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Abstract: Compositionally complex polycrystalline γ/γ′ CoNi-base superalloys, such as
CoWAlloy2 (Co41-Ni32-Cr12-Al9-W5-Ti0.3-Ta0.2-Si0.4-Hf0.1-C-B-Zr) are interesting candidates for
new high-temperature materials. To maximize their high-temperature strength, theγ/γ′microstructure
has to be optimized by adjusting the multi-step heat treatments. Various microstructures after different
heat treatments were analyzed by scanning and transmission electron microscopy and especially
in-situ small-angle neutron scattering during heat treatment experiments. The corresponding
mechanical properties were determined by compression tests and hardness measurements. From this,
an optimum γ′ precipitate size was determined that is adjusted mainly in the first precipitation heat
treatment step. This is discussed on the basis of the theory of shearing of γ′ precipitates by weak and
strong pair-couplings of dislocations. A second age hardening step leads to a further increase in the
γ′ volume fraction above 70% and the formation of tertiary γ′ precipitates in the γ channels, resulting
in an increased hardness and yield strength. A comparison between two different three-step heat
treatments revealed an increase in strength of 75 MPa for the optimized heat treatment.

Keywords: compositionally complex alloy; CoNi-base superalloy; scanning electron microscopy
transmission; electron microscopy; small-angle neutron scattering; precipitation behavior; hardness;
yield stress

1. Introduction

In recent years, different compositionally complex, γ′-strengthened CoNi-base superalloys in the
Co–Al–W system were developed [1–6]. Investigations revealed that, in particular, the polycrystalline
CoNi-base superalloys are promising for high-temperature applications [1,7]. Compared to the alloys
of the simple ternary and quaternary Co–Al–W–X systems, the polycrystalline alloys of the CoWAlloy
series exhibited an improved oxidation behavior [8,9] and enhanced mechanical properties [1,2,7].
A large gap between solidus and γ′ solvus temperature together with a high γ′ volume fraction is
regarded to be beneficial for the usage as wrought alloys. After a three-step recrystallization and
aging heat treatment, the L12 ordered γ′ (Co, Ni)3(Al, W, Ti, Ta) phase is precipitated in a multimodal
distribution of particle size of large primary, smaller secondary, and ternary precipitates that are
coherently embedded in the γ matrix phase. The primary γ′ precipitates emerge during deformation
and the recrystallization heat treatment. Secondary and tertiary γ′ precipitates occur during the aging
heat treatment. Previous microstructural investigations on the alloy CoWAlloy2 revealed that the γ′
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volume fraction of the secondary γ′ precipitates is slightly above 50% and the diameter of the primary
and secondary γ′ precipitates is of about 0.2 µm and 60 nm [1,10]. Comparable cast and wrought
Ni-base superalloys, such as Waspaloy and U720Li, have total γ′ volume fractions below 50%.

From Ni-base superalloys, it is known that the precipitation strengthening mechanisms depend on
the volume fraction and size of these precipitates. To predict the precipitation strengthening contribution
and to adjust the optimum γ′ precipitate size, the model for weak and strong pair-couplings of
dislocations is used [11,12]. Typically, dislocations travel in pairs. While the leading partial dislocation
encounters an obstacle and creates an anti-phase boundary (APB), the following partial dislocation
restores the original order. If the precipitates are smaller than a critical particle size, the pair of partial
dislocations is weakly coupled, i.e., the leading and the trailing dislocations are cutting different
precipitates. Precipitates that are larger than a critical particle size lead to strong pair-coupling.
The coupled dislocation pair is in the same precipitate. At the transition between weak and strong
pair-coupling, it can be expected that the material reaches a maximum of strength and hardness.

In order to achieve the highest possible mechanical strength of the developed CoNi-base
superalloys, also the γ/γ′ microstructure has to be optimized by adjusting the multi-step heat
treatment procedures. However, it is not clear whether the model of weak and strong-pair coupling
can be used for CoNi-base superalloys, too, and what the optimum γ/γ′ microstructure is and
how large the total γ′ volume fractions are. So far, the deformation mechanisms at strain rates of
10−4 s−1 or faster have not been investigated yet. Previous investigations on the creep deformation
mechanisms of single crystalline γ/γ′ CoNi-base superalloys at lower strain rates revealed that the
shearing of the γ′ phase occurs by forming APB/SISF/APB configurations at 900 ◦C [3] or by forming
APB/SISF/APB configurations and later by SISFs at 850 ◦C (SISF: Superlattice intrinsic stacking fault).
Other polycrystalline γ/γ′ CoNi-base superalloys showed that the γ′ precipitates are sheared by a/6
〈112〉 Shockley partial dislocations and microtwins are formed during creep at 750 ◦C [13].

In this study, different heat treatment strategies were performed to adjust the microstructure and
consequently improve the high-temperature mechanical properties of the polycrystallineγ/γ′ CoNi-base
superalloy CoWAlloy2. To reveal the correlation between microstructure and mechanical properties, the
different conditions were characterized in detail by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), hardness measurements, and compression tests. Complementary in-situ
and ex-situ small-angle neutron scattering (SANS) investigations were performed to get representative
information from larger volumes about the temporal evolution of the γ′ precipitate phase. Previous
studies demonstrated that two-phase superalloys can be successfully analyzed by SANS to investigate
the microstructural evolution of the γ/γ′ microstructure during heat treatments [14–18]. In this study,
the γ′ precipitate size distributions and volume fractions during the heat treatment procedures and
after the full three-step heat treatment were determined quantitatively. The goal was to find the
optimum γ/γ′ microstructure and to check whether the existing precipitation strengthening models
can be applied for these novel γ/γ′ CoNi-base superalloys.

2. Materials and Methods

Table 1 gives the elemental composition of the investigated alloy named CoWAlloy2.

Table 1. Nominal alloy composition of CoWAlloy2 in at.%.

Element Co Ni Cr Al W Ti Ta Si Zr Hf B C

CoWAlloy2 40.8 32.0 12.0 9.0 5.0 0.3 0.2 0.4 0.01 0.1 0.08 0.08

The alloy was vacuum arc melted from raw elements, cast and homogenized for 3 h at 1250 ◦C
in air. Bars of the material with an initial diameter of 40 mm were rolled in several steps down
to a diameter of 15 mm on a non-heated rolling mill with a starting temperature of 1100 ◦C at the
company Vacuumschmelze GmbH (Hanau, Germany). To recrystallize the rolled bar, a subsequent
heat treatment (4 h/1000 ◦C, oil quenched) was applied. After recrystallization (as-RX), the material
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was cut into about 2 mm thick slices and quartered. Several annealing heat treatments were performed
in air to produce different γ′ distributions. The first aging heat treatment step was performed at 800 ◦C
and 900 ◦C for 2, 4, 8, and 16 h (step I). All samples were air cooled after the individual heat treatment
steps. Based on the results found, a second aging heat treatment step was added to promote the growth
of tertiary γ′ precipitates and to further increase the γ′ volume fraction (step II). This additional heat
treatment was performed at 725 ◦C or 750 ◦C for 16 h on samples annealed at 800 ◦C or 900 ◦C for 4 h.
All samples were air cooled after the individual heat treatment steps. The heat treatment procedure is
based on Waspaloy [19].

The microstructures were investigated by using a SEM Zeiss Crossbeam (Zeiss, Oberkochen,
Germany) 1540 EsB in conjunction with a back-scattered electron detector and an acceleration voltage
of 20 kV at 7 mm working distance. The samples were cut, ground, and polished up to 1 µm, and in a
final step, polished with colloidal silica. For TEM investigations, 200 µm thick slices with a diameter of
3 mm were prepared. Electrolytic thinning of the samples was done with a 6 vol.% perchloric acid
solution in methanol at about −25 ◦C with a Struers Double Jet Tenupol-5 (Struers, Willich, Germany).
TEM investigations were performed on a Philips CM 200 (Philips, Amsterdam, Netherlands) operated
at 200 kV.

The mechanical properties after the different heat treatments were assessed by Vickers hardness
testing with a load of 98.1 N. For the two-step heat treatments, compression tests were additionally
performed on cylindrical samples. The samples with a diameter of 3 mm and a length of 4.5 mm were
manufactured by wire spark erosion and ground to achieve parallel surfaces. The compression tests
were performed on an electromechanical Instron 4505 testing machine (Instron, Norwood, MA, USA)
at room temperature (RT), 600 ◦C, 750 ◦C, 800 ◦C, and 850 ◦C with a strain rate of 10−4 s−1. At least
three tests were conducted at each temperature.

Since the determination of the γ′ particle size distribution and γ′ volume fraction of the complex
tridisperse γ′ structure is difficult by electron microscopy techniques, in-situ and ex-situ heat treatments
were performed at the small-angle neutron scattering facility SANS-1 at the Heinz-Maier-Leibnitz
Center of the TU München (FRM II) [20]. For the SANS measurements, discs with a diameter of
15 mm were cut from recrystallized bars in fully heat-treated conditions, which were ground to achieve
parallel surfaces and a thickness of 1 mm. A high-temperature vacuum furnace was implemented
in the beam line. To cover a maximum q-range (range of scattering angles for determination of the
precipitate size distribution), data from three detector configurations were measured and combined
to produce one SANS spectrum. The detector distance was varied between 2 m, 8 m, and 20 m.
The scattering measurement was performed with a beam diameter of 8 mm and a wave length of 6 Å at
the lower detector distances and 12 Å at the detector distance of 20 m. To reproduce the heat treatment
procedure, the recrystallized samples were characterized in-situ at room temperature first and then at
the first heat treatment temperature at 800 ◦C or 900 ◦C, respectively. Each measurement lasted for
about 1 h, so the total annealing time at 800 ◦C or 900 ◦C was about 2 h. In addition to that, ex-situ
measurements of the fully heat-treated conditions were performed. Afterwards the scattering patterns
were analyzed, calibrated with water measurements and merged with the software BerSANS [21].
The SASFit program [22] was used for fitting the corrected data in which the γ′ hardening precipitates
were modeled as spherical particles with a log-normal distributed particle size. To calculate the
scattering factors of the secondary and tertiary γ′ and the surrounding γ matrix phase, their chemical
compositions were used, which were determined by atom probe tomography (APT) in a previous
study by Freund et al. [10]. Table 2 summarizes the compositions of the γ matrix and the γ′ precipitates.
The resulting scattering factor of the secondary γ′ precipitates is 1.18 × 1010 cm−2 and the scattering
factor of the tertiary γ′ precipitates was 9.08 × 109 cm2.
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Table 2. Composition (at.%) of the secondary and tertiary γ′ precipitates and the surrounding γ matrix
phase of CoWAlloy2 determined by atom probe tomography (APT) [10].

Co Ni Cr Al W Ti Ta Si Hf B C

γ matrix 49.0 21.3 20.9 3.6 4.4 0.04 0.03 0.64 0.02 0.013 0.008
±0.6 ±0.2 ±0.6 ±0.1 ±0.1 ±0.01 ±0.01 ±0.05 ±0.01 ±0.01 ±0.01

secondary γ′ 32.8 39.4 5.4 14.5 6.1 0.50 0.37 0.35 0.14 0.025 0.006
±0.5 ±0.7 ±0.2 ±0.4 ±0.4 ±0.02 ±0.08 ±0.02 ±0.03 ±0.01 ±0.01

γ matrix 48.5 22.0 20.0 4.1 4.5 0.07 0.03 0.61 0.02 0.016 0.007
±2.4 ±2.9 ±2.5 ±1.5 ±0.4 ±0.08 ±0.03 ±0.09 ±0.01 ±0.01 ±0.01

tertiary γ′ 34.9 38.2 5.4 12.5 7.4 0.44 0.19 0.38 0.06 0.011 0.008
±1.4 ±1.4 ±1.0 ±0.7 ±0.5 ±0.06 ±0.04 ±0.06 ±0.02 ±0.01 ±0.01

3. Results

3.1. Microstructural Characterization

3.1.1. Electron Microscopy

Various microstructures were generated by applying different heat treatments. The conditions
after the recrystallization heat treatment (as-RX), after 4 h of the first aging step (step I), can be seen in
Figure 1.
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Figure 1. SEM images of different conditions: (a) as-RX; step I: (b) 800 ◦C/4 h and (c) 900 ◦C/4 h. The red
arrows indicate the primary γ′ precipitates.

The large primary γ′ precipitates were characterized by SEM image analysis. They had a radius
of about 150 nm formed during the recrystallization heat treatment at 1000 ◦C (see Figure 1a) since the
γ′ solvus temperature was 1030 ◦C [6]. These precipitates were distributed heterogeneously and their
volume fraction was about 3%. During the first aging step at 800 ◦C, small secondary γ′ precipitates
emerged, which, however, were too small to be clearly seen in the SEM; see Figure 1b. In contrast, the
secondary γ′ precipitates after aging at 900 ◦C were coarsened to a radius of about 30 nm; see Figure 1c.
The aging heat treatment step I primarily determined the size of the secondary γ′ precipitates. In more
detail, their temporal evolution between 2 h and 16 h of annealing at 800 ◦C and 900 ◦C was also
examined using dark field TEM (see Figure 2).
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Figure 2. Dark field TEM images of the conditions after aging step I: (a) 2 h, (b) 4 h, (c) 8 h, and (d) 16 h
at 800 ◦C; (e) 2 h, (f) 4 h, (g) 8 h, and (h) 16 h at 900 ◦C.

The size of the secondary γ′ precipitates increased by increasing time and temperature of the
annealing heat treatment (see Figure 2 and Table 3).

Table 3. Mean radius r of secondary γ′ precipitates of the different conditions as determined by TEM.

Heat
Treatment 800 ◦C 900 ◦C 800 ◦C/4 h

+725 ◦C/16 h
900 ◦C/4 h
+750 ◦C/16 h

Time/h 2 4 8 16 2 4 8 16

Mean radius
sec. γ′/nm

10.3
±2.0

12.8
±2.6

14.6
±4.5

19.6
±4.0

21.4
±7.2

26.4
±6.5

34.2
±8.8

45.2
±13.5

19.4
±6.4

36.1
±7.0

In general, the γ′ precipitates were nearly twice as big after annealing at 900 ◦C compared to
800 ◦C. By comparing the conditions after the first aging step and the full heat treatment, it can be seen
that the bidisperse distribution of spherical γ′ precipitates changed to a tridispersive one, but the size
of the primary and secondary γ′ precipitates stayed similar; see Figure 3.

The aging step II at 725 ◦C or 750 ◦C led mainly to a further increase of the γ′ volume fraction by
precipitation of very small tertiary γ′ precipitates, which accumulated at the existing secondary γ′

precipitates (Figure 3c) or formed in the γ matrix surrounding the secondary γ′ precipitates (Figure 3d).
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Figure 3. SEM images of the conditions after aging step II: (a) 800 ◦C/4 h + 725 ◦C/16 h and (b) 900 ◦C/4
h + 750 ◦C/16 h. Dark field TEM images of the conditions after aging step II: (c) 800 ◦C/4 h + 725 ◦C/16
h and (d) 900 ◦C/4 h + 750 ◦C/16 h.
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3.1.2. Small-Angle Neutron Scattering

The absolute macroscopic scattering cross section dΣ/dΩ as a function of the scattering vector q of
the fully heat-treated condition 900 ◦C/4 h + 750 ◦C/16 h is plotted exemplarily in Figure 4a.
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Figure 4. (a) Scattering curve of the condition 900 ◦C/4 h + 750 ◦C/16 h consisting of three different
contributions: Log-normal size distributed secondary and tertiary γ′ precipitates and a Porod signal;
(b) the applied log-normal size distributions. Scattering curves of the different conditions: (c) as-RX,
800 ◦C/1 h, 800 ◦C/2 h and 800 ◦C/4 h + 725 ◦C/16 h and (d) as-RX, 900 ◦C/1 h, 900 ◦C/2 h and 900 ◦C/4 h
+ 750 ◦C/16 h.

The measured data were fitted with a model of precipitates using a log-normal size distribution
with secondary and tertiary γ′ precipitates and the Porod signal, that leveled out in a constant
incoherent background signal, yielded in the determined scattering curve. The corresponding applied
log-normal size distributions of the precipitates are shown in Figure 4b.

The curve of the as-RX condition is shown as reference in Figure 4c,d, where only very small γ′

precipitates, which formed during quenching, can be detected. The precipitates at 800 ◦C after 1 h
had a radius of about 5 nm and a volume fraction of about 51%. The scattering curves of the step
I conditions revealed that the contribution coming from these small secondary γ′ precipitates just
shifted to lower values of the scattering vector q and the intensity contribution of the scattering signal
increased with increasing temperature and time of the aging heat treatment. The increased scattering
contribution indicates a higher γ′ volume fraction and a lower value of the scattering vector q reveals a
larger size of the precipitates.

With ongoing aging at 800 ◦C the secondary γ′ precipitates coarsened further. Additionally, some
tertiary γ′ precipitates were present. The total γ′ volume fraction reached the relatively high level of
74% already after 1 h. At 900 ◦C, the secondary as well as tertiary γ′ precipitates grew and reached
a larger radius compared to the precipitates at 800 ◦C, whereas the volume fraction decreased and
was about 51%. The fully heat-treated condition 800 ◦C/4 h + 725 ◦C/16 h had a slightly left-shifted
scattering vector. That indicates a slightly increased size of the secondary and tertiary γ′ precipitates
compared to the step I condition at 800 ◦C. The γ′ volume fraction of about 70% was in the same range
as the condition after step I. The curve of the condition 900 ◦C/4 h + 750 ◦C/16 h was strongly shifted to
a smaller scattering vector q and had a higher intensity contribution in contrast to the step I conditions
at 900 ◦C. This resulted in sizes of tertiary γ′ comparable to the 900 ◦C step I conditions and into bigger
secondary γ′ precipitate sizes. In contrast to the step I conditions at 900 ◦C, the γ′ volume fraction
increased to about 76%. The summarized results of the measurements are shown in Table 4.
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Table 4. Mean radius r and volume fraction f of secondary and tertiary γ′ precipitates of the heat
treatments as determined by small-angle neutron scattering (SANS). The width parameter σ represents
the broadness of the γ′ size distributions.

Condition
Secondary γ′ Tertiary γ′ Total γ′

r/nm σ/nm f /% r/nm σ/nm f /% f /%

as-RX - - - 4.7 0.3 51 51
800 ◦C/1 h 7.0 0.3 41 3.7 0.5 33 74
800 ◦C/2 h 9.2 0.3 56 4.5 0.2 17 73
900 ◦C/1 h 18.3 0.3 39 7.2 0.4 12 51
900 ◦C/2 h 23.5 0.3 42 9.7 0.3 9 51

800 ◦C/4 h +
725 ◦C/16 h 12.2 0.3 49 5.6 0.2 21 70

900 ◦C/4 h +
750 ◦C/16 h 39.8 0.3 41 8.0 0.3 35 76

3.2. Mechanical Properties

Figure 5 shows the Vickers hardness in dependence of the heat treatment temperature and duration
in comparison to the hardness of the as-RX condition.
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Figure 5. Vickers hardness in dependence of heat treatment temperature and duration after step I, i.e.,
aging at 800 ◦C or 900 ◦C and after the full heat treatment, i.e., step I + 750 ◦C/16 h.

It can be seen that the hardness after step I annealing at 800 ◦C increased continuously with longer
heat treatment durations. At 900 ◦C, the different aging times led to very similar hardness values on a
significantly lower level. The second annealing step caused a relatively small additional increase of the
hardness compared to the condition that was aged at 800 ◦C, whereas the condition that was aged
at 900 ◦C showed a larger increase of hardness. The fully heat-treated conditions that were aged in
step I at 900 ◦C reached a maximum after 4 h. After 8 h and 16 h at 900 ◦C, the hardness decreased
continuously, presumably due to over aging (see Discussion, chapter 4). Figure 6 shows the yield stress
as a function of the test temperature after the full two-step heat treatment.
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The yield stress decreased with increasing testing temperature with the heat treatment of 900 ◦C/4 h
+ 750 ◦C/16 h leading to the higher strength. The difference between both conditions varied from
about 140 MPa at RT to about 75 MPa in the temperature regime from 600 ◦C to 800 ◦C. At higher
temperatures, the difference diminished significantly.

4. Discussion

The size of the secondary γ′ precipitates is adjusted predominantly in the first aging step, while
the second aging step at lower temperatures mainly increases the γ′ volume fraction. Therefore, the
right aging temperature and time needs to be selected for step I. Figure 7 summarizes the SANS and
TEM results on the evolution of the mean radius of the secondary γ′ precipitates as a function of the
annealing time.
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where w is a constant that is assumed as 1. An APB energy γAPB of 155 mJ/m2 [25], a shear modulus of
101 GPa [26], and a Burgers vector length of 0.253 nm, which is equivalent to the length of a a

2 110 {111}
dislocation that is based on the γ lattice parameter of 0.358 nm [27,28], were used for the calculation.
A γ′ volume fraction of 51% and 73%, which corresponds to the determined fractions at 800 ◦C and
900 ◦C, was assumed. The resulting correlations between the precipitation strengthening contributions
and the γ′ precipitate sizes are plotted in Figure 8.
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The maximum strength is reached at a radius of about 34 nm, when the deformation mechanism
changes from weak pair-coupling to strong pair-coupling according to the model. This explains why
the hardness increases continuously as a function of the aging time at 800 ◦C (Figure 5). With increasing
annealing time, the γ′ precipitate size comes closer to the optimum size, but all conditions still represent
underaged conditions. At 900 ◦C the hardness is on a similar level, because the γ′ radii at the different
annealing times range around the optimal γ′ radius, which all lead to similar strengths. The reason for
the higher hardness of all conditions that were aged at 800 ◦C compared to 900 ◦C in aging step I is the
much higher γ′ volume fraction of about 73% at 800 ◦C compared to about 51% at 900 ◦C; see Table 4.

This situation changes when the second aging step is conducted at 725 ◦C or 750 ◦C. This step II
does not significantly further increase the γ′ size and γ′ volume fraction for the conditions that were
aged at 800 ◦C in step I. Therefore, only a moderate further increase in hardness can be determined and
the strength is not the highest since the secondary γ′ precipitates remain underaged. However, the
aging heat treatment step II causes a strong increase of the γ′ volume fraction for the conditions that
were aged at 900 ◦C in step I. The lower fraction of coarser secondary γ′ precipitates at 900 ◦C leads
to the nucleation of tertiary γ′ precipitates in the γ matrix channels. Additionally, the secondary γ′

precipitates are already close to the optimum precipitate size. As a consequence, the highest strength
can be achieved for the heat treatment at 900 ◦C/4 h + 750 ◦C/16 h. The room temperature yield strength
in this condition is 140 MPa higher for the other two-stage heat treatment at 800 ◦C/4 h + 725 ◦C/16 h.
At 750 ◦C, a 75 MPa difference still persists.

5. Conclusions

The present study revealed how the γ/γ′ microstructure of the CoNi-base superalloy CoWAlloy2
can be optimized to reach the maximum high temperature strength. The following conclusions can
be drawn:

• A two-step aging heat treatment at 900 ◦C/4 h + 750 ◦C/16 h leads to the highest strength.
• The total γ′ volume fraction is above 70%, as determined by SANS, which is exceptionally high

for a wrought alloy.
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• An optimum γ′ precipitate size in the range of about 30–40 nm is found to reach the maximum
strength, which can be explained by the model for weak and strong pair-coupling of dislocations.
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