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Dynamic indentation response of porous SiC/Ti-based metallic glass composite
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Abstract: Porous SiC/Ti-based metallic glass composite (Ti-BMGC), a new kind of composite, has significant application prospect
in the field of light armor. To evaluate the dynamic mechanical response of the composite, dynamic Vickers hardness and
indentation-induced deformation behavior were investigated by comparison with that under static indentation. The dynamic hardness
was measured by a modified split Hopkinson pressure bar (SHPB). The dynamic hardness is obviously greater than the static
hardness. The brittleness parameter under dynamic indentation is also greater than that under static indentation. Although the
dynamic indentation induced more severe deformation behavior than the static indentation, the deformation and fracture
characteristics in the two loading cases are nearly the same, both exhibiting extensive cracks in the SiC phase and severe plastic

deformation in the metallic glass phase.
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1 Introduction

SiC is usually considered as an appropriate material
for the application in the field of high velocity impact
due to the excellent shock resistance property. However,
complete brittleness makes SiC difficult to use as a
single phase material [1-3]. Bulk metallic glasses
(BMGs) have excellent properties, such as ultrahigh
strength, high hardness, and relatively high fracture
toughness. Especially, BMGs exhibit excellent energy
absorption property due to large elastic strain [4—6].
Thus, the composite combining BMGs as matrix with
SiC as reinforcement may further improve the shock
resistance of SiC. Based on the concept referred above,
porous  SiC/Ti-based metallic glass composite
(Ti-BMGC) with mutual reinforcement between the two
phases in three-dimensional (3D) directions was
developed, and the Ti-BMGC exhibited much greater
fracture strength in comparison with other kinds of
BMG-based composites (BMGCs) [7-9]. Thus, the
Ti-BMGC may be utilized as a kind of effective armor

material against ballistic threats.

Currently, indentation loading was extensively
performed to model the failure behavior of the brittle
materials under projectile impact [10—14]. Although the
fracture mechanics under static indentation have made
significant contributions to explain the fracture behavior,
it could not be fully applied to analyzing the dynamic
inelastic deformation behavior [15—17]. SUBHASH and
ZHANG [18] reported that ZrHf-based BMG exhibited
obviously lower hardness and more severe plastic
deformation under dynamic indentation compared with
static indentation. In contrast, compared to that under
static indentation, the traditional ceramics usually exhibit
greater hardness and more brittle fracture in terms of
multiple cracks under dynamic indentation [16,17].

The Ti-BMGC failed earlier and exhibited lower
fracture strength under high strain rate (~10° s
compared to that under low strain rate (~10 s') in
uniaxial compression [8]. Similarly, the failure behavior
and hardness of Ti-BMGC may also exhibit obviously
different characteristics under static and dynamic
indentations. Therefore, dynamic indentation technique
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based on a modified split Hopkinson pressure bar
(SHPB) [19—21] was employed to evaluate the dynamic
mechanical response of the Ti-BMGC in the present
work.

2 Experimental

Ingots of TizgZr30,CugNis3Bey,; alloy  were
prepared by arc-melting the elemental metals (purity
>99.9%) in a Ti-gettered argon atmosphere. The porous
SiC was prepared by powder metallurgy. The pore
distribution of the porous SiC was measured by the
mercury porosimetry using the PoreMasterGT 60. The
Ti-BMGC with 85% SiC (volume fraction) was prepared
by pressure infiltration. The detailed description was
presented in Ref. [22].

Structure characteristics of the Ti-based BMG
(Ti-BMG) and Ti-BMGC were analyzed by conventional
X-ray diffraction (XRD), as shown in Fig. 1. No other
crystalline phases except SiC phase were detected within
the sensitivity limit of XRD. The deformation and failure
morphologies were examined by scanning electron
microscopy (SEM).
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Fig. 1 XRD patterns of Ti-BMG and Ti-BMGC

A bonded interface technique was used to reveal the
deformation behavior of the Ti-BMGC underneath the
indentation tip. The cylindrical specimens were cut
into two halves, and then the two halves were simply

Striker bar 7

clamped with the polished surfaces. Details of the
bonded interface technology could be found in Ref. [23].

The specimens of 5 mm in diameter and 5 mm in
length were prepared for the indentation tests. Static
indentations were conducted by 450SVD Vickers
hardness tester. The static indentations were performed
with loading duration of 10 s, thus the strain rate is
typically of the order of 107 s™' [19]. Dynamic
indentations were performed on the self-made dynamic
indentation tester, as shown schematically in Fig. 2. The
equipment consists of a striker bar, an incident bar with
momentum trap (MT) at one end, and a Vickers indenter
with 136° face angle at the other end. The striker bar is
launched from a gas gun at a predetermined velocity to
impact the flange ahead of the incident bar. The impact
generates both a compressive stress pulse and a tensile
stress pulse, which reflect back and forth in the incident
bar. However, only one compressive pulse reaches the
indenter end while the rest of the stress pulses reaching
the indenter end are reflected back as tensile pulse due to
the MT assembly [18,19,21]. The compressive pulse
drives the desired indentation while the tensile pulse
retracts the indenter from the specimen, ensuring that
only a single indentation event. The signal of the load
history for each indentation is captured by the
piezoelectricity load transducer, obtaining the indentation
load data. Dynamic indentation generates a single
indentation with a total duration of ~200 s, resulting
in the average strain rate in the range of 10°-10* s™'
[19,21]. Dynamic hardness (Hy) is calculated by

Hy=2(Puax/9.8)(sina/2)d*=0.1892 P,y /d” (1)

where P,y is the peak load, N; d is the average length of
the indentation diagonal, mm; o is face angle of the
indenter, 136°. The flat surface was polished by SiC
paper with 1500 grit and then 1.5 pum Al,O; to obtain the
mirror finish. Different from the static indentation, the
load of dynamic indentation is difficult to control
precisely due to the slight fluctuation in the velocity of
the striker bar as the striker bar is launched through the
barrel of the gas gun (i.e., frictional effects), leading to
that the dynamic hardness is relatively discrete [21,24].
Five indentations were performed to determine
the average hardness in each selected loading condition
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Fig. 2 Experimental setup for dynamic hardness measurement
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under static indentation. During the dynamic indentation
experiment, it was found that the striker bar could not be
launched through the barrel of the gas gun when the load
was too low; while the Ti-BMGC easily fractured into
several fragments when the load was too great. Thus, to
obtain the available dynamic hardness, the indentations
were mainly performed under the load from 38 to 60 kg.
Actually, it is still difficult to ensure that the indentation
is regular even though the load is in the range of
38—60 kg because of the brittleness of Ti-BMGC. As a
result, to ensure the reliability of the dynamic hardness,
numerous indentations with the load from 38 to 60 kg
were performed and then five of them with the most
regular shape were selected to determine the dynamic
hardness.

3 Results

Figure 3 shows the microstructure and the pore
diameter distribution of the porous SiC. As shown in
Fig. 3(a), the porous SiC exhibited a 3D interconnected
net structure. The pore diameter is mainly in the range of
10—40 pm, as shown in Fig. 1(b). The metallic glass
phase filled into these pores in the Ti-BMGC, leading to
the diameter of the metallic glass phase much less than
the characterized size of the indenter in the range of
200—300 pm. The available hardness was determined by
the indentation that containing the metallic glass phase
and the SiC phase.
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Fig. 3 Typical microstructure (a) and pore diameter distribution
(b) of porous SiC

Figure 4 shows the hardness of the specimens
measured under both static and dynamic indentations.
Both the static and the dynamic hardness standard
deviations are less than 10% of the average hardness,
demonstrating that the measurement of the hardness is
credible. The static hardness of the Ti-BMGC ranges
from HV (1340+70) to HV (1103+95) under a load from
20 to 50 kg, whereas the dynamic hardness ranges from
HV 1664 to HV 1508 under a load from 39.2 to 58.5 kg.
By comparison, the dynamic hardness of the Ti-BMGC
is obviously greater than the static hardness.
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Fig. 4 Static and dynamic hardness of Ti-BMGC

To reduce the effect of loading on the mechanical
behavior of the Ti-BMGC, the load under dynamic
indentation (~50 kg) is as equal as that under static
indentation (50 kg). Figure 5 shows the typical
indentation images of the specimens on the top surface
under both static and dynamic indentations. The
homogeneous distribution of the grey metallic glass
phase and the dark SiC phase interconnected each other
in 3D directions. Typical brittle fracture in the form of
extensive lateral cracks accompanied by partially
developed radial cracks that emanated from the
indentation corners. By contrast, the dynamic indentation
induced much greater fracture (Fig. 5(b)) than the static
indentation (Fig. 5(a)). Further examination of the area
marked by zone I in Fig. 5(b) reveals that the cracks
initiated within the SiC phase and propagated along the
normal direction of the indentation corners, while no
obvious cracks existed in the metallic glass phase
(Fig. 5(c)). Further examination of the area marked by
zone II in Fig. 5(b) reveals that multiple shear bands
initiated in the metallic glass phase (Fig. 5(d)). The
cracks may prefer to propagate along the interface rather
than pass through the metallic glass phase, resulting in
interface debonding between the two phases, as shown in
Fig. 5(d).

Figure 6 shows the side morphologies of the
specimens under both static and dynamic indentations.
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Fig. 5 SEM images of fracture regions on top surface under static indentation (a) and dynamic indentation (b), and high

magnification SEM images (c, d) corresponding to zones marked by regions I and II in (b), respectively

Fig. 6 SEM images of fracture regions on side surface under static indentation (a) and dynamic indentation (b), and high

magnification SEM images (c, d) corresponding to zones marked by regions II and III in (b), respectively

As shown in Figs. 6(a,b), typical fracture region
containing partially developed radial cracks (marked by
the white arrows) formed under both the static and
dynamic indentations. Compared to that only a limited

number of cracks formed in the specimen subjected to
static indentation (Fig. 6(a)), more cracks formed under
dynamic indentation (Fig. 6(b)). The fracture region
under dynamic indentation could be clearly divided into
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three different regions, marked by regions I, II, and III,
respectively, as shown in Fig. 6(b). Region I is close to
the indentation tip, exhibiting typical brittle fracture with
intense fragmentation in the two phases. Region II is in
the vicinity of the indentation edge, exhibiting many
macrocracks in the SiC phase but successive shear bands
in the metallic glass phase, as shown in Fig. 6(c). Region
IIT is adjacent to region I and region II, only a few
macrocracks formed in the SiC phase, while successive
shear bands formed in the metallic glass phase, as shown
in Fig. 6(d).

4 Discussion

4.1 Strain rate dependent mechanical properties

It has been confirmed that the dynamic hardness of
both SiC [15,17] and Ti-BMG [21] is obviously greater
than static hardness. Therefore, the hardness
enhancement of the Ti-BMGC under dynamic
indentation is attributed to the strain rate dependent
hardness enhancement of both the metallic glass phase
and the SiC phase.

As shown in Figs. 5 and 6, the Ti-BMGC exhibits
typical brittle fracture under both static and dynamic
indentations. A brittleness parameter is used to measure
the susceptibility of material to undergo brittle fracture,
which was firstly proposed by QUINN et al [25] and
subsequently revised by SUBHASH et al [24,26]. The
brittleness parameter could assist in ranking of materials
in terms of their ability to absorb energy. The brittleness

parameter (B) was proposed by ZHANG and
SUBHASH [26]:
B=[(EY)/o})]" 2

where Y is the yield strength, E is the elastic modulus, of
is the fracture strength. In the present work, of is
determined to be the fracture strength under uniaxial
compression. Static yield strength of the brittle material
could be estimated by the relation to static hardness
proposed by ZHANG and SUBHASH [26]:

Y=(H'/E)'"? (3)

where H is the static hardness. Equation (3) could also be
used to calculate the dynamic yield strength. Combining
Egs. (2) and (3) gives

B=[(E*’H")/ot]" )
Elastic modulus of the Ti-BMGC is simply

calculated by the rule of mixture:

E:psEs+(1+ps)Em (5)

where p is the volume fraction, the subscript s and m
denote SiC and Ti-BMG, respectively. Values of Ej
(450 GPa) and E,, (97.8 GPa) were taken from the work

of ELOMARI et al [27] and TANG et al [28],
respectively. Thus, E of the Ti-BMGC is calculated to be
397.17 GPa. Table 1 lists the calculated brittleness
parameters as well as the static and dynamic mechanical
properties.

Table 1 Mechanical properties of present Ti-BMGC

Loading condition ~ E/GPa H/GPa  o0/GPa[8] B
Static 397.17 10.8 2.1 6.6
Dynamic 397.17 15.7 1.7 9.0

The brittleness parameter exhibits distinct increase
under dynamic indentation compared with static
indentation. It was confirmed that the higher the
brittleness parameter is, the easier the brittle fracture
could be induced [25,26]. Thus, the increase of the
brittleness parameter could be thought as an indication of
the increased tendency for the brittle fracture under
dynamic indentation.

4.2 Deformation and failure behavior

The unique 3D structure of the Ti-BMGC promotes
homogeneous distribution for the metallic glass phase
and the SiC phase, thus the two phases deformed
coordinately under the constraint of each other [7,8,22].
Due to that the SiC phase prevented the deformation of
the metallic glass phase in 3D directions, the initiation
and propagation of shear bands within the metallic glass
phase were greatly confined, leading to that fewer
successive shear bands formed within the metallic glass
phase in the Ti-BMGC (Fig. 6(d)) than that in the
Ti-BMG [21] at nearly the same loading cases. Thus, the
metallic glass phase in the Ti-BMGC may exhibit greater
hardness than Ti-BMG. On the other hand, the
deformation of the SiC phase is also under the constraint
of the metallic glass phase, which could obstruct the
initiation and propagation of cracks in the SiC phase and
lead to great hardness. Upon continuing loading, the
metallic glass phase may soften due to the coalescence of
free volume and adiabatic heating under high strain
rate [8,29-31]. Then, the cracks within the SiC phase
propagated through the metallic glass phase, as shown in
Fig. 6(d). As a consequence, the mutual reinforcement of
the two phases in 3D directions delayed the failure and
led to great hardness for the Ti-BMGC.

5 Conclusions

1) Static and dynamic indentations were performed
on the porous SiC/Ti-based metallic glass composite
(Ti-BMGC). The Ti-BMGC exhibits a great hardness due
to the mutual reinforcement between the two phases in
three-dimensional (3D) directions.
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2) Although the dynamic hardness is obviously

greater than the static hardness, the deformation and
fracture characteristics in the two loading cases are
nearly the same except for severer deformation under
dynamic indentation. Three different fracture regions

were formed underneath the dynamic

indentation,

containing intense fragmentation in the two phases close
to the indentation tip, many cracks in the SiC phase but
severe plastic deformation in the metallic glass phase
near the indentation edge, and slight deformation in the
two phases away from the indentation tip.

References

(1

(2]

(3]

(3]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

MEDVEDOVSKI E. Ballistic performance of armour ceramics:
Influence of design and structure. Part 1 [J]. Ceramics International,
2010, 36: 2103-2115.

MEDVEDOVSKI E. Ballistic performance of armour ceramics:
Influence of design and structure. Part 2 [J]. Ceramics International,
2010, 36: 2117-2127.

ERDEMIR F, CANAKCI A, VAROL T. Microstructural
characterization and mechanical properties of functionally graded
Al2024/SiC composites prepared by powder metallurgy techniques
[J]. Transactions of Nonferrous Metals Society of China, 2015, 25:
3569-35717.

ABBASI M, GHOLAMIPOUR R, SHAHRI F. Glass forming ability
and mechanical properties of Nb-containing Cu—Zr—Al based bulk
metallic glasses [J]. Transactions of Nonferrous Metals Society of
China, 2013, 23: 2037-2041.

SAEIDABADI E K, GHOLAMIPOUR R, GHASEMI B. Effect of
melt infiltration parameters on microstructure and mechanical
properties of tungsten wire reinforced (CusoZrazAlr)ggsSips metallic
glass matrix composite [J]. Transactions of Nonferrous Metals
Society of China, 2015, 25: 2624-2629.

TREXLER M M, THADHANI N N. Mechanical properties of bulk
metallic glasses [J]. Progress in Materials Science, 2010, 55:
759-839.

SUN Y, ZHANG H F, WANG AM, FUH M, HU Z Q, WEN CE,
HODGSON P D. Mg-based metallic glass/titanium interpenetrating
phase composite with high mechanical performance [J]. Applied
Physics Letters, 2009, 95: 171910.

WANG B P, WANG L, XUE Y F, WANG S Y, WANG Y Q, ZHANG
H F, FU H M. Strain rate-dependent compressive deformation and
failure behavior of porous SiC/Ti-based metallic glass composite [J].
Materials Science and Engineering A, 2014, 609: 53—59.

QIAO Jun-wei. In-situ dendrite/metallic glass matrix composites: A
review [J]. Journal of Materials Science and Technology, 2013, 29:
685-701.

SUBHASH G, GHOSH D, BLABER J, ZHENG J Q, HALLS V,
MASTERS K. Characterization of the 3-D amorphized zone beneath
a Vickers indentation in boron carbide using raman spectroscopy [J].
Acta Materialia, 2013, 61: 3888—3896.

IYER K A. Relationships between multiaxial stress states and
internal fracture patterns in sphere-impacted silicon carbide [J].
International Journal of Fracture, 2007, 146: 1-18.

NASTIC A, MERATI A, BIELAWSKI M, BOLDUV M,
FAKOLUJO O, NGANBE M. Instrumented and Vickers indentation
for the characterization of stiffness, hardness and toughness of
zirconia toughened Al,O3 and SiC Armor [J]. Journal of Materials
Science and Technology, 2015, 31: 773-783.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

. Soc. China 26(2016) 3154-3160

3159

LASALVIA J C, MCCAULEY J W. Inelastic Deformation
mechanisms and damage in structural ceramics subjected to
high-velocity impact [J]. International Journal of Applied Ceramic
Technology, 2010, 7: 595-605.

GAMBLE E A, COMPTON B G, DESHPANDE V S, EVANS A G,
ZOK F W. Damage development in an armor ceramic under
quasi-static indentation [J]. Journal of the American Ceramic Society,
2011, 94: s215-s225.

GHOSH D, SUBHASH G, ZHENG J Q, HALLS V. Influence of
stress state and strain rate on structural amorphization in boron
carbide [J]. Journal of Applied Physics, 2012, 111: 063523.
SUBHASH G, MAITI S, GEUBELLE P H, GHOSH D. Recent
advances in dynamic indentation fracture, impact damage and
fragmentation of ceramics [J]. Journal of the American Ceramic
Society, 2008, 91: 2777-2791.

KLECKA M A, SUBHASH G. Rate-dependent indentation response
of structural ceramics [J]. Journal of the American Ceramic Society,
2010, 93: 2377-2383.

SUBHASH G, ZHANG Hong-wen. Dynamic indentation response of
ZrHf-based bulk metallic glasses [J]. Journal of Materials Research,
2007, 22: 478-485.

SUBHASH G. Dynamic indentation testing [S]. ASM Handbook on
Mechanical Testing and Evaluation, 2000: 519—-529.

ALMASRI A H, VOYIADIJIS G Z. Effect of strain rate on the
dynamic hardness in metals [J]. Journal of Engineering Materials and
Technology, 2007, 129: 505-512.

WANG B P, WANG L, XUE Y F, WANG Y W, ZHU L J, ZHANG H
F, FU H M. Mechanical response of Ti-based bulk metallic glass
under static and dynamic indentation [J]. Journal of Non-Crystalline
Solids, 2015, 422: 32-38.

CHEN Yong-li, WANG Ai-min, FU Hua-meng, ZHU Zheng-wang,
ZHANG Hai-feng, HU Zhuang-qi, WANG Lu, CHENG Huan-wu.
Preparation, microstructure and deformation behavior of Zr-based
metallic glass/porous SiC interpenetrating phase composites [J].
Materials Science and Engineering A, 2011, 530: 15-20.

XIE S, GEORGE E P. Hardness and shear band evolution in bulk
metallic glasses after plastic deformation and annealing [J]. Acta
Materialia, 2008, 56: 5202—5213.

HANEY E J, SUBHASH G. Rate sensitive indentation response of a
coarse-grained magnesium aluminate spinel [J].
American Ceramic Society, 2011, 94: 3960—3966.
QUINN J B, QUINN G D. Indentation brittleness of ceramics: A
1997, 32:

Journal of the

fresh approach [J]. Journal of Materials Science,
4331-4346.

ZHANG W, SUBHASH G. An elastic-plastic-cracking model for
finite element analysis of indentation cracking in brittle materials [J].
International Journal of Solids and Structures, 2001, 38: 5893—5913.
ELOMARI S, SKIBO M D, SUNDARRAJAN A, RICHARDS H.
Thermal expansion behavior of particulate metal-matrix composites
[J]. Composites Science and Technology, 1998, 58: 369—376.

TANG M Q, ZHANG H F, ZHU Z W, FU H M, WANG A M, LI H,
HU Z Q. TiZr-base bulk metallic glass with over 50 mm in diameter
[J]. Journal of Materials Science and Technology, 2010, 26: 481-486.
BRUCK H A, ROSAKIS A J, JOHNSON W L. The dynamic
compressive behavior of beryllium bearing bulk metallic glasses [J].
Journal of Materials Research, 1996, 11: 503—511.

ZHAO Ming, LI Mo. Local heating in shear banding of bulk metallic
glasses [J]. Scripta Materialia, 2011, 65: 493—496.

CHEN Ming-wei.
Microscopic understanding of strength and ductility [J]. Annual
Review Materials Research, 2008, 38: 445-469.

Mechanical behavior of metallic glasses:



3160

Ben-peng WANG, et al/Trans. Nonferrous Met. Soc. China 26(2016) 3154—-3160

ZFL SIC/Ti IEREEESMPBNFEERIWAITA
IAM, T &2 Bxk? EHT 2, RiEES, e

1 AERE TR Mk, dbad 100081;
2. JbEHE T RY: iR SEMRE R B R E AL =, Jba 100081;
3. hERBER BT A R E K S =, TEFE 110016

8 ZE. ZILSICOTI REREEEEMEWEA MBI E SR, RIS A R A BB ST, i
X EATE 812 5 -G AR TE R A RIS AS IO T (TR 5 R AH B IR AR TEARRE, R ZE A B IZh A NAT N, Ak
HoppibitERe, HrhahaSRE R B 32 %ot i3 T 40 B9 U 3 & AR AT (SHPB) 1 i st 2 B AT I . SR R E &
MR BHASTE S I B T ST, KAt S B e TRSRE S8 ZE SMEERSHsES e T
HARTE AW R I TE B35 2200, 3R SiC AR TR IR T K E RGO RS AR R A T BIZIR B IEASTY, B AN [E
PR BN IR N T BB AT N LB S TR R Y
KR HAMEL 29LSIC: EMESE: SR LR

(Edited by Yun-bin HE)



