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ABSTRACT: Good quality single crystals afasparaginium picrate have been grown by a low-temperature solution growth technique.
The UV-visible—NIR absorption spectra were recorded for the grown crystal and relative second harmonic generation (SHG)
efficiency was investigated to explore the NLO characteristics of the material for the first time in the literature. The relative SHG
efficiency of the material is 66.5 times greater than that of KDP and 10 times higher than that of urea. The dielectric and mechanical
behavior of the specimen were also studied. The structural perfection of the grown crystals has been analyzed by high-resolution
X-ray diffraction (HRXRD) rocking curve measurements. Fourier transform infrared (FTIR) spectroscopic studies were also performed
for the identification of different modes present in the compound.

Introduction well as their delocalization length, so as to lead to prodigious
enhancement iB. Picric acid forms crystalline picrates of

dependence of the refractive index on the applied electric field various organic moleggle; through ionic a_nd. hydrpgen bonding
and —o interactionst? It is known that picric acid acts not

to bring forth other frequencies. The added esteem of nonlinear . ' .
. . - only as an acceptor to form variomsstacking complexes with
optical materials over lasers and electrooptics became prepon-

. other aromatic molecules but also as an acidic ligand to form
derant from the early days of lasers. NLO materials endow the salts through specific electrostatic or hydrogen bond interac-
expansion of the circumscribed spectral regime of lasers. The gn sp yarog

SR ; So
pursuance of more efficient nonlinear optical (NLO) materials tions!? Bonding of electron donor/acceptor picric acid molecules

of increased optical quality is being goaded by the development _strongly depends on the nature of the partners. The linkage could

of optical communication systems that require ultrafast broad- involve not only electrostatic interactions but also the formation
band optical signal processing functions. The noetic construction of molec_u lar complexest - . .

of structurally controlled supramolecular assemblies (e.g., Acentn'c m0|eC.UIes gon3|§t|ng of h'gh.ly delocalizeélectron
acentric and chiral solids) remains a great challenge even thoughSyStemS interacting with suitably substituted electron donor and

the art of chemical synthesis of discrete molecules has signifi- acceptor groups exhibit a high value second-order polarizability

15 S ) :
cantly advanced in recent decades. The relevance of organic(ﬂ)' L-Asparaginium picrate (LASP) is one suahdonor—

materials in this fresh context is because the delocalized ggﬁi?t;rz dr?r?éec.lélfé gc?gjgglgl]:ctlrr:)r\:vgclziksstg?rigl'?ﬁa?e(t:t;l ‘?]Sa o
electronic structure of--conjugated organic compound offers picri ! ptor. Ani - hav

a number of tantalizing opportunities in applications as nonlinear [(ipc\)/\zlteg thenunlt ctellmpe;iramtetsir s of fo‘Agsl Ilslor\:viverl; tonOIrJT: d
optical materials. Organic crystals in terms of nonlinear optical owiedge no systematic studies o ave bee ade.

properties possess advantages when compared to their inorganiﬁ!ence' in the prese_nt |nvest|gat!on we rep_ort for_ the f'r.St time
counterpartd: 8 Also one of the advantages in working with e bulk growth,_ optical, n_1echamca|, and dl_electnc stud@s, and
organic materials is that they allow one to fine-tune the chemical second harmonic generation (SHG) propertiesagparaginium

structures and properties for the desired nonlinear optical picrate (LASP).

propertie€. In addition, they have large structural diversity. The ]

properties of organic compounds can be refined using molecular Experiment

engineering and chemical syntheSisience they are projected LASP crystals were grown by a slow evaporation solution growth
as forefront candidates for fundamental and applied investiga- technique. Picric acid is less soluble in water, wheneasparagine
tions. The design of organic polar crystals for quadratic NLO shows more affinity toward solubility only in water. Equimolar
applications is supported by the observation that organic quantities of the parent compounds picric acid (Loba Chemie, 99%)
molecules containingr electron systems asymmetrized by andL-asparagine (Loba Chemie, 99%) were dissolved in a mixture of

- - acetone and water (1:1). The reaction is depicted in Scheme 1. On
electron donor and acceptor groups are highly polarizable cooling of the solution, the salt was obtained by crystallization at low

entities:* [_)onor/ acceptor benzene_ derivatives _are sure to temperature (28C). The material was repurified from aqueous solution
produce high molecular nonlinearity. An organic molecule py the recrystallization process. The single-crystal growth of this
should have large second-order hyperpolarizabifiytg exhibit material has been performed from solution. Selection of suitable solvents
good nonlinear optical properties. Extension of benzene deriva-is very definitive for the growth of good quality single cryst&lshe

tives has permitted an increase in the number efectrons as solubility of LASP in acetone and water (1:1) was assessed as a function
of temperature in the range 365 °C. A thermostatically controlled

vessel (100 mL) was filled with an aqueous solution of LASP with
some undissolved LASP and stirred for 24 h. On the next day, a small

Nonlinear optical (NLO) materials utilize the nonlinear
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Reaction Mechanism of LASP
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Dielectric properties are correlated with the electro-optic property

solvent of acetone and water (1:1). Thus, single crystals of LASP have of the crystalg® Carefully discerned samples of LASP were cut and

been grown from saturated solution (pH 2.01) of the synthesized
salt of LASP by the slow evaporation technique at € using a
constant-temperature bath having a control accuracyt6f@l °C).
Yellowish crystals of size 1.5 0.8 x 0.4 cn? have been obtained
(Figure 2).

X-ray diffraction data were collected at room temperature using a
single-crystal X-ray diffractometer (ENRAF NONIUS CAD4, M@K
A = 0.710 69). High-resolution X-ray diffraction analysis was carried
out to study the structural perfection of LASP. A multicrystal X-ray
diffractometer (MCD) developed at NPL (National Physical Laboratory,
New Delhi)}&set in (+,—,—,+) configuration, has been employed using
Mo Ko, radiation originated from a fine focus sealed tube X-ray
generator (Philips, 1743; 2 kW). The dispersive-{,—) configuration
for the three Si(111) monochromator crystals of MCD has a special
advantage to get a highly monochromatid(4 < 1075) and collimated
(horizontal divergence 3 arc sec) exploring beam (K).*° The sample
(0.8 x 0.2 x 0.2 cn¥) was lapped and polished and the resultant

polished on a soft tissue paper with fine grade alumina powder (0.1
um) dispersed in a mixture of acetone, water, and DMFO (1:1:4). Each
sample was electroded on both sides with silver paste (air-drying) to
make the sample behave as a parallel plate capacitor. The dimensions
of the crystal were measured using a traveling microscope=103001

mm). The sample thickness was 0.4 to 1.4 mm. A HIOKI 3635 model
LCR meter was used to measure the capacitance, dielectric loss (tan
d), and resistance of the sample as a function of frequency (range 30
95 °C). A small cylindrical furnace (20 cnx 20 cmx 20 cm), whose
temperature was controlled by a Eurotherm temperature controller (0.01
°C) was used to house the sample. The dielectric constant was calculated
by using the relation

€ = Ctl/(eA)

where ¢, is the permittivitty of free spacd,is the thickness of the
sample,C is the capacitance, anilis the area of cross section. The

damaged surfaces were removed by preferential chemical etching usingconductivity of the crystal was calculated using the relation
acetone and water in 1:1 ratio. The specimen occupies the fourth crystal

stage and is oriented for diffraction in symmetrical Bragg geometry
and (+,—,—,+) configuration of the diffractometer.
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Figure 1. Solubility graph of LASP.

Ogc = U(RA)

Quantitative measurement of relative efficiency of LASP with respect
to well-known SHG materials KDP and urea was made by the Kurtz
and Perry* powder technique. The finely powdered crystal of LASP
was densely packed between two transparent glass slides. An Nd:YAG
laser (DCR11) was used as a light source. A laser beam of fundamental

Figure 2.

As-grown single crystals of LASP.
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Table 1. LASP Crystal Shapes with Different Solvents a
solvent crystal shape b 4 .

acetonet water (1:1) block (210
ethanoH- water (1:1) plate-like
methanoH water (1:1) small plates

1
|
1
E
wavelength of 1064 nm, 8 ns pulse width, with 10 Hz pulse rate was '
made to fall normally on the sample cell. The power of the incident !
beam was measured using a power meter. The transmitted fundamental :
wave was passed over a monochromator (Czerny Turner mono- "
chromator), which separates 532 nm (second harmonic signal) from K10 1) ! -
1064 nm, and absorbed by a CuS®lution, which removes the 1064 (3on) C ot ron
nm light, and passed through BG-38 filter to remove the residual 1064 '
nm light and an interference filter with bandwidth of 4 nm and central 1
wavelength of 532 nm. The green light was detected by a photo- '
multiplier tube (Hamamatsu R5109, a visible PMT) and displayed on X
a storage oscilloscope (TDS 3052 B 500 MHz, Phosphor digital !
oscilloscope). KDP and urea crystals were powdered to the identical '
particle size and were used as reference materials in the SHG I
measurement. The melting point measurements were made using :
TEMPO PT s100-230 V melting point apparatus. |
For optical device applications, the transparency in the near-IR U i L [\
region is significant rather than that in the visible region because 1.3 (2
and 1.5um wavelengths are used in optical telecommunication
systemg? The absorption spectrum for the title crystal was recorded
using a Varian Cary 5E UVvis—NIR spectrophotometer in the region
200-2000 nm. ; ;
The room-temperature mid-Fourier transform infrared spectrum of Table 2. Comparison of Crystallographic Data of LASP
LASP was recorded in the region 408000 cn1? at a resolution of reported® present work
+4 cn ! by using a Perkin-Elmer Fourier transform infrared spectro- 10.367(4) 10.3322
photometer (model SPECTRUM RX1), equipped with a LitaO 5.1611 5.1215
detector, a KBr beam splitter, a H&\e laser source, and a boxcar 13.120 13.0932
apodization used for 250 averaged interferograms collected for both eg) 93.20 92.99
the sample and the background. KBr pellets contained a fine LASP
powder obtained from the grown single crystals. crystallographic data. Figure 4 shows the molecular structure
The structure and composition of the crystalline solids are inviolably of L-asparaginium picrate. The arrangement of picrate and
related to the mechanical hardness. Microhardness testing is one ofasparagine ions shows that the title compound is an internally
the best methods of understanding the mechanical properties of materialsﬁnked hydrogen bonded ion pair and hence can be regarded as

such as fracture behavior, yield strength, brittleness index, and molecular crvstal. The asvmmetric unit oBsparaginium
temperature of crackin®; 2 Hardness of a material is a measure of & ular crystal. The asymmetrnic uni sparaginiu

resistance it offers to local deformati8hThe hardness measurements ~Picrate contains an asparaginium cation and a picrate anion
were made on the prominent (301) plane of the crystal of thickness where the carboxyl group is protonated. Thus-ar* transition

0.3 cm using LeitzWetzler Vicker's hardness tester fitted with a  occurs in the carboxyl group, which gives rise to NLO properties
Vicker's diamond pyramidal indenter and attached to an incident light jn this systen?® The picrate anion plays a pivotal role in
microscope (Neophot-2 of Carl-Zeiss, Germany). Loads ranging from pyqrogen bonding (intermolecular hydrogen bonding) with the
0.5 to 5 g were used for making indentations, keeping the time of L-asparaginium residue and forms strongk®--O and N-H-+-O

indentation constant at 10 s for all the cases. The diagonal lengths of A
the indentation mark and crack length were measured, using the hydrogen bond$> The donor and acceptor molecules of

micrometer eyepiece at a magnificationo100. The microhardness ~ L-asparagine and picric acid complex are held together by the

Figure 3. Morphology diagram of LASP.

=0 OTo
T Do o 2o

value® was calculated using contacts of van der Waals type. Hence, the effect of inter-
molecular hydrogen bonding between the phenolate ion of picric

_ (1.854#) N/m? acid and the.-asparaginium residue will enhance ihealue,
v d? which is the required property for a system to exhibit a nonlinear

optical process. Table 3 summarizes the details of LASP.
whereHy is the Vicker's hardness numbé?,is the applied load (N),
andd is the average diagonal length (m) of the indentation mark.

Results and Discussion

Good quality single crystals of LASP (Figure 2) were
obtained using a mixed solvent of acetone and water (1:1). Other
mixed solvents resulted in either plate-like or small crystals.
The results are tabulated in Table 1.

The morphology of LASP establishes that there are six
developed faces, out of which thE80 1} plane is more
prominent. For each face, its parallel Friedel plane is also present 04
in the grown crystal and shown diagrammatically in Figure 3.

LASP belongs to the monoclinic crystal system with space group

P2; having two molecules in the unit cell. The obtained unit

cell parameters are in good agreement with the reported ¥lue.

Table 2 portrays the comparison between observed and reportedrigure 4. Molecular structure of LASP.
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Table 3. Summary and Details of LASP Crystal

empirical formula GH9N,O3TCsHoN307~
formula weight 361.24

color bright yellow

shape black

size 0.9x 0.4 x 0.3 cn?
symmetry monoclinic

space group P2,

a=10.3322 Ao = 90.3108
b=5.1215 A 8 =92.9924
c=13.0932 A,y = 90.5880

unit cell parameters

volume (&) 692.8445

z 2

diffractometer ENRAF NONIUS CAD 4
radiation Mo Koo

wavelength 0.71069 A
hygroscopicity nonhygroscopic

UV absorption (cut off) 430 nm

mechanical properties moderately hard.
melting point 223-226°C

Figure 5 shows the rocking curve of LASP crystal recorded
for (101) diffracting planes. The square points are experimental
points. The curve bears two additional peaks with adjacent

angles 40 and 12 arc sec away from the main peak. These two

additional peaks may be attributed to very low angle boundaries
whose tilt angles are 40 and 12 arc sec. The full width at half-
maximum (fwhm) of the individual boundaries are in the range
18 arc sec. The peak is less sharp, and the half width of the
low angle boundaries are 42 and 96 arc sec. From the HRXRD
results, we elucidate that the incorporation of solvent into the
growing crystal, which is common in solution grown crystals,
is responsible for the very low angle boundaries, and we
conclude that the quality of the crystal is good.

The results of dielectric measurements are shown in Figures

6 and 7. It can be reasoned out that the dielectric constgnt (
and dielectric loss (tan) decrease with increase of frequency.
The large values of dielectric constant at low frequency suggest
that there is a contribution from all four known sources of
polarization, namely, electronic, ionic, dipolar, and space charge
polarization. Space charge polarization is generally active at

lower frequencies and high temperatures and indicates the

perfection of the crystai.Further, the space charge polarization
will depend on the purity and perfection of the material. Its
influence is large at higher temperature and is noticeable in the
low-frequency regioR® The changes ot' and tand as a
function of frequency for LASP may be considered as a normal
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Figure 5. High-resolution X-ray diffraction (rocking curve) curve of
LASP.
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Figure 7. Log frequency vs conductivity of LASP.

behavior of a dielectric. The dielectric constant and dielectric
loss decrease with increase in frequencies (Figure 6). The low
value of dielectric loss (tad) indicates that the grown crystals

of LASP are of reasonably good qual®y.The dielectric
constant of LASP crystal at 308 K (1 kHz) is 363, and this
value decreases to 227 at 368 K. There is an—idipole
interaction between dipole moments of the LASP molecule and
the effective ionic charges. In the temperature range-3868

K, the dielectric constant of dispersive medium decreases
because the term contributing to dielectric constant from the
ion—dipole interactions is compensated by the thermal energy
leading to the relaxation of polarizatidhFigure 7 shows the
variations in dc conductivity oy) of LASP for different
frequencies and different temperatures. At higher frequencies,
the increased conductivity could be due to the reduction in the
space charge polarizatiéh.The increase in conductivity at
higher frequencies for a given temperature confirms small
polaron hopping in the title crysta} 33 The conductivity of
LASP increases upon increase in temperature. The electrical
conduction in dielectrics is mainly a defect controlled process
in the low temperature region. We ascertain from Figure 7 that
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Table 4. Comparison of SHG Signal Energy Output

30
input power, KDP, urea, picricacid, L-asparagine, LASP,
B o 25 mJ/pulse mV mV mV mV \%
£ 1.9 9.0 121 2 0.599
£ 3.0 100 142 9 1.0
£
1-0 220
124 . . .
i Table 4. This strongly suggests the title compound as a potential

candidate for SHG applications. The melting point of the title
crystal was found to be 22226 °C.

The UV-vis spectrum gives limited information about the
structure of the molecule because the absorption of UV and
visible light involves promotion of the electrons in theandx
orbitals from the ground state to a higher energy state. The UV
vis—NIR spectrum of LASP is shown in Figure 8. When
absorption is monitored from longer wavelength to shorter
wavelength, enhanced absorption is observed between 1500 and
2000 nm. The absorption in this region is due to overtones of
some fundamental vibrations of the nitro group in picric acid.
There is low absorption at the fundamental wavelength (1064
nm) of the Nd:YAG laser, which contributes to the crystal’'s

o3 I I resistance to laser-induced damage. Further there is very little

500 1000wMunwhm)l500 2000 absorption at the wavelength of 532 nm, which can improve
the second harmonic throughgfrhe characteristic absorption
Figure 8. UV—vis—NIR spectrum of LASP. band is observed at 430 nm, and there is no absorption band
between 435 and 1400 nm; hence the crystal is expected to be
the electrical conductivity of LASP is low at low temperature transparent to all the U¥visible—NIR radiation between these
owing to trapping of some carriers at defect sites. At any two wavelengthg®
particular temperature, however, the Gibbs’s free energy of a The FTIR spectrum of the compound is shown in Figure 9.
crystal is minimal when a certain fraction of ions leaves the The recorded FTIR spectra were compared with the standard
normal lattice. As the temperature rises, more and more defectsspectra of the functional grougéThe hydrogen bond bridges
are created, and as a result, the conductivity, which is two atoms that have higher electronegativity (such as O, N)
predominantly due to the movement of defects produced by than hydrogen. The hydrogen bonds most often found in
thermal activation, increasés. nonlinear optical crystals of organics involve an interaction

Table 4 shows the comparison of SHG signal energy output between a hydrogen bond to ar? sjitrogen or oxygen and an
for the title compound LASP with that for standard KDP and oxygen atom with more s-bond character although more
urea. It is clearly ascertained that LASP displays very high symmetrical interactions also occur. The profound influences
efficiency relative to KDP and urea counterparts and its parent of hydrogen bonding will be different depending on whether
compounds. The crystal is 66.5 times more efficient than KDP the hydrogen bond is intramolecular or intermolecular and in
and 10 times more efficient than urea. The SHG efficiencies of the latter case on the specific extent and mode of interaction.
the parent compounds were also studied and are included inThe structure of LASP includes a weak intramolecular and a
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Figure 9. FTIR spectrum of LASP.
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Figure 10. Mechanical behavior of LASP: (a) load vs hardness number; (bPleglogd; (c) load vs crack length; (d) load vs fracture toughness;

(e) load vs brittleness index; (f) load vs yield strength.

strong intermolecular hydrogen bonding between the picrate oscillation at 547.44 cm. The peak at 1740.19 crhis due to

anion and the-asparaginium residue, which is characterized
by O—H---0.16 The frequency of such vibrations strongly
depends on the length of those bondsAsparagine exhibits

C=0 stretch of COOH. The amide carbonyl stretch occurs at
1671.9 cml. The asymmetric and symmetric modes of £O
occur at 1562.69 and 1437.56 cirespectively. The peak at

tautomerism due to weak intramolecular hydrogen bonding 1485.13 cm! is assigned to Nkt symmetric vibration. The

between the OH group and the imine N atom. Due to

symmetric stretch of N@is assigned to the peak at 1335.65

tautomerism, the asparagine derivatives resemble urea, whichcm™1. The aliphatic CH bend appears at 1370.27 &nThe

is one of the very few organic materials in which second

OH bending modes produces peaks at 1271.7 and 906.89 cm

harmonic generation has actually been observed. In urea also;The phenolic O vibration produces peak at 1159.97ciiirom
the hydrogen bonding polarizes the electron cloud and enhanceghe above discussion, it is concluded that picric acid necessarily

the intramolecular nonlinear process. Vibrations of hydroxyl
groups that are hydrogen bonded to aromatic ringlectron
systems absorb at 3673580 cn11.38 In the present investiga-
tion, in LASP, the frequency of this band is shifted to low
wavenumber region at 3531 cidue to the addition of picric
acid, which forms intermolecular hydrogen bonds with
asparagine. The broad envelope between 2400 and 370D cm
includes vibrations due to NH stretch (3200 Tin aromatic
CH stretch (3084.6 cni), aliphatic CH stretch (about 2950 cm
~1), and broadening of OH stretch by hydrogen bonding. The
less intense broad band at about 1978.3 tiis due to a
combination of NH™ asymmetric bend and its torsional

protanates the carboxyl group. The observed vibrational fre-
guencies and their assignments are listed in Table 5.

A plot between the hardness number and the load is depicted
in Figure 10a. We clearly infer that the microhardness number
increases with increasing load. A plot (Figure 10b) obtained
between logP) and log@) gives more or less a straight line.
The relation connecting the applied load and diagonal ledgth
of the indentor is given by Meyer’s laR = ad". Here,n is the
Meyer’s index or work hardening coefficient that has been
calculated from the slope of the straight line. The valuen of
obtained for LASP is 1.05. From careful observations on various
materials, Onitsci¥ and Hanneman pointed out thatlies
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Table 5. FTIR Spectral Data of LASP
wavenumber (cmt) assignments

3531s intermolecular(O—H)

3084 s aromatie(C—H) \

2950 s aliphatie’(C—H) | |\/| [

2367 w amino acid

1978 m das(NH;") | | | |

1740 m »(C=0)

1671s amide/(C = 0) | | | |

1633 s O(N—H)

1562 s vas (COO) 2

1485's v(NH3z™) l - = |

1437 m »(COO0) i

1335s v(NOy) r_ _.1 r‘_ _-1

1370 m 5(C—H) | | | |

1271s 8(0—H) \\_MJ

1159 m phenolic O
937 w 0C—Nin plane . . ) . .
906 W 5C—N in plane Figure 11. Geometry of Palmqvist crack around Vicker's indentation.
795m @NO,
745m ¢NO; . )
706 m oring lated?® For n < 2, the applicable formula isy = Hy/3. We
599m vC—NO; see from Figure 10e,f that the brittleness index and yield strength
523m PNO; also increase as load increases. The increase in hardness

ay, symmetric stretchingyas, asymmetric stretching; bending;das, accompanied by increase in fracture toughness, brittleness index,

asymmetric bendingp, rocking; ¢, scissoring; s, strong; m, medium; w,  gnd yield strength are clearly seen.
weak.

Conclusion
between 1 and 1.6 for moderately hard materials, and it is more
than 1.6 for soft materials. The value ofobtained is 1.05,
which in comparison is harder than that of its parent compoun
picric acid ff = 2.07)*° and benzimidazolen(= 2.06)#! The
term toughness may be defined as the property of the materia . - .
by virtue of which it can absorb maximum energy before 77 transition in the carboxyl group accounts for the
fracture takes place. The indendation impressions are usuallynonlinearity in the title crystal. The dielectric constant and
seen associated with cracks at almost all loads. The presencc%'el‘%t_r'C loss studies of LASP establish the normal dielectric
of cracks confirms the decrease in microhardriégar the title ehavior. The increase in conductivity may be attributed to a

crystal, we see from Figure 10c that as load increases the crackl€créase in space charge polarization. The—Ug—NIR
decreases, which supports the increase in hardness of thepectrum elucidates that the crystal is transparent between 435

material. The resistance to fracture indicates the toughness o 490 nm. From the FTIR spectrum, we _establish the presence
the material. According to Ponton and Rawlifdswo types of mf[ermolecular hydrogen bor!dlng, which could enhance_ the
of crack systems can be formed in a material as a result of nonlinear property of the material. The hardness study projects
indendation. These are radiahedian and Palmquist crack € crystal to be moderately hard. The fracture toughness,
systems. At a well-defined value 6fa, C being the crack length ~ Prittleness index, and yield strength for LASP have been
measured from the center of the indendation mark to the crack €Ported. The relative SHG efficiency of the material is 66.5
end anda being half the diagonal length of the indendation times greater than that of KDP and 10 times greater than that

mark, transition from Palmquist to median cracks occurs. For ©f uréa. Based on these facts, it could be proposed that this
Cla < 2.5, the cracks developed are Palmqvist cracks. For the novel material can be better accommodated for optical applica-

title crystal LASP, the type of crack obtained is Palmqvist. The 1ONS
pattern of Palmqvist crack is depicted in Figure 11. The fracture

Optical quality single crystals of LASP were grown using a
g solution growth technique. The morphology unveils the growth
habits of the material. The rocking curve measurements
jsubstantiate the good quality of the crystals. The occurrence of

Detailed investigations of nonlinear characteristics of LASP

toughnessK. for median crack type is calculated using the are in progress and will be reported in due course.
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where the constark = 1/; for the Vicker’s indentor antl= C

— ais the mean Palmqvist crack length. We see from Figure
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