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1. Introduction

The mechanical properties of an HTPB propellant is observed during the ageing process of this material
including diiferent conditions of temperature and humidity. The report concerns the results of initial time and
after an ageing duration of 6 months under conditions of +50°C and +20°C for relative humidity of Hr76%,
Hr33% and in dry air. The mechanical properties observed are more precisely the crack propagation
capabilty of the material but for modelisation and numerical calculation purposes, the material is also tested
in uniaxial tension at different strain rates, in simple shear for one strain rate and in the volumetric
characterisation test (uniaxial tension in the Farris gaz dilatometer) for different strain rates. To allow a
complete viscoelastic description, the material is also tested in the uniaxial tension relaxation test for
different imposed elongations. The program scope is to perform a crack propagation numerical simulation
in the Air Force Research Laboratory using the high performance numerical tools available there for an
SNPE formulated material.

2. Material ageing conditions

The material a typical HTPB propellant is aged in sealed cases containing different salted solutions from
which a determined relative humidy control is expected. The sealed cases are placed in air temperature
controled chambers during the ageing duration. The different ageing conditions are recalled in table 1.

atmosphere|temperature| relative ageing ageing

humidity duration duration
air +20°C dry 6 months
air +20°C 33% 6 months
air +20°C 76% 6 months
air +50°C dry to 6 months
air +50°C 33% 6 months
air +50°C 76% 6 months

Table 1 : Ageing conditions and durations



All tests are conducted rapidly without a dessication procedure, the material is thus assuled to be in
equilibrium with the humidity of the sealed case.

3. Material testing at initial time

3.1 Dynamic Mechanical Analysis

The first characterisation of viscoelastic materials consist in the convenient experiment of Dynamic
Mechanical Analysis (DMA) from which the shifting factors of the time-temperature superposition principle
may be extracted. The HTPB material involved in this study was thus tested using this technique for 3
frequencies and a temperature range of +60°C to -80°C. The samples are small rectangular bars of
10x5x25mm to which is applied a continue cooling at the rate of -2°C/min to insure a permanent
temperature equilibrium. The excitation signal of a constant frequence (7.8-32.5 and 125Hz) is
displacement controlled with an amplitude of 10um (0.04% strain). The figure 1 shows the the real modulus
for the 3 frequencies on the entire temperature domain while the figure 2 shows the same results in terms
of loss tangent.
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Figure 1 : Real modulus for 3 frequencies
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The results are typical of an HTPB proppelant with two specific dissipation peaks recorded on the loss
tangent. The first of them located between -60°C and -80°C depending on the frequence is attributed to the
glass transition while the second one, at a much higher temperature, which also frequency dependant, is
knowned to be characteristic of the free macromolecules movments in the elastomeric network.

From these isochrones results one may easely select isotherms from which it is then possible to derive the
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Figure 3 : time-temperature equivalency shift factors.

3.2 Uniaxial tension at constant strain rate

Since the program concerns a viscoelastic description of the behaviour, the material was tested for different
strain rates and temperatures. For the initial time the results have been extended to these different
conditions but due to the poor quantity of material available for this program, the complete characterisation
could not be extended so much at every observed ageing duration.

The properties are first measured in a conventional uniaxial tension test at constant strain rate. The sample
geometry is a modified Jannaf sample depicted on figure 4 for which the equivalent length is 115mm. The
main modification concerns the application of the displacement as boundaries conditions to the sample.
This modification consist in changing from a slippery system to a bonded system.



N

Lo Lt encastrement

collage

JLE JLC JANNAF

Figure 4 : Modified Jannaf sample

With this sample 9eometry, the crosshead speed is chosen to give decimal values of the strain rate of 0.1-
10 and 4.5 min™ (11.5-115 and 500mm/min this latter being the upper range of the dynamometer
capability). For the initial time, the tests are extended to a temperature range lying between -20°C and
+60°C for the single crosshead speed of 115mm/min. Since the time-temperature shift factors are known
from the DMA experiments, the results may be presented as a master curve portion. The results in terms of
stress-strain relationships for the different tested temperatures are shown on figure 5 for the initial time and
on figure 6 for the different strain rates at the temperature of +20°C. The accidental response at -20°C is
due to the presence of some ice around the shaft of the machine which was not detected during the test
and pertubated the crosshead displacement.
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Figure 5 : uniaxial tensile tests at different temperatures
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Figure 6 : uniaxial tensile tests at different rates

From this set of results one may extract the following standard properties which are defined as the
maximum rigidity modulus (in the pseudo linear region), the maximum stress S,, , the associated strain e,
at that stress and finaly the ultimate strain at fracture g,. These values are reminded in table 2 and are the
input to the construction of the master curves portions shown on figure 7.

ageing | ageing | relative test strain Ey Sn €m e
duration| temp. |humidity| temp. rat
months | °C % °C min® | MPa MPa % %
initial - - 60 1 5.1 0.88 33.3 37.4
60 1 5.0 0.85 32.7 37.5
initial - - 20 0.1 5.7 0.95 28.4 30.7
20 0.1 5.6 0.95 31.2 33.8
initial - - 20 1 6.7 1.08 31.2 33.7
20 1 6.1 1.06 31.0 32.8
initial - - 20 4.35 7.9 1.2 36.5 43.8
20 4.35 7.9 1.15 35.5 40.9
initial - - -20 1 23.0 1.71 40.3 49.8
-20 1 21.0 1.75 39.8 45.8
initial - - -40 1 48.4 2.66 33.3 37.0
-40 1 68.4 2.65 35.6 40.0

Table 2 : Uniaxial tensile properties
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Figure 7 : Master curves of the tensile properties

3.3 Uniaxial tension relaxation tests

In addition to these tests, the material behaviour is also observed in uniaxial relaxation experiments. Three
strain level are achieved, namely 5%, 10% and 15%. The stress relaxation is recorded during 6000
seconds (100min). The recorded stress versus time is shown on figure 8.
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Figure 8 : Stress relaxation for 3 strains

It is of concern to point out the large difference commonly observed between the uniaxial tensile test
modulus and the relaxation modulus. This difference is due to the strong non linear viscoelastic effects
which are revealed by the fact that the relaxation modulus falls very rapidly as soon as the deformation
applied to the sample no longer increases. Then, if one plots on the same graph, as on figure 9, the
relaxation and tensile modulus the difference is obvious even if the definition of time is not common in
these experiments.
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The volume dilatation is of course of main importance despite the fact that numerical simulations are
generally incompressible. This material property may be measured in the Farris gaz dilatometer during a
tensile test. To remind the principle of the Farris gaz dilatometer, the figure 10 shows a functioning scheme
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Figure 10

. Farris gaz dilatometer



The material has been tested in the dilatometer at the ambiant temperature and 3 crosshead speed (5- 50 -
500mm/min) . The samples are conventionnal Jannaf geometry but the dogbone heads are cut off to
reduce the fixation apparatus overall dimensions. The results in terms of tensile properties are coherent
with the previous experiments as shown on the master curves of figure 11.
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Figure 11 : tensile properties from Farris gaz dilatometer (noted f)

The material response in terms of volume dilatation is shown on figure 12.
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Figure 12 : Farris gaz dilatometer characterization



The results are typical of an HTPB propellant with an incompressible domain up to 10% at least varying
slightly with the strain rate. Overpassing this domain, the volume increases rapidly before reaching a zero
creation rate of voids (a linear domain of variation of the global volume). The slope which is characteristic
of this domain is also slightly rate dependant.

3.5 Simple shear tensile tests

An hyperelastic ajustment on the results in the initial condition was performed with the intention to help as a
guide for the construction of more realistic constitutive material laws (viscoelastic). To obtain a confident
fitting process a simple shear experiment is added to the material data at the unique strain rate of 1min™
but for different temperatures. The sample are composed of 2 rectangular plates of 5mm thickness and
50x50mm2 section bonded to strong metallic supports in order to respect the boundaries conditions of fixed
dispacement on the surfaces. The results to such experiments is presented on the figure 13.
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Figure 13 : Simple shear experiments

Once this results are available the fitting process to obtain hyperelastic models is easely performed using a
very conventionnal least square technique. The hyperelastic strain energy potential is developped up to
order 2 but only four terms were retained :

W, => ¢, (, -3, -3) with C,, =0

The fittings of this model to experimental uniaxial and shear results are presented on figure 14.
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It is worthnotting that coefficients of the hyperelastic laws seems to vary with a coherent sense with the

reduced temperature as shown on figure 15.
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Figure 15 : temperature dependance of the Hyperelastic fitting coefficients

6= 60 | 20 | -20
Co1=| 1.50 | 1.43 | 6.06
Co2=[-0.54|-0.44|-2.74
Cl(): -0.441-0.17|-3.35
Cx=[ 0.09 |-0.13] 1.51

Table3 : Hyperelastic coefficients values

3.6 Crack propagation tests

All these cumulated experimental results gives a clear picture of the material behaviour, it is now time to
turn to the observation of the true target of this work : the crack propagation tests. Two geometries were
tested in a single sample geometry of 5x110x20mm namely the SENT and the pure shear (PS). The figure
16 shows schematically the samples geometry and boudaries conditions.
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Figure 16 : Crack propagation tests samples geometry



The experiments are all conducted at room temperature and to a rate in proportion with the sample height
which leads to respectively to 25mm/min for the SENT samples and 5mm/min for the PS samples. The
propagation of the crack is recorded using a synchroneous video set up with an integrated clock as shown
on figure 17.

tj load cell

Force-displacement data

crack sample CP

Displacement
guide

crack propagation
image recording

Video camera

Figure 17 : Synchroneous video crack propagation recordings

From this recordings and with the simultaneaous load-displacement trace, one is able to evaluate the
critical stress-intensity factor and the crack propagation speed.

These measures leads to the graphs displacement-load-crack length shown on figure 18 and 19
respectively for the SENT and the PS specimens.
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Figure 18 : crack propagation recordings for SENT specimens (6=+20°C R=25mm/min)
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Figure 19 : crack propagation recordings for PS specimens (6=+20°C R=5mm/min)



From the recording of the fracture load at the instant of propagation onset, it is possible to evaluate both a
critical stress intensity factor, K., and a fracture energy, G.. The conventionnal fracture mechanics
relations used to derive these values are for the critical stress intensity factor in the PS samples :

where o, is the critical ligament stress and h the undeformed height of the sample. For the facture energy
the relation is simply :

For the SENT samples the linear elastic analysis provides :

K, =oc,4/na.Y(ahB)

Ic

where oy is the stress in the region far from the crack tip where it is uniform, a the crack length and Y a
correcting function to take into account for the boundaries conditions which value for short cracks may be
taken as 1,12. In terms of fracture energy, the analysis due to GreenSmith and Thomas leads to :

G, =k(x)W,.a

A correction factor may be added to the expression in the form of Y2, We have prefered to use once again
the linear fracture mechanics relation for reasons of simplicity :

Table 4 gives the values extracted from the experiments (modulus is considered as 5.4MPa)

sample Qo ho oc Kic G,
mm mm MPa MPavym | mJ/mm?
SENT 6 110 0.313 0.048 0.430
SENT 6 110 0.273 0.042 0.326
PS 35 21 0.612 0.054 | 0.547
PS 35 21 0.526 0.047 0.403

Table 4 : Crack propagation initiation properties

Both geometries gives comparble values but the better result is obtained with the fracture energy
measurements, G, as could be expected from its non linear nature.



4. Properties of aged propellant

4.1 Mechanical spectroscopy

A low cost method to observe the ageing process of propellant and generally of polymers, is obviously the
DMA technique and more precisely the observation of the dissipation properties (loss tangent). The aged
HTPB material was tested using this technique as in §3.1 but for the unique frequency of 7.8Hz. The
results are presented in termes of real modulus and loss tangent on figures 20 and 21.
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Figure 20 : Real modulus of aged HTPB propellant
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Figure 21 : loss tangent of aged HTPB propellant



It is clearly seen that the material aged at the temperature of +20°C does not present any noticeable
modification of its behaviour whatever the ageing conditions are. On the contrary, the ageing temperature
of +50°C shows a spectacular mechanical behaviour modification which may be resumed as a material
rigidification. This stiffness increase is amplified by the relative humidity value and results in a modulus
increase together with a loss tangent decrease. The behaviour could then be compared to the material in
its glassy state. It should also be pointed out that the broad loss tangent peak which is centered around
+10°C in the unaged condition tends to move towards low temperature after ageing. There is no doubt that
the material macromolecular structure is deeply modified by the ageing process though no well identified
mechanism may be refered to. This glassy behaviour will of course strongly affect the crack propagation
behaviour as it will be demonstrated later on.

4.2 Uniaxial tension
It is useless saying that the aged material behaviour is observed in uniaxial tension tests. Only a single
crosshead rate (115mm/min) at room temperature condition is applied due to the lack of material but these

tests gives a important picture of the modified behaviour.

The figure 22 shows this modified behaviour for each ageing condition.
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Figure 22 : Uniaxial tension tests for aged propellant

This figure shows that the material is unmodified for room temperature and slight humidity condition
(Hr35%) but becomes a bit stiffer when the ageing condition is dry. Again, for this temperature (+20°C) and
for the higher humidity (Hr76%) condition, the material becomes weaker both in terms of rigidity and
capacity. For the hot temperature ageing condition (+50°C) the material exhibits an imporant stiffness
increase with a retardation effect due to the presence of a slight humidity. Finaly for both the high
temperature and high humidity ageing condition the material behaviour modification is spectacular betrayed
by a very high modulus and a important capacity loss. The underlying physical mechanisms responsible for
this behaviour are not clear but it is worthnotting that this modification in the tensile behaviour are
accompagnied by a noticeable change in the loss tangent.



Table 5 reminds all the properties extracted from these results.

ageing | ageing | relative test strain Ey Sn €m e

duration| temp. |humidity| temp. rate

months | °C % °C min™ MPa MPa % %
6 +20 dry +20 1 7.6 1.15 32.5 38.0
6 +20 35% +20 1 6.4 1.03 32.6 35.6
6 +20 76% +20 1 45 0.71 31.5 39.5
6 +50 dry +20 1 13.3 1.44 18.8 21.9
6 +50 35% +20 1 10.9 1.20 18.6 21.8
6 +50 76% +20 1 143 0.75 0.83 2.33

These figures confirms the general tendencies qualitatively observed on the stress-strain curves. The
material aged at room temperature is sensible to humidity with a noticeable decrease in stiffness properties
for high moisture values, a constant behaviour for the medium range value of this parameter and a slight
increase in dry conditions. The picture is very different for the high temperature ageing with a global
increase of the stiffness for the medium and dry humidity condition and a brittle behaviour for the

combination of high temperature and high humidity.

4.3 Crack propagation tests

The crack propagation tests are performed using the same operating conditions as for the unaged material
but the uncracked sample was not tested again for material saving purposes. The results are presented for
each temperature and geometry (SENT and PS samples) on figures 23,24,25 and 26.
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Figure 23 : Crack propagation test for SENT samples (+20°C ageing condition)




PBHT Propellant 005 - 6 months ageing duration at +50°C
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Figure 24 : Crack propagation test for SENT samples (+50°C ageing condition)

The crack propagation velocity for the sample aged at +50°C and Hr76% was to high for the video recorder
to catch a meaningfull image and for the aged material in dry air the recording operation unfortunately
failed. This is why no crack length measure is available for these two conditions. Anyway, this lack of
informations on the kinetics of crack propagation does not exclude the calculation of the critical stress
intensity factor.
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Figure 25 : Crack propagation test for PS samples (+20°C ageing condition)
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Figure 26 : Crack propagation test for PS samples (+50°C ageing condition)

As for the SENT samples, the PS experiment for the +50°C and Hr76% ageing exhibits such a brittle
material behaviour that the recording of the crack propagation was not possible with the video. However in

this case the maximum stress was chosen as the crack initiation point.

The table 6 reminds all the material properties extracted from these tests.

ageing condition | sample ag ho o Kic E G,
temp. Hr mm mm MPa MPavm MPa mJ/mm2
20 dry SENT 6 110 0.456 | 0.070 7.6 0.647
20 35% SENT 6 110 0.490 | 0.075 6.4 0.886
20 76% SENT 6 110 0.360 | 0.055 45 0.682
50 dry SENT 6 110 0.552 | 0.085 13.3 0.542
50 35% SENT 6 110 0.492 | 0.076 10.9 0.525
50 76% SENT 6 110 0.734 | 0.113 143 0.089
20 dry PS 35 21 0.419 | 0.037 7.6 0.181
20 dry PS 35 21 0.689 | 0.061 7.6 0.492
20 35% PS 35 21 0.633 | 0.056 6.4 0.493
20 35% PS 35 21 0.578 | 0.051 6.4 0.411
20 76% PS 35 21 0.553 | 0.049 45 0.536
20 76% PS 35 21 0.495 | 0.044 45 0.429
50 dry PS 35 21 1.030 | 0.091 13.3 0.628
50 dry PS 35 21 0.876 | 0.078 13.3 0.454
50 35% PS 35 21 0.681 | 0.060 10.9 0.335
50 35% PS 35 21 0.929 | 0.082 10.9 0.624
50 76% PS 35 21 0.734 | 0.065 143 0.030
50 76% PS 35 21 0.609 | 0.054 143 0.020

Table 6 : crack propagation properties for aged material




It should be emphasis that the crack propagation velocity is not supported by the analysis of results since
no simple physical model is availbale. Nevertheless it can be seen on these figures that the crack speed
increases with the material stiffness as could be expected from an energy restitution analysis.

In terms of toughness properties, the results shows some systematic differences between the SENT and
PS geometries probably due to the non linear behaviour which is not taken into account in the fracture
mechanics relations. It should be emphasis that the brittle material properties (+50°C Hr76%) does not
appear clearly from the K1c figures (the values are about the same or even higher for the SENT specimen)
since this properties involves only the stress value. On the contrary, the fracture energy which invelves a
rigidity notion via the modulus, exhibits very clearly this behaviour.

Finaly, it is noticed that the influence of the ageing process is about the same as oberved in uniaxial
tension. The +20°C ageing conditions leads to rather unchanged fracture properties (note the softening by
76% humidity is compensed by the retardation of the crack propagation onset) while the +50°C condition
leads to a material tougness increase except for the Hr76% condition.

5. Conclusions

The mechanical behaviour of an HTPB propellant is described with the objective of a crack propagation
modelization. To provide the necessary properties involved in the viscoelastic model addressed the
material is characterized with various tests. The firts of them is the classical mechanical spectrometry from
which the shifting factors are extracted for a ulteriour utilization in the master curves constructions. These
master curves concerns mainly the tensile properties gathered at various strain rates and temperatures. To
allow an insight in the hyperelastic behaviour the material is also tested in simple shear from which in
addition to uniaxial results some Mooney-Rivlin law fitting has been performed. Though this informations
are not used in conventional incompressible description, the volumetric component of the behaviour has
been observed for three strain rates.

The aim of the program being the crack propagation behaviour these tests were conducted for two samples
geometry namely, Single Edge Notch tension and Pure Shear. The fracture mechanics properties derived
from the these results shows a coherent picture though some discrepencies are systematicaly observed
with these two geometries.
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