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The Enthalpy of Formation of Cubic Boron Nitride
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The massic energies of combustion in fluorine of two specimens of cubic boron nitride
have been measured in a bomb calorimeter, the standard molar enthalpy of formation
AH), (c-BN, cr, 298.15 K) = —254.6£1.5 and the enthalpy of polymorphic transition
Ay Hp (298.15 K) = —3.5+1.5 of the process: h-BN (cr) — c-BN (cr) have been deter-
mined. Those quantities are compared with the values determined previously.
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Cubic boron nitride, the second hardest material after diamond, has been synthe-
sized in 1957 starting from hexagonal BN [1,2] by use of high pressure — high temper-
ature techniques [3—5]. Now, in major scale the catalyst methods are used for
production [6—8]. Due to the chemical stability — cubic BN is superior to diamond in
high temperature oxidation resistance and inertness to many metal melts. It is an im-
portant engineering material as an abrasive and component of cutting tools. Also
semiconductor properties of thin c-BN layers are applied. For technologists is im-
portant to know: if c-BN is the stable phase of boron nitride under standard condi-
tions, what is the precise stability under those conditions, moreover is it possible to
synthesize cubic BN at low temperature.

The objective of this work, performed in Physical and Chemical Properties Divi-
sion at National Institute of Standards and Technology, was to determine the standard
molar enthalpy of formation A ;H, (cr, c-BN, 298.15 K) by fluorine combustion calo-
rimetry.

EXPERIMENTAL

Materials: Two specimens of cubic boron nitride manufactured by Sumitomo Electric Company (Ja-
pan) were designated as grade A and grade B. Sample grade B, grains of size 4+8 um in gray color, con-
tained the following impurities (in mass %): O, 0.147; C, 0.145+0.002; H, 0.01673. This sample was
additionally analyzed for trace metals: 0.0658 (Al, 0019; Ca; 0.0201; Cr, 0.0056; Cu; 0.0015; Si, 0.0014;
Ti; 0.0096; V, 0.0020; Mg, 0.0033; Fe, 0.0093; Ni, 0.0033; Zn, 0.0064). Sample designated as grade A,
grains of size 0.5+2 pm in dark gray color, contained following impurities: O, 0.487; C, 0.383+0.002; free
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C,0.313+0.003; H, 0.08562. The performed analysis of BN impurities were: O —determined by inert gas
fusion with IR detection; H — by inert gas fusion and thermal conductivity; total C — by high-temperature
combustion with IR detection, free C—by LECO RC412 “multiphase” carbon determinator with IR detec-
tion (LECO Corporation, St. Joseph, Michigan), and trace metals by a direct-current-plasma, opti-
cal-emission spectroscopic technique (Luvac Inc, Boylston, MA). Other products used in combustion
experiments were: fluorine of 98% purity from Air Products, prepared by distillation and before use
passed through a column filled with NaF to remove traces of HF; high-purity hexagonal selenium (batch
no. S75045) from Johnson Matthey used here as an ignition aid (impurity of Se was only 0.001 mass % of
oxygen determined by neutron-activation analysis); tungsten foil 0f 99.99 mass % purity was formed into
saucers of diameter ~ 4 cm, and used as an auxiliary combustant (Schwarzkopf Technologies Corp.,
Holliston, MA).

Calorimetric procedure: A two-chamber reaction vessel and the calorimetric system described pre-
viously [9-11] were employed. All experiments were designed to have a final temperature close to T =
298.15 K. The outer chamber was charged with F; at a pressure of | MPaat T =293 K and it was separated
from the c-BN sample in evacuated inner chamber by a valve, that could be opened from outside. When
the valve was open after the temperature of the calorimeter had reached a steady state, F, entered the inner
chamber and expanded to about 0.6 MPa at T = 298 K. Preliminary experiments showed that, c-BN did not
ignite spontaneously when exposed to fluorine, and required the use of small quantity of Se (Se + 3F, =
SeF) to initiate the reaction. Even so the reaction did not go to completion and, therefore a tungsten foil
was employed as an auxiliary combustant. To burn cubic boron nitride a special arrangement was made:
c-BN sample was placed in a tungsten saucer that sat on top of a nickel crucible, that, in turn, was placed
on the lid of the inner chamber. Similar procedure was used in the past [12]. Upon ignition of selenium
fuse (forming SeFy) the vigorous reaction of fluorine with tungsten was initiated (to form WFg) leading to
completion of the boron nitride reaction with fluorine:

c-BN(cr) + (3/2)F»(g) = BF3(g) + 1/2N,(g) (1)

However, the combustion of cubic boron nitride in some experiments was not complete, and minor
amounts of unburned BN remained in the crucible. Residues were brushed from the crucible, and calcu-
lated by difference of weights. After removal of the residue, the mass of the crucible was found to have in-
creased (less than 1 mg) in several experiments. It was caused by formation of NiF,, a common event in
fluorine combustion calorimetry, although in the present work the crucible has been pretreated with F,.
Corrections for all these residues were made later in calculations.

In few selected cases, when the combustion experiment was finished, the gaseous products of reac-
tion were transferred to a liquid-nitrogen cooled trap, the excess of F, was removed by pumping, and the
remaining products were analyzed by FTIR spectrometer. Only the presence of BF; was evident, apart
from WFg and SeF¢ (products of fluorination of auxiliary materials). Gaseous products (from the C, B4C
or H,O impurities combustion), such as CF, or HF were not detected.

RESULTS AND DISCUSSION

Detailed calorimetric information for the combustion in fluorine of two samples
(B and A) of cubic boron nitride is contained in Tables 1 and 2. Many of the symbols
used in those tables have been defined by Hubbard [13]. Thus, by m are denoted
masses of material placed in the bomb, they were converted from apparent masses by
the densities given in Table 3; A, is the corrected temperature increase; g(calor) is the
energy equivalent of the system, determined as a mean value from a series of calibra-
tion experiments, based on the combustion of benzoic acid in oxygen; AU(cont), al-
lows for the net energy equivalent of the contents (crucible, samples, gases) of the
bomb, calculated using massic heat capacities and standard molar heat capacities
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shown in Table 3; AU(gas) is a standard-state correction, that was calculated by use of
the intermolecular-force constants from the literature for F, [14], WF4 [15 ], N, [16]
and BF; [17]; the small quantities of SeFs have been neglected. The quantity
AU(blank) measured in separate experiments by expansion of F; into an evacuated
bomb was calculated as it was discussed in [18]. The quantities AU(W) and AU(Se)
give the contributions of fluorination of the tungsten saucer and the selenium fuse to
the total energy measured in the experiment. Corrections for the fluorination of the
selenium fuse to SeFs and of the tungsten auxiliary to WF¢ according to the reactions:

W(er) + 3F5(g) = WF(g) @) Se(cr) + 3F5(g) = SeFq(g) (€))

were derived from massic energies of combustion in F, of Se — (14097+6) J-g ' [19]
and W —(9374.443.1) J-g1 [12]. Finally, AU(NiF,) is the correction for fluorination
of the nickel crucible based on A (HY, (NiF,, 298.15 K) =—(657.7+1.7) kJ-mol™' [20].
For calibration of the calorimetric system were used the NIST-RSM-39j samples of
benzoic acid, whose certified massic energy of combustion in oxygen is —(26434+3)
J-g"'. The massic energy of combustion A of the sample was calculated as the sum of
the energy contributions in each column divided by the corresponding mass of sample
m(BN). The mean values of energy of combustion were then derived from individual
values with uncertainty determined as standard deviation of the mean: (sample A c-BN) <
A >=—(35885.0+20.6) J-g”'; (sample B ¢-BN) < A.u > =—(35802.9+11.1) J-.g .

Impurity corrections: Calculation is based upon difference of the energies of
combustion in F, between considered impurity phase and c-BN. Results of the analy-
ses of two c-BN samples were already presented in the materials description. Sample
B was more pure (0.3745 mass % of total impurity elements) than sample A (0.9556
mass %). It was considered previously [11,21] that carbon impurity could be present
as B4C, free carbon or as a mixture of both. However, content of free carbon in sample
B could not be defined, because an access to the analysis on LECO RC412
“multiphase” carbon determinator has been gained when the specimen was entirely
used up in calorimetric experiments. For this reason correction of the carbon impurity
of B sample (see Table 4) has been combined as a main value of two corrections, as-
suming the presence of total C as B4C or free carbon. That is why the calculated uncer-
tainty of the impurity correction for sample B is so large. The O, and H impurities in
sample B were assumed to be present as B,O3; and H,O. The values of oxygen mass
fraction in B,O; and H,O were deduced assuming that total amount of oxygen can be
expressed by 0.147-1 02=x+ yandin H,Oitcanbey=0.01673-(Mo/2My). The sam-
ple B was additionally analyzed for presence of trace metals, that were assumed to be
present as stable borides or nitrides. The corrections calculated for each assumed im-
purity phase on the basis of obtained results of chemical analysis and detailed auxil-
iary thermodynamic data are collected in Tab. 5. These calculations show that they
have a negligible impact on the final thermochemical values derived from the calori-
metric measurements.



"i($8%)-C = ST 03 poppe | 8- 9/ [F UON061I09 Ajndur Jo WS € 9197 ST dneA AJureliooun [euly oy, d[dures SLIJOWIIO[ed & JO SSEUl OFeIoAR
oyl SIS OEH [0 = <> dIYM ‘<t>/(CAIN)AV I0) | B[ [F ‘<ut>/(M)NV 10} | 8-f L'TF ‘<ut>/(se8)QV 10} | 8-[ [F ‘<ut>/°gV-<(10[ed)3> 1of | 3- ¢F ‘SurySrom 10 | J-f
[F ‘<u>/(Ue[q)QVI0§ | 8- € F < N°VI0f> B[ 9°LF 'S SUONRIAGD PIEPUL)S O} SE POSSOIdX0 SOUTEIIoOUN [ENPIATPUT A1) $oSTIAWO0 S Passordxo Ajurerodun oy,

1. Tomaszkiewicz

1166

181 (90T F 6855€)— = °V
Twe (9L1 F #17)+ = uonodaiiod Ayunduwy
B (11T F 6'2085¢)- = (V)

9°6LLSE~ '86LS€~ 9°09L5¢~ €0085¢— €9€86¢— 6'9LLSE~ TH985¢— 9'6585¢— | ([ By
£/Cev-)
6'€6LET- €'TL6ET- 1'L0$81— T'LOETI- T'ST01- TOTEST- €'L0EET- 81885~ (101e0)3
_ _ . . _ _ _ r
sct 8y [EINAY
€'86L8 L'9LT8 €7€68 8'5108 12€9S T8 6'67€8 00 t/(MmNv
€679 0'9¢L 9'8L9 TI8L I'TvL 6'86L SP'0€8 0'%S9 r/(es)nv
€9- €9- 78— S Sy 69— 86— v [/(u0d)NV
'l Tl 81 01 01 [ 60 'l /(ses)nv
$8'¢ S8'¢ S8'¢ $8'¢ $8'¢ S8'¢ $8'¢ $8'¢ [/O1e[Q) IV
L¥066°0 87€00'1 0687¢'1 7LE80 TTHELO $€660°1 €5556°0 9$TTH 0 eV
90900 12250°0 Y1870°0 1$$50°0 LSTS0'0 L9950°0 16850°0 6£9%0°0 5/(eg)ut
L98€60 20€88°0 96756°0 8€868°0 L£8009°0 L9006°0 £€8068°0 00 3/(m)u
1S121°0 8S8€1°0 LL8YTO 11,6070 8%L01°0 69691°0 0ISII0 109%1°0 3/(Ng)w

8 L 9 S 14 € [4 I

/L (6°0F9°9T6€T) = (10[e0)3 “ed $TE 10T = (d 3 S1°86T = I “outionyy ur (g o[dures) Ng-0 Jo uonsnquiod jo A310uo oIssejA *[ A[qEL,




1167

The enthalpy of formation of cubic boron nitride

‘[12] 304, ‘[0zl 324, ‘[61] 324, ‘Tog] 324, ‘[1€] 3o,

66'TT €0611 8'66 18°0C €rey »
o RETY 2498 N g R
7h0 LOL'O LI€0 6790 (3,0 p
16'8 el 18y OL8Y'E ((w-SpW) d
pIN M S Ng-0

10§ | B[ € F < N°VI0J> | 8-[ $[F 'S SUONBIASD pIepuL)S oy} S PassaIdxd sonurelooun [enprArpur oy} sasudwoo ¢

‘N g-o JO uonsnquiod Jo A319Ud JISSBW 31} JO SUOIB[ND[ED Ul pasn sannuenb Arerixny *¢ djqeL,

"8+1 S0 uopvanrod Aumdur jo Aurerreoun oy pue o[dures SLIOWILIO[ED © JO SSEW dFLIDAL O} ST 8 €70 =
<> 1M “<ut>/(CAIN)AVI0F | 8- [F ‘<tt>/(M)QVI0F |5 ¢F ‘<tt>/(SeS)JV 10§ | 8-[ [F ‘<> 9V <(10[0)3> 10} 5[ 9 ‘FurgSrom oy | S [F ‘<ur>/([ue[q)V

[

(}83)-T = sz se passaidxd ‘Ajurepsodun [euly oy L,

81 (8% F 6565€)—= n°V
Tw. [ (S°0T F 0€E)+ = uonoa10o Ayunduy

81 (970 F 0°5885€)—= (n°V)

0798S€— T8°TLSE~ 0'6185¢— S SI6SE 9°¢S65¢— ((8pmy

8YLETT— 0TLYTT— L'SS8TT— 1'L0T11— S TYOLT— /(ev—)-<(101€0)3>

1€y - 1¥'L €8’y 798 [/GAINAY

1°€€9 0608 9°¢68 0919 056 r/(eS)nv

691¥L TT0SL 96S1L 6'66€L 979¢8 /(MNv

I's— I's— €6 0'S— '8~ [/(Guod)v

01 ¥6°0 0T L60 89'1 /(ses)nv

v'e v'e v'e v'e v'e [/Clue[q)v

LLI180 SLETS O 0€1$8°0 €L¥08°0 9¢88T'1 S/oV

6¥16L°0 6£008°0 20¥9L°0 87680 817680 3/(m)u

T6v10°0 0rLS0'0 6€£90°0 YLEYO0O 1¥,90°0 3/(eg)w

$ST60°0 €1880°0 €6S01°0 TL880°0 L86£T0 SN
S 14 € 4 1

/1 (6°0F 9°9T6€T) = (10[82)2 “ed §TE 10T = (d 3 S1°86T = I dumonyy ur (v o[dures) Ng-o Jo uonsnquiod jo A310ud JISSEA 7 AqEL



‘[1¥] misjewoq pue [op] uneq * [¢¢] yoramn woxy udye; (dwn) (H'v eyep Arerjixne Juisn 24 y3im SUOORAI
saseyd Qyumduwir 10y pajenofes sanjea (dwrn)n’y pue 3/f ([ [FE08SE)—= (NFG)N°V JO dN[eA PAUIWLISISP JO SISBq ) U0 Paje[no[ed uonodaLiod (dunn’y —(Ng)n°y = (n°y)y,

1. Tomaszkiewicz

1168

3/( 9L1F1C :uondo10o Ayunduwi [ejo],
9G¥ 68¢ 10 8'0F9'LE
I'OFIv— SopLO 8590°0 SIUQWIOYO
SopLIOq
ooel1],
COFLYI— 86— 10°9¢— Y0'0FE8'S8C— 96¥1°0 OH €L910°0 H
6CC1’0
01— oy 1c— 8EVI- VIFSELCI— ¥020°0 o' 11070 Ly1°0 O
9'6+9CIy 10 0 1819 9'L6~ 11+CL— ¥699°0 10 0 o'd
0 10 8°0+8°09 6’1y oL’ LL— 0 0 10 S¥1°0 D 92y SY1°0 0]
31 uonoey
P9V N e T Qumda o1 wouo[g
uonvaLI0) ATVIV DoV 1) H'V Kyumduy 00 ) 1 : z

‘(g opeid ordures ‘o1nod[g owoyrwing) Ng-o 10J suonoariod Aundwy *f d[qer,



1169

The enthalpy of formation of cubic boron nitride

‘[o] utreg pue [¢¢] yorams woxy uayey (dwr){H'v erep
Arerixne guisn paje[nofes sanjea (dwn)n’y pue 3/ (01F168S€)— = (NF-0)n°V JO an[BA PAUIWLIISP JO SISBQ 3} UO PIIR[NI[ED U01}03110d (dwnn’y — (Ng)n°y = (n°V)y,

3/ 80" :uonoa1109 Ajunduy

6TC T9¢ 6’ 1L~ 06— €9 ‘g3 €€ SN
v6'1— 19T 96~ 9T YL INFUZ ¥9 uz
600 Le €6¢ S8¢I— 144 aA 0t A
€TT 091 L'1s— S'6LT 6¢1 ‘qrL 96 IL
910~ 0L~ 9'8C— 6'8C8— €T YNFIS i4! IS
1L°0— (A4t At L11e= 0S gN €€ IN
¥S°0— 8y 8'0¢— 1L 111 god €6 od
16°0— 6'1¢— eLe SyL— 91 NfnD Sl ny
€C1- 81— VLI €L~ 89 g1 9¢ D
e R 61T 01— 8¢ INFED 102 €D
61°0— 99— 06T 0'81¢— 6C NIV 61 v
(uonoery
/1) (€] (€] (rouw/ ) ssew oseyd aseyd Aundun (uonorI] Ssewr
°V)V-M LYV (dwr) 0oy (dwn){H'V Ayunduur) pauwnssy Aundur) 01-m yusery
0T-M

*(g opeis oLod[g owoywing) Ng-o o[dwes ul SJusud[o 9081} 10J SUOIALI0)) *S e



1170 1. Tomaszkiewicz

For sample A the complete analyses of contents of free and total carbon impuri-
ties have been made, thus, calculation of C impurity correction (see Tab. 6) is accu-
rate. The ratio of H to O contents in sample A was too large, comparing to sample B,
so combination of the impurity phase presence only as B,O3 and H,O in sample B was
not sufficient. The oxygen content was then combined in B,O; and H,O, using the
same O:H ratio as for sample B, and the remaining part of H had to be interpreted in a
different way. It seems that this part of H impurity phase could depend on the sample
production method. In Sumitomo Electric Industries large scale production of c-BN
is performed by catalyst-aided procedures [22—-25] or hard c-BN coatings are pre-
pared by microwave plasma from the boron source gas B,Hgor BCl; and the nitrogen
source N, or NH; mixed with H, [26,6]. We had no exact information how the samples
studied by us were produced. So, to interpret the hydrogen impurity correction one
can assume, that part of H, (g) has been absorbed in BN crystal structure. This inter-
pretation can be confirmed by a statement, found recently in [27], that exfoliated lam-
inar crystal structure of graphite or boron nitride could be used for storage of fuel
gases such as hydrogen or methane.

Standard molar enthalpy of formation: Thus corrected values of the massic
energies of combustion (given in the bottom of Tab. 1 and 2) are following:

Sample B — Au’( BN-c) = —(35589+206) J/g and sample A — Au’( BN-c) =
—(35555+48) I/g

Converting it to molar quantities with the use of M (BN) =24.8167 g/mol and taking
into account that for reaction (1), A% -RT = 0 kJ/mol, we obtain A . U%, = A H}, values
presented below in Table 7. In calculations of A ;HS, (BN-c, cr, 298.15 K) from A ;HY,
the value of A ;Hy, (BiF3, g,298.15 K)=—(1136.6+0.9) kl/mol [28] was used, and here
uncertaintes were combined in quadrature. The reaction, to which A (H,, relates is:

B(s) + 1/2N, = BN (cr, c) (4)

The data of standard molar enthalpy of formation obtained for two cubic BN samples
presented in Tab. 7 are compatible. The more reliable result (because of the uncer-
tainty limits) A HS(cr, c-BN) = —254.3+1.5 kJ-mol™', combined with A H% (cr,
h-BN) = —250.8£1.2 kJ-mol™', that was determined previously [11], leads to the
enthalpy of the polymorphic transition A ., H, (298.15 K)=-3.5+1.5 kJ-mol ™' for the
process: h-BN (cr) = ¢-BN (cr). Using data of standard molar entropies S, (298.15 K):
15.15+0.03; 6.767+0.01 J-mol K" for h-BN [29] and ¢-BN [30] the entropy for the
transition A ,;S%, (298.15 K) =—8.38+0.03 J-mol "K' is calculated. From these data
AwG? (298.15 K) =—1.10 kJ-mol ' is obtained. Few different values for A ;HY (cr,
c-BN) have already been reported in the literature. Makedon and Feldgun [32] calcu-
lated the enthalpy of polymorphic transition A . HY, (298.15 K) = —4.6 kJ-mol ™" for
h-BN (cr) = c-BN (cr) by the Clapeyron-Clausius equation extrapolating experimen-
tally determined equilibrium curve (within pressure range 4+7 GPa, and temperature
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600+1550 K) to standard temperature and pressure. Combining reported result with
data recommended by Gurvich [33] A Hp, (cr, h-BN) = -250.5+1.5 kJ -mol™" value
A(HY, (cr, c-BN) =-255 kJ-mol ™' was obtained. However, in [34] appeared the new
value of A . HY, (298.15 K)=3.5kJ-mol ', that would lead to A (HY, (cr, c-BN)=-247
kJ-mol™". This result obtained also (A . H% (298.15 K) = 3.5 kJ-mol ") in [35] has
been, however, discredited in [36], where the energies of combustion of cubic,
wurzite and hexagonal BN in F, were measured using fluorine bomb calorimetry
[37-39]. For cubic BN the standard enthalpy of formation was determined A (H}, (cr,
¢-BN) = —266.8+2.2 kJ-mol™" and for hexagonal form of BN A HY, (cr, h-BN) =
—250.6+2.1 kJ-mol'. The last value is in a good agreement with results obtained re-
cently [11] and determined in Argonne laboratory [21]. Samples used by Leonidov et
al. [37] were purified from carbon impurities by a successive combustion in oxygen
and subsequently of B,Os by heating at 1573 K in vacuum. Their result A HJ, ob-
tained for c-BN is more negative than reported in this work, however, both indicate
that cubic form of boron nitride is more stable than hexagonal in standard conditions.

Table 7. Summary of standard thermochemical results for cubic BN.

Sample Acuy, AU, = AHY, AHY,
Jg! kJ-mol’ kJ-mol
Crystalline c-BN
(grade A from Sumitomo Electric) —35555+48 —882.3+1.2 —2543+1.5
Crystalline ¢-BN '
(grade B from Sumitomo Electric) 35589 + 206 8832 +5.1 —253.4+52
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