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Abstract: 
 Semtex 1A, H and 10 were characterized by Fourier Transform (FT) Rheology to identify the 
transition from linear viscoelastic to nonlinear viscoelastic behavior. Preliminary dynamic viscosities 
measurements on three Semtex explosives showed shear thinning behavior, typical of highly filled 
paste explosives.  Semtex 1A and H have similar viscosity traces but 10 are less shear thinning and 
has lower viscosity, probably due to the different binder/plasticizer in this variant.  The onset of 
non-linearity can be identified by a strain sweep at constant frequency when the storage and loss 
moduli are no longer independent of strain.  The cross over point of these moduli is usually taken 
as the onset of fluidity. For the Semtex samples the onset of nonlinear is difficult to measure but 
occurs at about 0.02, 0.04 and 0.08% strain for Semtex 10, H and 1A, respectively. Based on the 
cross over point, Semtex 1A remains solid-like to about 7% strain, Semtex H to about 4%, but 
Semtex 10 is fluid-like above 0.2%.   This appears to be related to the poly(acrylonitrilebutadiene) 
binder and different plasticizer in Semtex 10.  All 3 samples had backward tilted stress and strain 
thinning behavior once the tests were well into the nonlinear region.  Finally, transient 
measurements were made over a 3 order of magnitude strain sweep at 1 Hz at ambient. These 
results were transformed to power spectra by FT methods. The onset of nonlinearity is ascretained 
by the presence of higher harmonics in the power spectrum of the transient measurements.  The 
3rd harmonic, indicating nonlinearity, was evident at above 0.01% strain in both Semtex 10 and H, 
but weaker at this strain in Semtex 1A.      

Introduction: 
The classic paste explosives, often called “plastic explosives” include C-4, PE-4, deta sheet and 
Semtex.  They consist of 80-91% crystalline explosive, usually RDX or PETN or a mixture of both, a 
binder and plasticizer.  Binders for these explosives include polyisobutylene (PIB), styrene-
butadiene rubber (SBR) acrylonitrile-butadiene rubber (NBR) and nitrocellulose. Plasticizers include 
motor oil, dioctylsebacate, dioctyl phthalate, tributyl citrate or similar high boiling liquid.   These 
explosives are the consistency of plumber’s putty or modeling clay and have a variety of military 
applications.[1, 2] Lower viscosity paste explosives can be formulated by reducing the 
concentration of explosive filler.[3]  In some cases, nanoparticles have been added for gelling 
purposes. [3-6] Paste explosives can be cured by using a curable binder and a variety of cast-cure 
explosives are formulated in this way. [7-9]  
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Rheological behavior of these paste explosives can be quite complicated, depending on optimum 
particle size distribution[10] and shape[11], concentration of solids[12], type of binder and 
plasticizer[13]. Shear-thinning and thixotropy, shear-thickening and rheopexy and yield stresses 
have been observed in these types of highly concentrated suspensions. [14]  Most suspensions 
have solids loadings below some critical solids content (φc), but paste explosives are processed so 
as to maximize the concentration of explosive and thereby the explosive characteristics. Recently a 
new method for evaluating high solids suspensions called Fourier Transform (FT) Rheology [15-17] 
has become available for the ARES G2 rheometer which may provide useful insight into the 
transition from linear viscoelastic to nonlinear viscoelastic behavior.  Because of the relatively 
unsatisfactory results of contact angle [18],  other interfacial measurements [16], and theoretical 
estimates[19] of the optimum binder for a given explosive crystal, an alternative approach was 
needed.  The suggestion from some authors that large amplitude oscillatory shear (LAOS) 
measurements and FT rheology could provide useful information on interactions of shear induced 
microstructures of high solids suspensions [20-22], prompted this preliminary evaluation of the 
technique for the three Semtex plastic explosives.   

Experimental: 
Semtex samples were received in 2000 and stored at ambient without any special precautions prior 
to testing. Strain sweep and frequency sweep tests were run in 2010.  Transient FT rheology testing 
was performed this year.  There is some discrepancy about the compositions of the various 
Semtex’s in the literature. [23-25]  Semtex 1A is approximately 83/4/13: PETN/SBR/oil (motor oil 
and or phthalate). Semtex 10 is approximately 85/4/11: PETN/NBR/dibutyl formamide plasticizer.  
Semtex H has been reported as approximately 25/60/3/12: PETN/RDX /SBR /oil (motor oil and/or 
phthalate).  It has also been reported to contain equal amounts of PETN and RDX. 

 
An ARES G2® rheometer manufactured by TA Instruments was used for all tests.  Frequency sweeps 
were run at ambient at 1% strain on a log scale from 100 to 0.1 rad/s with 10 points/decade and 
back to 100 rad/s. Data were acquired in correlation mode from 25 mm parallel plate fixtures with 
a gap of 2-3 mm. A normal force of 6-8 grams was applied to reduce slippage.  The conventional 
strain sweeps were run at 10 rad/s on a log scale from 1E-3 to 100% strain with 5 points/decade 
increments at ambient.  FT rheology transient measurements were run with 8 mm stainless steel 
serrated parallel plates to reduce slippage.  Gap separation was between 2-3 mm. Axial 
compressive force of approximately 20 grams was maintained during transient strain sweeps. In 
the transient strain sweeps the strain ranged from 1E-3 to 10% with 3 points/decade.  In the 
transient mode 5 cycles of 1028 points each were collected with a 1 second delay. 

Results and Discussion: 
Conventional measurements 

The typical strain sweep experiment for Semtex H is shown in Figure 1a.   A constant frequency (10 
rad/s) was run at increasing oscillatory amplitudes from 8.7E-4% to 100% strain while various 
properties were measured.  From the stress-strain measurements shear storage and loss moduli 
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(G’=blue triangles and G” green squares), tan delta (G”/G’=red diamonds) and complex viscosity 
(η*) were calculated.  For solids nonlinear viscoelastic behavior begins when the moduli show 
dependence on strain.[26]  From Figure 1a for Semtex H, the weak signals at low strains make the 
onset of nonlinearity difficult to estimate.  Clearly by 0.01% strain, Semtex H moduli show some 
strain dependence. Similar behavior was observed in Semtex 1A and Semtex 10. At larger strains 
this suspensions show a cross over point between G’ and G” at 3.7 % strain and 0.10 MPa. This is an 
indication of the transition from solid-like to liquid-like, in this case, nonlinear viscoelastic 
behavior.[27, 28]  A second run for Semtex H (not shown) gave 6.6% strain and 0.11 MPa cross 
over. Semtex 1A deviated from being independent of strain around 0.006% and cross over occurred 
at 7.4% strain and 0.11 MPa.  Semtex 10 nonlinearity onset occurred around 0.003% strain but 
cross over was significantly earlier at 0.4 % and 0.34 MPa.   Figure 1b shows the different Lissajous 
figures from linear viscoelastic behavior of data point 4 to the nonlinear behavior of points 11, 16, 
and 22 in the strain sweep test.  On the right of figure 1b are the Lissajous figures from the strain 
sweep in Figure 1a at 10 rad/s and 1% strain compared with similar strains and frequency in the 
frequency sweep in Figure 2 discussed below.  The blue box in each figure shows which data points 
the Lissajous figures were taken from.  The similarity of the 3 data sets seems to imply that 
transients and thixotropic behavior have equilibrated out of these data.  This also implies that the 
nonlinear behavior in this region is reproducible.  

It is possible to determine the relative magnitude of the contributions of different harmonics to the 
stress wave by deconvoluting the wave form and relating the various harmonic components (3, 5, 7 
and 9 in Figure 2a) to the magnitude of the fundamental (1).  The influence of the 3rd harmonic is 
seen at about 0.001% strain in the log(relative magnitude of the components of stress wave signal, 
Ix/I1) plot, consistent with the deviation of the storage and loss moduli from solid-like linear 
viscoelastic behavior.  Relative intensities below 0.001 have been ignored due to excessive scatter.  
The 5th harmonic begins to contribute to the resultant stress wave at strains of about 0.01%.  Note 
also that this harmonic doesn’t influence the stress wave for Semtex 1A until somewhat higher 
strain levels compared to the other two formulations.  The 7th harmonic (red) shows up at strains 
above 0.04-0.05% with Semtex 1A around 0.2%.  The 9th harmonic is most evident in Semtex 10 at 
around 0.1% strain but missing from the Semtex 1A measurements. The magnitudes of the 
harmonic contribution to the angular displacement signal, x, are plotted in Figure 2b.  Since the 
phase of the harmonic signal controls the shape of the composite stress wave, for structured fluids 
like paste explosives a peak in this function indicates a transition from a “remembered structure” 
to a more fluid like behavior.[29, 30]  In the range tested only Semtex 10 shows this maximum, at 
about 25% strain, well above cross over for this explosive.   

The dynamic viscosity measurements for Semtex 1A are shown in Figure 3.  In the nonlinear 
viscoelastic region before the cross over, as was the case for both Semtex 1A and H, the storage 
modulus (1st run blue triangles, second run green triangles) is higher than the loss modulus and the 
sample behaves like a semi-solid.  Both runs are reasonably similar and the stress follows the input 
strain with a specific delay.  Dynamic viscosity traces of the 3 Semtex formulations are shown in 
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Figure 4.  For the 3 orders of magnitude in frequency over which the tests were run, a power law 
relationship of the form: 

 η(ω) = Κω-n       (1) 

fits the data very well.  Here η is the apparent dynamic viscosity in Pa*s, ω is the oscillatory 
frequency in rad/s, and Κ and n are constants.  Surprisingly, Κ and n values for Semtex H and 1A 
were very similar.  Since the polymer binder and plasticizer are the same for H and 1A (SBR and oil), 
it is assumed that the binder/plasticizer is more important than the explosives used.  This is further 
substantiated by the lower apparent viscosity at low frequency and reduced shear thinning 
character of Semtex 10.  Semtex 10 uses NBR for a binder and DBF plasticizer at slightly higher 
PETN content.[24]  Values for K and n are given in the figure. 

Transient Measurements 

Transient strain sweeps of the 3 Semtex explosives were performed as described in the 
experimental section.  Figure 5a shows the measured stress for a given input strain as a function of 
time for Semtex H.  Also shown is the strain rate (in red).  The oscillating frequency was 1 Hz (6.24 
rad/s).  Two nonlinear (γ=0.0464% strain – measurement #6) and  (γ=4.78% strain – measurement 
#12) transient measurements are shown in Figure 5b. The Lissajous figures from the imposed strain 
and measured stress are also given. As can be seen in the Figure, there is some transient damping 
for the first cycle or so, especially at higher strain.  The nonlinearity is less easily seen at the lower 
strain (#6) Lissajous figure in Semtex H. Because there is an order of magnitude increase in the 
intensity of the harmonics when the strain is increased by two orders of magnitude, the Lissajous 
figure (#12) in 4b is no longer elliptical.  Although the input strain (green) is sinusoidal in all 
instances, the stress waves (blue) are not and it is most evident in the Lissajous figures at higher 
strains.  

The shape of the stress wave form with respect to the input sinusoidal strain depends on the phase 
of the harmonic components.  Figure 6 shows the three Semtex stress-strain plots at a strain 
amplitude of 4.78%.  In these figures the lag in the stress wave has been adjusted to zero so that 
the beginning of the wave corresponds to the sinusoidal strain oscillation.  As can be seen in the 
figure, the Semtex 1A has a very slightly forward tilted shoulder that is almost unnoticeable.  The 
Semtex H sample forward tilting shoulder is more pronounced at the same strain amplitude and 
Semtex 10 has the most predominant forward tilt.  This is characteristic of concentrated 
suspensions prior to the onset of large viscoplastic flow.[29, 30] This happens if the phase angle of 
the harmonic is between 0 and 90 degrees with respect to the stress wave fundamental.[28]  

The TA Instruments® a Fourier Transform Rheology package based on MIT software[31] was used 
to generate a power spectrum of the strain sweep data from the different Semtex samples at each 
different oscillation amplitude in the transient strain sweeps (see Figure 5a).  An abbreviated data 
set for Semtex 1A with only the first of the three strain steps in a logarithmic increment is shown in 
Figure 7.  As can be seen in the figure only the lowest strain amplitude (0.001%) shows a single 
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fundamental or excitation frequency (harmonic number =1) with no evidence of a 3rd harmonic 
contribution.  At 0.01 % strain, the stress wave appears to have a very small contribution from the 
3rd harmonic. With increasing strain amplitude 5th and higher harmonics begin to come into play, 
perhaps up to the 13th.  The weaker even harmonics, which should not be present, are observed at 
0.1% strain and higher.  According to this assessment of nonlinear effects begin around 0.01% 
strain. Compared to conventional measurements on Semtex 1A, the power spectrum shows 
significant harmonic vibrations in the stress wave at about the strain levels where the dynamic 
moduli begin to show strain amplitude dependence. 

One method for visualization of the non-linearity of the stress wave as a function of frequency and 
strain amplitude is a Pipkin plot.  Figure 8 shows this plot for the data generated to date on the 3 
Semtex explosives.  The Semtex 10 data (red traces) are in the correct position, the Semtex H data 
(blue) are shifted to the left and down half a log step and the Semtex 1A data are shifted down and 
left an order of magnitude (1 log step) for clarity.  The shape change of the Lissajous figures at 
higher strain for Semtex 10 (red) show more dramatic changes with increasing strain amplitude and 
decreasing frequency than the other two Semtexs. These results can also be looked at in terms of 
the strain rate ( which has not been done yet.  

Conclusions: 
A preliminary investigation into the linear to nonlinear Fourier transform rheology of the three 
commercial Semtex paste explosives has shown the importance of the choice of binder and 
plasticizer in paste formulations.  It was found that the transition from linear to nonlinear behavior 
occurred at quite low strain amplitudes. On the other hand, the crossover in Semtex 10 occurred at 
an order of magnitude higher strain in the SBR/plasticizer formulations than the NBR. A maximum 
was observed in the harmonic phase angle with increasing strain for Semtex 10, the NBR 
formulation.  This has been[17] associated with the transition from “strain hardening” to “viscous 
flow”.  This peak was not observed in the A and H versions apparently because of the limit of the 
strain amplitude to ≦ 100%.  The position of this maximum might be a metric for evaluating the 
quality of the paste explosive.  The harmonic analysis package from TA Instruments was useful in 
identifying early harmonic contributions in these pastes.  Clearly there is much more work to be 
done to map out the FT rheology of paste explosives.  Simple constitutive models, such as Bingham, 
Ellis or Carreau, have been used to aid in understanding the physical phenomena behind this 
interesting approach to characterizing paste and cast cure explosives.  We would like to evaluate 
some of these simple models with respect to the FT results to obtain more physical insight into the 
interactions of highly loaded paste explosives in the future. 
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(a) 

 

(b) 

Figure 1a.  Strain sweep for Semtex H shows the difficulty of identifying strain dependence in the 
dynamic moduli.  The crossover of G’ and G” indicates the onset of fluid-like behavior at 3.7 % 
strain and 0.10 MPa.  (b) On the left are scaled Lissajous figures from normalized stress/strain data 
from the nth data point indicated by the number in the figure. At the right three Lissajous figures 
from different measurement at 1 % strain and 10 rad/s are overlaid.  
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Figure 2. (a)The relative contributions of various harmonics in the stress wave were extracted from 
the digitized waveform and are plotted for each of the 3 Semtex variants.  As expected only odd 
harmonics contribute and higher harmonics contribute least. (b) The harmonic phase angles of 
Semtex 10 pass through a maximum at about 25% strain. 
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Figure 3.  Typical dynamic viscosity trace for Semtex 1A with moduli included shows slight variation 
between first and second runs. 
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Figure 4.  Dynamic viscosities of the various Semtex samples gave power law dependencies for the 
apparent viscosity.  Semtex H and 1A were very similar but Semtex 10 was less shear thinning.  
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(a) 

(b) 
Figure 5a.  (a) The transient strain sweep of Semtex H shows (b.) different degrees of nonlinear 
viscoelastic behavior in the stress depending on the level of imposed strain. 
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Figure 6. All of the Semtexs tested showed “backward tilting” stress waves.  The strongest tilt at the 
4.77% strain was with the different binder/plasticizer combination of Semtex 10. 
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Figure 7. Fourier spectra of the Semtex 1A transient strain sweeps shifted about γ = 0.1% show 
increasing contributions of higher harmonics with increasing strain amplitude.  Arrows indicate 
shift direction. 



 
15 

 

 

Figure 8. A subset of Pipkin plots for the 3 different Semtexs (shifted with respect to Semtex H) 
show that Semtex 10 nonlinearity is more pronounced than the others at higher strains. 

 


