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In situ TEM study of the thermal stability of nanotwinned Ni-Mo-W alloys

Mo-Rigen He?, Ruopeng Zhang

b.c Rohan DhallP¢, Andrew M. Minor®€ and Kevin J. Hemker?

aDepartment of Mechanical Engineering, Johns Hopkins University, Baltimore, MD, USA; PDepartment of Materials Science & Engineering,
University of California, Berkeley, CA, USA; National Center for Electron Microscopy (NCEM), Lawrence Berkeley National Laboratory, Berkeley,

CA, USA

ABSTRACT

Microstructural evolution in nanotwinned Ni-Mo-W alloys under in situ heating experiments is inves-
tigated in a transmission electron microscope. Migration of twin boundaries and grain boundaries as
well as formation of carbide precipitates are observed at various temperatures and characterized at
atomic resolution. These transformations are found to occur at temperatures that are ~ 200°C lower
in Mo-rich (NigsMo13W,) specimens than in W-rich (NiggMo3W11) specimens, which highlights the

ARTICLE HISTORY
Received 28 June 2023

KEYWORDS

Nickel alloys; nanotwin; TEM;
thermal stability; solute
strengthening

different efficacy of Mo and W solutes in stabilizing the nanotwinned structure. Inspection of vari-
ous mechanisms points to the importance of elastic modulus mismatch as a pathway for enhancing

nanotwin stability by alloying.
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We present thefirst in situ and atomic-resolution study of the thermal stability of nanotwinned alloys.
Comparison of Mo-rich and W-rich Ni-Mo-W alloys uncovers the nontrivial role of solute species.

Introduction

Nanotwinned materials have gained rising attention over
the last few decades [1-3] due to their desirable combina-
tion of high strength, good ductility, and superior electri-
cal conductivity, as typically shown in nanotwinned Cu
[4-6]. However, notable detwinning and grain growth
under thermal or mechanical loads [7-9] precludes the
employment of nanotwinned Cu (and similar mono-
lithic metals) in extreme environments, such as high
temperature microelectromechanical systems (MEMS),
which require structural materials with good dimen-
sional and microstructural stability [10]. In some cases
nanotwinned alloys were found to be more stable [11];
in particular, densely packed nanotwins were present in

some alloys of metals (e.g. Ni, Al) [12,13] with otherwise
much higher stacking fault energy (SFE) than Cu.
Nanotwinned Ni-Mo-W alloys have recently been
shown to possess a unique suite of properties, includ-
ing ultrahigh mechanical strength (> 3 GPa), tailorable
coefficient of thermal expansion (CTE), and improved
microstructural stability [14-16], making them promis-
ing candidates for high temperature applications. For
instance, heat treatments of a NiggMo;4 W film (all com-
positions hereinafter are atomic fractions) exhibited good
stability of the as-deposited columnar grains with ultra-
fine nanotwins when annealed at 600°C for 1 h, whereas
detwinning, recrystallization, and precipitate formation
were associated with 800°C and 1000°C annealing [15].
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These results accord well with the prediction of first-
principle calculations [17], i.e. Mo and W solutes effec-
tively decrease the SFE in pure Ni and therefore promote
the formation and stability of nanotwins [12].

The relation between microstructure and physi-
cal properties in these alloys, however, remains less
understood. For example, CTE values in a series of
NigsMo,Wi5_, films (x = 0~ 15) exhibited invariance
with temperature (in the range of 20~ 600°C) for the
Mo-rich films, in contrast to positive temperature depen-
dence for the W-rich films [16], the latter being com-
parable to that in pure Ni and many of its binary alloys
[18-20]. These results indicate that Mo and W solutes
behave differently in the nanotwinned Ni-Mo-W alloys,
but the microscopic mechanism that underpins this dif-
ference has yet to be clarified. Relatedly, the likely dif-
ferent efficacy of Mo and W that affects the microstruc-
tural stability of nanotwinned alloys also need to be
assessed, which is a prerequisite for optimizing and uti-
lizing their unique thermomechanical behaviors. In the
present study, we utilize direct atomic-scale observations
during in situ heating to investigate the relative ther-
mal stability of two Ni-Mo-W alloys. Possible control-
ling mechanisms are investigated to discern the role of
different solute species.

Materials and methods

Nanotwinned Ni-Mo-W alloys were investigated with in
situ heating experiments inside the TEAM I (NCEM),
a double-corrected microscope operated in scanning
transmission electron microscope (STEM) mode at
300kV. Temperature-controlled annealing was imple-
mented using the Fusion Select holder (Protochips
Inc.), wherein microscopic specimens were attached

(a)

to a MEMS-based heating element [21], as shown in
Figure 1(a and b). This approach minimizes specimen
drift at elevated temperatures and provides a precise
measurement of the local temperature. Two batches of
films with comparative compositions of NigsMo13W>
and NiggMo3zW1; (hereinafter denoted as Mo-rich and
We-rich specimens) were synthesized with magnetron
sputter deposition [14] and used for specimen fabrication
inside a Helios G4 UC DualBeam system (ThermoFisher
Scientific). As demonstrated in Figure 1(c and d), thin
foils were extracted from the films using 30kV Ga™
focused ion beam (FIB) and polished to 100 nm or less
in thickness using 2 kV Ga™. Each foil was then attached
to a MEMS chip using FIB-assisted deposition of Pt/C,
with the area of interest supported over a through hole
(8 wm in diameter) in the SiN membrane heater.

For each specimen, a columnar grain was selected
and oriented along the common [110] zone axis of the
nanotwins, with the (111) twin boundaries (TBs) viewed
edge-on. Double-axis tilting was facilitated by the Fusion
Select holder, allowing for precise alignment and atomic-
resolution imaging of the ultrafine (typically < 5nm)
nanotwins. The specimens were heated stepwise from
room temperature (RT) with an increment of 100°C
over 1 min; the studied grain was allowed to stabilize
for ~ 2 min, and then characterized in STEM high-angle
annular dark field (HAADF) mode while the temper-
ature was held constant for a duration up to 30 min.
Microstructural evolution in the Mo-rich and W-rich
specimens are delineated and compared in detail in the
remainder of this letter, but an overview of the entire pro-
cess is helpful here. The nanotwinned structure remained
stable at low temperatures near RT; migration of TBs
and grain boundaries (GBs) then initiated and proceeded
slowly at intermediate temperatures (see Figures 2 and 3);
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Figure 1. Experimental setup for in situ heating. (a) Photograph of Fusion Select TEM holder (Protochips Inc.); (b) SEM image of the
functional area of a MEMS heating chip (Protochips Inc.); (c) Representative cross-sectional view of a nanotwinned Ni-Mo-W film used for
this study, the columnar grains are visible with ion channeling contrast; (d) SEM image of a thin foil that was lifted out and transferred

onto the MEMS chip (box area in b).



nanosized precipitates were generated and the specimens
rapidly degraded at higher temperatures (see Figures 4
and 5). It was noted that, for each stage of microstructural
evolution, the onset temperature in the Mo-rich speci-
mens was ~ 200°C lower than in the W-rich specimens.

Results and discussions

Thermal migration of the TBs in the Mo-rich specimens
is described first and demonstrated in Figure 2. An [110]
oriented grain is shown at RT in Figure 2(al). The two
twinning variants, arbitrarily denoted as matrix (pink)
and twin (green), are distinguishable in the atomic-
resolution STEM HAADF image and are highlighted by

% Defective site

Intensity (a.u.)
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applying Fourier Transform filtering (see inset). Closer
examination reveals that the (111) coherent TBs in the
as-made Ni-Mo-W films were not atomically flat but con-
tained steps (partial dislocations or disconnections), as
marked with “«” in Figure 2(al) and typically identified
in a magnified view in Figure 2(b). Such defective sites
have also been observed in nanotwinned Cu [22-24] and
associated with the migration of TBs under thermal or
mechanical loads. In this Mo-rich specimen, TB migra-
tion was observed when the foil was heated to 400°C, see
Figure 2(a2). The evolution of individual nanotwins are
further evidenced in Figure 2(c) by comparing the inten-
sity profiles of the Fourier filtered images as measured
across the TBs (e.g. along the open arrows in Figure 2,

7
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Figure 2. Migration of TBs and GBs in a Mo-rich specimen during in situ heating. (a1) STEM HAADF image of a columnar nanotwinned
grain at RT: matrix (pink) and twin (green) variants are highlighted by filtering using corresponding 111 spots in the Fourier Transform
pattern (inset), +’ symbols indicate atomic steps on TBs, solid line (blue) is the initial position of GB; (a2) Fourier filtered image of the same
areain (a1) after 30 min heating at 400°C: dash line (blue) is duplicated from (a1), solid line (light blue) is the position of the migrated GB;
(b) Magnified view of a disconnection on TB (image is rotated with relative to (a1) and (a2)); (c) Intensity profiles as measured along the
open arrows in (a1) and (a2). The difference between profiles (a1) and (a2) are marked as detwinning () or twin growth (o) events.
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al and a2, using a line width of 2 nm). Herein, the dis-
cernible valleys and peaks are identified as the matrix
and twin variants, respectively. Therefore, the vanishing
or narrowing peaks in profile (al) indicate detwinning
events, whereas the widening peaks in profile (a2) indi-
cate growing twins. It is noteworthy that the atomic steps
observed in Figure 2(al) were all annihilated and no
longer visible after in situ annealed at 400°C for 30 min.
The GBs between columnar grains were also observed
to migrate when this foil was heated to 400°C. For the
grain in Figure 2, the before and after position (projective
trace) of the GB are marked with dashed and solid lines in
Figure 2(a2). This GB was displaced by several nanome-
ters in 30 min. Since this GB was a non-special type (i.e.
low-angle or random high-angle), its thermal-activated

migration to reduce the total interfacial energy is reason-
able.

In sharp contrast to the Mo-rich specimens, the nan-
otwins in the W-rich specimens were found to be much
more stable, indicating that the TBs are less mobile even
at elevated temperatures. For instance, Figure 3 (al and
a2) shows the same grain viewed in STEM HAADF mode
at RT and after being in situ annealed at 600°C for 30 min.
Following the same approach as above, both images were
processed with Fourier Transform (see inset) filtering
to highlight the matrix (pink) and twin (green) vari-
ants. The intensity profiles shown in Figure 3(c) were
measured across the TBs (e.g. along the open arrows in
Figure 3, al and a2, using a line width of 2nm), and
the positions of primary valleys and peaks were found

— CTBs
% Defective site

Twin

Matrix

10 15
Profile (nm)

0 20 25

Figure 3. Migration of TBs and GBs in a W-rich specimen during in situ heating. (a1) Fourier filtered (inset) STEM HAADF image of a
columnar nanotwinned grain at RT; (a2) the same area in (a1) after 30 min heating at 600°C; defective sites on TBs and positions of GB
are marked likewise as in Figure 2; (b) Magnified view of an atomic step on TB (image is rotated with relative to (a1) and (a2)); (c) Intensity

profiles as measured along the open arrows in (a1) and (a2).



to be almost unchanged, i.e. no greater than one layer
thickness of (111) plane, at RT and 600°C. A few steps
or disconnections were also observed on the TBs at
RT, as marked with “«’ in Figure 3(al) and shown in a
magnified view in Figure 3(b). The lower resolution at
600°C made it unclear whether the atomic steps have
migrated in Figure 3(a2); nevertheless, the measurements
in Figure 3(c) convincingly proved that the nanotwinned
structure was stable down to the atomic scale.

GBs appeared to migrate a little when this W-rich
specimen was heated to 600°C, but they were much less
mobile than in the Mo-rich specimen. For the grain
in Figure 3 (al and a2), the GB (projected trace) was
displaced less than a nanometer in 30 min. This obser-
vation is consistent with previous reports that alloying
with W effectively improved the thermodynamic sta-
bility of nanocrystalline Ni by decreasing GB energies
[25,26]. Likewise, the driving force of migration for the
columnar GBs in our nanotwinned alloys may have been
suppressed by W solutes.

In situ heating of both specimens at even higher
temperatures ended with rapid formation of precip-
itates, which were later identified with STEM imag-
ing and X-ray energy dispersive spectroscopy (XEDS)
mapping after the specimens were cooled down to

MATER. RES. LETT. 883

RT. In the Mo-rich specimens, all precipitates were
found to nucleate on the columnar GBs and grow to
~100nm in diameter within 5min at 600°C, see for
example Figure 4(a). With XEDS maps (Figure 4(b))
and atom-resolved STEM HAADF image (Figure 4(c)),
the precipitates were identified as Mo-rich M,C car-
bide (space group: P63/mmc). Their averaged composi-
tion was (Nig 01 M0g.90Wo.09)Co.44. No specific orienta-
tion relation was noticed between the precipitates and the
nanotwinned grains.

In the W-rich specimens, significant precipitation only
occurred when heated to 800°C; the precipitates nucle-
ated both at the columnar GBs and inside the nan-
otwinned grains, and Figure 5 shows that both forms
were identified as W-rich M,C carbide (space group:
P63/mmc or P3ml) with an averaged composition of
(Nig.05Mo00.45W0.50)Co.56. Not explicitly shown here but
similar to those in the Mo-rich specimens, no orienta-
tion relation was specified for the coarser precipitates
(~100nm in diameter) on GBs. By contrast, the finer
precipitates (~ 10 nm in thickness) inside nanotwinned
grains occasionally have their (1010) planes aligned with
the (111) twin planes, as revealed in Figure 5(c).

Taken as a whole, these in situ heating experiments of
nanotwinned Ni-Mo-W alloys showed clear evidence of

Figure 4. Precipitates formed in a Mo-rich specimen at 600°C (in 5 min). (a) STEM ADF image of the post-heated nanotwinned film;
(b1-b4) XEDS maps of C, Ni, Mo and W; (c) representative atom-resolved HAADF image of a precipitate on the GB (box area in a).
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Figure 5. Precipitates formed in a W-rich specimen at 800°C (in 5 min). (a) STEM ADF image of the post-heated nanotwinned film;
(b1-b4) XEDS maps of C, Ni, Mo and W; (c) representative atom-resolved HAADF image of a fine precipitate inside the nanotwinned

grain (box area in a).

microstructural evolution and that changes in the Mo-
rich specimens occurred at ~200°C lower temperatures
than in the W-rich specimens. Whereas these tempera-
tures may not be directly compared with those measured
in other nanotwinned materials (typically with ex situ
heating), the relative difference between Mo-rich and W-
rich specimens is still meaningful. However, we first note
that the role of alloy composition on thermal stability
cannot be explained by the simple rule-of-mixtures of the
homologous temperatures. Based on binary phase dia-
grams of Ni-Mo and Ni-W [27], the melting temperatures
of NigsMo;5 and NigsW 5 are estimated as 1430°C and
1500°C, respectively. It is therefore presumable that the
melting temperatures of the two alloys (NigsMo;3W; and
NigsMo3W1;) studied here differ by no more than 50°C,
so this factor alone cannot be used to describe the better
stability of W-rich specimens than Mo-rich.

Difference in SFE would also affect the thermody-
namic stability of nanotwins. First-principles calculations
suggested that Mo and W solutes (which were intention-
ally placed on TBs) are very closely effective at decreas-
ing the SFE in Ni [17]. The SFE of Niz; Mo and Ni;; W
was calculated to be 103.0 and 105.4 mJ/m?, respectively
(pure Ni was 132.1 mJ/m?). The temperature dependence

of SFE in Ni-Mo and Ni-W was also similar. However,
the segregation behavior of Mo and W solutes in Ni
could be different and deserves further attention. A semi-
empirical model for binary alloys [28] was used to calcu-
late the enthalpy of mixing to be —7 kJ/mol for Ni-Mo
and —3 kJ/mol for Ni-W, suggesting that local order-
ing is comparatively more favored for Ni-Mo alloys and
solute segregation to GBs is favored for Ni-W alloys.
The latter was considered to account for the improved
thermal stability of nanocrystalline Ni-W alloys [25]. In
the nanotwinned Ni-Mo-W alloys studied here, however,
STEM-XEDS analysis of both types of as-deposited films
(see Appendix A) have yet to find convincing evidence of
solute segregation at TBs. Moreover, no secondary phase
at TBs or GBs was discernable during in situ heating, until
the formation of carbides at much higher temperatures.
As such, the contrasting thermal stability does not appear
to be caused by differential segregation or precipitation,
and are likely reflective of the different ways that Mo and
W solutes interact with and inhibit TB/GB migration.
The kinetics of interfaces (and linear defects as well)
can be influenced by solute drag, which is known
to be governed by solute diffusion [29]. However,
direct comparison (e.g. Figures 2 and 3) indicates that



W is more effective than Mo in stabilizing TBs/GBs
even at higher temperatures. Extrapolating from the
reported results in Ni-Mo and Ni-W systems [30-32],
tracer diffusion coeflicients of Mo/W in Ni were cal-
culated to be (0.4~12.1) x 1072° m?/s at 400°C and
(0.4~6.9) x 10721 m?/s at 600°C. Even though Mo dif-
fuses slightly (1 order of magnitude) faster than W at
identical temperatures, the ability of either species to drag
an interface would be much (5 orders of magnitude) less
atlower temperatures. The better stability of W-rich spec-
imens than Mo-rich therefore cannot be attributed to
solute diffusion and requires closer inspection.

The interaction between solutes and the atomic-scale
defects at TBs is another considerable factor that con-
trols their kinetics. This resembles the classic Fleischer
model of solid solution strengthening [33] or the Labusch
model more appropriate for concentrated alloying and
weak interaction [34], in both cases the mismatches of
lattice parameter and elastic modulus between the solute
and solvent atoms account for the additional resistance
to gliding dislocations. Likewise, given that TB migration
was accommodated with disconnections (as indicated in
Figures 2 and 3), their mobility may also depend on
the concentration and species of the solutes present on
TBs, even if segregation was absent there. In particu-
lar, first-principles calculations [17] suggested that Mo
and W solutes in Ni have almost identical lattice mis-
match, but W leads to notably greater elastic mismatch
than Mo does. The relative change of lattice size was cal-
culated to be 0.19% between Niz; Mo and Ni and 0.20%
between Niy; W and Ni, while the relative change of bulk
modulus was 0.31% and 0.66%, respectively [17]. These
account for a 6 ~10% higher strength contributed by
the same amount of W than Mo solutes as interacting
with edge dislocations. Therefore, a greater resistance to
detwinning is also expected for the W-rich specimens
than the Mo-rich specimens, which aligns, at least quali-
tatively, with their difference in thermal stability that was
uncovered in the current study.

Regarding the formation of carbides at the extremes
of in situ heating, we note that C was involved in the
attachment of the thin foils onto the heating chips and
can readily diffuse on the surfaces and along the colum-
nar GBs at elevated temperatures, although the as-made
specimens at RT showed no segregation of C to the GBs.
It is also probable that formation of carbides consumed
Mo and W solutes and led to remarkable coarsening of
the nanotwinned grains above 600°C or 800°C. Carbide
precipitates were also observed in the as-deposited films
(~30pm thick) after annealing in a vacuum furnace
[15], but incorporation of C from the untreated surfaces
may be expected there as well. Using the bulk diffusion
coefficient of C in Ni [35], the diffusion depth is estimated
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to be ~ 2.5 um at 600°C (5min) and ~ 77 pm at 800°C
(1h), and diffusion along GBs is expected to be even
faster. Therefore, the diffusion of C is sufficient to pene-
trate the whole specimen in either condition, which also
calls for regulation of C uptake if nanotwinned Ni alloys
are to be utilized in high temperature environments.

Conclusion

In summary, Mo-rich and W-rich nanotwinned Ni-Mo-
W alloys were observed to undergo microstructural evo-
lution in two stages during in situ heating, i.e. migration
of twin boundaries and grain boundaries at intermediate
temperatures and rapid formation of carbide precipitates
at high temperatures. Our comparative studies show that
W is more effective in stabilizing the microstructure than
Mo is. While the influence of alloy composition on ther-
mal stability cannot be attributed to variations in melting
temperature, stacking fault energy, or solute diffusivi-
ties, consideration of classic solid solution strengthening
mechanisms points to the importance of elastic modulus
mismatch between solute and solvent atoms in inhibiting
detwinning and stabilizing nanotwins.
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Appendix A. characterization of solute
distribution at TBs

Additional thin foils of the two alloys (Mo-rich and W-rich)
in this study were extracted from the same pieces of as-
deposited films that were used to fabricate the in situ heated
specimens. These foils were also extracted using 30kV Ga™
FIB and polished to 100 nm or less in thickness using 2kV
Ga™. Atom-resolved STEM and XEDS were performed using
a probe-corrected JEOL Grand ARM II microscope operated
at 300kV.

Figure Al shows representative characterization results of
the two alloys. Densely packed nanotwins are exhibited in
HAADF images (al) and (b1), and line-scan profiles were mea-
sured normal to the arrays of (111) TBs using a line width of
6nm and a step size of 0.1 nm; the concentrations of Mo and
W as well as the intensity of HAADF image signal are then
displayed in (a2) and (b2). It is first noted that the HAADF
intensity profiles in both alloys showed discernible long-range
variation normal to the TBs, with the peak positions appear-
ing to coincide with several TBs, which are marked with ‘+ in
(a2) and (b2). The magnitude of such variation was even greater
in the W-rich foil (b1) than in the Mo-rich foil (al), although
both images were recorded and processed under identical con-
ditions. Since the HAADF intensity strongly scales with the
(average) atomic number, which is known as the ‘Z-contrast’,
it is speculated that the marked TBs were also associated with
the segregation of Mo or W solutes.
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On the other hand, the compositional profiles in (a2) and
(b2) apparently show no difference with statistical significance
at the marked TBs. Averaging over a window of 0.5 nm (which
accounts for the beam broadening through foil thickness)
across these TBs, the excess concentrations were calculated as:

Apo = 0.11 £ 0.15, Aw = 0.14 £ 0.08,
in the Mo - rich foil (a2);

Amo = 0.07 £ 0.09, Aw = 0.13 £0.12,
in the W - rich foil (b2).

These results suggest that either species was not effectively seg-
regating to the TBs, and no difference in the composition at TBs
was discernable between the Mo-rich and W-rich foils, so then
their distinct profiles of HAADF intensity remain unexplained.

Taken as a whole, although both STEM images and XEDS
measurements provided faint hints of solute segregation at TBs,
these results fell short of interconsistency and statistical signif-
icance. Convincing evidence of the nature of solute segregation
and in particular the difference between Mo-rich and W-rich
specimens is still lacking. Nevertheless, one should notice that
the inhomogeneity of solute distribution in the TB planes may
be finite in both magnitude and length scale and prone to
be erased by averaging through thickness; three-dimensional
characterization (e.g. atom-probe tomography) may provide a
clearer delineation of such nanostructured alloys but is beyond
the scope of current study.
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Figure A1. STEM-XEDS characterization of as-deposited nanotwinned alloys: (a) Mo-rich film; (b) W-rich film. (a1) and (b1) show HAADF
images, (111) TBs are marked with light blue lines. (a2) and (b2) show line-scan profiles of the atomic concentrations of Mo (pink) and
W (green) as well as the intensity of HAADF signal (dark blue) measured normal to the TBs. Peaks in the long-range variations of HAADF
intensity are marked with ‘+'. Note that the high-frequency variations correspond to the periodicity of (111) atomic planes.
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