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Abstract: The (Zrgs5Aly.1NigsCug3)100-. 11, alloys were prepared using an in-situ suck-casting method in a copper mold. The effects
of Ti addition on the microstructure, mechanical and corrosion properties of the (ZryssAlg1NigosCugs)igo—c1i, alloys were
investigated by X-ray diffraction, scanning electron microscopy, compressive tests and corrosion tests. It has been found that the
addition of Ti higher than 4% (mole fraction) causes the formation of many crystalline phases in the alloy. The alloys with 1%—3%Ti
display an obvious yield stage on their compressive stress—strain curves. An appropriate addition of Ti can improve the strength and
ductility of the alloys. All the alloys have high corrosion resistance in 1 mol/L NaOH solution, and are corroded in 1 mol/L HCl
solution. However, the appropriate addition of Ti can significantly improve the corrosion resistance of the alloys in HCI solution.
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1 Introduction

Zr-based bulk metallic glasses (BMGs) are
promising candidates for the structural and functional
applications due to their high strength, excellent glass
forming ability, wide supercooled liquid region, and
good corrosion resistance. In the last two decades, a large
number of Zr-based BMGs with high glass forming
ability have been developed [1,2]. ZrssAl|(NisCuzp BMG
is one of the alloys having the largest glass forming
ability [3]. However, the intrinsic brittleness of this alloy
limits the range of its possible applications. To overcome
the brittleness of many monolithic BMGs, different
methods have been proposed. The in-situ or ex-situ
introduction of crystalline phases at microscale or
nanoscale into the glassy matrix could cause the
generation of multiple shear bands in the entire sample,
and thereby improve the ductility of the alloys [4-9].
The process has led to the invention of the bulk metallic
glassy composites (BMGCs). It has been reported that
the ZrssAljoNisCuzy bulk metallic glassy composites
reinforced by TiNb or ZrO, have higher compressive
fracture strength and better plasticity than the monolithic

BMG [9].

Minor addition of alloying elements has great
effects on the formation and properties of the BMGs and
BMGCs [10]. In-situ formation of fine crystalline phases
in the BMG matrix can be realized by an appropriate
addition of the alloying elements. Proper addition of
0.6% Y (mole fraction) improves the room temperature
ductility and the glass forming ability of Zr-based
alloy [11]. The addition of element Ta into the Zr—Cu—
Ni—Al bulk metallic glasses enhances the mechanical
properties of the alloy, and the metallic glassy
composites reinforced by Ta-solid solutions can be
obtained when Ta is 5% (mole fraction) or higher [12].
Small addition of Ti improves the glass forming ability
of the ZrézfxTiXCuZoNigAllo [13] and CU46ZI‘4(,A187xTix [14]
bulk metallic glasses, and causes the formation of tiny
CuTi phase in the MgCuY bulk metallic glass [15]. It has
been well accepted that the introduction of
nanocrystallines in amorphous matrix could improve the
ductility of the alloys. However, how the introduced
crystalline phases affect the corrosion properties of the
alloys is still an open question. We investigated the
effects of Nb on the formation, mechanical and corrosion
properties of ZrAINiCu bulk metallic glasses [16]. In this
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work, the minor addition of Ti into the ZrssAl;(NisCus,
alloy was performed. The effects of Ti addition on the
formation of crystalline phases, mechanical properties,
and corrosion properties of (ZryssAlg1NigosCUg3)100- Tl
alloys were investigated systematically.

2 Experimental

Ingots with the nominal composition of (ZryssAlp -
Nig.05sCug3)100- Tl (x=0, 1, 2, 3, 4, and 5, mole fraction,
%) were prepared by arc-melting of 99.9% Zr, Al, Ni, Cu
and Ti under a titanium-gettered argon atmosphere. The
ingots were remelted at least four times to achieve
chemical homogeneity. Then, a cylindrical rod with a
diameter of 5 mm was prepared by suck-casting into a
copper mold under argon atmosphere. The structure of
the as-cast samples was characterized by X-ray
diffraction (XRD) using Cu K, radiation (X’Pert Pro
diffractometer). Compressive tests were performed on a
CMTS5105 machine at a strain rate of 1x10™* s™!, where
the test samples had 5 mm in diameter and 10 mm in
length. The fracture surfaces were characterized using a
scanning electron microscope (SEM SSX—50) equipped
with energy dispersive spectrometry (EDS). The
corrosion tests were carried out using the samples with a
diameter of 5 mm and a length of 5 mm. The surfaces of
the samples were ground, polished and cleaned using a
standard routine. The masses of the samples were
weighed using an electrical balance. The samples were
then put into a 1 mol/L HCI or 1 mol/L NaOH solution to
test the corrosion properties of the alloys in the acidic
and alkaline solutions. The samples were weighed at
different time. The corrosion surfaces were characterized
using SEM.

3 Results and discussion

3.1 Formation of alloys

Figure 1 gives the XRD patterns of as-cast
(Zry.55A10.1Nig 9sCug3)100-Ti, (x =0, 1, 2, 3, 4, and 5, mole
fraction, %) alloys. A clear broad diffraction peak can be
found on the XRD patterns of the alloys with Ti
additions of 0, 1%, 2%, 3% and 4%, indicating that the
main phase in these alloys is amorphous. It can also be
observed that the position of the amorphous haloes is
slightly changed by the addition of Ti, which can be
attributed to different clusters with short-range-order
existing in the alloys. No obvious sharp Bragg peaks
corresponding to crystals are found on the XRD pattern
of the ZrssAljgNisCuzy alloy within the detection
limitation of the XRD. When x is 1, a tiny Bragg peak is
found at 26=29°, which can be indexed to a NiZr phase.
At x=3, tiny Bragg peaks corresponding to Zr,Cu and
NiTi, phase appear on the XRD pattern of the alloy.

When x is 4, the NiZr, Zr,Cu, NiTi, and unknown phases
are found in the amorphous-based alloy. Finally, when x
is 5, many crystalline phases are formed, and the
amorphous phase is not the main phase in the alloy. It
can be concluded that the appropriate addition of Ti (less
than 4%) can enhance the formation of crystalline in the
amorphous matrix, and thereby is beneficial to the
formation of the BMGCs. However, an over addition of
Ti element will completely destroy the structure of the
amorphous phase.
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Fig. 1 XRD pattems of as-cast (Zr0‘55A10A1Ni0}05CU0(3)1007XTiX
alloys

3.2 Mechanical properties of alloys

Figure 2 shows the compressive stress—strain curves
of the as-cast (ZryssAlg1NigosCugs)i00-<11, alloys. The
ZrssAljgNisCuzy amorphous alloy displays a brittle
fracture, and has a maximum compressive strength of
1426.5 MPa, which is similar to the values in other
references [9,12]. When 1%—3% Ti was added into
Zrs55Al1oNisCusy amorphous alloy, an obvious yield stage
appears in the stress—strain curves of the three alloys. A
few weak serrations are also found upon the onset of
plastic yielding of (Zrg ssAlyNig¢sCug3)99Ti; alloy. The

o — —
[e e} [\S} [o)}
T T T

Compressive stress/GPa

=
S
T

Strain/%

Fig. 2 Compressive stress—strain curves of as-cast

(Zro s5Alp 1 Nig 95Cug.3)100-< T, alloys
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serration events are associated with the shear band
formation and propagation [17,18]. All the three alloys
have large maximum compressive strength, which are
1662.4, 1657.6, and 1726.3 MPa when x is 1, 2 and 3,
respectively. (ZrgssAlg.1NigosCug3)osTis and (ZrgssAlg.i-
Nig05Cug3)esTis alloys display the same fracture mode as
the ZrssAloNisCuyg alloy. An appropriate addition of Ti
may enhance the formation of the fine crystalline phases,
which hinder the development of shear bands, and
thereby improve the mechanical properties and ductility
of the alloys.

Figure 3 gives the SEM images of fracture surfaces
of (ZrgssAlg1NigsCug3)igo-T1, alloys. Clear vein-like
patterns can be observed on the fracture surfaces. It is
also found that local melting within the shear bands and
liquid droplets appear on the fracture surfaces. The
density of the vein-like structure in the alloys with
addition of 1% Ti is higher than that in the alloy without
Ti addition, which can be attributed to the interaction
between the second phase and the amorphous matrix.
The alveolate patterns are also found on the fracture
surfaces of the alloys with x values of 2 and 3, which
could be caused by the brittle fracture of the second
phase.

3.3 Corrosion behavior of alloys

Figure 4 gives the masses of (ZryssAlgNigs-
Cuy3)100-T1, alloys immersed in 1 mol/L NaOH solution
for different time. It can be found that all the alloys show
no obvious mass change after being immersed in 1 mol/L
NaOH solution for 144 h, and no corrosion pits are
observed on the surfaces of the alloys. The results

indicate that the amorphous and amorphous-based
composites show excellent anti-corrosion properties in
the alkaline solution. The nature of good corrosion
resistance of the alloys in the alkaline solution can be
attributed to the formation of metallic oxide on the
surfaces.

Figure 5 shows the mass loss and corrosion rate of
(Zry55A15.1Nig9sCug 3) 100~ Ti, alloys immersed in 1 mol/L
HCI solution for different time. The mass loss and the
average corrosion rate of the ZrssAl;(NisCus, amorphous
alloy immersed in 1 mol/L HCI solution for 168 h are
0.18% and 4.57 pg/(cm”h), respectively. When 1%—4%
Ti is added into the alloys, the mass loss and corrosion
rate of the alloys decrease with the increase of Ti content.
However, the mass loss and the average corrosion rate of
(Zry 55Aly1Nig0sCuyg3)95Tis alloy in 1 mol/L HCI solution
for 168 h are 0.27% and 6.01 pg/(cm>h), respectively,
which are much higher than those of ZrssAljgNisCusq
amorphous alloy. The Ilarger corrosion rate of
(Zry55A151NigsCuq3)9sTis alloy could be related to the
complex crystalline phases and the corresponding
intergranular corrosion.

Figure 6 displays the SEM images of (ZrgssAly -
Nig0sCug3)100-+Ti, alloys immersed in 1 mol/L HCI
solution for 168 h. The bright areas in the images are the
regions etched by 1 mol/L HCI solution, and the dark
areas are not etched by 1 mol/L HCI solution. It can be
found that the etched area in the ZrssAl;(NisCusg alloy is
the largest. With the addition of Ti, the etched area
becomes smaller, suggesting that the addition of Ti can
enhance the corrosion resistance of the alloys in the
acidic solution.
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Fig. 4 Mass of (ZryssAlg1NigsCug3)100- 11, alloys as function
of immersion time in 1 mol/L NaOH solution
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Fig. 5 Mass loss (a) and average corrosion rate (b) of
(Zr0455A10.lNi0405cu0.3)|OO—XTiX in 1 mol/L HCI solution

Figure 7 gives the enlarged SEM images of the
corrosion areas of (ZryssAlgNigosCugs)i00—Tl; alloys
immersed in 1 mol/L HCI solution for 168 h. The
continuous corrosion pits are found on the corrosion
surfaces of ZrssAljoNisCusg and (Zrg ssAly 1 NigosCug3)99-
Ti, alloys. However, the corrosion pits in (ZryssAlg;-
Nig0sCug3)99Ti; alloy are much smaller than those in the
Zrs55A114NisCusg alloy. The discontinuous corrosion pits

Fig. 6 SEM images of (Zr0_55A10_1Ni0_05CU0_3)1007xTiX alloys
immersed in 1 mol/L HCI solution for 168 h: (a) x=0; (b) x=1;
(c) x=2; (d) x=3; (e) x=4; (f) x=5

are found on the corrosion surfaces of the other four
alloys. The corrosion pits in (ZrgssAlyNigosCug3)osTis
are much larger and deeper than those in the
(Zry 55Alg1NigsCug3)oTi; alloy. The SEM images
suggest that (ZrgssAlyNigsCug3)eeTi; alloy has lower
corrosion rate in 1 mol/L HCI solution than
ZI'55A110Ni5CU30 alloy, and (Zr0,55A10,1Ni0'O5Cu0'3)95Ti5
alloy has higher corrosion rate than (ZrgssAlgNiggs-
Cuy3)96Ti4 alloys, which are in good agreement with the
conclusions above.

4 Conclusions

1) The effect of Ti addition on the formation and
properties of (ZrgssAly 1 NigosCug3)100-+ 11 (=0, 1, 2, 3, 4,
and 5, mole fraction, %) alloys was investigated. The
addition of Ti element improves the formation of
metallic glassy composites. The addition of 1%—3% Ti
increases the compressive strength and plasticity of the
alloy, while the alloys with 4% Ti and 5% Ti display a
brittle fracture.

2) All the alloys investigated have excellent
anti-corrosion properties in 1 mol/L NaOH solution. An
appropriate addition of Ti improves the corrosion
resistance of the alloys in 1 mol/L HCI solution. When
content of Ti in the alloys increases from 0 to 4%,
the average corrosion rate decrease from 4.57 to
1.82 ug/(cmz‘h), and (Zry ssAly1NigsCug3)9sTis alloy has
largest corrosion rate of 6.01 pg/(cm*h).
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Fig. 7 Enlarged SEM images of (Zry ssAlg1NigsCug3)100— 11, alloys immersed in 1 mol/L HCI solution for 168 h: (a) x=0; (b) x=1;

(c) x=2; (d) x=3; (e) x=4; (f) x=5
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