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Abstract

Uranium±0.75 wt% Ti samples were spalled in the range of 5±24 GPa shock pressure. One sample was preshocked to

a pressure of 24 GPa, `soft' recovered, and then reloaded and spalled at 10 GPa. The spall strength of U±3/4 wt% Ti was

found to range from )4.1 to )2.9 GPa when the Romanchenko correction is used in the spall strength calculation. The

spall morphology of the sample that was preshocked and then spalled showed a signi®cant change in microstructure

from a parent alpha' martensite to a 2-phase eutectoid. The thermodynamically calculated temperature rise resulting

from the preshock at 15±24 GPa in these samples is �555°C. This temperature is not su�cient to induce such a phase

change. However, the preshock conditions additionally increase the ¯ow stress of the U±34 wt% Ti, and it is postulated

that this additional hardening is su�cient to increase the temperature above 885°C due to the increased amount of

plastic work required during spall, thereby triggering the phase change. Ó 1999 Elsevier Science B.V. All rights re-

served.

1. Introduction

Spallation is one of many experimental con®gura-

tions that can produce controlled dynamic fracture.

Spallation is dynamic fracture probe whose stress state is

pure uniaxial strain. It occurs in a material due to tensile

stresses generated in a mid plane of the sample by the

interaction of two release (rarefaction) waves under in-

tensive shock loading conditions [1]. The compressive

preshock experiment is designed to precondition a ma-

terial's microstructure and resultant yield surface due to

shock-induced defect generation and high strain rate

while maintaining minimal residual strain in sample [2].

In our preshock experiment at 24 GPa, the residual

strain in the sample did not exceed 1.2%. During com-

pressive preshock as well as during the compression

portion of the spall cycle, the sample is subjected to

severe plastic deformation resulting in an increased post-

shock ¯ow stress [3]. This deformation generates a high

density of dislocations, and coincidentally generates heat

in the sample as a consequence of plastic work involved.

The Rankine±Hugoniot [4,5] relationship can be used to

calculate this temperature rise and the residual temper-

ature retained by the sample after the preshock and/or

spall cycle is completely released to ambient conditions.

These temperature rise e�ects are important in addition

to the defects stored, especially in a material exhibiting a

very low heat capacity, such as in refractory metals and

particularly in depleted uranium and its alloys. These

thermal e�ects, both during the shock and its release as

well as post-shock release, can aid recovery, recrystalli-

zation, shear band formation, localized melting on re-

lease, post-shock strain aging, reorganization of the

substructure [6], as well as in¯uencing phase stability.

The purpose of this paper is to present evidence of a

phase change in the post-spalled microstructure of a U±

0.75 wt% Ti that was subjected to a preshock at 24 GPa

followed by spallation at 10 GPa.

2. Materials and experiments descriptions

U±0.75 wt% Ti material was supplied from Nuclear

Metals Incorporated, Concord, Massachusetts. Table 1

lists the chemical composition of the material tested.

The `as-received' U±0.75 wt% Ti was solution heat-

treated at 885°C for 2 h and water quenched, followed
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by tempering at 385°C for 4 h. This produced a micro-

structure composed of a0 martensite laths 20±50 lm long

containing ®ne strengthening precipitates of U2Ti. Fig. 1

shows the microstructure of the as heat-treated U±0.75

wt% Ti prior to the shock experiment [7]. The spall tests

were conducted at 298 K in a range of 5±24 GPa shock

pressure with a 1-ls pulse duration. A detailed descrip-

tion of the spall tests and the spall strength calculations

have been previously presented [7].

3. Results and discussion

Spallation is a process of damage accumulation and

linkage that di�ers drastically from fracture damage in

the uniaxial tensile tests by virtue of the stress state and

the rate of damage accumulation. In a tensile test, voids

and cracks are subject to a nearly uniaxial tensile stress

®eld; homogeneous plastic strain dominates the ¯ow

process from an early stage. In a tensile test the hydro-

static stress is of the order of 1/3 the ¯ow stress. In

contrast, during spallation, voids or cracks are subject to

extremely high, near isotropic, triaxial stresses, and thus

to localized high hydrostatic tensile stress ®elds. How-

ever, the local triaxiality as well as the hydrostatic

pressure can be increased in a quasi-static tensile test by

introducing deep notches in tensile samples, making this

test more `comparable' in stress state (but not in strain

rate nor absolute hydrostat magnitude) to a spall test. In

addition, a tensile test time scale of events in many or-

ders of magnitude greater than that for a spall test.

There is su�cient time for the heat generated during a

quasi-static tensile test to be continuously dissipated

from the damage region away to the other parts of the

sample. The thermodynamically calculated temperature

rise produced by shock loading, according to the Ran-

kine±Hugoniot relationship, can be substantial, as

shown for many materials in Appendix B of Ref. [6].

Using the same methods as in [6] to calculate the

temperature rise in U±0.75 wt% Ti alloy in the current

tests, we have estimated that during the compressive

preshock at �24 GPa (750 m/s projectile velocity), the

sample temperature should increase from 25°C up to

�555°C (see Appendix A). This calculation is very im-

portant in the interpretation of the samples' morphology

prior to and after the preshock and spalled conditions.

Fig. 2(a±b) shows a comparison of a parent, quen-

ched aged microstructure U±0.75 wt% Ti (Fig. 2(a))

with the microstructure of the spalled sample (Fig. 2(b))

and the microstructure of the sample preshocked and

then spalled (Fig. 2(c)). There is almost no di�erence in

the ®rst two micrographs, and these show the mar-

tensitic laths as expected from U±0.75 wt% Ti the heat

treatment given to all the samples. The micrograph in

Fig. 2(c) however, shows a eutectoid U±0.75 wt% Ti

morphology that resembles a microstructure shown

previously in Eckelmeyer's work [8]. This type of mi-

crostructure is postulated to have been produced in the

equilibrium transformation from c ) b + U2Ti ) a

Table 1

Chemical composition of depleted U±0.75 wt% Ti

Uranium Bulk

Carbon 30 ppm

Nickel 14 ppm

Hydrogen 0.2 ppm

Titanium 0.7 wt%

Iron 14 ppm

Copper 11 ppm

Fig. 1. U±0.75 wt% Ti sample in an annealed condition. The microstructure is composed of a0 martensite laths 20±50 lm long and

U2Ti.
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U2Ti. Under normal equilibrium conditions the initial a0

microstructure would have to be heated to �760°C to

the c-phase and then cooled to be transformed to the

eutectoid a + U2Ti phase. As seen in Fig. 2(c), the long

white etching lamella are a, and the ®ne elongated dark

needles are a mixture of a + U2Ti.

The shock conditions of both the preshock at 24 GPa

pressure and the additional spall at 10 GPa pressure

introduced a high density of defects, principally dislo-

cations and thereby increase the overall ¯ow stress level

due to the passage of the initial shock. The preshock

conditions increased the ¯ow stress of the material al-

most to its maximum ¯ow stress. We can estimate the

strength of shock-hardened material and compare it

with that of the same material that has been deformed

conventionally at lower strain rates. This calculation

and explanation is described by McQueen et al. [9] and

Meyers [10]. During the preshock, material goes through

a full stress±strain cycle of compression at the front and

expansion during the release part of the shock [2,9]. The

preshock test is designed such that the post-shock re-

sidual strain in the sample is almost zero (the actual

residual strain in our sample was less than 1.2%) [2].

However, the e�ective total transient strain of the sam-

ple at shock is equal: �eeff�total � 4
3

lnV =V0 � � 0:13

strain, where V0 and V are initial and shock volumes at

24 GPa shock in U±0.75 wt% Ti [11]. U±0.75 wt% Ti is

highly strain rate sensitive only to the strain rate of

approximately 2000 1/s as shown by Zurek and Foll-

ansbee [12]. At a high strain rate as shown experimen-

tally in Fig. 3 of Ref. [12] and theoretically in Fig. 11 of

the same reference [12], at a strain rate of 106 1/s (the

typical strain rate of the spall test), a ¯ow stress of

�2700 MPa could be achieved. The U±0.75 wt% Ti

reaches its saturation ¯ow stress at 13% equivalent strain

during quasistatic loading. This calculation assumes an

equivalent strain of 13% at the 24 GPa pressure in the

preshock experiment.

The shock in the spall test following the preshock

most likely did not signi®cantly further increase the ¯ow

Fig. 2. Optical micrographs showing morphology of material prior to shock loading (a), after a spall test at 10 GPa shock pressure;

spall strength )3.6 GPa (b), and after preshock at 24 GPa followed by a spall at 10 GPa shock pressure; spall strength )2.6 GPa (c).
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stress, but rather increased the temperature of the sam-

ple above the thermodynamically estimated temperature

for the quenched and aged sample. The adiabatic tem-

perature rise, to the ®rst approximation, can be esti-

mated from the work done on the sample: w � R e
0
r de ,

where r is ¯ow stress, and e is a strain. Following this

DT � re=qcp, where q is the material's density, and cp is

its heat capacity. (The temperature estimate using this

formula, for the material whose ¯ow stress increases

from the quenched, aged, and undeformed condition to

the 1700 MPa at about 13% strain (an average of 1300

MPa), gives 515°C, certainly a number comparable to

the one calculated using the formulas in Appendix A

(555°C)). Thus for a given strain the temperature in-

creases as r increases. Therefore, the temperature of the

material increased in a spall test with an increase in the

¯ow stress from about r � 1700 MPa for an quenched

aged material to about r � 2700 MPa due to the pre-

shock, thus to about 885°C (2700 MPa/1700 MPa

555°C � �885°C). This temperature is certainly en-

ough to transform material to c phase. Such a trans-

formation is necessary for the material to form a

eutectoid microstructure upon cooling.

The moderate cooling rate of the shock recovered

sample is caused by the large mass of the momentum

trapping rings surrounding the sample and recovery

system, both designed for the purpose of minimizing

residual strains in the sample. After being shock loaded,

the samples were recovered from compartments ®lled

with felt soaked in water [3]. These served to decelerate

and cool the sample to preserve the microstructure re-

sulting from the shock. Depending on the sample and

the momentum trapping rings' sizes the cooling rates

may be nonuniform across the sample. Fig. 3 shows a

microscopic view of the coexistence of both the a0

martensite laths and the eutectoid a + U2Ti phases ob-

tained from the preshocked and spalled sample. In fact,

to obtain the martensitic di�usionless transformation,

U±0.75 wt% Ti must be cooled very rapidly and the

samples must be rather small (a cooling rate of �28°C/s

is required to obtain 50% martensite ± this cooling rate

and microstructure would be obtained at the center of

0.5 cm thick sample quenched in water [13]). Our cooling

rate was unfortunately not monitored. Fig. 3 micro-

structure shows cracks running along the phase bound-

aries. This is an important observation, since it indicates

that the thermal expansion coe�cients may be di�erent

for both phases and the inhomogeneities resulting from

the coexistence of two di�erent phases in uranium will

have a detrimental e�ect on the mechanical behavior of

this material ± for instance causing cracking. How such a

coexistence of two phase could occur in this sample?

The are shown in the micrograph was located away

from the main spall plane. Therefore the crack sepa-

rating the a + U2Ti (top) and martensitic microstruc-

tures could not have formed in conjunction with the

spall event. The logical alternative explanation is that

the crack represents the boundary between:

(a) material that was heated enough to transform

to c-phase, then subsequently cooled at subcritical

rates, transforming to a + U2Ti (the top half of

Fig. 3), and

(b) material that was not heated enough to trans-

form to c-phase, i.e, consists of untransformed

martensite present in the original sample (the bot-

tom half of Fig. 3).

Fig. 3. Optical microstructure of sample after preshock at 24 GPa then spalled at 10 GPa shock pressure. The coexistence of an original

and phase-transformed morphology is visible.
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Cracking is very likely to occur along an interface as the

c-phase cools and transforms considering, that temper-

ature di�erences are expected between di�erent portions

of the sample due to the stress gradients.

The spall strength of all U±0.75 wt% Ti samples are

listed in the caption of Fig. 2. The data show a small

decrease in spall strength with increasing shock pressure.

The spall strength study on alloyed uranium by Buchar

[14] shows similar results. As mentioned before, the

preshock generates a high density of defects and raises

the yield and ¯ow stresses of the sample; these alone

would promote brittle fracture (occasionally found in

these samples) and in consequence, would substantially

lower the material's spall strength.

4. Summary

The microstructure of the spalled sample preceded by

a high strain rate preshock showed eutectoid morphol-

ogy of a + U2Ti phase, unlike the samples that were

subjected to a spall single cycle, which did not changed

their original a0 martensite laths morphology.
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Appendix A

The adiabatic temperature increase can be de®ned as

DT � E
Cp

; �A:1�

where, energy is de®ned in terms of shock pressure and

volume or density change due to the pressure at shock.

p0 � 0 at zero pressure.

E � 1

2
�pp ÿ p0� 1

q0

ÿ 1

qp

 !
: �A:2�

We calculate the particle velocity from the conservation

of momentum equation prior to and after the impact,

and that equals

up � #
2
: �A:3�

Thus the stress generated by the impact is given by

r � q0�c0 � sup�up; �A:4�
where shock velocity is de®ned as

Us � c0 � sup: �A:5�
The elastic wave propagating at a velocity Us com-

presses the material from initial density q0 to qp. The

material density at shock is expressed by the following

equation:

qp �
q0Us

Us ÿ up

: �A:6�

The following is the calculation that leads to the tem-

perature rise estimation due to the shock at ~24 GPa

shock pressure, achieved in the ¯at ¯yer plate `recovery'

compressive preshock experiment at ¯yer velocity of 750

m/s.

up � 750
2
� 375 m/s, from Eq. (A.3),

Us � 2510� 1:151� 375 � 3076 m/s, from

Eq. (A.5),

qp � 18930�3076
3076ÿ375

� 2155 kg/m3, from Eq. (A.6),

r � 18930� 3076� 375 � 21:8 GPa, from Eq.

(A.4),

E � 1
2

21:8�109 N
m2

� �
m3

18939 kg
ÿ m3

21558 kg

� �
from Eq.

(A.2)� 0:07� 106Nm=kg � 0:07� 106J=kg

Cp � 0:03 cal=g�C � 126 J/kg°C,

DT � 0:007�106 J=kg
126 J=kg�C � 555°C, from Eq. (A.1).
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