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A cr ack in cubic b oron ni tri de cr ysta l w as simulated w it hin the ab i n i t i o
density -functional theory . T he lattice constant , critical stress intensity factor
K c , w hich describ es crack creation stress, and fracture surf ace energy À were

calculated from the elongated 2 È 6 È 1 sup ercell and these quantities agree
quite w ell with the exp erimental data. W e conclude that density- functional
theory can be used to estimate crack ' s material constants.
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1. I n t rod uct io n

The renewal of interest to the cra ck probl em was essential ly caused by ex-
perim ental real izati ons of both equi l ibri um [1] and dyna m ic fracture mechani cs
[2]. Here, we trea t the typ e cra ck creati on, whi ch belongs to the quasi-equi l ibri um
cra cks. Our aim is to use the ab ini tio approach to create the crack, and describe
i ts pro perti es. The quasi-equi l ibri um cracks are al ready trea ted in the classical
wo rk of Gri £ th [3], consi dered as the beginni ng of equi l ibri um fracture m echanics.
Accordi ng to Gri £ th, to open a crack in a thi n plate, the ato mic bonds have to be
bro ken into two new free surfaces created inside the plate. For a crack of l inear size
l , the energy cost of thi s pro cess is of the order of l . Sim ul ta neously, the potenti al
energy of the pl ate under externa l load is reduced due to the stress relaxa ti on
around the crack and thi s energy decreases as order of l 2 . Thus, the tota l crack
energy reaches the m axi mum at l = l . Cra cks of length l < l tend to di sapp ear,
wherea s tho se wi th l > l are unsta ble and wi l l propagate. Basing on these simpl e
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ideas and on the elasti city theo ry the relati onshi p between the cri ti cal stress, the
cra ck size, and shape can be deri ved [5]. Parti cularl y simpl e is the relati on for the
stra ight crack under stress norm al to the cra ck area. In thi s case the cri ti cal stress
¥ c r , and cri ti cal crack length l c r are rel ated as

¥ c r

p
¤ l c r = K c r ; (1)

where K c r i s a materi al consta nt cal led cri ti cal stress intensi ty f actor. The K cr

describes the m ateri al resistance to form ati on of a cra ck.
In thi s arti cle we underta ke, for the Ùrst ti me in our best kno wl edge, an

attem pt to create a crack by stress and to calcul ate its cri ti cal stress intensi ty
facto r K cr , from the Ùrst-pri ncipl e calcul ati ons. As a m ateri al we have chosen
boron ni tri de crysta l (c-BN) because i t has a small numb er of electro ns per ato m,
and tha t al lows to simulate a relati vely large system . The boron ni tri de occurs
in several polym orphi c pha ses, from whi ch at ambi ent condi ti ons the cubi c zinc
bl ende c-BN is therm odyna m ical ly stabl e. Thi s m ateri al shows extrem e hardness
and high m elti ng point. It does not di ssolve in i ron and steel, so i t coul d be used
for coati ng hi gh duty to ols.

2 . C alcu lat i on s

The ab ini tio calcula ti ons of c-BN structure have been perform ed using the
Vi enna ab ini tio simula ti on program (V ASP) [5, 6], the plane-wave basis, and
the ful ly nonlocal Vanderbi l t- t yp e ul tra soft pseudopotenti als [7]. The exchange-
-correl ati on term , as deÙned by Perdew and Zung er [8], and the general -gradient
appro xi m atio n of Perdew and W ang [9] were appl ied. The pseudopotenti als f or B
and N ato ms represent 2 s 2 p 1 ; 2 s 2 p 3 electro nic conÙgura ti ons, respectivel y. A plane
wa ve basis set wi th 400 eV cut- o˜ is used to expand the electronic wave functi ons.
T ests wi th larger value of cut- o˜ showed very l ittl e changes of the to ta l energy.
The wave vecto r summati on is conÙned to the À point of the Bri l loui n zone. The
ground- state properti es of the c-BN structure are obta ined by m inimi zing of the
to ta l energy wi th respect to the uni t cell vo lum e. For tha t we have bui l t a 1 È 1 1

supercel l of c-BN consisti ng of 8 atom s wi th periodic bounda ry condi ti ons and
havi ng the symm etry of the space group F 4 3 m . The calcul ated latti ce constant
a = 3:656 ¡A agree qui te well wi th the experim enta l v alue a = 3:615 ¡A [10].

The simul atio n of the cra ck creati on wa s perform ed wi th the 2 6 1 su-
percell wi th 96 ato m s and periodic boundary condi ti ons. The sup ercell was ex-
posed to the uni axi al tensi on along -axi s, so we could deÙne the stra in along

-axi s as " = ( a a 0 )=a 0 , where a i s the current latti ce constant of the super-
cell and a 0 = 2 a . W e exp ected tha t a crack wi l l pro pagate along the longest

-axi s of the supercell . D uri ng the who le sim ulati ons, value was kept con-
stant. However, the latti ce constant was decreased so tha t the supercell vol -
um e V = 5 6 8 : 4 7 ¡A 3 was kept constant. The to ta l energy was m ini mi zed wi th
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respect to changes of a-axi s and c-axi s. In each step we increase the a latti ce con-
stant by about 0.2 ¡A, decreasing respect ively the c latti ce constant, and keeping
b Ùxed. In order to create an ini ti al positi on of the micro crack we displace two
boron ato m s from the positi on ( 0 : 5 0 0 0 ; 0 :5 8 33 ; 0 :5 00 0 ) = (0 : 5 0 0 0 ; 0 : 4 1 66 ; 0 : 5 00 0 ) to
(0 : 5 0 0 0 À £ x ; 0 : 5 8 3 3 ; 0 : 50 0 0 ) = (0 :5 00 0 + £x ; 0 : 4 1 6 6 ; 0 : 50 0 0 ) , where £ x = 0 : 0 0 5 i s a
smal l di splacement along a-axi s. As a result of the ab i ni t io calcul ati ons we have
obta ined the to ta l energies of 2 È 6 È 1 supercell, the com ponents of the stress
tensor, and the relaxed positi on of B and N ato m s as a functi on of stra in " . The
resul ts corresp ond to zero tem perature.

3. R esul t s

The calcul ated ground- state energies and ¥ x x com ponent of the stress tensor
as a functi on of stra in " along a-axi s are shown in Fi g. 1. The ground state energy
of the supercell increases wi th increasing stra in. The stress (tensi on) decreases
wi th stra in. For smal l stra ins " the stress{ stra in relati onshi p is l inear, and hence
the elasti c properti es of c-BN can beelucidated. In cubi c sym m etry , the C elastic
constant is related wi th the Hooke law C = ¥ =" . From tha t we Ùnd C =

6 9 4 GPa. It diverg es by 15% f rom the exp erimenta l value C = 8 1 2 GPa [11].

The changes of the to ta l energy and the ¥ com ponent of the stress tensor
show unregular behavi or around stra ins " 0 : 2 5 and " 0 : 4 1 . In the region of
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smal l stra ins ( " ç 0 : 2 5 ) the ini ti al cra ck, i .e. the two slightl y displaced ato m s,
is always annealed out to a perfect cubi c structure. At the interm ediate stra ins
(0 : 2 5 ç " ç 0 :4 1 ) the quasi-equi l ibri um crack along b-axi s app ears as the stable
structure. In the highest stra in region above " = 0 : 4 1 the supercel l fal ls apart, into
two separate crysta l l ine pieces. At the cri ti cal stra in " = 0 : 4 1 , the cri ti cal stress
¥ c r along a-axi s is about 100 GPa.

Fig. 2. Simulated atomic p ositions of b oron (a, c) and nitrogen (b, d) atoms in the plane

p erp endicul ar to the c-axes and for critical strain " = 0 :41 . A crack is seen in the center

of the maps. Squares and circles corresp ond to relaxed positio n. Crosses represent perfect

lattice. (a, b, c,d) maps corresp ond to level z = 0 ; 1

4
; ; , respectively .

Fi gure 2 shows the boron and ni tro gen positi ons in the supercell and at the
pl ane perpendicul ar to the -axi s and for the cri ti cal stra in " = 0 : 4 1 . Cro sses
denote the perfect latti ce sites. Squares and circl es describe the relaxed latti ce
ato m ic positi ons, at the level of z = 0 ; ; ; . Fi gures 2b and d clearl y show tha t
the cra ck app ears in the ni tro gen sublatti ce. In boron subl atti ce the separati on of
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ato m s in the region of the crack is certa inly smal ler. The maxi mal shift of ni tro gen
and boron am ount 0.78 ¡A, 0.62 ¡A, respectively. Thi s di stances are su£ cientl y large
to destroy the intera to m ic attra cti ons.

Fig. 3. Reduced x -coordinates ² of all atoms of the supercell as a function of applie d

strain. In a p erfect crystal lattice all ² should b e zero.

Fi gure 3 presents the reduced x -coordi nate ² = x n À
1
8

na , where x n is the
x -coordi nate of an ato m, a i s the a latti ce constant of supercell at a current stress
and n i s the index of the atom ic plane along a-axi s. The appearance of cra ck is
m ani f ested by higher scatter of points, whi ch occurs above " = 0 : 2 5 . Ab ove cri ti cal
stra in " = 0 : 4 1 the crysta l fal ls apart.

From Fi g. 2b and d, one can estimate the length and wi dth of cri ti cal crack as
l c r ¤ 7:5 ¡A and a cr 2 ¡A. Kno wi ng tha t the cri ti cal stress is about ¥ = 100 GPa
we Ùnd from Eq. (1) the cri ti cal stress intensi t y factor as K = 4:7 0:5 M J m .
The materi al consta nt K i s someti m es cal led fracture toughness. Thi s calcul ated
value agrees very well wi th the experim enta l one, whi ch is 5 MJ m 5 2 [12].

It is interesti ng to estim ate the v alues of the surface energy Û , whi ch m easures
the am ount of energy per uni t area needed to form a new fracture surface of the
cra ck. Accordi ng to the sim ple theo ry the crack surface of a sol id is unsta bl e for
stress higher tha n the cri ti cal one, and

¥ = [ 2 c 1 1 Û=¤ l ( 1 ¡ ) ] ; (2)

where ¡ = c1 2 =( c 1 1 + c1 2 ) i s the Poisson coe£ cient. T o estimate the surface energy
Û we have used the fol lowing set of parameters: c 1 1 6 9 4 GPa; the Poisson
coe£ cient ¡ = 0 : 1 8 , the cri ti cal stress ¥ = 100 GPa and the cri ti cal length
l 7:5 ¡A. W e Ùnd the surface energy to be Û 1 6 J m . Thi s value can be
compared wi th the fracture surface energy 2 Û for borosil icate glasswhi ch is around
10 J m 2 and wi th the fracture energy for c-BN whi ch is 2 Û 5 0 J m 2 [13, 14].
It seems tha t the agreem ent is reasonable.
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4 . Co n cl usion s

In summary , we have shown tha t in the cubi c BN the ab ini ti o calcul ati ons
lead to a correct descripti on of the crack. W e have found stable cra ck by m ini -
m izati on of 2 È 6 È 1 supercell under externa l uni axi al stress. Our estim ated values
of elasti c consta nt, cri ti cal stress intensi ty factor and f racture surface energy are
in good agreement wi th experim enta l data . The present resul ts indi cate tha t the
density functi onal theo ry can be used to calcul ate m ateri al constants describing
characteri sti c of cracks from Ùrst pri nci pl es.
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