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ABSTRACT 

Results of an experimental study on the dynamic properties of 

alpha titanium are presented. Areas studied included stress- 

strain-strain rate and reverse loading behavior, elastic con¬ 

stants, equation of state, compressive and release wave char¬ 

acteristics, and spall fracture. The material showed approxi¬ 

mately elastic-plastic behavior with some strain hardening 

under uniaxial stress compression (0.005 to 1000/sec strain 

rates). The material also exhibited strain-rate sensitivity 

which was temperature dependent. Longitudinal and shear wave 

velocities at 20°C were 6.118 and 3.246 mm/tisec, and tempera¬ 

ture and pressure dependence was also measured and various 

elastic constants were calculated. The shock wave equation 

of state (EOS) up to 90 kbar was determined as 
? 

aH = + 225 un + 49*9 Uq- Shock wave measurements indicate 

a possible phase change between 90 and 125 kbars. The EOS 

was also calculated from the elastic constants and comparisons 

made with the shock wave EOS. Compressive wave tests showed an 

elastic-plastic wave structure with a well-defined precursor. 

The impact velocity required for spall fracture was found to 

increase with decreasing pulse width, and to increase with 

increasing temperature. 
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FOREWORD

The prediction of reentry vehicle response to impulsive loading 
resulting from energy deposition has been studied extensively 
during the last decade. Analytical models and computer routines 
have been developed to assess the vulnerability of such vehicles 
to the initial loading phase, in which stress waves are gener­

ated and propagated through the structure, and to subsequent 
phases, where elastic vibration, plastic deformation and/or frac­

ture may occur.

A Defense Nuclear Agency (DNA) program was initiated with the 
objective of improving con5>uter codes for the prediction of 
damage induced by X-rays (PREDIX). The PREDIX metals pro­

gram has combined the 'efforts of several contractors under 
the direction of DNA. The primary contributions of each con­

tractor can be summarized as follows:

General Motors Corporation—Measurement of material 
properties, including stress-strain-strain rate be­

havior, elastic constants, equations of state, shock 
wave profiles and spall fracture.

Effects Technology Inc.—Spall fracture tests and 
analysis (exploding foil) and underground testing.

KMS Technology Center—Constitutive modeling.

Physics International Company—Energy deposition and 
spall fracture studies (electron beam).

Systems, Science and Software—Energy deposition and 
front surface phenomena, constitutive modeling and 
code development, and underground testing.
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INTRODUCTION 

This report is one of a serios of six giving results of a study 

of dynamic properties of four metals. The principle ■’ ectives 

of this study were: 

• Provide measurements of dynamic properties of 

materials to be used as inputs to model develop¬ 

ment for shock wave propagation and dynamic 

fracture. 

• Provide aata to establish accuracy of computer 

code predictions. 

• Provide physical interpretation of experimentally 

observed material response to dynamic test condi¬ 

tions . 

The primary areas studied included: (1) Stress-strain-strain 

rate behavior in uniaxial stress, including Bauschinger effect; 

(2) Elastic constants, including temperature and pressure 

dependence; (3) Hugoniot equation of state; (4) Compressive 

and release wave profiles, including elastic precursor decay 

and wave attenuation; and (5) Spall fracture studies, including 

pulse width dependence. The six reports in this series are: 

Vol. I: 

Vol. II: 

Vol. Ill: 

Vol. IV: 

Vol. V: 

Vol. VI: 

Summary of Results, DASA 2501-1 (AD712847) 

Experimental Methods and Techniques, 

DASA 2501-2 (AD 710750) 

6061-T6 Aluminum, DASA 2501-3 

Alpha Titanium, DASA 2501-4 

OFHC Copper, DASA 2501-5 (AD 728846) 

Tantalum, DASA 2501-6 

1 
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The e3q>eriiBental techniques utilized in this study are reviewed 
in Vol. II (DASA 2501-2). Briefly, the principal techniques 
applied were:

Stress-strain Studies—A laboratory-type universal 
testing machine was used for rates < 0.1/sec, a

-3
medium strain rate machine for rates of 10 /sec

to lO^^/sec, and a Hopkinson bar device for rates
of about 10^ to 5 X lO'^/sec.

Elastic Constants—The pulsr* superposition method was 
used for measuring longitudinal and shear wave velo­

cities as functions of temperature and hydrostatic 
pressure.

Equation of State—Cun-launched, flat-plate impact 
techniques were used to generate uniaxial strain 
conditions. Velocities up to 0.6 mm/usec were 
achieved with 63.5 mm and 102 mm single-stage com­

pressed-gas guns, and velocities of 0.3 to 2 mm/ysec 
were achieved with a 64 mm single-stage, powder gun. 
Hugoniot data were obtained with x-cut quartz gage 
and streak camera techniques.

Wave Propagation and Spall Fracture—Flat-plate impact 
techniques were also used. Wave profiles were measured 
with x-cut quartz gages and a laser velocity interfero­

meter.

A literature search on dynamic properties of materials was 
carried out under the PREDIX program and a listing of recent 
publications (including abstracts) on dynamic properties of 
materials is given in Reference 1.
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SECTION I 

MATERIAL PROPERTIES 

Alpha titanium has a hexagonal-close-packed structure and the 

type studied was commercially pure Grade 55 of 99+% purity. 

It is not heat treatable and different strength levels result 

from either slight changes in interstitial content or by cold¬ 

working. The material was purchased as sheet and plate stock 

in thicknesses of 1.6, 3.2, 6.4, 12.7 and 25.4 mm. Chemical 

composition is given in Table I and mechanical properties and 

grain size are given in Table II. Although all material was 

ordered to the Grade 55 specification, there were significant 

differences in composition and properties for the different 

thicknesses . 

All except the 6.4 mm stock showed approximately equiaxed 

structure, although there was some variation in average grain 

size. Grain structure of the 3.2, 12.7 and 6.4 mm stock is 

shown in Figures 1 and 2. Note that the 6.4 mm stock shows 

"flattened" grains elongated in the rolling direction. Unless 

noted, all data reported are for a test direction normal to the 

plane of the sheet, e.g., vertical in Figures 1 and 2. Two 

pieces of 12.7 mm stock were annealed in a nitrogen atmosphere, 

one for 1 hour @ 540°C and the other for 2 hours @ 760°C. 

There was no change in microstructure as shown in Figure 3 and 

only a slight decrease in hardness. 

3 
The average measured density was 4.500 g/cc (0.1625 Ib/in. ). 

For use in equation of state and energy deposition calculations, 

3 
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tabu: i 

ALPHA TITANIUM CilLMICAL COMPOSITION1 

fîî enii'nt (WL. Porcont) 

Stock 
(mm) C Ko N, 0 

1.6 

3.2 

6.4 

1.2.7 

25.4 

0.04 

0.024 

0.020 

0.023 

0.023 

0.27 

0.121 

0.20 1 

0.12 

0.15 

0.015 

0.0177 

0.0050 

0.012 

0.017 

0.0036 

0.0027 

0.0035 

0.00 4 

0.00 8 

0.19 

0.149 

0.150 

0.19 

0.19 

Universal Titanium Company, Inc., test 
certifica 11on. 

TABU: 11 

ALPHA TITANIUM MLCHANICAL PROPKRTI LS 

Tensile 
Yield 

Stock Strength* 
(mm) (kbar) 

Ultimate 
Tensile 

Strength* 
(kbar) 

Hardness 
Percent —— 
Llonq.1 R 2 Bhn* 
(2-1n.) A 

1.6 5.3 

3.2 5.0 

6.4 4.9 

12.7 4.0 

25.4 4.2 

6.1 

5.7 

6.0 

5.5 

5.9 

26 57 167 

24 59 179 

22 61 195 

24 59 179 

28 55 154 

Universal Titanium Company, Inc., test certification, 
measured in the plane of the sheet. 

Measured. 

Estimated. 

Elongated grain structure. 

Avg. Grain 
Diameter 

( ..m) 

2 5 

20 

1 5 

40 

40 

4 
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250pm 
I-1 

Î. 2mm STOCK 

Figure 1 

Reproduced Irom 
best available coPYj 

250pm 
»- t 

12. 7mm STOCK 

Alpha Titanium Grain Structure, 
3.2 mm and 12.7 mm Stock 

Figure 2 Alpha Titanium Grain Structure, 
6.4 mm Stock 

I 0 N 

IV 
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Figure 3 As-received and Annealed Alpha Titanium 

6 
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(2-7) 
several physical constants were compiled from the literature 

and are listed below: 

Volume coefficient of thermal expansion, l- : 

24.8 X 10-6 + 0.0036 x IO-6 T /°C 

Specific heat, c : 
P 

0.124 + 0.00004 T cal/g-°C 

Melting temperature: 1670°C 

Boiling temperature: - 3260°C 

Latent heat of fusion: ■ 94 cal/g 

Latent heat of vaporization: ’ 2014 cal/g 

(T in °C) 

7 
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SECTION II 

STRESS-STRAIN STUDIES 

Shock wave and structural response code input requirements 

include constitutive equations relating stress to strain, 

strain rate and temperature. Uniaxial stress tests at 

various strain rates and temperatures give yield and flow 

stress behavior, strain rate sensitivity and work hardening 

characteristics. Although it is recognized that heating rate 

and time-at-temperature, as well as final temperature, are 

important in assessing material properties under short-time 

(< 10 sec) energy deposition conditions,^ data reported 

here are for relatively long heating times only. Bauschinger 

effect tests were conducted to provide information on unload¬ 

ing and subsequent yield. 

UNIAXIAL STRESS TESTS* 

Results of compressive stress-strain tests on alpha titanium 

are shown in Figure 4 for strain rates of 0.005/sec to 

1100/sec and test temperatures of 20° and 370°C, with each 

curve the average of three tests. As noted, the heating 

rate for the 370°C tests was ■ 0.5°C/second. 

Deformation mechanisms of titanium (primarily under uniaxial 
stress conditions) have been studied by a number of other 
investigators. The reader is referred to the literature for 
details in such areas as anisotropy (Refs. 10-12), tempera¬ 
ture effects (Refs. 13-20), strain rate effects (Refs. 17-22), 
stress relaxation (Refs. 17, 20, 23), grain size effects 
(Refs. 16, 20, 21, 24), impurity content (Refs. 16, 18) twinn¬ 
ing (Refs. 11, 12, 25), and fracture (Refs. 16, 26, 27). 

8 
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Figure 4 Compressive Stress vs. Strain, Titanium 
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This material shows significant rate sensitivity at 20°C 

(as opposed to 6061-T6 aluminum which is rate insensitive 
(9) 

at 20°C ). At 370°C, the rate sensitivity is about the 

same as at 20°C on an absolute scale, but is much greater 

on a percentage basis since the yield and flow stress have 

decreased. An apparent yield drop (or stress relaxation) 

was observed at the highest rate at 20°C, while at 370°C 

some relaxation is evident above ^ 10/second. This relaxa¬ 

tion is shown with a dashed line at the highest rate because 

these results are from Hopkinson bar tests, and interpretation 

of stress-strain behavior is difficult at small (< 2%) strains. 

The results in Figure 4 are for 9.5 mm diameter by 12.7 mm long 

specimens taken from 12.7 mm stock with the loading direction 

normal to the plane of the plate. Additional tests were conducted 

on specimens taken with axis parallel to the rolling direction. 

Results are compared in Figure 5 with stress at yield and at 6% 

strain plotted against log strain rate. Loading normal to the 

plate (propagation direction for shock wave tests reported be¬ 

low) gave higher yield and flow stress, with the differences 

increasing at higher strain rates. Anisotropy of rolled titanium 

can also be significant in the plane of the sheet, i.e., it may 

not be transversely isotropic in this plane.(11'12) The shaded 

areas in Figure 5 represent the boundary for characterizing 

this particular material for loading in any direction. 

The stress-strain behavior of specimens from three different 

sheets (3.2, 6.4 and 12.7 mm) is compared in Figure 6 for 

0.005/sec and 20°C (all tests normal to the plane of the sheet). 

Yield data shows a correlation with grain size (with the highest 

yield and flow stress corresponding to the smallest grain dia¬ 

meter) , but correlation of macrohardness with grain size is in¬ 

conclusive . 

10 
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Figure 6 Compressive Stress vs. Strain, Stock 
Dependence, Titanium (20°C) 
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Tensile tests were conducted on specimen taken from 12.7 .run 

stock with the test direction parallel to the rolling direction 

and results are given in Figure 7. The rate sensitivity and 

temperature effects are comparable to those found for compres¬ 

sion. The yield data from Figure 7, plus additional results 

from tests at intermediate temperatures, are plotted in Fig¬ 

ure 8 as a function of log strain rate. 

Figure 7 Tensile Stress vs. Strain, Titanium 

13 
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Figure 8 Tensile Yield Stress vs. Log Strain 
Rate, Titanium 

REVERSE LOADING TESTS 

The reverse loading behavior or Bauschinger effect was studied 

by performing uniaxial tensile stress tests after the material 

had been prestrained in the opposite (compressive) sense. Re¬ 

sults from low strain rate (- 0.001/sec) tests are given in 

Figure 9 and show the reduction in yielding when the load is 

reversed. The Bauschinger strain (defined here as the plastic 

strain in the reverse loading path at 3/4 of the initial yield 

stress) is insensitive to compressive prestrain, at least up to 

3¾. The rate of work hardening is slightly lower on tensile 

reloading than on the initial compressive loading. 

14 
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CECTION III 

ELASTIC BEHAVIOR 

Measurement of elastic constants provides additional inputs to 

the study of material response. Three basic measurements are 

density, longitudinal (dilatational) wave velocity and shear 

(transverse) wave velocity. Measurements of temperature and 

pressure dependence of the wave velocities lead to prediction 

of pressure-compression isotherms, adiabats and hydrostats. 

If these measurements are made with sufficient accuracy (g, 0.1%), 

the calculated pressure-compression behavior can frequently be 

extrapolated with reasonable confidence to higher pressures 

than covered in the actual measurements. 

WAVE VELOCITY MEASUREMENTS 

Initial measurements of longitudinal and shear wave velocities 

were made at 20°C and atmospheric pressure (i.e., P = 0). 

Values obtained normal to the plane of the plate for 25.4 mm 

stock were: 

C^ = 6.118 * 0.006 mm/;isec 

Cg = 3.246 ‘ 0.003 mm/usec 

Although the accuracy of these measurements are estimated to be 

about * 0.1%, it should be noted that C^ and Cg may vary de¬ 

pending on the structural form of the material (i.e., plate, 

bar, etc.), its thermal and mechanical history, and the measure¬ 

ment direction relative to any structural anisotropy. For 

16 
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(28) 
example, Seaman, et al. , reported CL and Cg for grade 50A 
alpha titanium plate at room temperature. Normal to the plate 

gave CT = 6.18 mm/ysec and Cc = 3.13 mm/ysec. In the plane of 

the plate, they found CL = 6.12 mm/ysec and Cg = 3.00 mm/ysec 

in the rolling direction and CL 6.02 mm/ysec and Cg = 2.99 

transverse to the rolling direction. Although it is recognized 

that elastic anisotropy as well as plate-to-plate variation 

exist for alpha titanium, it will be assumed that these vari¬ 

ations have a negligible effect on wave propagation and the 

elastic constant calculations given below will be for an iso¬ 

tropic material. 

Measurements were made of the temperature and hydrostatic pres¬ 

sure dependence of the wave velocities and the data corrected 

for thermal expansion and hydrostatic compression to give: 

Temperature Dependence, 0-100°C, P = 0 

CT = 6.135 - 0.00083T mm/ysec 
Li 

Cg = 3.261 - 0.00076T mm/ysec 

(T in °C) 

Pressure Dependence, 0-9 kbar, T = 20°C 

C = 6.118 + 0.0056P mm/ysec 
Li 

Cc = 3.246 + 0.00104P mm/ysec 

(P in kbar) 

17 
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ELASTIC CONSTANTS 

★ 
Assuming polyciystalline alpha titanium is isotropic (CT and 

Cg are independent of direction of measurement in a polycrystal¬ 

line specimen), wave velocity data are used to calculate various 

elastic constants. At 20°C and zero pressure, the following 

adiabatic constants were obtained (see Appendix A): 

Bulk wave velocity, Cß = 4.83 mm/usec 

Sound wave velocity, C = 5.24 mm/psec 

Rayleigh wave velocity, CR = 3.03 mm/psec 

Poisson's ratio, v = 0.304 

Bulk modulus, K = 1056 kbar 

Shear modulus, G = 479 kbar 

Elastic modulus, E = 1237 kbar 

Lame's parameter, A = 736 kbar 

The bulk and shear moduli are 

ultrasonic equation of state, 

functions of T and P from the 

G - cCs2 

used in the development of the 

They were obtained first as 

following : 

(1) 

(2) 

The elastic moduli for single-crystal titanium have been re¬ 
ported by Fisher and Renken (29) as a function of temperature. 
At 20°C, they give Cn = 1627, C33 = 1809, C44 = 468, 
Cl3 = 690 and C12 = 918 (all in kbars). The use of these 
moduli in determining the stiffness of polycrystalline titan¬ 
ium sheet is discussed by Morris.(10) 
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This gave : 

Temperature dependence, P = 0 

KS = 1056 - 0.187T kbar 

GS = 479 - 0.235T kbar 

Pressure dependence, T = 20°C 

KS = 1052 + 3.65P kbar 

GS = 474 + 0.75P kbar 

where the superscript S indicates adiabatic. 

Finally, isothermal values of K and G as well as adiabatic and 

isothermal pressure and temperature derivatives at 20°C and 

zero pressure were calculated using the equations given in 

Appendix A. Results are given in Table JII. Use of these con¬ 

stants in calculating the isotherm, adiabat and hydrostat is 

discussed in the section on Ultrasonic Equation of State. 

GRUNEISEN PARAMETER 

The Gruneisen ratio y is a parameter in the solid equation of 

state relating pressure to volume and energy, y = V PP/IE)^ 

(see, e.g., Ref. 30). This parameter can be expressed thermo¬ 

dynamically as: 

(3) 
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TABLE III 

ELASTIC CONSTANTS FOR ALPHA TITANIUM 

(P = 0, T = 20°C) 

PARAMETER VALUE 

KS 1052 kbar 

(3Kf) = KS' 
l3P 'T 0T 3.68 

<#>p -0.187 kbar/°C 

(ff^s = Kos 3.62 

(ü¿, 
'3T ;S 11.5 kbar/°C 

kt 1043 kbar 

(iil) - kt * 
'ap ;T OT 3.76 

A 
l3T ;P -0.215 kbar/°C 

^ -kT’ 
ap ;s os 3.70 

T 
(M_) 
3T ;S 11.8 kbar/°C 

GS = GT 474 kbar 

(1G _ ' 
3P;T OT 0.75 

(|£) 
3TyP -0.234 kbar/°C 

,9G> 
3P S Gqs 0.68 

(3G) 
aT^ S 2.18 kbar/°C 
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For an isotropic elastic solid, this gives: 

where and Cg are measured under adiabatic 

conditions. 

At 20°C and zero pressure: 

Y o = 1-11 

The zero-pressure Gruneisen parameter can also be estimated 

by several other methods, including those of Slater*31^, 

Dugdale and MacDonald ( 32^, Anderson and Dienes(33'34>, and 

Schuele and Smith ^33,3^. These methods are discussed in 

Appendix B. 

An estimate of the temperature dependence of the Gruneisen 

parameter can be obtained by differentiating Equation 3 with 

respect to temperature. At constant pressure (P = 0, 

T = 20°C): 

The pressure dependence can be estimated by differentiating 

with respect to pressure (see Appendix C). At constant temper¬ 

ature (T = 20°C, P = 0) : 

21 



MANUFACTURING DEVELOPMENT • GENERAL MOTORS CORPORATION 

MSL-70-23, Vol. IV 

Another approach is to assume y/V constant, which permits 

(9y/3P)t to be estimated directly from the bulk modulus data 

(see Appendix C). At constant temperature (20°C): 

= -0.00106/kbar @ p = o 

= -0.00086/kbar @ P = 50 kbar 

DEBYE TEMPERATURE 

The Debye temperature 9 is important in thermal energy calcu¬ 

lations and indicates the temperature above which variations 

due to temperature for some thermodynamic parameters such as 

lations and indicates the temperature above v/hich variations 

due to temperature for some thermodynamic parameters such as 

22 
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specific heat, thermal expansion and Gruneisen ratio become 

small. There are a number of methods for calculating the 
( 36 ) 

Debye temperature' , and one approximation suitable for use 
with elastic wave velocity data for polycrystalline metals is: 

where h is Planck's constant, k is Boltzmann's 

constant, N is number of mass points and V is 

sample volume. 

At 20°C, the elastically-determined Debye temperature for 

alpha titanium is: 

(8) 

0 = 415 °K 

* 
for N = 2 (atoms per unit cell), V = 35.3 x 10 

CL = 6.118 mm/usec and Cs = 3.246 mm/|isec. 

★ 
The unit cell volume = 0.866a^c, where a = 2.Q504A 

c = 4.6833A.(37) 
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SECTION IV 

EQUATION OF STATE 

The development of material response models and computational 

codes requires data on material behavior under uniaxial strain 

conditions, including equation of state, wave propagation and 

spall fracture. Most data are used directly in developing 

models of material behavior, although independent check data 

(attenuated wave shapes and spall wave profiles) are necessary 

to determine accuracy of the calculations. This section pre¬ 

sents the equation of state analysis, and the following two 

sections cover wave propagation and spall fracture. 

SHOCK WAVE EQUATION OF STATE 

The hugoniot equation of state is the locus of equilibrium 

states reached after shocking of a material, and data are 

usually obtained either as stress-particle velocity points or 

as shock velocity-particle velocity points. The shock wave 

hugoniot data presented in this report were obtained with 

x-cut quartz gages and optical techniques. Representative 

quartz gage records for direct impact and transmitted wave 

tests are shown in Figure 10. The buffered direct impact 

method (tungsten carbide buffer plate on front of the quartz) 

permitted stresses up to 90 kbar in titanium while keeping 

the stress in quartz at an acceptable level. The use of 

quartz gages for transmitted wave tests was primarily for the 

study of compressive wave development and elastic precursor 

decay, and results are discussed in the Wave Propagation section. 
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DIRECT IMPACT 

TI-^Q

V|- 0.155 mm/ #1$

(f^- 15.2 kbar

DIRECT IMPACT, BUFFERED 

TI-»WC/Q

V|- 0. 317 mm/ iis

(T • 63.2 kbar 
H

TRANSMITTED WAVE 

TI-^Ti/Q

V|- 0. 304 mm/ ns

37. 9 kbar

Figure 10 Quartz Gage Records, Titanium
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The direct impact records, which gave stress-particle velocity 

points since the hugoniot of quartz is known, showed a rise¬ 

time of less than 10 nsec. The slight rounding at the front 

of the direct impact records in Figure 10 is due to impact 

tilt, and the ramped peak stress region results from finite- 

strain effects in the quartz which are corrected in the data 
, (38) 

analysis. 

Hugoniot data at 160 and 185 kbar were obtained by using a steak 

camera and a target in the form of a two-step cylinder ("hat" 

configuration). A schematic of the technique and a sample record 

are shown in Figure 11. The two surfaces of the target are 

viewed through the camera slit and shock arrival is observed as 

a change in surface reflectance. The average shock velocity is 

obtained from the record, and particle velocity is assumed to 

be 1/2 Vj (impact velocity) since impactor and target are the 

same material. 

The hugoniot may be expressed in several forms. A convenient 

form for experimental work is that established by a least- 

squares fit to the data in the stress-particle velocity 

(aH - Up) plane. Transformation of the hugoniot into various 

planes, such as shock velocity-particle velocity (Uc - u ) 
S p 

and stress-volume (aH - v), is performed by assuming a material 

model. This was done by assuming an ideal elastic-plastic wave 

structure with equilibrium initial and final states and apply¬ 

ing the mass and momentum conservation equations: 

o 
H 

o + 
e P e V u 

e ) (9) 
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tMMI
%»9<S

|- AStiaAi
«iacosv

J
/ /rLi'

c]y

ti«i *

Figure 11 Streak Camera Record, "Hat" Target

V ■ V. {‘■k) m)
where and are density and particle 
velocity at the elastic limit o^.

Therefore, when either o^j - Up or Ug - Up relations are estab­

lished and o^, p^, and Cj^ are known, o^, Ug, Up and v are 
uniquely determined. The resulting hugoniots for titanixira at 
20*C are given in Figures 12, 13 and 14. A phase change is 
indicated at 100 kbars. This phase cham e is apparently from
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the a or hexagonal-close-packed phase to the to or distorted 

body—centered—cubic phase; and has been reported under hydro¬ 

static pressure(39_41) and shock wave(28'42_44) conditions. 

However, there is considerable variation in the reported stress 

or pressure level at which this transformation takes place, 

ranging from 50 to 175 kbar for shock waves, and 80 to 130 kbar 

for hydrostatic pressure. The quartz gage results reported 

here are consistent up to 90 kbars in that there is no evidence 

of a shift in the oH - up curve. Also, slanted resistance wire 

(free surface) and manganin gage (in-material) tests at < 90 

kbar showed no clear indication of a three-wave structure that 

might result from a phase change. The General Motors data 

referred to by Seaman, et al., ^28^ in support of a phase change 

at ^ 50 kbar is now believed to be the result of interaction 

of the reflected elastic wave with the plastic wave front. 

The streak camera data at 160 and 185 kbar gave U - u points 
S P ^ 

much lower than would be expected on the basis of the low pres¬ 

sure data, thus supporting existence of a phase change below 

160 kbar. 

One test specimen was shocked to a, 125 kbar, recovered and then 

examined with an X-ray diffractometer in an attempt to identify 

the u, phase. Recorded diffraction patterns (partial) are shown 

in Figure 15. There is no evidence of change in crystal struc¬ 

ture as a result of shocking, although there is significant 

line broadening due to residual strain and twins in the re¬ 

covered specimen. Although hydrostatic pressure tests indicate 

the w phase would be retained upon release of pressure, the 

relatively short times (" 1 iisec) and the slight temperature 

rise (% 10°C) associated with shock wave loading, as well as 

the complicated unloading path and possible recovery damage, 

* I — - 
Line identification was based on American Society for Testing 
and Materials STP-48, Chemical Analysis Data Cards. 
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may have prevented retention of a sufficient amount of v phase 
(28) 

to be identified. X-ray diffraction tests by Seaman, et al., ' 

on a specimen shocked to 56 kbar also failed to show evidence 

of a new phase. 

Figure 12 Stress-Particle Velocity Hugjniot, 
Titanium 

The low pressure (a^ < 90 kbar) equations of state for titanium 

are : 

a 

a 

P 

U 

H 

H 

H 

S 

1 

1 

1 

1 

2.5 + 225 u + 49.9 (Std. Error 
P P 

4.5 + 1130m + 1410m2 

1130u + 1410tJ2 (Hydrostat) 

5.02 + 1.245 u 
P 

0.3 kbar) ^ 

V (ID 

J 
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The previous equations are based on the measurements indicated 

Figure 12 and on ae - 15 kbar. Accuracy of the data points are 

estimated to be * 2% for ojj and 4 1% for u . Hugoniot points 
( 2 8 ) ^ 

reported by Seaman, et al.,v at 56.5, 62.2 and 211 kbar are 

within ^ 2% of the fits to the data given in Figure 12. 

Figure 13 Stress or Moan Pressure-Compression 
Hugoniot, Titanium 

in 
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Figure 14 Shock Velocity-Particle Velocity 
Hugoniot, Titanium 

The high pressure (o^ > 150 kbar) equations of state given in 

Figures 12 to 14 are based on the U 

Isbell, et al., 

planes was based on ; 

Up fit reported by 

and conversion to the j,, - u and o,, - 
H p H 

= 15 kbar: 

aIt = 3.7 + 208 u + 52.0 u2 
H2 p p 

au = 6.8 + 9 27u + 1530b2 
H2 

Pu = 927u + 1530b2 
H2 

Uc = 4.695 + 1.146 u 
s2 p 

) 
(12) 

-S 

In Equations 11 and 12 the hydrostat (P^-b) was obtained by 

subtracting the stress-axis intercept value from the '..-b 
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Figure 15 X-ray Diffraction Patterns, Titanium 
(CuKu Radiation, Ni Filter) 
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equation. This approach satisfies the requirement that the 

P -y function pass through the origin and assumes the devia- 
H 
toric stress (o^) is constant (no strain hardening). Alter¬ 

native ways of estimating aD for the low-pressure region are 

discussed in Appendix D. 

! (44) 
For comparison, the U -u fits reported by McQueen, et al., 

bp 
were = 5.22 + 0.767 u for low pressure and U - 4.81 + 

S p ^ 
1.10 u for high pressures. These are significantly different 

than given in this report, and these differences may be due to 

the influence of structural or crystallographic anisotropy in 

the material (i.e., material variability), as well as to effects 

of different experimental and data analysis techniques. 

ULTRASONIC EQUATIONS OF STATE 

The equation of state can also be determined from ultrasonics 

measurements. Accurate measurement, of elastic wave velocities 

(and, therefore, bulk modulus) as a function of hydrostatic 

pressure makes it possible to directly estimate? shock wave com¬ 

pression behavior. Numerous analytical and empirical relations 

have been developed for relating pressure, volume and bulk modu- 
( 4 6 4 7 ) (48' 

lus, including those of Birch ' , Murnaghan and 
(49 50) 

Keane ' . The use of these relations is discussed in Ap¬ 

pendix E and results are summarized below: 

Birch EOS 

PT = 1565 (1 + ,) 
7/3 

- (l + l 
5/3 1-0.180 ( 1 + :i ) 2/3 -1 (13) 
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Murnaghan EOS, Isotherm 

PT = 277.4 (I+U) 
3.76 

-1 (14) 

Murnaghan EOS, Adiabat 

Ps = 290.6 (l+u) 
3.62 

(15) 

S 1 
Keane EOS, K =0.95 

Ps = 4220 (l+u)0,95 -1 - 2931 ln (l+u) (16) 

In the above equations, subscripts T and S indicate isothermal 

and isentropic values, respectively. 

Duvall gives a method of calculating the increase in entropy 

across a shock which can be applied to the Murnaghan equation 

to give: 
(51,52) 

P P + I°!° 
H S 12 

Ps + 450 

(■•s' ‘) (*) 

(*)’ 
(17) 

Zel'dovich gives an expression relating P and P , assuming 
, . (52,53) b 1 Y/v is constant: 
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P 
S (I+U) 

Ps = PT + 7.74 1.11 (1+u) (18) 

The above equations of state are compared to the shock wave 

EOS in Table IV. The entropy correction based on the Murnaghan 

equation has been applied to the Birch and Keane equations as 

well. The ultrasonic equations of state show good agreement 

with each other but are 5 to 7?, below the shock wave hydros tat. 

TABLE IV 

EQUATIONS OF STATE COMPARI SON-MYDROSTAT, ALPHA TITANIUM 

Pn, HUGONIOT MEAN PRESSURE (kbar) 

L 1 
BIRCH 
EQ. 13 

MURNAGHAN_ 

EQ. 14 EQ. 15 
KEANE SHOCK WAVE 

EQ. 11 

0.015 

0.030 

0.045 

0.060 

0.075 

16.0 16.0 16 

32.6 32.6 32 

49.9 49.9 50 

67.8 68.0 68 

86.4 86.8 87 

1 16.5 17.3 

8 33.5 35.2 

2 51.2 53.7 

3 69.4 72.9 

1 88.2 92.7 

The shock velocity-particle velocity relationship can also be 

determined from ultrasonic data. Following the method of 
( 54 ) 

Ruoff one obtains: 

US = 
+ Su + Au (19) 
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(20) 

A = S s 
OS 

C C " 

2K0K0S 

For titanium: 

U_ = 4.83 + 1.155 u + 0.078 u2 
5 PP 

2 ^ 
The coefficient (A = 0.078) was calculated assuming kJ" = 0. 

r' c » OS 

If one assumed A = 0, then = -0.0043. Since the uncertainty 

in KqS is on the order of * 0.01, the A coefficient will be 

taken as zero, which gives: 

Ug =4.83+1.155 Up (21) 

This is compared with the linear U - u relation obtained 
b p 

from low-pressure shock wave data in Figure 14. 

The hydrostatic compressibility of titanium was determined by 

Bridgman and reported by Gschneidneras: 

" = ï+iï = °-9328 x 10"3pT " 2’358 x 10"6pT2 (22) 
o M 1 

Comparing this with the shock wave and ultrasonic results 

presented in this report gives: 
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PT, ISOTHERMAL PRESSURE (kbar) 

Shock Wave 

Eg. 11* 

Ultrasonics 
Eg. 14 

Hydrostatic 
Eg. 22 

0.01 

0.02 

0.03 

11.4 

23.2 

35.2 

10.6 

21.4 

32.6 

10.9 

22.3 

34.2 

Corrected for isothermal conditions. 

The hydrostatic data indicates a compressibility midway 

between that obtained from shock wave and from ultrasonics 

data, for pressures up to 35 kbars. 

YIELD BEHAVIOR 

A complete description of the low-pressure eguation of state 

reguires consideration of yield behavior or the hugoniot elas¬ 

tic limit. Values of compressive yield were obtained by three 

independent methods. 

A. Uniaxial Stress 

The yield level was determined in uniaxial stress 

(o ) as a function of strain rate and then con- 
a 

verted to uniaxial strain using: 

a = 
e (23) 

Strain Rate 

/ "lx (sec ) 

e 
12.7mm Stock 

(kbar)_ 

10 

10 

3 

-3 
15.4 

9.1 
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B. Wave Profiles 

The elastic precursor level was measured as a function 

of propagation distance using quartz gages. These 

profiles are discussed in the section on Wave Pro¬ 

pagation. 

Propagation 
Distance 

(mm)_ 

2 

10 

G 
e 

12.7mm Stock 
(kbar) 

16.5 

14.0 

C. Hugoniots 

The yield level in uniaxial strain was inferred by 

comparison of the elastic (pqCl) and plastic 

(Or vs. Up) hugoniots, i.e., by defining the elastic 

limit as the intersection of the elastic response 

line and the curve-fit to the stress-particle velocity 

data 

10 p*C u = A + Bu + Cu 2 
0 L e e e 

Solving for ue gives 

ue = 0.054 mm/nsec 

• g = 14.9 kbar e 

isotropic, polycrystal1ine metal with elastic-perfectly 

plastic behavior and no strain-rate or time-dependent effects. 
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one would expect the same yield to be obtained by eao.i method. 

Alpha titanium exhibits both strain-rate sensitivity and 

elastic precursor decay, with resulting variations in the 

hugoniot elastic limit. These variations are not excessive, 

however, and a yield level can be assumed which is in fair 

agreement with that determined by the three methods. For 

this particular titanium, the equilibrium yield in uniaxial 

strain was taken as 15 kbar, and this value was used in the 

EOS transformations made in obtaining Equations 11 and 12. 

METALLOGRAPHIC STUDIES 

Twinning as a deformation mode in alpha titanium has been 

well established, under various loading conditions and at 

low (quasi-static testing) and high (shock wave loading) 

strain rates (see, e.g., Refs. 11,12,17,25,56,57). The 

structure of titanium after shock loading at stresses up to 

125 kbar is shown in Figures 16 to 18. The compressive pulse 

duration for these specimens was 2 usee and the shock wave 

propagation direction in the pictures was vertical. The speci¬ 

mens were not backed by momentum traps and so were subjected 

to tensile stresses during unloading, however, the photomicro¬ 

graphs were taken of regions free of any visible cracks. There 

were almost no twins visible in the as-received material 

(12.7 mm plate), but twin density increased significantly 

with increasing peak stress. Macrohardness increased slightly 

with peak stress. 

Dislocation densities in 0.048 mm foil specimens of alpha ti¬ 

tanium in the as-received condition and after shock loading to 

39 kbar were estimated by transmission electron microscopy. 
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UNSHOCKED

- V V.. . , - >•

:3

SHOCKED: 25kbar

Fr>v-a

SHOCKED: 65 kbar

A' 'i.'V ■ >

lOOiim

R,.59 R^.60 R,-63

Figure 16 Titanium Microstructure, As-Received 
and Shocked (12.7 mm Plate)

Reproduced from 
best available copy.

lOOiim
^ V'a

SHOCKED: 40 kbar SHOCKED: -125 kbar

Figure 17 Titanium Microstructure, Shocked 
(12.7 mm Plate)
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Figure 18 Titanium Microstructure, Shocked 
to 40 kbar (12.7 mm Plate)

Specimens were prepared by electropolishing the 0.048 mm foils 
in a solution of 60 ml 70% perchloric acid, 590 ml methanol, 
Euid 350 ml butyl cellosolve. The solution was cooled to ap­

proximately 5*C and a voltage of 12 volts was applied. The 
microscope used was an A.E.I. Model EM6G at an accelerating 
voltage of 100 kv. A tilting stage was used to obtain the 
necessary contrast conditions. The as-received material is 
shown in Figure 19 and had a fine equiaxed grain structure with 
a grain size on the order of 5 pm diameter. The dislocation 
density was low, and in some regions no dislocations were vis­

ible at all. The overall density was estimated by counting
the number of intersections with the surface of the foil to be
'v< 10^ dislocations/cm^. The shock loaded material, shown in
Figure 20, also had equiaxed grains but with a high dislocation
density. Twins were observed in many grains. The dislocation

9 2
densi^ was estimated to be 'V' 2 x 10 dislocations/cm .
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Figure 19 As-Received Titanium Foil, Trans­

mission Electron Micrographs

f-iM
Figure 20 Shocked (39 kbar) Titemium Foil, 

Transmission Electron Micrographs
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Both estimates presented above are probably low due to the 

following effects: 

1. Migration of dislocations to the surface 

of the foil during electropolishing. 

2. Only a fraction of the dislocations pre¬ 

sent is visible under a particular dif¬ 

fraction condition. 

3. Variations of dislocation density from 

region to region and relatively small 

total area viewed. 

4. Difficulty in counting the number of 

intersections in regions of high density. 

Effect (1) is expected to be small in titanium. Effect (2) 

can be estimated to render approximately 25°, of the disloca¬ 

tions invisible. No quantitative estimate of effects (3) 

and (4) can be made. In view of these limitations, it is 

considered that the densities quoted above can be regarded 

as order of magnitude estimates only. 
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SECTION V 

WAVE PROPAGATION 

Compressive wave development and elastic precursor decay are 

used as basic input data for material response models, while 

a complete understanding of shock wave propagation requires 

inclusion of release wave behavior. Profiles of shock waves 

propagated through a specimen were recorded as stress-time or 

velocity-time histories. The stress-time data were obtained 

with quartz gages and the results were transformed to material 
/ 3 Q \ 

stress by application of an impedance matching technique, 

assuming time-independent behavior. The velocity-time data 

were obtained with a velocity interferometer and are presented 

as measured. All wave profiles obtained (quartz gage and velo¬ 

city interferometer) are given in Appendix F for reference. 

COMPRESSIVE WAVE BEHAVIOR 

Structure in the compressive wave is shown in the quartz gage 
★ 

data in Figures 21 and 22. The wave front is characterized 

by an elastic portion and a transition to a spreading plastic 

wave. Because of the impedance difference between titanium 

and quartz, the elastic wave is partially reflected back into 

In this and subsequent figures containing quartz gage data, 
tilt refers to the time required for a step-input to sweep 
across the gage electrode diameter. 
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Figure 21 Compressive Waves, Propagation Distance 
Dependence (3.2 mm and 6.4 mm Stock) 
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Figure 22 Compressive Waves, Propagation Distance 
Dependence (25.4 mm Stock) 
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the target. This reflected wave then interacts with t'ho 

plastic wave which results in a perturbation on the plastic 

wave front. As thickness increases, the perturbations be¬ 

comes more pronounced (see 20.3 mm target in Figure 22) 

Stress relaxation behind the precursor was evident for pro¬ 

pagation distances of 4 and 8 mm, but only with as-received 

25.4 mm stock. The other materials, in the as-received con¬ 

dition, did not show relaxation, at least for the test con¬ 

ditions studied. However, annealing of an 8 mm target Prom 

12.7 mm stock did result in measurable relaxation as shown in 

Figure 23. Also, a test with an 8 mm target from 25.4 mm stock 

did not show relaxation when tested at only 23 kbar peak stress, 

as shown in Figure 24. Although metallurgical examinations 

were not performed, these variations in relaxation behavior 

may be related to differences or changes in initial disloca¬ 

tion density and dislocation multiplication in the elastic wave 

front. 

The shock velocities as calculated from the shock wave hugoniot 

(Equation 11) are indicated in Figure 22. Although the calcu¬ 

lated plastic wave velocity lies within the rise-time of the 

measured wave, the plastic wave is not a step pulse and shows 

spreading with propagation distance, at least for stresses 

below w 40 kbar. This means that transformation of the hugoniot 

from the - u^ plane to - u or Ug - u^ by assuming ideal 

elastic-plastic wave structure and steady-state conditions may 

lead to some uncertainty at lower stresses. 

Dislocation models for predicting compressive wave development 

utilize measurements of elastic precursor decay to evaluate 

various constants related to dislocation density and multipli¬ 

cation (see, e.g., Ref. 59). Unfortunately, it is very 

IV 
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MATERIAL: ALPHA TITANIUM, 12.7mm PLATE 

TEST NUMBER: 1 2 

CONDITION: AS-RECEIVED 1HR.@540°C 

VELOCITY (mm/^s): 0.331 0.317 

THICKNESS (mm ): 8.08 8.13 

TILT (ns): 23 22 
-+- -+- -+- -+- 

O.UQ 0.6Q 0.80 1.00 ] 20 
TIME IN MICRO SECOND 

Figure 23 Compressive Waves, As-Received and 
Annealed Material (12.7 mm Stock) 
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Figure 24 Compressive Waves, Peak Stress Dependence 
(25.4 mm Stock) 
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difficult to obtain accurate elastic precursor level data at 

propagation distances less than ^ 2 min and it is in this region 

(0 to 2 mm) that most of the precursor decay occurs for many 

metals. Also, even at larger distances there is always some 

uncertainty in the precursor level due to both material scatter 

and dispersion characteristics and to experimental errors 

(particularly tilt). The result is that much of the data pre¬ 

sently available, when given realistic uncertainty bars, can 

be used to support a number of different models of precursor 

attenuation. 

Precursor decay data for titanium, as determined from quartz 

gage data, is summarized in Figure 25. The calculated initial 

elastic impact stress was 43 kbar for these tests and the pre¬ 

cursor level has dropped ^ 60% in 2 mm of travel. Over the 

range of propagation distance studied, the precursor level in 

3.2 and 6.4 mm stock was 3 to 4 kbar greater than in 12.7 or 

25.4 mm stock. This difference is illustrated by the compari¬ 

son of compressive waves for 4 mm targets from 6.4 and 25.4 mm 

stock given in Figure 26. 

The uncertainty bars in Figure 25 reflect the dispersion and 

rounding at the elastic front which is due to at least three 

factors. First, since quartz gages average stress over the 

electrode area, small differences in wave front arrival times 

at the specimen/gage interface would give a finite rise-time 

rather than an instantaneous stress jump. These differences 

may be due to wave reflections and dispersion at grain bound¬ 

aries and to slight differences in local wave velocity arising 

from grain anisotropy. Second, the finite thickness of the 

epoxy between the specimen and the gage will increase the 

apparent rise-time in the wave front because of impedance 

differences. Third, the influence of shock wave tilt on a 
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finite-area gage is to smooth out abrupt changes in strc&s 
level as well as to increase recording rise-time of the wave 
front. This becomes particuarly severe at short propagation 
distances where separation of the elastic and plastic waves 
is only on the order of tens of nanoseconds.

Figure 23 Elastic Precursor Decay in Titanium
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MATERIAL: ALPHA TITANIUM 

TEST NUMBER: 

STOCK (mm): 

VELOCITY <mm/*is>: 

THICKNESS (mm): 

TILT (ns): 

1 

6.4 

0.310 

4.01 

15 

-+■ 

2 

25.4 

0.316 

4.03 

20 

-1— 

Q.liO 0.60 O.BQ 1.00 ] ZU 

TIME IN MICHO 3EC0NÜ 
u.zo 1.40 

Figure 26 Compressive Waves, Material Differences 
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RELEASE WAVES AND WAVE ATTENUATION 

Release waves were studied by using relatively thin impactors 

and measuring the complete wave profile with the laser velocity 

interferometer. After impact, elastic and plastic waves propa¬ 

gate from the impact surface into both impactor and target. 

The waves that reach the impactor rear surface reflect as rare¬ 

faction waves, unloading the material. These unloading waves 

propagate across the impact surface into the target and are 

recorded at the target rear surface after arrival of ‘.he com¬ 

pressive wave. 

An unattenuated wave profile is shown in Figure 27. (Additional 

impaqt data for velocity interferometer tests are given in 

Table V). The target had a fused quartz window on the rear face 

to reduce the magnitude of unloading due to reflection of the 

compressive wave. This prevents spall fracture in the target. 

The measured interface velocity is higher than particle velo¬ 

city in the target since the impedance of titanium is greater 

than fused quartz. Structure is evident in the release wave, 

however, the development of this structure is influenced by 

the compressive wave in the impactor. This is because the 

elastic and plastic waves spread in the impactor such that 

all the unloading does not occur at the same time, i.e., the 

release wave does not start out as an abrupt pressure drop. 

If target thickness is large enough compared to impactor thick¬ 

ness, the release wave will overtake the compressive wave and 

attenuate the peak stress. Wave attenuation is shown in Fig- 

gure 28 for an initial stress of ^ 41 kbar and in Figure 29 for 

an initial stress of u 152 kbar. At the higher stress level, 

the impactors were backed by Plexiglas so the stress wave was 

released only u 70%. The attenuation results are shown in 
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Figure 27 Complete Wave Profile, Titanium 
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Figure 28 Wave Attenuation in Titanium, 
Low Pressure 
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Figure 29 Wave Attenuation in Titaniur, 
High Pressure 
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Figure 30 in terms of decrease in peak 

shown are calculated overtaking points 

plastic compression and release waves. 

stress vs. X/XQ. Also 

assuming ideal elastic- 

This is given by: 

1_UP/US 

_ h_Ei. 
i-u /U„ 

“p S 

c;+u 
L p 

(24) 

where cj' is elastic release wave velocity 
li 

6.35 mm/',iS for 41 kbar and 6.9 mm/us 

for 152 kbar(60)) . 

The experimental results for 152 kbar are consistent with 
★ 

the calculated overtaking point , but the results for 41 kbar 

show attenuation sooner than calculated. This can be attri¬ 

buted to the ramped plastic compressive wave at this stress. 

If the velocity (- 4.4 mm/us) of the trailing portion of the 

plastic wave at 41 kbar is used for Ug rather than the value 

(5.22 mm/us) obtained from Equation 11, then the calculated 

overtaking point is X/XQ = 4.0. This value is in better agree¬ 

ment with the experimental results for 41 kbar. 

The calculation used the high pressure equation of state, 
however, the possible influence of the phase change on wave 
attenuation was not included. 
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0—0—#0--4- 

20- 

40 - 

.T- 
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i 
~r-- 

I I 
-4- 

0 
T — 

•t- 

--4 

o 41kbdi 
OÖ-* 152kbar 

.1. 
0 

Solid Symbols: Overtaking points assuming ideal 
)L-—i elastic-plastic compressive and release waves. 

vi. '1.- ■ t 
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i ' 
10 15 

x/x 
20 25 30 

Figure 30 Peak Stress Attenuation in Titanium 
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SECTION VI 

SPALL FRACTURE 

Spall fracture by plate impact results from reflection of 

compressive waves from a relatively low impedance interface 

(normally a free surface) and subsequent wave interaction. 

Spall studies were carried out with both passive and active 

techniques. Passive methods involve the recovery and exam¬ 

ination of shock-loaded specimens. Metallographie examina¬ 

tion establishes the type and degree of damage, which can be 

correJ-^ed with test parameters such as velocity, impactor 

thickn, ,s and target thickness. Active methods utilize the 

laser velocity interferometer and provide time-resolved data 

on the influence of spall fractures on shock wave profiles, 

as measured at the rear surface. 

RECOVERY TESTS 

Spall behavior of titanium was studied by carrying out a series 

of impact and recovery tests, where the target was sectioned 

across a diameter, polished, etched, and examined optically at 
* 

a magnification of 50X. The specimens were then graded or 

classified according to the degree of fracture that was observed, 

which ranged from no visible damage to complete material separa¬ 

tion. The onset of significant fracture is generally referred to 

★ 
Spall fracture in alpha titanium was also studied under uhe 
PREDIX program by Keller and Tuler (Ref. 61) using exploding 
foil techniques and by Stefansky and Shea (Ref. 62) using 
electron beam techniques. 
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as incipient spall and is a critical point since it can be 

used to deduce the dynamic fracture strength, and corresponds 

to generation of sufficient free surfaces within the material 

to reflect a portion of the interacting release waves as a 

compressive wave. The incipient spall threshold was defined 

as the impact velocity (for a given set of impact parameters) 

corresponding to cracking over at least 50% of the width of 

the section estimated to be under a condition of plane strain 

during the time of loading. 

Incipient spall velocity results are summarized in Table VI. 

Note that the velocity for 6.4 mm stock is almost 50% higher 

than for 3.2 mm stock, for the same XQ and X. This is prob¬ 

ably related to differences in structural and mechanical pro¬ 

perties of the two materials. A few tests with 2 mm targets 

machined from 12.7 mm stock showed the 3.2 and 12.7 mm mate¬ 

rials to be equivalent in spall behavior. The data for 20°C 

tests with 3.2 and 12.7 mm stock and unattenuated pulses are 

given in Figures 31 and 32. The symbols are defined as: 

• Complete Separation 

9 Above Incipient 

8 Incipient Spall 

9 Below Incipient 

0 No Visible Damage 

As is typically the case with metals(63-65^, the impact velo¬ 

city for incipient spall increases for decreasing impactor 

thickness. This implies that peak stress (and therefore strain) 

required to create spall fractures increases with decreasing 

pulse width or time of loading. The behavior of 0.54 mm tar¬ 

gets (Figure 31) is not consistent with an exponential-type 
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Figure 31 Spall Data for Titanium, 3.2 mm 
Stock (20°C) 
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increase in spall velocity with decreasing impactor thickness. 

Although it is possible there is a limiting incipient spall 

velocity for very thin pulses, this anomolous behavior may 

be related to metallurgical effects since grain size and 

crack length are beginning to be significant relative to tar¬ 

get thickness. Maiden and Green reported the incipient 

spall threshold of 6M-4V titanium (static tensile strength 

^ 10 kbar) for 2.5 and 5.0 mm targets. Incipient spall velo¬ 

cities were 0.40 and 0.35 mm/usec, respectively, which are 

about double those for alpha titanium. 

Representative photomicrographs of recovered specimens from 
★ 

the 20°C tests are shown in Figures 33 to 35. The specimens 

were polished and etched to provide maximum contrast between 

cracks and sound material. The procedure followed was: 

1. Wet grind, 230/400/600 grit silicon carbide paper. 

2. Preliminary polish, 6um, 3um and Ipiii diamond paste. 

3. Intermediate polish, '20um magnesium oxide slurry. 

4. Swab etch, 10 ml hydroflouric acid (HF), 10 ml 
nitric acid (HNO.J , 30 ml lactic acid, ^ 1 sec 
(20°C) . -3 

5. Repeat (3) for final polish. 

6. Swab etch, 2 m. hydroflouric acid (HF), 4 ml 
nitric acid (HN03), 94 ml water, ^ 3 sec (20°C). 

7. Repeat (3) and (6) as necessary. 

Note that the 0.54 mm target (Figure 33) shows an almost ran¬ 

dom distribution of cracks across two-thirds of the thickness. 

Because of this behavior (typical for this thickness), 0.54 mm 

All spall photomicrographs in this report are oriented such 
that initial shock wave propagation was from bottom to top. 
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2.04 mm -*'4. 06 mm

I;--
0. 231 mm /«! s

4. 09 mm -►S. 14 mm

0.227 mm / ji s

Figure 34 Spall Fractures in Titanium, 12.7 mm 
Stock (20®C)

3.2mm STOCK

■'f-' 

• #

' •'w

-‘-'I;n.-. 'tv • - -
. . '/■:

4-. P.--'

6.4mm STOCK

V- " -VYV ;:;-;;. 
•• • •

• ■ •

.1! •>■ ■-. •

♦: w
? > yir r'-

■LV\ *>•'?>• '- ; ■•■ ■***''

■ •>V V*. >

0. 232mmlm 0. 336mm/fis

Fjgure 35 Spall Fractures in Titanium, Material 
Effects (1 mm -► 2 mm, 20®C)
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target data was not considered representative of bulk material 

response. Figure 35 shows the difference in spall fracture 

for the 3.2 and 6.4 nun materials. For the same impactor/ tar¬ 

get combination and approximately the same damage level, the 

velocity is over 40% higher for the 6.4 mm stock. 

Scanning microfractographs of fracture surfaces for completely 

spalled specimens are shown in Figures 36 and 37. The 3.2 and 

6.4 mm stock both showed ductile fracture, but the 6.4 mm 

material had much smaller void formation. The 12.7 mm stock, 

even though its incipient spall threshold was the same as 

3.2 mm (for the same thickness), showed a coarser fracture with 

numerous brittle fracture facets. This may be due to grain 

boundary failure resulting from embrittlement by impurity ele¬ 

ments . 

3.2 mm STOCK 6.4 mm STOCK 12.7 mm STOCK 

Figure 36 Spall Fracture Surfaces in Titanium, 
Material Effects (20°C) 

68 



MANUFACTURING DEVELOPMENT • GENERAL MOTORS CORPORATION 

Reproduced (rom 
best available copy. 

MSL-70-23, Vol. IV 

I-1 
loop 

Figure 37 Spall Fracture Surface in Titanium/ 
3.2 mm Stock (0.5 mm + 1 mm, 20°C) 

Temperature dependence of spall in titanium is given in Fig¬ 

ure 38. The impact velocity for incipient spall has increased 

for a temperature increase of 20° to 500°C. This behavior may 

be related to the increased ductility of titanium at elevated 
(19¾ 

temperature, particularly above 400°C. v However, as Charest 
( 6 8 ) 

has pointed out , the use of a room temperature impactor and 

a heated target (as was done here), gives impedance differences 

that influence release wave structure and therefore stress-time 

history in the target. Optical and scanning electron microscope 

pictures of titanium specimens tested at several temperatures 

are shown in Figures 39 to 41. Ductile rupture is evident at 

20° and 500°C, but there are indications of brittle, cleavage- 

type fracture at -195°C. 
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0. 307mm/«is

w Tf' '■

1mm
Tl*

i iii
-195‘’C

0. 30$mm/|is 0. 299mm/|is

. -r =• ■ ^
.. . ■ .

20 C 500“C

Figure 39 Spall Fractures in Titanium, Tempera­

ture Effects (1 mm -• 2 mm, 3.2 mm Stock)

[Reproduced from 2^ 
LoP'i availablejv,nw^^^^

0. 232mm ««s 0. 299mm ks

LU 1 j
lOOjim

20 t 500 C

Figure 40 Spall Fractures in Titanium, Tempera­

ture Effects (1 mm * 2 mm, 3.2 mm Stock)



MANUFACTURING DEVELOPMENT • GENERAL MOTORS CORPORATION 

MSL-70-23, Vol. IV 

*195 C 20 C 500 C 

Figure 41 Spall Fracture Surfaces in Titanium, 
Temperature Effects (1 mm ^ 2 mm, 
3.2 mm Stock) 

SPALL PROFILES 

Complete wave profiles were obtained under spall-producing con¬ 

ditions using a titanium-into-titanium configuration, with a 

free rear surface on the impactor to give complete release 

and a free rear surface on the target for reflection of the 

compressive wave. The wave interactions resulting from such 

a test are shown schematically in Figure 42, with several 

simplifying assumptions. The shock is shown as a single wave 

and unloading or release is considered as a simple rarefaction 

fan. Also, sma.11 interactions between shock waves are omitted, 

and fracture is assumed to occur axong a single surface (spall 

plane) rather than in a volume around this plane. Wave inter¬ 

actions are shown as if the material exhibits time-dependent 

fracture, i.e., the percentage of fractured area increases with 

time until the entire spall surface has separated. After separa¬ 

tion, any waves trapped in the spalled piece reverberate, giving 

a sinusoidal motion to the rear surface. 
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Figure 42 Wave Interaction in Spall Test and 
Velocity-Time History

Measured profiles for unattenuated pulses are given in Figure 43, 
with photomicrographs of the recovered and sectioned targets.
Also shown for reference are the incipient and complete spall 
levels for this impactor/target combination as determined from 
recovery tests. Evidence of fracture is shown as a reversal of 
the release w:.ve. The amount of pullback (decrease in free sur­

face velocity to the point of first reversal) may be related to
the spall strength of the material for a given impact geometry.

(69)
An empirical relation for this has been given by Taylor as:

PC (Au^g/2) (25)

where Og is spall strength. 0 and C are local 
density and longitudinal wave speed, and Au^^ 
is pullback.
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The data in Figure 43 give Og - 30 kbar. This calculated spall 

strength is not constant for a given material since it is 

proportional to ^ufs> This factor has been found to change 

with target temperature, pulse width and pulse shape for 

6061-T6 aluminun/^, and other metals such as titanium pro¬ 

bably show similar behavior. However, for a given set of im¬ 

pact conditions (thicknesses, temperature), the pullback is 

relatively insensitive to maximum compressive stress as well 

as to degree of fracture. 

SPALL LEVELS 

IMPACT 
—►^—COMPLETE 

Figure 43 Spall Wave Profiles in Titanium 
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The spall profile from Test 56 is compared with that calcu- 

lated using SWAP-7' in Figure 44. SWAP-7 is a method of 

characteristics code for elastic-plastic wave propagation 

calculations. Fracture was included by forming a new free 

surface at the nominal spall plane when the tensile stress 

at that plane reached the spall strength. The calculated 

profile agrees with the measured profile reasonably well on 

the basis of velocity levels and wave pullback times. How¬ 

ever, as would be expected, the actual wave structure is not 

matched since effects such as precursor decay, non-steady 

state waves, strain rate sensitivity, strain hardening, Baus- 

chinger effect and time-dependent fracture are not included. 

The spall profile from an attenuated pulse test, where the 

impact velocity was above that required for spall, is given 

in Figure 45. 

0 0.2 0.4 0.6 0.8 1.0 

TIME lysed 

Figure 44 Measured and Calculated Spall 
Prof i les| Ti t an i up: 
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Figure 45 Attenuated Spall Prc le in Titanium 
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SUMMARY 

The dynamic properties of alpha titanium were measured under 

uniaxial stress and uniaxial strain conaitions. The material 

tested was sheet and plate stock with average hardness of 

59Ra. Material response to compressive uniaxial stress de¬ 

formation showed evidence of a yield drop above a strain rate 

of 100/sec and slight strain-hardening. At 20oC, the yield 

increased from - 5.3 kbar at 0.005/sec to - 9 kbar at 600/sec, 

while at 370°C the yield increased from • 0.6 kbar at 0.006/sec 

to ^ 5 kbar at 1100/sec. 

Longitudinal and shear wave velocities were measured as func¬ 

tions of temperature and pressure, giving the following (in 

mm/usec): 

CT = 6.135 - 0.00083T 
Li 

Cs = 3.261 - 0.00076T 

(T in °C) 

CT = 6.118 + 0.0056P 
Li 

Cs - 3.246 + 0.00140P 

(P in kbar) 

Principal elastic constants were evaluated at T - 20°C and 

P = 0, including: 
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Bulk Modulus = Kq = 1052 kbar 

Shear Modulus = = 474 kbar 

Poisson's Ratio = 0.304 

Elastic wave velocity data were also used in determining the 

Gruneisen parameter y and the Debye temperature 0: 

Y = 1.11 @ T = 20°C and P = 0 

= - 0.00036/°C @ T = 20°C 
<J 1' 

1^-=- 0.0058/kbar @ P = 0 

0 = 415°K 

The shock wave hugoniot was determined experimentally to be: 

o = 2.5 + 225 u + 49.9 u2 (otI < 90 kbar) 
H p p H 

Assumption of an ideal elastic-plastic wave structure with a 

15 kbar hugoniot elastic limit and equilibrium initial and 

final states gave: 

= 4.5 + 1130|i + 1410U2 
H 
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P„ = 1130y + 1410m 
n 

2 

Uc = 5.02 + 1.245 u 
S p 

The hydrostat as determined from elastic constants data was: 

0.95 
PH = 4220 (1+m) -1 - 2931 In (1+m) + 450 

(Keane equation of state) 

Measurements of shock wave stress and velocity indicated a 

phase change (a-*uj) in the range of 90 to 125 kbars. 

Measurements of compressive wave development showed the wave 

front to be characterized by a well-defined elastic portion 

and a transition to a spreading plastic wave. Elastic pre¬ 

cursor decay was 60¾ to 17 kbar after 6 mm of travel. Peak 

pressure attenuation was 4 5¾ at X/Xq = 13 for a 41 kbar, 

0.3 Msec pulse, and 60% at X/XQ = 20 for a 152 kbar, 

0.08 Msec pulse. 

Spall fracture was determined for several elastic pulse widths 

ranging from 0.07 to 1.34 .isec. The incipient spall threshold, 

expressed as impact velocity, increased with decreasing pulse 

width, and increased with increasing temperature for 20° and 

500°C. Spall fractures were somewhat dispersed around the 

nominal spall plane. Failure was generally of a ductile nature, 

although void size varied for the different stock thicknesses 

and the 12.7 mm plate showed evidence of brittle-type grain 

boundary failure. 
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V = [0.5-(Cs/Cl)2]/[1.0-(Cs/Cl)2] 

(Poisson's Ratio) 

K = iCg - i (C2-4/3C2) 

(Bulk Modulus) 

(Shear or Rigidity Modulus) 

E = 2v (1+v) C2 

(Young's or Elastic Modulus) 

= 2pvc2/(l-2v) 

(Lame's Parameter) 
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APPENDIX B 

GRUNEISEN PARAMETER ESTIMATES 

1. The Gruneisen parameter is expressed thermodynamically as 

For an isotropic elastic solid, this becomes 

Substituting appropriate values for titanium gives 

Y 0 1.11 

2. Slater developed a relation that was an extension of the 

Debye Theory for a three-dimensional continuum, and 

assumed Poisson's ratio was independent of volume and 

y is the same for all ’ibrational frequencies: 

which simplifies at zero pressure to 
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where S is from Ug = Cß + Su^. 

Ultrasonic data gives S = 1.155 and y = 1.64. 

Shock wave data gives S = 1.245 and y = 1.82. 

3. Dugdale and MacDonald give an expression for plane wave 

velocity vs. volume in a three-dimensional continuum that 

leads to an expression for y differing from Slater's by 

a constant (1/3): 

which simplifies at zero pressure to 

From ultrasonic data, y = 1.31. 

From shock wave data, y = 1.49. 

4. Anderson and Dienes give expressions for y in terms of the 

longitudinal and shear modes of wave propagation: 
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Ultrasonic data gives yl = 1.29 and ys = 0.67 

5. Schuele and Smith give expressions for the "low-tempera¬ 

ture" and "high-temperature" Gruneisen ratio, where low- 

temperature is the range in which it is assumed the solid 

behaves as a continuum and high-temperature is the range 

where all vibrational modes are excited and y is constant: 

Using ultrasonic data and yl and ys from above gives 

ylt = 0,71 and yHT = 0*88* 

(All of the ultrasonics data used in this Appendix are for 

zero pressure and 20°C) . 
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6. Fisher and Manghnani* discuss the influence of changes 

in c/a ratio with pressure on calculations of the Gru- 

neisen parameter. They reported values of = 0.50 and 

7 = 1.06 for "low" and "high" temperatures, respectively. 
H 

Fisher, E. S. and Manghnani, M. H., "Effect of Axial Ratio 
Changes on the Elastic Moduli and Gruneisen y for Lower 
Symmetry Crystals", J. Appl. Phys., Vol. 41, p. 5059-5062, 

1970. 
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APPENDIX C 

GRUNEISEN PARAMETER, PRESSURE DERIVATIVE 

1. Thermodynamic Relation - 

This can be simplified by using: 

( H) T ' ( ^) (¾-) p 

★ 
See, e.g. Thurston, R. N., "Ultrasonic Data and the Thermo¬ 
dynamics of Solids", IEEE Proc., Vol. 53, p. 1320-1336, 1965. 
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to give: 

This can be modified to: 

2. Constant y/V: 
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Lotting p 

and 
.,T 

P 

gives : 

At P - 0, this reduces to 
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APPENDIX D 

DEVIATORIC STRESS ESTIMATES 

The shock wave equation of state for titanium is given by: 

a = 2.5 + 225 u + 49.9 u 2 I 
H P P i 

a,. = 4.5 + 1130m + 1410m2 } (D-l) 
H I 

PH = 1130m + 1410m^ (Hydrostat) I 

where m = (v0/v) ” 1- 

The deviatoric stress (aD) can be defined as the difference 

between the dynamic stress-compression path (a„ - m) and the 
n 

hydrostat, and is a measure of the material's ability to 

support shear. If the material strain hardens, the deviatoric 

stress will be a function of m• In Equation D-l, aD was as¬ 

sumed constant at 4.5 kbar which gives P„ = a„ - 4.5. 

The deviatoric stress can also be estimated from uniaxial 

stress data, shock wave data or ultrasonics data as follows: 

where Y is flow stress under uniaxial stress 

conditions. 

A. The flow stress at low strain rate from the uniaxial 

stress tests (see Figure 4) is ^ 7 kbar, which gives 

= 4.7 kbar. 
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B. For a hugoniot elastic limit (o ) of 15 kbar, the rela- 

tion Y = ae (l-2v/l-v) gives Y = 8.4 kbar. From Equa¬ 

tion D-2, aD = 5.6 kbar. 

C. Since aD can also be taken as the difference between 

o„ and P„ at a compression corresponding to the hugoniot 
H H 

elastic limit, one has 

D = cH - p H 
a 
e 

r 
e 

where 

a 
e P0CL 

P = 
e P0CB 

1684 

1050 

For a = 15 kbar: p = 0.0090 and P = 9.3 kbar. This gives 
e e e 

oD = 5.7 kbar. 

The agreement of these estimates with the value of 4.5 kbar 

from Equation D-l is considered good, taking into account 

the assumptions underlying each method and the experimental 

inaccuracies. 

Also, it should be noted that the stress-axis intercept is 

larger in the n - |i plane than the a - u plane. Assuming 
H n p 

linear elastic and hydrostatic behavior up to the elastic 

limit, then: 

alt - u plane - 
H p ^ 

aD = cOue(CL - S’ 
u 
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Oj. - u plane - 
n 

Using the approximations ue ~ lJe/CL and ~ Me/(1+Pe)» 

and subtracting: 

Aod = 
u D p0CBlJe(CL 

For ae = 15 kbar, = 0.0090 and AoD = 2.5 kbar, compared to 

AaD = 2.0 kbar from aH - and - ;i given in Equation D-l. 
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APPENDIX E 

EQUATIONS OF STATE, ULTRASONICS 

Numerous analytical and empirical relations have been developed 

for determining equations of state from ultrasonics data. Some 

of these are presented here. 

1. The Birch equation of state for the isotherm can be 
★ 

expressed as: 

3 T p = — V 
T 2 0 

7/3 5/3 
(l+u) - (l+u) 1-Ç 

2/3 
(l+u) - 1 

12-3 K 
where Ç = 

T' 
OT 

PT = 1565 
7/3 5/3 

(1 + W ) - (1+y) 1-0.18 
2/3 

(l+u) -1 

Another parameter sometimes used with this equation of state 
is 

However, this term can usually be neglected, contributing 
<0.2% at 50 kbar for titanium. 

102 



MANUFACTURING DEVELOPMENT • GENERAL MOTORS CORPORATION 

MSL-70-23, Vol. IV 

2. The Murnaghan equation of state is derived by assuming 

the bulk modulus is linear with pressure which gives: 

K 
Isotherm - Pm = 

K 

0_ 
T' 
OT 

K 
T ' 
OT 

(1+U ) - 1 

PT = 277.4 

K 
Adiabat - 

PS = 
K 

0_ 
S ' 
OS 

(l+u ) 

,S ' 

3.76 
- 1 

K 
OS 

(l+y ) - 1 

Pg = 290.6 (l+y) 3*62 - 1 

3. Instead of a linear bulk modulus-pressure relation, Keane 

assumed: 

S' S' 
where K is the limiting value of Kk at very high pressure, 

This leads to: 

P„ = 
KSKS' 
K0K0S 
S '\ 2 

,S ' 

(1 + U) - 1 {Kl's - kS-’)k 
K 
S ' 

In (l+y) 
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* S ' 
Huang gives the upper bound for K as: 

KS' = 4S - = K^' - ? = 0.95 
3 OS o 

This gives: 

Ps = 4220 (1+M) 
0.95 

1 - 2931 In (1+u) 

Huang, Y. K., "Analytical Approach to the Shock Compressibility 
of the 18 Cubic-Lattice Metals", J. Chem. Phys. , Vol. 53, 
p. 571-575, 1970. 
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APPENDIX F 

WAVE PROFILES 

(Quartz Gage and Velocity Interferometer) 
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