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Crystallization of CuZrAgAl Bulk Metallic Glass at Various Temperatures and Pressures 

The Cu₄₃Zr₄₃Ag₇Al₇ alloy was obtained in an amorphous form through inert gas spray forming, followed by separation using 
a tower cyclone gas separator. The resulting spherical particles in size of 11 μm. The consolidation of the powder was carried out 
using two distinct methods. First, Spark Plasma Sintering (SPS) was performed under a pressure of 35 MPa at two temperatures: 
750°C and 900°C. Second, the High-Pressure High-Temperature (HPHT) method was applied, utilizing a toroidal-type Bridgman 
apparatus at about 560°C under a pressure of 7.8 GPa. In both processes, the consolidation duration was one minute. Differential 
scanning calorimetry (DSC), X-ray diffraction (XRD), and high-resolution transmission electron microscopy (HRTEM) analyses 
revealed distinct differences in the crystallization behavior of the alloy. SPS processing led to complete crystallization, resulting in 
the formation of Zr₂Cu, Ag₂Al, and Cu₁₀Zr₇ crystalline phases. In contrast, the HPHT method significantly delayed crystallization, 
with only nano-crystalline nuclei observed within the amorphous matrix. Additionally, the application of high pressure in the HPHT 
process resulted in lower porosity and higher hardness compared to the SPS method.
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1. Introduction 

Zirconium-based bulk metallic glasses (BMGs) are charac-
terized by high strength, large elastic strain, and a low Young’s 
modulus, making them attractive for various industrial applica-
tions [1]. However, BMGs are inherently metastable and can 
crystallize into a stable structure when subjected to thermal 
variations [2,3]. When metallic glasses are heated above their 
glass transition temperature (Tg) or crystallization tempera-
ture (Tx), their amorphous structure transforms into crystalline 
phases [1,2]. The nucleation and growth of these phases depend 
on several factors, including heating rate, duration, and pressure. 
In this study, a Cu–Zr–Ag–Al amorphous alloy was selected 
due to its excellent glass-forming ability, which allows for the 
production of an amorphous powder at a relatively low criti-
cal cooling rate. Specifically, the critical cooling rate (Rc) of 
Cu₄₂Zr₄₂Ag₈Al₈ is only 4°C/s [4], whereas Zr₄₈Zr₄₈Al₄ requires 
nearly 40°C/s [5], and CuZr demands an even higher rate of 
250°C/s [5]. The crystallization of glassy alloys typically leads 
to the formation of complex intermetallic compounds, such as 
ZrCu and Zr₂Cu, which significantly influence the material’s 

mechanical properties [6-8]. Previous studies have explored the 
crystallization behavior of Zr-based metallic glasses. Yokoyama 
et al. [9] investigated Zr–Cu–Al ternary alloys, identifying three 
intermetallic compounds – ZrCu, Zr₂Cu, and Zr₇Cu₁₀. The ZrCu 
phase, with a B2 structure, remains stable above 715°C but de-
composes into Zr₂Cu (C11b structure) and Zr₇Cu₁₀ upon cooling. 
Additionally, the B2-ordered ZrCu phase undergoes a martensitic 
phase transformation. However, reports on the precipitation 
of the ZrCu-B2 phase in rapidly quenched Zr–Cu binary and  
Zr–Cu–Al ternary alloys remain scarce. More recently, Zhang et 
al. [2,3] observed significant precipitation of the ZrCu-B2 phase 
in Zr₅₀Cu₄₀Al₁₀ (at.%) BMGs produced via tilt casting and sub-
jected to rapid heating, confirming that the ZrCu phase remains 
stable at room temperature. They attributed this phenomenon to 
long-range diffusion and elastic strain energy.

Applying hydrostatic high pressure during sintering sig-
nificantly affects crystallization behavior by reducing atomic 
mobility [2,10-12]. Studies have reported a notable increase 
in Tx under high pressure, reaching 9.4 K/GPa in ZrAlNiCuAg 
alloys [13] and 12.8 K/GPa in ZrCuTiNiBe alloys at pressures 
of 4-6 GPa [14]. This effect has been linked to the shortening of 
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Zr–Zr bonds, which alters atomic packing in Zr50Cu50 metallic 
glasses under high pressure. Additionally, high pressure induces 
atomic composition segregation, as Zr–Zr and Cu–Cu bonds 
contract more readily than Zr-Cu bonds, leading to changes in 
structural stability [2,3,6,8]. Dmowski et al. [2] examined the 
high-pressure quenching of Zr–Cu–Al–Pd metallic glasses from 
the supercooled liquid state and found that their structure dif-
fered from glasses quenched without pressure. Interestingly, the 
high-pressure-induced structure reverted to its original form upon 
annealing without pressure. Fully amorphous compacts, sintered 
at temperatures above Tg, reached a compression strength of 
1174 MPa. As shown in [11], at pressures exceeding 8 GPa, 
Zr-based metallic glasses heated to the supercooled liquid state 
remained amorphous. In Zr–Ti–Cu–Ni–Be metallic glasses, 
crystallization temperature increases within the pressure range of 
~4.5 GPa, attributed to pressure-induced suppression of atomic 
mobility [3,6-14]. This phenomenon is linked to a reduction in 
free volume within the glassy phase, leading to increased density 
and retarded crystallization [10-16]. Considering previous stud-
ies on the high-pressure modification of amorphous structures, 
both from theoretical calculations [6-11] and experimental 
investigations [2,3,6-16], some discrepancies remain regarding 
the effects of high pressure on Tg and Tx, as well as the underly-
ing mechanisms of amorphization and crystallization. Notably, 
nano-crystallization has been observed within the amorphous 
matrix under high-pressure conditions. To further investigate 
this phenomenon, the present study applied a short annealing 
time above Tx to evaluate its effects. Additionally, Spark Plasma 
Sintering (SPS) at 35 MPa was performed at the same tempera-
ture to assess the impact of pressure on crystallization behavior.

2. Experimental procedure

Amorphous powder Cu43Zr43Ag7Al7 alloy (all in at.%) was 
prepared using installation at the University of Belfort consisting 
of an autoclave head, a spray tower, a gas distribution system, and 
an inert gas system (cyclone separator). In the autoclave head, the 
insulated crucible is heated by an induction coil and the special 
atomizing unit, mainly the Laval nozzle and the melt nozzle. The 
sprayed liquid metal in the spherical form was cooled relatively 
quickly as it fell, rotating in the tower. X-ray diffraction and DSC 
studies confirmed its amorphous structure. Fig. 1 shows an SEM 
micrograph of the powder and its size distribution, indicating 
the average size of spheres near 11 ± 9 µm. 

For the investigated alloy, sintering temperatures of 750°C 
and 900°C were chosen for 1 minute to study the effect of short-
term temperature impact on the microstructure and to obtain 
good-quality sintered samples at pressures of 35 MPa for the 
SPS (Spark Plasma Sintering) and at about 560°C for 1 min 
at 7.8 GPa using a toroidal-type Bridgeman apparatus (High-
Pressure High Temperature). The temperature during synthesis 
was not measured directly on the sample. The device had been 
previously calibrated, and the generator was operated at the ap-
propriate power level to ensure the required temperature.

The X-ray measurements of the phase composition were 
performed using a D2 Phaser-Bruker diffractometer with 
Cu-Kα filtered radiation. The microstructure was examined 
using a scanning electron microscope FEI SEM XL30 (FEI 
Company, Hillsboro, OR) equipped with an energy-dispersive 
X-ray spectrometer EDAX GEMINI 4000. The microstructure 
and selected area electron diffraction pattern (SAEDP) studies 
were performed using a Tecnai G2 F20 transmission electron 
microscope (TEM). Thin foils for TEM were prepared using 
an FEI Quanta 3D 200 Dual Beam Focused Ion Beam (FIB) 
equipped with an Omniprobe lift-out system. The glass transi-
tion temperatures and crystallization temperature were studied 
using the F1 404 Netzsch. The recovered samples, after sintering, 
were heated at the rate of 20°C/ min in an argon atmosphere. The 
Vickers hardness was measured under a load of 0,05 kg using 
an Innovatest microhardness tester. 

3. Results and discussion

In the first step, gas-atomized Zr-based amorphous powders 
with Tx temperature of 497°C were consolidated. Fig. 2 shows 
X-ray diffraction curves from the samples sintered using the 
SPS method at 750°C and 900°C (two upper patterns), while the 
lowest one shows the diffraction curve from the alloy sintered 
at 7.8 GPa/560°C. Samples obtained using the SPS method 
show similar diffraction patterns with frequent maxima from 
the crystalline phases identified as Zr2Cu, Ag2Al, and Cu10Zr7. 
It indicates almost complete crystallization after sintering using 
the SPS method above the Tx temperature. The sample sintered at 
560°C at 7.8 GPa shows a fully amorphous structure, confirming 
that annealing at 560°C by simultaneities high-pressure delays 
the crystallization of amorphous structure. Most of the studies 
presented in the literature concern sintering below Tx tempera-
ture. A fully glassy structure has been obtained in Zr–Cu–Y–Al 
compacts with a high density manufactured by SPS at 390°C 

Fig. 1. SEM micrograph of the Cu43Zr43Ag7Al7 alloy powder
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and a pressure of 35 MPa, attaining hardness 396 HV0.3 [16]. 
Sintering at higher temperatures involved crystallization of the 
sample. Temperatures below the crystallization temperature 
were also used to consolidate the ball-milled Zr–Cu–Al and Zr-
Ni–Ti–Cu amorphous powders using high pressure of 4-7 GPa. 
Sintering temperature was applied below Tx, and good quality 
amorphous compacts strengthened by nanocrystalline inclusions 
were obtained with a hardness of 1224 HV, i.e., higher than 
reported for the SPS consolidated samples [16,17].

Fig. 2. X-ray diffraction pattern of the Cu43Zr43Ag7Al7 alloy prepared 
by the SPS method at 750°C and 900°C (upper curves) and high pres-
sure 7.8 GPa/900°C sintering

Fig. 3 shows DSC curves obtained during continuous heat-
ing of the Cu43Zr43Ag7Al7 glass powder after sintering using the 
SPS method at 750°C and 900°C and a high-pressure technique 
at 7.8 GPa at 560°C. One can see that, similarly to the X-ray dif-

fraction study, the SPS method resulted in the complete crystal-
lization of powders. At the same time, high pressure did not cause 
visible crystallization effects despite 5.3°C degrees shift of the 
Tx temperature (491.7°C) to lower temperatures. It is probably 
caused by an easier nucleation of the crystalline phase using 
ordered nuclei formed during 560°C sintering (Tx = 497°C). 
It indicates that a pressure of 7.8 GPa delays the crystallization 
at high pressure due to slow-down diffusion. 

Fig. 4 shows microstructures from the alloy sintered using 
high pressure of 7.8 GPa at 560°C. SEM micrograph (Fig. 4a) 
revealed a few fine precipitates at the grain boundaries, indicating 
the beginning of the crystallization process from the area with 
the highest energy. The majority of the sample area does not 
show any precipitates. In the HRTEM micrograph in Fig. 4b, the 
sample shows a random distribution of atoms; however, in some 
places (marked by white circles), one can distinguish ordered 
atomic structures of the size of a few interatomic distances resem-

Fig. 3. DSC curves taken during continuous heating of the as-prepared 
powder, samples sintered by the SPS method at 750°C and 900°C and 
a high-pressure method at 7.8 GPa/560°C

Fig. 4. Cu43Zr43Ag7Al7 alloy sintered under high pressure of 7.8 GPa at 
about 560°C; a) SEM micrograph showing fine precipitates along the 
grain boundaries, and b) HRTEM image illustrating a mainly random dis-
tribution of atoms with a few marked regions of ordered atomic structure
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bling the atomic positions in a crystalline plane. They are a few 
nm in size with an inter-plane distance of a densely packed plane. 
It indicates most probably the beginning of the atomic ordering 
process, as Dmowski [2] observed in alloys heated under high 
pressure. The SEM-BSE results of the SPS sample sintered at 
750°C with chemical analysis are shown in Fig. 5. The micro-
structure consists of fully crystallized grains with an average size 
of 72 ± 26 µm within the smaller one with 2-4 µm diameter vis-
ible. They are formed most probably discontinuously and have an 
overall alloy composition (point 1 in Fig. 5, TABLE 1). Around 
small grains, clear dark broadened boundaries, and fine bright 
precipitates (size near 0,1 µm) are visible. Combined points and 
line scan EDS chemical analysis confirmed segregation of Al and 
Zr to boundaries and Ag to white precipitations (point 2, Fig. 5, 
TABLE 1 and line scan Fig. 5b). Previous studies suggest that 
Cu10Zr7 and the Zr2Cu + AlCu2Zr eutectic phases are reported 
to be formed from the melt [20,21]. The aged amorphous alloys 
show nanocrystals formed during annealing [20] similar phases 
to that observed in dynamically loaded ZrCuAgAl amorphous 
alloys [21] (i.e., AlCu2Zr, Al2Zr, and AgZr). Summarizing mi-
croanalysis results suggests the presence of previously observed 
AgZr, Cu10Zr7, and possibly Cu2ZrAl. 

The results of SEM-BSE studies of the SPS sample at 900°C 
are shown in Fig. 6. Stronger segregation in the matrix is visible 
(point 1, Fig. 6, TABLE 1) compared to the sample processed 
at 750°C. The precipitates are larger and show better signals for 
chemical analysis. However, their distribution is different; bright 
fine precipitates are distributed along lines inside the grains, 
while dark oval precipitates are distributed randomly inside 
the grains. Dark precipitates are rich in copper and contain less 
zirconium (point 2, Fig. 6, TABLE 1), and they can be attached 
to Cu10Zr7 with Al and Ag substituting Cu and Zr. However, the 
presence of Cu2ZrAl is observed in ref. [22] cannot be excluded. 
Cu10Zr7 precipitates were identified in the analysis of the electron 

Fig. 5. a) SEM micrograph of the SPS sintered sample at 750°C using 
the SPS method, b) with EDS analysis points marked on the white pre-
cipitates and matrix (the results of the chemical analysis are presented in 
TABLE 1), c) Line scan composition change of characteristic radiation 
measurement Al K, Zr L, Ag K, Cu K

Fig. 6. SEM micrograph of the SPS sintered sample at 900°C using the 
SPS method, with EDS analysis points marked on the precipitates and 
matrix. The results of the chemical analysis are presented in TABLE 1
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amorphous states. Furthermore, the early-stage precipitation of 
the ZrAg phase supports the findings of [23], suggesting that 
ZrAg precipitation competes with B2 ZrCu crystallization, 
thereby enhancing the glass-forming ability of CuZrAgAl alloys.

4. Conclusions

1.	S PS consolidation at 35 MPa and temperatures above the Tx 
temperature (750-900°C) allowed obtaining a good-quality 
consolidated sample with a fully transformed crystalline 
structure. TEM and SEM studies suggested the presence 
of Cu10Zr7, ZrAg, Cu2ZrAl, and Zr2Cu intermetallic phases 
with other elements partially substituting the components 
of the compound.

2.	T he high pressure of 7,8 GPa sintering caused a significant 
delay of crystallization during sintering at 560°C due to 
a high-intensity crystallization peak in the DSC measure-
ment. The sintered samples showed a few discontinuous 
particles near grain boundaries due to fine precipitation of 
the ZrAl and ZrAg phases. HRTEM allowed the identifica-
tion of atomic planes within fine nanometer-size particles, 
indicating short-range order nuclei affecting the crystalliza-
tion temperature of the sintered sample.

diffraction pattern (Fig. 2), which strengthens such interpreta-
tion. Bright particles formed along lines contain more Zr and 
Ag and less Cu and almost no Al (point 3, Fig. 6, TABLE 1). 
Therefore, this phase can be identified as ZrAg (in accordance 
with ref. [22], where Cu can substitute Ag. Finally, the grey phase 
containing less aluminum than the other phases can be identified 
as Zr2Cu or CuZr phase with Al and Ag substituting Cu and Zr. 
The presence of Ag2Al was not confirmed by microanalysis of 
SPS compacted alloys.

To illustrate the crystallization of glass, a qualitative chemi-
cal analysis was conducted using EDS in SEM to determine the 
distribution of elements. The matrix was confirmed to consist of 
relatively homogeneously distributed Zr, Cu, Al, and Ag (Fig. 7). 
Within it, there is a strong segregation of phases containing Cu 
and Al as well as Ag-enriched phases. 

The HPHT-sintered alloy exhibited a hardness of 
722 ± 25 HV. In contrast, the SPS-sintered samples demonstrated 
lower hardness values of 670 ± 28 HV and 524 ± 33 HV at 750°C 
and 900°C, respectively. These results align with previous find-
ings on high-pressure consolidated ZrCuAl and ZrNiTiCu alloys 
[19,22]. The higher hardness observed in samples undergoing 
early-stage precipitation is consistent with crystallization studies 
of CuZrAlAg alloys [21,22], where partially crystallized samples 
exhibited greater hardness than both fully crystallized and initial 

Table 1

EDS chemical analysis results of sintered at 750 and 900°C using the SPS method samples from areas marked in Figs. 5 and 6

Place of analysis Place of analysis
Element [%at.]

Zr Cu Ag Al

SEM EDS
Fig. 5

1 – grey matrix area 42,0 ± 0,8 44,2 ± 0,9 7,2 ± 0,3 6,6 ± 0,3
2 – bright precipitation 43,8 ± 1,0 38,3 ± 0,8 13,3 ± 0,5 4,6 ± 0,9

SEM EDS
Fig. 6

 3 – grey matrix area 47,8 ± 1,0 44,2 ± 0,9 4,7 ± 0,9  3,3 ± 0,6
2 – bright precipitation 46,5 ± 0,9 28,8 ± 0,6 22,5 ± 0,5 2,2 ± 0,4
3 – dark precipitation 30,1 ± 0,6 49,1 ± 1,0 6,4 ± 0,3 14,4 ± 0,6

Fig. 7. SEM image of the SPS sintered sample at 900°C with mapping area frames of EDS analysis points (a) and surface distributions of alloy 
constituents: Zr, Cu, Al, Ag
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