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The crystallization and nanoindentation behavior of a Zr—10AI-5Ti—17.9Cu—14.6Ni
(at.%) bulk amorphous alloy (BAA) were studied. Resulting from the kinetic nature of
phase transformation in multicomponent alloys, the crystallization path is complex.
Despite the complexity of different crystallization paths, the main final crystallized
product in the Zr-based BAA is Z€u. Young's modulus and hardness of the BAA
were found to increase with an increase in annealing temperature. The observed
mechanical properties were correlated with the microstructure of the material. Also, in
the present paper, both the observed crystallization and nanoindentation behavior are
compared with existing data. Zr-based BAAs exhibit a ratio of hardness to Young’s
modulus (H/E ratio) of about 1/10, suggesting the interatomic bonding in the alloys is
close to being covalent.

I. INTRODUCTION on the microstructure of the material. The presence of a
Bulk amorphous alloys (BAAs) with complex multi- mi_nor amount of crystalline phase can significan?ly em-
component chemistry and excellent glass-forming abiligPritte the alloy. In the present paper, a systematic study
have recently been developt@The production of these of th(_e crystal_l|zat|on b(_ehawor _and its mﬂuenc_e on the
bulk amorphous alloys is the subject of considerable scinanoindentation behavior of this alloy are carried out.

entific interest because of the promising properties
shown by these materials and their possible applications
as engineering materials. Several alloy families, for ex4l. EXPERIMENTAL PROCEDURE

4 3,5-8
ample, La basé,Mg base; Zr base;**and Fe base The Zr-based alloy with a nominal composition of

have been de"%'gped- Among thgm' Zr-based BAASy, 10A|_5Ti_17.9Cu—14.6Ni (at.%) was prepared by arc
e.g%,BZr—AI—TM,. Zr-Ti-TM-Be, and Zr._T'_AI_ melting and drop casting, as described previoti$ijhe
TM™* are most interesting Obecause of hgvmg a broadis oot amorphous samples used in the present study are
supercooled Ollqwd regiofl” Zr—10AI-5Ti-17.9Cu~ ¢ cylindrical shape with a diameter of 7 mm. The
14.6Ni (in ?t'A” hereatter) is a new BAA composition amorphous nature of the cast samples was verified by
developed® The effect of oxygen impurity on the un- Rigagu’s RU300 x-ray diffractometry (XRD), with a ro-
dercooling and crystallization kineti¢s the influence of tating anode of Cu as a target material and transmission
testing environment on the room-temperature mechanic lectron microscopy (TEM). The thern'1al properties of
properties of this alloy? and the superplastic behavior in the alloy were measured using differential scanning calo-
the supercooled liquid regioh have been reported. It imetry (DSC) in a Du Pont 9900 Thermal Analysis Sys-
was found that the mechanical behavior strongly depends, .. \vith different heating rates. A typical DSC run
involves heating a sample from room temperature to 923
K. The crystallization behavior of the annealed samples
MAddress all correspondence to this author. was studied by using XRD and TEM. Annealing treat-
e-mail: wangjg@uci.edu ments were carried ouh situ in the DSC cell with a
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heating rate of 20 K/min under flowing NTEM speci- 1800 e -
mens were prepared using standard twin-jet electropol- m SR ARl et ST
ishing in a solution containing one part sulfuric acid plus :
seven parts methanol at —25 °C and then examined using 4o |

a JEOL-200CX microscope. I \

1200 ]

Nanoindentation tests were carried on the as-cast and
annealed samples with a Nano Indenter®XPlardness £ 10 |
and elastic modulus were measured using the continuous
stiffness option, which yields elastic modulus and hard-  **°
ness as a function of indentation depfhA Berkovich
indenter was used in the experiments. Five types of ex- L
periments, hardness test at a load, hardness test at a o |
depth, continuous stiffness test at a depth, continuous ‘ ‘
stiffness at a load, and a four times load/unload experi- ““ 2 s 40 s & 0 s o
mental proceduré! were performed at different loads @) 2 Theta
and depths. Ten indentations were made for each test c
each specimen, with most of the results presented her
representing averages for the group.

600 [

Ill. EXPERIMENTAL RESULTS
A. As-received BAA

The XRD and TEM results obtained from the as-cast
amorphous sample are presented in Fig. 1. The XRD pal
tern consists of only a broad amorphous peak with ¢
maximum intensity at the wave vector (K= 4rsinb/\)
of 26.2 nm™* and no crystalline phases are discernible.
The electron-diffraction pattern reveals the presence of
diffuse amorphous ring without any crystalline feature. It
is consistent with that reported previousfmamely, the
as-cast alloy contains essentially no crystalline particles
and cast cavity.

(b)
B. DSC measurements FIG. 1. (a) X-ray and (b) TEM diffraction patterns of the as-cast

amorphous Zy, Al,,TisCu,; Niy, g alloy.
The DSC curves of the Zr-based BAA at various heat-

ing rates are shown in Fig. 2. The amorphous alloy shows L )

an endothermic reaction caused by the glass transitiofr: Crystallization behavior

followed by a supercooled liquid region and, then, an Annealing treatment was performéa situ in a DSC
exothermic reaction caused by crystallization. In the fig-cell with a heating rate of 0.33 K/s under flowing, &b

ure, the onset temperatures for the glass transition anginimize kinetic effects. Annealing temperatures were
crystallization are denoted [y, andT,, respectively. As  selected to be 683, 783, and 893 K, corresponding to the
expected, bothl; and T, increase with an increase in supercooled liquid region, after the first crystallization
heating rate. The temperature interval betwdgrand peak, and after the second crystallization peak, in the
Ty, i.e., the supercooled liquid regioAT, = (T, - Tg),  DSC curves (Fig. 2), respectively. After reaching the pre-
also increases with increasing heating rate, clearly indidetermined temperatures, the samples were rapidly
cating that glass transition and crystallization of the BAAcooled to room temperature (drops from 923 to 658 K
are kinetic processés.Table | summarizes the thermal within 600 s after shutting off the electric power). The
parameters of , T,, AT, at different heating rates. These annealed samples were then examined by XRD. Figure 3
data are in good agreement with the DSC results of Lirshows the XRD patterns obtained from as-received BAA
et al.** who reported that at a heating rate of 20 K/s glassample [Fig. 3(a)], samples annealed at 683 K
transition occurs at temperatures between 682 and 713 K&ig. 3(b)], 783 K [Fig. 3(c)], and 893 K [Fig. 3(d)], re-
corresponding to a reduced glass-transition temperatugectively. Also included in Fig. 3(e) is the XRD pattern
of about 0.64 to 0.66 (melting temperature 1069 K).  from a sample annealed at 923 K for 1 h. The 683-K—
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annealed sample does not reveal any discernible crysta uniform amorphous microstructure [Fig. 4(a) and
lization, although the diffuse amorphous ring is sharpeiFig. 4(b)]. The halo ring in the diffraction pattern of the
than that from the as-cast sample. Apparently, the amoit83 K annealed sample is apparently sharper than that of
phous glass relaxes into a supercooled liquid state. Arthe as-cast sample, as a result of relaxation of the glassy
nealing at 783 K leads to a partial crystallization and thestate. In contrast, the samples annealed at 783 and 893 K
formation of tetragonal ZNi (space group4/mcm, a= consist mainly of very fine ZNi grains with a size of
0.649 nm,c = 0.528 nm) and [Ni,(Zr,Ti)] with a hex- less than 10 nm at 783 K and 40 nm at 893 K [Figs. 4(c)
agonal structure. It is noted that, at lower cooling ratesand 4(d)]. The diffraction patterns contain distinct triple
e.g., 0.167 and 0.33 K/s, two subpeaks appear and arangs resulting from the three diffraction peaks of the
actually associated with the first crystallization peak inZr,Ni phase. The volume fraction of this nanocrystalline
the DSC curve. These two subpeaks may correspond fghase is estimated to be 80% at 783 K and 95% at 893 K
these two crystalline phases. The formation of primaryfrom TEM images. The microstructure of the sample
Zr,Ni during the crystallization of amorphous annealed at 923 K for 1 h, shown in Fig. 4(e), is a poly-
ZrsoAl1oClyoNi 8 and ZigAl,CusoNis'® has been crystal with an average grain size of about 250 nm. The
reported. diffraction pattern consists of spotty reflection rings re-
Annealing at 893 K results in two additional phases,sulting from the presence of the X3u phase; it no longer
Zr(AlLNi), and NiZr. Zr(Al,Ni), is a metastable phase has the triple ring characteristic of the, Kii phase.
with a cubic structure (space grofg3m), and NiZr is
an orthorhombic phase with a space gra@@imcm.An-  p._ Nanoindentation behavior
nealing at a higher temperature of 923 K for 1 h produces
a fully crystallized sample. The crystallized products in-
clude ZCu (main phase) with a tetragonal structure
(space groug4/mmm, a= 0.322 nm,c = 1.118 nm),
Ni,Zr, with an orthorhombic structure (space group
Ab2a, a = 0.922 nm,b = 1.229 nm,c = 0.915 nm),
Al ;Zr, with a hexagonal structure (space grdefy a =
0.5432 nm,c = 0.5389 nm), and probably a trace of
Zr,Ni. No appreciable diffraction peaks corresponding toragLE 1. Temperatures for the starTf) and end T2) of glass tran-
Ti-based compounds are seen. Because Zr and Ti formsgion, crystallization T,), and supercooled rangaT,) for amorphous
complete solid solution over the entire compositionZr—10Al-5Ti-17.9Cu-14.6Ni alloy.
range, Ti may have dissolved in a substitutional form inHeating rates (K/s) Ts K Te K T K AT K
the Zr-based compounds. z z - =

Representative load-displacement plots of indentations
made at a 6-mN indentation load on the samples an-
nealed at different temperatures are shown in Fig. 5. The
experiments were carried out using a typical load-time
sequence developed by Oliver and PH4iThe indenter
was loaded and unloaded four times in succession at a

A bright-field TEM image and selected-area electron- 9167 628 696 14 86
diffraction pattern of the as-cast sample and samples an- 2> 031 75 729 %8
P ple and samp 0.67 637 716 742 105
nealed at different temperature are shown in Fig. 4. Both 133 640 708 758 118
the as-cast sample and the 683 K—annealed sample shew
: —— : : ‘ —
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FIG. 2. DSC curves of the Zr-based BAA at various heating rates: (aFIG. 3. XRD patterns from as-cast and annealed BAA samples: (a) as
0.167 KIs, (b) 0.33 K/s, (c) 0.67 K/s, and (d) 1.33 K/s. received, (b) 683 K, (c) 783 K, (d) 893 K, and (e) 923 K for 1 h.
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i

,'- 400 nm
FIG. 4. Bright-field TEM images and selected-area electron-diffraction patterns of the as-cast and annealed BAA samples: (a) as received, (b)
683 K, (c) 783 K, (d) 893 K, and (e) 923K for 1 h.
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FIG. 5. Representative load-displacement plots for as-received and different-temperature-annealed BAA samples obtained from nanoindentation
at 6.0-mN peak indentation load: (a) as received, (b) 683 K, (c) 783 K, (d) 893 K, and (e) 923 K for 1 h. Locations on the loading curve marked
by arrows show a displacement discontinuity or pop-in of the tip into material during the loading step in the indentation process.

constant loading rate/load @AP/dt), because a constant a sudden plastic deformation or formation of cracks. The
loading rate/load (B dP/dt) results in a constant inden- load value for the onset of pop-in increases with increas-
tation strain rate (1/hlddt).*” A lower indentation depth ing annealing temperature, suggesting the as-cast mate-
indicates a higher hardness and a higher slope of theal has the lowest resistance to plastic deformation or to
unloading curve indicates a higher stiffness or elasticrack formation.
modulus. As shown in Fig. 5, the sample annealed at Hardness and elastic modulus profiles as a function of
923 K exhibits the lowest indentation depth, aboutindentation depth for the as-cast and annealed samples
186 nm, as compared to other samples. The shape afe shown in Fig. 6. These hardness and elastic modulus
load-displacement curves and indentation depths obare also summarized in Table Il. Here, data from two
tained from the as-received sample are essentially thiypes of nanoindentation test are included: test at a fixed
same as from the 683 K annealed sample. The loadead and test at a fixed depth.
displacement curve for the 783 K annealed sample is also The as-cast BAA sample exhibits the lowest hardness
similar to that for the 893 K annealed sample. of 6.3 GPa and the lowest elastic modulus of 112 GPa (at
It is noted that load-displacement plots exhibit severah load of 60 mN). In contrast, the sample annealed at
displacement discontinuity or pop-in marks during the923 K/1h exhibits the highest elastic modulus of
first loading of indentation. These pop-in marks indicate150 GPa and the highest hardness of 8.6 GPa. In general,
a sudden penetration of the tip into the sample. The northe hardness increases with increasing annealing tem-
uniform penetration is probably a result of either onset ofperature, and an increase in annealing temperature also
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results in an increased elastic modulus. A close examisample (1150 MPa). Evidently, the as-cast sample has a
nation of the modulus data shows that the data can beniform amorphous structure, and the 683 K annealed
divided into three ranges: the data of as-cast samplsample is also amorphous, but in a relaxed state (super-
((L12 MPa); the data of 683, 783 and 893 K annealeatooled liquid). In comparison, the 783 and 893 K an-
samples (119 MPa); and the data of 923 K/1h annealednealed samples consist of nanocrystals dispersed in a
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relaxed amorphous matrix. The 923 K/1h annealed
sample is fully crystallized (main phase is,Zu). The
hardness data can also be divided into three groups: the
data of as-cast alloy(6.3 MPa), the data of 683 K an-
nealed sample6.9 MPa), and the data of 783, 893, and
923 K/1h annealed sampleds3(6—8.9 MPa). The relaxed
amorphous material is slightly harder than the as-cast
material, whereas the nanocrystal-containing materials
have the highest hardness.

IV. DISCUSSION
A. Crystallization

Thermal stability and crystallization behavior of sev-
eral Zr-based BAAs have been examin®!®*°
Table Ill lists the reported data of,, T,, and AT, for
these Zr-based BAAs. Compared with the base alloys
Zr—Al-Cu-Ni?*® any slight alloying addition tends to
alter the glass transition and crystallization temperatures.
For Ti addition, in particular,T,, T,, and AT, all de-
crease, indicating the bonding among the constituent el-
ements weakens as a result of Ti addition. This is
consistent with the experimental results observed in the
present study.

Recent results on the crystallization behavior of Zr-
based BAAs are summarized in Table IV. As a result of
the inclusion of a large number of constituent elements in
each alloy, phase formation during crystallization is com-
plex. As expected, the phase formation was strongly af-
fected not only by a specific constituent element, but also
by the atomic fraction of the element. For example, the
phase structure of the crystallized products can be

FIG. 6. (a) Elastic modulus and (b) hardness profiles as a function oftrongly modified by a small addition of Ptand Ag®to
indentation depth for the as-cast and annealed BAA samples.

the baseline ZIgCuzAl 1o Or ZrgsAl; Ni, Cu, 7 s alloys.
Increasing Ti content in a Zg_,_, Ti,Al,CU,oAl 4 alloy

TABLE II. Hardness and elastic modulus of as-cast and anneale¢an cause the main phase to change frongNZrto
BAA samples obtained from different nanoindentation test.

Depth  Load Elastic Hardness — rag g 1, Tg T, and AT, for various Zr-based BAAs.
Sample Test (nm) (mN)  modulus (GPa) (GPa)
. Heating rate T, T, AT,
As-received HL 733zx4 60 112+ 6 6.3+0.6 -, 9 X X
HD 2000 474+4 92+ 4 6.2+2 Composition (at.%) (K/s) (K) (K) (K) Refs.
683 K annealed HL 7003 60 119+2 6.9+0.1 Zr,, ;Tis Clio Nijo Bers 0.33 625 705 80 6
HD 2000 496+38 100£5 6.5+0.2  Zr Al, NijoCuis s 0.67 635 746 111 18
783 K annealed HL 661+3 60 118+2 83x0.1 7zr Al, Ni;Cus Ads 660 723 63
HD 2000 59012 99+4 78202  7rg, Al, Cug Nig 0 0.33 637 744 107 19
893 K annealed HL 652+4 60 119+1 8.6£0.1 Zrg Al, Cuy; Nig1Op 4 638 732 94
HD 2000 604+10 99+4 8.0£0.2  Zzre Al, Cu; Nig Do g 647 714 67
923K 1lh HL 6274 60 150+ 2 8.6+x0.2  7zr Al,.CuNijg 0.67 709 805 96 8
HD 2000 61917 142+1 8301  Zr,Ti, Al;, LCuyNisg 690 775 85
ZrgeTigAl 1 CupoNi 669 752 83
®HL, hardness test at a load; HD, hardness test at a depth. ® ¥ 0
J. Mater. Res., Vol. 15, No. 3, Mar 2000 803
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TABLE IV. Crystallization behavior of Zr-Based BAAs.

Alloy composition (at.%) Annealing condition Crystallization behaviors Refs.

Zr 4, Ti 5Cu sNi; Beyg >688 K(n situ x-ray) Am- Be,Zr+CuZr,+CuZr 20

Zr 41 Ti1sCu; NI BESy DSC at 2 K/min Am- hex+Am - hex+Tet 21
ZrgoAl1Clgg T,+50K, 900 s Am- Zr,Cu+ZrCu+ZgAl 16
ZrggAl ;1 CugNig Am - Zr,Cu+ZrCu+ZpNi+Zr Al

ZrsoCUsAl 19 705 K, 1.2 ks Am. Zr,Cu+Zr,Al 22
ZrssCusPdsAl 726 K, 3.6ks; 808 K, 900s Am Am’+Zr,(Cu,Pd)- Zr,(Cu,Pd)+Zg(Al,Pd),

ZrgsAl7 eNip Cuy7 5 Am - Zr,(Cu,Ni)+Zr,(Al,Ni) 18

ZrgsAl 7 NIy oClio A5

Zr704-y ThAl,CUAl 1

(Zro.66Al 0.07CUo. 17Ni10.9100xOx

Zr5CU Al 1 NigTis

730 K, 180s
750 K, 120s
T,+100 K, 3.6ks

698 K, 1.8ks
0723 K, 1.8ks
[B73 K, 1.8ks
0.33 K/s to 720 K, 60s
0.33 K/s to 823 K, 60s
0.33 K/s to 960 K, 60s

Ams Am'+Zrg5(AlLAQ) ,
- Zr5(ALAg) ,+Zr,(Cu,Ni)

Amb ZrNi+ZrCu+Zr;Al(50115% Al, 0C2.5% Ti) 8
Am - ZrNi+Zr,Cu+ZrAl(5[115% Al, 2.57.5% Ti)
Am. Zr,Cu+ZigNiAl ,+gc 19

- Zr,Cu+ZNiAl ,+fcc—NiZr,
- Zr,Cu+ZigNiAl ,
Am. Zr,Ni+Zr,Cu+gc 23
- Zr,Ni+Zr,Cu
- Zr,Cu+ZigNiAl ,

Zr,Cu? Even for the same ZgCusoAl 1, alloy, different

r T

. o Zr-10AI-5Ti-17.9CU-14.6Ni ]
phases have been observed for different crystallization [Zr-TOAISTINT 9Cu 1260 . ZeNi

treatments by the same research gréuf? Whereas .
some authors reported the observation of quasi-crystals , .
during the initial stage of crystallizatior;? others did :
not detect the quasi-crystal-like (qc) phdsé€:**??Ap-
parently, the exact phases formed during crystallizationg ]
also strongly depend upon the specific crystallization g
process. Different annealing treatments result in different”
reaction paths; thus, different kinds of crystallized phases
formed. This may be anticipated because of the highly
kinetic nature of amorphous alloys. However, despite the
complexity of different crystallization paths, it generally
agrees that the main product in the equilibrium, crystal- |

lized Zr-based BAAs, is ZCu. This phase is also ob- 20 30 40 50 6o 70 80
served in the present study (annealing treatment at 923 K 2-Theta
for 3600 s). FIG. 7. XRD pattern of a BAA sample annealed at 923 K.

It is worth noting that diffraction patterns change dis-
tinctly from samples annealed at 893 K to samples anin the DSC at 923 K followed by rapid cooling. Figure 7
nealed at 923 K for 1 h. As shown in Fig. 1, the structureshows the XRD pattern for this sample. The phases
consists of ZgNi + Ni(Ti,Zr) + NiZr + Zr(AINi) , for the  present in the 923-K—annealed sample in Fig. 7 are es-
893-K—annealed sample and,Zu + Zr,Ni + Ni;Zr, +  sentially the same as those observed for the 893 K—
Al Zr, for the 923-K—annealed sample. The 923 K/1hannealed sample. The main phase isNZr Apparently,
annealing is regarded as an equilibrium annealing treathere exists a phase transformation fromNirto Zr,Cu
ment; thus, the crystallized phases are thermodynamioy annealing a sample at 923 K for 1 h. Based on the
equilibrium phases. The phases present in samples aabove, schematic continuous cooling transformation
nealed at 783 K and 893 K are, however, metastable. I(CCT) curves for the crystallization of the Zr—-10AI-5Ti—
the present study, the main metastable phase obtaindd.9Cu—14.6Ni alloy were constructed as shown in
was ZpNi. Similar results have been reported by Xing Fig. 8. Only the main phases M and Zr,Cu are con-
etal?® in a Zr,,Cu, Al NigTig alloy. Evidently, there sidered in the curves. When the sample is heated to
exists a solid reaction causing Rl to transform into 923 K at a heating rate of 0.33 K/s, &l is the initial
Zr,Cu either by annealing at 893 K for a longer period ofmain phase; after a long period (3600 s) of isothermal
time or at a higher temperature. annealing, ZyCu phase begins to form and_Rli phase

In order to examine the difference in phase formationtransforms into ZyjCu phase. At the present time, it is
between the equilibrium and nonequilibrium annealingimpossible to predict the partitioning of each element dur-
treatment, arin situ annealing treatment was performed ing the crystallization of a multicomponent metallic glass.
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material. The yield strength of a crystalline solid is de-
termined by dislocation interaction with lattice defects
such as vacancy, solute, dislocation, and boundary inter-
faces. In the case of amorphous alloys, although the exact
atomic mechanisms for plastic deformation are unclear,
an empirical relationship exists between hardness H and
fracture strengtt, (i.e., Hio; = 3).3°

For the present BAA, partially and fully crystallized
materials have the highest hardness, followed by the ma-
terial with relaxed structure, and the as-cast material is
the softest. The fully crystallized material essentially
contains nanocrystalline grains. Grain-size strengthening
(e.g., Hall-Petch relationship) is expected to dominate.
In the partially crystallized materials, on the other hand,
a strengthening mechanism, which is similar to disper-
sion strengthening occurring in crystalline solids, is ex-
_ o pected to take place. In fact, Inoue and colleadtiés
FIG. 8. Schematic CCT curves for the crystallization of the Zr—10Al— recently demonstrated that the dispersion of nanometer
5Ti—17.9Cu-14.6Ni alloy. f . .

crystalline particles in amorphous structure can cause a

significant increase in hardness. For example, the hard-
ness of an amorphous Zr—Al-Ni—-Cu-Ag alloy is
6.3 MPa but increases to 8.6 MPa when the alloy par-

Table Ill summarizes available data on the mechanicatially crystallizes and contains nanometer crystals. It is
properties of Zr-based BAAs, including elastic modulus,unclear why the relaxed structure is slightly harder than
hardness, yield strength, fracture strength, and fracturthe as-cast amorphous structure. Presumably, the as-cast
toughness. In comparison with the elastic modulus obtructure contains a higher defect density and residual
89 MPa determined from the tensile stress-strain curvetresses, and thus is harder than the relaxed structure.
of Zrs, Al1oTisCu, Ni, 6*° the data measured by However, the data show the opposite. It could be related
nanoindentation are slightly higher. to more dense packing after relaxation. Without knowing

The present experimental data (Table Il) indicate thathe exact plastic flow mechanisms in amorphous alloys,
material having a crystallized structure has a higheit is impossible to offer an explanation for the discrep-
modulus than the material with amorphous structureancy at the present time.
Elastic modulus is one of the fundamental properties and Whanget al3* demonstrated that there is a linear cor-
is determined essentially by the bonding between atomselation between hardness and modulus. The ratio of H/E
To the first order of approximation (e.g., Lennard—Jonegor Zr-BAAs listed in Table V varies from 0.047 to
potential), the stiffness or elastic modulus of a materialD.096. It is of interest to know that a covalently bonded
depends upon the interatomic distance. A relaxed strucsolid exhibits a higher H/E than that of a metal; the H/E
ture (e.g., annealed at 683 K) has on an average a shortettio is about 1/10 for most covalently bonded materials,
interatomic distance (caused by volume decrease) thais compared to about 1/500 for face-centered-cubic met-
the as-cast amorphous state. As a result, relaxed structuags32->3*This difference is a result of the fact that plastic
has a larger modulus than the as-cast amorphous strugielding in covalent materials involves actual breakage
ture. Transient annealing at higher temperatures (783 arsf atomic bonds, a process that requires high stress. In
893 K) produces a small volume fraction of metastablecontrast, the low resistance to plastic flow relative to the
crystalline phases dispersed in amorphous matrix, buhodulus in metals is attributed to the ease of dislocation
does not affect appreciably the modulus. After annealinglip in these materials. The Zr-based BAAs exhibit an
at 923 K for 1 h the entire structure crystallizes and theH/E ratio close to 0.1, thereby suggesting that plastic
crystallized alloy exhibits a high modulus. It is known flow is relatively difficult in these materials. Also, the
that alloy with a crystallized structure usually has abonding tendency of Zr-BAAs is probably covalent.
higher modulus than its amorphous counterﬁ%rThzig
has been demonstrated in ,4Fi,sNi;oCu,sBess,
ZreAl 1 oNisClso, X and ZgAloNijoCu,2” amor- V- CONCLUSIONS
phous alloys. The crystallization and nanoindentation behavior of

Hardness is a measure of a material’'s resistance tihe as-cast Zr—10Al-5Ti—17.9Cu-14.6Ni (at.%) BAA
plastic deformation. In the case of crystalline solids,and material annealed at different temperatures has been
hardness is directly related to the yield strength of acharacterized. The relationship between the microstruc-
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TABLE V. Summary of available mechanical properties of Zr-based BAAs.

Mechanical propertiés

Alloy composition (at.%) and microstructure E (GPa) H (GPa) Other properties H/E Refs.
Z¥ 41 2T 15 78Ni1ClUy o BE,, {AM) 93+1 v = 0.387,0, = 1.8702.12 24
Zr 41 56T i13.7dNi10CU o BE,, {AM) 96 5.2 p = 343,v = 03605 = 1.9,K = 57 0.054 25
Zr6eClogPdi Al 10 (Am) 52.2 5.0 o = 1.64 0.096 22
ZrsClogPt Al 1o (V; = 75%) 62.3 5.9 o = 1.91 0.095
ZreeAl; oNiy CUy o Ads (Am) 4.4 o = 1.15 18
ZreAl 7. sNi1oCly o AGs (Vi = 14%) 4.7 op = 1.52

ZrggAl 1 NisCugo (Am) 103 4.8 o = 1.82 0.047 26
Zr,5-X=yTixAlyCu,Ni; o 4.7-51 oy = 1.55-1.85 8
Zr 1 Ti gNiy oCuy 5Bes; (Am) 88 5.5 0.062 20
Zr 41 Ti1aNiy oCuy Bess (Cryst.) 116 9.5

ZrseAl; NicCus, (Am) 78-80 o = 1.42-1.57 10
ZrgAl NisCugg (Cryst. + Am) 117 o; = 0.93

Zr Al Ni;oCl; s (Am) 80 o = 1.52 27
ZrgsAl oNi; oCuy 5 (Cryst. + Am) 117 op = 0.93

ZroAl1CONigCU, g (Am) 97 47 o = 151 0.048 28
Zro,TigAl ; NigClyo (Am) o, = 1.54,0; = 1.69 23
Zrg AloTisCly7 Nigg g 89 or = 1.65-1.88 12
Zrop Al 1oTisCUy; Niss o 92-112 6.2-6.3 0.05®.067  This study

%, elastic modulusjy, shear modulus (GPay; Poission’s ratio; H, hardness;, yield strength (GPa)y;, fracture strength (GPal,, fracture toughness

(Mpa vm); V,, volume percentage of crystalline particles.

ture and mechanical properties has been discussed. THREFERENCES
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