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GHauver & AMelani/bst
Aberdeen Proving Ground, Md.
December 1973

THE HUGONIOT OF 5083 ALUMINUM

ABSTRACT

The Hugoniot of 5083H131 aluminum has been experimentally

determined in the pressure range from 161 to 472 kilobars. Over this

pressure range the shock velocity-particle velocity relationship was

found to be linear. The optical and electrical techniques used for

the measurements and the methods for data reduction are described.

A revised Hugoniot for polymethylmethacrylateand an approximate

Hugoniot for mica were required in the electrical technique and are

included as appendixes.
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I. INTRODUCTION

Measurements have been performed to determine the Hugoniot of

5083H131 aluminum over a pressure range from 161 to 472 kilobars.

This pressure range is above the elastic-plastic double wave region

which extends from the Hugoniot Elastic Limit to approximately 127

kilobars. The 5083 aluminum alloy nominally contains 4.5 percent

magnesium and 0.7 percent manganese; the H131 designates a special

temper which has been used for armor (this temper designation will not

be used in later references to the test material). This report

describes the experimental procedures, explains the reduction of data,

and presents the results.

II. PROCEDURE

1*
Hugoniot data were obtained by the impedance-matchingtechnique .

In each test, a specimen of 5083 aluminum was placed on a metal plate,

referred to as a buffer, through which a plane shock wave was trans-

mitted. Either optical or electrical measurements were performed to

locate the release adiabat of the buffer and to determine the average

velocity of the shock wave transmitted through the test specimen.

The average shock velocity, U, and the initial density, P , establish
0

a line with slope pOU in the P-u (pressure-particlevelocity) plane.

An impedance calculation

with the release adiabat

on the Hugoniot curve of

establishes the intersection of this line

of the buffer. This intersection is a point

the test specimen.

A. Test Material

Test specimens of 5083 aluminum were prepared from a plate with

the chemical composition** given in Table I. This composition is

within the tolerances set by the Aluminum Association specification.

The initial density of 5083 aluminum specimens was measured to be

2.656 g/cc.

*References are listed on page 37

**~alyzed by the Materials Laboratory U. S. Army Frankford Arsenal.
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Table I. Chemical Composition of 5083 Aluminum Specimens

Element Percent Content

Magnesium

Manganese

Iron

Silicon

Zinc

Copper

Titanium

Chromium

Nickel

Lead

Tin

Aluminum

4.12

0.65

0.2/0.4

0.05/0.15

<0.1

<0.1

<0.1

0.05/0.15

<0.02

<0.02

none detected

remainder

14



B. Shock Systems

The highest test pressure (472 kbar)

In this test, a 20-cm diameter plane wave

booster of plastic-bonded HMX was used to

was produced by plate impact.

lens with a 5-cm thick

accelerate a 4.9-mm thick

“flying plate“ of 2024 aluminum. After 3-cm of travel, this “flying

plate” impacted a 5.3-mm thick buffer plate of 2024 aluminum which

held the test specimens. Lower shock pressures were produced by

detonating an explosive charge in contact with a 6.35-mm thick buffer

plate holding the test specimen. In contact-detonation experiments,

the explosive consisted of a 10-cm diameter plane wave lens with a

2.54-cm thick booster of either 75/25 Octol or TNT. The buffer plates

were either 2024 aluminum or free-cutting brass (ASTM Number B16).

c.

the

Optical Measurements

An optical techniques

average shock velocity

was used in several experiments to determine

through test specimens and the free-surface

velocity of the buffer plate. The experimental arrangement for optical

measurements is indicated in Figure 1. This technique utilized changes

in surface reflectivity to detect shock arrival. Free surfaces of

the buffer and mounted specimens were lapped to produce diffuse

reflectivity, illuminated by an explosive-argon light source, and ob-

served with a rotating-mirror streak camera writing at 10mm/psec.

Shock velocity specimens were 3.2mm thick and 12.7mm in diameter

with faces plane and parallel within 2.S microns. These specimens were

attached to the surface of the buffer plate by a fillet of epoxy (Hysol

Epoxi-Patch 608) with care so that the epoxy did not extend into the

line of observation. After attaching the specimen, the distance from

the specimen surface to the buffer was measured and compared with the

specimen thickness to verify that no dust or epoxy had been introduced

at the interface. Figure 2 is the streak camera record from the test

performed at 472 kilobars. The images produced by the shock velocity

specimens are identified as A, C, and E.in this figure.

15



OFFSET STRIP OF
BUFFER METAL

7

A, SIDE VIEW

SUPPORT~

LINE OBSERVED BY
THE STREAK CAMERA

SUPPORT~

-.. —.. —..—. .-

-.. —.. —.. — . . .

—- -—

. .. —.. — . . . . . .

. .. —.. — . . —.. .

B. TOP VIEW

30mm

Figure 1. Experimental Arrangement for Optical Measurements,
Schematically Showing the Shock Velocity Specimen and the
Offset Strip of Buffer Metal Used to Detect Free-Surface
Displacement
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A,C, E – SHOCK VELOCITY MEASUREMENTS

B,D - FREE-SURFACE VELOCITY MEASUREMENTS

Figure 2. Streak-Camera Record from the Hugoniot Test on 5083 Aluminum
Performed at 472 Kilobars
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If free surface velocity of the buffer plate was to be measured,

a thin strip of the buffer metal was supported above the buffer surface.

This experimental arrangement is shown in Figure 1. As indicated in the

figure, the offset distance, D, was 3.1 to 3.4nEn;the thickness, X, was

l.Omm; and the width of the offset strip was 13 to 19mm. The exposed

surface of the str”p was lapped, prior to assembly, to match the finish
i

and presumably the reflectivity of the buffer surface. After assembly,

the distance (D + X) was verified by measurements with an electrically-

indicating depth micrometer. Changes in reflectivity at the free surfaces

of the buffer and offset strip provided a measure of the total time interval,

T, required for free-surface excursion through distance, D, and for

shock travel through thickness, X. Free-surface velocity measurements

are identified in Figure 2 as B and D. The obscured region in the

center of B in Figure 2 is caused by a bar which braced the strip

to insure flatness between the points of support. However, the braced

and unbraced strips yielded the same free-surface velocity within 0.2

percent.

Uniform image density on streak camera records was not always

achieved. Areas of different image density are evident in the streak

record shown in Figure 2. When measurements are performed between

image areas of unequal density, an error caused by halation is possible.

However, the close agreement of the two free-surface velocities and the

narrow spread of the three shock velocities in the test at 472 kilobars

suggested that any halation-related error was minimal.

The reflectivity change utilized by this technique is well defined

only at higher pressures. At 472 kilobars in 5083 aluminum, the shock-

induced reflectivity change was sharply defined (See Figure 2). At 285

kilobars in brass (167 kbar in 5083 aluminum), the reflectivity change

upon shock arrival at the 5083 aluminum surface was still well defined,

but definition at the brass surface was only marginal.

An advantage of this technique is the nearly continuous observation

of shock arrival along the buffer surface and across the offset strips

and shock velocity specimens. The only troublesome area occurs near

18



the lateral boundary of the shock velocity specimens where lateral

pressure release delays shock arrival at the free surface. However, the

influence of this inherent boundary effect is minimized by the technique,

and it is believed that the nearly continuous observation of shock

arrival reduces the measurement error associated with nonplanarity of

the shock front.

D. Electrical Measurements

An electrical technique was first introduced at the lower pressures

where optical definition became marginal, and was used later in tests

at higher pressures. This technique utilized shock-induced electrical
2,3,4

signals to measure the average shock velocity through test

specimens. The shock velocity through specimens of 5083 aluminum was used

to establish the poll line in the P-u plane. A material with a known

Hugoniot was placed beside the 5083 aluminum on the buffer; the shock

velocity through this test material established its Hugoniot state and

located the release adiabat of the buffer.

Polymethylmethacrylate (PMMA) was used as the reference material.

The PMMA selected was Rohm and Haas type II UVA Plexiglas in sheet form.

This particular brand had been selected for prior study.5 Subsequent

tests indicated that the commercially available stock of this particular

PMMA was suitably reproducible, and since then it has served as a reference

material. The density of the PMMA was measured to be 1.183 g/cc. Its

Hugoniot, in the pressure range of the current tests, is given by the

linear relationship U = 2.695 + 1.538u (See Appendix A), in which the

velocity unit is mm/psec.

The experimental arrangement for electrical measurements is shown in

Figure 3. PMMA test specimens were 3.2mm thick and 12.7mm in diameter

with faces flat and parallel within 2.5 microns. The specimen was used

as the dielectric of a parallel plate capacitor. The buffer plate

served as one electrode; the other electrode was an air-dried coating

of silver paint (Silpaint 2065-01, Sel Rex Corp., Electronic Materials

Division) on the specimen. Electrical connection to the painted electrode

19



OSCILLOSCOPE

R

1

25p THICK 5003 AL

MICA

R
)

SILVER

I PMMA

I BUFFER PLATE (

Figure 3. Experimental Arrangement for Electrical Measurements of
Shock Velocity in Specimens of PMMA and 5083 Aluminum
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was made by a spring contact, and the two electrodes were connected

through a load resistor, R (the terminating resistor of the RG-213/U

signal cable; R = 50 ohms). A shock-induced electrical signal from

PMMA is shown in Rigure 4-A. The signal begins at tl when the shock

front enters the PMMA from the buffer and abruptly changes amplitude at

t3 when the shock front arrives at the painted electrode. The recording

oscilloscope had a bandwidth of 150 MHz, cable lengths did not exceed

six meters, and the circuit risetime was less than one nanosecond.

Consequently, the risetime >f the recorded PMMA signal could usually

be related to the nonplanarity of the incident shock front (Here, and

in later references to nonplanarity, the buffer surface serves as the

reference plane). Knowing the specimen dimensions, the signal risetime

and duration could be used to calculate the transit time, and

subsequently the shock velocity.

The 5083 aluminum specimens prepared for the electrical measurements

had the same dimensions as those prepared for the optical measurements.

As shown in Figure 3, a 2.5-micron thick mica sheet was placed on either

side of a 5083 aluminum specimen. Arrival of the shock front at each

mica sheet produced an electrical signal which was recorded by an

oscilloscope. Mica was selected as the dielectric because it is

conveniently available in ‘bin sheets and has a shock impedance which,

in the pressure range of these tests, is only 15 percent higher than

the shock impedance of 5083 aluminum. The approximate Hugoniot of this

mica was established by two measurements which are reported in Appendix B.

The transit time of the shock wave through the mica sheet was

interpreted to be less than the time difference for shock arrival across

the specimen diameter. The short transit time, the long risetime of the

mica circuit, and the erratic amplitude variations of the mica signal,

prevented the signal risetime from being reliably related to the

nonplanarity of the incident shock front. Therefore, the risetime of

the signal from the nearby PMMA specimen provided an estimate of non-

planarity over

the calculated

the area of the 5083 aluminum specimen. Fortunately,

shock velocity is reasonably insensitive to errors in the

21
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b

I 4

A

B

c

Figure 4. Signals from PMMA and Mica Recorded in Electrical Measurements
of Shock Velocity. A--PMMA at 63 Kilobars (161 Kilobars in
5083 Al); B--Mica (5083 Al at 161 Kilobars); C--Mica (5083 Al
at 227 Kilobars)
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nonplanarity correction used to determine the transit time. Figure 4,

B and C, show oscilloscope records of mica signals from tests at 161 and

227 kilobars. Times tl and t on the records indicate the arrival times
3

of the shock front at each of the two mica sheets.

III. RECORD REDUCTION ANI)ANALYSIS

A. Optical Measurements

Streak camera records

comparator. With care, it

duced to approximately t13

were measured on a McPherson optical

was found that measurements could be repro-

microns. Referring to Figure 2, it is seen

that the shock front is not perfectly plane, but is characterizedby

a slight waviness or nonplanarity. A single, idealized, nonplanar

image is shown in Figure 5. The comparator crosshair is aligned first

along the cut-off line produced by shock arrival at the buffer free

surface, and then shifted to the cut-off line produced by shock arrival

at the specimen surface, giving the film displacement dl. The normal

to these image surfaces is displaced from the sweep direction by an

angle 01 . The measurement is repeated at the other side of the specimen

image, giving d2 and 62 . The transit time, T, is given by

[1 1/T = (dl COS 61) + (d2/cos 62) 2S,

speed.

velocity, it was always assumed that the

where S is the camera writing

In determining the shock

path length was negligibly different from the specimen thickness. This

assumption is justified by the nonplanarity observed by the streak camera.

Unfortunately, the streak camera does not detect nonplanarity about an

axis parallel to the line of observation. However, electrical measure-

ments can detect the total nonplanarity and, across a 12.7-mm diameter

specimen, 50 nanoseconds is seldom exceeded. It is assumed that non-

planarity can usually be treated as obliquity over short distances on the

buffer surface. Under normal conditions, this nonplanarity indicates

a shock obliquity of less than two degress in the specimen. Within this

23



SHOCK ARRIVAL AT
SPECIMEN SURFACE

7

Fe,

d,

BUFFER SURFACE

Figure 5. A Single, Idealized, Nonplanar Image on a Streak-Camera
Record, Indicating the Required Measurements
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angle of obliquity, the shock path differs from the specimen thickness

by less than 0.1 percent which is negligible.

In free-surface velocity measurements, the measured time interval,

T, was the total time for free-surface excursion across the offset

distance, D, and for shock wave travel through

The free-surface velocity Uf was obtained from

‘f /[
=DT- (x/u)J

the strip thickness, X.

the expression,

where U is the shock velocity through the offset strip of buffer metal.

This shock velocity was initially estimated; values for both U and Uf

were then improved by iteration.

B. Electrical Measurements

Several shock-induced electrical signals from the tests are shown

in Figure 4. Figure 4-A is the signal from a PMMA reference specimen.

The signal begins at time tl when the shock front first arrives at the

buffer-specimen interface. Because of nonplanarity, the shock front

does not enter the specimen simultaneously over the entire interface

area. Instead, it enters tie specimen over a time interval (t2 - tl)

which is usually the risetime of the PMMA signal. Only infrequently

does the measured risetime equal the risetime of the 150 MHz oscilloscope

which displays the signal. The shock front arrives at the second electrode

(painted electrode) of the specimen at time t3. The transit time of the

shock wave through the PMMA specimen can be obtained from times t~s ‘2’
and t

3*
In the case of electrical signals from mica (Figure 4, B and C),

only times tl and t3 are determined. In the analysis of these signals,

(t2 - tl) was inferred from the electrical signal of the PMMA which was

located close t.othe 5083 aluminum specimen.

Figure 6 illustrates the situation in which an unconfined specimen

is obliquely impacted by a plane shock wave from the buffer. The shock

front arrives at the buffer-specimen interface first at point M, and

the electrical signal begins at this time, t
1“

At-time t2, the shock front has

25



.- ,

X/COS a-

Ll- X tan a
SPECIMEN I

BUFFER I

(tZ-t, ) [(L-Xtona)/W]
SHOCK FRONT
AT TIME tl ~

Figure 6. Geometry of the Situation in which an UnconfinedShock Velocity
Specimen is Obliquely Impactedby a Plane Shock Wave
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reached point P and the

interface area. In the

the interface is a. A

shock wave has entered the specimen over the full

specimen, the angle between the shock front and

rarefaction originates at the unconfined lateral

boundary, relieves the compression, reduces the shock wave velocity,

and causes the shock front to curve back in a region near the lateral

boundary. Because of this curvature, the shock front arrives at the

rear surface of the specimen first at point N which is a radial distance

L in from the lateral boundary. The arrival time at point N is t3. Time

interval (t3 - tl), the full duration of the shock-induced electrical

signal, exceeds the shock transit time, T. From Figure 6, it is seen

that T is given by,

T= (t3 - tl) - (t2 - tl) (L - X tan a)/W,

where W is the specimen diameter. If the angle a is small (about one

degree), X tan a<<L, since X = L , and X/cos a =X. Therefore,

U = X / [(t3 - tl) - (t2 - tl) L/W].

With little error, L can be determined from the special case where a = O.

The lateral rarefaction, which begins first at point M, travels at

the local sound velocity, C, to reach N. The distance MN = C(t ~ -tl) = cx/u.

The path MN is effectively the hypotenuse of the triangle with one side

equal to L and the other side equal to the shock-compressed thickness

X(PO/P) , where p. is the initial density and p is the density under

shock compression. Then,

cx/u = [L* + X2 (pO/p)*] 1/2 .

Rearranging,

L = x [(c/u)* - (Po/P)211’2 ●

In reducing the data, it was initially assumed that U = x/(t3 - tl)o

Then, C and (pO/p) were evaluated by assuming an approximate Hugoniot

for 5083 aluminum. It was actually assumed that the Hugoniot for 5083
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aluminum could be approximated by the Hugoniot for 2024 aluminum. This

approximation introduced errors in L of 1.9 percent at 161 kilobars,

1.1 percent at 300 kilobars, and 0.6 percent at 472 kilobars. These

errors are insignificantbecause the shock velocity is insensitive

to small errors in L. For the measurements on 5083 aluminum, it was

found that a 100 percent error in the obliquity correction [L (t2 - tl)/W]

introduced an error in U which did not exceed 1.3 percent. It was this

insensitivity to the obliquity correction which justified the use of

(t2 - tl) from the PhM4 signals to calculate the obliquity correction for

transit time measurements on specimens of 5083 aluminum.

c. Impedance Calculations

The Hugoniot points for 5083 aluminum were obtained by impedance

calculations. In each test the shock velocity in 5083 aluminum was

measured and used to establish the line with a slope POU in the

P-u plane. This line intersected the release adiabat of the buffer at

the Hugoniot state in 5083 aluminum. The release adiabat of the buffer

was located either at (P-PO) = O by a free-surface velocity measurement,

or at (P-PO)> O by establishing the Hugoniot state in a PMMA reference

specimen included on the buffer. Release adiabats were generated by

assuming a constant yp, where y is the Gruneisen coefficient and P is

density. Data used for the LWO buffer metals were:

2024 Aluminum: PO = 2.785 g/cc Y. = 1.89

u= 5.328 + 1.338u (Reference6)

Brass: pO = 8.443 g/cc Y. = 1.84

u= 3.802 + 1.418u

However, brass was used only at the lowest test pressure which was

273 kilobars (in the brass). At this pressure, the release curve was

found to be represented adequately by the Hugoniot.
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Ivm RESULTS AND CONCLUSIONS

The Hugoniot data for 5083 aluminum are listed

plotted in the U-u plane in Figure 7. The data are

TABLE II

Hugoniot Data for 5083 Aluminum

Shock Velocity Particle Velocity
mn/psec mm/psec

6.527 0.961

6.553 0.926

7.027 1.218

7.448 1.528

7.489 1.556

8.206 2.158

8.244 2.154

8.248 2.154

8.250 2.153

in Table II, and

also plotted in

Pressure
kilobar

167

161

227

302

310

470

472

472

472

the P-u plane in Figure 8 for comparison with the Hugoniots of 2024

aluminum and mica. The data in the U-u plane are interpreted to

define a straight line which is represented by the relationship,

u= 5.297 + 1.372 U,

where the velocity unit is mm/vsec and the standard deviation of

u, au , is 0.054. A casual inspection of Figure 7 suggests that a

quadratic expression might provide a better fit to the data points.

However, it is doubtful that a quadratic fit is justified. The

standard deviation of 0.054 obtained with a linear fit is consistent

with the values of au usually obtained in mixed measurements of this

type. Mixed optical and electrical measurements have been found to

yield a u,, in the range from 0.049 to 0.0587’8. When only electrical
u

measurements were performed, au was found to lie in the range

0.049 to 0.0629; when only optical measurements were performed,
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Figure 7. The HugoniotData for 5083 AluminumPlottedin the Shock
Velocity-ParticleVelocityPlane
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of 0.042 and 0.044 were obtaineda. The higher limit on the range for

electrical measurements is believed to relate to uncertainty about the

nature of nonplanarity. While nonplanarity has been treated as oblique

incidence, it can also result from various degrees of curvature which

cannot be taken into account. The pressure-volume states defined by the

Hugoniot of 5083 aluminum may be expressed in the alternate form,

P= 747.3P + 1239.2H2 + 1212.0u3 ,

where lJ= (P/P.) - 1, and P is the pressure in kilobars.
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APPENDIX A

Revised Hugoniot for PMMA

A shock Hugoniot for PMMA (Plexiglas 11 UVA) was reported by the

authors in 19645. Since that time, new equation-of-state data for the

buffer metals have been reported. Consequently, the Hugoniot data

for Plexiglas II UVA have been reexamined and revised. For the

impedance calculations, release adiabats for the buffer metals were

generated using the following data:

AZ31B Magnesium: P. = 1.776 g/cc Y. = 1.64

U = 4.648 + 1.198u

2024 Aluminum: P. = 2.785 g/cc yO = 1.89

u= 5.328 + 1.338u (Reference 6)

Free-cutting Brass: PO = 8.443 g/cc yO = 1.84

U = 3.802 + 1.418u

Copper: P. = 8.93 g/cc Y. = 1.96

U = 3.940 + 1.489u (Reference 6)

The revised Hugoniot data and the relative weight assigned to each data

point are listed in Table A - I. These data lie below the phase transi-

tion in the pressure range from 43 to 185 kilobars. Within this

pressure range the Hugoniot of Plexiglas II UVA is represented by the

linear relationship,

u= 2.695 + 1.538u,

where the velocity unit is mm/usec.
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TABLE A - I

Hugoniot Data for Plexiglas 11 UVA

Shock Velocity
mm/ sec

4.047

4.500

4.514

4.930

4.503

5.407

5.469

5.653

5.692

5.794

6.016

6.088

6.319

6.423

6.484

Particle Velocity
mm/ sec

0.890

1.135

1.160

1.468

1.766

1.838

1.814

1.966

1.884

2.035

2.174

2.201

2.320

2.437

2.378

Weight

1

1

1

1

1

1

2

2

2

2

2

1

1

2

1
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APPENDIX B

Hugoniot for Mica

Two tests were performed to approximately locate the shock Hugoniot.
of mica (Muscovite,Tanzania Green, Quality V2, PO = 2.86 g/cc).

These tests were performed electrically using the experimental

arrangement for PMMA measurements shown in Figure 2. Mica specimens,

l.Omm thick and 5.lmm in diameter, were machined from block mica taking

care not to delaminate the crystal planes. The shock velocity through

a PMMA (Plexiglas II UVA) specimen was measured to locate the buffer

cross curve in each test. These PJW reference specimens were l.(hnm

thick and 7.Omm in diameter.

The shock tests with mica were performed at 193 and 463 kilobars

(in mica). Shock-induced electrical signals from the mica specimens

are shcwn in Figure B-1. Figure B-1A is the signal recorded at 193

kilobars. This signal provides clear evidence of both positive and
10,11

negative components . The initial break at time tl is in the

negative direction, while the break at time ts is in the positive

direction. Time t2 is indicated, but is doubtful in this test. Fig-

ure B-lB is the signal recorded at 463 kilobars. This signal also

gives evidence of both positive and negative components. Times tl,

‘2’
and t3 are indicated in the figure. It is suspected that the

amplitude fluctuations between t
1
and t may have resulted from variations

3
in impurity content through the crystal thickness. The Hugoniot data

are listed in Table B - I and plo~ted in Figure 8 for comparison with

the Hugoniots of 5083 and 2024 aluminums. The full curve plotted in

Figure 8 was obtained by assuming a linear U-u relationship based on

the two data points and is intended only to approximate the actual

Hugoniot.

TABLE B - I

Hugoniot Data for Mica

Shock Velocity Particle Velocity Pressure
mm/vsec mm/usec kilobar

7.210 0.936 193
8.465 1.911 463
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