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I. INTRODUCTION

In this report we present some results of our investigations of
structural phase transformations in media forced to experience time
dependent density changes.

Qur ultimate goals are in predicting strain and temperature ampli-
tudes in army relevant materials which undergo structural phase trans-
formations. While those ultimate goals have not yet been achieved,
preliminary results give promise of some interesting physical interpre-
tations, and novel military applications. We shall report on those
preliminary results, and their possible applications, here.

Phase transformation physics has progressed from a mature and, to
some, stale branch of thermodynamics, to the very lively study area
of propagating correlated statesl»>2. Those propagating correlated
states can be described by constant shape solutions (called solitons3)
of a nonlinear equation which models the interatomic potential and
statistical mechanics of the transforming medium.

The approach taken here will be that of the middle ground. Rather
than follow the soliton approach, which has not yet been applied to
media of dynamically varying geometry (i.e. time dependent strain),
we will proceed by incorporating some of the more modern aspects of
phase change physics into a continuum mechanics framework.

Our interest in phase change phenomena stems from optical fuze train
considerations. Picatinny Arsenal has an interest in developing an
optically excited detonator containing only secondary explosives (for
safety reasons). A typical design “ of an optically excited detonator
is shown in Fig 1.

o]
thin metallic layer of ~ 1000 A
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Figure 1. Typical design of an optically excited detonator.
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In that design the thin metallic layer (e.g. aluminum) absorbs the
burst (approximately 25 nanosecond pulse width) of optical energy,
gets heated beyond its vaporization temperature, and expands. That
expansion causes a compressive shock wave to enter the explosive
resulting in initiation of detonation.

Unfortunately, the power requirements of the optical detonator
system, illustrated in Fig. 1, for an explosive such as RbX, are
approximately “»° 4J/cm? (25 nanosecond pulse width), making the design
of a small (and thus small system mobile) laser initiation system
difficult.

Consider the thin metallic layer shown in Fig. 1 for the case of
optical energy deposition small compared to the metal's vaporization
energy. In this case,_the pressure induced into the explosive is
proportional to the Gruneisen parameter, r', of the metal ( I = 9P/3¢
with ¢ the thermal energy density). Imagine the layer to be 10™“% cm
thick, 1 cm in diameter, and to possess a typical I of 2. For an
absorbed fluence of 1072 J/cm? (105 ergs/cm2) the cgs pressure generated
in the metal is given by*

S5
P=rTe=2 S ALY cgs = 2.6 x 10° Qlﬂgi s (1)
7 (1)2 107 i

or P = 2.6 kbar (1 bar =10® dynes/cm?). For a specific heat of 0.215
cal/gm°K (0.90 J/gmoK), corresponding to aluminum, the absorbed fluence
would result in a temperature rise of

N

10-
0.9

AT =

o

-1
2.7 % (1)2 10”4} Ok = 529K, (2)

*The value of 2.6 kbar could never be achieved in practice under the
stated conditions and 25 x 1079 sec optical pulse width. This is

because the approximate acoustic transit time through the layer (10°%
cm/5 x 105 cm/sec) is 102 times that of the laser pulse width so that
the generated pressure would be "leaked" away acoustically before the
energy deposition process is completed ( in practice one might expect,
with other considerations neglected, a pressure of 1072 x 2.6 kbar or

26 bar). The example is given in order to numerically lead into phase
transition considerations, rather than to understand the detailed physics
of laser generated pressure.




where we have used a density of 2.7 gm/cc (aluminum)in the calculation.

The 2.6 kbar pressure of Eq. (1), when associated with a pressure
pulse of less than 10-¢ sec duration, is incapable © of initiating
detonation in secondary explosives. The minimum pressure required is
of the order of 20 kbar.

In Fig. 2 we show Gruneisen parameter for TiNi as a function of
temperature. The curve was obtained 7 by measuring the thermal expansion
coefficient while the TiNi alloy was
A undergoing a structural transformation
i at approximately 60°C and atmospheric
pressure (during a cooling cycle).
Clearly a Gruneisen parameter value
\ associated with the transition peak

30

in Fig. 2, when substituted into
Eq. (1), would meet our minimum
pressure requirements for initiation
of detonation in secondary explosives.
10 - : The difficulty is that the large T
N values occur over a temperature range
— o of approximately 5°C while, from EG. (2)
B J 7 i PPN e, energy deposition is expected to
0 50 70 90 result in a temperature change* of
Figure 2. Griineisen parameter  approximately 50°K. The implication
vs temperature for TiNi. From  being that the large I' values are
Pace and Saunders”. only effective over a small fraction
of the energy deposition process.

20 ~

The discussion contained in the above paragraph illustrates the
essentials of our first involvement with structural phase transformation
physics for shock wave related fuze train 9 applications. Clearly,
while there is promise for an enhancement effect for small energy
depositions (so that the resulting temperature change does not carry
one beyond the transition region), the effects discussed so far do
not offerany promise of say enhancing 2 kbar to 20 kbar.

There is another approach to be taken. That approach is, however,
much more difficult, and requires a deep understanding of phase trans-
formation physics. Materials such as TiNi, when they undergo a phase

* The specific heat also undergoes large variations in magnitude over a
small temperature range in the region of the transition temperature8.
Bgcause_those variations occur over so narrow a temperature range, the
discussion based upon the 500K result of Eq. (2) remains valid.

o ———————




transformation either give up energy to, or absorb energy from the
surroundings. That energy is known as the latent heat of transformation,
and for TiNi (51 atomic percent Ni) the latent heat is 5.8 Cal/gm
(exothermic on cooling)?:10, Now the question becomes can we pump

(i.e. force) the transformation with a shock wave in such a way that
the liberated heat of transformation serves to reinforce the shock

that served to trigger the transformation. A similar situation occurs
with the detonation process in explosives - except in that case the
integrated heat of transformation is of the order of 103Cal/gm.

Figure 3 illustrates what we have in mind. Energy density and
pressure have the same units. Thus 5.8 Cal/gm, for a medium of 6.5
gm/cc (NiTi), is equivalent to a thermal pressure of

Cal Cal J

5.8 an - 38 oen o 160 oS- 1.6 kbar. (3)
Consider a slab of NiTi alloy, and suppose that a pressure pulse of
amplitude 0.5 € 1.6 kbar is traveling to the right. In the differential
volume A assume that the pressure pulse triggers the exothermic trans-
formation. The result of that triggered transformation could be a
transformation induced pressure pulse of 0.5x)1.6 kbar traveling to
the left, and a similar pulse traveling to the right. If the correct
conditions prevail the two right propagating pulses (the original
pulse plus the transformation pulse) could reinforce, resulting in a
net pressure pulse of 1.6 kbar. An adjacent differential volume could
give similar reinforcement - the net result being a pressure pulse of
avalanching amplitude.

There are a number of conditions which must be fulfilled in order
for the avalanching process to proceed. While we will not now dwell
on those conditions, let us simply mention that transformation induction
time and the post transformation thermal equilibrium relaxation time
are physical parameters which are important to the avalanching conditions.

There are a number of other potential military applications of
structural phase transformations. One such application involves the
130 kbar transition 11512 in iron alloys of low silicon and iron content.
That transformation offers the possibility of tailoring armor (or
impacting fragments) so as to control free surface spallation for
offensive or defensive purposes; by controlling a transformation
relaxation parameter one can apparently controll! the sharpness of
the unloading (rarefaction) shock and consequently, to some degree,
control spall behavior. We shall comment further upon such applications,
and the relevant transformation physics, within the main body of
this report.
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I1. CONTINUUM CONSIDERATIONS

In this section we will consider some continuum aspects of static
and dynamic phase transitions. We will begin by studying a relatively
poor, but instructive, model for a transition forced by a propagating
strain. OQur main interest will be in further evaluation of the
possibility of reinforcement avalanching as illustrated in lig. 3.

Consider a one-dinensional problem characterized by

oo ZU _c(xt) 4 = fix,t), (4)
c(x,t) = cy * a(x,t) [cl - ] . (5)

where p is mass density, u is particle displacement, ¢ is an elastic
constant, f dentotes a viscosity functional, and the subscripts zero
and one denote pre and post transformation states respectively. a can
take on numerical values between one and zero and is meant to model

the physics of the transformation. In writing Eq.(4) we have assumed
an ideal* second order !3 phase transition so that there is no volume
discontinutity associated with the transition, and with the consequence
that the mass density reference state is o regardless of the phase.

Figure 4 gives an idea of the intent of Egs. (4) and (5). It is
known from experiment 1% that tension raises the transition temperature

(and consequently compression lowers the transition temperature) in
TiNi.

*]deal second order transformations are characterized by volume and
entropy changing continuously through the transition. The result of
that continuity is zero volume change and zero latent heat in going
through the transition. Although we have seen that the NiTi trans-
formation does possess a non-zero latent heat we will assume, for
the purposes of modeling with Eq. (4), that the volume changes
continuously.
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In our physics picture we allow, for example, a compression pulse
to enter the solid which is initiallly at a temperature Ty. The
temperature Ty is assumed to be only slightly below the zero stress
transition temperature T.. We further assume that the compression is
strong enough to change the transition temperature to a value Tc,

where TCl < To- The change in transition temperature with stress is

very dramatic; for 55 percent (weight) nickel NiTi alloy, experiments!®
show AT/AP ~ 159C/kbar. Thus a shock amplitude of only a few kilo-

bars is all that should be required in order to pump a near room tem-

perature transition.

We now proceed to model o in the form

a{x,t) = [1 — exp < - 5154&)3—# ] : (6)

€T
C

where e. is a critical strain energy density, t is a relaxation time
characteristic of the transition, and ¢ is the impressed strain energy
density. Expanding o to first order in (ct) gives

()

BT

-
p 32u = | +<' AT | et 32u =
O apd o |:1 [‘——- 1’ . Fvy g f(x,t). (7)

Even though it is known 7°8 that attenuation (viscosity) is strong in
the transition region we set f = 0; we have not yet considered possible
physical models for non zero f.

2

%% | 5 dhd

serves to make Eq. (7) a formidable partial differentia]lequation.

As a consequence we are forced to consider two different approaches
to solutions. The first is analytic and very approximate, and the

second is via coarse finite difference techniques.

The strain energy density, e, is proportional to:

A. Approximation I. We approximate Eq. (7) with

aZu 32U - =
0, ¥ - (1+st) = =0 B = const. (8)

Eq. (8) is, neglecting the effect of finite f, a reasonable approximation
to the physics for the following two conditions:



a. The frequency, w, associated with the strain is so large that
wt >»1 holds. Under this condition we can argue that the transforming
medium sees an rms average strain rather than individual peaks and troughs.

>

saturation and is of little further consequence. This condition re-
quires that t < ¢ in order that the « approximation used in Eq. (7)
remains valid.

b. & > g, so that the strain effect on the transition has reached

Neither of the above two conditions will be satisfied by the subsequent
algebraic manipulations, but as the result offers a hint of relevaut
material behavior we shall proceed.

Substitute u(x,t) = T(t) x(x) in Eq. (8) with the result

=i [ RRSIU TS S TR
(T+gt)T dt? iy P X Eié - (9)

where —m2w§ is the separation constant. m is a dimensionless number
and W, is a constant with units of angular velocity. T is a dimension-

less functional while x has the dimensions of length. Thus

F 0
(x) = exp (+ imy X o~ ], (10)
Xm Xm | o €
and the T part of Eq. (9) can be rewritten as
2
v
R s

with y = (148t).

Equation (11) is Airy's equation and its solutions can be written
in the forml5

T,(t) = AUy(Y,1) + B Uy(V,2), (12)
where 'mzwoz 1/3
Y| —g7 { 1+ gt), (13)

with U; and U, being linearly independent and tabulated!S. The
solution u(x,t) is constructed by summing the product Tm(t)xm(x) over m.



Let us now evaluate g for the special exaggerated case of c,=2c.
We also allow £ = ¢ .

C
PO Sy e e d (14)
e
Y = (m"’mo%z)”3 [ 1+t (15)

From the left hand side of Eq. (9) we see

d2Tn
T e L
"0

so that if we identify W, as the angular frequency of the applied

disturbance (evaluated at t=o0) there is justification*for considering
only the m=1 contribution to u(x,t). We thus proceed with the subscript
m dropped.

* The amplitudes Am and Bm are determined by the orthogonality of the

set of functions of Eq. (10). Let
u(x,t) = . T (t) x,(x).

g B Po’ -
Multiply both sides by exp l + mwox,ER-: , and integrate

v “o
over X ﬁz;
‘[ + img x =

e 0"\ ¢, u(x,t)dx = 2n g Tn(t)xm §(n-m).

-0

© ™
+3 /-2
Tm(o)xm 3 %?' -]'e P ) u(x,0) dx.

- 00

The above result implies that, for an ideal disturbance which at t=o0
is a pure sinusoid (of angular velocity w,) filling all space, the
solutions are characterized by A; and B, Being the only amplitudes
which do not vanish identically. While that ideal case can never be
achieved in practice (in a typical experiment the t=o0 disturbance
resides only within the boundaries of a transducer), the ideal case
serves as the foundation for concentrating our attention only on the
m=1 component of the solution.

Thus

10

L}

i



From Eqs. (10), (12), (13), and (15)

w0.0) = ay [0 0?3, 1] 4 Buz[(wor)z”, 1] .
L 2

u(0,t) [ . A (w1)?3 v [(wot)2/3, 4} oo
ot T J
o .
. B w0 [(mor)m,l : (18)
i o

The U functions have the propertiesl®

U, (0,1) =1, u, (0,1) =0, (19)
u; (0,1) =0, U; (0,1) = 1. (20)

We now make the "hydrodynamic" approximation of (wor) << 1 (which

is contrary to the condition @ which follows Eq. (8) ) so that
from Eqs. (17) and (19)

u(0,0) = A, (21)
and from Eqs. (18) and (20)

ot T

augo,t)l B (22)
[0}

It has already been assumed, see Eq. (16), that the disturbance
may be characterized at (x,t) = (0,0) by

au(0,t)

% w U(0,0). (23)
at °

(o]

Eq. (23) is a rise time statement rather than a requirement that the
applied disturbance be a plane wave sinusoid. Thus

u(0,t) = u(0,0) [uln,l) ¢ (w0t u2<v,1>]. (24)

11



which predicts that in the hydrodynamic approximation u(0,t) has the
time dependence of Ul(Y 1). Figure 5 displays that time behavior.
From Eq. (15) we see that, for t>0, our interest resides in Y>0 for
c.=2c_.

I 50

In order to judge the importance of the physics modeled by Eq. (8)
we must compare displacements with and without the presence of the
modeled phase transition. That comparison can be achieved by assuming

UI(Y’I)
2t Y
I
|
|
|
'
{
|
JZ/ :;i,/)’l R o ol
(wOT)2/3 (Zwor) 2/3
Flgure 5. U;(Y,1) and U,(Y,1) vs Y.
(w 1) 2/3 corresponds to t=0 for c, = 2c 4
and (2w,1) 2/3 corresponds to t=0 for
= 2c
U(0,t)=u(0,0)c05wot (25)

in the absence of a transition, and inquiring as to the value of t
(wh1ch we call t,) at which U (Y 1) achieves it first node. From
. (15) with m-l, and Fig. 5

(0,007 (14 1) = 2 (26)

l
1

12




For (wor) = 0.1 we thus have

el _ 0.83 .
1+10 (wotl) = W3 — tl = z (27)

(@]
tl compares to a time of ﬂ/Zwo = I.57wo for the node to be achieved

in the absence of a transition. That difference in time increases
as (wOT) decreases.

The above analysis shows that the modeled transition serves to
accelerate changes in the displacement u(o,t). That acceleration may
be viewed as a rudimentary form of avalanching. Ffor the ¢, = 2co case

that avalanching is limited by the oscillatory behavior of U,(Y,1)

for Y>0. It should also be noted that the result of Eq. (27) violates
the condition ® (which follows Eq. (8) ). That condition was
important for interpreting the physics appropriate to the model of Eq. (8).

One can also consider the (exaggerated) elastic constant crange
of ¢, = co/2. Such a change can be obtained by requiring (see Fig. 4)

| (e 7
T =11 Lam 5 = 128)
0 c, 2
rather than
Y oot
o I < & =) Cy T ZCO (29)
0 C,

as illustrated in the two examples of Fig. 4. For the change
s c°/2, Y and u(o,t) becomel®, subject to the same assumptions as

in the discussion of c; = 2co,

Y - (2w01)2/3 (1-%), (30)
u(o,t) = u(o,0) [ul(m) . (2w01)1/3 Uy (Y,1) | . (31)

Equations (30) and (31) corres i i i
) _ pond to decreasing Y for increa
Sefs }he avalanching effect is quite dramatic (see gig. 5) in :haEIng =
1(Y,1) is unbounded for Y<0. As with Eq. (24), Eq. (31) suffers inthat

its use violates conditions @ and ®which follow Eq. (8).

13




However, regardless of the violation of those conditions, the above
results hint at a type avalanching behavior consistent with Fig.(3).

B. Approximation II. We now will attempt to apply crude finite dif-
ference techniques to Eq. (7) with f = 0. Our objective being to gain
physical insight beyond that capable with Eq. (8).

In Eq. (7) with f =0 substitute vo2 = ¢ofPos V12 = €1/P,,

2
£ = M.% ,and ¢, = Mn2. M is to be identified as an elastic

constant, n. a critical strain value, v, the longitudinal sound velocity

in the transformed medium, and v_ is to be identified as the pre-

0
transformation longitudinal sound velocity. The result of the
substitutions is

2 t‘gg) : 2 (
o SO L, Bt ax 32%u 32)
ol e L Gl R o ax?
-

We now employe the so-called!? characteristic stretching trans-
formation

Ezx - Vt, ¢ = aVt. (33)
We further define

_ du

¥ (E.-)C)"_a_g » (34)
The concept associated with Eqs. (33) is that of a disturbance
characterized by an almost constant phase velocity V; that is we
seek solutions of Eq. (32) which have only weak ¢ dependence (and
conversely a strong ¢ dependence). This is equivalent to assuming
a small (and neglecting terms in a2). 1If, for example, the non-
linear term in Eq. (32) were zero, then a solution would be exp (ikg)
with k constant and « identically zero. In other words we seek
solutions which are only slightly removed from plane waves.

Substituting Eqs. (33) and (34) into Eq. (32), with a? terms
neglected, gives

Zuvz\vC + [(vo2 - V2) + (vy2 - v°2) ‘533—7) ] Wg =0, (35)

ta"c

14




where

ca = aVt. (36)

Straight forward finite differencing of Eq. (35) results in

¥ (&g Sug) - ¥ (g o)
3 =
¥(g =
= [F] - Fzgm\*‘;)(::na ",m)] [ {n{-l,cm) = \y(gnacm)}’ (37)

V2 - v.2 V2.V 2
By B ameminiten -y B Fion 0

2aV? Zavzcancz (38)

where

6 and A are mesh dimensions and are defined by

by “ %y P& MWL L U (39)

Rewriting Eq. (37) with the timederivative single stepped backwards

gives

¥(n,m) - ¥(n,m-1) = ﬁ;l - Gzcmwz(n,m)] y(n+l,m) +

- o1 - sz p2tnm)] v(nam), (40)
where
Gl E"dFl and Gz Ef‘FZ ¥ (41)

Thus, solving Eq. (40) for ¥(n+l,1) - ¥(n,1)

If the disturbance enters the transforming medium from the left

at (x,t) = (0,0), then the t=0 strain,du,vanishes for x>0. We thus
X

set ¥(n,0)=0 for n>0. Furthermore, for t = m 6 and ¢, = aVé Eq. (42)
becomes for n>0

15




-1
> v 2 y 2
y(n+l,1) - ¥(n,1) = 318;1) ( 1 - ; nn,l _VVTV“%'] . (43)
a'c 0

-

2 2 i - S 2 £ 2
For ¥2 ncZ and m, > 1, assuming v, v Vv e Eq. (43) can
be approximated by

a2 oy 8 ]
& w(n,l! y? n,l) 1 0
¥(n+l,1) - ¥(n,1) % g, 19 o, VT_:Z?r—-J' (44)
Or

! \ 2
¥(n+l,1) © ¥ (n,1) + 2a 5 ( y

i) v+

. V2 (v,2 2)7
v -V ! o
ra (f 5 |y s

The second term on the right of Eq. (45) gives a purely coordinate
system dependent linear strain contribution to the space dependent
strain growth. The third term on the right contains the transformation
physics(again coordinate system dependent because of the presence of «a)
contribution to the spatial strain growth. The third term is cubic
in the strain, positive for c; = 2c0, and negative for ¢, = cq/2.

Equation (45) predicts, for t < t (which allows the approximation
of Eq. (44) ), strain as a function of position for a medium undergoing a
strain pumped transformation. It is consistent with spatial avalanching
in that it contains a cubic strain contribution to the strain growth.
An intelligent choice for V could be an experimentally observed!®8
velocity for propagation of a dynamic transformation.

The two continuum approximations considered in this section hint
that shock amplification can occur in the presence of a strain pumped
structural transformation.

ITI. LATTICE CONSIDERATIONS

Solid-solid phase transformations occur via two possible micro-
scopic mechanisms. Broadly stated the mechanism of transfromat!on :
related atomic motion may be classified as either diffusive or diffusion-
‘less.

Diffusive transformations,such as that associated with the formation

of pearlite in low carbon content iron alloys, are slow proce§sesl9.
Conversely, diffusionless transformations, such as that associated
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with martensite formation in quenched steels!?, can occur quite
rapidly 18,19 The near room temperature transformation in almost
stoichiometric NiTi is of the diffusionless variety!?>8 and is often
called a "martensitic" transition!0,8,

A rough idea of the maximum transition time for a transformation
to be important to shock wave physics can be obtained by considering
the planar impact between two half-centimeter discs of identical
material as shown in Fig. 6. The impact initially produces a compres-
sive shock of pressure amplitude o, VUg/2 (see Fig. 6 for definition
of symbols), and that pressure is reduced to zero when?0 the re-
flected shock, of pressure amplitude - PoVUg/2, uncovers a previously
compressed differential volume. A differential volume is thus at
pressure for a time t, where t, < 2,/Us Thus, to the extent that
shock pressure triggers the transition, the transition must occur
in a time less than t,. For 2,= 0.5cm and Us = 5x10° cm/sec, t, <
2usec.

Another gross criterion for shock pumping a transition, with con-
sequent reinforcing of the original shock, can be stated. If the
transformation can propagate at a velocity approximately equal to or
greater than the shock velocity, then shock pumping with reinforce-
ment is a possibility. If the shock transformation propagates at a
velocity considerably less than the shock velocity, the transition
may be pumped, but reinforcement probably can not occur.

It is of interest to compare diffusive transformation numbers
with the above velocity criterion. For a concentration n the diffusion
coefficient D is defined by Fick's equation

an _ g A [an
at 0 AX (Ax ) 5 (46)

For a diffusive displacement mean free path 2 and corresponding mean
free time t, Eq. (46) can be approximated by

|
ru o (47)

Thus, for a diffusion velocity V. defined by VD = ¢/t, we have

D

VD = U/

For a solid or liquid the relevant mean free path is approximately

a lattice parameter (3x10-8cm), while for a gas minimum ¢ is identi-
fied as the mean molecular separation. For an STP gas % ~ 3.5x10"7cm.
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Table 1 lists the three different ranges of the diffusion constants
with the resulting diffusion velocities.

Table 1

Diffusion Coefficient® and Velocity

Substance D Y
gas | 0.2 cm?/sec 5.7x105 cm/sec
liquid | 10-5 3x102
solid 10712 3x10°°

L — e e

@ Diffusion coefficients obtained from American Inst. Phys. Handbook,
D. E. Gray, editor (McGraw-Hill, New York, 1972). Third edition.

It is obvious, from Table 1, that shock pumped diffusive trans-
formations in liquids and solids are not expected to give rise to
reinforcement*. As our interest is in solids we will now consider
some physics of diffusionless transformations.

Phonon Formulation. While diffusive processes are characterized by
random atomic (or molecular) displacement, diffusionless processes
are associated with coherent (the opposite of random) displacements.
The displacements are coherent because there is a definite phase
relationship between the displacive transitions of neighboring atoms.

The thermal vibrations of the atomic constituents of a crystalline
(lattice) solid can be described?!s22 py a set of independent harmonic
oscillator states. The degree of occupancy ( and the corresponding
vibration amplitude) of each state is a function of the oscillator

* Gases, with STP acoustic velocities in the region of 3.3x10%cm/sec,
would appear to be prime candidates for reinforcement. Perhaps that
is the reason why explosive detonation in gaseous mixtures is so

easy to achieve.
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frequency and the temperature. The smallest* change in occupancy of

a given state is called a phonon 21522 The elementary (i.e. differential)
oscillations of each phonon in a given state are exactly in phase

(i.e. coherent), and summing over the different states gives the net
vibration of the crystal with respect to its center of mass.

The displacement yx of a simple harmonic cscillator of mass m
obeys the differential equation

(49)

2T
[ad BN
+
£

N
>

n
o
€

N
1]
3|x

where = 2nf with f being the oscillator frequency, and K is the

"spring constant." The spring constant can be expressed in terms of
elastic constants which are in turn a function of crystal structure 23s2%
(or equivalently a function of the interatomic potential). w is a
function of the state variable, and for an ideal solid has a functional
dependence as shown in Fig. 7.

* A change in occupancy, (AN)q ,» causes a change in state energy via

4
g}
where h is Plank's constant, and f (_3 is the oscillator frequency
for the vector state g (a N)q = + 1 defines the addition or
¥ N

subtraction of a single phonon with respect to the vector state of g
v

(rE) = (AN)q hf(g)
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In this section we will be interested in shock wave effects in
those lattice solids which have the property that w ——3 0 as T—= Tc

and E _— Sc for some critical temperature T., and a critical state

vector Sc , where T. > 0 . Such behavior is related to
a structural instability?®
(such as associated with a

4 E__\\\\\ N R [ tert phase transition) and is not
! : a property of an ideal lattice

{ .. Optic branch as illustrated in Fig. 7. A

: solid having the above property
is said to possess a soft mode?®:26,
el There is a point of view?7 that

e all phase transformations, in-
o cluding the liquid &= gas
transformation, can be described
in terms of soft mode physics.

acoustic ? The "mode" m(d‘)is said to
branch ! be soft because, from Eq. (49),
; when w— 0 the spring constant K
{ also goes to zero (i.e. the
| spring becomes soft). As the
) = vibrational restoring force is
q a proportional to K, K— 0 implies
. that the displacement does not
Elgure i .Frquency spectrum return to zero. A displacement
n _ﬁO@ direction for an ideal not returning to zero is con-
gﬁg;calatt1ce of unit cell dimen- ceptually equivalent to a

structural transformation. For
subsequent analysis we shall

employ the functional form25

w2(3)y=a(r-1) + B

2
,- Ec) (50)
which exhibits the soft mode property.

We begin by considering a modified Fourier transform for the
macroscopic displacement u(x,t)

2]

u(x,t) = \%_" j 6 () N (a.x,t) ug () e "% da, (51)

-0
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where G (q) is a geometry dependent (density of states) factor,
N(q,x,t) is the previously mentioned occupancy of the state g, and
uq(t) is the displacement amplitude. In principal uq(t) contains

thermal vibrations (with a soft mode contribution), and also those
displacements which constructively sum to give the center of mass
motion necesary for successful continuum mechanics.

Equation (51) describes only one dimensional physics. A]though
structural transformations can occur on a one-dimensional lattice?®

. (51) is limited in application in that the general transformat1on
is explicitly three dimensional?®*. We can, however, still carry
out some rather interesting and meaningful analysis.

Operate on u(x,t) of Eq. (51) with the wave operator W(x,t),

2 (&4 2
W(x,t) = %E? - p—° %(7 (52)
(o]

ERIMERSI ~ B () < iy .o g%% uq(t) +

S
_—
—~
Fal
x
-+
~—
PR T
e
ot A‘O
<+
0
[N
S
=
—~
{5 2
St
— e
=
o
x
a
0
—~
o
w
~

In the absence of interesting effects such as viscosity, non-
linearity, or mode-softening, we would expect the right hand side
to equal zero (corres onding to propagation of a simple disturbance
with velocity (Co/p,) E& Since, however, we are concerned with a
particular phonon state'ﬁz ( the state with a softening spring constant)

we can argue that to lowest order the physics of primary interest

* Structural transformations are usually discussed in terms of a
discontinutity in the three dimensional symmetry transformation
group (the set of transformations which leaves the structure,

or its Hamiltonian equivalent unchanged).
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resides only in the direction az/ra;|. It is to be understood that
Eq. (51), and the consequent analysis, has been written in that spirit.

The first curly bracket on the right in Eq. (53) represents second
sound3?(propagation of a distrubance in occupation number). Since
pure second sound is not accompanied by a mass density distrubance3?,
it will be naively assumed that the contents of the first curly bracket
identically sum to zero. Any first curly bracket contribution to

Wu(x,t) awaits further work.

Now consider the 3N/3x contribution to the second curly bracket
in Eq. (53).

1/2 & aN i
{wu(x.t)} = - i (2) o I 9 G(q) 3¢ ug(t) e 19X 4q.  (54)

Al

o

But in equilibrium

4 o -1
N (q,x,t) = |exp ({F] -1 ’ (55)
w = w, + Aw, T= TO + AT, (56)
whereTi = h/2n, k is Boltzmann's constant, and Aw and AT are shock

related changes in the mode angular frequency and local temperature.
Using Eqs.(56) to expand Eq. (55) to first order in Aw and AT gives

X
Xp€ 0 AT Aw
N zN 1 & e - SR (57)
(0 eXo_1 To wo)

where Xo Eﬁ¢»0/kTo and No = No(q) is the pre-shock occupation number.
Thus

aT

on Xo 2 1
=z X e N T’o— 3X

1 3w),
ax 0 0 T W X (58)
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In phonon language the Gruneisen3!,32 parameter I (q) is defined
by

(aw(q) ) = - T (Qw_ (q) (an), (59)

with n be the local strain (n = %%). Substituting Eqs. (58) and
(59) into Eq. (54) gives

oo

igx

X
5 .- il S [oT) [qG (q) x e ° N2u (t)e'Pdq +
<du(x,t)>2 1("] ooT [ox 0 o q
0 x .
5 g}”z o fon) a6 (@ra) xe N,2ug (t)e Pda. (60)
™ Py X =

For a mode independent Gruneisen parameter (i.e. r(q) = I = constant)
one can show33 that (AT)/Ty = - I'mn with the result that {wu(x,t)§2=0.
For a transforming solid tge assumption of constant T is particularly
poor; in the introductory section (see Fig. 2) it was noted that T

is a strong function of temperature in the vicinity of the transition
temperature. Current thinking3“, at least for ferroelectrics, is
that strong temperature dependence is related to the behavior of

r(g) near g.. If we thus let

r(q) =r + (Ar‘)q (61)
in Eq. (60), and define
<((Ar)qj>s a[ q G (q) (Ar)qxoexo Noz uq(t) e iqx dq, (62)

Eq. (60) reduces to

- % a1
{HU(X’t)}z sl p_ a_x' : (63)

(o]

where 9, plays the role of a thermoelastic coupling coefficient.

1/2 <A D>
2 = g .
A H % T (64)
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The terms remaining to be considered in Eq. (53) can be grouped
into what we shall call {Nu(x,t))l

)

{(Wu(x,t)}, = \/%_" f 6 (@) N (a.x,t) e '¥@®

-0

d?u Co 2 aN dug
7 AR, 3 — bl b
Digr W LY T H dq. (65)

o]

As previously mentioned, each discrete q value defines an independent
harmonic oscillator state

2
d_fg PR d_‘ﬁ + wz(q,T)uq=0, (66)
dt ‘l’q dt

where Ty allows for the presence of damping?5. We have not explicitly

included a strain dependent forcing term in Eg. (66). The idea is to
implicitly include such an effect via the strain dependence of T and
TC through Eq. (50). Substituting Eq. (66) into Eq. (65) yields

{wu(x,t)}1 =‘\/~%—’7f G (q) N (g,x,t) e qu@

c du
2 0 _ .2 < M _ 1 1°9
®“q 0 “’) Yq +(N I B dq. (67)
The evaluation of Eq. (67) will begin with a rather drastic

simplifying assumption. It will be assumed that Eq. (67) vanishes
except near q = qc» and that near qC

aN
st (68)

[l
=N
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Eq. (68) states that the phonon relaxation effects are just balanced
by the dynamic strain induced phonon source term %%J To claim other

than Eq. (68) requires more detailed physics than is currently avail-
able to us. Thus, upon employing Eq. (50) at q = G and Eq. (68),
in Eq. (67) gives

C
{Nu(X.t)}l V%%)v G(qc) N(qc){ qC2 o_g - A (T-TC)} Uq ®
C

(]

® % e et + e-1qcx } o (69)

where we have assumed* that G,N, and uqc are even function of q near

qQ = q (Aq) denotes a bandwidth centered around qc'

-
The analysis which follows below utilizes %f {Wu(x,t)}.

[f the further drastic assumption**uq = const. = Uq is made,

¢ c
Eq. (69) reduces to

aT
%{ {wu(x,t)}1 T F(qc){ %% - 5?2'} cos g x, (70)
21172
flag) = ) 2] 6 (o) Mag) A v - (1)
C

* The assumption is trivial for G which happens to be a constant for
one dimension geometry in q space. We have retained G(q) in our

calculations as a preliminary to eventual multi-dimensional calculations.

** This assumption means that uq represents the correlated lattice
-

displacement which results in a structural transformation.
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A. Thermoelasticity with a Soft Mode. In a previous report3> it

was shown that thermoelasticity in the presence of thermal conductivity
and longitudinal to transverse temperature (phonon occupation number)
relaxation satisfies

T h 1
1 2. 23T, e i LI . S
(7 D (g T-THs 9,°0 (141 38)
v 2111, 2
0 ) 3
¥ x e L0 R i
where v(x,t) = é!%%lEI + nlx,t) = - aua:,t . (73)

(notice the change in sign convention for n from that used earlier
in this report).

aTy

at

1 :
ol LMt R T A (74)

with T, and T, being the temperatures transverse to the x direction
of strXin propagation (sz T), and

Ty 2 To"o  an Ty
B iRe w sr)m ' (79)

which % is given by ¢, /3 (with c, being the specific heat at constant

volume) and(fz%) is the thermal conductivity contribution3s to _315 .
ot e at
2 2
aTx 2 V0 T2 ] TX 2
Rl T Y (76)

In Egs. (72) and (76) v, = (“0/P0) 1z
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Before proceeding with the analysis it remains to find the re-
lationship between the thermoelastic coefficient ho (of Eqs. (72)

and (75) and 9, of Eq. (63). A linear thermoelastic medium has a
coefficient h0 defined by

R hoT (77)

where o is stress. Thus the strain, NTE corresponding to stress
free thermal expansion has the property

i W S (78)

ax Co X

But, from Eq. (63), considering time independent thermal expansion

with n = - 38U
ax
‘20__3%1’=_c_0_3_n=_g_2_3_1. (79)
po aX po 3IX po X

with the result that ho 9, - Thus combining Eqs. (63) and (70) gives

h 2 aT
g i : | G,
(Wv) o, atax F(qc) [at at J : (80)
Proceeding now with the analysis by operating on Eq. (80) with 3.
X
h 32T
v __ o 3 [a?7 FXal -
Wax b, at (5?7)- Flac) {axat g axatJ cosienl ¢
oT
o7 C :
*q, F(qc)[ﬁ - E—J sin(q.x). (81)
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Now operating with W of Eq. (52) on Eq. (72), and substituting from
Eq. (81), gives

2
L 3 Toho ) - a 527 |
W1+ 5 ) (L 5y - WT - g 57 (' 5g) 58 (o2 *
TOhOTl 5 [BZT - BZTC ) £
-Flac) - S (9cx) (1+ 7 55 |3tx  3tax
0¥0 l_ :
' oT
Th T . ) aT c
+q. Flg.) ‘oa1 sinlex) {1+, =) F-3561"
€ O mre c ¢ B AR
(o Jale]
& Voz'rlt2 3 52T L
= - ——T—-— N (1 + T] _é-f) W g (8 )

Expanding the (1 + arl %E) terms in Eq. (82) and collecting terms

allows Eq. (82) to be rewritten as

3 a 5 &t Yo 1 327
Fr s s Bt Ve

@ |

at cos (a.X) |55 Fxat

2

2 2

v .00 32 (aT)+ y Toho i aT - 3 Tc 5
9°0

2 2
F To"o® cos (q.x) ( §f;. 3—;—
%% at? "~ 3t

+

Q

:
T T
001 - ﬂ___c_
2 sin (a.x)| 35 3¢ ]
T.h 1 2 ) 32T
00", {4 I c
a9 F 29,0, $in (qcx)LdfT "THFTJ : (83)
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where

2
w = 2—2- - c_o + T—ohﬂ .3_2_ ’ (84)
3 at? o, 950 ax?
Th
_ a2 (% 00 32
Wy = 3t2 '(p_ * %0 2\ ax2" (85)
(6] 00 /

If (w./2n) is the Fourier frequency giving the dominant contri-
bution to'T, and if the limit w 1t > 0 (with = T, or t,) is taken,

then Eq. (83) may be approximated with

Th -t 32T
3 aT _ 001 - ol c $
7T M= F [cos(qcx) { 5xat ~ axat [ T

29,00 3
aT
: aT
- q, sin (q.x) !Sf"'Eflk J : (86)
I
In evaluating the contributions from the first and second terms on the
right of Eq. (83) we have employed the approximation v 2 32 ..

0 axz * Bt2

This last approximation assumes that the temperature profile is of
the form

T(x,t) = Tl{ q (x — vot) }f (x,t) (87)

where w v Qv and f is a dimensionless function which varies slowly

compared to T.. Eq. (87) is dominant Fourier term analysis in
disguise, and"is conceptually justified by picturing the temperature
profile as approximately in step with the strain profile which in turn
is propagating with a velocity nearly Vo

Employing Eq. (87) shows that the ratio of the first to second
term on the right of Eq. (86) is given by (q/qc) when the signs and

cosines are taken as unity. Thus in the long wavelength limit
(i.e. q = 2n/x goes to zero) we are left with

FT h aT
1 00 i aT c
Wa 3t =~ 9% 395 Sin (acx) (a_t . W) - (88)
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It is possible to show that, in the absence of a phase trans-
formation (i.e. with F=0), the strain satisfies an equation which
is one-to-one with the F=0 version of Eq. (83):

2 2
& o 32n _ Yo 1T2 . 32
7Nt 7 W w2

v 2‘[ T 2
A 9 an
4 W 3xz (at )' (89)

Thus in the same (wt) - 0 limit as used in arriving at Eq. (88) we
have

N4 an . 0 (90)

in the absence of transformation physics. Comparing Eq. (88) and
Eq. (90) suggests* that in the presence of transformation effects**

H4 %% = 0 + (second order terms). (91)

Our transformation model, as illustrated in Fig. 4, has the transition
temperature as a function only of the strain, Tc= Tc(n).

N, =% =31 y £ & )
4 5t 4 - (second order terms) (92)

* We have not yet been successful in deriving an explicit version
of Eq. (91) with transformation effects included.

** If the left hand side of Eq. (88) is considered to be first order
(because of the implicit presence of AT in 3T ), then the right
ot
hand side is second order because of the product F %% ( the function

F contains the modal displacement uq).
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1f the constitutive law TC = Tc(n) is now chosen of the form

T® - Y0 » Y = constant, (93)

in keeping with experimental observationl“ for the room temperature
transition in TiNi, then Eq. (92) becomes

Mg =" = 0% YTC(O) (second order terms), (94)

with T{®being the n = 0 value of T_.

Experimentally!* y ~ 10 for the TiNi transition;Fso that one can
not, as a general statement, set the right hand side of Eq. (94) to
zero compared to the right hand side of Eq. (88) unless Téo)itse]f

is very small. We shall now make that Téo’sma1l assumption in order

to facilitate further analysis. This restriction to low temperature
transformations represents a severe limitation on the theory presented
in this report. Hopefully the results will at least hint at the
behavior of room temperature transitions.

The assumption of Eq. (68) is of a different class than that of
small TéO)in that it is possible that Eq. (68) holds for some room

temperature transitions.

<+ v, see the discussion associated with Eq. (61), is a Gruneisen-
like parameter. That its magnitude is order ten, rather than of
order unity as for non-transforming media36, is probably very
significant; that same magnitude of approximately ten characterizes
the Gruneisen parameter in the region of a phase transition (see
Fig. 2). The implication is that y is determined by the physics
of the mode 9
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Letting TéO)be small in Eq. (94) gives

aTc
w4 _ﬁ: 0 (95)

so that Eq. (88) can be written

Wy 2Td . _a. oo sin (qx) *Tq (96)
at 3gopo at
Td = = TC.
Now set
39 p c 1.~
1.2 0 2 0 00
F o= we—ppee- 20 ¢ D L TR (97)
a: oMy i 0 9°0
so that Eq. (96) becomes
1) oT
R | O SN . d
o W W)' [szz o OO (qcx)] o
aT

Equation (98) is separable. Let °'d = Tl(t)xl(x)

at
with T, having the dimensions of %%-, and x, dimensionless.

Thus

32
gt et e ik s Sds T
O WS erty [ax’f G o (qc")} xie (99)

where mznz/cu2 is the separation constant (Q is a constant similar tO(nJ.
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a?y 292
a_iTl E [?g e 21,:2 sin (qcx) ] B e i
Y 4

The Laplace transform, xL(s), of the function x(x) is defined by
x (s) J’ « (x)e”%* dx. (101)
[¢]

Thus multiplying both sides of Eq. (101) by e >* and integrating
over x gives*

:
A m2a2 i ) s y .
(s2+ 02 ) 0 (8) + ey {"L‘S i) xL‘S”QC)J ]
- G|+ g0 = ne, (102)

0

where the vertical slash with subscript zero indicates that the
functional to the left is to be evaluated at x=0, and BC simply
denotes the boundary condition functional.

If in Eq. (102) A, is set equal to zero (i.e. qc=0)the result is

202
(s2 + T8 ) x (s) = BC (103)
4

which, upon taking the inverse transform37 of XL(S)’ is easily seen
aTd amplitudes at constant phase

at
velocity (without growth). That same result can be obtained directly

from Eqs. (88) and (95).

to result in propagation of

* The second bracketed term on the left in Eq. (102) is obtained
by employing sin(qcx) =§L_exp(iqcx) - exp(-iqcx)} prior to
i

integration.
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Now consider zone edge 9. (i.e. q. = w/a in Fig. 7). The inverse
transform is given by?37

Yc+iw
(X) =y [ x (s) e ¥ ds, (104)
Hpr e

so that if s = ir we can limit the range of integration to |r|:_qc

(from Eq. (104) it is seen that r plays the role of q since r is
conjugate to x, and s = ir transforms Eq. (104) into a Fourier trans-
form if Ye is chosen to equal zero). Now let y = iqc.

' Sadlae dnxL(y)
. XL (S+’ch) = XL (_y+S) —I’]EO F!- -—c:y-n—" ’ (105)
(s-19.) = X (-y4s) =% & ) (106)
X, (s-iq_) = X, (-y*s) = ¢ St s 1
L c L g dy"
Substituting Eqs. (105) and (106) into Eq. (102) gives
: n n
2, M2 i ® S d g 3 it
(524 R ) x (s) + %77 nfo = 1 & x (y) - x (-y)
- dx, .
= + sx,(0) = BC. (107)

If one attempts to take the inverse transform of Eq. (107) on a
term by term basis, one sees37 that the contributions from n > 2 in
the summation are undefined. Thus, unless xL(y) is an even function

y, Eq. (107) is consistent with the possibility of avalanching of the
spatial part of 3Ty .

ot

That the qc=0 solution does not predict avalanching is not
surprising. qc=0 implies that the transformation is associated with
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an infinite wavelength, and consequently that the transformation
occurs simultaneously in the entire solid sample. Since the physics
being discussed involves a strain disturbance propagating WITHIN a
transformable medium, there is nothing present in the model being used
which is capable of exciting the qc=0 mode.

The above physics represents our start on the interplay between
the microscopic and the macroscopic for strain pumped structural
transformations. While the work is very incomplete it is supportive
of the possibility of avalanching of the macroscopic parameter
(e.g. strain and temperature).

Future work in this area will probably concentrate on deriving
functionally explicit versions of Eqs. (91) and (94), and on solving
equations similar to Eq. (102).

IV. THE o - ¢ TRANSITION IN IRON

Drummond38, in 1957, predicted the possibility of a rarefaction
(i.e. expansion) shock being produced by the unloading process in a
medium which has been forced through a dynamic (compressive shock
induced) phase transition. In the absence of such a phase transition
(or other peculiar phenomena39:40) the unloading process whould pro-
duce a rarefaction fan*,%1,%2 rather than a shock.

The intersection of two rarefaction waves results in tension“3,
and an adequate stress-time history“4s45 in the tension regime can
cause spallation (planar fracture). It has been shown by Duvall et alll
that the relaxation time with which the phase change induced mass
fraction approaches an equilibrium value has an important role in
determining the rise time (stress-time history) of the rarefaction
shock. Thus, since stress-time history is important to spallation,
it is to be expected that control of phase change parameters will
lead to some control over the satisfying of spallation criteria.
Such control could be important to the degree of vulnerability of
military armor.

* By fan we simply mean the stronger the unloading amplitude, the
slower the propagation velocity associated with that amplitude.

36




Among the material parameters which are important to the Duvall
et al relaxation time, percentage alloy (e.g. x in TixNil_x) and

impurity (and defect) concentration are probably the most significant.

External (or applied) parameters probably also play an important
role in the phase change spallation problem. The «-phase of iron is
ferromagnetic, and one would thus expect the presence of an externally
applied magnetic field to influence the transition. The analysis of
the previous two sections involved the dominant Fourier amplitude
of the applied strain disturbance. The relative strength of the strain
induced Fourier amplitudes is a function of the rise time of the
applied deformation, and that rise time can be influenced by impactor
structure. A long rise time can, for example, be achieved employing
an impactor of graded mass density (the low mass density region impact-
ing first).

At this moment the details of the above spall control concepts
are rather nebulous. There has, however, been some discussion in the
literature concerning the effect of an applied magnetic field on the
a »+ ¢ transition, and we will now concentrate on the physics relevant
to that effect.

Curran and Hornmann“®s%7 have performed shock experiments which
indicate that a magnetic field can reduce the dynamic transition
pressure by approximately 10 kbar. Barker and Hollenbach subsequently
performed a similar experiment“®, and found the transition pressure
unchanged to within approximately 1 kbar. To make the situation even
more intriguing, Curran and Hornemann“6°“7 have presented a derivation
which predicts an increasing transition pressure with increasing
magnetic field intensity.

We will now present a derivation which is identical in its essentials
to that of Curran and Hornemann except that it includes a magnetoelastic“?®
contribution.

Consider the Gibb's free energy>0, G, for a system composed initially

(i.e. at atmospheric pressure) of a« iron and in which the o and ¢
phases can exist in equilibrium at a pressure Pc(H) where ¢ denotes

critical and H is the magnetic field intensity.

G=E~TS +PY (108)
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o

where E is the total internal energy of the system, and S the entropy.
- dG = dE - TdS - SdT + PdV + VdP, (109)
but, assuming a rever<ible process, from the first law of thermodynamics
TdS = dE + PdV (110)
so that Eq. (109) becomes*

dG = - SdT + VdP. (111)

If it is now assumed that the temperature changes are insignificant
as compared to the pressure changes, then

P_(H
G (P.(H), T) - G (0,T) =f : )V(P,T,H) dp, (112)

0

where we include a V dependence on H in order to allow for magneto-
elasticity. The magnetoelasticity of interest here arises due to the
interaction of H with the ferromagnetic structure of the a phase.

The dependence of Pc on H only mirrors the fact that magnetostriction

makes a contribution to the effective elastic constants. Thus the
pressure necessary to achieve a given critical volume is magnetic
field dependent.

* In writing Eqs. (108) through (111) we have implicitly included
magnetic energy, proportional to H , in E. We have also assumed
that the magnetic field frequencies of interest are so small that
they do not make a separate pressure contribution and influence V
through the electrical conductivity related penetration depth.
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Now write Eq. (112) separately for each phase.

P (H)
C
6, (P (H),T) - 6M0,1) f V_(P,T.H) dP, (113)
0
P _(H)
6, (P (H),T) - th_”)(o,r) j ©V_(P,T,H) dP, (114)
0

where Eq. (114) represents an extension of the ¢ phase equation of
state down to P=0. But a system of two phases (i.e. o and ¢) which
are in equilibrium at constant temperature and pressure (i.e. at
constant PC(H) ) has the property5?

Ga(PC(H),T) = Gc(Pc(H)’T)' (115)

Thus upon subtracting Eq. (114) from Eq. (113) while using Eq. (115) gives

P_(H)

’ ):G(gH)(O,T) 4 GEH)(O,T)] =f {va-vc] dp. (116)

(o}

If the magnetic field contribution to GH(O,T) is treated as a
perturbation, then

(M) (0,T) = 6(0) (0,T) + g(H), (117)
where5!
g(H) = - 3 HWV (118)

In Eq. (118) M denotes the magnetic moment per unit volume, and the
factor of % arises from assuming that M is linear in H. Experimentally>?
it is known that the magnetic moment of the ¢ phase is zero (i.e. the ¢
phase is not ferromagnetic) so that g_ = 0. Furthermore, for H = 0,
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r ' P _(0)
-16.(%0.1) - 6 D0, =I N -V dp. (119)
L o - A=0

Thus, from Eqs. (116), (118), and (119)

PC(H) P (0)

%HMV =j (av), dp - [ % (av), dP. (120)

0 “0
Equation (120) allows a solution for 6P = PC(H) - PC(O). First

(AV)H is to be expanded to first order in H.

a(Av)H
(av),, = (aV) + ———| H (121)
H 0 oH
with the result
1 Pc(H)a(AV)H
> HMV (AV)O (6P) + H - dpP. (122)
0

0

If, in Eq. (122),the partial derivative with respect to H is set
equal to zero, one would essentially have the theoretical result of
Curran and Hornemann“6:47 with the consequence that &P would be
predicted to be positive. Let 6P, denote that value of &P.

(av), |

¢ 21
6P1 iT R HM. (123)

6P, will now be evaluated using the following values for the relevant
parameters in Eq. (123).
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cm3

53' - -
Volume terms>3: vu(130 kb, H=0) = 6.62 =r
B cm3
V£(130 kb, H=0) = 6.29 P
" " 3
Vo = 2 (V(l * VE)’ (AV)O = (VG. Vﬂ)» (124)
(av)
2 o® % 5,11 x 1077
Vo

Field Intensity“®: H = 2000 Ampere-turns/meter
Magnetization (M): M = KuOH- (125)

In Mks units e 4n x 10-7 Henrys/meter, and K is the dimensionless
susceptibilityS“. Substituting the above in Eq. (123) gives

sP = (4.9 x 10) Kk NEMONS - (4.9 « 1077 )K kbar. (126)
3

For o iron K has an approximate range of between 120 and 5 x 10
(depending upon previous magnetic history and H). A magnetic field
intensity of 2000 Ampere-turns/m (equivalent to 25 Gauss) is small
compared to the saturation magnetic field for iron of between 2 x 10
Gauss and 4 x 103 Gauss. Thus, while understanding that previous
magnetic history is most important for small values of H, it seems
most reasonable to use K = 2 yx 103 in Eq. (126), with the result

5P, ~ 10 kbar. (127)

The ¢ phase is not ferromagnetic, and its magnetostriction can
thus be neglected. Additionally we will assume that the o phase
magnetostriction is independent of stress, with the result that Eq.(122)
can be approximated by

(av) HP 3V

0 C o

(P) + —— = , (128)
Vo V0 oH o

"
=

HM

N —

a1




where for approximation purposes we have replaced PC(H) by Pc=130 kbar.

The problem now reduces to evaluating E!&

oH
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g
"

- 5.9 x 10”3 kb. | (132)

The most interesting aspect of 6P2 of Eq. (132) is its sign; the
sign of 6P2 indicates a decrease in transition pressure in the presence

of a magnetic field, in agreement with the experiments of Curran and
Hornemann. Of course Curran and Hornemann observed a decrease in
transition pressure of approximately 10 kbar, while our GPZ value is

three orders of magnitude smaller than the mentioned experimental
observations.

The most drastic assumption made in arriving at Eq. (132) is
probably that of stress independent mangetostriction. The applied
magnetic field as well as the shock wave each have an orientation
effect upon the magnetic domain structure in an iron sample. While
it is difficult to imagine how such an orientation interaction can
effect 6P2 by three orders of magnitude, that possibility should

not be immediately ruled out.

Barker and Hollenbach's“® experiments were carried out at with
an external field of H = 2000 Gauss, and observed P = 0 to within
1 kbar. But 2000 Gauss is equal to 1.6 x 105 Ampere-turns per meter,
and thus represents a magnetic field approximately two orders of
magnitude larger than that employed by Curran and Hornemann. It is
most interesting to note that, at least as far as the magnetostriction
effect is concerned (see Fig. 9), the different magnetic field
magnitudes give potentially radically different experiments. It thus
seems that further experiment and theory must be carried out before
this issue can be resolved. There is an applied motivation for such
further work; a &P > 10 kbar could play a role in the further engi-
neering development of tank armor; for a significant §P one could
envision a tank commander flipping a switch in order to magnetize
his vehicle just prior to an expected fragment impact.

V. CONCLUDING DISCUSSION
This report has been concerned with the interplay between phase
change effects and shock wave physics. The report represents a

summary of some beginning ideas on the subject.

Two motivated problems have been of main concern. The study of
shock induced structural phase transitions in metallic alloys was
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motivated by a desire to obtain a more efficient conversion medium
for use in an optically activated detonator. The consideration of
the effect of an applied external magnetic field on the « + ¢ phase
transition in iron was motivated by a desire to investigate the role
of some esoteric solid state concepts on the vulnerability of armor.

For the optically activated detonator problem our specific interest
was in the possibility that the shock induced transition might result
in avalanching of the amplitude of the propagating shock wave. Both
macroscopic and microscopic considerations are shown to be consistent
with the possible existence of such avalanching. In order to reach
more definite conclusions further work is necessary. That further
work includes more rigorous modeling of the macro and micro aspects
of transition physics as well as the seeking of solutions of equations
which are in the form of Eq. (102). The more rigorous modeling includes
replacing the assumption of Eq. (68) with better physics, and attempt-
ing to explicitly include shear (wave) aspects of the transformation.
The displacements associated with the room temperature transition in
NiTi correspond to shear modes, and the one dimensional approach
presented in this report has ignored that very important fact.

Although the report predicts a very small magnetoelastic contri-
bution (of the order of 10-¢ kbar) to the a - ¢ transition pressure
in iron, that prediction is very preliminary. Considerably more
work remains to be done in this problem area, for both magnetic
field influences, and with respect to the possibility of tweaking
other materials parameters which can be important to transformation
physics.
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