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Sapphire subdivision
at different heat treating types
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In the work the results of experimental investigation of fragmentation of sapphire samples
subjected to various types of heat treating are given. It was studied the fragmentation of the
samples subjected to short and long annealing in vacuum, and the samples annealed in a
hydrogen atmosphere. For each type of heat treating it was received the distribution of
sapphire fragments by masses, asymptotics of the distribution at the large-scale region and
found the crack resistance coefficient. The results are were compared with the results of
investigation of fragmentation of the sapphire samples not subjected to heat treating.
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IIpuBenensl PesyIbTATH SKCIIEPHMEHTAJIBHOIO MCCAEIOBAHUS (pparMeHTarnu 00PasIoB JeHKOo-
candupa, IOIBEPrHYTHIX Pa3JIUUYHOrO TuUia Tepmoodpaborke. MayueHa dparmeHraiius o6pasios,
IIOJBEPTHYTHIX KPATKOMY U [UINTEJBHOMY OTMKHUIY B BAKyyMe, a TAKMKe OTOMKIKEHHBIX B aTMocde-
pe Bogopoga. s Kamaoro TUia TepMooOpaboTKM IIOJNYUYEHO paclpelelieHrne OCKOJIKOB 00pasioB
camndupa II0 Macce, ACHMIITOTHKA 3TOTO PacIpeleieHUs B KPYyIHOMACIITAOHON o0JsiacTy U HalmeH
KOa(pUIEHT TPEIMHOCTOMKOCTH. [IPOBENeHO CpaBHEHME IOIYYEHHBIX PE3YJLTATOB C PesyJIbTAaTaMU
WCC/IeOBaHNA (PparMeHTarny 00pasioB candupa, He IIOIBEPraBIINXCcsa TepMoodpaborke.

Ioppiouenna cangipy npu Tepmoo6podui pisaoro tumy. P.E. Bpodcvruii, I1.B. Koneecw-
rxuil, P. Cogporos, O. BoiowuH.

Hasegeno pesyibTaTy eKCIIEpUMEHTAJBHOTO IOCHiM:KeHHS ¢parmenTallii spaskie Jeiko-
candupa, miaganux pismoro tTumy repmoobpodbiii. Burueno ¢gparmenraliiro spaskis, miggaHux
KOPOTKOMY i TpuBaJOMy BixnaJsy y BakyyMmi, a Tako: BignanseHux B atmoctepi Boauio. s
KOKHOI'O THUIIy TePMOOOPOOKM OTPHUMAHO pO3IOLiJI yJaMKiB spaskiB camdipa sa macor,
ACUMIITOTHKA I[LOT'0 PO3IOIiJy y BeamKomaciuTabHiin obaacri i sHaiizeHo xoedimienr Tpimu-
"HocTiikocTi. [IpoBemeHo MOPIBHAHHSA OTPUMAaHUX PE3YJAbTATIB 3 Pe3ylbTaTaMM MOCIIIKEeHHSA
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dparmenranii spaskis candipa, mo He migmasanamcs TepmMooOpoOIi.

1. Introduction

We have studied impact fragmentation
of leucosapphire, which subjected to the

heat treating of various types.
Leucosapphire, or sapphire is transparent

crystal of high hardness and strength. It is
used as a structural material for making of
the elements of a transparent protection.
Therefore, study of its strength properties
and impact fracture process is important.
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The fragmentation of brittle material is
the random process, as a result of which
many " fragments” of different sizes are
formed. In fragmentation theory the stud-
ied processes can be classified according to
several criteria. One of them is the dimen-
sion of the fragments, in this case one-,
two- and three-dimensional fragmentation
are distinguished. The other is a way to
impact, in this case one distinguish single-
impact, or as it is called in [1], "weak”
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fragmentation and multi-impact or "strong”
fragmentation.

The paper presents results of an experi-
mental investigation of three-dimensional
"weak” fragmentation. Distributions of the
fragments by mass is obtained. It is made
comparison of these distributions with dis-
tributions, obtained analytically in the frag-
mentation theory.

Under shock destruction the impact en-
ergy mainly spent on formation of a new
surface. Ratio of the energy expended in
the destruction of material to the new sur-
face area can be characteristic of strength
of the material. However, to determine the
energy expended on the destruction, it is
necessary to know not only the impact en-
ergy, but also the energy that was dispersed
and did not go to the material destruction.

It can use another, more convenient, cri-
terion for comparing the strength of differ-
ent materials, which does not require
knowledge of the energy expended to break.
To do this, it makes experiments with sam-
ples of compared materials with the same
impact energy and the same shape and size
of the sample. Then, for each sample it cal-
culates the ratio of area of the new formed
upon impact surface to area of surface of
the original sample. This ratio is called
crack resistance coefficient. On the basis of
obtained values of the crack resistance coef-
ficient the conclusion is made about which
material is stronger.

In [2] the results of research of leucosap-
phire fragmentation are not subjected to
heat treating presented. It was obtained dis-
tributions of fragments by mass and calcu-
lated the crack resistance coefficient. As-
ymptotics of the distribution density in a
large-scale area is found. The resulting as-
ymptotic behavior corresponds to the as-
ymptotic behavior theoretically ground in
[1]. The same asymptotics observed in ex-
periments on the destruction of other mate-
rials [3—6], which speaks about its versatil-
ity.

The heat treating (annealing) of the sam-
ple affects its strength properties. In the
paper we investigated the fragmentation of
sapphire samples annealed in vacuum and in
a hydrogen atmosphere. It made comparison
with the fragmentation of the sapphire sam-
ples which are not subjected to the heat
treatment [2]. For each type of annealing
the distribution density of the fragments by
masses was obtained, the asymptotics of
this density in the large-scale area is found
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Fig. 1. Scheme of device for samples destruction.

and the crack resistance coefficient is calcu-
lated.

2. Experimental

In the experiment, samples of leucosap-
phire, that were subjected to impact, had
form of disk with diameter of 4.4 mm and
1.2 mm in height. The samples were cut
from crystal of sapphire previously an-
nealed in vacuum, the samples were grinded
after cutting, part of the samples was then
annealed in a hydrogen atmosphere, part
was subjected to a the short (2 h) and part
to a the long (6 h) vacuum annealing at a
temperature of 1850 degrees.

The samples were placed under a metal
impactor, evenly distributed force on the
sample surface. It was made impact to drum-
mer by cargo falling from a predetermined
height. Device is shown in Fig. 1. In the
experiments the drop height was taken
18 em, such impact makes possible to obtain
from the samples with the given above pa-
rameters the pieces in a wide range of sizes:
large and comparable in size to with the
original sample, as well as fine "dust”. At
lower loads the samples with given parame-
ters in many experiments were not de-
stroyed, at greater destroyed into a fine
powder, which makes further measurements
difficult. In [2] the same parameters of the
samples and the same parameters of device
for their destruction were used, that al-
lowed the results comparison.

Masses of the fragments were determined
as follows. The fragments from each experi-
ment were collected on a flat glass substruc-
ture and photographed (Fig. 2), and then
the areas S;,, of their images on the photo
were determined in pixels. Next, with these
areas, fragment masses were calculated. For
the conversion of the areas in pixels to the
areas in mm? the scale strips were made on
the substructure. It was determined that
1 mm on the substructure corresponds to
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48 pixels on the pictures, i.e. 1 mm? corre-
sponds to the image area in the picture of
482 or 2304 pixels.

Since the area of the fragment projection
grows at a constant form as square of the
fragment size, and mass — as a cube, the
fragment mass m can be calculated from the
projection area in mm?2 S as

m=p-aS¥?2 (1)

where p — material density, for sapphire —
4 g/em3, o — coefficient, depending on
fragment form, formfactor.

In [2] coefficient o was determined ex-
perimentally. Large fragments were
weighed on the scales, and then weighing
results were compared with the results of
photographing. The calculated coefficient
was equal to o = 0.63. This factor was used
to determine the masses of the remaining,
smaller fragments, for which direct weigh-
ing difficult. Pointed coefficient was used
in this work.

Error in the calculation of the mass and
crack resistance coefficient determined from
the error in calculation of the area S of the
projection of the fragment on substructure.
This area was calculated from the area of
the fragment image in the photo. The image
area (number of pixels in image) S;,. is
determined with error equal to half of pe-
rimeter (the number of pixels on the image
bound) P;,, of the image. Observation
under a microscope showed that the frag-
ments form similar to plates with thickness

less than the other two, approximately
equal, sizes. For such samples
Pimg/2 = 2NS;, 5. Three sets of mass was ob-
tained — m;, m; down m;“P, for image areas,
equal to Slmg, img 2\J img and S, +
2NS;pg s accordingly. Mass distribution den-

sities p, p@o%n  pUP were obtained from these
three sets.

For each type of heat treating the crack
resistance coefficient C was calculated, it
equal to

S;—Sp (2)

where Sy — the total surface area of frag-
ments, Sy — initial sample surface area,
thus, Sf — 8y — area of the new, formed by
impact, surface. Exactly on formation of
this surface the energy is consumed in
shock destruction.
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Fig. 2. Scheme of sample fragments photo-
graphing: 1 — camera, 2 — screen that pro-
tects camera lens from the side illumination,
3 — fragments of sample after crushing, 4 —
quartz slide, 5 — a black box, which provides
a dark background for sample fragments, 6
— backlight for sample fragments.

The area S; is sum of the surface areas
of the individual fragments. The surface
area S, of each fragment is proportional
to area S of its projection on the substruc-
ture,

Ssurs = BS, (3)

factor P is determined by shape of the sam-
ple. For samples in the form of plate with
approximately same sizes in the plane of
projection with the found above factor a,
factor B =4.52. As for the masses, three
values of the crack resistance coefficient C,
cdown  CUP were calculated from the areas of
projections S; - 2NS and S;

img» ng img zmg

2NS The values C9own_ CUP yged to calcu-

lmg
late the error.

2. Results and discussion

Let’s remind the results of the experi-
ments on fragmentation of not annealed
sapphire samples [2]. The samples in the
form of 4.4 mm diameter dises with
1.2 mm height were cut from a one rod, as
described in the section above, and polished.
The samples were not subjected to further
annealing after polishing. In this case, the
average number of fragments per original
sample was equal to n = 121.74.

The distribution density of the frag-
ments number by mass in this case is shown
in Fig. 8, left side. Graph is given in a
double logarithmic scale. Symbols "®R", "+"
and "x" marks the densities values p, pdown,
pYP, respectively. Fig. 3 on the right shows

Functional materials, 24, 3, 2017
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Fig. 8. On the left — distribution density of fragments by mass for sapphire without heat treating (in
double logarithmic scale), on the right — a large-scale region of density and asymptotics in this area.
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Fig. 4. On the left — distribution density of fragments by mass for sapphire samples annealed in
hydrogen atmosphere (in double logarithmic scale), on the right — a large-scale region of density
and asymptotics in this region.
a large-scale region of the density and
. . . — »—2.56
found asymptotics, power, linear in a log- pPr=r .

log scale. The asymptotics was found as a
linear approximation of the large-scale part
of the obtained density using the least
squares method. (The rightmost points on
the graph correspond to the not destroyed
samples, and need not be taken into account
in the construction of the asymptotics).

Large-scale asymptotics of the density
have the form

P, ~ml, y=-1.5210.01.

To determine the error of exponent y as-
ymptoticses of the densities pdo®n, pUP was
build, and as the error a larger deviation of
exponents of these asymptoticses from the
exponent of asymptotics p was taken.

The distribution density asymptotics of
mass with the form p,, ~ m 1-52 corresponds
to the asymptotics of the distribution den-
sity of fragment sizes with the form
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The power asymptotics p, ~ r 25 was
theoretically ground in [1].

The crack resistance coefficient for the
case of not annealed samples is equal to

C =2.69+0.15.

Here the crack resistance coefficient ob-
tained with the correction of typos in [2].
(In [2] the total surface area of the frag-
ments of all the experiments is taken as the
total surface area of the fragment in the
formula for crack resistance coefficient, not
of one experiment).

The greater of deviations of the coeffi-
cients Ccdown (CuP from C is taken as an
error.

Let us turn to the results of experiments
on fragmentation of sapphire samples sub-
jected to the heat treating. For the case of
fragmentation of the samples annealed in
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Fig. 5. On the left — distribution density of fragments by mass for sapphire samples subjected to
short annealing in vacuum (graph given in double-logarithmic scale), on the right — large-scale
region of density and asymptotics in this region.5. On the left — distribution density of fragments
by mass for sapphire samples subjected to short annealing in vacuum (graph given in double-loga-
rithmic scale), the right — large-scale region of density and asymptotics in this region.
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Fig. 6. On the left — distribution density of fragments by mass for sapphire samples subjected to
long annealing in vacuum (graph given in double logarithmic scale), on the right — a large-scale
region of distribution density and the asymptotics in this region.

hydrogen atmosphere, the graph of frag-
ments distribution density by masses shown
in Fig. 4, left. Right — there is a large-
scale region of the density and the asymp-

totics.
The asymptotics in large-scale region has

the form

P, ~m¥, y=-1.551£0.1,

i.e. close to obtained above for the not an-
nealed samples. The number of fragments
per experiment in this case was n = 24 that
5 times less than for not annealed samples.
Crack resistance coefficient

C=1.206 % 0.054
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is approximately two times lower than for
the not annealed samples. Reducing of the
number of fragments and a reducing of the
crack resistance coefficient show that sap-
phire samples annealed in a hydrogen at-
mosphere obtain an appreciable greater
strength compared to the not annealed sam-
ples. Significantly reducing of the total
number of fragments per experiment indi-
cates that mainly large fragments was split
off, i.e. tendency to chipping fine "dust”
during annealing in hydrogen decreases par-
ticularly strongly.

Let us now consider fragmentation of the
sapphire samples annealed in vacuum. Two
series of experiments were carried out —
with a short and a long annealing at the

Functional materials, 24, 3, 2017
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Fig. 7. Small-scale part of distribution density of fragments by masses and linear approximations
in this region for the samples (from left to right and top to bottom) of sapphire without heat
treating, the samples annealed in hydrogen, samples a short annealing in vacuum and long anneal-

ing in vacuum.

temperature of 1850 degrees. The distribu-
tion density in the case of short annealing,
it’s large-scale region and the asymptotics
in this region are shown in Fig. 5.

In this case, a large-scale asymptotics
close to

P, ~ mY, y=-1.285+0.063.

The number of fragments per the experi-
ment in this case n = 181, it is greater than
in the case of the not annealed samples.
Crack resistance coefficient is

C=38+0.17,

i.e. larger than for the not annealed sap-
phire samples. Comparing both values with
the case of not subjected to the heat treat-
ing sapphire shows that the sapphire
strength decreases at annealing in vacuum.

Finally, distribution density of the frag-
ments by mass in the case of long annealing
in vacuum, large-scale region of the density
and the asymptotics in the large-scale re-
gion shown in Fig. 6. In this case the as-
ymptotics is close to
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P, ~m¥, y=-1.4471 0.056.

The number of fragments per experiment
in the case of long annealing in vacuum is
n = 172.7, which is more than in the case of
the not annealed sapphire samples and prac-
tically the same (a little less) than in the
case of a the short annealing.

The crack resistance coefficient is

C=3.28%£0.17,

more than for the not annealed samples and
more than for the sapphire samples sub-
jected to the short annealing. Thus, this
experiment shows that the annealing in vac-
uum reduces the strength of sapphire in
shock destruction. With increasing of an-
nealing time the crack resistance coefficient
increases.

Note, that in the small-scale part of the
data the density distribution in each case is
also close to linear in the double logarithmic
scale, i.e., to the power (Fig. 7). We call
"small-scale” the part of region of the den-
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sity remote from the large-scale part, ana-
lyzed above. The exponent value of this ap-
proximation is y=-1...-1.2 , that higher
(lower in the absolute value) than in the
large-scale area.

Proximity of this part to the power can
be explained, apparently, by the following.
A found from the general principles in the
fragmentation theory distribution density
([1], formula (20), Fig. 1), has the form of
a curve with a single maximum and a slow
decrease. Obtained in the present paper the
small-scale region corresponds to this region
of decreasing. Indeed, it can be seen small
deviations from a straight line — the den-
sity crosses the line from the top to down
(visible on the graphs for the not annealed
samples of sapphire and the sapphire sam-
ples annealed in vacuum).

Thus, the proximity of the received den-
sity to the power means only that get (or
measure) the fragments from the expected
maximum region and smaller in conditions
of the present experiment is impossible. The
linear approximation is an “average” de-
rivative of the density in this region.

Fact, that approximation exponent in-
creases with decreasing of size of the frag-
ments confirmed the assumption about pres-
ence of the maximum (exponent y= 0) in
small sizes.

4. Conclusions

In the work the results and analysis of
the experimental investigation of heat
treated leucosapphire fragmentation are
given. The following results were obtained.

It is shown that asymptotics of frag-
ments masses distribution density in a
large-scale region have the form p, ~ m?,
where Y, depending on the heat treating
form is equal to y=-1.23...1.55 (Fig. 4, 5
and 6, right). The power asymptotics with
exponent y=—1.5 in the region of large
scales was theoretically ground in [1]. For
the case of sapphire not subjected to the
heat treating the power asymptotics was
also obtained with y=-1.52 [2] (Fig. 3
right).
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When the samples are annealed in hydro-
gen atmosphere, the number of fragments
per original sample is n = 24, that is about
5 times lower than without the heat treat-
ing (n=121.74). In this case the crack re-
sistance coefficient is equal to
C =1.206+0.054, that is less than in the
case of the not annealed samples
(C = 2.69+0.15) approximately twice. This
means that annealing in a hydrogen atmos-
phere increases the sapphire strength and
particularly reduces the tendency to chip-
ping of the small fragments.

In the case of annealing in vacuum, the
number of pieces per the experiment is
n =181 for short annealing (2 h) and

n=172.7 for a long (6 h), that is more than
in the case of the not annealing samples.
The crack resistance coefficients are equal
to correspondingly C = 3+0.17 for the short

and C = 3.28+0.17 for the long annealing in
vacuum. Both values are higher than in the
case without heat treating. This means that
the vacuum annealing reduces material
shock fracture strength.

In the small-scale region distribution the
density of fragments onmasses is also close
to linear in the log-log scale. This means
that the data obtained in the experiment are
far enough from the peak region. Density
graphs in the small-scale region and corre-
sponding linear approximations are shown
in Fig. 7.
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