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ABSTRACT 

Progress Is reported on the development of a cod® £°r 
describing the flow field during Impact of solid on solid. A one-dlmen 
slonal material model Is used consisting of Isolated mass P0‘n ® 00"' 
nected by springs with highly non-linear spring constants and viscous 

damping. The spring constant Is derived from sh°=k“XTthe energy 
of-state work and the viscosity comes from measimements of the energy 
involved In crushing discs of the material used. So far¿u""ln“™ h { 
been the only material tested In the computer Tt* ™“** * 
varying the predictor/corrector scheme used to stabilize thesol 
and the results of varying viscosity are presented. It Is shwn that 

solution gives the correct pressure jump across a shookJr°nt ®nd d 
correct wave velocities. Some oscillations and propagation of error are 
present. Methods of improving this are discussed. 

A rod-to-rod impact experiment is described for measuring the 
maximum pressure gradient which a material can sustain under dynamic 
impact conditions. The method Is suitable for measuring material 
strength properties for brittle materials which are not suited to the disc 
crushing experiments previously used. Results are presented < 
polypropylene, plexiglass, Benelex, and glass. The plastics show a 
maximum pressure gradient, then a leveling off as Impact a 
increased. Glass increases continually up to the maximum velocities 
tested. Further work to Increase the pressure used In the tests and 
investigate geometric effects is outlined. 
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1. INTRODUCTION 

The purpose of research done under this contract is to develop a 
theoretical and experimental basis for predicting the behavior of materials 
under impact. Materials of interest range from simple homogeneous mate- 
rails such as metals or ceramics to complex structures made up of a variety 
of materials. Impact velocities of interest range from a few hundred to a 
few thousand feet per second. Our approach to the solution of this problem 
has been to develop a computer program to solve the transient flow field for 
the impact of one solid body on another. At this time a simplified program 
has been developed for the case of one-dimensional impact. More versa¬ 
tile codes are being studied and the work is progressing on developing the 
mathematical model and the computer program. All of the computations 
made so far have used the one-dimensional code so that the results can be 
checked by analytical calculations. This theoretical work will be discussed 
in this report. It has consisted primarily of an investigation of computer 
methods, particularly the investigation of predictor/corrector routines to 
stabilize the calculations and give a reasonable picture based on the math¬ 
ematical model used. The effects of varying material properties in the com¬ 
puter code have been investigated. Viscosity has been varied over a range 
of values with a center value chosen from experimental results. The results 
of this investigation will be reported. A brief discussion will be given of 
the ways of improving this model and our projected future work in this area. 

During this report period experimental work has consisted primarily 
of developing techniques for making dynamic-strength measurements of 
brittle materials. This was done by impacting rods of the material shot 
from an air gun against a similar stationary rod and measuring the acceler¬ 
ation of the face of the stationary rod. From this, an effective strength can 
be calculated. The results of this work are preliminary and as yet none of 
these materials have been used in the computer program. The data are in a 
form suitable for the present computer program and further exploratory work 
is contemplated in which the experimental results are used in the program 
and conditions varied to obtain agreement between the experiment and 
theory. In a idition to this work, some further work was done on the disc¬ 
crushing experiment reported in the last semi-annual report. In particular, 
experiments were made to measure the friction involved between the disc 
and the anvil. 
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2. THEORETICAL STUDIES 

A one-dimensional impact code has been devised based on the 
material model shown in Figure 1. In this model the mass is made up of 
discrete particles separated initially by a uniform distance. As the two 
semi-infinite sheets collide, particles are displaced and the forces act¬ 
ing on them are computed by the compression and the internal energy of 
the material. In effect, the model is that of discrete masses connected 
by springs which have peculiar non-linear spring constants and non¬ 
linear viscosity factors. The discrete-variable equations are derived 
from the usual continuous flow equations as shown here. 

Figure 1. Discrete-particle model for one-dimensional 
impact. The material is shown before and 
after impact. 
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Èis the substantial derivative or derivative following the motion, p is 
nsity, V is velocity, p is pressure, x is distance,T is the stress tensor 

(one term here), U is internal energy per unit mass, and M, k, u0, andT0 
are constants. 

This model was chosen o <ng the most simple possible which 
would still allow a variation of a 'tant parameters to investigate their 
effects on the outcome. 
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2*1 ECfi-dlCtor/Corrector Routl^fi 

iha procedure for solving th© model is to use a predictor/corrector 
?C «fe* Fr0m the initial forces on ©»ch mass particle and the initial ve¬ 
locities, a new position is predicted ûs a first trial by using Newton's 
Laws as expressed in the momentum equation. The corrector is then called 
into play and used to improve the first guess and give a second guess. 
This is dont by computing the forces on the particle at the time of the first 

°n an<!then calculatin9 a corrected position by computing where 
I® !iou drhave been if the f<*ce had varied linearly from the initial 

force to the final force. This corrected position is then the second new 
position. This process is repeated by computing the force as a result of 
the second position and predicting where a third position would have been 
if the force had varied linearly between the initial force and the force at 
the second position. This process results in fair predictions. In the first 
runs, the correction was made on each point in sequence; that is, one 
correction was made for all points in order from one end of the mesh to the 
other, then a second correction made for all points and so on. Better meth- 

s of doing this have been devised and are being programmed now. The 
irst runs showed that the predictor rapidly propagates small errors through- 

Thl ree«uitalr«htrn!Sh/üd that thiS err0r Causes oscillation in the system. The results obtained by varying the number of corrections made are shown 
computations in Figures 2, 3 and 4. These illustrate the problem 

?rrmln,ÄCarp«neCeScaru ^ choosln^ the corrector and testing its per¬ 
formance. Figure 5 shows the displacement of several of the particles if 
the corrector is allowed to run on for long periods of time. It is seen how 
small amplitude oscillations develop and propagate. This particule cor¬ 
rector can be improved by limiting the propagation of error by limiting the 

nwr»? HhK°U9h W^iC,h th0 corFector can operate. This has been done as 
illustrated by merely limiting the number of times which the corrector can 

1 Can be ?°ne in another waV bV correcting each mass point indi- 
as many times as desired, then going to the next mass point, 

correcting it, and using the corrected value of the first mass point and the 

s:ít nr erother oniy °nce after the*ha- 
the deVetopeT ^ “ th‘S Sre be‘n9 COnSldered and 

H-n autUal f,0I\Ce laws used ln the corrector are a crude approxima- 
n be varied. Doing this is like performing an experiment and 

varTa9ble9is chañad168'. 3 u Chan9ed and a test ls madei the 
C^ang^d t9a ' and another test is made. Once a basic pro¬ 

gram is developed, this can be done rapidly and inexpensively. 
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Figure 2. Pressure wave in one-dimensional impact in alumi¬ 
num. Impact occurs at right hand side at t ■ 0, and 
wave progresses to the left. Compare Figures 2, 3 
and 4 to see effects of changing the number of times 
the corrector is used. Curve marked "Theory" is 
from analytical calculations at t * 1.0 usee. 
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num. Impact occurs at right hand side at t = 0, and 
wave progresses to the left. Compare Figures 2, 3 
and 4 to see effects of changing the number of times 
the corrector is used. Curve marked "Theory" is 
from analytical calculations at t = 1.0 nsec. 
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Figure 4„ Pressure wave in one-dimensional impact in alumi¬ 
num, Impact occurs at right hand side at t = 0, and 
wave progresses to the left. Compare Figures 2, 3 
and 4 to see effects or changing the number of times 
the corrector is used. Curve marked "Theory" is 
from analytical calculations at t = 1.0 psec. 
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2-2 Vjj&Qsit.y and Strength 

The initial computer runs were made without using viscosity. The 
Los Alamos equation of state was used to determine pressures, and it was 
found that the equation along the Hugoniot could be expressed in the follow¬ 
ing form: 

pyp * MUk or 
Mp0 

Using this in the previsouly given equation of state gives 

The pressure is related only to density along the Hugoniot. This is a general 
form of equation that can be used for all metals reported by Los Alamos. The 
two constants are changed slightly for different metals. Since at the impact 
velocities used in this program the material departs only very slightly from 
the Hugoniot, this expression is adequate for both compression and expansion. 
This model fails to predict energies after expansion correctly or other expan¬ 
sion effects, but it was intended to be used only in compression during the 
advance of the first shock wave, so was adequate for first tests. Results of 
a run are shown in Figure 6. It is interesting to note that the correct shock 
wave pressure is predicted on the average, and the shock-wave velocity is 
about correct. The velocity could be varied by varying the way pressure was 
averaged from one cell to the next. In all the cases tried, it was close to 
the experimental value. It is somewhat surprising that these values were so 
close to the true values considering the large oscillations observed and the 
crude mathematical model used. 

In an attempt to obtain a more correct model of the process, viscos¬ 
ity was introduced into the program. In this case pressure was not computed 
from the density, but was computed from the energy equation. Here the in¬ 
ternal energy is a result of the compression and the viscous dissipation: the 
viscous dissipation adding continually to the energy while the compression 
energy is reversible. Since no true equation of state is available for these 
various energy states is was assumed that the pressure-volume-energy 
relationship paralleled that found along the Hugoniot and was displaced 
merely by the internal-energy equation. With this energy equation, the 
effects of expansion can be more correctly predicted and the residual energy 
after shock heating is determined. Residual expansion and heating of the 
material have not yet been definitely tested. This remains a work for the 
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wave progresses to the left. Results from computer 
program without viscosity. Corrector used three 
times; compare with Figure 3. 
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future and check on the over-all results. This viscosity used in this work 
was obtained from the disc-crushing experiment reported in the previous 
semi-annual report, and reproduced here for aluminum in Figure 7, 

"Strength of the materials" can be adequately represented by a 
Bingham model. The strength term, T0' is 9iven by the initial slope of 
the line in Figure 7, and the viscous effect p0, is given by the curvature; 
no is also related to the displacement of the static curve and the dynamic 
curve. From the data, the one-dimensional viscous strength term was 
given as follows: 

T= ¿To 

T= (l.OxlO4)^“ ±5.4xl09 (cgs units) 

The program was run using the viscous force equation and the viscous 
energy equation and the above parameters. The corrector was varied and 
the viscosity was varied. Results of varying viscosity are shown in Fig¬ 
ures 8, 9 and 10 for one particular corrector. It is seen that the use of 
the viscous equation dampens the oscillations, spreads the wave front 
out and in general gives values approximately correct as far as pressure 
jump and wave velocity are concerned. 

2.3 Çhangçs in the M.q4s1. 

Work has begun on changing the material model used and the 
computer scheme. This has not progressed far enough to report here in 
detail. One step in this direction is to change the scale of the experi¬ 
ment. By reducing the size of the time increment, the mass distribution 
becomes effectively much more uniform and approaches a distributed 
value rather than a system of discrete large masses. The results of one 
calculation are shown in Figure 11. This figure is best compared with 
Figure 9. A combination system using Lagrangian and Eulerian coordin¬ 
ates is being explored. This is a modified PIC code. In the PIC code, 
each individual mass particle of the material is moved according co the 
laws of motion, then the pressure and density gradients are computed 
from the number of particles present in each cell and their energy. In 
the modified code which we are considering, the cell boundaries change. 
Particles do not change cells but their motion determines the new cell 
boundary. The stress-strain relationships are more easily considered 
over the cells using the cell boundaries than using the particle positions. 
Whether this can be successfully implemented remains to be seen. 

-11 



Figure 7. Energy required to crush aluminum discs. Constants 
To and n0 determined from the equations: 

pU = T ln(z0/zf) 
TÄ n0(ev/dx) +T0 

To determlnedfrom the Initial slope of the curves. 
Tq = 5.43 X 10 from 6061 A1 and 2.1 x 10^ from 
pure Al. 
Po determined from difference between static and 
dynamic data for pure Al. »v/dx = 3 x 104 from 
impact velocity and thickness of disc. 
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Figure 8. Pressure wave in one-dimensional impact in aluminum. 
Figures 8, 9 and 10 show the effects of varying viscos¬ 
ity. Corrector used twice in all cases. Curve marked 
"Theory" is from analytical calculations at t * 1.0 usee. 
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Figure 10. Pressure wave in one-dimensional impact in alumi¬ 
num. Figures 8, 9 and 10 show the effects of vary¬ 
ing viscosity. Corrector used twice in all cases. 
Curve marked "Theory" is from analytical calculations 
at t = 1.0 nsec. 
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decreasing the time increment used. Compare with 
Figure 9. Corrector used twice. 

-16- 



3. EXPERIMENTAL WORK 

3.1 Disc-Crushing Experiment 

During this report period some experimental work was done to 
complete the work done on the disc-crushing experiment. This was 
aimed primarily at determining how much of the energy measured going 
into crushing of the disc was due to frictional loss with the anvil surfaces 
and how much was actually due to internal deformation of the dJsc. Tests 
were made by deforming a rod in tension in a testing machine, measuring 
the energy involved, and measuring the deformation on the same basis as 
used in the disc-crushing experiment. It was found that friction required 
a fair-sized correction to be made in the energy but not large enough to 
invalidate the results. If the correction were considerably in error, it 
would not change the general conclusions. It was found that with the 
copper discs at large deformations, about 25 per cent of the energy re¬ 
sults from friction with the disc faces. This was also checked by shoot¬ 
ing a steel ball into a plate and measuring the deformation there. As has 
been reported previously, all these measurements are in good agreement 
and are in agreement with earlier work done on rod-to-rod impact where 
the internal energy is measured by the measurement of velocity changes 
in an inelastic collision. In tension tests and in rod-to-rod impact, the 
deformation is measured by changes in thickness and diameter of circular- 
disc sections of the rods. 

3.2 Dynamic Strength Measurements 

The major experimental work of this report period has been the 
measurement of strength of materials under dynamic conditions. In doing 
the disc-crushing experiments, attempts were made to make measurements 
on plastics. This proved to be feasible with only a few materials under 
limited conditions. Measurements of deformation were hindered by plastic 
recovery, and shattering under impact. To obtain some measurement of 
the "strength" of materials under impact conditionsja rod-to-rod impact 
experiment was devised. In this experiment, a projectile rod is impacted 
against a stationary target rod and the acceleration of the rear face of the 
target rod is measured. From the force or momentum equation, it is seen 
that this measurement gives a gross measurement of an effective pressure 
gradient. 

As the impact velocity is increased, it is of interest to see whether 
the acceleration (pressure gradient) reaches a maximum, indicating the 
maximum effective strength of the material. This value can be used in the 
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theoretical program or just as a means of rating different materials for use 
under impact conditions. Exploratory work to determine this maximum was 
carried out with glass, polypropylene, nylon, plexiglass and a compressed 
wood fiber called Benelex 70. The development of the experimental system 
and the results will be discussed in the following sections. 

3*2.1 Experimental SvstemJor Dynamic Measurements 

The system used to make the desired measurements was built up 
around devices which indicate the time-position history of the flat end of 
a rod from measurements of the total light intensity from an illuminated 
slit which is covered or uncovered by the moving rod. A schematic dia- 
cfFura of the system is shown in Figure 12. Not all possible measurements 
indicated were made on each shot. Rods were 1.000 inch length, 0.500 
inch diameter. 

The optical system was designed to permit the following measure¬ 
ments: 

1. Velocity of the projectile at the time of impact with the 
target. This allows impact pressure to be determined. 

2. Time of impact upon target. This gives wave-velocity 
data. 

3. Time-position history of rear target face after impact. 
Differentiating this curve twice gives acceleration data 
and thus pressure gradient data. 

4. Velocity of target after acceleration. This allows calibra¬ 
tion of the acceleration curve. 

Of the four measurements required, it was found that determining 
the time of projectile impact upon the target was the most difficult. One 
method tried was to pass a beam of light in front of the target rod and 
observe its intensity as the projectile impacted the target. It was ex¬ 
pected that when the projectile closed the gap in front of the target, the 
time of impact could be determined as that moment when all the light was 
cut off. This method was useful at low velocities, but at high velocities 
it became difficult to determine just when the light was at zero. The 
oscilloscope trace was rounded rather than showing a sharp break. Later 
it was discovered that this was due to the generation of light at impact 
in the transparent plastics used. Also, the target rod sometimes appeared 
to move from air shock and vibration before impact. 

A simple wire make-circuit was substituted for the first light slit 
and gives better results. The impact end of the target is painted with 

-18- 
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conducting silver paint and two small bare wires are suspended in front of 
the target. When the projectile pushes the wires into the silver paint, the 
circuit is closed. At first, a charged capacitor,discharged into a pulse¬ 
forming circuit,providing a pulse to the oscilloscope. This proved to be 
more reliable than the other methods tried, but still gave some trouble due 
to the high voltage across the break wires. Some premature discharging of 
the capacitor was experienced. This was improved by using a low voltage 
battery which shifted the oscilloscope trace when the make-wires were 
shorted. 

The acceleration of the rear target face was measured using a light 
beam which intercepted the rear face. Figure 13 shows an oscilloscope 
trace produced as the target rod moves and cuts off the beam. 

(0 0) 

Xi 0> 

<D 
> 

(0 I- 
"■H 

<D 
cm 

Light pip from impact 
luminescence 

Acceleration region 

—Constant-velocity 
region 

Break produced to«ouble 
j— i_i_i_ 

Time (20 usec/cm) 

Figure 13. Oscilloscope trace from 
photomultiplier observing 
rear end of target, rod. A 
double light beam of known 
spacing is used to give an 
internal velocity calibra¬ 
tion so that an absolute 
velocity measurement is 
available for any slope on 
the trace. The light pip is 
ordinarily eliminated by 
painting rods. 
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The source of the pip of light on the oscilloscope traces which 
occurred at or about the time of impact was found by shooting a projectile 
into a target with all things normal except with no light present. The pip 
on the oscilloscope trace was still evident. Subsequent investigation 
revealed that a luminescence was taking place upon impact and increasing 
in intensity as the impact press jre increased. No further study was made 
to determine whether or not the intensity of the light was directly propor¬ 
tional to an increase in impact pressure or just where the upper and lower 
limits might be. 

At first it was believed that this pip could be used to indicate the 
time of impact upon the target, but after a number of shots were made, it 
became evident that controlling f he pip would be a problem and that it in- 
terferred with the acceleration curve in too many instances. The pip was 
eliminated by painting the target rod black. 

Much difficulty was experienced at higher impact velocities in ob¬ 
taining a target velocity. This was cuased by the target rod breaking into 
small pieces before the velocity-measuring station was reached thus giving 
very erratic data. To overcome this problem, the slit at the rear of the 
target rod was modified to a double slit to give a step in the oscilloscope 
trace. Knowing the distance between the two light beams, the velocity of 
the target rod can be calculated, thereby obtaining a rod velocity before 
fragmentation can take place. 

The linearity of the system was checked by shooting a projectile 
through the light beam at a constant velocity with no target in place . It 
was learned that some non-linearity was present in the photomultiplier 
tube and that this could be eliminated by collecting all light across the 
slit into a point and carefully selecting a spot on the photo-sensitive 
tube which gave the best response. 

The linearity of the photomultiplier and associated electronics was 
checked by using a rotating disc. A slit was cut in the disc which would 
pass a beam of light into the photomultiplier once each revolution. By 
synchronizing the rotation of the disc with the sweep of an oscilloscope a 
photograph of the rise and fall was obtained. This was determined to be 
about 0.1 psec, which was well within the time requirements of the event 
being measured. The size and shape of the slit was also varied to show 
that these factors had little effect upon the shape and rise time of the 
light pulses. 

A spark source with a known rise time of 0. 5 psec was used to 
check the response of the photomultiplier system. It was suspected that 
the target was moving before actual impact due to vibration caused by 
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shock waves or by air pressure ahead of the projectile. This was checked 
y shooting into a target firmly secured to the support platform. It was de¬ 

termined that some movement had been taking place and that a small amount 
of silicone grease between the target and its support platform would elimin¬ 
ate this without adding a significant amount of resistance to acceleration 
caused by projectile impact. 

3»2.2 DâiâJmm Dynamic Measurements 

Data from rod-impact experiments are shown in Figures 14 to 17. 
The results show considerable scatter due to material variability, experi¬ 
mental variations and the uncertainties in taking the second derivative of 
an experimental curve. However, general trends are clearly illustrated. 
The plastics tested reach a maximum and possibly even have a peak in the 
pressure gradient which they sustain. Benelex shows no peak in the range 
covered. Glass behaves very differently and no maximum "strength" is 
indicated. 

These data will be extended to higher velocities by using a powder 
gun. Impact pressure will be increased by using massive hardened-steel 
projectiles. Some further exploratory work is planned to determine the 
effects of sizes of rods and to see how much of the observed effect is due 
to a one-dimensional crushing strength of the material or due to a flow or 
breakup of the material and a two-dimensional deformation. 

Just how these strength measurements will fit into the theoretical 
program is not certain at this time. It is planned to begin to use them 
nearly exactly the same as the metal properties have been used; that is, 
the maximum acceleration observed, or maximum pressure gradient, will 

rel,fted t0 the constant strength term in the Bingham model. It is likely 
that the viscous term depending on velocity gradient will be energy- 
sensitive or will depend on total deformation0 It can possibly be deter¬ 
mined from the way maximum pressure gradient changes with velocity of 
impact. We expect that the initial strength term will be predominant. 
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4 0 CONCLUSIONS 

The work of this report period justifies our earlier decision to 
base a computer program on a correct predictor/corrector scheme. The 
problems have not been solved, but the value of a proper predictor/cor- 
rector has been shown and its importance in controlling the wave front 
and in controlling the instabilities in the program have been indicated. 
The propagation of unwanted energy throughout the mesh re lains a 
problem of the immediate future. It appears that some compromise will 
be necessary to obtain the best results from a predictor/corrector and 
the most freedom from unwanted error propagation. The use of proper 
strength and viscosity terms/even in one-dimensional impactos shown 
to be very important. The values of strength and viscosity determined 
here are of significance in relation to the work of Riney, Bjork, Walsh 
and others studying high velocity impact. The experimental work has 
shown that under dynamic conditions, strength of material can be mea¬ 
sured and indicates that useful data can be obtained from rod-to-rod 
impact. The use of these data in rating materials or in more complete 
theoretical work is yet to be investigated. 



5. FUTURE WORK 

I1!® the neXt report perlod wiU consist of revisions of the 
mathematical moüal and the computer code to better describe one-dimen¬ 
sional impact and the development of a three-dimensional code for axisym- 
rri°CaS®S- The relatlonshiP of viscosity and strength to irreversible 
s ock heating and to deposition of energy in impacted material will be 
investigated. Experimental work will consist of further exploratory work 
in brittle materials, particularly glass and ceramics, and further refine¬ 
ment of the measurement techniques. Different size samples will be used 

t0 obtain data t0 be used in the theoretical program and in general 
classifications of materials. 
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