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The dynamic high-strain-rate behavior of two-phase ,HiBRI,0; ceramics with biased
microstructures was investigated in this study. The microstructural bias includes differences in phase
(grain) size and phase distribution such that in one case a contifuasconnectedTiB, network
surrounds the AlO; phase(qualitatively termed “T@A") and in another case the TiBind ALO;

phases are interdispersed and uniformly intertwined with each @dhalitatively termed “TinA").
Quantitative microscopy was used to characterize the phase size and the integral curvature which is
taken as a measure of Tibhase connectivity around AD;. Dynamic compression and tension
(spal) properties were measured using plate impact experiments. The measurements used
piezoelectric polyvinyldine fluoride stress gauges to obtain the loading profile and to determine the
Hugoniot elastic limit. In addition, velocity interferometry system for any reflector interferometry
was used to obtain the spall signal and the tensile dynamic strengths of the materials. Experimental
results reveal that while theyg, and the compressive strengths of JiBAI,O5; ceramics are
dependent on the average grgimase size, the tensiléspal) strength scales with the TiBohase
connectivity. This result suggests that the interconnected /BEBO; microstructural morphology
provides a stronger impediment to failure in tension compared with the morphology with simply
interdispersed phases. 2002 American Institute of Physic§DOI: 10.1063/1.1429770

I. INTRODUCTION general, the spall strength is lower than the elastic limit. Ma-

The dynamic, high-strain-rate deformation behavior Ofterials such as TiBhave a spall strength that decreases with
X ' ) e - ) increasing impact stress and becomes negligible atrlae.
materials(and consequently their ballistic performanés g imp g9 Hhe

. . ST ._In contrast, AJO; maintains its original spall strength even
dramatically influenced by their microstructural characteris-_, . ALO; 9 p3 9
at impact stress levels that exceed thg, .

tics, including phase size, phase morphology, composition It has been demonstrated that SiC and ,Té&hibit the
and texture. Such a trend has been revealed not only for

) . mqost desirable ballistic properties based on results of experi-
steels used as heavy armor, but also for ceramics COnsmer?nents erformed to determine the transition between inter-
for lightweight armor applicationsIn addition to their low b

density, ceramics exhibit superior hardness and high comf-ace defeat and penetration involving W projecties."The

pressive strength that enables erosion and “interface defea mpact velocity for dwell/penetration transition for SiC and

of projectiles. This mechanism makes ceramics highly desir—tIB2 'Sﬂ:"gfhtir tlha':? th_?:].foz B3-d|_” spite .OI thte hlt%htir ylel(jj_
able for use as armor materials. Over the last 30 years rength ot Ine 1atter. This trend IS consistent wi € predic-

number of studies on ballistic performance and dynamict'ons from the dwell/penetration transition motfekhich ac-

behaviot~® have been performed on various ceranieg., COUNtS for damage mechanism based on the extension of
AIN, Al,O,, B,C, SiC pTiBz WC, Zr0,). These Zﬁ?ies mode-I wing cracks. The predictions illustrate that SiC and

have suggested that the desirable characteristics of cerami?:lB 2 cerar:icz have thle a_bilityl to su pprefss the f o_rmatfilon of
that are beneficial for the defeat of projectiles include the\’v'r?_;;l crac Sh ue tobp_ aISt'tC) rhe agaﬂgn 0 predeﬁlstmg ?,WS{
combination of high yield strength or hardness, high tensild/""'e B,C s ows a rittle ehavior ominated by grpwt 0
spall strength, high fracture toughness, high Poisson’s ratigin9 c_racks. Brittle fracture is also expected to domlnatc_a the
and high coefficient of frictiod® The properties typically ~P€havior of AbO;. Measurements of shock wave profiles

measured to characterize the dynamic behavior of ceramidi@Vve also illustrated the ability of SiCFEnd HiBeramics to
are the Hugoniot elastic limite,= ) and spall strength. In undergo deformation-induced hardenifigihich may give
rise to improved ballistic properties.

Most dynamic behavior studies performed to date have
dElectronic mail: naresh.thadhani@mse.gatech.edu focused on single-phase monolithic ceramics, although ce-
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ramics with glassy(impurity) phases, e.g., AD85 AD;, 6.5

have also been investigated. In such ceramics, the presence § 6 s

of intergranular oxide glass has been shown to significantly O,

lower the tensilgspall strength, and, therefore, the fracture g 58 @ ample 1% *
D = sample 762

resistancé® Dynamic behavior of ductile metal-matrix com- S 5 ® sample 766

posites, e.g., Al alloys consisting of embedded ceramic par- & 45 X alumina

ticles, has been studied to a limited ext&hit has been Q /

shown that both the dynamic yield strength and the spall g 4 o / . e

strength are reduced, in comparison to strength increases ob- & 35  B——— o

served in particle-reinforced composite materials under qua- g 3l s .

sistatic loading conditions. The composite structure acts asa  ©

mechanical energy trap due to scattering of waves from in- 25 T (’) 1 2 3 "‘ 5

coherent boundaries and interfaces between the matrix and 2) = % % -iog :f Strain Rate

reinforcement phases having dissimilar shock impedance.
The high-strain-rate  mechanical behavior of ceramic—

ceramic composites shows a strain rate dependence signifi- 6.0

cantly different from that observed in metal-matrix compos- &

ites. Dynamic behavior of ceramic composites has been ?5 50t

limited only to the study of two-phase AD;+ TiB, ceram- =

ics (70/30 mass ratio Past work on these two-phase ceram- % 4.0} : 3 3 3
ics has revealed an 80% increase in compressive strength § '

with increasing strain raté8.5 GPa at 10* s"1-5.8 GPa at = 30! * - A .
10° s 1) as shown in Fig. (8).%* In addition, as illustrated in 2 .

Fig. 1(b), the two-phase AlD;+TiB, ceramics have static % 20t

and dynamic mechanical properties superior to their mono- 4 <- 1 Composite

lithic constituent$!~23The Al,O5+ TiB, ceramics have also = # Quasi-static Al,0
shown better penetration resistance than monolithigOAl g 1.0 A Dynarpnc A!203_

and the system in which TiBis an interconnected phase o AI Quals,l-Staltuc T||Bz
surrounding AJO; has been shown to exhibit a superior bal- 0.0

listic performance compared with the system in which the A B C D
two phases are simply uniformly interdispergéd* Micro- b) Microstructure

mechanical simulations have also demonstrated the effect of
microstructural bias on failure resistarice® However, the FIG. 1. (@) Strain-rate dependence of compressive strength fQOAI
influence of microstructural bias on the fundamental dy-+TiBz (solid line) in contrast to that for AlO; (dashed ling(see Ref. 2B

; : ; b) A comparison of the dynamic compressive strengths of two-phasg TiB
nsaf:glg properties of these ceramics has not been fu”y estal%-bAlzog with those of the monolithic constituentsee Ref. 28

The objective of the present work is to characterize the
high-strain-rate deformation and damage response of four . . .

. . . + ; :

types of microstructurally biased, two-phase F#BAl,O; Al;0;; 33:67 weight ratig or through manual mixing

) X 0 .
ceramics. The microstructural bias of the four ceramics fallélv%)wtg ;\Teo )C wﬁrgﬁegfz(gggzzzgy’us?r? \::vct)fve-r:;%nal
into two morphological categories. The first category in- 0 M2M3 Y

volves a continuousginterconnectedTiB, network that sur- powder processing techniques. Following the SHS synthesis

rounds AbOs (qualitatively termed “T@A") and the second or manual mixing, the powc_iers were also ball milled to gen
. ! . . erate the microstructural bias. Details of the processing ap-
category involves TiB and ALO; phases that are interdis- S .
. . ; : . proaches used for fabricating these two-phase, FiBl,04
persed and uniformly intertwined with each othHgualita- ceramics are described elsewhhe’
tively termed “TinA").?! Normal plate impact experiments ! : e

were used to measure tlw,z, and the spall strength of the Quantitative metallography was performed to deter-

materials. The measured responses were then correlated W%Lnetwthaenghasgsgli?:ng:i\?;;t:zgegyoah%ggiaielrgt:r:fecﬂt
the microstructure morphological characteristics and th g P

phase size scales. integral curvgtur}e The connectivity of a pha;e in a multi-
phase material can be related to a quantitative measurement

of curvature k, defined as the anglé,g, of a finite segment

Il. PREPARATION AND CHARACTERIZATION OF THE of an arc divided by the length of the ada., or

TWO-PHASE CERAMICS k=dald\ 1)

The two-phase TiB+ Al,O; ceramics were fabricated as Through a division of line integrals, the average curvature,

~80 mm diameter by 20-mm-thick disks by hot-_pressingkave can be calculated by dividing the angle of aﬁ;t (in
powders. The powders were produced through either Selfphase A by total length of arcl.,. Hence

propagating high-temperature synthe@$S reactions be- e L
tween powder precursor$3TiO,+ 3B,0;+ 10Al=3TiB, Kave= OATLA={0a — Oa}/ LA, 2
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FIG. 2. Schematic illustrations of the setups used for measuremefds of
stress profiles with PVDF gauges afig free-surface velocity traces with

VISAR interferometry.
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TABLE |. Measured average values of integral curvature, and sizes of con-
stituent phases.

Microstructure Average integral TiB, phase  Al,O; phase
type curvature(um %) size (um) size (um)
A —0.316+0.022 7.0 104
B —0.476+0.046 6.2 9.1
C —0.074+0.028 8.7 25.1
D —0.375-0.031 7.9 12.3

where,N2*', NI , andN are the net, positive, and negative

numbers of loops of phase A. The length of the &rg, of a
closed loop is the perimeter and can be related to the mean
linear intercept length usingL o= (#7/2)(1L). The average
integral curvature of phase A can then be expressed as

Kave=4.NRL. 4

In the present work, the average integral curvature val-
ues were determined using Ed). The mean linear intercept
lengthL and the number of net loops of “Alor TiB,) phase
around the “B” (or Al,O3,) phase were determined using
IMAGEPRO-PLUS a commercial software packageroduct of
Media Cybernetics To account for anisotropy effects, the
analysis was performed on at least ten micrographs of both
planar and cross-sectional surfaces. However, the differences
due to anisotropy were found to be in the range of the stan-
dard deviatiorf®

The impact experiments used an 80-mm-diam, single-

concave arc in phase A. If the phases are considered a&tage gas gun. Measurements of g, and the shock

closed(as in the case of our two-phase ceramiben the

wave speeds under dynamic compression were obtained

angle of the arc is 2 Hence the above equation can befrom stress profiles recorded using polyvinyldine floride

written as

Kave= (2m)NRYLA=27{Ns —N; } L,

)

FIG. 3. Optical micrographs of two-phase cerani€®, white and A,Og
dark phasg (a) Sample A, SHS, T@A microstructuréy) sample B, SHS,
TinA microstructure,(c) sample C, MM, T@A microstructure, an@)

sample D, MM, TinA microstructure.

(PVDF) stress gauges. As shown in FigaR a TiB, flyer
plate backed by an air gap and mounted at the head of an
aluminum projectile, was used to impact the target assembly
consisting of ~3-mm-thick ceramic sample backed by a
TiB, backer plate. Impact experiments were conducted at a
nominal velocity of~0.750 km/s(~15 GPa nominal impact
stres$ to ensure shock loading of samples under similar con-
ditions. The impact velocity was measured using arrival time
pins. One PVDF gauge package was placed at the impact
surface and another was placed between the sample and TiB

Microstructure

FIG. 4. Plot comparing the average integral curvature values of the TiB
+Al,O3 ceramic samples of four different types of microstructures. Note
that the TiB, phase connectivity is greater in sample A than in sample B, and
likewise in sample C than in sample D.
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TABLE Il. Measured values of density, elastic wave velocity, and Young’s and shear moduli of the four types
of microstructurally biased ceramic samples.

Sample Density Long. vel Shear vel. Young’s Shear mod
type (g/cn?; %TD) (km/s) (km/s) mod (GPa (GPa
A 4.095; 99.4% 11.114 6.477 505.8 171.8
B 3.939; 95.6% 10.336 6.145 420.8 148.7
C 4.108; 99.7% 10.796 6.527 478.8 175.0
D 4.083; 99.1% 10.773 6.523 473.9 173.7
TiB,? 4.509 10.790 7.43 524.9 248.9
Al,O42 3.55 9.280 5.47 306.2 106.4

alues of TiB, and ALO; are from D. E. Grady, Sandia Report No. SAND-91-014, UC-704, 1991.

backer plate. The experimental setup was designed such thaerage sizes of TiBand AL O, phases in both SHS samples
a planar-parallel shock wave propagates through the targgh and B) are smaller than those in the manually mixed
and the input and propagated stress profiles are measuregémples(C and D, with sample C showing the largest size
with little interference from radial reflected waves. Thefor both constituents. Sample C also represents the micro-
PVDF gauges were connected to current viewing resistors tgtructure with the highest value of connectivity for FiBas
allow current versus time data acquisitionhwé 1 GHz fre- jllustrated in Fig. 4. All samples, in fact, show a negative
quency oscilloscope. The current versus time data were thefurvature, since, within a given area of measurement, the
numerically integrated to yield stress versus time profiles fohumberof loops around smaller particles is greater than that
the impact and propagated wave gauges. The arrival time &urrounding the larger particles. This skews the average in-
the respective gauges was taken as the travel time throughgral curvature towards negative values. Nevertheless, the
the sample thickness, from which the shock wave speed waseasured values provide a quantitative measure of the mi-
determined. crostructural bias on the basis of phase connectivity, and il-
Figure 2b) shows the experimental setup, illustrating the|ustrate that the connectivity of TiBphase is greater in
target sampléwithout any backerbeing impacted by a pro-  sample A than in sample B, and likewise in sample C than in
jectile consisting of a 4140 ste¢br silicon carbidg flyer  sample D. The grain size of the respective phases also shows
plate and an aluminum sabot. An air gap exists between thg similar trend, with sample A being coarser than sample B,
flyer plate and the sabot to allow full unloading required forand sample C being coarser than sample D.
the spall strength measurements. All sample surfaces were
lapped for flatness and parallelism. The ceramic targets wem. Characterization of elastic properties
polished with 5um diamond paste to ensure reflectivity re- The elast . fth . h ved
quired by the velocity interferometer system for any reflector . e elastic properties 0 the ceramics were c aracterize
(VISAR) beam. The time-resolved longitudinal motion of the using an Uliran Labqratques ultrasonic t.est.apparatus. The
sample free surface was measured in the form ofinterferencseetUp allovyg determma’qon of the I_ong|tud|r_1al and s_hear
fringes with a Valyn VISAR and recorded on a digital oscil- wave velocities from which the elastic moduli are obtained

loscope. The interference fringes were then converted t sw;]g de(r;smes n:ﬁagur_?dblonul?d;vuiﬁal sannolesf b3|/ tthe
time-resolved history of particle velocity. renemedean method. fable ISts the results of elastic

wave velocity measurements and corresponding Young’'s and
shear moduli. It can be seen that the moduli of the various
ll. RESULTS AND DISCUSSIONS ceramic samples are relatively similar except in the case of

A. Microstructural characterization sample B, which has-4.4% porosity.

Optical micrographs of the four types of microstructur-

20

ally biased samples studied are shown in Figs)-33(d).

The micrographs correspond to sample A made by the SHS 18 JURY v
process with TiB surrounding AJO; (T@A); sample B also . Per [A

made by SHS with intermixed TiBand ALO; (TinA) s ]AV /

phases; sample C made by MM with TiBsurrounding o 2 V [

Al,O; (T@A); and sample D made by MM with intermixed  $ 10

TiB, and ALO; (TinA) phases. It should be noted that the g Z Input Gauge | Backer Gauge
samples do not reveal 100% microstructural bias, i.e., while 9 4 HEL

the micrographs of samples A and C generally illustrate a ) ' Ji

nearly continuouginterconnectedTiB, phase surrounding 0 . ‘ Ji , ]

Al,O5, regions where the converse is true are also present. 0 0.2 04 06 0.8
Likewise, samples B and D show not only an intermixed
structure but also the continuous phase microstructures.

Table | ||3t_5 the va_lues of average integral curvature angg, s. Typical input and backer gauges stress proféesple B obtained
the average size of TiBand ALO; phases. In general, the from Expt. 9916.

Time (ps)
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TABLE IIl. Summary of results of impact experiments under dynamic compression.

Sample Target Wave Hugoniot Tensile
type and thickness Density speed elastic limit yield str.
expt. No. (mm) (%TMD) (km/s) oyeL (GPa ovs (GPa
A-9914 3.03 99.4% 8.24.83 6.2£3.1 42 +21
B-9916 3.42 95.6% 9.671.0 4.4+1.2 3.110.84
C-9920 3.36 99.7% 9.08.74 5523 4.02:1.7
D-9921 3.06 99.1% 8.31.78 8.5-45 6.23:3.3
C. Measurements of dynamic high-strain-rate 2. Tensile (spall) strength

mechanical behavior Spall experiments were performédith VISAR interfer-

Stress wave profiles obtained using PVDF stress gaugesmetry) on samples of microstructure A at impact velocities
were used to determine the mechanical behavior under dyorresponding to input stresses above and belowsihg ,
namic compression. VISAR interferometry was used to ob-and on samples of microstructures ‘C’ and ‘D’ under elastic
tain free-surface velocity profiles to determine the tensildoading conditions to ensure that the compression-induced
(spal) strength. damage does not influence the tensile response. Figure 6

shows the free-surface velocity traces obtained on samples of
microstructure A at 237, 495, and 758 m/s, using a 2.66-mm-
1. Dynamic compression behavior

Measurements of the Hugoniot elastic limit (s, ) were
obtained from normal planar impact experiments conducted
at an impact velocity of 750 m/s. Figurgl) shows ex- 715
amples of stress histories recorded by the “input” and

725

Q )l 758 m/s
“backer” PVDF stress gauges from experiment 9916, for the £705 Yy
sample B ceramic. Table Il lists the sample thickness, den- gsgs
sity, impact velocity measured using shorting pins, wave ¢

speed measured by considering the times of travel through g5
the sample thickness as recorded by input and backer gauges

the oyg , and the yield stress in simple tensiomyg) cal- 675 v T r r Y
culated from therg, . a) 0.0 0.5 1.0 . 1.5 2.0 25 3.0
The wave speed in the material, which is a function of ime (us)

sample density and microstructure in addition to loading  5°° 7
conditions, is measured to be similar for all four samples
(within the range of experimental scafteifhe Hugoniot = 495 mis |
elastic limit (oyg), the axial stress at which a solid loaded & 480

under conditions of uniaxial strain begins to exhibit plastic '§470 M

deformation, is observed to be a strong function of the mi- = l/‘ W’W
crostructure including phase size. Thgg, was determined 460

by considering one half the value between the peak and 450 { !

trough of the elastic precursor walfig. 5b)], and one half 9 95 10 10.5 11 115 12
the difference was considered as the range. &he, is b) Time (us)

found to be the lowest for sample B (4:4.2 GPa), due to 250 -

its high level of porosity(~4%) and highest for sample D

(8.5=4.5 GPa)(with a large standard deviatipnThe o g 240

values reported previously by Grdtfyare 9-18 GPa for 4 237 mls
TiB,, and~6.7 for Al,O3. While o¢, identifies the limit of E 230

elastic response under dynantghock uniaxial strain load- -‘5220 WW

ing, it is also common to assume a Von Misses-type yield 2 '

condition which asserts that plastic flow initiates when the .,

second deviatoric stress invariant attains a critical value. 1

Through this formalism, the yield stress in simple tension  »qg . . ; ;

has been shown to be related toryg ) through oyg oy 135 14.0 14.5 15.0 15.5
=2(C§/CE)X(QHEL).6_ The yield stress in simple tension, Time (us)

ays for the various microstructurally biased samples fO”OWSFIG. 6. Free-surface velocity traces obtained on samples of Microstructure

the same trenq as the Hugoniot elastic limit, Wi_th sample Dy 237a), 495b), and 758c) m/s, using a 2.66-mm-thick AISI 4140 steel
showing the highest and sample B the lowest yield strengthtlyer plate. Arrows indicate spall signal.
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TABLE IV. Loading conditions and summary of results of spall experiments.

Sample Flyer Flyer & Target Impact Input Spall
type and plate target th. density velocity stress strength
expt. No. material (mm) (%TMD) (m/s) (GPa (GPa
A-0005 4140 steel 2.66/16.22 98.8% 495 7.9 0.320
A-0007 4140 steel 2.66/16.20 98.8% 237 3.7 0.320
A-0008 4140 steel 2.66/7.99 98.8% 758 11.8 0.160

C-9925 SiC 4.30/7.54 99.7% 244 3.8 0.311

D-9926 SiC 4.77/7.10 99.1% 239 3.8 0.222

thick AISI 4140 steel flyer plate. The velocity traces reveal atitative microscopy analysis based on the measurement of the
spall signal(velocity decreaseAU¢) which was used to integral curvature showed that the samples investigated do
compute the spall strengtho,,=1/200CoAUr.) As  not exhibit 100% microstructural bias. However, the overall
shown in Table IV, the spall strength for sample A is 0.320trend of the influence of microstructural bias emerging from
MPa at input stresses of 3.7 and 7.9 GPa. However, witlthe results of experiments performed to date illustrates that
input stress increasing to 11.8 GPa, the spall strength dehe dynamic yield strength and the,g, are more domi-
creases to 0.160 GPa. It can be seen that while the spalbntly dependent on the phase size. Sample C prepared by
strength decreases with increasing input stress, the two-phassnual mixing and having the largest phaggain size
TiB,+Al,O3 ceramic maintains non-negligible spall shows the lowest values in contrast to the other samples of
strength even at input stresses exceeding the Hugoniot elassamilar (~99%) density. In contrast, the tensile spall strength
limit (6.2+3.4 GPa. appears to scale with the continuity of the Jihase.
Tensile spall experiments were also performed onSample C, which has the most interconnected, TiBase,
samples of microstructures C and D, at an input stress dfias the highest value of the tensile spall strength.
~3.8 GPa. Figure 7 shows the free velocity traces for these The results therefore, illustrate that while the Hugoniot
samples. A spall strength of 0.311 GPa for sample C anelastic limit and the dynamic compressive yield strength of
0.222 GPa for sample D was observed. A comparison oAl,O;+TiB, are dependent on the average grgimase
spall test results between sample C and sample D shows thsize, the tensile spall strength scales with the JpBase
the latter sample with dispersed microstructure has a loweronnectivity, and less so with the average phase size. It is
spall strength, while the microstructure with interconnectedoossible that the interconnected phase morphology is more
TiB, has a higher spall strength, even though sample D haseffective in impeding initiation and progression of fracture
smaller phase size. The measured high value of spall strengtinder tensile conditions. If so, TjBas an interconnected
of the two-phase ceramic is similar to the published spalphase has the ability to suppress and relax the cracks formed
strength of TiB (0.33 GPa but lower than that of AlO; in Al,O5. Alternatively, it is also possible that in the two-

(0.45 GPa phase ceramic with the microstructure containing dispersed
Al,O5 and TiB, phases, the mechanical energy trapping due
IV. DISCUSSION AND SUMMARY OF RESULTS to scattering of waves from incoherent boundaries and inter-

] ) ) faces results in the lowering of the tensilgpall strength.
The two-phase TiB+Al,O; ceramics, made either by Fyrther work is currently in progress to more clearly delin-
the SHS or mechanical milling methods, reveal differencegate the effects of interconnected versus dispersed TiB
in microstructure which qualitatively show TjBas a con-  ppase and to eventually fabricate two-phasgOk TiB,

tinuous (interconnecterd phase surrounding AD; (T@A),  ceramics with the microstructural bias that yields the most
or TiB, and ALO; intermixed with each othe(TinA). Quan-  gptimal dynamic properties.
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