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Abstract: To improve the recovery efficiency of strategic metals from superalloy scrap, an ultrasonic-assisted leaching
method was proposed. During the ultrasonic-assisted leaching process, at 60 min, the leaching rates of Re, Ni, Co, Al,
Cr, and W are 92.3%, 95.2%, 98.5%, 98.7%, 97.5%, and 27.2%, respectively, which are far superior to those in the
normal leaching process at 120 min. The improvement in leaching efficiency can be attributed to the physical and
chemical coupling effects of ultrasonic cavitation. The physical effect can prevent the formation of the impeded
dissolution layer and encourage contact between solution and superalloy scrap, which improves the leaching rates of
strategic metals. The chemical effect can promote the production of hydroxyl radicals in the HCI-H»O» system, which
can enhance the potential of the leaching system, resulting in stimulation of the chemical oxidation process of Re to

ReOys.
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1 Introduction

Superalloys are frequently used as extreme
structural components because of their excellent
corrosion and mechanical properties at high
temperatures [1]. In particular, Re, Ni, Co, Ta, and
other strategic metals enhance corrosion and
mechanical properties in a highly challenging
[2,3]. considering the
expensive current market value of strategic metals
and the premium content of strategic metal in
superalloy scrap, superalloy scrap is regarded as a
desirable secondary source of strategic metals [4].
In addition, reasonable recovery of strategic

environment However,

metals from superalloy scrap can effectively
alleviate the problem of insufficient strategic metal
resources [5,6].

Owing to the outstanding physical and
chemical performances [7-9], the recycling of
superalloy scrap becomes quite burdensome [10,11].
One of the main drawbacks is the impeded
dissolution layer on the surface of superalloy scrap,
which consists of Al, Cr, Ta, W, and O [12—14]. The
formation of the impeded dissolution layers
prevents the superalloy from contacting the
leaching solution and results in low recovery rates
of strategic metals from superalloy scrap [15—17].
FENG et al [18] found that the inhibitory effect
of chloride ions in the anode block dissolves layer
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mainly embodied in the preferential adsorption of
chloride ions on the working anode surface and the
reduction of the combination of oxygen and metal
cations. WANG et al [19] found that an organic
electrolyte could promote the stripping of the
impeded dissolution layers on the anode surface,
effectively promoting the electrolytic reaction.
FERNANDES et al [20] found that the electrolysis
rate of various metals could be significantly
enhanced by controlling the frequency and
amplitude of alternating currents. However, the
leaching rates of the strategic metals from
superalloy scrap have not resulted in marked

improvements.

Another drawback is the low recovery
efficiency of rhenium caused by incomplete
oxidation leaching reaction. Once reducing

applied electric field intensity or oxidizer dosage,
the oxidation reaction of rhenium in the leaching
solution is challenging to carry out ultimately [21].
Large amounts of rhenium in the intermediate state
result in low recovery efficiency of Re from
leaching solution. Only by continuously improving
the potential of the leaching system can the
inexpensive rhenium ions be converted to their
more expensive state, such as ReOs. However,
improving the potential of the leaching system can
also accelerate the formation of the impeded
dissolution layer on the surface of superalloy scrap.
The leaching process finally conflicts between the
leaching system potential and recovery rates of
strategic metals from superalloy scrap.

Many researchers have introduced ultrasound
into the leaching process of complex insoluble
minerals to increase the leaching rates [22,23].
During the ultrasonic-assisted leaching process,
ultrasonic cavitation can efficiently impact the solid
surface and accelerate the diffusion of the leaching
solution into the solid interior, thus improving the
leaching rates [24,25]. LI et al [26] found that the
higher leaching efficiency in the ultrasonic-assisted
leaching process was mainly ascribed to the unique
cavitation action of the ultrasonic waves. The
ultrasonic-assisted leaching process was not only
practical but also environmentally friendly [27].
YAN et al [28] found that the leaching efficiency of
all the valuable metals could increase by 10%
during the ultrasonic leaching process. XUE
et al [29] found that the leaching rate of nickel
from nickel sulfide ore at 150 min leaching under

ultrasonic-assisted leaching process could obtain
the same leaching rate of 300 min leaching under
conventional leaching process. ZHANG et al [30]
found that during the ultrasonic cavitation, the
formation of hydroxyl radical and hydrogen
peroxide made Ce(Ill) in the leaching solution
oxidize to Ce(IV) without any extra oxidant.

This work intends to provide a novel and
practical method to realize the strategic metals
recovery from superalloy scrap. An ultrasonic field
was introduced into the leaching process of
superalloy scrap, with HCI as the dissolving agent
and H,O, as the solubilizers. The purposes of
this study were to improve the leaching rates
of strategic metals from superalloy scrap and
promote the oxidation reaction of strategic metals.
The physical and chemical coupling leaching
mechanism of strategic metals from superalloy
scrap by ultrasonic-assisted leaching method was
investigated by leaching experiments and ICP,
SEM, XRD, XPS, and EPR analysis.

2 Experimental

2.1 Experimental materials

In this study, the superalloy scrap was from
Institute of Metal Research, Chinese Academy of
Sciences. The chemical compositions of the
samples are presented in Table 1, which mainly
contains multiple strategic metals such as Ni, Co,
Cr, Al, W, Re, and Ta. The phase compositions of
strategic metals in the superalloy are mainly
composed of the y phase and y' phase. The
strengthening y’ phase is mainly composed of Al
and Ta. As for the y phase, the matrix y phase
consists of Ni, Co, Cr, W, and Re. Reagents such as
HCI and H,O, with an analytical grade were
obtained from Shenyang Xinhua Reagent Co., Ltd.,
China. The aqueous solutions used in all
experiments were prepared with deionized water.

The morphology of superalloy scrap was
analyzed, and the result is shown in Fig. 1. From
Fig. 1, the morphology of the superalloy scrap
presents a smooth surface with some particles

Table 1 Chemical compositions of superalloy used in
this study (wt.%)
Co Cr Ta 4 Re Al Ni

7.6 6.9 6.6 53 3.1 6.2 Bal.
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Fig. 1 SEM image (a) and EDS analysis (Region A) (b)
of superalloy scrap

attached to the surfaces. The EDS results show that
Region A consists of Ni, O, Al, Co, Cr, Mo, W, Ta,
and Re. The EDS result of Region A (Table 2) is
different from the original chemical compositions
of the samples in the presence of O. Thus, it can be

Long WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 304—314

Table 2 EDS analysis results (Region A in Fig. 1) of
superalloy scrap (wt.%)

O Al Cr Ni Co
16.84 5.56 4.70 58.23 8.01

Mo Ta W Re
02 269 1.63 2.14

concluded that the sample surface is covered with
an oxidation layer that inhibits the leaching process.

2.2 Experimental method

Figure 2 shows the schematic diagram of the
leaching experiment device.

The ultrasonic-assisted leaching process of
strategic metals from superalloy scrap was carried
out in a thermostat-controlled ultrasonic bath with a
power of 0—600 W (GT1022, Granbo Technology
Industrial Shenzhen Co., Ltd., Shenzhen, China).
The stirring speed was controlled by a frequency
governor with a stirring speed of 0—1300 r/min
(S212-90B, Hangzhou Yijie Technology Co., Ltd.,
China). The leaching experimental procedure was
as follows. When the thermostat-controlled ultra-
sonic bath was heated to the desired temperature,
the superalloy scrap with a specific concentration of
HCl was placed into the thermostat-controlled
ultrasonic bath. To hold back the decomposition of
hydrogen peroxide at test temperature, the H,O»
was pumped into the flask at a specific rate
during the leaching progress by a peristaltic pump

6—H,0, &—HCIl &—H,0 O—=Cavitation bubble
B —Superalloy &—Re*" ((—ReO; O— Hydroxyl radical
Stirrer
Thermocouple
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Fig. 2 Schematic diagram of leaching experiment device
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(BT100S, Baoding Lead Fluid Technology Co., Ltd.,
China). After the leaching process, the conical flask
was removed from the ultrasonic bath. To prevent
the wvolatilization of hydrochloric acid at test
temperature, all the leaching experiments were
placed in a closed container. To avoid the emission
of waste acid solutions, all the leaching experiments
were conducted in the ventilated hood.

To determine the leaching performances of
strategic metals from superalloy scrap, the
experimental conditions were as follows: leaching
time of 0—120 min, ultrasonic power of 200—600 W,
HCI concentration of 8 mol/L, H,O, content of
16 vol.%, stirring speed of 300 r/min, and leaching
temperature of 80 °C.

To investigate the ultrasonic-assisted leaching
mechanism of strategic metals from superalloy
scrap, the experimental conditions were as follows:
leaching time of 60 min, ultrasonic power of 0
and 600 W, HCI concentration of 8 mol/L, H,O;
content of 16 vol.%, stirring speed of 300 r/min,
and leaching temperature of 80 °C.

To prove the existence of hydroxyl radicals in
the ultrasonic-assisted leaching process, the EPR
test was conducted under the same conditions as the
ultrasonic-assisted leaching experiments.

2.3 Analytical methods

Chemical analysis of the superalloy scrap and
the leaching solution was performed by ICP
(Optima 8300DV, PE, USA). The leaching rates
were calculated as follows:

n=c1/c2x100% )

where 7 is the leaching rate of strategic metals from
superalloy scrap, %; c¢i is the content of strategic
metals in solution, wt.%; ¢, is the metal content in
the initial superalloy scrap, wt.%.

SEM (Quanta 450, FEI, USA) was used to
observe the morphologies of the superalloy scrap
and leaching residues. XRD (PW3040/60, Philips,
Netherlands) was used to investigate the phase
composition of strategic metals in the leaching
solution. The valence states of the strategic metals
in the leaching solution were analyzed by XPS
(Kratos Axis-ultra DLD, Japan). EPR (EMXnano,
Bruker, Germany) was used to prove the existence
of hydroxyl radicals in the ultrasonic-assisted
leaching process.

3 Results and discussion

3.1 Leaching performance of strategic metals
from superalloy scrap
3.1.1 Influence of leaching time and processes

Figure 3 presents the leaching rates of strategic
metals from superalloy scrap, the SEM images and
EDS analysis of leaching residues with different
leaching time and processes.

With increasing time, the leaching rates of Re,
Ni, Co, Al, and Cr increase linearly in different
leaching processes, and W appears to be more
minimally removed than other metals. For example,
in the normal leaching process, when the leaching
time is extended from 30 to 120 min, the leaching
rates of Re, Ni, Co, Al, Cr, and W increase from
44.5%, 65.5%, 67.4%, 69.4%, 67.8%, and 19.2% to
86.4%, 90.7%, 92.4%, 95.1%, 98.4%, and 20.8%,
respectively. The results indicate that leaching
time plays an important role in strategic metals,
especially Re leaching from superalloy scrap. For
the ultrasonic-assisted leaching process, at a
leaching time of 60 min, the leaching rates of Re,
Ni, Co, Al, Cr, and W are 92.3%, 95.2%, 98.5%,
98.7%, 97.5%, and 27.2%, respectively. When the
leaching time exceeds 60 min, the leaching rates of
Re, Ni, Co, Al, Cr, and W are not further elevated.
At a leaching time of 120 min, the leaching rates of
Re, Ni, Co, Al, Cr, and W are only 6.8%, 0.5%,
1.4%, 1.2%, 2.3%, and 1.0% higher than those
obtained at a leaching time of 60 min. The ultra-
sonic-assisted leaching process is completed at a
leaching time of 60 min, indicating that ultrasonic
treatment can effectively improve the leaching
performance.

In addition, SEM and EDS analyses of the
leaching residues at different leaching time were
conducted, and the results are shown in Fig. 3 and
Table 3. After the normal leaching for 30 min,
compared with the surface of the initial superalloy
scrap, the surface of the leaching residue is full of
cracks with extensive particles of material attached,
as shown in Fig. 3(a). The EDS analysis results of
Region A show that the surface of the superalloy
scrap is mainly composed of O, Al, Cl, Cr, Ni, Co,
Mo, Ta, W, Re, etc. At a leaching time of 60 min,
the surface of the superalloy scrap is entirely
covered by particles. The EDS analysis results of
Region B show that the particle is mainly composed
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Fig. 3 Leaching rates of strategic metals from superalloy scrap, SEM images and EDS analysis of leaching residues at
different time with different leaching processes: (a) Normal leaching; (b) Ultrasonic-assisted leaching

Table 3 EDS analysis results (Regions A, B, C and D in Fig. 3) of leaching residues at different leaching time (wt.%)

Region o Al Cl Cr Ni Co Mo Ta w Re
A 18.63 1.21 1.23 6.74 11.26 2.16 4.04 34.23 15.24 5.26
B 23.04 - 1.12 0.84 - - - 50.39 24.61 -
C 17.29 1.39 1.25 6.49 14.69 3.88 1.84 27.62 20.75 4.81
D 15.39 - - - - - - 45.89 38.71 -

of O, Cl, Cr, Ta, W, etc. The enrichment of O, Cr,
Ta, and W at the superalloy scrap surface indicates
that an impeded dissolution layer has already been
formed on the surface of the superalloy scrap,
resulting in a low leaching efficiency of strategic
metal from the superalloy scrap.

In the ultrasonic-assisted leaching process, at
30 min, the superalloy scrap was broken into
particles of various sizes. The original smooth
surface structure has disappeared and exhibits
obvious particle attachment, as shown in Fig. 3(b).
The EDS analysis results of Region C show that the

surface of the superalloy scrap is mainly composed
of O, Al, Cl, Cr, Ni, Co, Mo, Ta, W, Re, ctc. The
surface of the superalloy scrap presents a specific
enrichment of O, Cr, Ta, and W, which results in
identical leaching efficiency to the normal leaching
process. At a leaching time of 60 min, the super-
alloy scrap collapses entirely into particles. The
EDS analysis results of Region D show that the
particles are only composed of O, Ta, W, etc.
Combined with the leaching efficiency results, the
ultrasonic-assisted leaching process of strategic
metals from superalloy scrap was completed after
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60 min. The ultrasonic-assisted leaching process
can effectively improve the leaching rates of
strategic metals from superalloy scrap by
effectively removing the enrichment of O, Cr,
Ta, and W on the surface of the superalloy.

3.1.2 Influence of ultrasonic power

To examine the leaching performances at
different ultrasonic powers, a series of experiments
were conducted. The results are shown in Fig. 4.

As shown in Fig. 4, ultrasonic power can
dramatically affect the recovery of strategic metals
from superalloy scrap. Within 60 min at 200 W of
ultrasonic power, the leaching rates of Re, Ni, Co,
Al, Cr, and W are only 76.4%, 80.5%, 81.9%,
83.9%, 83.2%, and 25.7%, respectively, while at
600 W, the leaching rates of Re, Ni, Co, Al, Cr, and
W are 92.3%, 95.2%, 98.5%, 98.7%, 97.5%, and
27.2%, respectively. The results indicate that
ultrasonic-assisted leaching can improve the
leaching rates of Re, Ni, Co, Al, and Cr by
approximately 15%. The SEM images show that
at an ultrasonic power of 200 W, the surface of the
superalloy exhibits apparent corrosion phenomena.
The EDS analysis results of Region A indicate that
the surface of the superalloy scrap exhibits apparent
enrichment of O, Ta, and W. At an ultrasonic power
of 600 W, the superalloy has wholly collapsed into
particles. The EDS analysis results of Region B
show that the particle is only composed of O, Ta, W,

o\\oIOO-
s 90
g
E gof
&b ; .
£ 70t - Ni
B : - Co
:g 60 - W
] v Al
% S0r : —#- Re
& a0} G
S : :
g8 30f | s
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200 300 400 500 600
Ultrasonic power/W

etc (Table 4), which indicates that the leaching
process is thoroughly carried out. By increasing the
ultrasonic power, ultrasonic cavitation can more
effectively facilitate the leaching process of
strategic metal from superalloy scrap, resulting in
higher leaching rates of Re, Ni, Co, Al, Cr, and W.

3.2 Leaching mechanism of strategic metals from
superalloy scrap

To better elucidate the leaching mechanism of
strategic metals from superalloy scrap, samples
with a working area of approximately 100 mm?
were used in the leaching experiments. The
morphologies of the superalloy scrap with various
leaching processes are shown in Fig. 5.

In Fig. 5(a), it is worth noting that at a
leaching time of 60 min, the residues present a
denser structure in the normal leaching process,
which prevents the leaching acid from diffusing
into the interior to react with the unreacted sample.
Region A consists of O, Al, Cr, Ni, Co, Ta, W,
and Re. Compared with the original chemical
composition of superalloy scrap, a higher amount of
O, Ta, and W is retained in the impeded dissolution
layer on the leaching residues after the normal
leaching process. The structures of the impeded
dissolution layer of the leaching residues contribute
to the low leaching rates of strategic metals from
superalloy scrap.

Region A

E/keV

Ta Region B

Ta
Ta w1 14

o ' ):. “l
S 10
E/keV

15 20

Fig. 4 Leaching rates of strategic metals from superalloy scrap, SEM images and EDS analysis of leaching residues at

various ultrasonic powers in ultrasonic-assisted leaching

Table 4 EDS analysis results (Region A and B in Fig. 4) of leaching residues at various ultrasonic powers in ultrasonic-

assisted leaching (wt.%)

Region O Al Cl Cr Ni Co Mo Ta w Re
A 18.63 1.21 1.23 6.74 11.26 2.16 4.04 34.23 15.24 5.26
B 15.39 - - - - - 45.89 38.71 -
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(b)

process

In Fig. 5(b), the surface of the residues
obtained in the ultrasonic-assisted leaching process
shows a relatively intact dendritic structure. The
interdendritic structure disappears entirely, which
demonstrates that the residues are further eroded
without the formation of the impeded dissolution
layer after the ultrasonic-assisted leaching process.
In addition, the EDS results in Fig. 5(b) show that
Region B consists of O, Al, Cr, Ni, Co, Ta, W, and
Re. The amount of O, Ta, and W is considerably
lower in the ultrasonic-assisted leaching residues
than that in the normal leaching. A significant
amount of Ta and W products are more thoroughly
removed from the superalloy surface during the
ultrasonic-assisted leaching process.

During the ultrasonic-assisted leaching
process, a large number of cavitation nuclei are
formed at the liquid—solid contact interface.
With the explosion of cavitation nuclei, microjets
with a velocity of 80—120 m/s are generated. Such
microjets form a large impact force at the liquid—
solid interface and trigger a strong mechanical
stirring mechanism of ultrasonic [28,29]. The
physical effect of ultrasonic cavitation continuously
makes damage on the superalloy scrap surface by a
high-speed collision between the superalloy and the
leaching solution, which can remove the impeded

Region A
o 14.56
Al 0.37
Cr 1.22
Co 1.32
Ni 10.39
Ta 54.20
w 15.31
Re 2.63
Total ~ 100.00
15 20
Region B
Element  wt.%
[¢] 2.96
Al 4.44
Cr 5.98
Co 6.94
Ni 59.03
Ta 8.78
W 7.96
Re 3.91
Total ~ 100.00
15 20

dissolution layer, increase the contact interface with
leached liquid, and finally promote the leaching
rates of strategic metals from superalloy scrap.

Figure 6 shows the XRD patterns of leaching
solutions after different leaching processes. From
Fig. 6(a), the XRD patterns show that in the normal
leaching process the leaching solution mainly
consists of ReCls, ReCls, NiCl,, CoCl,, CrCl;, and
AICl;, which confirms that Re exists as Re(IV)
and Re(V) in the leaching solution. However, in
Fig. 6(b), the leaching solution mainly consists of
HReOs, ReCly, NiCl, CoCly, CrCls, and AlICI3 in
the ultrasonic-assisted leaching process.

The leaching reactions of Re in the leaching
system mainly consist of multiple reaction
processes (Table 5). The existence of Re(VII)
verifies that the redox reactions of Re in the
leaching system are enhanced in ultrasonic-assisted
leaching process.

Figure 7 shows the valence distribution of Re
in the leaching solution by normal and ultrasonic-
assisted leaching processes. From Fig. 7(a), in the
normal leaching solution, ReOs exists only in the
limited amounts of 1.88 wt.%, while after the
ultrasonic-assisted leaching process, the content of
ReOy is approximately 56.24 wt.% (Fig. 7(b)). The
increase in the content of ReOs indicates that the
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Fig. 6 XRD patterns of leaching solutions by normal (a)
and ultrasonic-assisted (b) leaching

Table 5 Leaching reactions of Re in leaching system

Leaching reaction Standard potential/V
Re*+3e=Re +0.30
ReO,+4H "+4e=Re+2H,0 +0.26
ReO4+8H"+7e=Re+4H,0 +0.37

oxidation reaction is more complete, which is
mainly attributed to two reasons. One of the reasons
is the physical effect of ultrasonic cavitation which
promotes the contact and reaction between the
H>0, and superalloy scrap, thereby enhancing the
oxidation reaction of Re into ReOz; Another reason
may be the chemical effect of ultrasonic cavitation
promoting the oxidation reaction of Re into ReOy.

During ultrasonic  cavitation, with the
explosion of the cavitation nucleus, a local high-
temperature and high-pressure environments of
approximately 3000—6000 K and 30—100 MPa can
be generated to form local “hot spots” [31,32].
These hot spots caused by ultrasonic cavitation can
contribute to the disintegration of water to generate
the H- and -‘OH. The H- rapidly reacts with O, to
form HO,:, and the HO,- disappears by the
bimolecular reaction [33]. The related equations can
be expressed as follows:

H20 Ultrasound H-+-OH (2)

@ —— Re(IV) 4f,,
- - - Re(IV) 4f;,,
Re(V) 4f7,
- -~ Re(V) 415
— Re(VII) 4f;,
- - - Re(VII) 4f;),
CRretvy=74.02 Wt.%
CRre(vy=24.10 wt.%
Creeviy=1.88 Wt.%

50 45 40 35 30
Binding energy/eV

(b) Re 4f
Background
Re(1V) 41,
Re(IV) 4f;),

- - - Re(VII) 4f;,

—— Re(VII) 4f5),

Crevy=43.76 Wt.%

Cre(viy=96.24 Wt.%

50 45 40 35
Binding energy/eV

Fig. 7 XPS analysis results of leaching solution by
normal (a) and ultrasonic-assisted (b) leaching

H-+O; —— HO»- 3)
2HO,' ——> H,0,+05 “4)

Based on the rates of Reactions (2) and (3), the
H- and HO;' speedily disappear in the system
before reacting with DMPO. In contrast, the -OH
can react with DMPO and be alone detected. The
EPR spectra in the ultrasonic-assisted leaching
process is shown in Fig. 8.

From Fig. 8, in the HCI-H»O, system with the
ultrasonic-assisted leaching time of 0 min, only a
signal of the noise of the measurement system can
be observed. At 5 min in the HCI-H,O; system, a
quartet signal with the intensity ratio of 1:2:2:1
appears in the ultrasonic-assisted leaching, which is
the characteristic spectrum of typical hydroxyl
radical. With the extension of ultrasonic-assisted
leaching time, the intensity of the signal peak of
typical hydroxyl radical increases gradually. After
the ultrasonic-assisted leaching time of 30 min,
the intensity of the signal peak is no longer varied,
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which indicates that the hydroxyl radical in the
HCI-H,0O, system with the action of ultrasonic-
assisted maintains a stable strength.

o — Hydroxyl radical
) [ ]
. [ ]
60 min N
. °
30 min ] ‘ .
v ' y |
| [ | i
. 3 |
5 min . * . ]
0 min
\.\\—/\\_*/1/‘;V\‘\A.\,\/"'A\,‘v\'\"\ AN A WA AW AA A N W,

3380 3400 3420 3440 3460
B/10*T

Fig. 8 EPR spectra for hydroxyl radical determination

in HCI-H,O, system at different leaching time in

ultrasonic-assisted leaching process

Based on the standard potential of -OH
(2.33 V), the local potential of the leaching system
can be significantly facilitated. The -OH can
contribute to the acceleration of the redox reaction
of Re to ReOs in the leaching system, which is
consistent with the experimental results in Figs. 6
and 7. The results of the EPR test prove the
existence of hydroxyl radicals in the HCI-H,O;
system with the action of an ultrasonic-assisted
process, which promotes the oxidation reaction of
Re into ReOs.

In conclusion, ultrasonic cavitation can
promote the contact and reaction between the
HCI-H,O; and superalloy scrap to improve the
leaching rates of strategic metals from superalloy
scrap by the physical effect of ultrasonic cavitation.
At the same time, the chemical effect of ultrasonic
cavitation can promote the production of hydroxyl
radicals and result in stimulation of the chemical
oxidation process of Re to ReOxs.

4 Conclusions

(1) The ultrasonic-assisted leaching process
can obtain a higher leaching performance in a
shorter leaching time. The economic leaching rates
of Re, Ni, Co, Al, Cr, and W are 92.3%, 95.2%,
98.5%, 98.7%, 97.5%, and 27.2%, respectively, at a
leaching time of 60 min, HCl concentration of
8 mol/L, H,O» content of 16 vol.%, stirring speed of

300 r/min, and leaching temperature of 80 °C.

(2) The physical effect of ultrasonic cavitation
continuously makes damage on the superalloy scrap
surface by a high-speed collision between the
superalloy and the leaching solution, which can
remove the impeded dissolution layer, increase the
contact area with leached liquid, and finally
promote the leaching rates of strategic metals from
superalloy scrap.

(3) Regarding the chemical effect, the
ultrasonic cavitation can generate the disintegration
of water, which produces oxidizing agents, such
as ‘OH and H,O,. Hydroxyl radicals significantly
facilitate the potential of the leaching system and
finally contribute to the acceleration of the redox
reaction of Re to ReOys in the leaching system.
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