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Description

BACKGROUND OF THE INVENTION

Technical Field

The present invention

[0001] The invention belongs to the field of amorphous
alloy thermoplastic forming, and more particularly relates
to a plastic forming and gradient toughening method and
a device based on ultrasonic vibration.

Description of the Related Art

[0002] Amorphous alloy is a novel material with excel-
lent properties such as high strength, corrosion resist-
ance and wear resistance. Amorphous alloy exhibits
good superplasticity in the hot state and can achieve near
net shape formation of parts. However, due to the signif-
icant room temperature brittleness of the amorphous al-
loy, the amorphous alloy parts may directly undergo brit-
tle fracture and completely fail once they are overloaded
during service, making it difficult to directly apply the
amorphous alloy parts in occasions where impact loads
are present. Therefore, it is necessary to further improve
the toughness of the amorphous alloy without impairing
its excellent properties so as to improve the impact re-
sistance of the amorphous alloy parts.
[0003] The amorphous alloy is in a thermodynamically
metastable state, and spontaneously transformed to its
thermodynamically stable state after obtaining sufficient
energy, that is, crystallization occurs. After the amor-
phous alloy is crystallized, its properties are also
changed. By forming nanocrystallines inside the amor-
phous alloy, the strength and toughness of the amor-
phous alloy can be remarkably improved. Therefore, ac-
cording to the requirements of actual service conditions
for the performance of amorphous alloy parts, nanocrys-
tallines can be induced locally in the amorphous matrix
by some means to form a nanocrystalline toughened
amorphous matrix composite with a mechanical property
gradient.
[0004] Chinese Patent Publication No. 101736213
proposed a method for strengthening and toughening an
amorphous alloy by ultrasonic treatment, in which the
amorphous alloy is strengthened and toughened by plac-
ing the amorphous alloy in a cooling water tank with a
temperature lower than the crystallization temperature
of the amorphous alloy and then applying an oscillation
frequency with a power less than 33104 W/mm2 per unit
area at the bottom of the water tank. The amorphous
alloy treated by the method has a great improvement in
plastic deformation capability at room temperature and
an increase in thermal discharge in relaxation, with the
precondition that the fracture strength is not changed.
However, this method can only perform strengthening
and toughening treatment on the entire amorphous alloy

sample, and cannot retain some amorphous regions ac-
cording to actual use requirements to form an amorphous
matrix composite with a mechanical property gradient.
Chinese Patent Publication CN 101698903 A discloses
a method for preparing a metal matrix amorphous/na-
nocrystalline composite layer, comprising the steps: pre-
paring metal matrix amorphous solid or preparing a metal
matrix amorphous coating on the surface of an object by
a conventional method; putting the prepared metal matrix
amorphous solid or the object with the metal matrix amor-
phous coating into water, at room temperature and under
ultrasonic environment, vibrate at a frequency between
6.0 and 30.0kHz with an ultrasonic transducer to act on
the metal, ultrasonic power between 100 and 500W, and
forming the amorphous/nanocrystalline composite layer
on the metal piece or the surface of the object. Chinese
Patent Publication No. 102002659 proposed a method
for continuously performing nanocrystallization on an
amorphous alloy strip, in which at a temperature below
the glass transition temperature of the amorphous alloy,
the amorphous alloy strip is pressed on the top end of
an amplitude transformer of a power ultrasonic device,
and the amplitude transformer of the ultrasonic device
exerts an ultrasonic effect on the amorphous alloy strip
as the amorphous alloy strip moves, thereby achieving
continuous nanocrystallization of the amorphous alloy
strip. However, this method can only process the entire
amorphous alloy strip, and can neither process actual
parts with complex shapes nor achieve nanocrystal gra-
dient toughening; Chinese Patent Publication No.
105420522 proposed a method for preparing an amor-
phous matrix composite, in which the flaky amorphous
alloy and the second phase toughening material are al-
ternately laminated and placed in a jig, and under a con-
dition of constant pressure or increasing load, the lami-
nated amorphous alloy and porous plate are heated while
ultrasonic vibration is applied thereto, so that the amor-
phous alloy is rapidly softened and pressed into the pores
of the second phase toughening plate to obtain an amor-
phous matrix composite. However, this method needs to
introduce a second phase to perform overall toughening
treatment on the amorphous alloy, is only suitable for the
processing of sheet products, and cannot enable the
processing of actual parts with complex shapes as well
as local nanocrystalline gradient toughening of the parts
according to actual use requirements. The above three
strengthening and toughening methods are all not com-
bined with the thermoplastic forming process of the amor-
phous alloy, and thus the parts need to be specially proc-
essed after being formed, resulting in complicated proc-
ess and long production cycle. Sambell et al summarized
advances in ceramic fibre technology ceramic forming
processes and ceramic composite fabrication. The au-
thors discuss an ulotrasonic hot forming device compris-
ing two punches in a female mold, which is provided with
a heating device. The insert are connected to an ultra-
sonic device (Sambell et al., Composites vol. 1(5), p.
276-285, September, 1970). Hung et al., discussed the

1 2 



EP 3 530 772 B1

3

5

10

15

20

25

30

35

40

45

50

55

influence of ultrasonic-vibration on hot upsetting of alu-
minum alloy. A cooling mechanism was used to solve
the problem of high temperature. Effects of temperature
and strain rate during ultrasonic-vibration on the upset-
ting of aluminum alloy were explored using this new sys-
tem. The authors provide results indicating that ultrason-
ic-vibration can considerably reduce the compressive
forces during hot upsetting. The reducing effect on com-
pressive forces decreases while the temperature in-
creases. The strain rate does not significantly affect the
reducing effect on compressive forces.

SUMMARY OF THE INVENTION

[0005] In view of the above-described defects or im-
provement requirements in the art, the present invention
provides a plastic forming and gradient toughening meth-
od and a device based on ultrasonic vibration, which aims
to achieve nanocrystallization of a local region to be
toughened on the amorphous alloy part by applying ul-
trasonic vibration to the local region to be toughened with
an insert connected to an ultrasonic vibration amplitude
transformer, thereby solving the technical problem of lo-
cal toughening during thermoplastic forming.
[0006] In order to achieve the above objective, accord-
ing to an aspect of the present invention, there is provided
a plastic forming and gradient toughening method based
on ultrasonic vibration, characterized in that the tough-
ening method comprising:

(a) according to actual use requirements of an amor-
phous alloy part to be formed, dividing one or more
portions to be toughened on the amorphous alloy
part to be formed, the portion being used for gener-
ating a nanocrystalline toughening phase and an
amorphous state of other portions being retained;
(b) designing a toughening device for forming the
amorphous alloy part to be formed, wherein the
toughening device is connected to an external drive
mechanism and comprises one or more inserts con-
nected to an ultrasonic vibration amplitude trans-
former and one or more resistance heating rods, the
insert is disposed corresponding to the portion to be
toughened and used for applying ultrasonic vibration
to the portion to be toughened, the one or more re-
sistance heating rods are used for heating raw ma-
terial blank to be processed to a forming tempera-
ture, and parameters of the ultrasonic vibration gen-
erated by the ultrasonic vibration amplitude trans-
former are obtained by analyzing an energy propa-
gation process of the ultrasonic vibration by finite
element numerical simulation, in which energy of the
ultrasonic vibration is adjusted by adjusting an am-
plitude, a frequency and a power of the ultrasonic
vibration, and when the energy of the ultrasonic vi-
bration exceeds an energy threshold value required
for nanocrystallization, the corresponding ampli-
tude, frequency and power of the ultrasonic vibration

are required parameters of the ultrasonic vibration;
and
(c) placing raw material blank in the toughening de-
vice, heating the raw material blank by the one or
more resistance heating rods to a forming tempera-
ture, and performing mold closing of the toughening
device to form a required amorphous alloy part, ul-
trasonic vibration being started in the mold closing
process and stopped when mold opening is per-
formed.

[0007] Preferably, the forming temperature is between
a glass transition temperature and a crystallization tem-
perature of the raw material blank.
[0008] Further preferably, in the step (b), the toughen-
ing device is preferably a mold for thermoplastic forming.
[0009] Further preferably, the material of the amor-
phous alloy part is a Pd, Pt, Au, Zr, Ti, Fe, Cu, Ni, Al, Mg
or Ce based amorphous alloy with a thermoplastic form-
ing ability.
[0010] According to another aspect of the present in-
vention, there is provided a device for use in the above
toughening method, characterized in that the device
comprises an upper mold, a lower mold and a female
mold,
the upper mold and the lower mold are oppositely dis-
posed and form a mold cavity with the female mold, the
upper mold and the lower mold are respectively provided
with a punch and more than one inserts, the punches are
connected to a driving servo press and used to form raw
material blank into a desired three-dimensional structure,
the inserts are connected to an ultrasonic vibration am-
plitude transformer and used to apply ultrasonic vibration
to one or more portions to be toughened, the female mold
is provided with one or more resistance heating rods for
heating the raw material blank.
[0011] In general, by comparing the above technical
solution of the present inventive concept with the prior
art, the present invention has the following beneficial ef-
fects:

1. in the present invention, an insert which is partially
connected with an ultrasonic vibration amplitude
transformer is disposed corresponding to a portion
to be toughened to apply ultrasonic vibration to the
portion, thereby achieving nanocrystallization proc-
ess. The nanocrystallization process and the ther-
moplastic forming process are simultaneously car-
ried out without additional processing after the parts
are formed, which simplifies production processes
and shortens the forming time;
2. in the present invention, ultrasonic vibration is
adopted to improve the toughness of the material,
since the ultrasonic vibration can significantly im-
prove the forming ability of the material, and the prop-
agation of the ultrasonic vibration wave has strong
directionality so that the vibration energy distribution
of the ultrasonic vibration wave can be precisely con-
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trolled. Therefore, nanocrystallization can be facili-
tated by using the ultrasonic vibration to achieve
amorphous alloy toughening;
3. in the present invention, one or more resistance
heating rods are used, so that the forming tempera-
ture in the thermoplastic forming process is ensured
on the one hand, and the uniformity of the tempera-
ture field inside the mold can be ensured by adjusting
the distribution of the resistance heating rods on the
other hand; and
4. in the method based on ultrasonic vibration ac-
cording to the present invention, nanocrystallization
toughening and thermoplastic forming of an amor-
phous alloy part are combined to achieve integration
of forming and toughening, which simplifies produc-
tion processes, shortens the processing time and
improves the dimensional accuracy. Meanwhile, ac-
cording to the actual service conditions of the amor-
phous alloy part, the microstructure of an amorphous
alloy-based composite with a mechanical property
gradient is formed inside the part, which can signif-
icantly improve the overall performance of the part.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

FIG. 1 is a flow chart of a toughening method ac-
cording to a preferred embodiment of the present
invention; and
FIG. 2 is a schematic structural diagram of an amor-
phous alloy gear member forming device according
to the preferred embodiment of the present inven-
tion.

[0013] In all figures, the same elements or structures
are denoted by the same reference numerals, in which:
1-upper ultrasonic vibration ring, 2-upper punch, 3-heat-
ing rod, 4-female mold, 5-raw material blank, 6-lower ul-
trasonic vibration ring, and 7-lower punch.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0014] For clear understanding of the objectives, fea-
tures and advantages of the present invention, detailed
description of the present invention will be given below
in conjunction with accompanying drawings and specific
embodiments. It should be noted that the embodiments
described herein are only meant to explain the present
invention. Furthermore, the technical features related to
the embodiments of the invention described below can
be mutually combined if they are not found to be mutually
exclusive.
[0015] FIG. 1 is a flow chart of a toughening method
according to a preferred embodiment of the present in-
vention, and as shown in FIG. 1, a plastic forming and
gradient toughening method based on ultrasonic vibra-
tion is illustrated, the method comprising:

(1) According to actual use requirements of the
amorphous alloy part, the amorphous state is re-
tained in a portion requiring high strength, strong cor-
rosion resistance and wear resistance, and the na-
nocrystalline toughening phase is formed in a portion
requiring high toughness. Therefore, in the design
of the thermoplastic forming process, ultrasonic vi-
bration is applied to the portion where the nanocrys-
talline toughening phase needs to be formed, and
the ultrasonic vibration is not applied to the portion
where the amorphous state needs to be retained.

(2) In the mold design, one or more inserts connected
to the ultrasonic vibration amplitude transformer are
disposed in one or more portions where ultrasonic
vibration is required; the amplitude, frequency and
power of the ultrasonic vibration are determined by
analyzing the energy propagation process of the ul-
trasonic vibration by finite element numerical simu-
lation and adjusting the amplitude, frequency and
power of the ultrasonic vibration such that the vibra-
tion energy in the toughening target region exceeds
the energy threshold value for nanocrystallization;
and one or more resistance heating rods are embed-
ded in the mold to heat the blank to a set forming
temperature, and the mold is integrally mounted on
a servo press.

(3) Integration of forming and toughening

[0016] The amorphous alloy blank is placed in the mold
cavity and heated by the one or more resistance heating
rods to a temperature between a glass transition temper-
ature and a crystallization temperature. The lower mold
and the female mold are kept stationary, and ultrasonic
vibration is started after the upper mold is moved down
and comes into contact with the blank. The upper mold
continues to be moved down until the upper mold, the
lower mold and the female mold are completely closed
to obtain a desired amorphous alloy part. The ultrasonic
vibration is stopped, and the upper mold is moved up to
be separated from the part. The lower mold is moved up
until the part is pushed out of the female mold.
[0017] The present invention will be further described
in detail below with reference to the embodiment and the
accompanying drawings.
[0018] FIG. 2 is a schematic structural diagram of an
amorphous alloy gear member forming device according
to the preferred embodiment of the present invention,
and as shown in FIG. 2, ultrasonic vibration assisted hot
closed-die forging forming of the amorphous alloy gear
member is illustrated.
[0019] Since gear failure mainly occurs in the tooth por-
tion, it is necessary to perform nanocrystallization tough-
ening of the tooth portion while retaining the amorphous
state of the spoke portion, so as to improve the impact
resistance of the amorphous alloy gear member. Accord-
ing to this demand, a forming device as shown in FIG. 2
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was designed.
[0020] The forming device is composed of three parts
of an upper mold, a lower mold and a female mold 4. In
the forming device, the upper mold is composed of an
upper ultrasonic vibration ring 1 and an upper punch 2,
the upper punch 2 is embedded in the upper ultrasonic
vibration ring 1, and the upper punch 2 is provided with
a shoulder for limiting the movement of the upper ultra-
sonic vibration ring 1. The lower mold is composed of a
lower ultrasonic vibration ring 6 and a lower punch 7, the
lower punch 7 is embedded in the lower ultrasonic vibra-
tion ring 6, and the lower punch 7 is provided with a shoul-
der for limiting the movement of the lower ultrasonic vi-
bration ring 6. The upper punch 2 is connected to an
upper slider of a servo press. The lower punch 7 is con-
nected to a lower slider of the servo press. The upper
ultrasonic vibration ring 1 and the lower ultrasonic vibra-
tion ring 6 are respectively connected to an ultrasonic
generator. An inner wall of the female mold 4 is machined
in a tooth shape, and one or more resistance heating
rods 3 are embedded in the female mold 4.
[0021] At the time of forming, a cylindrical blank 5 is
first placed inside the female mold 4. The resistance heat-
ing rods 3 are started to heat the blank 5 to a set tem-
perature. The lower molds (6 and 7) and the female mold
4 are kept stationary. The upper punch 2 drives the upper
ultrasonic vibration ring 1 to move down until they come
into contact with the upper surface of the blank 5. The
upper ultrasonic vibration ring 1 and the lower ultrasonic
vibration ring 6 are started to vibrate at a set frequency
and amplitude. The upper punch 2 continues to drive the
upper ultrasonic vibration ring 1 to move down at a set
loading rate until the female mold 4 is completely filled
by the blank 5. In this process, the ultrasonic vibration
concentrates on the edge portion of the blank 5, that is,
the tooth portion of the gear member. On the one hand,
filling of the material into the mold cavity can be signifi-
cantly facilitated, and the dimensional accuracy of the
part can be improved; on the other hand, nanocrystalli-
zation is induced in the tooth portion to achieve tough-
ening, while the amorphous state of the spoke portion is
retained. The ultrasonic vibration of the upper ultrasonic
vibration ring 1 and the lower ultrasonic vibration ring 6
and the one or more resistance heating rod 3 are closed.
The upper ultrasonic vibration ring 1, the upper punch 2,
the lower ultrasonic vibration ring 6 and the lower punch
7 are moved up together at the same speed until the
formed part 5 is pushed out of the inner cavity of the
female mold 5. At this time, the forming process is fin-
ished.

Claims

1. A plastic forming and gradient toughening method
based on ultrasonic vibration, characterized in that
the toughening method comprising:

(a) according to actual use requirements of an
amorphous alloy part to be formed, dividing one
or more portions to be toughened on the amor-
phous alloy part to be formed, the portion being
used for generating a nanocrystalline toughen-
ing phase and an amorphous state of other por-
tions being retained;
(b) designing a toughening device for forming
the amorphous alloy part to be formed, wherein
the toughening device is connected to an exter-
nal drive mechanism and comprises one or more
inserts connected to an ultrasonic vibration am-
plitude transformer and one or more resistance
heating rods, the insert is disposed correspond-
ing to the portion to be toughened and used for
applying ultrasonic vibration to the portion to be
toughened, the one or more resistance heating
rods are used for heating raw material blank to
be processed to a forming temperature, and pa-
rameters of the ultrasonic vibration generated
by the ultrasonic vibration amplitude transformer
are obtained by analyzing an energy propaga-
tion process of the ultrasonic vibration by finite
element numerical simulation, in which energy
of the ultrasonic vibration is adjusted by adjust-
ing an amplitude, a frequency and a power of
the ultrasonic vibration, and when the energy of
the ultrasonic vibration exceeds an energy
threshold value required for nanocrystallization,
the corresponding amplitude, frequency and
power of the ultrasonic vibration are required pa-
rameters of the ultrasonic vibration; and
(c) placing raw material blank in the toughening
device, heating the raw material blank by the
one or more resistance heating rods to a forming
temperature, and performing mold closing of the
toughening device to form a required amor-
phous alloy part, ultrasonic vibration being start-
ed in the mold closing process and stopped
when mold opening is performed.

2. The plastic forming and gradient toughening method
based on ultrasonic vibration according to claim 1,
characterized in that the forming temperature is be-
tween a glass transition temperature and a crystal-
lization temperature of the raw material blank.

3. The plastic forming and gradient toughening method
based on ultrasonic vibration according to any one
of claims 1 or 2, characterized in that in the step
(b), the toughening device is preferably a mold for
thermoplastic forming.

4. The plastic forming and gradient toughening method
based on ultrasonic vibration according to any one
of claims 1-3, characterized in that the material of
the amorphous alloy part is a Pd, Pt, Au, Zr, Ti, Fe,
Cu, Ni, Al, Mg or Ce based amorphous alloy with a
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thermoplastic forming ability.

5. A device for use in the toughening method according
to any one of claims 1-4, characterized in that the
device comprises an upper mold, a lower mold and
a female mold,
the upper mold and the lower mold are oppositely
disposed and form a mold cavity with the female
mold, the upper mold and the lower mold are respec-
tively provided with a punch and more than one in-
serts, the punches are connected to a driving servo
press and used to form raw material blank into a
desired three-dimensional structure, the inserts are
connected to an ultrasonic vibration amplitude trans-
former and used to apply ultrasonic vibration to more
than one portions to be toughened, the female mold
is provided with one or more resistance heating rods
for heating the raw material blank.

Patentansprüche

1. Verfahren zur plastischen Verformung und Gradien-
tenhärtung auf der Basis von Ultraschallschwingun-
gen,
dadurch gekennzeichnet, dass das Verfahren zur
Hartung umfasst:

(a) Aufteilen eines oder mehrerer zu härtender
Bereiche auf dem zu formenden amorphen Le-
gierungsteil entsprechend den tatsächlichen
Verwendungserfordernissen eines zu formen-
den amorphen Legierungsteils wobei der Be-
reich zur Erzeugung einer nanokristallinen Zä-
higkeitsphase verwendet wird und ein amorpher
Zustand anderer Bereiche beibehalten wird;
(b) Entwerfen einer Härtungseinrichtung zum
Formen des zu formenden amorphen Legie-
rungsteils, wobei die Härtungseinrichtung mit ei-
nem externen Antriebsmechanismus verbun-
den ist und einen oder mehrere Einsätze um-
fasst, die mit einem Ultraschallschwingungs-
amplitudentransformator und einem oder meh-
reren Widerstandsheizstäben verbunden sind,
worin der Einsatz entsprechend dem vorzu-
spannenden Bereich angeordnet ist und zum
Anlegen von Ultraschallschwingungen an den
vorzuspannenden Bereich verwendet wird, wo-
bei der eine oder die mehreren Widerstands-
heizstäbe zum Erwärmen des zu verarbeiten-
den Rohmaterialrohlings auf eine Formge-
bungstemperatur verwendet werden, und Para-
meter der Ultraschallschwingung, die durch den
Ultraschallschwingungsamplitudentransforma-
tor erzeugt wird, durch Analysieren eines Ener-
gieausbreitungsprozesses der Ultraschall-
schwingung durch numerische Simulation mit fi-
niten Elementen erhalten werden, wobei die En-

ergie der Ultraschallschwingung durch Einstel-
len einer Amplitude, einer Frequenz und einer
Leistung der Ultraschallschwingung eingestellt
wird, und wobei die entsprechende Amplitude,
Frequenz und Leistung der Ultraschallschwin-
gung erforderliche Parameter der Ultraschall-
schwingung sind, wenn die Energie der Ultra-
schallschwingung einen für die Nanokristallisa-
tion erforderlichen Energieschwellenwert über-
schreitet; und
(c) Einlegen des Rohmaterialrohlings in die Här-
tungseinrichtung, Erwärmen des Rohmaterial-
rohlings durch den einen oder die mehreren Wi-
derstandsheizstäbe auf eine Formungstempe-
ratur und Durchführen des Formschließens der
Härtungseinrichtung, um ein erforderliches
amorphes Legierungsteil zu bilden, wobei die
Ultraschallschwingung beim Formschließvor-
gang gestartet und beim Durchführen des Form-
öffnens gestoppt wird.

2. Verfahren zur plastischen Verformung und Gradien-
tenhärtung auf der Basis von Ultraschallschwingun-
gen nach Anspruch 1, dadurch gekennzeichnet,
dass die Formtemperatur zwischen einer Glasüber-
gangstemperatur und einer Kristallisationstempera-
tur des Rohmaterialrohlings liegt.

3. Verfahren zur plastischen Verformung und Gradien-
tenhärtung auf der Basis von Ultraschallschwingun-
gen nach einem der Ansprüche 1 oder 2, dadurch
gekennzeichnet, dass im Schritt (b) die Härtungs-
einrichtung vorzugsweise eine Form zum thermo-
plastischen Umformen ist.

4. Verfahren zur plastischen Verformung und Gradien-
tenhärtung auf der Basis von Ultraschallschwingun-
gen nach einem der Ansprüche 1 bis 3, dadurch
gekennzeichnet, dass das Material des amorphen
Legierungsteils eine amorphe Legierung auf der Ba-
sis von Pd, Pt, Au, Zr, Ti, Fe, Cu, Ni, Al, Mg oder Ce
mit thermoplastischem Umformvermögen ist.

5. Einrichtung zur Verwendung in dem Härtungserfah-
ren nach einem der Ansprüche 1-4, dadurch ge-
kennzeichnet, dass die Vorrichtung eine obere
Form, eine untere Form und eine Matrize umfasst,
die obere Form und die untere Form gegenüberlie-
gend angeordnet sind und mit der Matrize einen
Formhohlraum bilden, die obere Form und die untere
Form jeweils mit einem Stempel und mehr als einem
Einsatz versehen sind, die Stempel mit einer An-
triebs-Servopresse verbunden sind und verwendet
werden, um den Rohmaterialrohling in eine ge-
wünschte dreidimensionale Struktur zu formen, die
Einsätze mit einem UltraschallSchwingungsamplitu-
dentransformator verbunden sind und verwendet
werden, um Ultraschallschwingungen auf mehr als

9 10 
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einen zu härtenden Bereich auszuüben, und die Ma-
trize mit einem oder mehreren Widerstandsheizstä-
ben zum Erwärmen des Rohmaterialrohlings verse-
hen ist.

Revendications

1. Procédé de formage et de durcissement par gradient
de plastique, basé sur une vibration ultrasonore, ca-
ractérisé en ce que le procédé de durcissement
comprend:

(a) selon les exigences d’utilisation réelles d’une
pièce en alliage amorphe à former, la séparation
d’une ou de plusieurs portions à durcir sur la
pièce en alliage amorphe à former, la portion
étant utilisée pour générer une phase de durcis-
sement nanocristalline et un état amorphe
d’autres portions étant conservé;
(b) la conception d’un dispositif de durcissement
pour former la pièce en alliage amorphe à for-
mer, le dispositif de durcissement étant relié à
un mécanisme d’entraînement externe et com-
prenant un ou plusieurs inserts reliés à un trans-
formateur d’amplitude de vibration ultrasonore
et une ou plusieurs tiges de chauffage par ré-
sistance, l’insert étant disposé de manière à cor-
respondre à la portion à durcir et utilisé pour
appliquer une vibration ultrasonore à la portion
à durcir, ladite une ou lesdites plusieurs tiges de
chauffage par résistance étant utilisées pour
chauffer une ébauche de matière première à
traiter à une température de formage et des pa-
ramètres de la vibration ultrasonore générée par
le transformateur d’amplitude de vibration ultra-
sonore étant obtenus par analyse d’un proces-
sus de propagation d’énergie de la vibration ul-
trasonore par simulation numérique par élé-
ments finis, dans laquelle l’énergie de la vibra-
tion ultrasonore est ajustée par ajustement
d’une amplitude, d’une fréquence et d’une puis-
sance de la vibration ultrasonore et lorsque
l’énergie de la vibration ultrasonore dépasse
une valeur de seuil d’énergie requise pour la na-
nocristallisation, l’amplitude, la fréquence et la
puissance correspondantes de la vibration ul-
trasonore étant des paramètres requis de la vi-
bration ultrasonore; et
(c) le placement d’une ébauche de matière pre-
mière dans le dispositif de durcissement, le
chauffage de l’ébauche de matière première par
ladite une ou lesdites plusieurs tiges de chauf-
fage par résistance à une température de for-
mage et la réalisation d’une fermeture de moule
du dispositif de durcissement pour former une
pièce en alliage amorphe requise, une vibration
ultrasonore étant démarrée dans le procédé de

fermeture de moule et arrêtée lorsque l’ouver-
ture de moule est réalisée.

2. Procédé de formage et de durcissement par gradient
de plastique basé sur une vibration ultrasonore selon
la revendication 1, caractérisé en ce que la tempé-
rature de formage est située entre une température
de transition vitreuse et une température de cristal-
lisation de l’ébauche de matière première.

3. Procédé de formage et de durcissement par gradient
de plastique basé sur une vibration ultrasonore selon
l’une quelconque des revendications 1 ou 2, carac-
térisé en ce que dans l’étape (b), le dispositif de
durcissement est préférablement un moule pour for-
mage thermoplastique.

4. Procédé de formage et de durcissement par gradient
de plastique basé sur une vibration ultrasonore selon
l’une quelconque des revendications 1 à 3, carac-
térisé en ce que le matériau de la pièce en alliage
amorphe est un alliage amorphe à base de Pd, Pt,
Au, Zr, Ti, Fe, Cu, Ni, Al, Mg ou Ce présentant une
aptitude au formage thermoplastique.

5. Dispositif pour une utilisation dans le procédé de dur-
cissement selon l’une quelconque des revendica-
tions 1 à 4, caractérisé en ce que le dispositif com-
prend un moule supérieur, un moule inférieur et un
moule femelle,
le moule supérieur et le moule inférieur sont dispo-
sés de manière opposée et forment une cavité de
moule avec le moule femelle, le moule supérieur et
le moule inférieur sont respectivement pourvus d’un
poinçon et de plus d’un insert, les poinçons sont re-
liés à une servo-presse d’entraînement et utilisés
pour former une ébauche de matière première dans
une structure tridimensionnelle souhaitée, les in-
serts sont reliés à un transformateur d’amplitude de
vibration ultrasonore et utilisés pour appliquer une
vibration ultrasonore à plus d’une portion à durcir, le
moule femelle est pourvu d’une ou plusieurs tiges
de chauffage par résistance pour chauffer l’ébauche
de matière première.
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