
metals

Article

Fatigue Behavior of Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5 Bulk
Metallic Glass Fabricated by Industrial-Grade Zirconium
Raw Material

Shichao Zhou 1, Tao Zhang 2, Lugee Li 2, Jiedan Yang 3, Min Zhang 4, Chengyong Wang 5 and Yong Zhang 1,6,*

����������
�������

Citation: Zhou, S.; Zhang, T.; Li, L.;

Yang, J.; Zhang, M.; Wang, C.; Zhang,

Y. Fatigue Behavior of

Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5

Bulk Metallic Glass Fabricated by

Industrial-Grade Zirconium Raw

Material. Metals 2021, 11, 187.

https://doi.org/10.3390/met11020187

Received: 31 December 2020

Accepted: 19 January 2021

Published: 21 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 The State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing,
Beijing 100083, China; b20190484@xs.ustb.edu.cn

2 The New Material Research Institute, Dongguan Eontec Co., Ltd., Dongguan 523662, China;
zhangtao@z-eon.com (T.Z.); lli@lli.cc (L.L.)

3 The Dongguan Eontec Co., Ltd., Dongguan 523662, China; dan@e-ande.com
4 Luoyang Advanced Manufacturing Industrial R&D Center Tianjin Research Institute for Advanced

Equipment, Tsinghua University, Luoyang 471000, China; zhangmin@lamic.com.cn
5 Institute of Manufacturing Technology, Guangdong University of Technology, Guangzhou 510006, China;

cywang@gdut.edu.cn
6 Shunde Graduate School of University of Science and Technology Beijing, Foshan 528399, China
* Correspondence: drzhangy@ustb.edu.cn; Tel.: +86-010-62333073

Abstract: In this work, the fatigue behavior of a low-cost Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5 (at%)
bulk metallic glass (BMG) fabricated by industrial-grade Zirconium raw material was investigated
under three-point bending loading mode. X-ray, fatigue tests under different stress amplitude and
fatigue fractography were conducted in order to characterize the amorphous structure, fatigue stress-
life (S-N) curve and fracture mechanism, respectively. It is found that the X-ray diffraction (XRD)
result showed a fully amorphous structure due to high glass-forming ability, cracks initiated from
inclusions near the rectangular corners at tensile surfaces and the fatigue endurance limit (~168 MPa)
and fatigue ratio (~0.13) termed as fatigue endurance limit divided by ultimate tensile strength in
stress amplitude were comparable to the similar BMG prepared by high pure raw materials.

Keywords: bulk metallic glass (BMG); fatigue behavior; industrial-grade zirconium raw material

1. Introduction

First developed some 60 years ago, amorphous alloys, usually namely metallic glasses,
have represented an interesting class of potential structural materials due to the lack of
long-range orderly arrangement of atoms [1]. The unique microstructure has led to a
range of intriguing properties, such as high strength, excellent hardness, large elastic
elongation and other functional properties. Prior researchers had attempted to characterize
the mechanical properties of thin ribbons and wires because of very high cooling rates
necessary to prevent crystallization, until bulk metallic glasses (BMGs) were developed
that could be fabricated at low cooling rates due to improved amorphous forming ability.
Nevertheless, BMGs are not still widely applied in engineering fields up to date due to the
major limitations of the corresponding service behavior, such as fatigue behavior.

As we all know, fatigue behavior for structural materials is very important and approx-
imately 90 percent of all service failures associated with mechanical causes is fatigue [2].
However, compared with other mechanical properties of BMGs, the fatigue behavior stud-
ies are few. Starting from 1998, Gilbert et al. first reported the fatigue behavior of BMG
and found that the fatigue endurance limit was low as ~8% of ultimate tensile strength [3].
From then, many researchers reported that the fatigue endurance limits of BMGs exhibited
a wide range with 8–50%, usually less than 20% of their ultimate strength [2]. Such poor
fatigue ratio was attributed to the lack of microstructure barriers such as grain boundaries
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and other lattice defects that can provide local crack–arrest positions [4–6]. Neverthe-
less, most of those were fabricated with high purity materials, let alone BMGs prepared
with industrial raw materials. In fact, there are many factors that could be involved to
play roles in fatigue behavior for alloys, such as composition, material quality, specimen
geometry, environment, temperature, surface condition, cyclic frequency, stress ration
and others [2]. Some of those might play more important roles than others. Hence, it is
significant to clarify and understand the fatigue behavior of low-cost BMGs prepared with
industrial-grade materials.

Apart from that, low-cost raw materials will promote industrial production and
applications for BMGs. In the relevant studies about lowering the cost of BMGs, Jiang
et al. [7–12] developed low-cost BMGs fabricated with industrial-grade raw materials by
introducing a small number of rare earth elements to improve glass-forming ability. Based
on this strategy, we designed and fabricated a low-cost Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5
(at %) BMG with industrial-grade sponge Zirconium (Zr) and minor Yttrium (Y) addition
characterizing remarkable amorphous forming ability and low-cost [13]. Accordingly, this
study is focused on the fatigue behavior of a low-cost Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5
(at %) BMG prepared by industrial-grade material, with the objective of characterizing the
fatigue and fracture mechanisms.

2. Materials and Methods

In this study, the master alloys were firstly fabricated with industrial-grade sponge
Zr by vacuum induction melting method. The elements of Cu (99.95%), industrial-grade
sponge Zr (99.5%) with an oxygen content of less than 1000 ppm, Ni (99.96%), Al (99.9%),
and Nb (99.95%) were adopted for the preparation of the ingots. To achieve a homogeneous
distribution of elements, the master alloys were re-melted one time, flipped for each melt.
Prior to melting, the furnace chamber was evacuated and then backfilled with high purity
Ar. The cooling in the melting was conducted in a water-cooled steel mold. After that, the
alloys were produced by high-pressure die-casting and machined into rectangular fatigue
test samples with a dimension of 2 mm × 2 mm × 30 mm. The schematic of samples and
fatigue test loading conditions are shown in Figure 1. Additional details about the ingot
preparation are described elsewhere [13].
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Figure 1. The schematic of samples and fatigue test mode.

Before fatigue testing, the specimens were ground with SiC papers and polished to
produce mirror surfaces. Then, specimens were employed to conduct fatigue testing until
the specimens failed or 107 cycles. Stresses were calculated from simple beam mechanics
theory, using the following equation:

σ =
3PS
2bt2 (1)

where P, b, t and S are the applied load, width (~2 mm), thickness (~2 mm) and loading
span (~20 mm) of fatigue test specimens, respectively. The fatigue tests were conducted
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by a computer-controlled material test system (MTS Acumen 3) electrohydraulic-testing
machine (MTS Systems Corporation, Eden Prairie, MN, USA). In order to obtain the
stress–life (S-N) fatigue data, specimens were tested under a wide range of maximum
bending stress from 340 MPa to 1000 MPa (just below the ultimate tensile strength) with
a constant R ratio (R = σmin/σmax, where σmax and σmin are the applied maximum and
minimum stresses, respectively) of 0.1 under a stress-controlled mode in the air at ambient
temperature with a sinusoidal waveform at a loading frequency of 60 Hz. To compare
fatigue ratio with other alloys, tensile tests were conducted and the tensile stress–strain
curve of this BMG at a constant strain rate of 1 × 10−3/s under ambient temperature is
shown in Figure 2.
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Figure 2. Tensile engineering stress–strain curve for Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5 bulk metallic
glass (BMG).

The amorphous structure was determined by standard X-ray diffraction (XRD, Rigaku,
Tokyo, Japan) with a TTP III (Cu Kα radiation) in the range of 20–80◦, with a step-size of
0.02◦, a dwelling time of 0.5 s and scan speed 5◦/min. The failure surfaces of specimens
were observed by scanning electron microscopy (SEM, Carl Zeiss Microscopy Ltd, Jena,
Germany) with a Zeiss Supra 55 operated at 20 keV and a working distance of 15 mm.

3. Results
3.1. Calculation for Parameters Ω and δ

Based on the phase formation rule for multi-component alloys proposed by Yang and
Zhang [14], relevant ∆Smix, Ω and δ parameters for our BMG were calculated to estimate
the glass formation ability. With high ∆Smix (≈1.2R), δ (≈10) and low Ω (≈0.5), this BMG
coincides with BMG-formation criterion, indicating high glass-forming ability. Here, ∆Smix,
Ω and δ parameters are defined as below:

∆Smix = −R
n

∑
i=1

ci ln ci (2)

Ω = Tm∆Smix/|∆Hmix| (3)

∆Hmix =
n

∑
i=1,i 6=j

cicjΩij (4)

Ωij = 4∆Hmix
AB (5)

δ = 100

√
n

∑
i=1

ci

(
1 − ri

r

)2
(6)
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where ci is mole percent of component, R is gas constant (R = 8.314 J·K−1 mol−1), Tm is the
melting temperature of the multi-component alloys, ∆Hmix

AB is the enthalpy of mixing of
binary liquid alloys, ri is atomic radius and r is the average atomic radius.

3.2. XRD Pattern

The XRD pattern (Figure 3) shows a fully amorphous structure for our BMG fabricated
by industrial-grade sponge Zr, which is also consistent with phase criteria [14].
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Figure 3. X-ray diffraction pattern of the Zr58Cu15.46Ni12.74Al10.34 Nb2.76Y0.5 BMG specimen.

3.3. Stress–Life (S-N) Fatigue Data

The stress–life (S-N) fatigue data of this BMG is shown in Figure 4. Figure 4a shows
S-N curve in the form of applied maximum stress, σmax, versus the number of cycles to
failure, Nf. In order to compare fatigue endurance limit with other alloys, as shown in
Figure 4b, S-N curves present in terms of Nf versus fatigue ratio (σa/σu), stress amplitude
σa (σa = 1/2 (σmax−σmin) normalized by the ultimate fracture strength (σu) of alloys, as
shown in Equation (7), where σmax and σmin are the maximum and minimum values of the
applied loading cycle [15]. It is worth noting that σu represents ultimate tensile strength
under three-point bending, four-point bending and tension–tension fatigue modes, and
ultimate compressive strength under compression–compression fatigue mode, respectively.
Hence, the fatigue endurance limits (fatigue ration) under different loading modes can be
compared with σa/σu. As shown in Figure 4a, the normalized fatigue endurance limit of
our BMG is σmax = 373 MPa. The ultimate tensile strength of this BMG is ~1300 MPa at
ambient temperature, as seen from Figure 2. As shown in Figure 4b, the normalized fatigue
endurance limit of our BMG is σa/σu ≈ 0.13 and σa ≈ 168 MPa (black line). This is compa-
rable to Vitreloy 105 (Zr52.5Ti5Cu17.9Ni14.6Al10, σa/σu ≈ 0.13, blue line) with high purity
raw materials under compression–compression mode [16] and Zr52.1Ti5Cu17.9Ni14.6Al10Y0.4
BMG (our previous work, σa/σu ≈ 0.14, green line) with industrial-grade raw Zr mate-
rial under three-point bending mode [17]. However, it is apparent that all of them are
lower than Vitreloy 105 with high purity raw materials under four-point bending mode
(σa/σu ≈ 0.24, red line) [18]. Apart from BMGs, commercial aluminum alloy (2020-T81, yel-
low line) and steel (300-M, pink line) were compared [3]. However, the fatigue endurance
limit of our BMG was lower than those. Moreover, the values of σmax and the cycles to
failure of our BMGs were fitted for engineering applications, as shown in Equation (8).

σa/σu =
1
2

σmax − σmin
σu

(7)

log(N f) = 7.0861 − 1.1465log(σmax − 372.1) (8)
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Figure 4. Stress–life (S-N) fatigue data for several alloys. (a) Maximum stress (MPa) versus Nf;
(b) Stress amplitude/tensile strength (σa/σu).

3.4. Fatigue Fractography

Figure 5 shows the fatigue fractography of our BMG. The fatigue fractography tested
at σmax = 800 MPa after Nf = 24,369 are shown in Figure 5a–c and σmax = 400 MPa after
Nf = 805,992 are shown in Figure 5d–f, respectively. Both of the fracture surfaces are
perpendicular to the tensile stress direction. It is apparent that the fractured surface shows
three typical regions: crack initiation region, stable crack propagation region, and final
unstable fast fracture region. Figure 5a,d show over fatigue fractography and magnification
images of crack initiation region; Figure 5b,c,e,f show magnification images of crack
propagation region and fast fracture region, respectively. As shown in Figure 5a,d, the
fatigue crack initiated from the tensile side surface (outer side) of specimens and the
initiation sites were near the corner of beams. Further detailed observation showed some
as-cast defects, inclusions, near the crack initiation sites. In the latter stage, the fatigue
crack propagated and then formed an elliptical crack, as shown in Figure 5a,d. The area
of this region after long cycles life (Nf = 805,992, as shown in Figure 5d) covered larger
than short cycles life (Nf = 24,369, as shown in Figure 5a). In this stable crack propagation
region, typical uniform fatigue striations also were observed, as shown in Figure 5b,e. In
the final stage, in the fast fracture region, typical vein-like patterns were observed as shown
in Figure 5c,f.
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4. Discussion

Several factors should be considered in the differences of fatigue endurance limits for
BMGs, such as composition, material quality, sample geometry, experiment environment,
surface condition, cyclic frequency, ultimate fracture strength and others. Zr58 Cu15.46
Ni12.74 Al10.34 Nb2.76 Y0.5 BMG (this work) and Zr52.1Ti5Cu17.9Ni14.6Al10Y0.4 BMG (our
previous work) possessed similar fatigue endurance limits due to similar compositions
and ultimate tensile strength. Generally speaking, fatigue endurance limits are positively
associated with ultimate tensile/compressive strength. Thus, the two BMGs possess similar
S-N curves. In addition, as shown in Figure 4b, the fatigue lifetimes under compression–
compression mode (though possessed the lowest fatigue endurance limit) are longer
than that under three-point bending and four-point bending mode. According to other
research [16], loading mode may be the dominant reason. The fatigue crack initiation and
propagation can be impeded under compression–compression mode. It is possible that
the fatigue crack propagated under compression–compression mode like a Mode-II crack,
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but Mode-I crack propagated under bending mode [19]. Mode-I crack is an opening or
tensile mode tending to propagate quickly. However, Mode-II crack tends to slid or shear
mode and propagates relatively slowly. Therefore, the lifetimes may be diverse due to
different loading modes for BMGs. The fatigue endurance limit of Vitreloy 105 BMG under
four-point bending mode (red line) is higher than others, as shown in Figure 4b. The major
reason for the great variation in fatigue endurance limits under similar loading modes may
be specimen geometry and defects [17,19]. Although there are all beam samples, the corners
of the samples are different. Rounded corners under four-point bending mode can strongly
reduce the stress concentration as opposed to rectangular under three-point bending and
compression–compression modes. It is possible that the fatigue cracks in the rectangular
samples formed more easily than those in the rounded samples. Then, the inclusions, as
shown in Figure 5a,d, played an important role and further enhance stress concentration.
The free volume and incompatible deformation could be caused near the interface between
inclusions and matrix under cyclic loading due to the composition diversity. Subsequently,
the stress concentration was further enhanced, which promoted the formation of cracks.
There are two main views about fatigue crack initiation. Cracks may initiate from the
shear bands [2,20–23] or casting defects, such as inclusions and pores. It is apparent that,
in our low-cost BMG with industrial-grade Zr raw material, fatigue crack initiated from
inclusions due to stress concentration. Typical uniform fatigue striations were obvious on
the stable crack propagation region, as shown in Figure 5b,e. For crystalline alloys, the
striation formation is associated with the blunting and resharpening of the crack tip during
each cyclic loading. Similarly, the striations in BMGs are also associated with the blunting
and resharpening process [18]. The vein-like patterns were observed in the unstable fast
fracture region, as seen in Figure 5c,f. The abundant vein-like pattern formed in this region
is due to the viscosity change suddenly. At the moment of the failure, abundant elastic
energy could be released, meanwhile, the temperature rises sharply [24]. Thence, the
viscosity greatly reduced and vein-like patterns formed. However, there are no distinct
local melting regions observed in other research studies [25,26]. It is possible that the
released elastic energy may not provide enough heat to result in local melting.

5. Conclusions

In this study, the fatigue behavior of a low-cost Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5
(at%) BMG fabricated by industrial-grade Zr raw material was investigated under three-
point bending loading mode. According to the relevant results and discussion above, the
following conclusions can be drawn.

With high ∆Smix (≈1.2 R), δ (≈10) and low Ω (≈0.5), Zr58Cu15.46Ni12.74Al10.34Nb2.76Y0.5
BMG possesses high glass-forming ability. The fracture surface shows three typical regions:
crack initiation region containing inclusions, stable crack propagation region consisting
of striations, and final unstable fast fracture region characterizing vein-like pattern. The
crack initiated from inclusions near the rectangular corners due to stress concentration.
The fatigue endurance limit (~168 MPa) in stress amplitude and fatigue ratio (~0.13) of
this BMG are comparable to the similar BMG (Vitreloy 105) prepared by high pure raw
materials.
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