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FOREWORD

This report describes a capacitor gauge that has been designed f o r  use
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EXECUTIVE SUMMARY

A capacitor gauge for performing real—time shock—wave measurements in

materials is described . The gauge was designed for use with the NSWC 40-mm-bore

gas gun and was adapted from a Lawrence Livermore Laborator y capacitor gauge .

One plate of the capacitor is the material specimen to be impacted . The shock-

generated free-surface motion of the impacted specimen is measured with the

gauge . This report describes in detail the fabrication and calibration

procedures for the capacitor gauge . The capacitor gauge engineering drawings

are included in the report. A description of the operation of the capacitor

gauge arid the data analysis procedures are presented. Plots are presented

to simplify the oscilloscope adjustment for a capacitor gauge experiment. An

impact experiment with 606l-T6 aluminum was performed to check the operation

of the gauge ; the results are in good agreement with previous experiments.
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I
I. INTRODt’CTION

This report describes a capacitor gauge tha t has been designed for use

with the NSWC gas gun.’ The gauge was adapted from a Lawrence Livermore

Laboratory capacitor gauge. 
2 ‘rl~e ca~sic i tor  gauge technique described her e

is originall y due to Rice. A capacitor gauge is used for d e t e r m i n i n g  the

shock properties of materials .
2 4  The fr ee surface of the material  specime n

to be studied forms one pla te of a parallel plate capac itor (for a conducting

specimen a thin metallic f i lm may be deposi ted on the free sur f a ce). The

gauge measures the shock-generated free-surface motion of the specimen. The

shock wave could be produced by projectile impact or explosive detonation , or

by other means.

In this report a 40-mm-bore gas gun is used for generating the shock

waves in the specimen. A schematic of the gas gun is shown in Figure 1. A

projectile with an impactor disk is loaded into the barrel , and a target

assembly containing the specimen and a capacitor gauge is mounted on the muzzle

of the gun. The barrel is evacuated to 0.1 Pa pressure to minimize gas cushion fr
effects at impact. The gun is fired by actuating the fast-opening valve . The

projectile impact velocity can be varied in a controlled manner over the range

/ from 0.03 to 1 km/s.

/ OUTSIDE
• • WALL

LOADER MUZZLE

r T i ~~~~~~~~~~~~~~~~~~
==== €Ii

\
] ‘H

BREECH VALVE BARREL RECOVERY
PRESSURE 
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I. 
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~ • F igure 1. Schematic of gas gun .
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F’ tqur c 2 is ~i schema t 1 C ci t hc muz c le c~ 1CII fo r  a t ~i t q e t  assembly cof lt ~ i i f l —

j n q  .t ip~ic i t o t  q~iu ~~t’ . The ~iv c r ~toc 1 ‘ ct i it  t~ioc t v ~ t i mpact is measured

wi th the t hi Ct ’ ~ h . i rqed  p i ns  in the SisIt ’ ot  the bat  t ci. The time of impact is

measured with tour ch arged  t i t  p ins  wh ich  a t e  j iaced around the specimen . The

i i t  p t n  ends tire positioned 1 1  t In ’ p l a i n ’  ci the imp ac t  fact ’  of the specimen

o within 1 kim. The c ap a c i to r  ~;au ~;e is s; aced a pi esclected distance behind

the spec tm en arid measures the sh o ck— t i n l u ~ t d  u - c e — s u rf a c e  motion of the  back

face of the specimen . The shock transit t ime t s  dete rmined  by measur ing  the

t ime d i f f e r e n ce  between the tilt output signa l and th e  capacitor gauge signal.

VEL OCITY PtNS BARREL FLANGE

TARGET MOUNTING

Th .

NPACT~~

1iI I~~~ - -~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - •~~~~-~~~~~~~~~~~~~~~~~~~~~~~~

CAPACITOR GAUGE

-- 
j

Figure 2. Schematic of mu~ zit’ I e q i c n  showing a target assembly
with a capacitor gauge.

In Section ii the fabrica tion and calibra tion of the capaci tor gauge are

di scussed . The opera t ion  of the q au q t ’ is  ~ reseiit ed in Section I I I . Appendix A
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• c on ta in s the eng i l i eCr i r l ’-4 drawings for the NSWC capacitor gauge . Appendix  h

contains plots for determining the spacer thickness and oscilloscope s e t t u u4 s
• for  a capacitor gauge as a function of the specimen free—surface velocity.

Appendix C contains the results of integrating the capacitor gauge voltaqe-

time pulse usilni the trapezoidal and Simpson ’s rules .

II. FABRICATION AND CALIBRATION ~F’ CAPACI TOR GAUGE

The f i r st step in the fabrication procedure consists of soldering the

case and flange pieces of the capacitor gauge together (see Appendix A). Next ,

a copper tube (3.17-mm outside diameter , 0.64-mm wall thickness , and approxi-

mately 37-toto long) is soldered into the 3.45-mm-diameter hole in the body piece .

Low—temperature silver solder is used for these soldering operations. The

copper tube allows the capacitor gauge region behind the specimen to be evacu-

ated along wi th  the gun barrel . A vacuum reduces the possibility of electrical

breakdown between the high-voltage center conductor and the grounded gauge body

-• and specimen . It also eliminates the possibility that the capacitor gauge sig-

nal will be affected by air compression in th~ region behind the specimen.

• The next step in the fabrication procedure is to attach the brass center

conductor to the gauge body. Center conductor 1 (see Figure A-6) having a disk

diameter of 10.16 mm was selected for this gauge . Nylon screws are placed in

the three 2-56 UNC holes in the brass body until they are flush with the in-

side wall of the body . The body ,  center conduc tor , and a Luci te insulator

are then assembled and aligned on a flat granite surface plate. The faces of

the center conductor disk and body are therefore assured of being in the sane

plane. Alumina-filled epoxy (Castall 300-RT 7) is then poured into the recessed

• regions of the body and insulator until the epoxy is flush with the top of the

body (see Figure A-I). The close tolerances of the three pieces ensure tha t

no epoxy seeps into the cavity region of the center conductor-body assembly.

After the epoxy cures, the nylon screws are removed from the body . The

face of the center conductor—body assembly is then lapped flat with #2/0

and #4/0 Buehler emery paper on a granite surface plate. The flange—case

r
3
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assembly is then attached to the center conductor-body assembly with three
2-56 UNC brass screws . The gauge is now ready for calibration.

The purpose of the calibration procedure is to measure the small capacitance

between the center conductor and a simulated specimen face as the spacing between

the specimen and center conductor is varied . The body , flange , case , and end

cap of the gauge introduce a constant shunt capacitance which is included in

the measurement . (A brass end cap is attached to the gauge for the calibration

procedure .)

Figure 3(a) shows the experimental setup for calibrating the capacitor

gauge. A capacitapr’e bridge system (General Radio Company) was used for the

measurements. The electronic items consist of a null indicator (Model 1232—A)

and high-input impedance preamplifier (Model 1232-P2) shown at the top, a regu-

lated power supply (Model 1201—B), an oscillator (Model 1210—C) shown in the

middle , and a capacitance bridge (Model 1615-A) shown at the bottom. The

mechanical calibration device with the attached capacitor gauge is shown to the

right of the electronic items in Figure 3(a). The calibration device is the

same device1’5 that is used for measuring the spacing of the velocity pins
(see Figu re 2 ) .  Figure 3 (b) is a close-up view of the calibration device and

the attached capacitor gauge . A 28-mm—diameter disk simulates the target speci-

men . The gauge is attached to the vertical f lange of the calibration device

with two small C-clamps. Metal shim stock is used to ensure that the gauge

and specimen faces are in approximate parallel planes. The calibration device

micrometer has a resolution of 0.002 mm. The maximum specimen position x0 is

obtained by placing a 3.19-mm—thick brass spacer between the gauge and specimen

faces. (This is the same spacer that is used in the target assembly.) The

uncertainty in this spacing measurement is about 0.01 mm and is due to the

sl ight nonparallelism of the gauge and specimen planes. The gauge capacitance

is measured for this maximum spacing. 
‘I
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(a )

(b)

Figure 3. Calibration of capacitor gauqe. (a) Overall
view showing calibrat ion device and electron—
ic equipment. (b) Close-up view showing
capacitor gauge at t ache t l  to calibration device.
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The’ spacer is t h e n  removed and capacit ,utce measurements are made as the

spec i men spacing is decreased . The measuroment. s are made at a frequency of

1 kHz and have a resolution of 0.001 pF . The three-terminal bridge mode is

used fo r  the  measurements. The cent-er conductor of an RG-55 coaxial cable

connects  the low side (L terminal) of the bridge to the capacitor gauge

center c o n t l u ct o t  . The outer braid of the cable extends inside the gauge

cas” ~nt1 t o ;  unterminated at the gauge. A cl i p lead connects the high side

(II terminal) of the bridge to a convenient ground point on the calibration

device . Tabli’ 1 qiv ’ ’s  t he  results of the measurements.

Table 1. Measurement of gauge capacitance
versus specimen spacing.&

Gauge Specimen Gauge Specimen
Capacitance Spacing Capacitance Spacing

(pr) (mm ) (p11’) (mm )

4.521 3.190 4.’)0t~ 1.140
4 .527 3.090 4~~L1 3(~ 1.090
4.534 2.990 4 t) ( , t) 1.040
4 .540 2.890 5.007 0.990
4.547 2 .790 5.047 0.940
4.555 1.690 5.094 0.890
4.564 2 .590 5.145 0.840
4.574 2.490 ~~~. 204 0.790
4.584 2.390 5.272 0.740
4.595 2.290 5.349 0.690
4.608 2.190 5.440 0.640
4.623 2.090 5.547 0.590
4.639 1.990 5.676 0.540
4.657 1.890 5.829 0.490
4.677 1.790 6.020 0.440
4 .699 1.690 6.264 0.390

j 4.726 1.590 6.580 0.340
4.7 56 1.490 7.022 0.290
4. 790 1.390 7.656 0 .240
4.8 31 1.290 8.638 0.190
4.879 1.190 10.47 0.140

aTh calibration measurements were made
• using the  test setup shown In Figure 3 .
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F tqut e 4 t a p lot  ot t Is’ measured gauge capacit ance versus inverse spec 1 —

~~~~~~~ ~~~~~~~~~ 
tn t ; . The curve’ shown in the figure was obtained by u i t t  inq to the

i t ;  it tal lt~ dat  a p o i n t s .  F i t  s t a cut Vt ’ of the  form C Ax + B is fitted to

the ~tat a ~‘e jut s UI ;  nq the met hod of leant in;ua t e n.  Tb is gives values for the

pat am(’t (’rn A and b . Fot t h i s  gauge A — 0. n 3’)0 pF nun a i d  B 4 .318 pI-’. B t o p —

t t ’nt ’n t s the’ nm.i 1 1 count  an t  shunt  ca}’ac i t  anct -’ of t lu. ~;auqc disk. Then a curve

et the tor n

I- ’ • - -
~

- 13 , (1)

is fit t Ott t o  the same dat  a p o i n t s  to obtain a value let the parameter 0. Thin

pa rame t or i uned to account  for the non Ii nea 1-i ty i n  t he d.3t a points as ~~ 
1

i t l c i  eases. The n on l i n ear  i ty may he due to the measurement uncer ta in ty  in •

dot ormining t h e  m i t  I a l  specimen spac I ng and capaci t ive edge effects. D is

~bt a i nod by t t i a I and crier t ü t he’ nearest. 0.001 mm by so 1 ect i nq the value that

give’s the mini mum dev i at  ion  bet ween the comj ’ut ed and experimental cal’ac it ance’
_ l r  N ‘~~~i

- ’
values. The d ev i a t  ion  was t ak e n an P N Y ( C ( x .) — C . (x .)Y

I I ~

where N it ’ , and C (x - ) and C - (x • ) ar e  t he computed and ex p e r i men t a l  capac it ~~1 1 1

Valu e s , respect i v e ’ly  , at  the mea sured spac i nu x . . For this gau ge ~ ~ - 0. 047 mm.

SPACING(mm)

5.0 403 .5 3.0 ?,5 2.0 1.5 1.0
5.C 1 I i I 1

• MEASUREMENT
- 

— CURVI FIT

~
- 4 9  -

§ 47  - 
“
~~~C 

~~~~~~~~~~~~~~ 

• 4.318

~~~4 6 -

—

4,4 .~~ __..L. I
0.2 03 04 0.5 0.6 0.7 0.9 0.9 1.0

INVERSE SPACING (mm ‘J
Figure 4. Capaci t or gauge cal  i t ’t at ion  curve . The p o i n t  s represent

t he’ In it j,iI .‘4 m easut - em ont s  from Table 1. A l so shown is
t h e  b e s t — f i t  curve u s i ng  t h e  i i i i t  i a l  I ( ~ p o i n t s ;  C is the

• gauge capaci t anet’ and x is  the  spac ing .

7
I

- - ..-r
~~

• - - .  . --- —- -

- — - ~~



The next step in the fabrication procedure consists of completing the

electrical circuit for the capacitor gauge. Figure 5 is the electrical

schematic of the capacitor gauge and the voltage—limiter circuits. The gauge
I disk and the 0.01-~iF coupling capacitor are charged to a voltage of -3 kV, the

latter being charged through the 50—Il termination at the oscilloscope. The

charging supply is isolated from the gauge circuit with the l.5—Mll resistor.

At projectile impact the specimen disk moves toward the right and increases

the gauge capacitance . Charge flows onto the gauge to maintain the voltage

at -3 kV. The flowing charge produces a voltage across the 50 11 terminat ion

resistance which is recorded on the oscilloscope. The purpose of the voltage -

limiter circuit is to protect the oscilloscope fLom voltage overload as the

measured voltage increases. This circuit is isolated from the gauge circuit

until a clipping voltage of about ~12 V is approached. Figure 6 is a view of

the completed capacitor gauge showing the electrical components inside the

gauge and the gauge disk and spacer.

1*40(1 *SSE~~tY
W~TN C*P*cnO* SOUSE

V0(TA*( LSEITE* c140W7
• PIOSCI1LI ~~ I 

~~1 
OOI~~~ 50fl

:~ 

5011 coix

2 5 
~~~~ 

-“ - ‘ ~ 2.20 

- 
~
- — —

~~ ~J~[ I ’
50 11 20011 2001) - 

~oi~oi son
coox 50000 ’ SOlOS - , MO0~L*PI I I  50-US

NP S1IOO Ui t(0~~~ 5Jpp~y
0CS~ PtY ,~L’~~~~0G—3~v L -

Figure 5. Schematic of capacitor gauge and voltage limiter circuits.
(For clarity of presentation the tilt pins are not shown
in the target assembly.)
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F igure  (‘. Comp lt’t ed capti c I tot q~t ; iqe .  (a )  t’ tow of gauge with end rat’

removed showi rn; t he 0. 01— ~;F coup 1 i nq ca}’ac it ~r and t he

1. 5—Mu t e ’nj  stot’  in~ i de t I le  br ass case . (b )  ~~ ow et gauge

show itiq he I I ange , ;;~ ‘acer , and ceit t 01 conduct oi
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Following Rice
2 
the equation describing the circuit in Figure 5 is given by

dV dC
RC~~~~ + V — -RE

0~~~~~
, (2)

where R is the 50—I~ termination resistance, V is the measured voltage across R,

is the —3 kV dc supply voltage, and C is the measured gauge capacitance.

The two assumptions that were made to obtain Equation (2) are C
0
>>C and E0’>V.

Here C
0 is the coupling capacitance. These two assumptions are satisfied since

C
0 

= 0.01 1~F and C 5 pF, and the output voltage V is always much less than E
0
.

• Following Reference 2, Equation (2) can be reduced further. Integrating this

equation over a short—time interval in which C and are approximated as

constants gives

dc r  t
V = -RE

0 ~~ 
- exp(- 

~~ 
)j  ‘

where V(0) = 0. The time constant is RC 0.25 ns. (RC 30 ns for Rice’s

• circuit.2) Thus after a few time constants (which is much shorter than the

typical microsecond read t ime for a capacitor gauge) Equation (3 )  can be

approximated with

-

• 

V = - RE
0~~~ 

. (4)

Using this equation is equivalent to assuming that V>>RC in Equation (2).

A test shot was performed to check the operation of the capacitor gauge.

For this shot the initial fast-rising plastic wave portion of the voltage pulse

(the pulse will be presented in the next section) has a slope of ~~~~
- 0.5 my ns

1

and a voltage of V 7 isV. For the later slower—rising portion of this pulse

0.01 isV ns 1 and V 10 isV. Therefore RC 0.1 and 0.003 my for the

fast- and slow—rising portions of the pulse, respectively. These values are

about 2 and 0.003% of the voltages in the two regions, respectively. These

results show that negligible error will be introduced by using Equation (4).

The specimen free-surface velocity Ufs can be obtained from the equation

dx dC dC
(5)

10 
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Mere is obtained from the measured voltage-time profile (Equation (4)), and

is obta ined by differentiating the measured capacitor gauge calibration

curve (Equation Cl)). Making these substitutions into Equation (5) gives

- 

Uf 
= — (x - D) 2 

. (6)

It is possible to eliminate the specimen free—surface position x from

Equation (6). First, Equation (4) is integrated to obtain

1c _ c o = - w _ j  V d t  , (7)

• where x
0 
is the initial  specimen spacing and C0 

= C(x 0
) .  Substituting for C

and C0 from Equation (1) gives

x0 - D
x (t )  = D + (x

0 
- D) ft 

. (8)
-

‘ 
1-  R E A  J V d t

0 0

Substituting Equation (8) into Equation (6) finally gives for the free-surface
velocity

- 

(x
0
-D)

2 
________________Uf 

- - 
RE A r (x - D)ft 120 I i —  0 —J v dt I

[ 
REoA~~~ J

Equations (8) and (9) are used in the next section to obtain the specimen

free-surface position and velocity at selected times from the measured voltage-

time pulse.

A target assembly with a 6061-T6 aluminum specimen was prepared to check
the operation of the capacitor gauge. Standard target preparation techniques I L
were used to prepare the target assembly with the aluminum specimen and four

tilt pins) The tilt pins are fabricated from 0-80 stainless steel threaded

- 
-
‘ rod. A hole is drilled in the epoxy material of the target assembly to accept

11 

1IIEiT~~ 
•~~~~~~~ •~~~~~i ~~~~~~~~ ~~~~



the copper vacuum tube that is located in the side of the capacitor gauge.

The vacuum tube is then bent perpendicular to the face of the gauge and cut

to an appropriate length so that it will be recessed from the impact face of

the specimen when the gauge and a spacer are placed on the back face (opposite

the impact face) of the specimen. A 3.19-mm-thick brass spacer was used for

this shot. The gauge, spacer, and target assembly are then placed face down

on a granite surface plate and aligned. Epoxy paste (Varian Torr-Seal) is

placed around the periphery of the spacer to vacuum seal it to the gauge and

specimen . Care is taken to ensure that no epoxy seeps into the regions between

the spacer and gauge, and spacer and specimen. Epoxy paste is also used to seal

the vacuum tube into the hole in the target assembly. Epoxy (Castall 300-RT 7)

- 
is then poured into the target cup to securely attach the capacitor gauge to the

specimen. The tilt pin ends are positioned in the plane of the specimen to

within 1 urn with an electronic height gauge and then secured. (Vacuum grease is

initially placed on the threads of the tilt pins so they can be adjusted.) The

target assembly is completed by attaching the tilt pins to electrical connectors

(Microdot Part No. 031—0050-0001) that are located in the flange of the capacitor

gauge. Figure 7 shows the completed capacitor gauge target assembly .

Figure 7. Completed target assembly with a capacitor gauge.

12
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III. OPERATION OF CAPACITOR GAUGE

The results of the 606l-T6 aluminum symmetric impact experiment that

was performed to check the operation of the capacitor gauge are presented

in this  section. Figure 8 shows the t i l t  pin data record and the capacitor

gauge data record for this shot . The voltage-time pulse of the capacitor - •

gauge record is converted to a free-surface velocity versus time p ro f i l e

using Equation (9) of the last section and known values for the equation

parameters . For this shot the parameters are R = 50.0 12, E
0 

= -3 kV,

A = 0.6390 pF nun , B = 4.3 18 pF , D = 0.047 mm , and x 0 
= 3.19 mrs. Substituting

these values into Equation (9) gives for the free-surface velocity

= 0.103 V ,
fs  r t 12  (10)

I l  + 0.0328 V dt IL 0 J

where V is the measured capacitor gauge voltage in mV ,~~~~V dt is the area

under the voltage-time pulse in isV us, and U
f 

is in mm/us or km/s. The free-

surface position x can be obtained by substituting the above parameter values

into Equation (8). The result is

3 143x = 0 . 0 4 7 + (11)
1 + 0.0328 [ V dt

where x is in mm.

Two methods were used to obtain U f5 and x. In the f i rs t  method a toolmaker ’s

microscope was used to digitize the voltage-time pulse directly from the 
—

oscilloscope trace . The digitized data was used in the trapezoidal and Simp-

son ’s rules to obtain the area under the voltage—time pulse for selected times.

Equation (10) was used to obtain the digitized free-surface-velocity profile.
The x was obtained from Equation (11) . Appendix C summarizes th is  procedure .

In the second method an enlarged photograph was made from the capacitor gauge

oscilloscope trace. The voltage—time pulse was digitized from this photograph.

The area under the voltage-time pulse was obtained for selected times by

cut t ing the photograph into pieces and weighing each piece. A standard—grid

piece was weighed for calibration. This information is used in Equation (10) to

13
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obtain the d i g i t i z e d  f r e e — s u r fac e  velocity pi ofi le . t- ’t) u a t  I t ’ll ii) va~ t hen

used to obtain x. Table .‘ gives the results of this computation. The results

of both methods were in good agreement with each other. The read time for this 
*

capacitor gauge is est i-sated to be abou t 1 us. For times greater than this

val ue , the I t e e — s u r f a c e  v~’ lee i t  v va I ties lte ’g I n  t 0 1 r l c l t ’.ISt? t .i~~’ i d lv , pi ol~ab1y due

to relief wave ettects originating from the edge of the specinten .b 
Therefore

Table 2 does not include any free-surface velocity values for t imes greater

than 1 us.  Equat ion ( 10) shows that when the term 0~~fl V d t ’-~~l .  the fr ee—

surface velocity is proport ional to V. For times less than 0.1 us, the free-

surface velocity values in Table ‘ are within about 1% of values obtained using

only the term 0.103 V for U f5
.

Table 2. Digitized capacitor gauge voltage data and the corresponding
free—surface—velocity and free-surface-position results for
606l-T6 aluminum .

Voltage-Time
Integral Free-Sur face Free-Surface

Voltage f~ dt Velocity Position
Time V 0 Uts x
(u s) (isV ) (isV u s)  (km/ s) (mm )

0 0.79 0 0.081
0.077 1.14 (1.07 0.11€ 3.18
0.089 6.98 0.13 0.7 14 3.18
0.106 7.35 O..~4 0.746 3.17
0.206 8.00 (1.99 0.774 3.0~
0.310 8. 73 1.61 0.802 3.01
0.413 9.53 2.71 0.829 2.93
0.514 10.26 3.69 0.842
0.612 11.13 4.77 0.858
0.715 12.15 5.94 0.877 2.68
0.816 13.24 7.18 0.894 2 .59
0.916 14.55 8.5° 0.~~l3 

2.50

14
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Vt ~ is ~ plot o f he 51 1 51 i t t  :ed free—su it a c e — v e l o c i t y  data of Tat ’ I t  2 .

It shows a small amplitude elast t o  wave followed by a large amplitude plast ic

wave . The ~.081 km . s free—surface v5- 1 o~- i ty for t he ci . tst j o  wave is somewhat

1,t t 5~er t han  the value of 0. ~‘e ’ km s obta tite d by Christma n et al .  US~~ I IS1

~ uar  tz ~au ~tes and a laser ye leo i t v  In t e r  terontc ter . How e v e r , titi S a~1l ee Inex t t

is te5 tso t ta t : s l e  c o i i s i d er i n q  that the e las t ic  wave portion of the volt5iqe pu l s e

in F i s i u j e  ~~(b)  has an amplitude on ly slightly above the zero level f o r  t he

20 mV div vertical scale s e t t i n g .  The f r ee—sur f ace  velocity for the plastic

wav e  i n c re as e s  i n  t t i al  lv to a value  of about 0 .75  km/s and then increases at a

slowe r ra t e to the 0.°2 k m s  measured impactor velocity.

1 1

-

u~ 0.2 —

0.0 1~
’
~ I I

0.0 0.2 0.4 0.6 0.8 1.0 1.2
TIME (~sJ ‘

. 

-

F igu r e  ° . I-’r e e — s ur  f ace  ye lee it y vci 1:110 t ime p r o f il e  t o t  e0t’ I —T~’
a lu m i n u m .  The her t .~e i i t  al dashed line is the 0. °_‘ km s
measur ed  ilfll ’5 l c t  ot v e l o c i t y .

I t ,  

4i~
- 

- 
- •



Table 3 summarizes the shock wave results for the 606l-T6 aluminum symmetric
impact experiment. The measured 6.44 km/s elastic wave velocity is in good

agreement with the value of 6.40 km/s reported by Christman et al.
7 

The

0.70 GPa Hugoniot elastic limit is in reasonable agreement with the value of

0.57 GPa reported by Christman et al. 7 The difference is probably due to the
large previously mentioned measurement uncertainty for the elastic free-surface
velocity. Christman et al.

7 
obtained U = 5.24 + 1.40 u and a = 0.1 +

2 p H
14.04 u + 3.77 u (U and u in km/ s. and a in GPa) for the shock ye. ~ity-p p s p H
particle velocity relationship and the stress-particle velocity relationship ,

respectively , for 6061—T6 aluminum for a < 20 GPa. Shock velocity and stress

values of 5.88 km/s and 7.36 GPa are calculated, respectively , using a
0.46 kin/s plastic wave particle velocity in these equations. The measured

shock velocity and stress values of 5.92 km/s and 7.40 GPa, respectively, 
4

-

are in good agreement with these calculated values.

Table 3. Summary of shock—wave results for 606l-T6 aluminum.
Initial

I*npacto r Impac tor Impactor Specime n Specimen
Shot Diameter Th ickness  Density Diameter Thickness
No. Descr ip t ion  of Shot (me) )imn) (Mg/rn 3) (mm) (mm)

160 6061-T6 Al ‘ &-Us- l —T 6 35.63 6 .36  2 .70 2L97 6. 31
Al t,l t pins,
capacitor gauge

In ,tial Elastic Wave
j e - i m e n  rtss,c ctil e Wave Particle

Density velocity a Impactor velocityb velocity’ Stress’1
Sho t - - ‘ U0 Tilt U~ Dc ‘ e Straln e p

S

No. (~~ ,‘n
3 ) ()un/s) Inrasl’. (km/sI (km/s) (3ra) y~~ y~~

2.70 0. 5 1’5 0.63 .44 0.041 0.70 1 0063

r1asti~ Wave
Wave particle

Vcios~ity b Velocity t’ Stress~
Sho t U 5 U p ‘

~~ 
Strain 6

No. (km/s) (km/sI (CPa) ‘s/V p

15,0 5.52 0.46 7.40 0.077

- ‘ 
aAverage of two measurements. ‘the estimated uncerta inty is about .1% .
bCalculated using the measured elastic and plastic wave transit times throuqh
the specime n disk. The plastic wave transit t ime  was obtained using a half—
amplitude value for the plastic wave free—surface velo.~ity . The estimated
wave velocity uncertainty is a few percent .
C
Taken as one-half the measured free-surface velocity of the elastic wave . The
estimated uncertainty is about 10% due to the small measured value for the
elastic wave free-surface velocity.

— U I~!t~ 0 c c ,

* 1 - Ve/V O Ue/U e whe re V0 — 1/c 0.

U /2.
p 0

I — - ‘ ,~ . (U 5 — Ue ) 1” p 
— U

e
) where s~ / ) l  - u

c, / U~ )

hSV,V 0 — 1 — V/ V 0 where V/V 0 ( 1 - u ,, -i’~, ) (U 5 - u~ )/(U5 
— ti

c,
) and V — 1 - -

- 17
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APPENDIX A

ENGINEERING DRAWINGS FOR CAPACITOR GAUGE

(All dimensions in inches. To convert to
SI uni ts  use 1 in .  = 25.4 mm.)
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APPENDIX B

PLOTS FOR DETERMINING CAPACITOR GAUGE SPACER

THICKNESSES AND OSCILLOSCOPE SETTINGS I.
FOR VARIOUS FREE-SURFACE-VELOCITY VALUES
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This section contains plots that can be used in estimating the capacitor

gauge spacer thickness and oscilloscope settings for a gas gun experiment. For

simplicity we will assume that the gauge capacitance is given by the equation

c0A
- 

c =  d 
(B-l)

S

where = 8.854 x 10 12C N
1
m
2
, Ad is the gauge disk area, and x is the

spacing between the specimen and gauge disk. Equation (B-l) is simpler than
Equation (1) which was used in the actual data analysis. Our capacitor gauge
has been designed for disk diameters of 6.4 or 10.2 mm . Using these values

in Equation (B-i) gives

0.285 . .for 6.4—mm—diameter disk,x
(B-2)

0.723 . .for 10.2—mm--diameter disk,x

where C is in pF and x is in mm . The capacitor gauge voltage V can be obtained

by substituting Equations (4) and (B-i) into Equation (5). The result is

RE A I - - ;
— 0 0 d t ~V — — 

2 (5—3)(x0 — Uf t)

Here we have assumed a constant free-surface velocity and used x = x0 — Ufst ~

- 
-

where x
0 is the initial specimen spacing (spacer thickness). Letting R

0 
= 50 ~2,

E0 = -3 kV, and using the two disk diameters gives

42.7 U
f

2 for 6.4—mm—diameter disk,
(x0 

— U f
t)

(B—4 )

i09 u
for 10.2—mm—diameter disk,

(x
0 

— Uf5
t)
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where V is in mV, Uf in m m / ps or km/s, x
0 
is in mm , and t is in ps. Equa-

tion (B-4) was used to obtain Figures B-i , 5-2 , and 5-3 . The calculated voltage-

time profiles can be used for selecting a spacer thickness and disk diameter for

an expected free-surface-velocity value in a gas gun experiment. The free-

surface-velocity range was chosen to be similar to the 0.03 to 1 km/s projectile

velocity range for our gas gun . The time axis was chosen to be about twice

the measured 0.9-ps read time for the capacitor gauge. A spacer thickness

and disk diameter that gives a voltage-time profile with an initial voltage

greater than 10 to 15 mV and that is slowly rising for about 1 ps should be

appropriate for a free-surface—velocity measurement. The initial capacitor gauge

voltage versus free-surface velocity is shown in more detail in Figures 5-4

and B-5. These figures were generated using Equation (B-3 ) with t 0 and

selected values for the spacer thickness x
0
.

Fi gure 5-6 is a plot of the time for the capacitor gauge voltage to

increase a certain amount versus the specimen free-surface velocity . Voltage

ratios VF/V O of 4 , 8, and 12 were chosen since they correspond to reasonable

dynamic ranges for setting the oscilloscope vertical. The curves in Figure B-6

were obtained from the equation

x
0 I /vF\ 1/2l

tF~ 
= 

~~

_ 

V y~~) .J (B-5)

where tF 
is the time corresponding to a capacitor gauge voltage VF . Equa—

tion (B-5) was obtained using Equation (B-3) to determine the voltages V0 and

c/F 
and then forming the ration VF/V

O
.

I-
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Figure B—i. Capacitor gauge voltage—time profiles for 6.4- and
10.2—mm—diameter gauge disks and selected spacer thick—
nesses at a constant specimen free—surface velocity of
0.1 km/s.
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INTEGRATION OF CAPACITOR GAUGE VOLTAGE PULSE

USING THE TRAPEZOIDAL AND ~~MPSON’S RULES
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It was stated in Section Ill that the trapezoidal and Simpson ’s rules were

used to obtain the area under the capacitor gauge voltage-time pulse. The

results are presented in this appendix. Table C-i contains the free-surface

velocity and the free—surface position calculations. Figure C-i is a plot of

the digitized free-surface velocity points. The trapezoidal rule was used for

the initial fast-rising portion of the voltage pulse since that part of the

pulse could be easily subdivided into linear sections at points of slope dis-

continuities. The first four nonzero voltage-time integral values in Table C—i
were obtained with the trapezoidal rule. The rule for obtaining the area of a
segment A . . for the time interval (t. - t. ) isi—1,i 1. i—i

A . . = !  (V . + V .)(t. - t. ) 
‘ (C-i)i—l,i 2 i—l 1 1 i—i

where i = 1, 2, 3, etc., and V . is the digitized voltage at time t.. Here

t
o 

= 0. For our case, the area segments A
01

, A
12

, A
2 3

, and A
3 4  

were obtained

for i = 1, 2, 3, and 4, respectively. The remaining segments were obtained

using Simpson’s rule. This rule states that the area segment A
~_2 ~ 

for two

adjacent and equal time intervals (t 1 - t.2 ) and Ct . - t~_1) is given by

A . . = 2:. (V. + 4V. + v.)(t. — t. ) , (C—2) 1’1—2,3. 3 1—2 i l  1 1. i—i

where i = 2, 4, 6, etc. For our case, the 13 area segments A46
, 
~6,8

’ .A28 30
were obtained for i = 6, 8,...30, respectively.
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Table C-i. Free—surface-velocity and free—surface-position results
using the trapezoidal and Simpson’s rules for integrating
the capacitor gauge voltage pulse.

Voltage-Time
Integralb Free-Surface Free-Surface

Voltagea 
, dt 

VelocityC Positionc
Timea V 0 Uf x
(us) (isV) Cmv us) (km/s) (mm)

0 0.79 0 0.081 3.19
0.077 1.14 0.07 0.116 3.18
0.094 6.82 0.14 0.696 3.18
0.128 7.39 0.38 0.743 3.15
0.158 7.72 0.61 0.765 3.13
0.188 8.02 — — — V
0.218 8.17 1.09 0.786 3.08
0.248 8.31 — — —
0.278 8.48 1.59 0.790 3.03 t - -

0.308 8.61 - — -

0.338 8.91 2.10 0.804 2.99
0.367 8.97 — — —

0.397 9.14 2.64 0.798 2.94
0.427 9.41 — — —
0.457 9.68 3.21 0.817 2.89
0.487 9.83 — - —
0.517 10.11 3.80 0.825 2.84 -:
0.547 10.41 — — —
0.577 10.62 4.42 0.836 2.79 r
0.607 10.87 - - -
0.637 11.09 5.07 0.841 2.74
0.667 11.46 — — —0.697 11.64 5.75 0.849 2.69
0.726 12.09 — — —
0.757 12.33 6.48 0.865 2.64
0.787 12.70 — — —
0.817 13.09 7.24 0.882 2.59
0.847 13.32 — — —

0.877 13.78 8.04 0.890 2.53
0.907 14.29 — — —
0.937 14.79 8.89 0.914 2.48

aThese values were obtained directly from the capacitor gauge voltage-
time oscilloscope trace using a toolmaker ’s microscope.

b
The trapezoidal rule was used to obtain the first four nonzero values
in this column. Simpson’s rule was used to obtain the remaining non—
zero values.

CThe free-surface-velocity and free-surface—position values were ob-
tam ed using Equations (10) and (11), respectively. 
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