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The sapphire fragments size distribution in one-shock fragmentation is obtained in a mass
range from 0.002 to 100 mg. Two methods of fragment size determination are used — the
method of weighing and the method of photographing with subsequent measurement of the
image area. The comparative analysis of methods is carried out, and a good agreement of
the results is shown. The form of large-scale asymptotic of size distribution of fragments
is determined. It has power distribution form with exponent —2.5. The crack-resistance
coefficient is calculated on the basis of obtained results.

IKCIIEPUMEHTAJBHO MIOJYYEHO DACIpeIesieHre II0 pasMepaM OCKOJKOB camndupa B OIHO-
ymapHoii (pparmenTanuu B auanasoHe mace ockoakos or 0,002 mo 100 mr. Mcmosnb3oBaHBI
IBA METOZa OIpe/esIeH’sI PasMePOB OCKOJIKOB — METOJ B3BEIIMBAHUA U MeTon dororpadu-
poBaHUsA C MOCJEAYIONIMM H3MEPeHueM ILiomansu usodpaskenus. [IposBeseH cpaBHUTEIbHBIN
aHaJM3 METOJ0B, IIOKa3aHO Xopoliee coryjacue peadyiabraroB. OmnpemeséH Buja KPyIHOMAC-
mtabHOM ACHMIITOTHKHU pacipezieseHus: pasmepoB ¢parmentoB. OHA MMeeT BU CTEIIEHHOIO
pacmpezeseHusi ¢ IOKasareiaem cremeHu —2,5. Ha oOCHOBAHWM IIOJIlyYEHHBIX PE3YJILTATOB
BBIYHCJICH KOd(PPUIMEHT TPeI[NHOCTONKOCTH.
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1. Introduction

Shock fragmentation, or, as it is called
in [1], "weak fragmentation”, represents
the destroying of a material sample with
one impact with given energy. The shock
fragmentation is the central stage of many
technological processes and testing methods.
With its results we can determine the mate-
rial strength characteristics — related both
to shock destroying as such and "intrinsic”
material characteristics, such as effective
binding energy.

The shock fragmentation can be used for
quick obtaining a lot of material samples
with a specified size distribution, in par-
ticular — of micro-fine powders. In contrast
to multi-shock fragmentation or prolonged
fragmentation under pressure, the proper-
ties of fragment size distribution in case of
one-shock fragmentation can be well con-
trolled by parameters of the fragmented
sample (for example, choice of its size) and
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the destroying device (in particular — the
energy injected in the impact). For this rea-
son, the study of fragments distribution
properties in shock fragmentation seems to
be very important.

Sapphire is a transparent crystal, it is
very rigid. It is possible to grow such crys-
tals of comparatively large size. Nowadays
some producers offer windows
5002500 mm with thickness 30 mm. The
specific features of this material determine
the sapphire application in transparent
high-speed shock protection constructions.

There are some special methods for
evaluation of strength characteristics in
high-speed shock [2, 8]. However, they are
oriented on studies of separate charac-
teristics of amorphous materials and are
distinguished by stresses created in the
sample in destroying. Due to anisotropy of
its crystal structure, the sapphire has dif-
ferent properties in different crystal-
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lographic directions. Also strength charac-
teristics essentially vary depending on the
crystal surface state (grinding, polishing,
chemical or thermal etching) [4].

The crystal strength characteristics can
be determined from the fragments size dis-
tribution that is formed in the process of
destroying it by impact. Our work is dedi-
cated to obtaining this distribution, its
analysis and also crystal strength charac-
teristics calculation on the base of it. In the
capacity of the "fragment size” value we
can use its mass, volume or specific geomet-
ric size — the cube root of volume. In most
of our work we used the fragment mass in
this capacity.

We have focused on obtaining the frag-
ment size distribution, because knowledge
of this distribution both has an independent
significance and, simultaneously, allows one
to calculate other physical characteristics,
such as crack-resistance coefficient, average
fragment size and fragment size dispersion
(which is important for obtaining fine-dis-
persed powders). In addition, knowledge of
dispersion on a sufficiently wide scale range
of fragment mass allows extrapolating this
distribution on scales inaccessible in frames
of other measuring methods. This allows
making predictions about fragment sizes,
direct measuring of which is technically dif-
ficult.

Finally, it is useful to compare distribu-
tions obtained as a result of our experi-
ments with distributions found in other
works dedicated to shock fragmentation. It
will allow making reasonable assumptions
about the relative effects on the distribu-
tion of specific parameters of the experi-
ment (material, size and shape of sample,
and also the method of impact bringing and
injected energy quantity), on the one hand,
and general universal shock fragmentation
properties on the other hand.

We have set the experiment on shock
fragmentation of sapphire samples. Frag-
ment masses formed in this experiment
were measured, and with these data frag-
ment distributions histograms over masses
for different measuring methods and on dif-
ferent scales were constructed. On the base
of constructed histograms we determined
the form of the large-scale distribution as-
ymptotic. The obtained asymptotic was
theoretically grounded in work [1]. The
comparison of it with the form of asymp-
totics discovered in other works ([5—8]) al-
lows making an assumption about the form
universality of the fragments distribution
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Fig. 1. The scheme of sample breaking device.
1 — projectile, 2 — upper layer of hardened
steel, 3 — crystal, 4 — bottom layer of hard-
ened steel.

on large scales. Also, we calculated the
crack-resistance coefficient.

2. Experiment set-up

Sapphire crystals in the form of disks
with diameter 4.4 mm and width 1.2 mm
were used for the experiments. The basis
plane (0001) was parallel to the disk plane.
The crystals were grown by the Stepanov’s
method and annealed in vacuum. The sam-
ples had identical quantity and quality of
defects, because they have been cut from
one crystal.

For sample destroying we used the im-
pact device (Fig. 1). Load mass — 3.3 kg,
falling height was changed within the limits
of 12 cm to 35 cm.

We selected the projectile falling height
equal to 18 cm, because with this load the
fragments of every crystal had sizes in a
wide mass range. With smaller load (projec-
tile falling height 12 em) crystals were de-
stroyed into 2—5 fragments, and with larger
load (projectile falling height 30 cm) the
crystals were destroyed into a large quan-
tity of small fragments which could not be
weighted using an analytical weighing ma-
chine and separated on an object-plate for
photographing.

Among all size characteristics, the frag-
ment mass is determined with the least am-
biguity. For example, the "line size” of a
fragment can be defined both as its average
diameter and as the cube root of its volume
and, in some case, as square root of the area
of its projection. This choice is, in fact,
arbitrary.

Therefore, we accept the fragment mass
as the size characteristic. We determine it
by direct weighing in the mass range in
which it is possible and calculate from the
other measurements outside of this range as
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described below. We also apply additional
measurement methods to those fragments
which we can weigh. It is necessary, first of
all, for the estimation of applicability of
alternative measurement methods, and, sec-
ondly, for the determination of constants
required for computation of fragment mass
on the basis of the results obtained with
these methods.

3. Data processing methods.
Comparison of the results

Fragment masses were determined using
two methods:

1. In first method, fragments was scat-
tered on glass and photographed. Then the
area of their images on the photo was deter-
mined and fragment masses were calculated
on the basis of this area data.

2. The second method was weighing of
fragments.

Weighing was carried out with the help
of an electronic weighing machine, with
precision up to 0.5 mg. From fragments of
40 experiments, all fragments with masses
from 3 mg were weighed. There were
255 fragments.

Method with photographing. The image
areas (in pixels) were calculated using an
appropriate software, but before this the
photo needed manual correction — deleting
of traces of dust and artifacts, as well as
covering over the inner regions of large
fragments. The resolution of the photos was
determined by marks plotted on the glass:
48 pixels to millimeter. Thus, the areas of
fragment projections on glass in mm?2 were
obtained. The fragment masses were calcu-
lated on the basis of these values using the
following formula

m = apS¥a, )]

where p is the sapphire density (4 g/cm?3)
and o is a "form-factor”, i.e., a coefficient
related to the fragment shape.

The form factor of fragments obtained in
the experiment is determined on the basis
of agreement between the data obtained by
both methods. Of course, such agreement is
realized in the region accessible for both
methods i.e., the large-scale region. It is
important, because the number of frag-
ments measured using the photographing
method is essentially larger then of the
weighed fragments. This is due to the fact
that the method with photographing allows
recording of fragments of much lower mass
as compared with the method using a weigh-
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Fig. 2. The scheme of sample fragments pho-
tographing. 1 — camera, 2 — screen protect-
ing camera objective from exposure, 3 —
sample fragments after breaking, 4 — quartz
object-plate, 5 — black box guaranteeing
dark background for sample fragments, 6 —
highlight lamp for sample fragments.

ing machine. Let us estimate the lower mass
limit that can be measured in the photo-
graphing method. On a photo, one can re-
cord fragments with area of several pixels.
We take, for definiteness, 10 pixels. Such
an area on a photo corresponds to the area
of fragment projection on glass close to
4.36:10°3 mm? and, supposing that the
fragment shape is close to cube, we obtain
that its volume is about 2.875-107% mms3
and mass —1.15-1078 mg. This mass is by
three orders of magnitude smaller than the
mass accessible for reliable weighing with
acceptable precision using a weighing ma-
chine.

Let us describe the procedure of the form
factor determination. The form factor value
o is somewhat different on different scales.
We suppose, however, that with the excep-
tion of several largest fragments (that rep-
resent almost unbroken initial samples), we
can take an identical value for all scales.
The criterion for determination of a, thus,
must be insensitive to size deviations in a
small quantity of the largest fragments. We
take the equality of average fragment mass
measured by the both methods as this crite-
rion.

The average mass value that was ob-
tained in weighing is determined in the
usual way. For obtaining a similar value in
the method with photographing, we need,
first of all, to determine the area range of
projections corresponding to the weighed
fragments. It can be seen from (1) that it is
a set of areas not less than Sy = mO/(xp3/2,
where mg is the smallest of masses obtained
during weighing. Further, we find the aver-
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Fig. 3. The histogram of mass distribution of

fragments obtained by the method with pho-
tographing.

age by calculating fragment masses using
the above formula as

(m)= ap(S™),

where the averaging is over the mentioned
areas range.

As it can be seen, a enter both in the
definition of range and in the averaging for-
mula. We shall use the following procedure
for determination of a. We shall choose as S,
all the areas sequentially in the decreasing
order. Further, we shall calculate, in this
supposition, o (a0 = my/p(Sg)3/2) and (m). We
shall compare this average with the average
result of weighing. And we shall take as
correct that value of o which ensures the
equality of the average values. The form
factor value calculated in this way was
0~0.63.

Let us determine, for fragment shapes
close to simple geometric figures (parallele-
piped, ellipsoid), the values of parameters.
We consider some examples to show how the
form factor is related to parameters of geo-
metric figures.

For a plate-like parallelepiped (a x a x b,
b < a) the volume is equal to V = a2b, and
the projection area is S = a2, so the form

2
factor is equal to o = 4 b3 = Q
(a2) 72 a
For a rod-like parallelepiped (b x b x a, b < a),
2
V=ab2, S=aband o= ab3 ~\2.
(ab) 72 a
For a plate-like ellipsoid (semiaxes
(a xaxb, b<a)V=4nab/3, S = na?), i.e.
4 2
3740 4

> (na2)% T 3vna
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Fig. 4. Mass distribution of fragments in the
large-scale region. Weighing method, double
logarithm scale.

Finally, for a rod-like ellipsoid (semiaxes
bxbxa, b<a)V=4nab2/3, S = nab, from
4

= 2
nab 4 B

(nab)% 3Vt a’

Thus, o close to 0.63 can correspond to,
for example, plate-like parallelepiped with
its width about 0.63 of the other two di-
mensions. For plate-like ellipsoids such
form factor value gives the axis length
ratio of 0.84, i.e., it is but slightly differ-
ent from sphere.

The histogram of fragments quantity as
function of their "masses™ obtained by re-
calculation of the image areas on the photos
in the described way is given in Fig. 3.

here o =

4. Large-scale asymptotics of
fragment distribution

We can obtain the mass distribution of
fragments in the large-scale range from the
data of direct weighing without additional
recalculation.

Exponential and power large-scale as-
ymptotic are mentioned most frequently in
the works on fragmentation. The presence
of exponential asymptotic in the distribu-
tion density n(m) can be easily determined
from the histogram of the fragment number
logarithm InN vs. mass — the points in the
range of large masses are well approximated
by a straight line. Similarly, we can easily
see the power asymptotic on the histogram
InN vs. Inm.

The histogram 1nN(lnm) is presented in
Fig. 4. The arrangement of histogram
points close to linearity can visually be
seen, and this is confirmed by the determi-

nation coefficient (20.75) close to unity.
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Fig. 5. Mass distribution of fragmentss in
the large-scale region. Method with photo-
graphing, double logarithm scale.

The angle coefficient (slope) of the approxi-
mating line is close to —0.5. So, according
to

n,,(mydm = ny, . (Inm)dlnm,
we obtain for the mass distribution density
n, = m15,

The fragment distribution histogram ob-
tained with the help of the method with
photographing in a similar mass range is
presented in Fig. 5. As it can be seen, the
histogram is also well approximated by a
straight line, practically with the same
angle coefficient.

We obtain for the size distribution of
fragments r = V1/3, so,

nr) « r2-5,

The histogram N(r) in the large-scale
range is presented in Fig. 6 with the ap-
proximating curve. Similar exponents of
large-scale power asymptotic are mentioned in
experimental works on fragmentation [5—8].

Thus, the comparison of large-scale dis-
tribution asymptotic obtained with the two
methods involved shows good consistency of
these methods. It confirms the high applica-
bility of the method with photographing,
which is very important because the method
with photographing allows measurements of
much smaller fragments.

We compared our asymptotics with those
described in other works. It turned out that
power asymptotic with exponent —-2.5 for
distribution N(r) obtained in our study can
also be found in other experiments on shock
fragmentation, with other materials and
load methods. Moreover, the cbserved expo-
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fragments.

nents were close to those predicted theoreti-
cally [1]. It allows us to suppose the pres-
ence of universal behavior of fragments size
distribution in the large-scale range for
shock fragmentation.

5. Crack-resistance coefficient

Crack-resistance coefficient (also known
as "frailness coefficient™) is determined in
the following way:

where A is the area of initial sample (sam-
ples) surface, F — total area of the frag-
ments surface. As it can be seen, the impact
energy is not included in the definition, i.e.
crack-resistance coefficient is determined in
given experiment conditions. The experi-
ment conditions in our case were described
above.

Let us calculate the area of initial sample
surface. The sample is cylindrical. The base
area is equal to 31678 px or 13.75 mm?Z2.
Height is 83 px (1.73 mm), that means the
side surface area is equal to 22.78 mm? and
the total surface area 1is equal to
50.23 mm?2.

The fragment surface area S can be cal-
culated from fragment projection on glass
area S, as

S = BS,-

Coefficient B is determined by the frag-
ment shape. Visually, the fragments are
close to plate-like parallelepipeds. For such
2a2 + 4ab

a?
the form factor o ~ 0.6, so b/a = 0.6 and

plates f = =2+ 43. In our case,
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B =4.4. We shall calculate the total frag-
ments area considering only fragments with
S50>20 px, because the quantity of only such
fragments can be determined accurately
enough. The total area of projections of such
fragments is 1519.284 mm2. So F-=
4.41519.284 = 6684.85 mm2. And the crack-
resistance coefficient is equal to C ~ 133.

We have mentioned above that this coef-
ficient is determined within a particular ex-
periment, i.e. it depends upon the mass and
the form of the sample, the lead method and
the injected energy value. The sense of cal-
culation of this coefficient in conditions of
our experiment is the following: firstly, we
can estimate the values of strength charac-
teristics of an investigated crystal when we
know both the value of this coefficient and
parameters of the sample and impact device.
Secondly, investigating further, in the same
conditions, similar (with the same form and
mass) samples of sapphire, annealed in spe-
cial atmosphere, we shall obtain the spectra
of crack-resistance coefficient values for
different materials in the same conditions.
That allows us to watch the changing of
material crack-resistance under different
kinds of processing.

6. Conclusions

1. Comparison of results obtained by
photographing and direct weighing methods
showed high applicability of the photo-
graphing method. Much smaller scales of
fragment masses are accessible for measur-
ing using this method.

2. The distribution of sapphire frag-
ments in shock fragmentation was obtained
in the mass range 0.002-100 mg.

3. The form of large-scale distribution
asymptotic was established. It is the power
distribution with the exponent about —-1.5
(for mass distribution) or —2.5 (for size dis-
tribution).

4. The crack-resistance coefficient was
calculated in conditions of the present ex-
periment.
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L.A.Litvi-

Po3moxin mo po3mipax ymamkiB camdipa
Npu yaapHiil ¢pparmeHTamii

P.€. Bpodcwvkuii, II. B. Koneécvruit, P.I.Co¢pporoé

ExcriepuMeHTaIbHO OTPUMAHUN PO3MIOJiJN IO podMipax yJaaMKiB candipa B ogHOyZapHit
¢dparmenTanii B giamasoni mac yiaamkiB Bix 0,002 mo 100 mr. BukopucraHo aBa MeTOIU

BUBHAUEHHA PO3MipiB ynraMKiB -

MeToJ 3BaKyBaHHA i Mero[ (dortorpadyBaHHA 3 HACTYIHUM

BUMipoM myomgi 3o0paskeHHs. IIpoBegeHO MOPiBHAJNBHUII aHali3 MeTOAiB, IOKasaHa qoOpa
3rojia pesyJbTaTiB. BusHaueHO BHUJ KPYHIHOMACIITAOHOI aCHMTOTHKU PO3IOLIY IO posMipax
(parmenTiB. BoHa Mae BUIIAL CTelleHEBOTO POSHOAINTYy 3 IOKasHUKOM cremeHa -2,5. Ha
mifcTaBl oTpUMaHUX pPe3yJbTATiB o0uucieHU#l KoedimieHT TpimumHOCTiHKOCTI.
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