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Abstract. The well-known Taylor cylinder impact test, which follows the impact of a flat-ended cylindrical rod onto a 
rigid stationary anvil, is conducted over a range of impact speeds for two polymers, polymethylmethacrylate (PMMA) 
and polycarbonate (PC). Experiments and modeling were developed to capture the deformation and fracture behavior of 
the cylinders after impact. The Taylor impact loading geometry imposes high levels of pressure and shear loading at 
impact velocities above a critical value. Introduction of shear stress at the rod-anvil interface was achieved in a new 
constitutive model by varying of conditions using a mediating material at the interface. This study showed a region in 
which there was spatial and temporal variation of both longitudinal and radial deformation that provided evidence of 
different failure modes. 

INTRODUCTION 

Behavior of the polymers, polymethylmethacrylate (PMMA) and polycarbonate (PC), is of interest both since 
they are widely used, and are representatives of glassy polymers. There have been extensive previous studies of their 
mechanical properties, including their high strain-rate response (e.g., see in [1-3]). Dynamic experiments on the 
polymers, such as the shock response to plate impact loading, have been conducted in [4-6]. Taylor impact and 
Dynamic Tensile Extrusion tests have been employed to study the integrated large strain response of polymers with 
high-speed photography and postmortem characterization. 

Modeling efforts, including analysis of the Taylor tests, have been addressed in a number of publications for 
polymers (e.g., see [7]) with particular focus on multi-phase consideration in [8-9]. While traditionally Taylor 
impact tests are used to validate constitutive models against deformed profile, this test set-up has been used 
successfully for analysis of failure of PTFE rods [7, 9, 10]. Taylor tests of these glassy polymers, PMMA and PC, 
demonstrate that failure of these polymers is highly sensitive to the loading modes. 

The present work is aimed at modeling the influence of the load modes in Taylor tests for the PMMA and PC 
polymers using an implemented two-phase constitutive model [11] in the CTH hydrocode [12] in order to reveal the 
role of the load mode accompanied by a ‘phase’ transition and mechanical characteristics of the material at high 
strain-rate compression. 

TAYLOR TEST SET-UP AND EXPERIMENTS 

Taylor tests [13] involve acceleration of a rod in a smooth bore gas gun (Figure 1(a)) and impact against a hard 
anvil. Two groups of experiments considered in the present work deal with PC and PMMA rods. Rods in both 
groups of the tests have length to diameter ratios of 5. The diameters of the PC and PMMA rods were 7.62 mm and 
10 mm respectively. 

 



  
(a) (b) 

FIGURE 1. General set-up of the Taylor tests (a) and the schematic specified for varying interface conditions (b). 
 
The PC rods were launched at three impact velocities U0: 300, 340, and 410 m/s. The PMMA tests considered in 

the present work were conducted at the impact velocity of 75 m/s, but the interface conditions were varied from 
rough (15 µm grit), through an intermediate roughness (5 µm grit) to greased (schematic of the set-up in Figure 1(b) 
represents a polymer rod R in collision with an anvil A separated by a narrow zone of cohesion layer/grease C).  

The PMMA test results for the cases of rough (15 µm grit) and greased projectile-anvil interface are shown in 
Figure 2. Similar experimental observations with 5 µm grit (not shown here) show signs of damage initiation 
occurring but maintaining the rod’s integrity. 
 

  
(a) (b) 

FIGURE 2. Images of PMMA rod from the Taylor impact test (every 80 µsec) at U0 = 75 m/s. The collision interface was 15 µm 
grit (a) and a greased surface (b).  

 
The PC test results with progressively developing failure up to catastrophic breakup at U0 = 410 m/s are shown 

in Figure 3. It should be noted that the rod in Figures 3(b) and (c) bounces back from the anvil at an angle which 
makes comparison of the rod profiles with calculation difficult in these cases. Second image in Figure 3(b) is a 
failure of the data acquisition. 
 

   
(a) (b) (c) 

FIGURE 3. Images from the Taylor impact test (every 80 µsec (a-b) and 100 µsec (c)) for PC rods at U0 = 300 m/s (a), U0 = 340 
m/s (b), and U0 = 410 m/s (c). 

MODEL AND CONSTITUTIVE EQUATIONS 

A two-phase material model with strength considers the glassy polymers as a mixture of two phases subject to a 
‘phase’ transition (glass transition). The model [11] incorporates the conservation laws and constitutive equations to 
describe the inter-phase exchange  
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where c is the mass concentration of the first phase and the mass exchange is managed by a phase transition kinetic 
φ [9], θ is the volume concentration managed by the inter-phase compaction kinetic ψ [9], χ is a heat exchange 
parameter managed by the inter-phase heat exchange kinetic ω [11], εij = ρeij are components of  shear strain (Wij is 
the strain rate tensor), and  λij are strain work exchange parameters (εij and λij are managed by the rheology kinetics 
πij and ςij that are calculated from the yield stress versus strain-rate data). 

The model equations are completed with the equations of state for each of the phases in the form ei = ei(ρi, eij, si), 
i = 1,2 (internal energy ei against density, strain and entropy). Use of e = c e1 + (1−c) e2 with phase parameters 
expressed via the 2-phase material parameters above results in e = e(ρ, c, θ, eij, λij, s, χ). By differentiation of e, the 
thermodynamics identity allows us to calculate all dependent thermodynamic parameters, including: pressure, 
affinity of the Gibbs energies (the chemical potential), the compaction rate, shear stress, strain work, exchange rate, 
temperature, and temperature imbalance.  

Young’s modules E are selected for the phases with the value 10% higher for the first phase and 10% lower for 
the second phase than the following median characteristics of the polymers E = 2.77 GPa for PC and E = 2.8 GPa 
for PMMA; densities for the first and second phases, ρ1 and ρ2, along with the averaged density, ρ, are ρ1 = 1.25 
g/cm3, ρ1 = 1.19 g/cm3, ρ = 1.22 g/cm3 for PC and ρ1 = 1.185 g/cm3, ρ1 = 1.163 g/cm3, ρ = 1.183 g/cm3 for PMMA. 
Poisson’s coefficients are ν = 0.4 for PC and ν = 0.38 for PMMA. The yield limit points accounting for rate 
sensitivity at two strain rate points dε1/dt = 10–2 s–1 and dε2/dt = 103 s–1 are selected for the first phase to be Y1 = 150 
MPa, Y2 = 200 MPa for PC and Y1 = 110 MPa, Y2 = 180 MPa with 20% degradation when increasing temperature by 
30º and similar degradation when transforming to the second phase. 

The managing parameter controlling the phase transition, φ, and damage accumulation kinetics is taken to be 
pressure for PC and maximal shear stress for PMMA. The critical values taken for the start of damage accumulation 
is 100 MPa for PC and G/1000 for PMMA (G is shear modulus). 

MODELING RESULTS 

Numerical results of the PC rod Taylor tests are shown in Figure 4. The selected pressure initiated kinetic and the 
damage criteria describe the experiments in Figure 3 reasonably well. Damage concentration with the value of 0.99 
is shown by contours plotted on Figure 4. As noted in the experimental section, the rod profiles are hard to compare 
with calculations because of the deviation of the bounced rods from the impact line. However, at the impact velocity 
of U0 = 300 m/s the comparison is possible and the rod profiles the rod profile from the fourth frame in Figure 3(a) 
(dashed contour) is compared with the calculation in Figure 4(a), which shows a good agreement. The damage 
behaviour for higher velocities (Figures 4 (b) and (c)) qualitatively agrees as well with the experimental results 
shown in Figures 3 (b) and (c). 

 

   
(a) (b) (c) 

FIGURE 4. CTH modeling results of the PC Taylor tests (contours of accumulated damage and failure) at U0 = 300 m/s (a), U0 = 
340 m/s (b), and U0 = 410 m/s (c). 

 
Effect of the interface conditions on damage in the PMMA rods can be better understood via analysis of the 

contribution of the interfacial layer (shown as a grease/cohesion zone in Figure 1(b)) to the stress state. Rarefaction 



waves arrive at the interface first due to the finite size of the rod diameter affecting the stress state in the rod before 
it rebounds. For simplicity, we consider first a one-dimensional set-up of impact by a PMMA flyer plate of thickness 
HF comparable with the rod diameter against a steel layer of thickness HA representing an anvil whose strength 
properties are varied. For an interfacial layer coupled with an underlying anvil that has the same mechanical 
impedance, one-dimensional numerical tests have shown that critical contribution in possible tensile stress in the 
polymer material at the interface is made by strength of the interfacial layer rather than by that of the anvil. 
Therefore, for the one-dimensional case we consider only a set-up with the flyer plate and a variable strength anvil. 
The diagram in Figure 5(a) shows the impact process with a rarefaction wave from the rear of the flyer plate at t = ts 
bouncing back at t = tr. It is seen from the Hugoniot analysis in Figure 5(b) and from the calculation results in Figure 
5(c) that stress of the state ‘4S’ for a ‘soft’ anvil is significantly higher than that of the state ‘4H’ for a 'hard' anvil. 
This behavior results in a more complete transfer of the shear stress for the case of a ‘hard’ layer and in a poorer 
transfer for the case of a ‘soft’ layer even if all other mechanical characteristics are identical for both. Here, the yield 
limit for a steel anvil is taken to be 2 MPa for a ‘soft’ layer and 200 MPa for a ‘hard’ layer. 

 

    
(a) (b) (c) (d) 

FIGURE 5. The plate impact (x-t) diagram (red line are shock wave trajectories, blue lines are rarefaction wave trajectories) (a). 
The Hugoniot schematic (b) of the process. CTH one-dimensional calculation of the stress profiles at 1, 2, 4, 5, and 6 µsec after 
impact for low-strength (c) and high-strength (d) anvil layers. 

 
Turning to the two-dimensional set-up, the cohesion 0.3 mm-layer has the same mechanical properties as the 

major steel anvil (Y = 1.56 GPa) with a variation however of yield limit for the cohesion layer (Y = 60 MPa for a 
‘hard’ layer, Y = 20 MPa for an intermediate strength layer, and Y = 6 MPa for a ‘soft’ layer). The illustrations in 
Figure 6 demonstrate the effect of shear stress transfer extending results of the one-dimensional calculation to the 
case of the Taylor test with a more complete transfer for a harder layer (Figure 6(d)), which results in larger tensile 
stresses in the rod (Figure 6(e)). In Figures 6(a-c), a small section of the rod in the vicinity of the rod-anvil interface 
is shown at the beginning of the collision process. The shear stress contours plotted in the Figures correspond to 40 
MPa (blue), 50 MPa (grey), 60 MPa (green), and 70 MPa (red).  

Unfortunately, the exact timeframe from the moment of collision cannot be recovered with high accuracy. 
Nevertheless, from the inter-frame time intervals, it is clear that the third frame in Figure 2(a) corresponds to a time 
mark between 80 and 160 µsec. Comparison of this experimental rod profile (dashed contour in Figure 7(a)) with 
calculated ones at 100 and 160 µsec shows that the agreement appears to be satisfactory. Comparing the damage 
behavior at various properties of the cohesion zone, the case of the grease can be represented by the case of a 
cohesion zone with high strength (a good shear stress transfer between the rod and anvil) and a rough surface can be 
seen as a zone with the low strength (a poor transfer). The corresponding results for the full-scale modelling are 
shown in Figure 7, demonstrating that the results correlate well with the test results shown in Figure 2.  

 
 



 

  

(a) 

 
(b) 

 
(c) (d) (e) 

FIGURE 6. The shear strength transfer is shown for the case of a ‘hard’ (a), intermediate strength (b), and ‘soft’ (c) cohesion 
layers. The shear (d) and axial (e) stresses tracked at a point T (taken at 0.5 mm from the interface and shown in Figure 1(b)) for 
the cases of ‘hard’ (red), intermediate strength (black), and ‘soft’ (blue) cohesion layers. 

 

   
(a) (b) (c) 

FIGURE 7. Results of the Taylor test modeling for PMMA rods representing a poor shear stress transfer (a large grit)(a), an 
intermediate transfer (a fine grit)(b) and a good transfer (grease)(c). 

CONCLUSIONS 

The simulation has demonstrated that the two-phase modelling can successfully describe damage in glassy 
polymers subject to high strain-rate loading. The two-phase model implemented in CTH and employed earlier for 
analysis of the behaviour of shock compression, Taylor Impact, and Dynamic-Tensile-Extrusion test of PTFE has 
allowed us to analyse and observe damage in the Taylor impact tests for PMMA and PC glassy polymer rods. 

The analysis demonstrates that the PMMA material may fail in the Taylor tests mostly by a more complete shear 
stress transfer to the anvil, which qualitatively agrees with the experimental observations. In contrast, the CTH 
analysis confirms that the PC rods might fail in the Taylor test mostly by initiation of the compression failure 
mechanism. 
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