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A B S T R A C T

Traditional powder consolidation methods for fabricating metallic matrix composites often require high tem
peratures, high pressures, and substantial energy consumption. Therefore, developing new processing technol
ogies that can manufacture composites rapidly, efficiently, and economically is crucial. This study introduces 
ultrasonic powder consolidation process as a novel strategy for fabricating and tuning metallic glass (MG) and 
aluminum alloy composites. By optimizing the mass ratios of Zr55Cu30Ni5Al10 (at.%) MG to Al-6061 powders, a 
diverse range of composites with tailored compressive strength and plasticity was achieved. Mechanical testing 
showed that increasing the aluminum content improved plasticity while maintaining significant strength. 
Notably, the composite with a 5:5 mass ratio exhibited the best balance of mechanical properties. Morphological 
characterizations demonstrated excellent densification and uniformity in the composites, with no visible defects 
and relative densities ranging from approximately 92 %–99 %. Detailed microstructural analysis revealed the 
formation of a well-bonded interface with a diffusion layer, confirming the metallurgical bonding was facilitated 
by ultrasonic vibration. Furthermore, the ultrasonic consolidation process enabled the successful fabrication of 
complex shapes, such as star and gear components, demonstrating the method’s potential for advanced 
manufacturing. These results show that the ultrasonic powder consolidation process is a viable and efficient 
approach for producing high-quality MG/Al-6061 composites with enhanced mechanical performance and 
application versatility.

1. Introduction

Metallic glasses (MGs), also known as amorphous alloys, are out-of- 
equilibrium metallic materials formed through rapid cooling, which 
prevents crystallization and results in a disordered atomic arrangement 
in three-dimensional space [1]. Since their discovery in 1960, MGs have 
attracted significant attention in materials science due to their unique 
amorphous structure and exceptional mechanical, physical, and chem
ical properties [2–11]. Compared to traditional crystalline alloys, MGs 
exhibit high strength [12], high hardness [13], good electrical conduc
tivity [14,15], corrosion resistance [16,17], wear resistance [18], cata
lytic activity [19], and superplasticity [20]. These properties make MGs 
highly valuable in fields such as energy, catalysis, electronics, and 
aerospace [21–25]. However, MGs suffer from poor plasticity at ambient 
temperatures due to the shear localization in shear bands, posing a 
significant barrier to their use as structural materials. One strategy to 

overcome this limitation is the development of in-situ/ex-situ composite 
structures by incorporating a ductile secondary phase, thereby 
balancing strength and ductility in MG composites [26].

Aluminum alloys, known for being lightweight and high-strength, 
exhibit excellent processability, ductility, and corrosion resistance, 
making them widely used in various industries and daily life applica
tions [27–31]. These desirable properties make them ideal for aerospace 
[32], automotive manufacturing [33], construction [34], and electronic 
devices [35]. Due to their good processability and ductility, aluminum 
alloys can undergo significant deformation without breaking during 
processing [36,37]. When comparing MGs and aluminum alloys, MGs 
offer higher strength and hardness, whereas aluminum alloys provide 
superior processability and ductility. To better suit engineering appli
cations, composites made from rigid MGs and ductile aluminum alloys 
can combine the advantages of both, compensating for the deficiencies 
of each material.
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Developing novel processing technologies for rapid, efficient, and 
cost-effective manufacturing of composites is crucial. Traditional 
methods for consolidating metal powders to fabricate composites, such 
as powder metallurgy [38] and spray forming [39], require high tem
perature, high pressure, high energy consumption, high costs, and often 
suffer from low efficiency. Recently, a process utilizing ultrasonic vi
bration to assist in the forming of MGs has been reported [11,40,41]. 
This method provides an ideal approach for preparing MG/Al compos
ites. Compared to traditional powder consolidation methods, ultrasonic 
powder consolidation is fast, efficient, clean, and energy-efficient. The 
mechanism of ultrasonic powder consolidation involves using 
high-frequency ultrasonic waves to induce softening behavior and 
plastic flow in both the amorphous alloy and aluminum alloy in a very 
short time, allowing them to coat each other and form the final com
posite material.

In this study, biphasic composites of Zr55Cu30Ni5Al10 (at.%) and Al- 
6061 alloys were successfully fabricated at low temperatures and low 
stresses using ultrasonic powder consolidation. By adjusting the mass 
ratio of MG to Al-6061 powder, the properties of the composites could be 
controlled to obtain materials with comprehensive mechanical proper
ties. This innovative approach offers a promising avenue for the devel
opment of high-performance lightweight composites to meet, the 
demands of advanced manufacturing applications.

2. Experimental procedures

2.1. Material preparation

The MG powder used in this study had a nominal composition of 
Zr55Cu30Ni5Al10 (at.%), chosen for its high strength (~1.7 GPa), com
mercial availability, and ability to undergo ultrasonic-vibration-induced 
plasticity. The gas-atomized MG powder had a particle size range of 
15–53 μm with a mass median particle diameter of 35 μm, measured 
using a laser diffraction system (Malvern, Mastersizer 2000). Gas- 
atomized Al-6061 powder (300 mesh) was selected as the secondary 
constituent for the composite due to their cost-effectiveness and high 
ductility. The composition of Al-6061 powder is provided in Table 1. 
Both the Zr55Cu30Ni5Al10 MG powder and the Al-6061 powder were 
purchased commercially. The powders were mixed in various mass ra
tios of 9:1, 8:2, 7:3, 6:4, 5:5, and 4:6 using a planetary ball mill (ME- 
300U, Marath industrial, Hong Kong) with hardened steel vials and 
balls.

2.2. Ultrasonic powder consolidation process

The powder consolidation was carried out using a custom-built ul
trasonic vibration setup consisting of a transducer, booster, and ultra
sonic horn connected to a control unit to adjust processing parameters 
(Fig. 1a). The ultrasonic consolidation process is illustrated in Fig. 1b. 
Initially, the well-mixed powders were loaded into a designated 
stainless-steel mold with a cavity of Ø5 × 4 mm and compacted using a 
preset force (100 N) applied by the horn without ultrasonic vibrations. 
High-frequency ultrasonic vibrations (~20,000 Hz) with an energy of 
1500 J were then applied for a few seconds, resulting in consolidated 
disks.

A K-type thermocouple monitored the temperature rise on the struck 
surface, while a dynamometer measured the real-time force during ul
trasonic vibration loading. Force data was collected using a data- 
acquisition card (National Instruments NI-9237) with a sampling fre
quency of 500 Hz. Additionally, composites with a MG/Al-6061 mass 

ratio of 5:5 were consolidated into star-shaped and gear-shaped stain
less-steel molds to investigate the feasibility of manufacturing compo
nents of various shapes using ultrasonic powder consolidation.

2.3. Characterizations

The structures of the gas-atomized MG and Al-6061 powders and 
consolidated composites were analyzed using X-ray diffraction (XRD, 
Rigaku MiniFlex600) with Cu-Kα radiation. XRD measurements were 
conducted over an angular range of 20◦–80◦ at a scan rate of 5◦/min and 
a step size of 0.02◦. Scanning electron microscopy (SEM, Fei quanta FEG 
450) was used to analyze the bonding quality, distribution of constituent 
powders of consolidated composites as well as the fracture morphology 
of compressed composites during compression test. Transmission elec
tron microscopy (TEM, JEOL JEM-2011F, 200 kV) equipped with 
energy-dispersive X-ray spectroscopy (EDS) was used to investigate the 
microstructure and perform elemental mapping in manufactured com
posites with a 5:5 ratio of MG to Al-6061. TEM samples were ion milled 
at 4.5 keV with liquid nitrogen cooling using a precision ion polishing 
system (Gatan PIPS II). The TEM sampling focused on the interface be
tween the MG powder and Al-6061 powder. EDS analysis was carried 
out in scanning mode (STEM) using a high-angle annular dark-field 
(HAADF) detector.

Internal defects in the manufactured composites were characterized 
using a computed tomography (CT) system (Sanying Precision 
Instruments-nano Voxel 3000d, China). Uniaxial compression tests were 
conducted on the composites using a universal testing machine 
(UTM5105GD) at a strain rate of 10− 4 s− 1. Compression test samples 
were cuboid samples measuring 1 × 2 × 3 mm3, wire cut from the 
consolidated disks. For comparison, compression tests were also per
formed on samples cut from the as-cast Zr55Cu30Ni5Al10 bulk MG and Al- 
6061 sheets. The as-cast Zr-based sheet was prepared by suction casting 
in a water-cooled copper mold. Each condition was tested with three 
samples to ensure reproducibility. In addition, the hardness of the as- 
cast MG sheet, Al-6061 sheet, and MG/Al-6061 consolidated compos
ites was measured using a Vickers microhardness tester (FM-ARS9000, 
Japan) with a static load of 1000 g, a dwell time of 15 s, and making at 
least 15 measurements per data point. Prior to hardness measurements, 
the specimen surfaces were polished to a mirror finish.

3. Results and discussion

3.1. Consolidated composites

MG/Al-6061 composites were successfully fabricated using the ul
trasonic powder consolidation process. The inset in Fig. 1a shows a Ø5 
× 1.2 mm composite disk obtained by consolidating MG and Al-6061 
powders with a mass ratio of 5:5. The resulting bulk composite is as 
consolidated disk with a distinct metallic luster.

The pressure and temperature profiles during ultrasonic powder 
consolidation for this disk are shown in Fig. 1c. As seen in Fig. 1c, the 
pressure applied to the composite during the ultrasonic process is only 
11.53 MPa, which is significantly lower than the yield stress of 
Zr55Cu30Ni5Al10 MG (~1700 MPa) and Al-6061 aluminum alloy (~110 
MPa). Moreover, the processing time is quite short (~1.2 s), which is 
considerably shorter than conventional consolidation processes 
including spark plasma sintering (SPS) and hot pressing of MG compo
nents [11]. Fig. 1c also shows that the maximum temperature rise during 
the ultrasonic process is as low as 183.5 ◦C, significantly is far below the 
glass transition temperature of the Zr55Cu30Ni5Al10 MG, which is in the 

Table 1 
Chemical composition of the Al-6061 powder.

Element Cu Mn Mg Zn Cr Ti Si Fe Al

wt.% 0.15–0.4 0.15 0.8–1.2 0.25 0.04–0.35 0.15 0.4–0.8 0.7 Bal.
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range of ~407–417 ◦C [42,43].
These measurements highlight the advantages of using ultrasonic 

powder consolidation technology to fabricate MG/Al-6061 composites 
over conventional consolidation methods. The ultrasonic powder 
consolidation method can rapidly produce intact composite bulk mate
rials at low temperatures and low stresses, demonstrating its efficiency 
and effectiveness.

Star- and gear-shaped parts were successfully fabricated using ul
trasonic consolidation of MG/Al-6061 powders with 5:5 mass ratio (see 
Fig. 1d). The SEM images in Fig. 1e and f shows that the overall quality 
of manufactured parts is excellent, with well-formed gear teeth and star 
vertices and edges. This high quality is attributed to the efficient powder 
flow during the ultrasonic powder consolidation process and the com
plete filling of the mold cavities. These results, consistent with previous 
reports on the successful fabrication of high-entropy alloy and La-based 
MG composites using ultrasonic vibrations [44], highlight the strong 
potential of the powder consolidation approach for bonding MG pow
ders across various compositional systems with a broad range of alloy 
powders.

3.2. Structure and morphology characterizations

Fig. 2a shows the XRD patterns of the Zr55Cu30Ni5Al10 MG powder, 
Al-6061 powder, and respective MG/Al-6061 consolidated composites 
with various mass ratios. The insets provide enlarged views of the 
amorphous peak. The XRD patterns reveal that all composite ratios 
exhibit broad amorphous peaks alongside sharp crystalline peaks. As the 
proportion of MG in the composite increases, the intensity of the 
amorphous peak also rises, confirming that the amorphous structure of 
the MG remains unchanged after ultrasonic vibration. Furthermore, the 
intensity of the crystalline peaks correlates positively with the ratio of 
Al-6061 powder in the composite.

Fig. 2b–g displays the SEM cross-sectional morphologies of com
posites with different mass ratios after ultrasonic consolidation. In the 
images, the dark regions correspond to the aluminum alloy matrix, while 
the bright regions represent the MG component of the composite. The 
SEM images of different samples reveal good densification with no 
apparent pores or cracks, indicating a high-quality bond in all consoli
dated composites.

During the ultrasonic consolidation process, an interesting phe
nomenon was observed. As shown in Fig. 2b, when the composite has a 
high MG content with a MG/Al-6061 mass ratio of 9:1, both the MG 

Fig. 1. Ultrasonic consolidation process. (a) Schematic of the apparatus for preparing MG/Al-6061 composites, with an inset showing a consolidated disk. (b) 
Schematic of the process steps for preparing MG/Al-6061 composites. (c) Pressure and temperature profiles during the ultrasonic process. (d) Overall view of the 
manufactured composite components in the shapes of a pentagon and a gear. (e–f) SEM images of the pentagon and gear parts.
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(bright regions) and Al-6061 (dark regions) powders undergo softening 
and plastic flow, resulting in bonding and forming the bulk sample. This 
morphology, featuring a continuous distribution of both phases, is 

uncommon in ex-situ MG composites and resembles the morphology of 
in-situ MG matrix composites [26].

However, as the MG proportion decreases, the MG powder keeps its 

Fig. 2. (a) XRD patterns of MG powder, Al-6061 powder, and consolidated composites with various ratios. The inset shows an enlarged view of the amorphous peak. 
(b)–(g) SEM cross-sectional images of composites with amorphous alloy to aluminum alloy mass ratios of 9:1, 8:2, 7:3, 6:4, 5:5, and 4:6, respectively.

Fig. 3. CT scan images. (a) Cross-sectional CT images at different cutting positions from the edge to the center, with the inset showing the cutting positions of the 
samples. (b) Density distribution map of the composite samples.
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round shape and does not further show ultrasonic vibration-induced 
plasticity, whereas the aluminum alloy continues to show softening 
and plastic flow. Thus, Al-6061 acts as the matrix, encapsulating the MG 
powders. This morphology is typical in ex-situ MG composites and has 
been observed in the ultrasonic powder consolidation of MG/high- 
entropy alloys [44]. Given the lower yield stress and hardness of 
Al-6061 compared to that of the Zr-based MG in this study, the 
aluminum alloy powders dissipate most of the ultrasonic energy through 
plastic flow, forming a composite matrix that surrounds the rigid MG 
powder. Furthermore, the SEM images in Fig. 2c–g reveal that the 
bonding between the Al-6061 and MG powders in the composites is 
stable, with well-bonded interfaces formed by ultrasonic powder 
consolidation.

3.3. CT analysis

High-resolution CT analysis was employed to scan the composites, 
providing a clear display of the internal structure and enabling the 
detection of uniformity and potential defects within the samples. Three 
representative composites with MG:Al-6061 mass ratios of 9:1, 8:2, and 
5:5 were selected for scanning at different cutting positions from the 
edge to the center, as illustrated in Fig. 3a. The CT images reveal the 
internal structure of the composites, showing uniform bonding between 
the amorphous alloy and aluminum alloy with no visible defects. To 
further illustrate the bonding of the two different phase metal powders, 
the CT images of the samples were presented as relative density (ρrelative) 
distribution maps, as shown in Fig. 3b. These maps indicate that the 
density distribution of the composites is relatively uniform. Addition
ally, the overall sample density decreases as the proportion of aluminum 
alloy in the composite increases. This is attributed to the lower density of 
Al-6061 lightweight alloy compared to the Zr55Cu30Ni5Al10 MG.

In addition to CT scanning, density is an important indicator of the 
bonding quality of composites. The densities of the MG sheet, Al-6061 
sheet, and consolidated composites were measured using the Archi
medes drainage method. The measured densities were then compared 
with theoretical densities. The actual densities of the MG, Al-6061, and 
composites were calculated using the following equation: 

ρactual =(ω1 × ρ1) / (ω1 − ω2) (1) 

where ρactual represents the actual density of the object, ρ1 represents the 
density of distilled water at room temperature (0.999 g/cm3), and ω1、 
ω2 represent the weights of the object in air and distilled water, 
respectively.

Repeated measurements using this equation yielded average den
sities of 5.643 g/cm3 for the as-cast MG sheet and 2.649 g/cm3 for the 
Al-6061 sheet. Furthermore, the theoretical density of the composite 
materials was calculated using the following equation: 

ρtheoretical =
(ωMG + ωadmixture)

(ωMG/ρMG + ωadmixture/ρadmixture)
(2) 

Using equations (1) and (2), the average actual and theoretical 
densities for composites with mass ratios of MG to aluminum alloy of 
9:1, 8:2, 7:3, 6:4, 5:5, and 4:6 were calculated, as shown in Table 2.

Comparing the actual and theoretical densities of the composites in 
Table 2, it can be seen that the actual densities of the composites are 

close to their theoretical densities, with a minimum correlation density 
of over 92 %. These results indicate that the ultrasonic powder consol
idation method is a feasible and efficient way to fabricate MG and 
aluminum alloy composites.

3.4. Mechanical property characterizations

Fig. 4a shows the compressive stress-strain curves for the consoli
dated MG/Al-6061 samples, along with the Al-6061 bulk sample. The 
inset displays the stress-strain curve of the cast bulk MG sample during 
the compression testing. The Al-6061 alloy exhibits the lowest 
compressive strength, around 110 MPa, but shows the best plasticity. In 
contrast, the cast MG sample demonstrates a high compressive strength 
of approximately 1700 MPa, but with no plasticity, which is charac
teristic of monolithic bulk MGs [45]. As the aluminum alloy content in 
the consolidated composites increases, the composite’s strength gradu
ally decreases, but its plasticity significantly improves. The composite 
benefits from the advantageous properties of both constituting mate
rials, achieving a notable increase in strength compared to Al-6061 and 
a considerable improvement in plasticity compared to the MG. Among 
the various consolidated composites, the composite with a MG:Al-6061 
mass ratio of 5:5 exhibits the best mechanical performance.

Additionally, the Vickers hardness testing was conducted on the bulk 
MG and Al-6061 alloys and the consolidated composites. The results, 
shown in Fig. 4b, indicate that the Zr-based MG has the highest hard
ness, while the Al-6061 has the lowest. The hardness of the composites 
falls between the two constituent materials and decreases with 
increasing Al-6061 content due to the relatively soft nature of aluminum 
alloy.

Fig. 4c shows the fracture morphology of the 5:5 composite after the 
compression test. The fracture surface reveals that the spherical MG 
powders remain undeformed, while the Al-6061 matrix undergoes 
complete plastic deformation, indicating ductile behavior in the 5:5 
composite. Additionally, a few voids are observed on the fractured 
surface, but these voids are discontinuous and have a low number- 
density. This suggests that MG particles are not responsible for the 
composite’s failure under compression. The SEM image at higher 
magnification (Fig. 4d) reveals the presence of dimples on the fracture 
surface. It can be inferred from the fracture morphology that the primary 
failure mechanism is the crack propagation around the MG powder, 
leading to the detachment of the MG particles from the surrounding Al- 
6061 matrix.

3.5. TEM characterizations

To further investigate the microstructure of the composite achieved 
by ultrasonic consolidation, we performed TEM analysis on the 5:5 
composite, focusing primarily on the interface between the MG powder 
and Al-6061 powder. The TEM images of the interface region are shown 
in Fig. 5a and b. These images reveal three distinct regions, denoted as 
R1, R2, and R3 (Fig. 5b). The corresponding selected area electron 
diffraction (SAED) patterns for these regions are displayed in Fig. 5c, d, 
and e, respectively.

In Fig. 5c, the SAED pattern of the R1 region displays a diffuse halo 
ring typical of amorphous structures, indicating that this region is a fully 
amorphous phase and that the amorphous structure was retained after 
ultrasonic vibration loading. In the R2 region, located at the interface of 
MG/Al-6061 powders, the diffraction pattern exhibits a combination of 
diffuse halo ring and crystalline diffraction spots (Fig. 5d), indicating 
that this region consists of a mixture of MG amorphous phase and Al- 
6061 crystalline phase. In the R3 region, the diffraction halo disap
pears, leaving only diffraction spots (Fig. 5e), indicating that this region 
is a fully aluminum alloy phase.

Additionally, the high-resolution TEM images taken from the R1 and 
R3 regions show maze structure (fully amorphous) and regular lattice 
fringe contrast (crystalline structure), respectively. However, the R2 

Table 2 
Density comparison of composites with different mass ratios.

mass ratio (wt.%) ρactual (g/cm3) ρtheoretical (g/cm3) ρrelative (%)

9:1 5.643 5.729 98.50
8:2 4.875 5.074 96.08
7:3 4.217 4.553 92.62
6:4 3.876 4.129 93.87
5:5 3.515 3.777 93.06
4:6 3.263 3.481 93.74

J. Wang et al.                                                                                                                                                                                                                                    Intermetallics 174 (2024) 108462 

5 



interface region contains both features (Fig. 5f, g, and h). The gradual 
changes in the diffraction patterns and microstructure of these three 
regions reflects the binary phase composition of the consolidate com
posite [44].

Furthermore, we employed EDS analysis to characterize elemental 
distribution of the 5:5 composite across the MG/Al-6061 bonding 
interface. The HAADF-STEM image of the interface region and corre
sponding EDS maps are shown in Fig. 5i. The bright contrast region in 
the HAADF-STEM image is rich in Zr, which corresponds to the 
Zr55Cu30Ni5Al10 MG, while the dark contrast region is rich in Al, cor
responding to the Al-6061 alloy. Observing the elemental distribution at 
the micro-region of the interface reveals mutual diffusion of chemical 
elements across the interface, indicating the existence of metallurgical 
bonding between MG and aluminum alloy due to the interdiffusion of 
elements [46]. According to Fig. 5g, the diffusion layer at the interface 
has a thickness of ~5 nm. This value is comparable to the thickness of 
the diffusion layer observed in La-based MG/high-entropy alloy (5:5) 
composite fabricated by the same ultrasonic powder consolidation 
approach [44], suggesting that the diffusion layer is primarily influ
enced by the ultrasonic processing parameters rather than the chemical 
composition of the composite’s constituent phases.

3.6. Bonding mechanism

Dense oxide layers typically act as barriers to bonding in metals. 
Therefore, breaking through these oxide layers is essential to enable 
better bonding in MGs [47]. The ultrasonic vibration loading is a 
well-recognized approach to rupturing the oxide layer, enhancing the 
atomic diffusion, inducing plastic flow, and contributing significantly to 
the stable bonding of MGs with other metals [46,48].

Under the high-frequency ultrasonic vibration used in this study, the 
oxide layers on MG and Al-6061 are disrupted, facilitating element 
transfer. As shown in Fig. 5g and a, some elements interdiffuse near the 
interface, forming a diffusion layer that promotes bonding between the 
MG and Al-6061. Additionally, the plastic flow exhibited by the MG and 
Al-6061 alloy under ultrasonic vibration further contributes to the 
bonding. From Fig. 2b–g, it is evident that under ultrasonic vibration 
loading, when the mass ratio of MG to Al-6061 is 9:1, both phases un
dergo plastic flow, causing MG and Al-6061 to act like glue [49] and 
bond together effectively, resulting in a dense composite material. For 
other composite ratios, the ultrasonic vibration-induced plasticity oc
curs primarily in the Al-6061 alloy, forming composites where the 
aluminum alloy acts as the matrix, tightly encapsulating MG particles.

Overall, our results highlight that the ultrasonic powder consolida
tion approach offers several key advantages: it operates at low temper
atures and under low stress, utilizes clean energy, and is both convenient 
and rapid. Moreover, the mechanical properties of the resulting com
posites can be readily tailored by adjusting the mass ratio of the con
stituent materials. Additionally, this technique shows potential for 
bonding MGs with other functional materials, enabling the development 
of composite materials with enhanced mechanical, magnetic and elec
trical properties for diverse engineering applications.

4. Conclusion

Composites of Zr55Cu30Ni5Al10 MG and Al-6061 are successfully 
fabricated using the ultrasonic powder consolidation method, operating 
under low temperature and low stress conditions. By adjusting the mass 
ratios of amorphous alloy and Al-6061, the compressive strength and 
plasticity of the composites are controlled effectively. Excellent bonding 

Fig. 4. (a) Compressive stress-strain curves of bulk MG, bulk Al-6061 alloy, and consolidated composite samples with various ratios. (b) Vickers hardness test results 
for the bulk MG, bulk Al-6061 alloy, and consolidated composite samples with various ratios. (c) The SEM image of the fracture surface of a 5:5 composite sample. (d) 
The SEM image of the fracture surface at higher magnification.
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quality, with no observable pores or cracks, is confirmed through 
microscopic observations and CT analysis. The composite structure, 
combining soft Al-6061 phase and Zr-based rigid phase, enhances 
overall mechanical properties compared to single-phase materials. Our 
findings introduce a novel processing method and design principles for 
manufacturing MG/Al-6061 composite materials tailored to specific 
mechanical performance requirements.
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