
PERGAMON 

INTERNATIONAL 
JOURNAL OF 
IMPACT 

ENGINEERING 
International Journal of Impact Engineering 26 (2001) 509-521 

www.eisevier.com]loeate/ijimpeng 

MODELING THE HIGH STRAIN RATE BEHAVIOR OF TITANIUM 
UNDERGOING BALLISTIC IMPACT AND PENETRATION 

H U B E R T  W.  M E Y E R  JR.  and  D A V I D  S. K L E P O N I S  

U.S. Army Research Laboratory, Aberdeen Proving Ground, MD 21005-5066 

Abstract--Titanium is an important candidate in the search for lighter weight armors. Increas- 
ingly, it is being considered as a replacement for steel components. It is also an important com- 
ponent in the application of ceramics to armor systems, especially in armor modules that are 
capable of defeating kinetic energy penetrators while sustaining little or no penetration of the 
ceramic element. The best alloy available today for ballistic applications is Ti-6AI-4V, an aero- 
space grade titanium alloy. The principal deterrent to widespread use of this alloy as an armor 
material is cost, and a significant portion of the cost is in processing. Consequently, the U.S. 
Army Research Laboratory undertook a program to study a particular lower cost processing 
technique [ 1 ]. 

The objectives of this work are to characterize the low-cost titanium alloy by generating con- 
stants for the Johnson-Cook (JC) and Zerilli-Armstrong (ZA) strength models, and to use and 
compare these two models in simulations of ballistic experiments. High strain rate sla'ength data 
for the low-cost titanium alloy are used to generate parameters for the two models. The 
approach to fitting the JC parameters follows one previously used successfully to model 2-in 
thick rolled homogeneous armor (RHA) [2]. The approach to fitting the ZA parameters is based 
on a method described by Gray et al. [3]. The resulting model parameters are used in the shock 
physics code CTH [4] to model a Ti-6AI-4V penetrator penetrating a Ti-6AI-4V semi-infinite 
block at impact velocities up to 2,000 m/s. Similar experiments are performed, and the predic- 
tions of the two models are compared to each other and to the experimental results. 
© 2001 Elsevier Science Ltd. All rights reserved. 
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I N T R O D U C T I O N  

Pure t i tanium exists in an alpha phase at temperatures below 882 ° C, and in a beta phase at 
temperatures above 882 ° C. This temperature of  transformation is cal led the beta transus. The 
alpha phase consists of  a hexagonal-c lose-packed (hop) crystal structure, and the beta  phase con- 
sists of  a body-centered cubic (bcc) crystal structure. The a luminum al loying element  in Ti-6AI- 
4V is added to stabilize the alpha phase at higher temperatures (to resist  transformation),  and the 
vanadium al loying e lement  is added to stabilize the beta phase at lower  temperatures [5]. These 
al loying elements raise the beta transus to 996 ° C. Adding a luminum and vanadium to ti tanium 
affects the proportions of  alpha phase and beta phase present in the alloy, but at temperatures 
below the beta transus the alpha phase dominates the microstructure. Al though annealing temper- 
atures above the beta transus can have a significant effect on the ballist ic performance of  the 
resultant (cooled) material [6], the microstructure of  the resultant material  is still dominated by  
the hcp alpha phase. 

The Johnson-Cook (JC) strength model  [7] is a phenomenological  model.  Under  certain con- 
ditions, the f low stress of  some materials was observed to behave in a manner  that could be 
described reasonably well  by particular mathematical  forms. The JC model  describes the f low 
stress (Y) of  a material  as the product  of  three mathematical  terms with A, the initial y ie ld  strength 
of  the material  at room temperature and a strain rate of  l /s,  
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Y= a( l  +B~n)(l + Cln")( l -T 'm) .  (1) 

Here, e is the equivalent plastic strain, ~' is the strain rate nondimensionalized by the reference 
strain rate of l/s, and B, C, m, and n axe fitting constants. In some cases, parameter A may be 
approximated by the quasi-static yield strength of the material (see [2]); this is assumed to be true 
for Ti-6AI-4V. T" is the nondimensional temperature, 

r-r  
r = rm------Vr' (2) 

and is valid from room temperature (Tr) to melting temperature (T m ). The JC model has limita- 

tions (for example strain rate hardening is poorly described for some materials [2]), but it also has 
advantages. It is easily calibrated, since the form of equation (1) facilitates fitting of the parame- 
ters by allowing isolation of the various effects. While this form makes fitting the parameters eas- 
ier, it sacrifices the potential coupling of effects, such as temperature effects on strain rate 
hardening (there is a further discussion of coupling in the following two paragraphs). However, 
the model is numerically robust, easily incorporated into simulation codes, and with careful 
choice of parameters, yields adequate predictions for many metals in ballistic events. 

The Zerilli-Armstrong (ZA) strength model [8] is based on dislocation mechanics. There are 
two forms of the model, one to address face-centered cubic (fee) materials, and one to address 
body-centered cubic (bec) materials. For the bcc case, the flow stress is computed from 

Y Co+ CI e(-C3T+C4Tln~) = + C5e  , (3)  
n 

where T is the absolute temperature, e is the equivalent plastic strain, g is the strain rate, and C o, 

Ci, C3, and C4 are constants 1. C5 and n are the same as constants B and n from the JC model, 
equation (I). For this bcc form, both the strain rate and the temperature behavior of the flow 
stress are independent of strain effects. The strain rate and temperature dependencies are different 
from those of the JC model, and they are coupled in the ZA model. 

Some consider the ZA model to be a better description of the behavior of Ti-6AI-4V than the 
JC model because the mathematical form more accurately fits the material's strain rate hardening 
behavior, including the thermal coupling 2. This behavior is similar to that of bcc metals, and (as 
mentioned) these materials are specifically addressed by the ZA model. But since Ti-6AI-4V has 
an hcp crystal structure at temperatures below 1,269 K (996 ° C), any advantage of the ZA model 
at low temperatures results from the similarities in the behavior of this hcp material to that of the 
bee metals for which the model was developed. For the impact velocities considered here (1,200 
m/s and above), localized temperatures (e.g. at the penetration interface) during the penetration 
process exceed 1,269 K, so transformation to the bec beta phase is possible. 

At the alloy's melting temperature (1,930 K), a solid-liquid phase transformation occurs, and 
the JC model reduces the material strength to zero, which is an adequate description. On the other 
hand, Zerilli and Armstrong do not recommend their model for temperatures above about one- 
half of the absolute melting temperature (965 K). This is an important concern in problems 
involving high temperatures, such as hypervelocity impact and penetration problems. In practice, 
the CTH application only restricts the temperature for the ZA model to less than 10,000 K (and 
greater than 298 K), for lack of a better alternative at elevated temperatures. 

In the current application, then, both the JC and ZA models should be viewed as empirical 
models. From a physical viewpoint, although the ZA model is based on dislocation mechanics, it 

l.The missing parameter C 2 applies only to the fcc model. 
2.The thermal coupling of effects becomes a moot issue when calibration of  the model parameters is based 
on the assumption of constant temperature in the Hopkinson bar data. 
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does not explicitly include hcp crystal structures which are of primary importance to Ti-6A1-4V. 
From a numerical viewpoint, it may have an advantage over the JC model for the Ti-6AI-4V 
application since its mathematical form is potentially better able to represent the strain rate hard- 
ening behavior of Ti-6AI-4V. However, this advantage is countered by the temperature disadvan- 
tage. As always, the best test of the applicability of a model is how well it performs for a 
particular application, and that test is one of the objectives of this paper. 

JOHNSON-COOK PARAMETERS 

Hopldnson bar data in graphical format was provided by T. Weerasooriya of the U.S. Army 
Research Laboratory (ARL) [9]. All testing was done at room temperature. The data consisted of 
graphs of true stress vs. true strain for each of three strain rates: 0.0001/s, 0.l/s, and 2150/s. The 
strains ranged up to 0.57 for the lowest strain rate dataset, up to 0.55 for the 0.1Is dataset, and up 
to 0.275 for the highest strain rate dataset. The graphical data was reduced to 16 data points for 
the lowest strain rate dataseL 15 data points for the 0. l/s dataset, and 11 data points for the highest 
strain rate dataset. 

The approach used here to fit the parameters of the JC model to the data is described in detail 
by Meyer and Kleponis [2]. Parameter A is approximated by the quasi-static yield strength of the 
material, and it can be obtained without any reference to the JC equation. Here, a value of 896 
MPa was obtained from Dandekar and Spletzer [10] and Wells et al. [11]. The remaining param- 
eters are found by a least squares technique. 

The parameters B and n are isolated from C and m by considering data at room temperature and 
a strain rate of l/s, thus rendering the last two terms in equation (1) equal to 1. Since data was not 
available at a strain rate of l/s, the existing data was interpolated to generate l/s data at several 
discrete strains. Having obtained parameters B and n, parameter C may be obtained from the 
room temperature strain rate data. Since only room temperature data was available, parameter m 
was taken from the CTH library for standard Ti-6AI-4V. The resulting parameters are given in 
Table 1. Also shown are the default constants given in CTH for the standard Ti-6AI-4V [12]. 

Table 1. Johnson-Cook parameters for Ti-6AI-4V 

Parameter Units low-cost Material Standard material 
( CTH Default) 

A MPa 896.0 862.5 

B MPa 656.0 331.2 

C - 0.0128 0.0120 

m - 0.80 0.80 

n 0.50 0.34 

ZERILLI-ARMSTRONG PARAMETERS 

The parameters for the ZA model cannot be decoupled, as they were for the JC model. Hence 
a global fitting process, one that considers all parameters and all data simultaneously, was the 
simplest approach. A FORTRAN program was written which incremented each of the four parame- 
ters (Co, Cl, C3, C4) systematically. For each set of parameters chosen, an error function, based on 
the absolute difference between the data and the model prediction, was calculated at each data 
point (i.e., each strain and strain rate), and summed over all data points. The error function is the 
same function used by Gray et al. [3] to evaluate their fits to the JC model from data. After all 
combinations of parameters were considered, the parameter set with the lowest total error was 
chosen for use in the simulations. The calculation was not trivial, taking about 4.5 hours on a Sun 
El0000 computer using a single processor to evaluate 140 variations of each parameter. 
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Properly choosing lower and upper limits for the parameters is an important step in this 
approach. The drawback of the approach, as was expected, is that with no additional constraints 
on the values of the parameters, many combinations of parameter values result in similar values 
for the total error. A maximum value of 0.7% was allowed for the total error, and at least a dozen 
combinations of parameters fit this condition. Clearly, the method must include some other sys- 
tem of constraints on the parameter values, and an improved fitting approach should be undex- 
taken in any follow-on work. However, the parameters chosen do provide a valid numerical fit to 
the ZA equation, and the best test of their adequacy is in a simulation. The parameters chosen are 
given in Table 2. CTH does not contain default ZA parameters for Ti-6A1-4V, so they cannot be 
included in Table 2 as was done for the JC model in Table 1. 

Table 2. Zerilli-Arrnstrong parameters for low-cost Ti-6A1-4V 

Parameter Units low-cost Material 

Co MPa 740 

Ca MPa 240 

C3 1/K .00240 

C4 1/K .000430 

C5" MPa 656 

n* - 0.500 

* C 5 and n are B and n from the JC fitting process (Table 1). 

EXPERIMENTS 

Figure 1 shows the experimental setup used to obtain data for validating the simulations. 
Three blocks of low-cost titanium alloy (Ti-6AI-4V) were used for the targets. The titanium 
blocks were 63.5-mm thick x 152.4-mm wide x 304.8-mm long. A 25.4-ram-wide piece of tita- 
nium was taken from the length of one of the blocks to fabricate titanium penetrators for the 
experiments. Each penetrator was then machined from the thickness of this 1-in-wide piece of 
titanium. The penetrators were taken from the thickness of the titanium target block because of 
the anisotropic nature of the Ti-6AI-4V alloy. This through thickness direction was the strongest 
direction; hence, it was also the direction in which the penetrators were fired into the target. The 
final penetrator was a smooth right, circular cylinder with a length of 57.15 mm and a diameter of 
9.525 mm yielding a length-to-diameter ratio (L/D) of six. 

Nine ballistic tests were conducted at ARL's Experimental Facility 14A, in which the titanium 
penetrators were fired from a 40-mm gun system into the titanium blocks using the configuration 
shown in Figure 1. Three shots were fired into each block to fully utilize the available material. 
The desired impact velocities were 1,200 m/s, 1,600 m/s and 2,000 m/s, with at least two shots 
fired at each velocity. The experiments were designed so that the penetration process would be 
complete within the first titanium block. The second block (279.4-mm long) was reused from 
shot to shot as a back-up plate to reduce the possibility of bulging and failure at the rear surface of 
the first block. 

Table 3 describes the matrix of shots that were fired experimentally, and includes shot number, 
impact conditions, and measured penetration results, as well as the derived quantities of total yaw 
and critical yaw (these will be discussed later). The striking conditions (impact velocity, pitch, 
and yaw) were determined from flash radiography. The highest impact velocity attained with a 
full cartridge of propellent was 1,908 m/s (shot 3325). The measured penetrations listed in Table 
3 were determined by measuring, with a depth caliper, the depth from the undisturbed region of 
the block's impact face to the point of maximum depth in the crater. Sectioning several of the tar- 
get blocks, and metallurgical analysis of one, indicated that there was no residual penetrator mate- 
rial at the bottom of the craters. The sectioning also confirmed the probed depth measurements 
for the targets that were sectioned. 
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Fig. 1. Experimental set-up. 

Table 3. Experimental data 

Shot Impact Total Critical Avg. Surface 
Number Velocity Pitch Yaw Yaw Yaw Crater Dia. 

(re~s) (degrees) (degrees) (degrees) (degrees) (mm) 

Measured 
Penetration 

(mm) 

3321 1210 2.5 up 6.0 rt 6.5 6.8 24.3 4.3 

3322 1196 1.0 dn 2.5 rt 2.7 6.8 23.0 5.4 

3319 1570 3.0 dn 0.5 rt 3.0 8.9 27.2 13.4 

3320 1627 7.5 up 6.5 It 9.9 8.9 29.7 14.6 

3324 1626 1.0 up 2.0 It 2.2 8.9 31.0 12.9 

3317 1889 7.0 dn 5.5 It 8.9 10.4 33.3 19.6 

3318 1826 4.0 dn 2.5 It 4.7 10.4 30.2 20.9 

3323 1816 2.5 up 5.5 rt 6.0 10.4 32.0 19.6 

3325 1908 1.0 up 4.5 It 4.6 10.4 32.1 22.1 

SIMULATIONS 

A series of three-dimensional (3-D) numerical simulations were run using the continuum 
mechanics code CTH to test the newly developed parameters. The computations were run on 
either a Sun El0000 computer or a Silicon Graphics (SGI) Origin 2000 computer at the Depart- 
ment of Defense (DoD) Major Shared Resource Center (MSRC) at ARL, Aberdeen Proving 
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Ground (APG), MD. These computations were designed to model the series of ballistic experi- 
ments that were being performed concurrently with the simulations. 

Figure 2 shows the setup used for each of the simulations. The simulated titanium penetrator 
was modeled as a right circular cylinder with the same dimensions as the experimental rod. 
Eleven Lagrangian tracers were placed along the center line of the rod to monitor desired vari- 
ables, especially depth of penetration. The penetrator was fired in the X direction into the tita- 
nium target. The simulated target consisted of two 63.5-ram-thick titanium blocks with lateral 
dimensions of 152.4 m m x  152.4 mm. The titanium target blocks were separated by one cell 

y m m e t ly 
Plane 

Ti Pcnctrat( 

Ti Target 

Fig. 2. Simulation setup. 

width to ensure (numerically) the existence of an interface between the two target blocks. As 
shown, symmetry was used about the vertical (X-Z) plane to reduce problem size; in turn, this 
helped to minimize run time. The cell size was chosen to be 0.9525 mm, and it remained constant 
throughout the problem domain. This resulted in ten cells across the diameter of the rod, allowing 
for a finely gridded problem with a total problem size of approximately 2.7 million cells. The 
titanium penetrator and each titanium block were modeled as individual materials, all having the 
same properties, for a total of three individual materials in each problem. Using this configura- 
tion, a single problem run to completion (150 Ixs) using message passing CTH (parallel CTH) 
took approximately 4.5 clock hours using 60 processors on the Sun El0000 computer system. 

Of the equations of state available in CTH, the SESLAN EOS was chosen because it best mod- 
els titanium behavior in both the alpha phase and in the beta phase (in fact, it is the only one to 
distinguish between the two), as well as the transition between these two phases. It was also cho- 
sen because it is applicable at pressures that are encountered in the hypervelocity regime. The 
constitutive behavior was modeled with the JC model using the two sets of parameters given in 
Table 1, and also with the ZA model using the parameters given in Table 2. In all cases, the frac- 
ture or damage was modeled using the Johnson-Cook fracture model [13] for standard Ti-6A1-4V, 
as there is no model available in CTH to represent the shear banding behavior of titanium [5]. The 
parameters used for the fracture model were from the CTH library, as published by Johnson [12]. 

Initial simulations were run using the three desired experimental penetrator velocities for each 
of the three sets of constitutive model variations, yielding a matrix of nine simulations. Table 4 
shows the penetration results from these initial numerical simulations. The penetrations were 
determined using the Lagrangian tracer located at the nose of the penetrator. 

After the experiments and initial simulations were complete, simulations of shots 3321 and 
3317 were run using the ZA model and the experimental impact conditions (see Table 3) in order 
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Impact 
Velocity 
(m/s) 

Table 4. Simulated penetrations into Ti-6AI-4V 

Standard CTH JC Low-Cost Material Low-Cost Material 
Parameters Johnson-Cook Fit Zerilli-Armstrong Fit 

(mm) (mm) (mm) 

1,200 8.5 7.1 5.2 

1,600 21.5 19.5 12.2 

2,000 31.7 29.9 23.7 

to have direct comparisons between experiment and simulation at low and high velocity. These 
simulations predicted penetration depths of 4.5 mm (shot 3321) and 18.5 mm (shot 3317) (versus 
4.3 mm and 19.6 mm experimental). These simulations are addressed in more detail in the Dis- 
cussion section below. 

DISCUSSION 

Launch difficulties encountered with firing this lightweight, low l/d titanium penetrator 
resulted in higher than normal pitch and yaw angles. The total yaw angle is determined from 

tan2~t = tan2¢tt, + tan2ff, y, (4) 

where a t is the total yaw angle (or simply total yaw), ctp is the pitch angle, and cry is the yaw 

angle. For small angles, tan a --- a ,  and equation (4) simplifies to 

2 2 
c~t - A ~  + ay .  (5) 

The positive root is taken, since only the magnitude of the angle is of concern. This approxima- 
tion is typically used for determining the total yaw of a projectile. Here, in the most severe case 
(shot 3320 in Table 3: txt, = 7.5 °, txy = 6.5°), equation (4) gives a total yaw of ¢tt = 9.88 °, while 

equation (5) gives a total yaw of ct t = 9.92°; so using the approximation of equation (5) is justi- 

fied, and it was used to calculate the total yaw values presented in Table 3. 
The majority of these pitch and yaw values were acceptable for present purposes because, in 

most cases, the large crater diameters in the target and the low l/d of the penetrators allowed the 
total yaw to be less than the critical yaw. The critical yaw angle is the angle at which the tail of 
the penetrator just touches the side of the penetration cavity or crater (and at which penetration 
performance degradation is assumed to begin); it can be determined from 

Dcr-Dpen (6) 
¢X c = asin 2Lpe n , 

where ct c is the critical yaw angle, Dcr is the diameter of the crater, Dpe n is the penetrator diame- 
ter, and Lpe n is the penetrator length [14]. Because of the importance of validating the experimen- 
tal data, and because most of the simulations considered ideal (normal) impact, some effort was 
devoted to evaluating the effects on the penetration results of total yaw near the critical value. 

The critical yaw angle reported in Table 3 was determined using the smallest average crater 
diameter taken from experiment for each velocity group. This was conservative, yielding the 
smallest possible angle for each group. Only shot 3320 resulted in a to]tal yaw that was greater 
than the calculated critical yaw (highlighted in the Table 3). Note that even though the total yaw 
was a full degree above the calculated critical yaw value, the measured penetration was deeper 
than any other shot in its velocity group (-1,600 m/s). This may indicate that the actual critical 
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yaw angle could be slightly higher than the calculated value, but this shot was still discounted 
from further analysis because its total yaw exceeded the calculated value. 

Figure 3 is a collage of photographs of the impact crater for all of the shots. Each of the three 
shots with the largest total yaw (3317, 3320, 3321, highlighted in the Table 3) show possible signs 
of the penetrator grazing the crater wall in the expected location based on the impact conditions 
(Table 3). Yet the nature of the interaction between the penetrator and the target is unclear. For 
example, the asymmetric damage at the upper right in shot 3317 (Figure 3) appears to be spall 
failure of the front surface of the target, rather than erosion from a penetration process. 

Simulations of shots 3317 and 3321 were performed using the ZA model and the same impact 
conditions as those in the experiments. Figure 4 shows the penetrator material inside the penetra- 
tion channel (target material not shown) for the two simulations. The penetrator tail is visible in 
the crater, and penetrator material is being ejected along the crater wall. Figure 4A shows that the 
side of the penetrator was close to the crater wall, but did not make contact. This indicates that the 
total yaw approached the critical yaw angle, but did not exceed it, which is consistent with the 
experimental results (see Table 3). Of particular interest is the interaction of the side of the pene- 
trator and the ejecta in Figure 4B, as seen at the entrance of the crater and also at the high pressure 
contact area farther along the crater wall. These observations indicate that the penetrator grazed 
the crater wall, and the critical yaw angle was exceeded. This is not consistent with the informa- 
tion found in Table 3 for shot 3317, which indicates that the total yaw for the experimental shot 
was 1.5 ° less than the calculated critical yaw angle. 

Fig. 3. Crater photographs of each shot. 
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Fig. 4. Yawed penetrator interactions for simulations of experiments. 

There are a number of facts that may help to explain this inconsistency, including: 
(1) The experimental average surface crater diameter is slightly larger than the simulated diameter. 
(2) The critical yaw calculation does not consider hole growth rate. This may have greater impor- 
tance at higher impact velocities. 
(3) The critical yaw calculation does not consider penetrator ejecta lining the crater wall (in cases 
where penetrator material does not remain in the crater). 
(4) Impact with low total yaw is required to obtain a reliable crater diameter measurement for cal- 
culating critical yaw. 
This inconsistency is most likely due to a combination of the f'n'st three explanations. The fourth 
reason was eliminated by using the smallest crater diameter (hence low total yaw) in each velocity 
group. Furthermore, the penetrator material in the experiment might not be ejected in the same 
manner as shown in the simulation. The relative importance of each of these is difficult to deter- 
mine, but this discussion demonstrates the need to scrutinize shots where the total yaw values are 
near the calculated critical yaw value. The analysis of critical yaw for shots 3321 and 3317, cou- 
pled with measured residual penetration values for all of the shots, indicates that the total yaw did 
not noticeably affect penetration, and these shots were therefore deemed acceptable. 

Figure 5 graphically presents the penetration results. Plotted are the experimental data broken 
down into low and high yaw data sets, results of the ZA and JC simulations broken down into data 
sets representing the specific model parameters and penetrator impact conditions, and fits to the 
plotted data points. The experimental and simulation results were fit to the form 

2 

P = ae -(b/v) , (7) 

where P is penetration in millimeters, v is the impact velocity in kilometers per second, and a and 
b are parameters. This form was proposed by Lanz and Odermatt [15] to fit tungsten penetrators 
of L/D > 10 penetrating steel targets at impact velocities of 1,I00 ntis to 1,900 rrds. They pro- 
posed a physical basis for parameters a and b related to density, strength and geometry. The pen- 
etrators used here are quite different, so Lanz' and Odermatt's basis for the parameters does not 
necessarily apply. However, the mathematical form is appropriate if the parameters are treated 
simply as empirical constants. This approach also allows a direct comparison of the current 
results with results for tungsten and depleted uranium penetrating standard Ti-6AI-4V, as reported 
by Gooch et al [16]. The constants used for the various cases are given in Table 5. 

An examination of the graph shows that the ZA model, using the parameters developed here, 
does a very good job of representing the experimental depths of penetration for this Ti-6A1-4V 
over the entire velocity range studied. There are no ZA parameters available for any Ti-6AI-4V 
in CTH, so a comparison with problems using standard CTH parameters was not possible. 

The JC model, using the standard CTH parameters, yields a consistently high depth of penetra- 
tion. Although these standard CTH parameters were determined for the standard Ti-6AI-4V alloy 
(not the low-cost Ti-6AI-4V of interest here), the depths of penetration obtained using these 
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Flesiduai Penetrations (Simulation vs Experiment) 
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Fig. 5. Depth of penetration comparison. 

Table 5. Constants for fitting the penetration results to equation (7) 

Case a b 

Experiment 60.203 1.9379 

Zerilli-Armstrong (LC*) 62.529 1.9890 

Johnson-Cook (LC*) 66.345 1.7809 

Johnson-Cook (STD*) 66.156 1.7127 

* LC = low-cost Ti6A14V material; SaD = standard Ti6AI4V material 

parameters were expected to be closer to the experimental values since the ballistic performance 
of the low-cost alloy compares very favorably to that of the standard alloy [1]. Examination of 
the graph in Figure 5 shows that the JC penetration predictions improve slightly when the param- 
eters for the low-cost material are used. However, these low-cost JC penetration results are also 
consistently high over the velocity spectrum studied. Both of these results suggest that the limita- 
tions of the model (discussed in the Introduction) could be significant, and that the JC model may 
not be the best candidate for modeling Ti-6A1-4V; however, using the temperature parameter (m) 
for standard Ti-6AI-4V (taken from the CTH library) in the low-cost Ti-6A1-4V calculations may 
have affected these JC low-cost Ti-6AI-4V results. 

The simulation of experimental shot number 3317 was also used to facilitate a comparison 
between experiment and simulation at high velocity. This comparison is shown in Figure 6. The 
impact velocity was 1,889 m/s, with an acceptable total yaw of 8.9 °. Figure 6A pictures the sec- 
tioned experimental penetration channel, and Figure 6B shows an outline of this experimental 
channel superimposed on a plot of the simulated penetration channel. The orientation of the pen- 
etrator upon impact is provided for reference in Figure 6C. The simulated penetration channel 
and the experimental outline shown in Figure 6B were simply centered on each other, because 
determining the proper alignment of the penetration channels was not possible with the available 
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data. The depths of penetration compared quite favorably, with an experimental depth of 19.6 
ram and a simulated depth of 18.5 ram. The asymmetric slopes of the crater walls in the experi- 
ment and simulation were qualitatively very similar, and the experimental crater was only slightly 
wider than the simulation. The crater diameters in the other ZA simulations were also in reason- 
able agreement with experimental values. However, the experiment showed a slight "bump" at 
the bottom center of the cavity, which was not captured by the simulation. This feature is not 
anomalous, as it appears in all of the experimental shots. Nonetheless, all of the ZA simulations 
were qualitatively and quantitatively quite good. 

A. Experiment 

~" ~ ~  r'-~ " 

B. Simulation With Outline of 
Experimental Cavity 

C. Penetrator 
Orientation 

Figure 6. Penetration cavity comparison for shot 3317. 

EPILOGUE 

This effort suggests three improvements which should be examined in future work. The 
improvements, discussed below, concern (1) the reference strain rate used for the JC fit, (2) the 
assumption of constant temperature in the Hopldnson bar experiments, and (3) establishing con- 
straints on the ZA parameters in the fitting process. 

(1) The fitting technique used to obtain the JC parameters considered 1/s as a reference strain 
rate for determining the strain-hardening parameters B and n, as suggested by Johnson and Cook 
[7]. This implies that these parameters are not affected by strain rate. Because strain hardening of 
Ti6A14V may be dependent on strain rate, and since ballistic impact and penetration problems are 
dominated by very high strain rates, a better approach would be to use a high strain rate for the 
reference. The JC model developed here predicted a strength much lower than the data at the high 
strain rate (2150/s), but the prediction was reasonably accurate at 0.1/s (the dataset closest to l/s). 
Use of the 1/s reference may have contributed to this inaccuracy at high strain rate, as well as to 
the over prediction of the depth of penetration in the simulations. Note that changing the refer- 
ence strain rate will require a programming change to CTH. The current implementation is "hard- 
wired" to use the magnitude of the swain rate in the cell (numerically equivalent to non-dimen- 
sionalizing by I/s) in the natural logarithm in equation (1). 

(2) The Hopkinson bar tests from which the data was taken were assumed to be isothermal due 
to a lack of temperature data; the specimens were assumed to remain at room temperature during 
the entire test. This assumption is incorrect at high strain rates, where the process of adiabatic 
heating is important. Hence, the measured stress in the Hopkinson bar experiment was likely 
affected by a temperature change in the material, but the fitting process did not include it. Close 
inspection revealed that the fitting process resulted in a ZA model that thermally hardened, a non- 
physical response, when extrapolated beyond the range of the data. This inaccuracy may have 
been held in check in the simulations by the JC fracture model, which essentially sets the strength 
to zero beyond a certain equivalent plastic strain. As a result, inaccuracies in the strength predic- 
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tion for large plastic strains (where thermal effects become increasingly important due to heat 
accumulation) become irrelevant in the simulations. CTH also provides a threshold fracture 
model (PFRAC) that zeros the strength in a cell based on tensile stress or tensile pressure (user 
selectable), and this also may have minimized the error at large plastic strains. Thus the JC frac- 
ture model and PFRAC may have been necessary components in avoiding problems (e.g., 
reduced depth of penetration, etc.) that could have resulted from this thermal hardening behavior. 
The ZA fit is a mathematically valid fit to the data, but the user should be cautious when extrapo- 
lating the model to strains greater than those found in the Hopldnson bar tests. 

The assumption of constant room temperature during the Hopkinson bar tests also may have 
contributed to errors in the JC fit (Johnson and Cook warn in [7] about the need to include adia- 
batic heating). Assuming a constant temperature facilitates the uncoupling of parameters in the 
fitting process. However, because of the uncoupled nature of the model, the JC parameters that 
were obtained here do allow thermal softening. 

One approach to addressing the adiabatic heating issue, barring the availability of temperature 
data during the Hopkinson bar test, is to use an analytical function to calculate the temperature. 
Such a function would be integrated along the stress-swain path to calculate the temperature for 
each experimental data point, then those temperatures would be used in the ZA or JC model to 
calculate the stresses for the least squares fitting technique. 

O) During the data fitting process, the parameters C3 and C4 should be constrained to require 
thermal softening through all strain rates encountered. To ensure this, the temperature dependent 
exponential term in ZA should be restricted to a monotonic decrease with increasing temperature. 
This implies that C 3 > C41n~. The maximum expected strain rate should be used, and the result- 
ing constraint on C3 and C4 is used in the optimization program. A further constraint may be 
required in order to adjust the relative importance of strain hardening and thermal softening (i.e., 
will the true stress continue to increase or begin to decrease as the failure strain is approached). 

An additional constraint which should be applied in the optimization is that the initial (i.e., at a 
strain of approximately zero) yield strength at T= OK should equal Co + C~. This cryogenic yield 
strength was not available for the present work. 

CONCLUSIONS AND RECOMMENDATIONS 

(1) Future work should evaluate the effects (for both JC and ZA) of incorporating the refinements 
described in the Epilogue. The models should be tested in simulations involving other materials. 

(2) The ZA model, using the parameters developed here, and in conjunction with a fracture 
model, well represents the ballistic behavior of Ti-6AI-4V for l/d=6 titanium rods penetrating tita- 
nium blocks in the velocity range of 1,200 m/s to 2,000 m/s. Furthermore, the ZA model for Ti- 
6AI-4V performed well in spite of not being recommended for temperatures above about one-half 
of the material's melting temperature, even though localized temperatures exceeded this value. 

(3) The JC model, using the parameters developed here, did not perform as well as the ZA model 
for the problems studied. However, this result may have been caused in part by the assumption of 
the value for the temperature parameter due to unavailability of temperature data, and by using a 
reference strain rate of 1/s. 
(4) The present technique for determining ZA parameters was adequate. A better technique (e.g., 
a least squares technique similar to that used for the JC model) may improve the results, but addi- 
tional constraints, such as those described in the Epilogue, are required to achieve closure of the 
resulting optimization equations. 
(5) Both ZA and JC results may be improved with a more complete d~t~ set from which parame- 
ters are determined, and with an improved failure model. 
(6) The Lanz-Odermatt form worked well to fit the data for the cases described here. 
(7) Calculations of critical yaw using the residual hole diameter provides a first-order estimate of 
critical yaw, but it must be scrutinized in certain cases. For example, in cases where total yaw is 
nearly equal to critical yaw, considering the hole growth rate may help in determining a more reli- 
able critical yaw value. 
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