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HIGH-STRAIN-RATE COMPRESSION AND FRACTURE OF B4C-ALUMINUM CERMETS

W.R. BLUMENTHAL

Materials Science ard Technology Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87543, U.S.A.

The compressive behavior of liquid-metal infiltrated boron carbide-aluminum
cerrvets were studied as a function of strain rate, composition, and
microstructure. Hopkinson split pressure bar (HSPB) and quasi-staric
coempression tests were concucted using dumb-bell-shaped specimens. Results
shuwed cermet compressive strength to be independent of loading rate.
Strengtn was also found to be independent of the aluminum alloy used to
infiltrate pre-sintered 65 vol% B,C pre-forms. Compositions with the
smallest phase size displaved the best strength and ductility.

I. INTRODUCTION

Light-welght cermets (ceramic content > 50 volume %) for armor applications
have been of interest for over 20 years [1,2]. These efforts have cul-
minated in the achievement of major breakthroughs in the processing of
boron carblde-aluminum and aluminum oxide-aluminum cermets with ceramic
contents over 65 vols within the last five years [3-6]. Characterization
of the mechanical response of these cermets is considered to be an
important lnput to their further development and optimization. However,
most cf the interest in these materials has been devoted to measuring and
modelling their fracture toughness and tens{le strength [7-9].

Monolithic ceramic tensile fallure is typically preceded by extremely
localized permanent detormation assoclated with the inftiation aud/or
propagation of a small aumber of flaws. Hence, tcnsile faflure will bhe
dependent on the rate of loading only when it Is high enough to intiuence
the domfnant crack initiation and/or crack propagation mechanism [10]. This
is In contrast to the oripins of rate dependence in ductile metals which
are related to microstructure evolution and the kinetics of deformation
mechanfsms . Cermets can oxhiblt measurable permanent deformation prior to
failure In both tension and compression which may be assoclated with
microcrack (davage) acenmalat{on.  Henee cermet compressive strength may
exhibi*s novel strain rate dependence,

The primary focus of this work wis to determine rhe {nf luence ot
procesaing vartables of o microstructare and compesition) on the
compressive behiacdjor of Tiguid meral Intittrared boron carbide aluminum
coermets s e tunction of arraan rate

Peeently there haws Geen renewed attempts to correlate the compressjve



behavior of monolithic ceramics with their ballistic performance [1ll1].
These studles emphasize the nece<sitv for reliable materials property
measurements obtained usii. fec n and ballistic test methods.
Quasi-static compressiom - “hoo ‘. materials have continued
to evolve up to the preser (12,13]. it nias wecen recognized in these
studies that tensile stresses can readily develop at specimen interfaces
for a variety of reasons and can therefore control the measured failure
strength. A proven method for minimizing these interface effects is to use
a reduced-gage-section (dumbbell-shaped) specimen [14,15]. The present
study extends the use of the dumbbell-shaped specimen to the high strain
rate regime.

II. MATERIALS

Four series of cermets were fabricated at the University of Washington by
infiltrating liquid aluminum into partially sintered boron carbide pre-
forms [4]. Fabrication variables included: phase volume fraction, phase
size, and metal phase composition. B,C volume fractions of 65% and 80% were
studied and represent practical boundaries for strong, yet open porosity
pre-forms. Average phace sizes of 2.4 and 6.3 microns were measured for the
Al and B,C, respectively, in a "fine-grained" 65 vol% B,C-pure Al series.

A "coarse-grained" version contains average phase sizes of 21 and 47
microns for the Al aud B,C, respectively. Finally, two series of cermets
were made by inflltrating either pure aluminum or 7075 aluminum alloy Into
65 vols B,C pre-forms. All cermets tested were nominally fully dense (less
than 2% porosity).

I1I. EXPERIMENTAL PROCEDURES
A SPECIMEN GEOMETRY

All tests were conducted uvsing a scaled-down version of the dumbbell-shaped
specimen desipned by Tracy [14]. Specimens have over-ali dimensions of 13
wm X 4.4 mm with nominal gapge lensth of 5 mn and gape diameter of 2.2 mm.
The length of this specimen Is comparable to the length of right-clrrular-
cylinder specimen (12.5 mn x 6.25 mm) used by Lankford for HSPB studi{es of
aluminum oxide [16]). This specimen length is short enough to permit
equilibration of the stresses within the sample prior to tallure ag straln
rates of 103 s°1 for these high sound speed materials (Cy; > 9 x 107 m/s).
Specimen strain s determined in uwitu using three indepemndent strain
pares attached at unftorm intervals about the specimen gage circumference.
This confipnration allows the bending stresses to bhe determined. Specimen
strain pages ave requlired because the "eftective" page length s not known
precisely, especially after the papge section ylelds (permanently deforms) .

A, HopKINseN HaR CoMPRE?STON



Hopkinson split pressure bar tests were conducted using 12.5 mm diameter,
250 ksi yield strength, maraging steel bars at a ncminal strain rate of 10
s'*. Specimen stress was calculated from the transmitted bar in the
conventional manner as the product of the bar stress and the ratio of bar-
to-specimen cross-sectional areas. High band-width (> 3 MHz) strain gage
amplifiers and digitizing oscilloscopes were used with a sampling rate of
10’ points/sec.

Two tvpes of experiments were conducted dynamically: 1) fracture
strength and 2) recovery tests. Recovery tests were used to determined
yield points and fracture strengths more precisely.

C. QUASI -STATIC COMPRESSION

Quasi-static compression tests were conducted using an Instron Model 1125
testing machine fitted with a precision-machined sub-press. Specimens were
aligned in a precision V-block with tungsten carbide loadinE rams at each
end. Testing was performed at a nominal strain rate of 10° s-1 Specimen
strain was obtained in the same manner as with the HSPB, but at a sampling
rate of 10 points/sec. and with direct synchroniza .ion of the load record.

D. DATA REDUCTION

Quasi-static compression tests were analyzed by calculating the average
specimen struin and the bending stress resulting from load eccentricity.
The bending stresses were between 5% to 20% of the compressive stress.

In order to analyze the HSPB tests, the bar and specimen records must
be svnchronized. Recuvery tests were used to determine the proper time
adjustment between the records to within a few tenths of a microsecond.

IV. RESULTS

Fig. 1 shows a summary of stress versus average strain for the four cermets
as a function of straln rare. A cumparison of qgasi-scncic and Hopkinson
bar results shows that up to strain rates of 10 s'l, the peak strength of
all the cermets {s [ndependent of loading rate. Compression strength is
alse shown to be independent of the aluminum alloy infiltrate for the finc
rrained 65 vol% B,C composition. The tine-grained 65% and 80s B,C
compositions (average aluminume phase sfze = 2.5 microns) all yleld at about
3% serain. However, the coarse-prained 6% volw 8,C composition (averape
aluminum phase size = 21 microns) yields at about 0.9% strain. Also
stresses measured quaasi-statleally Jdld not exhibit a decay after peaking,
and the maximam sirains were generally much lesi than those measured
dynamicaliv,  This [fllustrares one advantage of the HSPB technlqgue; namely,
the sampling rate allows more resoluty n of che faflure event.

The BO wals B0 cormet exhibity twiee the nltlmate strenpth compared
to the five prained oo vala Boovermers primarily due to ity higher elastie



modulus. Mechanical moduli (stress/total strain) at an arbitrary strain of
l% 1s plotted along with the ultrasonic values (z<¢ro strain) and the
predictions from laminate composite theories (Voigt and Reuss) in Fig. 2.
Isotropic composites generally behave as the average of Reuss and Voigt
solids as exhibited by the ultrasonic values. However, under compressive
stralin, the modulus is ouvserved to decay towards the value of a Reuss
solid. 1In the case of the 65 voli B,C cermets the decay is complete to¢ the
Repuss value (a bounding condition). Recovery tests show that this behavior
is reversible. A simple analysis (Poisson’s ratio and stress concentration
effects are neglected) of the individual phase strains is denonstrated in
Fig. 3 by assuming the 65 vols B,C-Al cermets behave as Reuss solids and
the 80 vols B,C-Al cermet behaves as a Reuss-Voigt-average solid. This
analysis indicates that the average elastic strain supported by the
aluminum phase is quicte high (> 3%) for the 2.5 micron Al phase size
cermets prior to the composite yielding. However, the coarse-grained 65
vols B,C-Al cermer {Zl micron Al phase size) only supports 2% strain in the
aluminum phase. The reasons for this phase size effect on the strength are
not clear. Fig. 4, a plot of log strength versus log phase size, indicates
that neither phase exhibits Hall-Petch behavior. Undoubtedly the aluminum
phase is being constrained by the rigid B,C structure which significantly
increases its flow strength as observed in tension loading {17]). Perhaps
this constraint is sensitive to the Al phase size or strength of the B,C.

Fractography of failed specimens show fracture angles of between 25 to
40 degrees from the compression axis (35 deqrees is typical). A previous
investigation [18) discovered networks of microcracks intersecting the
fracture surface of the fine-grained compositions implying that the yleld
behavior 1Is related to damage accumulation. Sliding damage on several
planes also suggested multiple sources of failure initiation. However,
failure of the lower strength, coarse-grained cermet did not show sliding
striations or coalesced microcracks implylng little damage accunulation or
aluminum flow occurs during failure.

V. CONCLUSIONS

The HSPB technigue possusses distinct adventages: 1) high time resolution
(0.1 microsecond) permits details of the failure to be observed. 2)
eccentricity (misalignment) appears to be somewhat lower due to the high
rate of load applicatlion. 3) The amplitude and duration of appllied load
can be preciscly controlled allowing for iterative (reccvery) testing.

The compressive behavior of liquid-metal Infiltrated boron carblde-
aluminum cermets were studied as a function of strain rate, composition,
and microstructure. Results showed cermet compressive sirength to be
independent of loading rate. Strength was also tound to be independent of

the aluninum alloy used to intiltrate pre-sintered 65 volw B,C pre-forms.
Composiitions with the smallest vhase size (both B,C and Al) displayed the
highest strenpth and ductilicoy,
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FIG. 1 Compression stress-strain curves.

FIG. 2 Experimentui and lam:nacte theory predictions of cermet modulus as a
function of composition.

FIG. 3 Aluminum phase strain analysis assuming laminate theory versus
cermel strain.

FIG. 4 Power-lav dependence of the compressive strength on constituent
phase size.
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