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Abstract

In the present study, the viscoelastic response of three composite solid propellants based
on hydroxyl-terminated poly(butadiene), ammonium perchlorate and aluminum has been
investigated. The investigation was surveyed by dynamic mechanical analysis over a wide
range of temperatures and frequencies. The mechanical properties of these materials are
related to the macromolecular structure of the binder as well as to the content and nature
of solid fillers. The storage modulus, loss modulus, loss factor and glass transition tempe-
rature for each propellant sample have been evaluated. The master curves of storage (log
G' vs. log w) and loss modulus (log G" vs. log w) were generated for each propellant. A
comparison of log a; vs. temperature curves for all propellants indicate conformance to
Williams—Landel-Ferry equation. Choosing the glass transition as the reference tempera-
ture, WLF equation constants are determined. Fractional free volume at the glass tran-
sition temperature and thermal coefficient of free volume expansion values are in accord-
ance with the consideration that Al is reinforcing filler.
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Composite rocket propellant formulations based on
hydroxyl-terminated poly(butadiene) (HTPB) as a
binder, ammonium-perchlorate (AP) and aluminum (Al)
as solid ingredients, are at present the state-of-the-art
propellants in solid fuel rocket engines. A major com-
ponent in propellant, by weight and volume, is an oxi-
dizer. AP is currently the most widely employed oxi-
dizer because of its high specific impulse, high density,
relatively high availability, low cost, high energy, etc.
The function of metal fuel is to increase the flame
temperature and generate hot metal particles for
improved ignition. By far, the most common metal in
use as a solid propellant fuel is fine divided aluminum.
The binder, as the name implies, holds the composition
together and acts as an auxiliary fuel. Once cured, the
binder makes the propellant flexible, which decreases
the likelihood that the propellant will fracture under
stress and pressure. The binder comprises at least two
components. The first one is a liquid or semi-liquid pre-
polymer and the second one is a curing agent. Hyd-
roxyl-functional prepolymers, such as HTPB, are cured
using multifunctional isocyanates. Preferably, the cur-
ing agent is an isophorone diisocyanate (IPDI), which is
a less reactive isocyanate and, therefore, helpful to pot
life. To insure the desired degree of crosslinking, IPDI is
added in an amount sufficient to generate a ratio of
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isocyanate to hydroxyl groups (NCO/OH) of about 0.8
to about 1.20, preferably about 0.85 to about 0.90. The
selection of both solid ingredients (AP and Al) and the
binder is not dictated by the optimization of the
mechanical properties. The optimum choice of these
ingredients has to enhance the energetic and ballistic
performance rather than mechanical properties. Thus,
mechanical properties are, on one hand a result of
formulation adjustment, and on the other hand are
expected to match the structure integrity requirements
with very little means of improvement. For the purpose
of meeting the energy and ballistic characteristics for
practical applications, the oxidizer is about 70 wt.%,
while the metal fuel represents about 15 wt.% of the
propellant [1]. In addition, considering process-ability
aspect of propellant production, this formulation gives
acceptable values of viscosity. In other words, there is
sufficient “pot life”, defined as the time the propellant
mixture remains sufficiently fluid to permit processing
and casting. One of the most common used methods in
order to achieve the required mechanical properties is
a variation of AP/Al ratios for a fixed solid loading,
without drastic influence on energetic and ballistic pro-
perties. Being reinforcing (filler strongly interacts with
the binder) or non-reinforcing (filler interact only
weakly with the binder), viscoelastic properties of com-
posite propellants are strongly affected by the inclusion
of solid fillers.

Due to presence of a polymeric binder, as visco-
elastic materials, composite propellants show time and
temperature dependence of mechanical properties.
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The time—temperature superposition principle (tTTS) is
still widely applied to the viscoelastic properties of
these energetic materials. The best-known relation is
that derived by Williams, Landel and Ferry (so-called
WLF equation), which defines the shift factor ar,
temperature change as:

logay =—C, (T—Ty)/(C, +T-T,) (1)

where: T — test temperature, T, — reference tempera-
ture, Cy;, G, — constants.

If the reference temperature is such that 7, - T, = 50
°C, where T, is the glass transition temperature, then C;
and C, are general constants with values of 8.86 and
101.6, respectively [2]. Since this is a rough approxi-
mation, for more accurate calculations it is necessary to
determine the values of a shift factor ay, and constants
C: and G, for each type of rocket propellant. Despite
the importance of HTPB-based composite propellant
for rocket engines and the obvious concern about
structure and properties relationships, very few com-
prehensive investigations appear to be available in the
open literature. De la Fuente et al. analyzed unfilled
elastomeric binder and the effect of the different types
of fillers on the viscoelastic behavior of a several HTPB
based solid composites by dynamic mechanical mea-
surements [3]. Cogmez et al. compared dynamic data
of two HTPB based composite propellants with diffe-
rent solid compositions, one with 86 wt.% of solid load-
ing including 16 wt.% Al, and the other with 86 wt.%
solid loading without Al. The former was found to be
less stiff and more dissipative than the latter at higher
temperatures [4]. Borsus et al. showed that Al particles
(having OH-groups on the surface) make fine dispersion
in polyurethane foams through a molecular bonds
between the particles and the binder [5].

The aim of this work was to characterize and eva-
luate changes in the viscoelastic properties of com-
posite propellants which follow propellant formulation
adjustment by variation of AP/Al ratios for a fixed solid
loading.

HTPB

HO+ CH;—CH ——CH—CHZ—)-nOH +

EXPERIMENTAL

Three HTPB-based propellant compositions (Table
1) selected for this study consisted of 85 wt.% of solids
loading including 70-73.5 wt.% AP (oxidizer, with two
particle sizes, 200 and 10 um), 11.5-13 wt.% Al (fuel,
with 30 and 15 um particle sizes) and 15 wt.% of poly-
meric binder.

Table 1. Tested propellant compositions

sample  APyoo/APro  Also/Alss Al AP, Solid loading

% % wt.%
CpP1 80/20 50/50 13.0 72.0 85.0
CpP2 80/20 50/50 15.0 70.0 85.0
CP3 80/20 50/50 11.5 73.5 85.0

The binder composition consisted of 11.08 wt.% of
HTPB (R-45HT, Sartomer, viscosity at 23 °C: 8000 mPa
s, OH value: 47.12 mg KOH/g, hydroxyl functionality:
2.4-2.6, average molecular weight: 2800 g/mol, specific
gravity at 23 °C: 0.901 g/cm3, glass transition tempe-
rature, Tg: =76 °C), 2.77 wt.% of plasticizer (dioctyladi-
pate; Fluka AG, Switzerland), 0.17 wt.% of antioxidant
(phenyl-fnaphtylamine; Fluka AG, Switzerland) and
0.06 wt.% of bonding agent (triethylenetetramine,
Riedel). Tested propellant samples differed from each
other in a solid particle content ratio.

Curing occurs when hydroxyl groups on the pre-
polymer (HTPB) react with isocyanate groups of the
curing agent (IPDI, purity: 98%, Sigma Aldrich, Ger-
many) to form urethane crosslinks (Figure 1).

The NCO/OH ratio between the isocyanate groups
of IPDI to the hydroxy groups of the R45HT was 0.87.
Mixing of propellant was conducted at a temperature
of 60 °C in 1-gallon Baker-Perkins planetary mixer,
while the corresponding propellant binder (HTPB) was
hand-mixed, degassed, cast and cured in moulds to
obtain 4 mm thick slabs. The curing was performed for
5 days at 70 °C.

IPDI

NCO

OCN

(0]
LA
—> ot %ﬁJHQ

Figure 1. Scheme of urethane reaction.
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The DMA tests were carried out by using mecha-
nical spectrometer ,,Rheometrics”, model RMS-605, in
the torsion mode. The temperature range studied was
from —90 to 60 °C, the heating rate was 5 °C/min and
the single frequency point of 1 Hz was chosen. Strain
amplitude was 0.1%. The samples for DMA tests were
of rectangular bar shape (63 mmx12 mmx3 to 4 mm).
Complex modulus was determined, G*(w) = G'(w) +
iG"(w). Extracted data were the storage modulus (G'),
loss modulus (G") and the loss factor, tan 6 = G"/G".
Each sample was first tested at a constant frequency
and temperature over above mentioned range.

The glass transition temperature (7;) determined by
dynamic mechanical measurements was estimated as
the temperature at which the loss modulus G", maxi-
mized. Finally, the viscoelastic properties were mea-
sured through three decades of frequency over a range
of temperatures from —70 to 20 °C.

DSC analyses were carried out using the DSC Q20
manufactured by TA Instruments with liquid nitrogen
for low temperatures. The temperature scale was calib-
rated using the melting temperature of high purity ind-
ium. These measurements were made with the pur-
pose to investigate the thermal based glass transition
temperature of the tested samples. The small amount

of the samples (~5 mg) was scanned with a heating rate
of 10 °C min™", starting from —90 °C and ending at 50
°C. The glass transition temperature, T, of the samples
were determined from the midpoints of the transitions.

RESULTS AND DISCUSSION

The propellant specimens were analyzed in the dyn-
amic torsion mode. This mode enables determining the
binder characteristics without distortions due to the
particle—particle contact as it can happen in tensile-
compression or in bending mode [6].

Temperature dependence

Based on a weakly cross-linked polymeric matrix,
composite rocket propellants show very large changes
in mechanical properties with changing temperature.
Figure 2 shows the viscoelastic response of tested pro-
pellant samples in terms of storage modulus, loss
modulus and loss factor at 1 Hz as a function of tem-
perature.

DMA measurements have shown that tested pro-
pellants exhibited viscoelastic behavior by passing
through glassy transition and rubbery region.
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Figure 2. Temperature dependences of a) storage modulus (G'), b) loss modulus (G") and c) loss factor (tan &) for tested propellant

samples.
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Table 2 shows T, values of the tested samples
determined through DMA via G", G', tan 6 and through
DSC. Also, values of peak widths at half-height (w) of
tan 6—temperature dependence are shown.

Tan(é) is a composed distribution function
describing the distributions of the glass transitions of
the structural elements of the polymer network in
propellant formulations. Polymer network in composite

Table 2. T, values determined through G", G', tan 6 and DSC; tan 6, and widths (w) of tan & peaks

Sample T/ °C Tghard /°C tan Smax w/°C
G" G' tan 6 DSC

CP1 -69.9 -77.2 -63.1 -78.9 -20.1 0.385 13.2

CP2 -72.0 -79.3 —64.5 -78.3 -19.1 0.762 14.6

CP3 -70.6 -77.6 —62.7 -78.3 -24.1 0.641 14.8

HTPB - - - -72.7 - - -

The differences between T, values of tested
samples determined through DMA via G", G' and tan 6,
respectively, are within experimental error. The T is
easily identified as a peak in the tan 6 or the G" trace.
These maxima do not coincide exactly. The maximum in
the tan & is at a higher temperature than that in G",
because the tan § is the ratio of G" and G' and both
these moduli are changing in the transition region. T,
values based on G" show that it cannot be observed
any regularity of its change with increasing Al content
in the tested propellant formulations. However, the
lowest T, is observed for CP2 sample. The T, of the
tested propellants based on the DSC is nearly as same
as reported by Cerri et al. [6]. The T, of HPTB cured
with IPDI determined by DSC is higher than that of IPDI
cured HTPB reported as —83 °C by Bhagawan et al. [7].
Although incorporation of fillers significantly modifies
the molecular mobility, it is found that T, of HPTB bin-
der is higher than that of corresponding propellants.
The position of T; depends on the experimental tech-
niques and conditions of the experiment (e.g., heating
rate of the sample). Phase transitions are time—
dependent relaxation processes, so the most reliable
values for the phase transition temperatures could be
obtained at the lowest cooling rate.

Comparing G' values of tested propellant samples,
sample CP2 (AP/Al = 70/15) has the lowest G' values in
the rubbery plateau region. Based on the assumed pre-
sence of non-homogeneously distributed OH groups on
the Al particle surface, that interferes with the curing
agent, incorporation more Al particles in propellant for-
mulation with fix solid loading gives less cured propel-
lant [6]. The decrease of G' value is connected with the
increase of the macromolecular mobility.

Beside T, a molecular interpretation of the visco-
elastic behavior can be given considering the tan 6,
which is extremely sensitive to all kinds of relaxation
processes, structural heterogeneity and the morpho-
logy of multiphase systems such as filled or composite
materials.
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propellant formulations is made of polyurethane elas-
tomer, which contain soft and rigid segments. The soft
segments consist of the flexible non-crystalline polymer
chains, in this case poly(butadiene), and the rigid or
hard segments consist of diisocyanate residues, chain
extenders and urethane groups.

Two maxima in the tan & curves of all tested pro-
pellant samples were observed. The first peak posi-
tioned between —80 and —60 °C could be attributed to
the main glass transition temperature (a-relaxation
peak) in the soft segment regions (HTPB main chain
elements). These segments are formed by the reaction
of the diisocyanate and the long-chain diol. They have
low polarity as they have a very low density of ure-
thane groups, and therefore, they are flexible at room
temperature. At this temperature range the molecular
rearrangements reach a maximum extend and it is
defined as the temperature at which the polymeric
material changes from the entropy-elastic rubber
behavior to the energy-elastic behaviour or vice versa.
This temperature is called T,". The intensity of T,”"
for CP2 sample (15 wt.% Al) is the highest, although its
temperature location is quite equal to that in the other
tested propellants. The highest Al proportion within the
solid loadings causes the highest value of TgSOft intensity
for the sample CP2. Although Al particles are con-
sidered as reinforcing fillers, less AP content means less
content of ionic bonds between the bonding agent (tri-
ethylenetetramine) and AP particles, which cause
increased mobility of the macromolecule chains. Com-
paring intensity of T, values for CP1 and CP3,
although CP1 has a higher proportion of AP, since the
Al particles are smaller, they make a stronger adhesion
to the polymer matrix, which results in a higher T,°"
value of CP3.

The second peak of the tan 6 curves is broader than
the first one. It appears at higher temperatures
(between —40 and 20 °C) and it can be related to the
motions within the polymer short-hard segment units.
These segments have a high density of high polarity
urethane groups, and for this reason, they are rigid at
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room temperature. Temperature range, which corres-
ponds to relaxation related to short-hard segment units
is called T, T, exhibits a small difference in
intensity, but its broadness is enlarged in sample CP1,
compare to those for samples CP2 and CP3. This can be
explained by the free extended HTPB chains (found
with GPC) intermixed in the short-hard segment
regions and in this way creating more free volume [6].
The fraction of these free chains should be higher in

CP1, because of consumption of IPDI by Al particles.

Frequency dependence

An example of the small deformation response pro-
perties measured for each of the propellants is pre-
sented in Figure 3. The figure shows the effect of
temperature and frequency on the storage modulus of
the propellant CP3. The response of tested propellants
was measured during a frequency sweep for different
isothermal temperatures. Frequency was varied from
0.1 to 100 rad s, through 16 equidistant values on a
logarithmic scale.

Figure 3. Storage modulus (G') as a function of frequency for
CP3 propellant sample.

Storage modulus increases in a regular fashion with
increasing frequency or decreasing temperature, sug-
gesting that time—temperature superposition of the
data is possible. Similar results were obtained for each
of tested propellants.

Figure 4 shows the tan 6—frequency dependences
for sample CP1.

For sample CP1 the frequency dependence at —60 °C
is not observed below 1 rad s™. Above this value, the
tan 6 increases with increasing frequency. The fre-
guency dependence at —50 °C is scarcely detected in
the frequency range from 0.1-10 rad s™. The frequency
dependence at —40 and —20 °C is observed in the whole
range of frequencies: tan & decreases with increasing
frequency. Above —20 °C, frequency dependence is not

observed below 1 rad s . Above 1 rad s, the value of
tan 6 increases with increasing frequency.

Figure 4. Loss factor tan 6 as a function of frequency for
sample CP1.

Application of Williams—Landel-Ferry equation

Temperature range for testing was selected so that
the lowest testing temperature propellant is in glassy
state and that the highest testing temperature is the
temperature of use. Temperature step was 10 °C. The
master curves represent essential inputs for evaluating
the margin of propellant safety usage. The most critical
stage during rocket motor operation is the ignition
stage. During such conditions, the propellants are
exposed to high-speed deformation of the order of 1 to
6 m/s, which corresponds to periodic deformations of
628-3140 rad s . Such a high-speed deformation is
very difficult to achieve in real life tests.

By dynamic mechanical measurements at small
deformation, it is possible to obtain information about
the behavior of materials at such high strain rates,
because the proper analysis of the measurement
results in three decades of frequency can determine
the values of these parameters and up to 20 decades
for the selected reference temperature. In this way, we
can make conclusions about the tested material
behavior under conditions of very large or very small
strain rates. The master curve reference temperature
was Ty = 20 °C. In addition, it is very important to
emphasize that WLF equation is valid in T; to (7Tg+100
°C) region.

Figure 5 shows master curves of storage and loss
shear modulus comparison for the tested propellant
samples.

Figure 5 shows several important features concern-
ing the viscoelastic response of the tested propellants.
For all tested propellants, at low temperatures (high
frequencies), G' and G" slopes maximize.
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Figure 5. Master curves of a) storage modulus (G') and b) loss modulus (G") for tested propellant samples.

At higher temperatures, or lower frequencies, G" 10

becomes progressively smaller than G', with both - = O G

curves entering the rubbery plateau. For both moduli 8+ N °©G

change curves, the differences are observed at high — .

and low frequencies for sample CP2. It is observed that 08. 6F .

the decay of modulus with the reduced frequency o 9

(time) is pronounced in CP2 than in other propellant. At §’ 4l

higher temperatures or lower frequencies, the value of = 5

G' is observed to approach the equilibrium value. This :I oL

portion of the curve is termed the rubbery plateau. The | a

horizontal shift factor values ar, used to superpose the ok .

G' and G" experimental data into a master curve for

tested propellants are shown in Table 3. 5 L

-100 -80 -60 -40 -20 0 20

Table 3.‘ Shift factor, log ay, temperature‘ qependences T [OC]

determined through G' and G" superposition 0

T/°C CP1 CP2 CP3 Figure 6. Comparison of the horizontal shift factor values used
to superpose G' and G'" data for sample CP3

G' G" G' G" G' G"

—69.75  -10.73 -10.88 -9.18 -9.36 -11.47 -11.04 Temperature dependences of shift factor, ar, of all

—60.06 -7.99 -838 -6.95 -7.25 -874 -854 tested propellants show that for each of them could be

-50.37 -6.17 -6.77 -521 -561 -6.42 -6.66 made satisfactory linearization of experimental data, in

-40.06 -474 -5.25 -396 -4.29 -494 -5.23 order to determine WLF constants C; and C,, using

-21.37 -2.72 =297 =212 -2.28 -2.84 -2.93 transformed WLF equation [9]. Obtained WLF cons-

-0.06 -1.21 -1.28 -0.81 -0.89 -1.30 -1.33 tants C; and G,, are given in Table 4.

19.93 0 0 0 0 0 0
Table 4. WLF constants C; and C, estimated for tested
propellants

Some evidence of thermo-rheological complex

behavior was observed as indicated by slightly different Sample G' G"

shift factors for G' and G". This difference is identical to G G G G

that previously reported by Stacer and Husband [8]. CP1 8.49 164.84 9.31 167.37

Figure 6 provides a comparative view of the tempe- cP2 4.79 134.50 5.36 138.43

rature dependences of a shift factor, a;, the values cP2 9.11 165.98 9.74 171.38

determined through G' and G" superposed to a tem-

- o]
perature To = 20 °C for sample CP3. Although these values are in agreement with those

reported in literature, WLF constants C; and C, obtained
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via G" data were slightly different but not significant to
affect any of the earlier conclusions. The values are
almost comparable for the propellants CP1 and CP3,
while propellant CP2 shows the lowest values for both
the constants.

All, until now discussed, related to the selected
reference temperature T, = 20 °C. Ferry proposed an
alternative way of representing the temperature
dependence of the shift factors, a. It consists of choos-
ing the T, of the sample as the reference temperature
and a; calculation based on the following WLF equa-
tions [9]:

_ Cl CZ
YT, T,

(2)

Ce=G+T,-T, (3)

C,¢ and C,, constants, calculated using Egs. (2) and
(3), and determined experimentally from the shift
factors used to superpose the G' data to T, as a
reference temperature, are compared in Table 5.

Table 5. WLF constants C, 4 and C, 4 estimated for tested
propellants

Sample Cig Cog
Calcd. Exp. Calcd. Exp.
Universal® - 17.4 - 51.6
CP1 18.68 17.98 74.90 58.31
CP2 14.40 15.08 44.75 55.97
CP3 19.89 17.95 75.98 52.23

Determined by averaging the values of a wide variety of polymers

The deviation of the WLF equation constants C;,
and G, for tested propellants is in agreement with
literature data. Unlike the constants C;, which are
approximate, values of G, significantly deviate from
the "universal' values. Regardless of the determining
method, C;; and C,, values for sample CP2 deviate
from the constant values for the other two propellants.

The influence of a reference temperature on the
shape and position of storage modulus frequency
dependence master curve for propellant CP1 is shown
in Figure 7.

Despite the T, master curves have the same
shape, but the master curve for higher T, is shifted to
a higher frequency. As illustrated in Figure 7, the strain
rate of the propellant during rocket motor storage
conditions (w = 10° rad s ) is not covered by the
master curve superposed to a temperature T, = 20 °C.

The importance of the WLF constants C;¢ and Gy,
can be seen through the relationship:

B

C,=—— 4
e 2.303f, ()

and
Cz = (5)

where B is a constant in the Doolittle equation
assumed equal to unity, f; is the fractional free volume
at the glass transition temperature and o; is the ther-
mal coefficient of free volume expansion. As the values
of the fractional free volume at the glass transition
temperature, f,/B, and thermal coefficient of free vol-
ume expansion, as/B, are directly associated with known
WLF constants C;; and C,,, these are calculated and
the values are given in Table 6.

10
o T =20°C CP1
_ 0
o T =70°C
= 9r
£,
= 8
o
=
o
—l
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Figure 7. The influence of a reference temperature on the
shape and position of G' master curve for sample CP1

Table 6. The values of f,/B and oy/B

Sample (fy/B)x107 (ag/B)x10™*
Calcd. Exp. Calcd. Exp.
CP1 2.155 2.40 2.05 4.14
CP2 2.918 2.88 5.28 5.14
CP3 2.374 2.42 3.53 4.63

fe/B and ay/B values are round about the limits
given in the literature for the largest number of poly-
mer systems (f,/B = 2.5x10 and a;/B = 4.80x107") [8].
Although they do not match, the trend of these values
change is identical.

Comparing the experimentally determined WLF and
free volume constants in Table 6 with the “universal”
constants (determined by averaging the values of a
wide variety of polymers), one may conclude that all
tested propellants have a temperature dependent
viscoelastic response which is very close to “universal”.
Data in Table 6 indicate that Al lowering the glass
transition temperature while increasing the thermal
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coefficient of free volume expansion. All the tested
propellants have values that are less than or equal to
the "universal".

Dependence of f,/B and ay/B as a function of Al
content for tested propellant samples is as follows: the
values of f,/B and a;/B decrease slightly or remain the
same with increasing of Al content from 11.5 to 13
wt.%, while over 13 wt.% of Al content these value
significantly increases. In conclusion, with the change in
the aluminum content there is no linear decrease of
a¢/B value confirming that aluminum in composite pro-
pellant formulation should be considered as active
(reinforcing) filler.

CONCLUSION

The dynamic mechanical analysis in the torsion
mode was employed to evaluate the effects of AP/AI
content ratio on viscoelastic properties of HTPB-based
composite rocket propellants. Temperature and fre-
quency dependences of rheological parameters are
determined. Glass transition temperature, T, of all
tested propellants was nearly =70 °C. DSC measure-
ments could not reveal differences in the tested pro-
pellants T, value. Propellant sample with the lowest
content of AP (CP2) has the lowest value of storage
modulus in transition and the rubbery plateau region.
Storage modulus values in transition region range from
10° to 10’ Pa.

The same trend behavior exhibits loss modulus
curve. For all tested propellant the presence of two
maxima can be seen on tan 6 curve. Master curves
have been generated for temperature range from -70
to 20 °C considering the curve at 20 °C, as reference.

The temperature dependence of the shift factors,
ar, obtained by generating master curves of storage
energy modulus point out that for each of tested pro-
pellant satisfactory linearization of experimental data
was achieved.

By introducing glass transition as a reference tem-
perature in the WLF equation, values of “universal”
constants, C; g and G, ,, are calculated.

The different AP/Al particle ratio change the tem-
perature dependence of the dominant viscoelastic
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mechanism as indicated by the change in the free
volume constant values, fractional free volume at the
glass transition temperature f,/B, and thermal coef-
ficient of free volume expansion a;/B.

Values obtained both for fractional free volume at
the glass transition temperature f,/B, and thermal coef-
ficient of free volume expansion a;/B from 11.5 to 15
wt.% of Al, are in accordance with the consideration
that Al is reinforcing filler.
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BUCKOEJ/IACTUYHA CBOJCTBA KOMNO3UTHNX PAKETHUX TOPUBA HA BA3U XUOPOKCU-TEPMUHUPAHOTI
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Y pagy je ucnutaH yTuuaj o4HOCa yAena aMOHWjyM-nepxnopata Kao OKCU-
4aTopa U aNyMUHMjyMa Kao MeTasIHOT ropuBa y OKBUpPY AeduHUCaHOr cagpiKaja
ypcTe ¢dase, Ha BMCKOENACTMYHA CBOjCTBA KOMMO3UTHUX PaKETHWUX ropuea Ha
6asn XMAPOKCU-TepMUHMpPAHOTr nonaun(bytagueHa), ymperkeHux nsopopoHaANnN30-
UpnjaHaToM. AHanu3aupaHe cy M nopeheHe BPefHOCTU AUMHAMUYKO MEXAaHUYKUX
cBOjcTaBa: TemnepaType ocCTak/buBakba T, mogyna cadysaHe (G') u usrybsbeHe
eHepruje (G") v TaHreHca yrna rybuTaka tg 6. Ha ocHoBY peonoLwKMX napameTapa,
eKkcnepumeHTanHo ogpeheHnx Ha Temnepatypama og, —70 ao 20 °C, KOHcTpyucaHe
cy 36upHe (MacTep) KpuBe, Koje NPeKpUBajy 3HATHO WNPK UHTepBan GpeKBeHuUMja
(14 norapuTamcKMx AeKada) y OAHOCY Ha OHAaj y KOMe je BPLIEHO Mepetbe.
dopmuparbem MacTep KpuMBMX MNOCTYNMKOM “peaykuuje” moayna cadvyBaHe W
mogyna usrybsbeHe eHepruje, 3a pepepeHTHy TemnepaTypy Tp = 20 °C, nobujeHe
cy BpeAHOCTU daKTopa nMomepaja, ar, 3a CBe TEMMNepaType Ha Kojuma je ekcne-
pumeHTanHo ogpehrBaHa dpeKkBeHUMOHA 3aBUCHOCT OBOr nNapameTpa. MopeheHe
Cy oBaKo fobujeHe BpegHocT dakTopa nomepaja, ar. Ogabupom Temnepatype
OoCTak/bMBatba Kao pedepeHTHe TemnepaType, ogpeheHe cy “yHuBepsanHe”'
KOHcTaHTe WLF jegHauMHe, Ha OCHOBY KOjUX Cy M3pavyHaTe BPeAHOCTU Nnapuu-
janHe cnobogHe 3anpeMmnHe Ha TeMNepPaTypy OCTaK/bUBaba, fo/B, N KoepuLMjeHT
TONMOTHOT WKperba cnobogHe 3anpemuHe, a¢/B. PesyntaTv nokasyjy Aa nose-
hatbem ygena anymuHujyma 4o ogpeheHe rpaHuue, Koja 3a gaTu yaeo yspcTe
¢dasze usHocn 13 mac.%, Aonasmn 40 He3HATHOr CMakberba BPeAHOCTU cnobogHe
3anpemuHe U KoedpuuMjeHTa TONNOTHOT WKNpera cnobogHe 3anpemuHe. U3Hag
oBe rpaHuue, noseharbe yaena anymmHunjyma go 15 mac.% gosogm o noseharba
MCMUTAHUX BPEAHOCTU. 3aK/byyak Ja NPOMEHOM yaena aNyMUHUjyMa He [0Nnasu
[0 /IMHEapHOTr CMakberba BPEAHOCTM KoeduLMjeHTa TOMIOTHOTr LIMpPeHa C/o-
6ogHe 3anpemMuHe HaBOAM Aa Ce aNyMUHWMjyM Yy CacTaBy KOMMO3UTHOTr PaKeTHor
ropvBa Tpeba nocmaTpaTh Kao akTUBHU NyHUANAL,

KroyyHe peyu: KOMMO3NUTHO paKkeTHO ro-
puBO ® XMAPOKCU-TEPMWHUPAHM NOU-
(byTagneH) e [MHaMMUKa MexaHW4Ka
aHanu3a e BMcKoenacTUyHa CcBOjcTBa

443




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


