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' _Sim:e the dawn of history, weap-

ons and armor have been in a
nid-death strugele. During the last
e decades of the 20™ century, a variety

A Berlite readionbended boron carbide armor plats, pof ceramics, including aluminum nitride
B manufachured by PoxisBdof Sovion, lsroed), after 4+ i 3
3 smpact with 7.62X63 AP M2 projectiles. ; ), aluminum oxide I[M:Dl}, boron car-

side (B,C), silicon carbide (SiC), titanium
diboride (TiB,), ungsten carbide (WC),
and zirconium oxide (ZrC), were investi-
oated as armor materials.

Lighe ceramies particularly are attractive for personnel az
well as land and airkome vehicle prosecrion, The mos com-
monly nsed ceramics are ALO,, SeC, and B C ALO), s the
st sronomicl a'|r:-1'|'|:.r|'u\u|:'r bllr its fimal prm-:x-:l:l,un -u::-:ll_l
tions are heavier, becanse ALO), has the highest density and
Lewrest hallistic efficiency of the dheee light ceranice. B C
i= the hardesr ceramic, bar ir underpoes an amorphization
process ar high impacr pressures (such as with Wil-cored
bulbets), which weakens the armer, Although 56 has ne
By Sheuel Hayun amorphization issues, its hizher densiey (3.2 £/cm®) com-

pared with B,C (2.52 g/cm™) limirs ies uee.
We must consider some olver points when choosine an
_ p adequate anmor marerial. For maanee, low poaosing in tae
With adequate understanding of progessing paramelers cermic tile penerally resules in berer balliste performance.
and resulting material properties, reaction bonding offers Moreover, smaller prain sizes increase ballise performance.
4 refatvely inexpensive alemative fabrication method for .in. :|d.-:|.iti.-::-n..m=¢=-::-'l'.r:a'|1|.-im1i:-n,1 .m.'.d e r_:'l' B
: ; i trnprtanee in considering a partioular manerial for armor
lightweighl Geranmic armor, applications, Full density of B,C or 5T i 3 pretequisine for
achiving weceptable ballistic resismnce, Tur can be anzined
only by botpressing fine poweder (<2 pond i the presence of
sinrering additives an relarmvely high remperanees (=7, 473 KL
Further, production method sromply atfects properties of the
ceramic: hotpressing riles often resules in a hasder ceranue,
which is oprimal agains a sinple hir, whereas rescionbonding
tiles provicle bester masltihis perdfommance. Howeever, there is no
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Capsule summary

THE POTENTIAL

Feaction-bonding Tabrication melthods offer

A low-oos! rede b0 produce: composites. with
eftective ballstic impact resistance, genserating
materials with great potential for lighbweight
anmee applications.

dear correbation beroeen quasistatic and/
ot dynamic mechanical propertios and die
ballizric belwmvior of coramics. Monetheles,
S00NC paramerers, siuch as hardness, frac
mire foiphaess, and elasric modulos, are
expected o have an indliemcr.

Llevared hardoness values are, by com-
mia eonsensus, crucially imporanr for
gocd ballisic restsmance, becanse a materi-
al with sufficiently high hardness deforms
of fragments a projectile upon impacr.!
Moreover, cermic frapmoents may oontin-
ually abrade the projecle during the o=
of the penetration process,” Ir 1s, however,
urwelear if harder is always bemer, becuse
one of e main faikore modes of dhin
ceramic files is relared mo fracmire from
tensile swesses, which higher hardness
does ot onprove.

Competition berween high perfor-
mance of carbide ceramics and the high
oot of cotwentional flbdication methods
bed w the developmient of reladvely ines-
penaive alternative fabricarion methods
capable of providing adequate mechani-
cal properties. One approach is hased
on the reacton-bonding technique,
According to this approach, ceransic
powder (5iC, B,C, or B,.C-5iC mixture)
iz mixed with free carbon, compacted,
and subsequently imfilrrared with molten
mecal fep., silicon or aluminum alloys).
Modren meral reacts with free carhon
and with carbon thar originates in B,C
@ form @ ceramic composite. The resul:
ingy commposine has high cobesive srrenath
and elevared hardness values and is an
effecrive ballisnic inpact-resdstant mane
rial. Several variants of reacrion-honding
processes, a5 well a5 the properties of
final composites, are deseribed in scien
titic journals and in parents.

One crucial drawback aseociared with
reactiondonded composires, howeves, is
the fraction of the residual meral falloy
thar significanty reduces the composies
mechanical properties, This fraction
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THE CAVEAT

Despete fhe pobential of reaction-hondad
rresterialks for armar applications, processing
vanables in reaction-bonding technioues can
Siynificantly reduce mechanical properties of
resutting composites,

strongly depends
on indtial porosiny
af the preforms
and on the fraction
of zdditinnal free
carbon. Several
approaches cm
reduce imirkal
preform porosiry,
including pactial
sintering, use of
multimodal powder
minmures, addi-
tion of elements
thar rezcr with, o g—
thee allosp ' meml o T g~ Wl
form srable phases,
and addition of
clements (e.g., Tin- {darker color).
nium or iton} or compounds (ee,, TiC)
that react with B, C and release addi-
Tiemal free carbon.

Thus, knowdedge of the effect of pro-
dessing pamamerers on the microsrraciun:
of infilimated composites, their statc
and dynumic mechanical propermies, and
microstruciine-property relationships
is necessaty o understand and develop
more efficient armor.

Processing of readionbonded
COMpPostcs

Eeaction bonding is 3 special case of
reaction-fomning processes that represent
an imporanc alternarive o comventional
situlering processes, such as solid-stare
sintering, liquid-phase sintering, and hoe
pressing. For polyerpstalline ceramics
tabricared by processes involving chemi-
cal reacmions, eomsolidation berseen con-
stiturive particles ocours by formarion of
new phases rather than by a neckgromah
miechanizm induced by relatively wesk
surface energy forces, ln genemal, these
processes have the advantage of reducing
working temperature, shaping manerials
in potentially complex and latpe near-net
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Figure 1. Sconning elecron mil;.mgrn of RBSC composite. The
new S loyer (white color] precipiiates on initial 5iC parficles

THE SOLUTION

Beiter understanding of the effect of processing
parameters om the microstruchee of arfilrated
cismipeibes, their static and dyramic mechami-
cal propertics, and microstruchre-propety
relatianships can halp develop mere efficient
reaction-bonded baoron carbide for Bghtweight
Armor apphcations,

shapes, and reducing or even canceling
pastconsolidation machining, All these
make the resctionforming proces an
obions direct cost-benefit merhod.
The mest important and widely used
reacticndorming processes are baged on
remttions berwesn o porons solid and an
infilerating liquid phase,

Reaction-bonded silicon carbide
(RBECH composines

The reactiononding approach
was first sugpested and developed in
the 19505 for SiC." According o this
approach, 3 porous body (preform)
comsisting of the cermmic phase and free
cathon is infilesated with liquid silicon,
which reacts witly the rhon o form
a secondary 5iC phase, The resulting
microstrucare {(Fizure 1) consists of
original 597 pamicles surrounded by a
secondary 5iC phase and 5-15 vol% of
residual silicon.® Precsisting, primary
S particles are bonded by the newly
formed 5 phase. A recent spin-odf that
wses diamond a: a carbon source shows
hwge porential—tle new composires
shomr elevaned siffness, hardness, and
thermmal conducovity values,
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Reaction-bonded boron carbide for lightweight armor: The interrelationship . . .

The microstructure and mechanical
propermics of BBSC lurve been thorouphly
mgErigared. Previous snedies esmhlished
the effect of compacred preform proper-
ties (porosity, pore size and distribation,
fracrion af free carhon, and carhon
souree} and processing pasmeress (e
peranire and dumatdon of the infileration
procedure 2s well as cooling regime) on
the microstructure of mfiloared compos-
ires and their medanical properries,”

EBSC marerialz display high
mechanical properties, including hard-
ness [15=25 Gla), Young's modulus
L320-400 GPa), flmoural strenpth
(100-400 MPa), and fracoure tough-
ness (-39 MPa-m 7L Two main
factors determine mechanical proper-
ties of an RBSC:

= Fracrion of residual silicon, dhe
properries of which are significantly
boweer chan those of the S phase; and

* Stmucure and strength of the inter
faces berween BBSC phases,

The first facror is srraighoforwand—
we can teduce the fraction of residual
salicon by adding reactive clements
the silicon melr. These dlenents meact
with residual liguid silicon to form sl
cide phases, The second factor is more
comples and i discussed widely in the
literature. Reported resules reganding the
matiere of 3500 and S0 PE inter
faces are sumrsarized in 2 reviewr by Mess
and Page,” who conclude thar accasional
misfie dislocarions and steps are fotmed
at S50 inrerfaces. These nhsenmtions
are in pood agreement with the resules of
Maylor and Page® who show thar the $i¢
51 imterface is mechanically weak and
provides a preferential path for fracmore
under indentation. Interaces berween
p5iC and @Sl are semicoherent,
anal it is sugmested thar S50 @i,
wp, fio and ) grin boundaries are
srongly bonded by a thin layer (~ 1 nm)
of amorphous S,

Reactionbomded boron carbide
(RBBC) composites

I 1973, Tagdor and Palicke” subanic-
ted 3 patent on “Denze carbide compos
ite for armor and abrasives.” In this pate
enr and other papers, Taylor and Palicke
il upon several key issues of the pro-
cess that rocurrendy is referred o m suls-
segquent patents. The authors fabricited
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Table 1. Technological porometers of speces fobricetion

Sgetimes Initiel Prrtial sinfering, Carbon Hllaying Porasity ol
particke sizw {pm] 20 min edditien elemeats | preform {vel%s)

i STt — . L . . 4

FIu Makinadal powder His Bn L el

A rl-'u'hm.f - - e T —
K 1.5 L1321 B Fie 10, 3,2

L 1.5 PR T fin m M4
L. L5 EETE YT ™ C mAa
e § R AIE] B | k n

‘Fﬁrmu;nfﬂIi—lﬁmﬂmwmﬁmdmn_-ﬂlm

WITL £ reaction infltnorice of pacty sntered §)C-THC ody imblvesed with ek,
KA i et ininarion of pardy sskered F,(—F bndy ieFbried with slices

dense carhide composnes wdng the same
techmique for BBSC, but, instead of
212, they ussd 'E-Jllf:. Thes disewss issues,
including the source of the carbon that
is meant 0 Teact with molten silicon
twhich may be a freecarbon addition],

a carbon-bazed Binder {which provides
minimal selfmupporming strengtl o the
green bodyl, or B, C iself (which neleases
cathon when in contact with molten
silicon). Taylor and Palicke also discuss
the importance of B,C particlesize diseri.
bution and it cffecr on efficient volume
filling. The auchors aepwe thar ar least

1Z vl % of residual silicon is necessany
to achieve pood fabrication yields [Le.,
compasites withour ceacks), This require-
ment puts a major dreehack oo BEBRC,
samilar to BBSC, where residual silicon
creates soft spots thar dersace from over
all hallistic effictency of the produc,
Since then, the research has expanded 10
overcome this obsrace and o reduce the
amount of residual silicon in BRSC,

Fabrication approaches far REBC
composites

The Iraction of residual silicon srongly
depends on initial porosity of the pre-
forms and on initial feacrion and distriba-
thom of free carbon within a compacred
body, To reduce inial porasity of the
preforms, we can either partly sinrer B.C
cotpacts to a desred porosiny or wse a
mixmre of optimally dismilnaned BC pow-
derz of various mverape parmicle siscs,

Ax early stages of our work, we real-
ized that use of resins as a source of
tree cadbon shauld be meaided, becanse
tosic gases ate released during pyrolysis.
Thus, we wsed several altermative medh.
odz, including pyrobysi: of commercial
sugar after deving a 50:50 vater solu-

tion and addition of carbon conrent
{TiC2) or carbon release elements {iton)
0 BJ":, where the resction berareen
these compounds releases free carbon.
Techoological paramerers for specimen
fabrication are presenced in Table [

Microstructure and phase compo-
sition of B,C composites

Soudics establish dhe miceostoweture
and phase compositon of silicon.
infilrrated B, composites fabricared via
various approaches. The following phase
Composilions: wene studiod:

* Bectiondbonded (BB, green B,.C
body infilreated with siliconk

= Reactionbonded multinodal
{EBEM, groen B, boxdy made of mul-
modal particles infiltrated with silicon;

* Beaction-infilirared (BRI, pardy sn-

tered body infiltrated widh siliconk; and

* Reaction-nfilimted with added car-
b (BRI, partly sintered bady with added
free carhon and infileeared wiy silicon).

These mnterials consist of four phases:
original B C parmicles; rernary B (B,C.56),
componnd; BSCE and seidual silicon
(Figure 2). The reaction berween awol-
ten silicon and B, C particles results in
core-Tim erructire formation and & RS0
phase of single plarelike particles.

Aghajanian et al.*¥ srress thar the reac-
tion of molten silicon with E‘C. bz a
deleterions effecr and sugpest the e of
boron as an alloying dlement o slicon
to curtail i nreraction with e ceramic
matriz. However, thetmodynamie
analysis and eqperirental eesule dow
that formation of the siliconcontaining
B.C compound B (B,C,56), during the
BBBC process is independenr of the
fabrication approach and always ooours
in the B-LSi sptem. Results from
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Figure 2. Scanning eledron micragraphs of bulk regions in BRI, BIC, ond BBM composifes.
In REBM composite, left image shows microsgructure affer remaval of residual silicon; rght
imnage shows enlarged area bebween bwo large B C grains.

nanoiodentation experiments show that average hardness and
Young's modulus values of the B (B,C.5i), phase (H,, = 46.1
4.1 LPa and E = 474 + 54 G, respectively) are slighdy hisher
than those of due mitial B C phase (H,, = 420 + 5.3 (P and
E =460 + 23 GPa).Y In addition, mepection of a cack propa-
sanon path indicates that the boundary betoreen core and rim
regions is relatively strong and does nor deflect the propagaring
crack (Figure 3} Thus, the newly formed B (B,C5i), phase
does nor ceduce medianicl properties of the composine.

The mechanism of core=rim stmchire formation is amrib-
uted to the dissolution precipiotion process, which is well
accounted for by thermodymamic analysis of the BHC53
system.”* Becanse B C is a covalentdy bonded solid, its com-
ponents diffuse ar an cavemely low save, and, therefore, i
dizsobres conpruendy (.., with no composidonal changes).
Boron concenmarion in the melr a2 a result of congruent
disschurion iz 8.0 ar. % of boron. Ar the same time, boron
conrent in the melr, which iz in equilibriom s 562 and
the ternary B {B,C.5i), phase, is ~6.6 at.%. Thus, congraent
dissolution of B C provides the required oversamurarion for
temnary carbide formarion, and precipimtion of the B (B,C.54),
phaze esablishes overall equilibriom condivions in the swswem.
Precipitation of the remnary carhide phase makes place ar the
intecface of otginal B O paricles and leads o formarion of
rim regiong, The disolution-predpitation process continues
as lomg as the Liguid is in contact with original B,C parricles,

The amount of various phases within REBC composies i
srromply atfecred by owo facrors, netther of which is freecarbon
addiricn (Table 21 The fissr and obwious factor is mitial porosio
of the pretorms, which detennines amount of residual silicon and

jcan O ic Society Buletis, Vel 94, Ma & | www.ceemicsorg

Figure 3. Crock propagation path in
the campasie underlines strength of
the boundary between the B, C porticls
core and adjacent rim. Moreover,
interaction with 5iC plates couses mul-
tiple crack defledions.
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Reaction-bonded boron carbide for lightweight armor: The interrelationship . . .

Matesial

ble 2. Average phase distribstion & carbea-free ond earban-contaiting compusites

Materiol

ron crbie B0+ RS0,
17 _ K il B4 oweroge particke sz ).

the vewdy forused S0 phase. The second
factor & related ro initial parmicle sise of
B Aroume of ST in the final compos-
ite decreases with incressing inital paricle
size for a given process time. This feamare is
relaved o available B C surfice for inrerac-
ton with molten slicon, which & signifi-
cametly highet for fine inrial B, particles.
o the caze of freecarhon addition
to the green body prior w infiliation,
amount of 50 thar forme also strongly
depends on initial porosity, with Jle
influence from carbon addition. This
“erange” facr may be velared 1o thermo-
dynamic squilibriumm in the SiB-C s
tem for a given tremperature. Free cathon
“ears” some of the infilrrared silicon and
leaves less silicon wo interact with B C,

resilting in less S4CC formarion from
the 5i-B,C interaction. Tatm in Table
2 show dhar the rotal amount of 502 in
BIC i very close mo carbondree samples
(Bl and RE), with smilar particle sizes
and inirial porosine,

Another micrestructural feature in this
sysmem that strongly depends on process
img parameter is moerphology of the newly
formied 50T phase. In composites fabe-
cated with free-carbon addirion, S0 par-
ticles display a polygonal shape. For com-
posites in which initial B is the sole
source of catbon, the SiC phase displays a
plarelike morphology. According 1o rrans-
mzaon eleciron microscopy amalysis, the
BSiC phase always precipitates as single
plarelike particles from the silicon melr,
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preferably with the {111} habir plane ar
thie firse srage., Availalile amount of car-
bon tor SiC formanon during the process
stancds behind che differenr morphelogy.

Pampuch er al.™ and Mess and Page™
discuss the mechanism of 5iC formation
in EBSC hased composines, At initial
stages of the interaction, carhon is suz-
pested to dissobee in dhe alicon melt,
similar ro 8 svsrem withoue Si par
ticles." Thiz dizsolution provides a gradi-
ent of carbon concentrations betaeen
the dissalution site and odginal 5iC
patticles. Carbon diffuses to the surface
of 5 parmicles, and newly formed Si
heterogeneously precipitates. These pro-
cesses form the specific microsmucrore of
BBEC composites (Firuee 1) Moreover,
Mezz and Page" point out thar for-
mation of the RS phase in RESC
composites starts a8 fingerlike particles,
which transform ro plarelike shapes that
rhen broaden to polyponal shapes,

In BEBBC composites fhricared in
the presence of free carbon, teo carbon
source: are mvailable for 592 formation.
Moreover, selubilitg of carbon in the
silicon welt at equilibrium widh 5iC s
extremely lowr and does not depend an
carhon souree, Mevertheless, in the wein-
iy od B paricles, conditions for S50
formation are different from those for
freecarbon partidles. Carbon and boron
dissolve from B, C particles into the
silicon mele, and S and B“I:I_',,{_'.,Si},_
phases precipitate. The remary carbide
phaze precipinates ar the sudface of
original B,C parricles via a semicoher
et interface and comperes with SiC for
carbon atoms.

S particles are nucdeared wirhin
the melr only up 1o e stage 3t which
duszalution of P-lJl': in the malen slicon
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Figure 1. Belotionship between ballishs efficiency against
small arms ammunition and normalized effedive srength
For several armor coramics?
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Frgure 2. Shock waove profiles for commercial armorgrode
B,C and 5iC ceramics measured with velocity interferam-
ey diognostics.” B C demonstrofes postyield softening,
which degrades #s performance against high-density, high-

cAig iUy
ik L CISUITHUHS

By Atta U. Khan, Viadislav Domnich, and Bichard A, Haober

A critical assessment of recent advances in understanding of the nature
and possible root causes of shear-induced amorphization in boron
carbede for lightweight armor applications.

H:gh hardness and low density make
roron carbide (B,C) an ideal candi-
date marerial for lightweight armor applications.
Its yield strength in compression under dynamic
uniaxial strain loading conditions, known as
Hugoniot elastic limir (HEL), is on the order of
15-20 GPa'—higher than that observed in any
other commonly used armor ceramic. With its
high strength and low areal density, B L clearly
outperforms other armor ceramics in ballistic rest
ing involving small arms ammunition (Figure 1).2

Hermrewer, quite uneqpectedly, the ballistic efficiency of B
amainst high-densty, highwelocity threars i inferior to marry ctler
annor ceramics. The lnerature inks this ohseration o loss of shear
srrenprh in B juse aboee the HEL (Figure 21,7 Wherss many other
marerials {e.x., silicon carbide (SiC)) become sronger well beyond the
HEL, E!_IE demonstrates glasslike fracmire under these conditions.

[n recent years, we have come 1o realize in the materials sci-
ence and ballistic communiry that loss of shear strength mighr be
relared to formarion of nanometersized amorphous hands when
B,C is subjected to certain critical sreing under dynamic impace. 1
We beliewe thar such shearindoced amorphous bands mighe ace as
nucleation sites for crack initiation, leading ro ulimare fracture and
frapmentation.” Whether or not amorphizarion is fully tespansible
for the abrupe degradarion o B,C under supercritical impace seress-
es, resemrchers clearly have demonstrated it occurs in ballistically
imnpacted oaterial and in marerial subjecred v o vadiety of other
comtact koading sitvations, such as stanie and dynamic indencation,

scrarching, and meachining.! Domnich e al.! provide an exdsasthe
overview of B O seructure, properics, and amorplization.

Phase diagram and substitutional disorder
Scientists have debared the phase diagram of B_C in general and
the homogeneity region in particular for decades.! Elling® used a
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Capsule summary

T( PROTECT AND SERVE

Eorm cirbiti i an ideal matenal for lighSwesght
mar Applications biscusa of it high hariness
and law cersity. Althcagh the material is supar-
of aganet small arms asnmunition, 5= efficiency
agarst high-density, high-velooty threats is low
because of lazs of shear strengsh,

pood smarting point of verphish-purity
boron (99.6%) and publehed the firse
detailed cxperimental phase diapram in
1961, However, Ellioe iznored losses,
although small, during arc meling,
e ook e existence of surecric in
annealed samples toward the carbon-
rich end a2 an mdication of mesimwm
solubalicy of cadson in ]3‘(_'“.. Koy points
of the phase disgram (Figure 3) mcede
3 homogencity eange of 9.5=19.%a0.%
eatbon in B O and shified composition
of boron-tich entecric very cloze to (B).
Diespire many other phase dizgrams pro-
posed since Elliotr's original work, his
reugains the most reliable phase diagram
and sheould be considered when dealing
with the heanogeneity region of B 2.
Crystal soucrure of B C also s con-
troversial, capocially regarding locadon
of carbon atoms in the kmice.! Extensive
diffraction dara i thee literamre have
cerablished that the basic building blocks
in carbon-rich B,C are an fcosahedron
and & thresatom chain, forming o rthem-
Bahedeal Bim symunetey (Fipore 41.' 1o
general, boaron forms cowalent bonds,

Recentt adwances in understindng of shear
induced amorphization in horon carbide—par-
Ticularky with compatational efforts et imply
prssible amorphization mitigation in daped
boron carbide—revesd remewed possiniiSes for

Hewmever, presence of ouly three valence
elecrrons hinders the maditional 3D
network hased on reo-clecrron covzlent
Bonds. Therefore, bason rends to malke
icosahedm comprising 12 aroms. We
commaonly refer to the Lattice stes of the
six atoms connecting the icosabedrs o
the end chain as cquarorial sites and the
TCMAMINE 50 Aroms connecting the ico-
sahedra as polar zites.

Baged on the propensity of boron to
form a 12-arom icoshedral neowotk,
researchers assumed eady that dhe B,C
ceystal structure was (B VOO0, B for
the 12-atom boron icosahedra and OO0
for the threc-atom carbon chain. This
stmucnare prowvides the necessary 20ar. %
carhon concentraton in the cathon-rich
B, C and retains a thembohedral Rim
symanietry. However, later expernimental
and modeling studies led to the conclu-
siom that in cathonrich B,C, a carbon
atom replaces one of the polar boron
atoms in the unit cell, rendering the
chain compasinon as CHC, Researchers
currently widely accepr thar ne C-0
bonds are formed in BC.!

2":':"‘,ﬁ'“
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Figure 3. Phaso diogram of B-C system reported by Elliot.*
Becouse of wse of high-purity boron, it is considered the most

reliable phase disgram availoble,
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(A)

Figure 4. Principel shrudhural units that comgeize the erystal ot
tice of B,C: 12-atom icosshedra and three-otom chains. Alamic
configurations cormesponding to [A] B, C and [B] B, .C compo-
sifions. Nobe the random occupation of icosshedral polar sites
by carbon atoms in (&), resuliing in substitutional disorder,

Syrdhesis of composites of banon Garbide with
ot patendialy hard phases could reweal other
deformation mechanEms imaiing second-

ary phases hal suppress the amorphization
profiem, potendialy resutting & a raleral with
comparabie of e higher hardness,

For more boron-tich compositions,
the acmwal stoichiometry changes from
BC (= 2001 % carbon) to almosr B, C
(= Lar.% carbon). Substmion of boron
aroms for carbon atoms in smilable lar-
Tice sines canses this acoommodarian.
Althoueh oot substimnrions o the sare-
ing {J.:'r“'i'.:u}i.':ﬁl.': are a topic of cngoing
dizcuszion, researchers have proposed
units such as B icosahedra, CRR
chaing, and twoatom BB chaing, ameng
others. "™ One important compositon
is E'¢<C (15 %o carbon), becanse
many physical and mechanical propes-
ties appear to change around it For
thiz eoanposition, ab inite simulations
consistently find l:'HI_,_'I{_:I:‘.-{_'. is thae Lowe
est energy strucmte among all posshle
AT L‘:}.nf:,;."urul:iun-:._]\:nm|1h', the (B}
CBC stmucnaee bee o B3m symmerry thar
15 comsdstent with diffraction refinement
dara, whereas confipurations thar include
a foeeed position for carbon amoms in
the icosaledra are inevimbly reduced
rer . moonclinge sapmumerry.™ Huhn and
Widom® used combined ab initio toral
energy caloulstions and phenomenologi-
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Figure 5. Phose diogroms of warious ternory systems: (4] S5i-E=C, reported by Telle**
where parbial issthermal sedion is canvarbed lo o full sechan for better undershanding
uqir-g sarmd e lines; [B] W=B=C, reported h-:,r Eudr“: [C] caleulated isathermal sechion
af Al-B-C, reported by Luloes,™ showing significant doping of silicon, hengsten, and
aburminum, respectively; ond [0} pessible compasite of B C-Til *

cal thermodynamic modeling m propose
alvermare carbon substiniton in the six
available icosahedron polar sives for a
(B, C YOBC srrucnure, which would dhen
resuln i the average rthombohedral spm-
ety that is obeerved experimenally,
Swch substimrienal discrder meay be
am intringic properry of B C, resulting
in & nonzers confipuratdonal enmopy
even ar O B (as in socalled peomerrically
frusrrared sysrems).* This brinzs in ques
tion the validitg of result of the majoricy
of ab initio caloulations, which consider
srabiliny of specific amomic configura-
rhoms foften referred as polyoypes or
pobyrrorplisd based on their vl energr.
Such calcubartons trear the material az a
mixtute of noninteracting polmomhs,
thus neglecting confipurarional dizor-
cler - Wardver™ notes thar no superlar-
tice & known so far in B,C. Therefore,
we must asanome thar the differentdy com-
posed elemenrary cells are andomby dis
rribured, This sitsarion is very different
fromm the ideal cryeral with & welldefined
it cell consadered in a Typleal rotal
eneryy minimization maodel.

Amorphization of B, C under
contac looding

Researchers have wsed high-resoludon
transmission eleciron micrascogy
(HETEM) po observe formarion of
nanosized oriented amorphows bands
in B subjected o quasi-uniasaal com-
prrEson, srard indenranon, dynamac
indenrarion, scrarching, and ballisric
impacr.' For indented areas and scrarch
debriz, nanoscale bands coagulate and
form barger amorphous zones.! Within
the amorphous zone, nanosized grains
of crpstalline marerizl with retained
opienmanen oulghs be present, indicaring
highly anisotropic deformation of B C
under arress, In material recovered from
plate impact expetiments, there iz no
direct evidence of formation of amor-
phuous material, although scane groups
imreTpres the mailable shockdoading
dara az indicarmve of 2 phase rransforma-
gon ot amorphization.™ Finally, there
is no experimental evidence dar B C
rranstorms ro the amorphous sare ot
experiences any rype of phase mnstor-
mation under lipdrostaric compression
up o 100 GPa M Theretore, ivis highhby

Crec FNE BN

conceivable thar shear stresses primarily
drive amorphizanon of B O

hashchenko ot al.* theoretically
addressed the namre of the amomphous
phase using moleoalar dynamics meduods
They shoemed thar by stmulaneng aoee-
phoas B-C nerworks based on a1 20am0n
thomhbohedral B C cell the amermphons
phaze consisrs of disordered koosahedea
compossd mainly of boron atoms con-
nected by topodogically disordered B
and T~ nerworks, Experimenrally, other
tesenrchers abserved distorted icosbwdm
within arvorphons bands by seave-olthe an
HRTEM techniques.’

FBeveral groups have theoretically
ioreestiganed the stabilivy of variows I O
polyrypes. Fanchind et al" caloulaved
total energies for various E-.l.__: confipu-
rations under increazing hiydrosmatic
Pressune ab rodm temperature. 1 hei
resulis indicare thar the energetic bar
rier for pressure-anduced anvorphization
of B, i lowest tor the hypotherical
H'EI_,'.I{".'EI'.': polyoype, which is unsmble
at =1 Cil'a during hydrostatic loading.
The suthors predicr collapse of the 'I_'F!-I,_}
(00 stacrure 1o resule im o segregation of
the (B .) icosahedra and amorphous car-
bom in the form of 2-3nmewide bands
along the (113) lastce direction, which
favwrally commelates with amlable TEM
chernmtions can indented and ballisieally
loaded sunples. Therefore, according
o this work, suppressing fonnation of
the (B, W2CC polytype during B,C sym-
thesis helps mirigare amorphizanon and
improves ballistic efficiency aguins high-
density, highaelocoy threars.

Hovaomver, validaty of these calenla-
tioms is highly debatable. Fandhini e al.™
prodicr collapse of the (B MCC poly
type under compression ar bydeosran:
presaures of only 6= Gla, but mailable
exgperimvental data cleady demonsrmate
that the ambient phase of H.l::'iﬁ stalile
under hydrostaric compression up o
100 CiPa. " Memeomeer, theere is 2 com-
pelling evidence that C-C bonds are
prohibited in B C. Therefore, a (B JOOC
confipurarion should nor esdse in nanare?

Yam eral.” hawve emphasized dhe
imporance of raking into account noms
hydeasratic stresses for undermanding
the smbility of BT ar high pressures,
Whrh a complete set of experiments
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wsing quasi-hpdrosmane and quasinizedzal compression up o
50 Gl followed by depressuriztion o ambient pressuee on a
B~ single cryzral, the authors enpaged in sty Baman speciros
cope [0 deter possible highpressure phase transformarions. The
aurhors tond thar wader guasidwdrostatic compression, the
materral remaing a perfect single arstal withear visible surface
relief and cracking. Afrer dhey releazed e pressure, they detec
o no adence of amorphization in samples thar seere boadied
hipdrosatically. Hower, results significantly differ when single-
crysrald BoC = subjectad o guasiunzaal ading and unloadina,
In this case, depressurized saonples break ineo oomerous smedler
framments; evident cracks, surdace relied, and seear bands are
optically visible; and in site Baman spednecopy roveals forma
tion of amoorphous manerial ar 13-16 GPa during unloading
of mmples that were previously loaded o pressures =25 GPa.
Anabpsis of fully depressurized samples rveals nanosized oriens-
o amorphous hands (HETEM) and specreal feamares (Raman)
typical for stress amorphized marerial a5 olserved i indentation
and scrarching experiments.

The same proup conducred theoretical smulations of uni-
axtal loading of B C that indicate a drastic volume change of
the {FIE'-.:-I:I['."."!-L".'- unit ool at a desmbilizamon pressure of 19 G
(oonzisent with an HEL of 1520 CiPa) becase of bending of
the CBEC chain. " They found that at higher koads, dhain defor-
mAnon contmnes untl the ':_R“l'.'.il]l.':]il.': lastice is irreversibly
dizrerted and that the centml boron atom of the chain can bond
with neighboring atoms in the icnsahedra, forming 2 hizhes-
energy structure. They propose thar release of dhis cnerpy during
depressurization is responsible for collapse of de
and formation of locl mnorphized bands 7

1[: structure

An et al."™ further corroborared dhis condusion using atom-
istic simularions when they found dhar the (0111101} ip
FYEMEN (N i!S._._CJL‘B:.: Tas thie bonwrest sheear strensth and that
this zlip cam lead ro unique plastic deformanon before filure
in which 5 B- bond berween neighboring icombedra breaks
to form a carbon lone pait on the carbon atom witun the
icosahedron, Furher shear beads this carboen arom o fonn a
new bomd with the beron atom in the middle of a CBC chain.
This then initiates destruction of the icosahedron, leading
formarion of o nanoscale anorphous band. Ax a remedy to
mitigate amorphization in BC, An et al. propose o modify
the E'1':' smrhesis processes 1o IpETess formarian of ]t___ll_'.l_ B
sahedra, They propose 1o achiewe this result, in pactcular, by
synthesizing more boron-rich B, because they belioved thar
H“ifh units are mostly replaced by B, icosahedra for the B, O
COHMPOAITION.

Calculasions by Tavlor et al.” derermined thar yield strength
of the {J."rl._:l'-'..:ﬂ'i'.: configuration under shear strain is on the
order of 30-40 GPa=aboat tedice that of other sTucmres
irvolving carbon atoms in the icosahedron. This fmplics
that B, _C may be most stable under shear loading, further
cnphasizing the impormance of invesigating boronarich boron
catbedes for posible mitipation of shearinduced amorphiza-
rion and making marerial with improved ballistic perfformance.
Similar to other modeling wock, "™ Taylar er al. propoese thar
softening of shear mnocduli i= associated with formanon of neow
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bonds berween the unssturated centmal stom in the dhree-
atom chain with equarorial atoms in neighboring weosaliedea.

|. ::I".i.?:{i.l: .il'||| |1'|-|_||;_|-\.I:|I|.., I{'I;Iq.ll'l'_: |_|q,'r_'r|_';|_~:|_'g-: _-cl'\.ni_—jnz .!'\-prl,l.wn
the central chain and equarorial aroans, and formation of these
mew bonds vesules ina more enerpetically fvorable configurs-
Tio,

Amorphization mitigation through elemental doping
e way to improve the mechanical properies of BC,
erpecially it fracouee toughness, is doping. Mumerous repors
Liave been published relared o doping of BC with various ele-
menes, An and Goddard™ reported a possibility of replacing
C=B=0C wirh 34-54 chains, caiming it leads to more docrile
B Their caleulbarions show cthat as high as - 14 26.% slicon
can be added 1o BC This work mriggered widespread interesr
in the B C communiry regarding silicon doping. However,
Telle™ reported a maxinmum silicon solubility of 2.5 = 0.5 at.%
in BC ar 2050, and even lower solubility at lower tempera-
tures, i conrradiction e what was found throoush simolarions.
Thesefore, we meed to wnderstan] phase equilibria of this
aysremn. We comverted the partial isothermal section of Telle’s
waork o a full Bothermal sction using repormed tie lines (Figure
AN This section shows thar the meedrmum solobilicy of silicon
i around B, C, composition. Telle also repoms thar silicon
deping kicks cacbon oat of the B,C lattice. In sddivion, silicon
reacts with free carbon present in ]']1( - detrimenial o irs hard-

s
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Figure &. Pscudo-binary phase diagrem of [A) Tig_-B,C as reported by Rudy and Windsch™ and [B] B C-5 a5 reported by

Secrist,™ indicoting cutechics.

Tz, andd comvetts it toa more desirable
SiC. Most often, B,C is simtered by wsmg
cither spark plasma sintering (SF3) or uni-
aeaial ot pressing ar - 205000 £ 1507,
Therelors, we conchade that, at lesr with
these pwo techaigues, maximnm sohibil-
ity of slicon in B,C cannor be achicved.
Imsted, slicon solubilivy remains close
i the reported 2.5 + 0.5 ar%. Howewer,
we can sealize ligher silicon doping using
other rechmigues, such as arc meling,
whete the remperature usually iz moch
higher. However, no one has repormed
higher silicon 2olubilivy yer.

The aforemwentioned tepor by An and
Cocdard® regarding the possible impact
ot silicom doping on frcure woughosess
insgpares us o consider other doping ole
mients. Encouraged by thar possibilivg, we
biriefly surnmarize here 3 fow potentizl
doping elements based on repormed phese
chinprains. Fipures S(B) and 50} illosman:
considerable solubilivg of mangsren and
alurmimam in B O Althougl s heve
not theoretically cealuared dee effect
of these clemenis, they meght present
similar remilrs. Additionally, presence of
alumirmm melr in equilibrivm with B C
sugmests that we i use this liquid as a
anteging aid for B and help sinter this
material at kower temperarures, Among all
excperimmental or caboulared published ree
narry syateins, aluominum shows the highest
amcaint of doping in B O and may dpmili-
cantly chamge Feacruee roughness, hardness,

34

e, Moreonerer, a different BAC matio weould
result in 2 different amoune of dopanes.

Alhough there ks very low solubiling
of ttanim m B,C (Figore S(I), com-
bined doping of titanium and drconium
iz effective in improsing bardness, com-
pressive strength, and inpact elasicioy
of E‘ﬂ: Presumably, improsed impace
clasticiy iz associated with an increase
of free electrons from the doped meral
aroms, while preserdng the cosalent
bBonding responsible for high hard-
ness—and resulting in retained hardmess,
Therefore, multiple doping elements ar
the same time could be a route 1 a less
amnrphized and harder ].:'r+C with ber
ter clastic response to ballistic impact.
Crenerally, we observe maxivnum sobo-
biliry around a B, C, composition for
aloeast all doping elements. In addition,
higher boron content 38 compared with
B, might better pesisr amorphizsstion,
altheugh hardness moay decrease.™
Therefore, we should target doping
around a B T, composition.

Moreower, the low aromic weishs
of magnesium makes it an interesting

candidare for B C doping. Recent experi-

ments in our labomtory indicaee a s
piftcant amount of magnesinm doping
in B, and we observed no consider
able axidation of this sintered marerial.
However, we ane evalaaring it effert on
muirigaon of amorphization, fracture
woughness, and hardmess,

Improving ballistic efficency
through composites

Chue way thar we circumvent the amor
phizxtion problem in B C is to malke
composites, We belimne that amorphized
bands ane responsibile for cradk initation
and prowth and thar secondary phaces may
hinder these cracks, preventing the mane-
rial from failure. TTowver, we recogmise
that there ane certain preroquising 1o meet
hefrre pomsidering 2 conrpesite. One of
the 0T IMPOTIENE PAGRMELETS i3 i Co-
patable hardness of the second phase, Tn
acddiriom, overall density of the composine
should naot weeed dar o corventional
armor materiaks, Furher, ammors in geny
eral aned body ammors in particular should
be Lighraeight. Figure H00) shows that
H.ﬂ and T“:E-:_ are in Hemmodymanne eoqus-
lileinem ac 2, 160°C, which is dose 1o the
general sinrering remperanre of B C.

Til, also has high hardness, Therefore,
itz comnposnes could be poesible armor
marerials. Although TiB, hee o ralver Tigh
demsaty, arcund 10 wr% of it could be
wsed 1o resulr in an overall densiry of
<3 pwlom?, well within the acceptable Hmie
for body armors. ZrB, or HIE, also lie in
thermodynamic equilibriom with B C,
their high densiry hinders use as a com-
posite oearerial, Morsover, the hardness of
these materials is comparable m Tif,, but
their prives are penetally higher dhan TiB,.
Theretare, it is not worth consdermz
these tw compounds for annors.
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Heowever, it is destralile to check phase dinsrms before
attempring ro make possible composines of varions imTeTesTing
compoatnds, For emample, W iz a very hard marerial, and we
may think abour making a composioe of it witds B,C. However,
Figure 3|B) illustrates thar these meo phases are not in equi-
librivm, and sinteting these two phases topether will form
other phases that may have properties very different from the
tarzeted caves.

It also iz immenssly mmpormant dhar we control dhe micro-
strucruse of the final maretials. Well-dispersed secondary
phaszes are far more effemive, and finer grins could increase
hardness. Generally, very fine Zrain size of entecrics makes
thens altmactive for improsed] hardoness. Lamellar micsosrge-
ttes may resilr in better fracmire monshnes: as well,

A eutectic exists comprising B C and TiB,. Furectic micro-
srructure in sddition o e intringic high hardress of comstnent
phases could lead m harder and steonger ammor materials, B FiTe
0 dhoers T possible eurectics consistine nr']ﬁ*[_ L—']'L'I{._ and B -
S W alveady use 58 for body armor, However, its relarively
high dencity and cachier Lvaer hardness make it vulseble o
emetging threars, JC coanposdtes with B and, more onpors
tasslly, ensbectic micTostmacruee with B, C holds promise and may
overcome the inminsic problens of sandalone BC or SIC
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