change
in grain structure, while the ITBSF disappear or gradually
transform into coherent interfaces [see Figs. 4(b) and 4(c)].
In fact, Electron Backscatter Diffraction (EBSD) analysis has
revealed that the density of the coherent twins in the cold-
worked MP35N increases after exposure [39]. As a result,
the distortion at the coherent interfaces is reduced and the
atomic-plane spacing returns back to normal, repairing the
atomic bonding and recovering the EM. Because the inco-
herent twins and unstable faults are in high-energy state,

these transformations are thermodynamically favored, and
their evolutionary mechanism is small-scaled atomic motion
rather than long-range diffusion and thus can occur even at
very low temperatures [30,37]. Since the Mo atoms segregate
at the SFs of the aged MP35N [6,24,25], and the bonding
energy between the Mo atoms is higher than that between the
Mo atoms and the other three atoms [40], the Mo segrega-
tion will also increase the EM. However, the contribution of
segregation to the increase in EM was estimated to be very
low, because the atomic percentage of Mo is only 6%. Even
if all the Mo atoms segregate from complete dispersion, the
resulting increase in EM is estimated to be lower, 5%. In fact,
the segregation is actually an increase in the ratio of Mo atoms
around the faults rather than fully segregation [24,25,41,42].
When the cold-worked MP35N is exposed at a temperature
lower than 800 °C, the growth rate of the EM initially in-
creases and then decreases, due to elimination of the ITBSF
and the segregation reaching its peak at 400 °C-500 °C. When
the exposure temperature is higher than 800 °C, dislocation
cancellation and recrystallization will further repair the crystal
and recover the EM [8], as in Fig. 4(d).

Since the decrease in EM is induced by the high-density
unstable faults and incoherent nanotwins, similar decrease and
recovery of the EM should also exist in some other FCC
alloys, if high-density nanoscale defects are formed during
cold-working, and vice versa for the evolution after thermal
exposure. It is important to note the change in EM induced
by nanoscale structure evolution in structural design. In the
cases of high-SF energy materials, the density of SF is rela-
tively low in the deformed materials and its effect on the EM
maybe less obvious. Nevertheless, single-phase alloys such as
high-entropy alloys may exhibit this effect more significantly
since the other factors affecting the EM can be excluded. The
recovery of the unstable SFs and nanotwins in some other
alloys such as Cu alloy may occur within a very short time
after unloading and usually not be noticed.

In summary, we propose that the reason for the significant
decrease in EM of the heavily cold-worked MP35N is the
formation of high-density incoherent twins and unstable SFs,
which obviously weaken the atomic bonding. When the cold-
worked MP35N is exposed at an elevated temperature, these
incoherent TBs and unstable SFs annihilate or transform into
more stable interfaces due to reconfiguration, which reduces
the crystal lattice distortion and increases the bonding force
and the EM. It is noted that this transformation does not lead
to a change in the phase or grain in the micrometer level. Our
findings also suggests this mechanism can be further applied
to similar alloys and this effect should be seriously considered
in engineering designs.
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