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Shock wave response of a zirconium-based bulk metallic glass
and its composite
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A zirconium-based bulk metallic glass, Z£pTi;3dCu» NijgBers (Vit 1), and its composite,

Zrsg 5Ti13.8CUs Nis (Nbs Be;, 5 (B8-Vit), were subjected to planar impact loading. A surprisingly low
amplitude elastic precursor and bulk wave, corresponding to the elastic response of the “frozen
structure” of the intact metallic glasses, were observed to precede the rate-dependent large
deformation shock wave. A concave downward curvature after the initial increase bf;tHe,

shock Hugoniots suggests that a phase-change-like transition occurred during shock compression.
Further, compression damage occurred due to the shear localization. The spalling in Vit 1 was
induced by shear localization, while g1Vit, it was due to debonding of the-phase boundary from

the matrix. The spall strengths at strain rate of 0° s~ were determined to be 2.35 and 2.11 GPa

for Vit 1 and B-Vit, respectively. ©2002 American Institute of Physics.

[DOI: 10.1063/1.1485300

Metallic glasses are amorphous metastable solids and asteel(SS, and tungsterfW), were used to achieve different
being processed in bulk form suitable for structural applicadevels of shock loading. The rear surface of the impactors
tions including those involving impact. Due to their noncrys-were left free. However, a 7.5-mm-thick polymethyl-
talline, fluid-like randomly ordered atomic structures result-methacrylatgd PMMA) plate was bonded on the rear surface
ing from the controlled solidification processes from liquid of specimen, which supported the electric pins or served as a
to solid state, metallic glasses have many unique mechanicakindow, in case when VISAR was employed.
electrical, magnetic, and corrosion properties which distin-  Figure 1 shows the particle velocity profiles at the
guish them from their counterparts of crystalline alldys.  specimen/PMMA interface for the two materials impacted by

The mechanical properties and structural performancepC and Al flyers. The letters A and B marked next to the
as well as the deformation and damage mechanisms of bulgave profiles indicate the arrival instances of elastic precur-
metallic glasses have been extensively studied through disors and bulk waves. For Vit 1, the precursor and bulk wave
ferent techniques, and considerable amount of experimentapeeds estimated based on the shock profile data are about
data and theoretical mOde”ng are available in |iteratur66%_7% |arger than those values obtained by ultrasonic mea-
However, only a few studies if there is any, can the work besyrementgTable II), while for B-Vit composite, the data of
found in the literature addressing the dynamic response anfle two measurements are nearly the same. The letter C in
damage of metallic glasses under shock loading. In thighe figure corresponds to the front of deformation shocks.
letter, we report the first shock compression experimentaipe long ramping shock fronte.g., PC flyer decreasing
results for a metallic glass, 4roTiizdCliNiiB&2s  with the increase of shock loading indicates a pronounced
(Vitreloy ~ 1)° and its particulate  composite, rate-dependent process during the shock compression. Under
Zrs.3Ti13.6CUs MNis NDs gBey, 5 (in situ dendritc S-phase re-  he same loading conditiofi.e., Al flyen), the slower initial
inforced Vitreloj,“ which are to be respectively referred 10 yising and longer relaxation time of the shock profile indicate
as Vit 1 andg-Vit hereafter. that 8-Vit has much larger rate dependence than Vit 1, which

_ Specimens of 20 mm Qiameter were impacted by 36 r_nn?nay be attributed to the presence of crystalline Bgahase
diameter planar flyers which were accelerated to a desired

velocity by a powder gun loading systeérithe experimental
parameters and mechanical properties of the materials aféBLE ! Parameters for shock wave experiments.

listed in Tables I and Il, respectively. The instance of impact{qg; no. 2D, /(mm) by, /(km/s) D, /(mm)
by the flyer on the specimen was detected using electric pins

(EP$>® flush mounted with the impact surface of specimen. oy 2%25837 0059&9 \\/ﬂtlllgs‘zzl
The arrival time of shock wave at the rear surface of speci- 1 SS/1.47 0857 Vit 1/3.61
men was sensed either by EPs which were flush mounted o7 W/1.79 1.218 Vit 1/7.38
with the rear surface of specimen, or by a time-resolved laser 08 PC/2.87 0.976 B-Vi3.32
velocity interferometer system, VISRR which provides the (1)8 gg}ffs Odss?fo gx:gggg
particle velocity history. Impactors of different materials, 7, W/1.78 1182 B-Vit/6:71
polycarbonatéPC), 6061 aluminum alloyAl), 304 stainless

#Flyer thickness.

bFlyer velocity.
dElectronic mail: shiming@cco.caltech.edu ‘Specimen thickness.
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TABLE Il. Mechanical properties of Vit 18-Vit obtained by ultrasonic

6
measurements. $ ----- © - -0 -- Vit1, elastic
5L - - - - Vit1, buck
Mater.  %/(g/cn?)  PE/(GPa) °G/(GPa) YK/(GPa) v N SEEES n - -0 -- Vitl, shock
E s h—R —o—— p-Vit, elastic B
Vit 1 6.00 98.6 36.4 112.7 0.35 =~ — ﬁ'V!t, buck ,
B-Vit 6.21 80.0 29.1 103.9 0.37 Bsk —&—— p-Vit, shock
- 7t
aDensity. g 5 s
Young's modulus. =
°Shear modulus. =
9Bulk modulus. Tr e
®Poisson’s ratio. i
0 0 L L
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. . . Ay oy Particle velocity (km/s)
in Vit 1 like matrix.* A’, B’, and C correspond to the ar-

rivals of elastic, bulk, and shock release waves in th&lG. 2. Shock Hugoniot curves for Vit 1 metallic glass and its particulate
shocked states. For both Vit 1 an@Vit, the differences —COMPOSites-Vit
between velocities of the elastic precursor and elastic release
wave, as well as the differences between velocities of th@nalysis of the formation of failure waves in brittle solids.
compressive and release bulk waves, are within 2%—3%Tlhe increase in shock velocity with further increase in am-
which are on the order of the experimental error. plitude of loading is the result of competition between shock
One interpretation for the observed surprisingly low am-compression and relaxation process resulting from shear lo-
plitude of Hugoniot elastic limits £ 10—1G¢ MPa) is that calization. The elastic and bulk wave speeds for both initial
the elastic precursor and bulk waves measured here represeéitd shocked states estimated using the VISAR velocity pro-
the elastic response of the “frozen structure” of the intactfiles are also plotted in Fig. 2. For both Vit 1 akVit, the
metallic glasses. Since there is virtually no atomic rearrangedeformation shock wave speed is much lower than the bulk
ment during the cooling process of liquids into solids, somewave speed, suggesting the significant reduction in the shear
amount of “free volume” may have been frozen inside thestrength at the Hugoniot state.
metallic glasses. Upon shock loading, with the compression  The recovered specimens were examined using scanning
of the frozen free volume that is being compressed at verglectron microscop¢SEM). Microsteps and cracks formed
low stress level, the intact frozen structure state is brokeue to shear localization, i.e., shear bands, were observed on
and deformation localizes at the initial free volume locationsthe rear surface of the shocked specimens of the two mate-
due to stress concentration. Due to initiation and avalanchingals as shown in Fig. 3. The bright wavy area around the
of this process the shock propagation is slowed down. Th&ature shear bands/cracks was due to the flowing of fluid-
small step jumps observed on the deformation shock fronlike molten material from the localized shear zones, indicat-
for experiments with PC flyer¢Fig. 1) are related to the ing material experienced high temperatures. Through the mi-
shear localization during shock compression. crostructural examination, it was found that the density
Figure 2 shows the experimental shock Hugoniots of Vit(hnumbej of the shear bands/cracks on the rear surface of
1 andg-Vit. The concave downward curvature of tbg—U , shocked specimen initially increased with the increasing am-
shock Hugoniots is very similar to those observed on theplitude of shock loadingby PC, Al, and SS flyej)sand
Hugoniots of materials which experienced a phase changeeached the maximum under shock loading by SS flyer.
upon being compresséd.lt is believed that the large reduc- However, when the shock loading increased furtising W
tion of shock velocity in this region is due to the onset offlyers), the number of shear bands/cracks was found to be
catastrophic internal damage of material within the shockdecreased, rather than increasing. This observation of trends
front resulting from the shear localization during compres-in damage on the rear surface of shocked specimen correlates
sion (see Fig. 3 and discussion lateBuch a damage mecha- with the shock Hugoniot data shown in Fig. 2. This result
nism and its effect on shock waves has been explored in theay be interpreted as damage processes occurring under dif-
ferent shock loading levels were dominated by different

05 physical mechanisms. Under relatively weak loading, though
’ B-Vit, 1.53 mm Al flyer, Vf=544 m/s
——————————— Vit1, 1.53 mm Al flyer, V=586 m/s
04l - Vit1, 2.87 mm PC flyer, Vi=969 m/s
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FIG. 1. Particle velocity profiles at the specimen/PMMA interfaces obtainedFIG. 3. Typical SEM micrographs of shear bands/cracks observed on the
for Vit 1 and B-Vit specimens impacted by different flyers at various impact rear surface of recovered specimens after shock loatnyit 1 specimen,

velocities. (b) B-Vit specimen.
Downloaded 12 Jan 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



4524 Appl. Phys. Lett., Vol. 80, No. 24, 17 June 2002 Zhuang, Lu, and Ravichandran

are shown in Fig. 4. It is clearly seen that the spall damage
mechanisms of the two materials are quite different. The zip-
shaped cracks on the micrographs of V[Flg. 4(a)] suggest
that the spalling of Vit 1 is characterized by brittle damage
resulting from the shear localization even though the sample
is under tension during decompression process. Examination
under higher magnificatiofFig. 4(a)] reveals that each crack
is formed due to the nucleation, growth and coalescence of
microvoids within the shear bands. While f8#Vit, its spal-
ling is characterized to be much more ducfifég. 4(b)] and
the damage seems to be due to the debonding induced by the
tensile stress at phase boundaries exceeding the bond
strength between the ductile bgphase and the amorphous
Vit 1 like matrix. It is clearly seen that there are many mi-
crovoids mostly nucleating at the boundaries separating the
B phase from the Vit 1 like matrix. The spall plane is formed
in damage area due to the growth and coalescence of those
microvoids.

In this letter, the shock responses of Vit 1 amorphous

~ ) metallic glass and its composit@-Vit, were investigated

500.m| using planar impact technique. The experimentally obtained
FIG. 4. Typical cross-section SEM micorgraphs of recovered specimensShoCk particle veloc_lty proflles, ShOdus_UP H.u90m0ts’
showing the damage area around the spall pléeMicrovoids nucleated ~and the SEM examination of recovered specimen samples
within shear bands observed in Vit 1 specim@,microvoids nucleated at  indicate a complex deformation process during shock com-
the boundaries of phase(bright spots and the matrix ing-Vit specimen.  pressjon. Inelastic deformation accompanying strong strain
hardening starts at very low stress level due to the amplifi-

the compression damage did occur during the compressiofition of stress around the microscopic defette free vol-
material strength played a dominant role, and, therefore thHMme spotswithin the intact materials. Shear Iocahzqﬂon in-
shock velocity increased with increasing particle velocity, duced damage/failure, as well as the accompanying stress

When the internal damage increased to some degree, tﬁglaxatlon characterizes the subsequent compression process.

weakening or softening of material became more important.  The authors thank Professor W. L. Johnson for providing
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