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HYDRODYNAMIC MODELING AND EXPLOSIVE COMPACTION OF CERAMICS ™

Lawrence Live e Laboratory, University of California
Livermore, Californiz 94500

fAbstract

‘ligh-density cerimics with high-strength microstructure have been achieved by
explosive compaction., Well charicteriyzed Al,U,, AIN, and boron pawders were
explosively compacted in both cylindrical and flat plate geometries. In
cylindrical geometries we achieved compacted densities between 91 and 98% of
theoretical. Microhardnass measurements imdicated that the strength and in-
teqrity of the mi:rostructure was comparable to conventionally fabricated
ceramics even though all samples with densities >90% theoretical contained
macrocracks, Fractured surfaces evaluated by SEM shawed evidence of baundary
melting.

Equation of state data for porous A0, were used to_calculate the irreversible
work Jone on the sanple as a function of pressure. This was expressed as a
percentage of the total sample which could be melted. Calculations show that
very little melting can be expecied in samples shacked to Tess than 3 GPa.
Significant melting and grain bevndary fusion can be expected in samples
shocked to pressures »8 GPa. .

Hydrodynamic modeling of vight cylinder compaction with detonation ai one end
was attempted using a two-dimensional computer code. The complications of
this analysis led to expuriments using plane shack waves. Flat plate cempact-
jon assemblies were designed and analyzed by 2-D hydrodynamic codes. The use
uf poreus shock attenuators was evalvated. Experiments were performed on
aluminum oxide nowders in plane wave geometry. Microstructure evaluations
were made as a function of location in the flat plate samples.

Introduction

There has been a_long-standing interest in using explosives to compact ceramic
metal powders.!~® [Cven though ceramics powders have been compacted to rela-
tively high tulk densities {>95% theoretical) it has been difficult to pro-
duce crack-free material. The cracking is generally assuciated with high
rates of pressure release from shock-wave rarefaction. Since this results in
tensile or shear forces that can exceed the stremgth of ceramic materials,
metal containers are necessary for refnforcement.

Several investigations?*?*7*% have explored the problem of converging shock
wave compaction in 2 cylindrical geometry. Rogdanov, et al.l® reviewed earlier
attempts to develop a mathematical model for powder campaction. They also
presented thetr own analysis for meta) powders and flat high-explosive charges
assuming that the pewders behave as an idea) compressible liquid. Experi-
mentally, they compacted titanium powder onto both hard and soft base supports.
They observed qood correlation between experiment and theory regarding density
variations in flat compacted powder samples up to S0 :m in thickmess.

*
Hork performed under the auspices of the U.5. Energy Research & Development
Administration under contract No. W-7405-Eng-48.
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Qur work was motfvated by the need to develop fabrication methods for ceramics
and composite materials that are difficult, costly, and sometimes impossible
to fabricate by more conventional methods. HWe selected three ceramic materials
(A1,0,, AN, and boron) for our initial study, emphasizing A1,0: for two
reasons. First Al,0, is one of the major raw materials used in the ceramic
industry, Secund, aluminum oxides of varying ourity, crystallinity and poros-
ity have been the object of several shock wave and explosive compaction in-
vestigations.''~1" The information frcm these studfes together with other
well-known physical propertics provided background information for our modal-
ing studies.

Experimental
Stariing Materials

.
Alpha alumina {(Alcoa Tabular, Grade T-61 ) powder was used in all experiments
with A1;0;. The powder had been converted to the alpha phase by treating it
at a temperature slightly helow melting (<2040 C} and grinding it to pass a
100-mesh screen. The as-received particle size range was 10 to 177 um,
Particles contained some closed porosity, and particle densities measured by
mercury porosimetry were in the range of 3.81 ta 3.91 g/em® (theoretical

3.97 g/cm’). A powder surface area of 0.3 m?/g was measured by the N,
absorptinn BET method.

Aluminum nitride powders were used as received with a particle size range of
10 to 300 um, Particle densunes were in the range of 3.18 to 3.26 g/cm’
(theoretical = 3.26 g/em?).

Crystalline boron puuder was_supplied by Herman C. Stark, Berlin with a par-
ticle size range of 44 to 105 um. Particle densities were >2.32 g/en’
(theoretical =2.34 g/cm ).

The initial bulk deisity of powder before compaction was ~65% for A1,0; and
~55¢ for AIN and boron.

Compaction Assemblies

Both cylindrical and flat- plate-geometry high explosive compaction assemblies
wers used in this study. The cylindrical assembly was very similar to those
used by Primner® and Staver? in their earlier investigations. It consisted
of mild steel tubes {2.54-cm 0.d./0.165-cm wall and 1.27-cm 0.d/0.165-cm wall,
lengths ~18 cm) loaded with sample powders and mounted concentrically inside
a plastic container which held the high explasive. The tubes were not evacu-
ated. A conical wave guide also functioned as a plug at the top. Detonmations
occur at one end. Timing pins were located along the plastic tube to check
the detonation velocity of the explosive. This assembly was suspended 1 m
above the ground by means of a woaden frawe, After compaction, the remarkably
strafght tubes viere imbedded in the soil approximately 30 em. The suriace
temperature . s of the order of 600 to 800K. Samples of A1,0, requived

erence to a company or product does not imply approval or recommendation
of the product by the University of California or ERDA to the exclusion of
others that may be suitable.




annealing in air at 1375 K for ~36h in order to remove them intact from the
meta] contafner. Hoth AIN and boron could be removed without prior annealing.

The flat plate assembly is shown in Fig. 1. AI) experiments usinp this
asserbly were done with AY,0,. Powders were loaded inte an all aluminum
sample holder which fit Joosely into the cutside aluminum tube. The size of
the sample chamber was 5,08 cm dia. x 0.95 cm. bt. The 1id was welded jn
qalace. Stepged transducer pins wera lacated at the center and edge pasitions
to evaluate shock-wave velocity and planarity. Layers of aluminum pawder of
decreasing density were placed just beneath the sample halder in 2n attempt
ta attenyate shock wave reflections from the surface at the bottam of the
sample holder, High explosive was lgaded above and in direct contact with
the sample holder. A timing pin activated the scopes for the transducer pins
mentioned previeusly. A plane wave detonation lens agsembiy was in direct
contact with the high explosive.

Three samples of aluminum oxide were compacted using this assembly. 1In shot
KB 001 a fully denge, sintered Al,0y sample (Coors AD 995) was compacted as

a control.  In shots KB D02 and KB 003, as-received Tabular Al,0, powder was
Toaded to bulk densities 62 of theoretical. Flake THT at a density of 0.35
gf/cm? and a detonation velocity of 4.9 km/s yielded a detonation pressure of
6.0 GPa. The detonation pressure was calculated according to the expression:

]

Py

where P is the pressure in GPa, D is the measured detonation velocity {km/s},
p is the density of the exp\oswe, and ¥ s the polyteopic gas parvameter of
the detonation products %d In #/d 1n V)5 and is usual'ly taken a5 being equal
to 2.75 for {deal explasives such as PETN and TNT.}® The calculated detona-
tion pressure is in good agreement with P measured for TNT'® and PETN.'7 The
heights and weighls of explosive used were 5.72 cm, 0.583 kg for shots kB 001
and K8 002, and 22,86 cm, 2.331 kg for shot K& 003, The entire assembly was
parniﬂly immersed in a barrel of water to the approximate level of the piane
wave lens.

After compaction the sample hoiders were retrieved and radiographed for dens-
jty yardations and crack patterns before disassembly., Finally the alumina
samples were removed and specimens were taken along a radial Jocation for
microstructural analysis,

Discussion of Results

In our experiments with A1:0, in cylindrical geometry we found thab the
initial powder density was an impartant factor in achieving final compacted
densities »905 thepretical, This factor was not as mportant for AN and
boron. The results of cylindrical compaction are listed in Table L.

Compacted densities between 94 and 98% of theoretical were achieved for
A0y, AIN, and bharon. As samples approached and exceeded 90% theoretical
density macracracking was observed in almost every case. As a check on bulk
dermty and den51ty uniformity, ane Al,0; sample compacted at 3.6 GPa (5.7
efm") was broken into three segments for -arcury porosimetry evaluation,

-3~



Selected segments were representative of locations along the radius of the

cylinder. The three porosity measurements were 8.18%, 8,78% and 7,957 indi-
cating good compaction uniformity. These measurements also correborate the
measured overall bulk density of 2% theoretical for this sample.

Typica) examples of compacted materfals after removal of meta) cladding are
shown in Fig, 2. The samples were ground to final shape. The o AJ,D,
samples were annealed in air at 11004C for 36 h. The spira) cracking in

A1.0 is typical of the cracking hehavior obseeved in Al,0, samples with
densities >31% of theoretical. The section without cracks has a density of
90% of theoretical. This is the highest Aly0; deriity we were able to qet
without cracking. The cvack profiles in Al,0, indicate that the samples failed
in snear during the decompression phase of the compaction process.

The compaction and cracking behavior of Al and boron were unlike that of
A1,0y. Higher densities (97-98% theoretical) were achieved under nearly
equivalent compaction conditions. Extensive shear fractures Iike those ab-
served in Al,0; were absent, The crack patturns shown in Fig. 2 appear to be
asenciated with an axfal melt region and possible differences in thermal ex-
pansion, The boron <ample, in particular, has a central core that appaars to
have melted, The microstructure and microhardness of this region were dif-
ferent than the outer regions. Soth regions in the boren have equivalant
densities (~972 theoretical) as delermined by separate mercury porasimetry
measurements. The overall structural integrity of both AN and boron samples
was significantly better than that of Al,0,.

Even though most of the Al.D, samples in this series experienced some macro-
cracking, the bulk material after compaction appeared to have a quality
comparable to materials which are sintered or hot pressed. Therefore,
represent. ~ive samples were prepared for microhardness and microstructural
evaluations {Fig. J). A somple compacted at 7.7 GPa {a/m = 3.8) contained a
small central core in which meltiny appears to have occurred. A1l 5°gns of
the characteristic particle porosity, which is sti1) evident §n the middle to
edge view, have vanished. Grains aise appaar rounded and cusp-shaped indi-
cating melting, Also in Fig. 3 we show a polished surface after ion-etching.
e believe that polishing has Jamaged and cracked the microstructure resylting
in “pullouts” and artifical fractions, Tha fon-etched surface is more indic-
atfve of the actual mircostructure of a compacted sample. This surface
continues to show particle porosity but indicates essentially crack-free
material cowpared to the as-polished section.

Hicrohardness

Average Knoop micronardness values for explosively compacted samples are
Msted in Tuc\n 1. The two A12D; samples sra 1isted in the order of .
increasiing detonation pressure and e/m ratio. Measurements were taken at the
center and along the radfus with 100 and 500 g loads. Average valyes were
determined from 3 to 6 measurements and errars were veported as the standard

Mess ratio of explosive to ceramic powder.
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deviation (). For comparison, lilerature values {HK'®%) and our own value for
hot-pressed Tabutar A¥.0, (HKeqe) are as follows:

A1,0; [Sapphire, c-anis)'? 2000 = 100 ke/mm*
(Mot pressed, 1830°C, 95¢ Theo. Den.) 1580 = 19D kg/mm2
b
ATH, Single Crystal ¢ c-axis) 144D - 60 kg/mm
(1 c-axis) 1020 = 60 kg/mz
goren, 2760 = 200 ka/m (Wass
Vickers)?®

3400 kg/am (HVs5q, Vickers)?'-2?
Hardness values are inversely dependent on load and are wost uften.repnrted

using a 100-g Yoad, We have extended the range of loads to SO0 g in order to
bgiter dssess the strength of compacted micrustructures.

At 100~g Toads for A1:0:, there is_no statjstical difference in the hardness
of sampies compacted at 3.6 and 7.7 GPa, Hardness vajues at this loading also
compare faverably with valuas reperted in the literature. At 500-g loads,
however, the data indicates that A1,0; compacted at 3,6 GPa is much softer than
that compacted at 7,7 GPa — regardless of loca’:‘n along the radius.

The hardness fo. AIN at 100-g Joads varied significantly_ from center to edge.
Values of 2050 « 80 kg/mm? {cemter) and 1600 + 200 kg/mr® tedge} are both grester
than those reported in the literature!¥ for small sinqle crystals. At 500-g
loads, there was no difference between center and edge locations,

The hardness measurements for horon fn the central care reqign xie?ded valuas
only slightly greater than those reported in the literature,2°~1? The values
for the central core HKsy = 4000 = 260 kg/mm® and HKypp = 3170 £ 120 KG/mm®
wire -15% higher than thase reported eisewhere. Measurements at both 100-and
500-q loads clearly indicate s difference between the central core and outer
regians. In spite of equivalent bulk densjties, the central core is approxi~
mately 50° harder than material autside the core. These central-core indenta-
tions have been measured with an oil immersion leas. Even at these high
magnifications, however, endpoint determinations for such small indentations
are difficult to measure,

The AN and boron samples were not anpealed. An x-ray analysis of hath the
AIN and boron samples {ndicated narmal patteras with o significant residual
stresses. We did find sfgnificant residual stresses in the compacted Al,0,
samples, Stresses and dislocation densities were detersiined by calculation

to be in the order of those reported by Primmer.!’ Priimmer measured lattice
distortions up to 0.35% and dislocation densitfes up ta 10*! em™® in explosive-
1y compacted A1;0,.

Scanning Efectron Microscapy
Three samples were selected far scaaning electran microscope (SEM) evaluatians.

Samples were first cut into dises and then loaded in dimetral compression?’ to
produce tensile fatlure along the diameter. As expected, failure also nccurred
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in some cases along the "spiral-like" shear cracks shawn im Fig. 2, which were
the result of explosive compactfan, In aur discussion, we will refer to these
surfaces A spiral and the other surfaces as tensile. A spiral surface for
AY,0, campacted at 3.6 GPa is shown in Fig, 4. temsile fractyre surface for
A1;0, compacted at 7.7 6Pa is shown in Fig. S.

The spiral} crack surfaces of Al.0; compacted at hoth 3.6 and 7.7 GPa were
essentially equivalent. The low magnification view in Fig. 4 shows a wave-
Vike sinusoidal topography with an unusualiy smouth surface texture. At higher
magnifications, very fine-grained vegions {~0.7 um} shaw evidence of

incipient malting. It is difficylt to tell tow deep this finc-grain material
penetrates into the bulk sample, but it appears to be very superficial,

The tensile surface at low magnification (Fig, S) shows 4 combination of inter~
and intragranular fracture. Views at higher magnification show the nature of
the fine-grain mateial, which interfaces and bonds tagether the larger grains,
The views at 500X and 2500X% magnification for AT.0, compacted at 7.7 GPa show
the development. of a smooth-fused and dense layer of material between graims.
We belfeve the intrinsic strength of this microstructure should be greater
thap that for Al,0; compacted ot 3.6 GPa. This analysis is supported by the
microhardness values at .00-g leads listed in Table 1.

The tensile fracture surface for AV compacted at 7.4 GPa is showm in Fig, 6.
As with A),0., the wechanism appears to be a combination of inter-and intra-
granular fracture. The higher magnification views at 2500X and 10 GO0X also
indicate that this material is very fine grained {<1 .m} and that a)l grains
are very well fused togetter. This explains in part why the sample shawn in
Fig. 2 was capable of being polished to a very fine surface finish. 1t alse
supports the relatively high strength of AIN as compared to AT;05.

Plane Wave Compaction

Only a few esploratory tests have been madp using the plane wave comnaction
assenbly described earlier (Fig. 1). Tests were conducted at 6.0 GF detona-
tion pressure using flake TNT. A typical recovered sample chamber §  tially
disassesbled is shown in Fig, 7. Radiggraphs were taken before disc mbly.

The fully dense A0, sample (KB DD1) was cracked aos expected. The  sroxi-
mate pattern of cracking indicated that unloading in the radiai direzz.on
produced a circular crack about 4 cm in parameter near the outer circumference
of the disc. There were also radia) cracks with orlgin$ at the c2nter of the
dise. We telieve these cracks are the vesult of a nomplinar shock wave, which
exerted a maximum pressure at the center of the disc, Similar crack pattorns
have buen noted §9 biaxial flexure tests of reramic discs?® in which the area
of maximum tensile stress occurs at th, center of the lower face, The lack
af planarity may have been the result of inhomogeneities ia the flake TNT ex-
plosive. ©n the other hand, we a)so believe that the thickness/diamcter ratis
of explosive should he increased.

The two plane wave tests involving the compaction of Vabular AY:0, {10-177 wm}
also used flake TRT at a detonation pressure of 6.0 GPa. They differed only
in the height of explosive. Shot KB OD? used an HE height of 5.72 em similar
to the shot with fully dense Al;D;, Shot KB 003 shown in Fig., 7 used am HE
heiqht of 22,86 - four times that used for KB 002,
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Both tests (KB 002 and KB 003) did not achieve the high density A1:0, compac-
tion that was obtained in the cylindrical compaction previously discussed.

Th2 compacted powders did exhibit significant strength and coherence, how-

ever, even though the densities were estimated to be only 85 to 90% of theoret-
ical. Photomicrographs of the microstructure at center and edge locations

are shown in Fig. 8. Both edge and center views are shown at low magni“ication.
1t appears from Fig. 8 that the outer regions of the samples have fewer voids
and were compacted to a sTightly higher strength or density than the central
Tocations,

Hydrodynamic Modeling

On the scsis of our Vimited experimenta] observations, we can hypothesize o
sequence of events during shock compaction that explain how ceramic powders
bond together to provide bulk strength. We will confine our attention to hard
brittle materfals, which exhinit 1ittle plastic flow during the shack com-
paction process. We expect the materials used in this study — A1;0., AIN, and
boron — to behave in this manner.

Aluminun nitride may be an excegtmn however, since recent triaxial campres-
sion studfes by Cline and Heard?® indicate that AIN exhibits a brittle-ductile
transitior at confining pressures as low as 0.5 GPa. Aluminum ox{de exhibits
brittle behavior at confining pressures up to 1.25 GPa, the upper limit of
measurement in this study.?® The ductile-brittle transition for Al,0, was
estimated to be in excess of 3 GPa, We believe these studies may have a signif-
jcant bearing on the explosive compaction behavior of AIN anc A1,0, observed

in this investigation. However, in view of the high strain rates emcloyed in
explosive compaction, even AIN probably behaves as a brittle material during
consclidation,

As noted by Priimmer® most of the volume change that takes place during shack
compaction is due to fracture and rearrangement of particles to minimize pore
or vold volume. We hypothesize that frictional forces across graln toundaries
and fractured surfaces cause localized surface melting. The energy deposited
by the shock wave is insufficient to raise the entire sample above thz melting
point. Subseguent thermal conduction toward the center of particles therefore
causes the small melt regions to rapidly solidify. However, the temperature

is sufficient to generate strong bonds between vart‘lc]es The existence of
these transient high temperatures at contact surfaces is the important dif-
ference between shock wave compaction and low-strain-rate fsothermal compaction.

To test this hypothesis, we estimated the amount of energy available for melt-
ing, as a function of shock pressure for A1;D; powder at an initial 65L
thearetical density. For our calculations, we used the pressure-volume rela-
tion of Seaman, Tokheim, and Curran.'® Although their data is for porous
A1,0,, we believe it can reasonably be applied to a powder since the porous
materials are easily broken up during the fnitial ghase of shock compressfon.
With this data we can calculate the amount of available irreversible energy

as a function of shock pressure in order to see fts significance relative to
melting some fraction of the sample. The result {s shown fn Fig. 2. Here we
plot the ratio of E‘lrrev to the energy nccessary to melt the sample, for tne
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puvpose of this calculation we use 109 kd/mol {26 kcu1/mo1a for the heat of
fusfon, 125 J/mol«deg (0.03 kcal/mc1+Geg for the specific heat, and 2030°C for
the me1t|n? temperatuive. This energy is available for all {-reversible physical
processes (fracture, defect formation, frictional heating) that take place
during shock compaction. The energy for creating lattice defects in these
materials is npeglible. The cnergy for work of fracture in ceramic powders {s
also small in comparison to Ejprey. FOr example Ejproy at B GPa 15 ~1.67 GH/m®
(400 cal/cn) fer Al,0,. Using 89 4/m% (5 x 10° ergjen?) for the work of
fracture" and A1,0, spheres 100 ym in diameter, we calculate the maximum
energy necessary to fracture each particle one time to be =837 kJ/m3 (0.2
cal/em’} or =0.05% of Ejpray for shock pressure at § GPa.

We would like to emphasize that the curve in Fig. 9 represents an upper bound
for the fraction of the sample melte by the shock wave depusited because the
energy will not be optimally distributed for melting the sample. For example,
some cnergy will be deposited in portions of the sample that never reach the
melt temperature. We also expect that for some mater{als such as AIN this
type of celculation may not apply because a targe amount of plastic Flow may
occur during particle compaction

Our curve shows that very little A1.0; melting can be expected in sampies
shocked ta less than 3 GPa, [t suggests that signfic nt melting and grain
boundary fusion can be expected in recovered samples that have been shocked
to about 8 GPa, Above 8 GPa the melt curve flattens out indicating that
higher nressures may not be desirable. This is because the trade-off between
additional avaflable energy and the higher unloading stresses, which cause
macrocracking, may be counter productive. These results are generally con-
firmed by the experimental studies presented earlier in the report.

Our experiments demonstrate that sound microstructures can be generated by
explusive compaction. The major problem is to design an experimental geametry
which can compensate for, or eliminate the unloading strasses which crack the
sample. Humerical modeling of powder compaction cxperiments secr . a logica
next step to help solve this problem,

Jo this end, we have made some preliminary two-dimensional hydrodynamics
calculations using the HEMP computer code, Unfortunately, HEMP does not contain
an operational porous materfal mode), so we had to approximate the behavior

of the rwder by means of a compressible fluid equation of state. This should
give reasopatle results for stress Joading behavior, but will not be a good
approxima*.on for stress attenuation or unloading behavior

Figure 10 shows a mode) calculation of explesive compaction of a cylindrical
sample using an explosive that burns axially. This calculation has rotatfonal
symmetry about the vertical centerline of the dark central region, This
region s the compressible flujd used to represent the A0, powder sample.
The thin region outside the sampie represents the stee} pipe jacket, which is
represented {n the calculation as an elastic, perfectly plastic material.
Outside the jacket 1s the coarsely zoncd high explosive, PETN. Because of the
approximate nature of our powder equatfon cf state, we have not attempted tc
obtain any quantitative fnformation from this calculation, However, a study ,
of the numerical results reveals the complicated nature of the stress-strain
histary experienced by the sample in this type of expertment. The main
feature is 2 conical shock wave propagating toward the axis of the sample and
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reflecting dack toward the steel jacket. This wave reflects from the outer
boundary of the jacketing material as a tensile wave, which would, in the
absence of gead strength in the jacketing matarial, ~ause the sample to cone
apart,

Although this is an easy geometry from which to recover a sample, we feel it
has several important disadvantages. First, because the wave is converging
1t §s difficult <o know what shock pressure the sample experienced. Second,
it has fnherent size limitations. Third, it is difficult to instrumert for
making measurements. Lastly, we believe that beyond a certain pressure it
may be impossible during the unloading phase to recover a sample without
cracking it.

To overcome these problems, we have tried to design a new experiment, which
subjects the sample ta a single plene wave. The experimental configuration
was described earlier in Fig. 1. A numerical calculation of this new geometry
s shown in Fig. 11. This calculation has rotational symmetry obout the left
edge of the ffgure. The similarity between the predicted sample holder shape
shown in Fig. 11 and the actual recovered shape shown in Fig. 7 is very en-
couragiug. Again, we have anly tried to draw qualitative conclusions about
the experiment from the calculation. We were able to determine that in order
for our sample to see a plane wave loading, both the samplie and explosive will
need to have a smaller thickness to diameter racio than in our first experi-
ments, The calculations also fndicate that considerable improvement in the
exneriment can be realized by replacing the aluminum sample holder and tube
with a stronger metal iike steel, which will not fracture and flow as much,

Concluding Remarks

OQur microhardeess determinations and evaluations of microstructure have indi-
cated that strong dense ceramic materials can be fabricated by explosive
comuactien in cyhndr1ca1 geometry, The development of macrocracks during
dacoapression remains a serfous 1imitation in the utilization of explosives
to tabricate ceramiis, We believe, hawever, that these prohlems can be solved
through experinental destgn and :areful control of explosive parameters.

At the present time cylindrical geometries with axial symmetry offer the most
prom{sing shapes for successful compaction, It appears, however, that it may
not be possible to scale up these geometries. This is certainly the case for
sotid cylinders. Scale up potentials for large tubes, and cones, appear to
be much better if wall thicknesses are reasonable,

Plane wave compaction and the corresponding ease of computer modeling offers
the most vaiuable tool in advancing the basic understanding of the campaction
process. Ne also believe that the flat plate geometry offers considerable
scale-up potential.

Many ceramics are essentially unavailable as engineering materials because
they are difficult, if not impossible, 1o fabricate by conventional methods,
For these ~aterials and others, explosive compaction can become 4 useful .ad
competitive fabrication technology in the future,
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Tabie I. Properties af A1,0,, AN, :nd boron ceramics explosfvely compacted in cylindrical geumetry.a

Explosive parameters . Sample
Material Iype D, P Pressure, e/ density, Ave. microhardness (kg[lm\z) —
(kfs) (g/em’) GPa  r:tio % theo. HE 5o HK; 5p HKspo
a,0,(0) PETN 4.2 0.70 3.6 5.7 02 wf 2076 = 200(c)® 710 = 140(c)
(10-177 yum) 770 + 90(£)®
AL e 55 695 27 38 2 w a0 o) s e ofe)
(10-177 1) 1200 + 160(E
mnte} ROX 5.7 0.8 7.4 5.7 98 ] 2050 + 80IC) 1270 & 100(¢)
{10-300 sn) 1600 = 200(E) 1200 + 100(E)
Borant€) ROX 5.8 0.89 7.5 13.8 97 4000 ¢ 260(C) 3170 : 120(C) 2300 * 60(C)
(44-105 1) 2200 + 90(E) 1340 + 220(E)

22.54 cm od, 20 em ht.

BA1,0, samles annealed in air at 1100°C for 36 h.
“Not 2nnealed,

dﬂeasured at the center,

Eheasured at the edge.

fNH = Not measured.
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4 FIGURE CAPTIONS

Fig. 1. Fflat-plate HE compaction assembly.

Fig. 2. Explosively compécted ceramics ground and nolished after cleaning.

Fig. 3. Alumina after explosive completion at 7.7 GPa, e/m = 3.8. Air
annealed at 1373 K, 36h. Hote that the porosity is absent in the center
view indicating that the center of the cyclindrical sample melted during
explosive :ompactlon; Also, the photograph of the sampie that was ion
thinned shows no cracks

Fig. 4. SEM analysis of Al,0; spiral surface compacted with PETN at 3.6 GPa
and 5.7 e/m,

fig. 5. SEM ana.,sls of tensile surface of A1,0, compacced ta 913 theoretical
density (PETN, 7.7 GPa, 3.8 e/m, vacuum annealed for 63 h at 1448 K.

fig. 6. Tensilc fracture surface of explosively campacted AR (ROX, 7.4 GPa,
5.7 e/m, 98 theoretical density, not anneaied.

Fig 7. Edge view of 2 flate-plate Al.0, compaction (TNT, 6.0 GPa}, A piece
f the aluminum container tube 15 shown at the left.

Fig. 8. Plane-wave compaction of A1.0,. (TNT, 6.0 GPa).

fig. 9. Availabie irreversible energy expressed as percent of melt for porous
A1,0, as a function of shock pressure calculated from the Nugonmt of porous
A1,0, and the equation of state of solid A1,0,. Initial density = 65% of
theoretical.

Fig. 10. Computer made) of plane-wrave compaction.

Fig. 11. Model calculation of cylindrical explosive compaction,
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