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The shock induced shear strength of a commercial silastomer, trade name Sylgard 184 TM has been determined using laterally mounted manganin stress gauges. Shear strength has been observed to increase with increasing shock amplitude, in common with many other materials. Shear strength has also been observed to increase slightly behind the shock front as well. It is believed that a combination of polymer chain entanglement and cross linking between chains is responsible. Finally, a ramp on the leading edge of the lower amplitude stress traces has been observed. It has been suggested that this is due to shock induced collapse of free space between the polymer chains. Similar explanations have been used to explain the apparent non-linearity of the shock velocity with particle velocity at low shock amplitudes.

1.

Introduction

Polymers are widely used in industry, and thus their exposure to situations were high loading rates, including shock loading are becoming increasingly prevalent. The manufacture of explosives for military and industrial applications is a good example, where materials such as polychlorotrifluoroethylene (PCTFE) [START_REF] Anderson | Shock Compression of Condensed Matter -1991[END_REF] and hydroxyterminated polybutadiene (HTPB) [START_REF] Bohn | [END_REF]3] are used as binder phases. Epoxy resins have also been used as the matrix phase in fibre based composites [4,5], and as such their impact response is of interest to the aerospace industry where resistance to foreign object damage (FoD) and bird strike are a necessity. Interest in monolithic polymers such as neoprene (polychloroprene) [START_REF] Buland | 10th European conference on Earthquake Engineering[END_REF] has attracted attention as it has been used in the protection of buildings to earthquake damage.

In the past few years, a systematic effort has been made to understand how molecular structure affects the shock response of various polymers. One of the major aims of this programme was to investigate the variation of shock induced shear strength ( ) both with impact or longitudinal stress ( x ) and time behind the shock front itself. Such measurements are useful as they define the offset of the Hugoniot (longitudinal stress) from the hydrostatic pressure (P) via the relation, τ σ (

) 1 
During shock loading, conditions of one-dimensional strain apply, and correspondingly, there must be a confining (or lateral) stress ( y,z ) orthogonal to the loading axis. Assuming that hydrostatic pressure is the average of all three components of stress, shear stress can be written in terms of these components of stress, thus,

y x σ σ τ - = 2 .
(

A number of techniques have been employed to determine this value, including inclined impact [START_REF] Zhou | [END_REF], subtracting the calculated hydrostatic pressure from the measured Hugoniot stress [8] and the self consistent technique, where a simple load and release experiment is compared to one where the initial conditions are the same, but instead of releasing, a second shock is launched into the already shocked target [9]. However, from equation 2, it can be seen that shear strength can also be measured using suitably orientated manganin stress gauges. This methodology has been used by ourselves and others on a variety of materials including metals and alloys [START_REF] Hopkins | Shock Compression of Condensed Matter[END_REF][START_REF] Millett | [END_REF][12], ceramics and silicate glasses [13][14][15] and polymers [16][17][18]. It can be seen that this is an invasive procedure, in that a manganin stress gauge must be introduced into a sectioned target assembly, and as such, it has been suggested that in doing so, the lateral stress recorded by the gauge is more a function of the layer of adhesive it sits in due to target assembly [19]. However, shock loading experiments below the Hugoniot Elastic Limit (HEL -the yield strength during one-dimensional strain) in ceramics and glasses using this technique show good agreement with the calculated elastic response, thus,

x σ ν ν τ - - = 1 2 1 2 , ( 3 
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where ν is the Poisson's ratio. Further, comparison of a number of techniques, including lateral gauges in tungsten heavy alloys (WHAs), also show a high level of agreement, hence lending confidence to the technique [20].

In the case of polymers, lateral stress gauges have been used to examine the role of side group size (from the main carbon-carbon) backbone has been investigated through the study of polyethylene (PE -hydrogen), polypropylene (PP -methyl) and polystyrene (PSbenzene) [18], showing that as the size of the side group increased, the level of strengthening increased. It was suggested that this increased the level of chain entanglement (tacticity) increased from PE to PS, thus increasing the necessary stress to achieve deformation. It was also suggested that both PP and PS showed evidence of increased crystallinity due to shock loading. Such a response has been observed in polyether etherketone (PEEK), where Millett et al. [21] showed a pronounced discolouration immediately behind the impact face during

Taylor impact tests, and by Rae et al. [22], who in repeating these experiments, were able to quantify this response. In all four materials, a significant increase in shear strength was also observed behind the shock front [17,18], again ascribed to a degree of tacticity between adjacent polymer chains. However, in the case of fluorinated polymers such as polytetrafluoroethylene (PTFE), PCTFE and polyvinylidene difluoride (PVDF), the situation is rather different [START_REF] Bourne | Shock Compression of Condensed Matter -2001[END_REF][START_REF] Bourne | [END_REF]. Although in common with most polymers studied, shear strength was shown to increase with longitudinal stress, shear strength itself was observed to be near constant with time behind the shock front. As fluorine replaced hydrogen, moving from PE to PTFE, strength was observed to shift from an increase behind the shock front, due to chain tangling to a more constant response. It was suggested that this was due to a two fold process; the large fluorine atoms reducing the tacticity of the chains, combined with the large electro-negativity of fluorine increasing the van de Waals forces between chains which will also affect strengthening mechanisms. Interestingly, it was noted that PVDF had the greatest strength of all three materials in this study. It was proposed that the alternating pairs of hydrogen and fluorine atoms along the chain would enhance tacticity, whilst the presence of those alternating pairs would also modify local charge density along the chain, thus allowing the creation of additional attractive forces.

We now turn our attention to a cross linked silicone rubber, marketed under the trade name Sylgard 184 TM , and referred hence forth as Sylgard. Although it is used as a potting compound in systems subjected to high pressure loading, and that it has been used as a binder phase in polymer bonded explosives [START_REF] Marsh | LASL Shock Hugoniot data[END_REF], it is perhaps surprising that very little information concerning its high strain-rate and shock response has reached the open literature. Winter et al. [START_REF] Winter | Shock Compression of Condensed Matter -2003[END_REF], in combination with previous data published in Marsh [START_REF] Marsh | LASL Shock Hugoniot data[END_REF] showed that the material displayed a linear relationship between shock velocity (U S ) and particle velocity (u p -the velocity of material flow behind the shock front due to momentum transfer). Silicone based rubbers have also been proposed by Be'ery and Rosenberg [START_REF] Be | Shock Compression of Condensed Matter[END_REF] as a potential encapsulation for manganin stress gauges to increase their pressure capability.

They suggested that this would be due to the reduction in shock induced conduction from pressure induced phase transformations in materials containing benzene rings such as epoxy based resins. Sander et al. [START_REF] Sander | Shock Compression of Condensed Matter -2005[END_REF], used an explosively generated shock of amplitude ca. 16

GPa and a maximum duration 30 ns to load Sylgard, monitoring its chemical response via mass spectrometer. Results showed that the polydimethylsiloxane polymer molecule decomposed into n-mers of dimethylsiloxane with n in the range 1 to 7. In addition, n-mers with missing methyl groups were also seen. The authors interpreted this as evidence of limited shock induced decomposition, suggesting that the lowest energy products had insufficient time to form. Dattelbaum et al. [START_REF] Dattelbaum | [END_REF], used diamond anvil techniques to compress Sylgard up to 10 GPa. They also used Raman spectroscopy, and were able to rule out pressure induced crystallization or phase transformations up to 6 GPa. Their results indicated close agreement between static and shock generated results. Hooper et al. [30], used molecular dynamics, based on simple quantum-chemistry based potentials to model a range of polymers, included Sylgard. Comparisons of predicted and experimentally determined compression, bulk modulus and shock response all showed good agreement.

In this paper, we use laterally mounted manganin stress gauges to measure the variation of shear strength in Sylgard, both with induced shock stress and time behind the shock front. We also re-examine the Hugoniot data generated by Winter and his colleagues [START_REF] Winter | Shock Compression of Condensed Matter -2003[END_REF] in light of past experience with other polymeric materials.

Experimental

All shots were performed using a 70 mm diameter, 3 m long single stage gas gun.

Impact stresses in the range 0.52 to 2.03 GPa were induced by impacting 6 mm flyer plates of either Dural (aluminium alloy 6082-T6) or copper, whose shock response is well documented [START_REF] Marsh | LASL Shock Hugoniot data[END_REF]. As Sylgard is a castable, two part resin, targets were manufactured as

follows. An accurately machined Dural ring, inner diameter ca. 65 mm by 10 mm deep was placed in the centre of a 2 mm thick driver plate of either Dural or copper, matched to the flyer. The driver plate was of diameter 120 mm, to allow the target assembly to be located accurately at the end of the gun. An accurately machined square bar of polymethylmethacrylate (PMMA) (10 x 10 x 80 mm 3 ) was used to support a manganin stress gauge (MicroMeasurements type J2M-SS-580SF-025) within the ring, such that the active element was ca. 4 mm from the surface of the driver plate. The active width of the gauge itself is ca. 240 µm, which gives a high degree of temporal resolution, allowing features on the rising part of the shock pulse to be identified. For example, using the elastic wave speed in Slygard (1.10 mm µs -1 discussed below in the materials section), the gauge would respond in ca. 220 ns. Gauge calibrations were according to the work of Rosenberg et al. [31], which accounts for the shape effects of lateral gauge results at low stresses. A schematic representation of the target assembly and gauge placement is shown below in figure 1. The elastic properties were determined using quartz ultrasonic transducers at a frequency of 5 MHz.

Materials

The Before moving onto the main subject of this paper, it is worth reviewing the existing Hugoniot data of Sylgard. We have taken data over the range of particle velocities of interest to this research from two sources; Marsh [START_REF] Marsh | LASL Shock Hugoniot data[END_REF] and Winter et al. [START_REF] Winter | Shock Compression of Condensed Matter -2003[END_REF]. In figure 3, we show the relationship between shock velocity and particle velocity.

Figure 3. Shock velocity versus particle velocity for Sylgard [START_REF] Marsh | LASL Shock Hugoniot data[END_REF][START_REF] Winter | Shock Compression of Condensed Matter -2003[END_REF].

Both sets of data appear to follow a standard line relationship of the form,

p S Su c U + = 0 , (4) 
where c 0 and S are the shock parameters. Although there is an apparent difference between the two data sets, we believe that this is due to the degree of scatter present in both, and the fact that the particle velocity range is somewhat restricted. Therefore, we have followed the example of Winter et al. [START_REF] Winter | Shock Compression of Condensed Matter -2003[END_REF] and combined both sets of data to yielding values of c 0 and S of 1.22 mm µs -1 and 2.43 respectively. Observe that this value of c 0 (and indeed the separate values from figure 3) is higher than the ultrasonically measured value of c L . In metals, c 0 has been equated with the measured bulk sound speed (c B ), thus this discrepancy needs explanation. However, this behaviour has been observed in a number of other polymers, both by ourselves (see for example PEEK [17] and epoxy resins [16]) and in the compendium of polymer shock data published by Carter and Marsh [START_REF] Carter | Hugoniot equation of state of polymers[END_REF]. In semicrystalline polmers [START_REF] Bourne | [END_REF], it was suggested that this be due to a deviation below the accepted linear response at very low particle velocities by a transition from elastic to inelastic behaviour in the stronger crystalline phase. However, this cannot happen in amorphous or glassy polymers such as Sylgard, and at present, the issue remains unclear.

In figure 4, we show the combined Hugoniot data in stress -particle velocity space for Sylgard, taken from Marsh [START_REF] Marsh | LASL Shock Hugoniot data[END_REF] and Winter et al. [START_REF] Winter | Shock Compression of Condensed Matter -2003[END_REF]. 

with U S determined from equation 4 and the data presented in figure 3. The values of c 0 and S used are 1.22 mm µs -1 and 2.43 respectively, as discussed earlier. The degree of agreement between measured stress [START_REF] Winter | Shock Compression of Condensed Matter -2003[END_REF] and calculated pressure and measured pressure [START_REF] Marsh | LASL Shock Hugoniot data[END_REF] suggest, from equation 1 that the shock induced shear strength in Sylgard is low. We would point out that the hydrodynamic pressure discussed here is different from the hydrostatic pressure discussed earlier in equation 1. Shock loading is an adiabatic process, hence considerable heat is generated. This will result in the material trying to increase in volume due to thermal expansion, which will be resisted by the inertial confinement present during one-dimensional strain (all strain is accommodated along the loading axis, hence the material undergoes a volume reduction behind the shock front compared to ambient conditions). As a consequence, this resistance to thermal expansion will lead to an increase in pressure, hence resulting in the hydrodynamic pressure being greater than its hydrostatic counterpart.

4.

Results.

Representative lateral stress histories are presented in figure 5. Each trace is labeled with the longitudinal impact stress. Both traces have features in common; a slight overshoot after arrival of the main shock, and a noticeable decrease in lateral stress behind the shock arrival, which from equation 2 indicates a corresponding increase in shear strength. The overshoot is an electrical effect due to the fast rising nature of the shock pulse, and is discussed in greater detail elsewhere. Also observe that on the trace labeled 0.52 GPa, there is a low amplitude step feature on the signal rise, of duration ca. 180 ns. The first solution is that this is the result of the elastic response of the driver plate, in other words, the HEL of Dural. If true, this should correspond (approximately at least) with the wave separation of the elastic and plastic components of the shock in Dural over a distance of ca. 2 mm. From the elastic wave speed (6.40 mm µs -1 ) and the known shock response [START_REF] Hopkins | Shock Compression of Condensed Matter[END_REF] (U S =5.35+1.34u p , giving U S =5.54 mm µs -1 ), this results in a temporal separation of 50 ns, indicating that this solution is not correct. Therefore it would seem possible that this feature is a manifestation of the mechanical response of Sylgard.

The lateral stresses immediately behind the shock front have been used, along with the known longitudinal stresses to determine the shear strength of Sylgard. The results have been plotted against the corresponding longitudinal stress and the results are presented in figure 6.

Figure 6. Shear strength versus impact stress for Sylgard.

The straight line is the calculated elastic response according to,

x σ ν ν τ - - = 1 2 1 2 . ( 6 
)
As was suggested in the materials section, the resultant shear strength during shock loading is very low (the shear strength in for example epoxy resin [19] over a similar stress range lies between 0.25 and 0.60 GPa).

5.

Discussion.

The main aim of this report is to investigate the shock induced shear strength in Sylgard.

From figure 5, it is clear that the material undergoes a significant reduction in lateral stress behind the shock front. Assuming that x is constant behind the shock front, then this implies, from equation 3, that the shear strength is increasing until releases enter the gauge location. Such a response has been seen in a number of materials, including face-centred cubic metals, where it was explained in terms of dislocation multiplication [START_REF] Millett | [END_REF], and more pertinently polymers such as PMMA [START_REF] Millett | [END_REF], PEEK [17], polycarbonate [34], epoxy [16] and polyethylene, polypropylene and polystyrene [18]. Clearly dislocation based mechanisms cannot be operating, especially as these materials represent a range of semi-crystalline (PE, PP, PEEK), amorphous glassy (PMMA, polycarbonate, PS) and cross-linked thermosets (epoxy). It should be noted that all of these polymers contain open structures which would allow a high degree of tangling (steric interference) between adjacent chains. Note from figure 2 that the PDMS chain consists of alternating silicon and oxygen atoms, with the silicon atoms linked to either methyl or phenyl groups. This gives an open structure which will again lead to a high degree of steric interference. In addition, the cross linking between chains will also provide an extra source of resistance to compression. In this respect, Slygard is behaving in a similar way to the cross linked epoxy, although the strengths of this material are significantly higher since it is below its glass transition temperature, whilst Sylgard is above.

In most lateral gauge experiments it is necessary to section the specimen in half to introduce the gauge to the correct location, before re-assembling with an adhesive layer.

Some reservations have been raised concerning this methodology [19], given that by its very nature, it is invasive. In a previous article, lateral stress gauge results in tungsten heavy alloy [20] have been shown to give the same results as those measured from pressure shear [35] or from differences between the Hugoniot and hydrostatic pressure [36]. Further, it has also been possible to relate changes in shear strength with both stress and pulse width to similar changes in shocked microstructure and spall strength [START_REF] Millett | [END_REF], hence there is a high degree of confidence in the lateral gauge response. However, with Sylgard, it has been possible to cast the uncured material around the gauge itself without the need for sectioning. The fact that Slygard behaves in a similar manner to many other polymers is a further indication of the validity of the lateral stress gauge technique to determine the shock induced shear strength.

The final feature requiring explanation is the small ramp noted on the lateral gauge trace labeled 0.52 GPa, shown in figure 5. We reproduce it below in figure 7, at a greater temporal resolution, below. We also include the rise times of two higher stress shots as well. Note that the ramp is also present at 0.98 GPa (although of lower duration and higher amplitude) and is absent by 1.21 GPa. The solution most likely lies in a non-linear Hugoniot at low particle velocities. In the materials section it was noted that c 0 , the zero particle velocity intercept of shock velocity lay significantly above the measured elastic wave speed, c L . It was suggested above that this may be due to a decrease in shock velocity below the linear response (see figure 3). In semi-crystalline polymers, it has been hypothesised that this behaviour may be due to elastic and inelastic deformation in the crystalline and amorphous phases respectively [START_REF] Bourne | [END_REF], but similar behaviour in amorphous polymers could not be explained in these terms.

Figure 7. The behaviour of the rising part of the lateral stress pulse in Sylgard.

However, examination of the PDMS molecule in figure 2 shows the possibility of significant free volume under ambient conditions. During the early stages of shock compression, this free volume has the potential to collapse under pressure, thereby ramping the stress pulse before the material can reach a denser state and shock up. Dattelbaum and her colleagues [START_REF] Dattelbaum | [END_REF] made similar observations concerning the non-linearity of U S -u p data at low particle velocities, which would also agree with the Hugoniot data discussed in section 3, where the zero particle velocity intercept, c 0 is greater than the measured longitudinal sound speed.

Conclusions

The response of the silicone based elastomer Sylgard 184™ to shock loading in terms of its lateral stress and shear strength. A re-examination of existing equation of state data, both from earlier work and from the literature gives an indication of a strong non-linearity at low particle velocities. A low amplitude ramp on the lower stress traces would appear to confirm this, and it has been hypothesised that the initially open structure of this cross-linked polymer would ramp the lower part of the shock. It has been noted that behind the shock front, lateral stress appears to decrease somewhat, suggesting a degree of hardening. This has been observed in a number of other polymers, and in common with those, it has been proposed that tangling between adjacent molecules (i.e. steric interference) is responsible.

Finally, it has been observed that the overall trend is for the shear strength to increase with increasing impact stress, in common with many other materials. 
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Table 1 .

 1 1. Summary of Experimental Conditions.

	Dural	6	280	0.52
	Dural	6	486	0.98
	Copper	6	498	1.21
	Copper	6	719	2.03

Flyer Material Flyer Thickness (mm) Impact Velocity (m/s) Impact Stress (GPa)
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