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Abstract

A simple continuum thermodynamic model of strain-induced nucleation at the tip of a dislocation pile-up is developed. This
model is applied to explain various mechanochemical phenomena. In particular, it explains why and how the superposition of
plastic shear on high pressure leads tagaificant (by a factor of 3-5) reduction of pbatransition’s and @mical reaction’s
pressure and pressure hysteresis, the appearance of new phases which were not obtained without shear, strain-controlled (rathe
than time-controlled) kinetics, or the acceleration of kinetics without changes in the transformation pressure.
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M echanochemical phenomena under high issues. Mechanosynthesis is another example. In this
pressure Letter, we will concentrate on the numerous experi-
mental results obtained in rotating Bridgman or dia-
Plastic strain-induced structural changes (SCs), mon(_j anvils[4-12} They ShOV_V that the adfjmon of
which include phase transitions (PTs) and chemical pla;tlc shear, due 1o the rotation of an anvi, Igad§ 0
reactions (CRs) under high pressure, are widespreadfmd'ngs that have both fundamental and applied im-
in nature, physical experiments, and modern technolo- portance. .
gies. One ofthe mechanisms of deep earthquakesis re- (1) The volume fraction of the new phase or the
lated to the instability causeby shear strain-induced reaction pr_oduct is anincreasing function of the plastic
PT [1]. Shear ignition of energetic materig 3] is shear strain. When rotation stops, SC stops as well

subject to intensive study with the goal to assess safety [6:8] Therefore, strain-controlled (rather than time-
controlled) kinetics is considered.

(2) The rotation of an anvil leads to a significant (in
E-mail address: valery.levitas@coe.ttu.edu (V.I. Levitas). some cases by factor 3-5) reduction of[?;B,11]and
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CR[6] pressure. For some PTs (e.g., in InSb, InTe, Ge planation of the reduction of CR pressure by a fac-

and Si[8]), direct PT pressure under shear is lower tor of 3-5, the strongest defect is required like pile-

than the equilibrium pressure and even lower than up consisting of~ 20 dislocations (see estimate after

the reverse PT pressure under hydrostatic conditions.Eq. (6). If the dislocation pile-up would not be able to

At the same time, it was found if#] that for some explain such an effect, none of the other defects could

PTs (PbQIl < PbQll, calcite <» aragonite, quartz ~ help and new physics would be required. However,

< coesit) additional shear does not change the PT we do not exclude that for some materials with the

pressure at any temperature; however, it significantly weaker effect of shear stress on SC pressure, other de-

accelerates PT kinetics. fects (grain and subgrain boundaries, twins and stack-
(3) Plastic shear reduces pressure hysteresis, i.e.,ing faults) may be more important. For these defects,

the difference between the start pressure of direct andsome points in the approach of this Letter can be ap-

reverse PT7,8]. plied as well. Note that under high pressure, even brit-
(4) Rotation of an anvil leads to the formation of tle materials can undergo large plastic deformations by

new phases which were not produced without rotation dislocation mechanism, so our model is applicable for

[6,9], in particular, phase V of fullerenegg[10,11] them as well. We hope that this first conceptual paper

which is harder than diamond. in the field will lead to future systematic experimental
Despite the fundamental and applied significance and theoretical studies.

of the effect of plastic shear on SCs, there have only

been our attempts to develop the corresponding theory

at the macroscalgl2]. Despite the interesting results  Net ther modynamic driving force for structural

(PT is induced by rotational plastic instability; and changes

pressure for an irreversible PT from rhombohedral to

superhard cubic phase of BN reduces from 55 GPa  For a solid—solid SC, the transformation straip,

under hydrostatic conditions to 5.6 GPa under plastic transforms a unit cell of the stress-free parent phase
straining), macroscale theory is not sufficient for into a unit cell of the stress-free product phase. In
quantitative analysis. the simplest case, when the temperatérées fixed

It is well-studied that strain-induced nucleation, gnd homogeneous in a transforming volume and the
e.g., in TRIP steels at normal pressure, occurs at NeWchange in the elastic moduli is neglected, the net

defects generated during plastic flow. However, we are thermodynamic driving force for S&, in the volume
not aware of any experimental or theoretical work for v, hounded by surfac# is [16]:

materials compressed and sheared in diamond anvils

which F=X-K)V,
€12
(a) determines the nucleating defects; =//T:de,dvn —(AYO) + KV, —TX. (1)
(b) describes theoretically its effect on nucleation;
and Va O
(c) tries to describe phenomena 1-4 in the introduc- Here X is the driving force for SC, which represents
tion. the dissipation increment due to SC only (i.e., exclud-

ing plastic dissipation) during the entire transforma-

In this Letter, we consider one possible mechanism tion process, averaged over the transforming region;
of intensification of SCs in crystalline materials by the K is the athermal dissipation due to SC related mostly
stress concentration created by the dislocation pile- to interface friction;T is the stress tenson\y is the
up. Dislocation pile-up is the strongest defect used to jump in the thermal part of the free energy;is the
model slip transfer from grain to grajd3], temper- surface energy, and the indices 1 and 2 denote the val-
ature induced martensitic P[L4], and deformation  ues before and after S@;:B = A;; B;; is the contrac-
twinning [15]. Our model has some distinctions and tion of tensors over two indices.
will allow us to explain the above (and some other) The key point ofEq. (1)is that it takes into account
phenomena and find controlling parameters. For an ex- the whole history of stress tensor variation during the
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. P wherer is the current radius of the points of nucleus

ando is the normal stresses along sideandc. This

oL 2 will give us the lower bound since, for small distances,
o the stress for pile-up varies as/2; however the
| dislocation pile-up analytical expression is too complex for close-form
» ) )
_4_‘ T o e integration. Note that stresses through the factor
rl = — nucleus T It = 7MN|I’| 3)
7(l—v)
are proportional to the number of dislocations in a
<T—I7 pile-up, i.e., they can be extremely hi§tB]. Hereb
P is the Burgers vector. Calculating the transformation
Fig. 1. The nucleation scheme at the tip of dislocation pile-up. Work. and maximizing it with respect to angfe one
obtains
tang = - F=AL?+BL
transformation process, which depends, in particular, ¢ = v’ - + 55,

on the interaction of the transforming region with 5 . 2
the surrounding material. For elastic materials, the 8 :=Itbye"+y“nin— —AaIb,

expression forXV, coincides with the change in 4 _ ,, _gry,

Gibbs free energy of the whole systéh®]. 5 2 5
Assume that plastic flow occurs by the activation ¢ = (P& + 7y =AY — K)dn —n 4s(e*+v°).

of Frank—Read or Koehler sources and motion of The cut off radius of dislocation is taken aswhich

generated edge dislocations to a barrier (e.g., grain, underestimates the transformation work.

twin or subgrain boundary). Dislocation pile-up of

length [ assists in nucleating of the second phase

region. A nucleus will be considered as a pill-box with  Thermally activated nucleation

sizes 4 x 2¢ x b, withn =c¢/L « 1 (Fig. 1), inclined

under angleg in the pile-up direction. Plane stress If B <0, which is the case for the weak or no dislo-

and small strain formulations are used. Transformation cation pile-up and low, then SC is possible fot > 0

strain g, in the nucleus is an invariant plane strain only and requires thermal fluctuations. Designating

consisting of shears,.By, along the sided. andc, B = B/(4b), substituting critical nucleus length. =
and the normal straim, along side. External stresses  _B/(24) in the equation for the activation energy
have normap and shear components, whereis the Q = —F, and minimizingQ with respect tob, one
resolved shear stress for the dislocation motion. obtainsh = 16I'n/a, A = 8I'n, Q = 128'nB?/a>.

The total stresd’ = o + 0es+ 04, Whereo, oes, For an observable nucleation rate it is usually assumed

and o4 are the contributions from external stress, (Q = 40k#, wherek = 1.38 x 10722 Nm/K is the
internal stresses due to transformation strain (Eshelby Boltzmann constant. Solving this equation farone
inclusion stress), and dislocation pile-up, respectively. obtains

The work ofe ¢sis estimated for an ellipsoidal cylinder

2.2
of infinite length with semiaxed. and¢, and itis ~ ,_ Ay + K +ns(e” +y7) + rjr
5k6n

equal to the energy of such an inclusion, iJa.7] € €

—4bn®L%s(e?+y?). Heres = u /(8(1—v)), u andv v 1 [rn A2 2

are the shear modulus and Poisson ratio, respectively.  — t(; + 2\ 500 (1+ (;) ) In ;)- (4)

The stress field of the pile-up will be approximated by

the stress field of the superdislocatids] SubstitutingAy = 1 GPa,K = 0.5 GPa,e = 0.1,
_ y =02, 1 =80GPay =03, =0.1N/m,/ =2 x

o lrsing _ [t cosp @) 10" m andn = 0.1, one obtains the relationshjgr)

2 r’ 2 r (p andt in GPa) for various temperaturelig. 2). All
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Fig. 2. Dependence ofGSpressure on shear stress for the pile-up
length/ =2 x 10~7 m and various temperatures (K): (1) 1000; (2)

500; (3) 400; (4) 300.

plots intersect at the point correspondingite= 0 and

barrierless nucleation. The smaller the temperature is,
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Fig. 3. SC pressure versus teenature for several values gfl = 7/
(10—9 GPam) (number of dislocations): (1) the equilibrium PT line;
(2) 5.6; (3) 5.2; (4) 4.0; (5) 2.0.

the stronger the effect of shear stress is. If the term and Eshelby energy are negligiblg©) represents an

with y /e is negligible,p depends on the combination

7l. Foro = 300 K, one gety = 24.2 — 23327. The

equilibrium line between phases. Since the tenmie
in Eq. (4)is negligible, the effect of both external and

effect of shear stresses is much more pronounced forinternal shear stresses can be expressed in terms of the
a thermally activated than for barrierless nucleation. number of dislocations in pile-up (sé&j. (3).

However, because shear stress is limited by the condi-
tion B <0, i.e.,t <0.030 GPa, the minimal pressure

for thermally activated nucleation is 17.24.

Let us begin with the case, wheM = N, (i.e.,
tl = 1;l,), then Egs. (4) and (5)give practically
the same result. IrFig. 3, relationshipsp(9) are

For relatively weak defects, one has to take into plotted for the equilibrium PT linep = f(6) =
account preexisting defects because they can producel0 + 6/100, and for lines described yg. (5) (or
a comparable stress concentration. Dislocation pile- Eq. (4) for several values ot;l/, = tl/. Deviation
ups observed at zero external stresses are equilibratedrom the equilibrium line is a kinetic effect which

by internal stresses, e.g., due to friction, misfit strain

or other defects.
By utilizing Eqg. (3) the internal shear stress

decreases with temperature growth. Let, erg, =
5.2 x 102 GPam with no external stresses. Above
some temperature, s@y~ 500 K, deviation oEq. (5)

in the absence of external stresses can be estimatedfrom the equilibrium line is within the experimental

which are caused by a preexisting (subscpiptlislo-
cation pile-up of lengtli,, consisting ofN,, disloca-
tions. Then at zero external shear stress,0, Eq. (2)
is valid with 7; and, substituted forr and/, and
Eq. (4)can be transformed to

— 0 r r
p=f( )+;‘,—5k9n
' I'n y 2 2

The first term inEq. (4)is designated ag (9), where

error, and the experimental kinetic curve can be used
to determine the ‘equilibrium’ phase diagram.

By applying an external stress, we do not change
the local stresseg ando; due to preexisting pile-up
and the ‘equilibrium’ phase diagram (as is observed
in experimentg4]), if the number of dislocations/,
in pile-up does not change. In fact, for any giv&p,
the local stresses are independent of applied stress
(external plus internal), se€gs. (2) and (3)

However, an external stress produces new dislo-
cation pile-ups. After exhausting all preexisting de-
fects, kinetics of pressure-induced PT is saturated. For

p = f(0) represents the equation of the SC line strain-induced nucleation, many more defects can be
for an infinitely long waiting time in the absence of generated and more product phase can appear. This
external and internal shear stresses and defects. If was observed in experimeng for PbQl — PbOll
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PT: kinetics with shear is much more intensive. If 17.64— 2t —1.828x 10~8N/L, whereL isin m. The

N > N, (vl > 7;lp), in particular when new dis- larger the nucleus is, the smaller the effect of pile-

locations are generated in preexisting pile-ups, e.g., up and shear stresses. For an infinite nucleus, which

7l = 5.6 x 109 GPam, then external shear again does corresponds tol = 0, we havep = 17.24 — 2r. For

not change ‘phase equilibrium’ conditionBig. 3), 2L =50 nm and/ = 10° nm, Eq. (6) simplifies to

but reduces the temperature at which PT occurs at p =17.64—68.99r >~ 17.64—0.731N. For a minimal

‘phase equilibrium’ conditions, as it occurs in exper- valuer =5.97 x 103, determined from the condition

iments[4]. B =0,onehap =17.23.Fort =0.2 (N ~19),p =
3.84, i.e., the reduction of SC pressure by a factor of
3-5 and higher can be justified using the above model.

Barrierless nucleation Fort = 0.256 (V >~ 24), p = 0, which is essentially
lower than the SC equilibrium pressuge, = 10, and

If B > 0, which is true for the strong dislocation even the reverse SC pressure @i @nder hydrostatic

pile-up and larger, even forA < O for a relatively conditions.

small L, one hasF > 0. That shows that barrierless Barrierless nucleation, which does not require ther-

nucleation occurs independent of the magnitude of mal fluctuations, explains the strain-controlled rather

A and pressure. However, the equilibrium value of than time-controlled kinetics. Indeed, the prescribed

L, = —B/A, determined from the conditioR” = 0, strain increment generatekslocation pile-ups with
depends om. If we takel” = 0.1 N/m (typical value barrierless, i.e., very fast nucleation and growth of
for semicoherent interface for steelg)= 0.1, = 0.1 the new phase up to the length. For the observa-
andy = 0.2, then the criteriorB > 0 results inlt > tion time of 1 s, this looks like instantaneous SC. As

5.97 N/m. This condition can be easily satisfied for straining stops, no new defects and nuclei appear and
reasonable values efand/, e.g.,t = 0.1,/ =60 nm the growth of the existing nuclei is thermodynamically
or/ =1 pum andr = 0.006. For a coherent nucleus impossible.

for ferrous and nonferrous alloyd; = 0.01 N/m Pure hydrostatic pressure in homogeneous systems
which makes barrierless nucleation even easier. Let does not cause plastic flow and the appearance of
us define the effect of shear stress on SC pressurestrong stress concentrators, which explains the unique
for a detectable size of nucleus, using conditioa- role of shear stress and strains on SC. Even for
—B/A, i.e., y = 0 (e.g., for isostructural, electronic PTs in Ce

/o 1 A K 2 2 and its alloys), i.e., when does not contribute to
p= _( + )+ V+K+nsEe™+y9) transformation work,Eq. (6) exhibits a significant

b ' nL

€ & effect oft on p because of the pressure concentration
y 1 y 2, o at the tip of the pile-up (se€q. (2)).
-7 (E + 2 1+ (—) 7 In —). (6) One of the conditions of applicability of the above
n

model is that the dislocation pile-up does not activate
The main parameter which determines the reduction alternative mechanisms of stress relaxation like dis-
of SC pressure due to shear strességlis The char- location slip, twinning, or fracture. This limits maxi-
acteristic size of the strain-induced unit in steel is mum<t by 7., necessary for the activation of alterna-
100 nm, soL = 50 nm. Parametet depends sig- tive relaxation mechanisms, as well asStressrt, is
nificantly on microstructure and is limited, approxi- not smaller than the macroscopic yield stress in shear,
mately, by a quarter of the grain size. If we tdke 1— which was taken into account in the rangerah the

10 pm, then//L = 20-200. In this case, the effect above estimates. If only SC and dislocation slip com-
of macroscopic shear stress is negligible in compar- pete, then any increase in the strain rate has to pro-
ison with the effect of dislocation pile-up, and the mote the SC, similar to competition between slip and
SC pressure can be reduced significantly. Substituting twinning[15]. For slip, higher shear stress is necessary
the same numbers as before a@ne- 10°° m, |b| = for higher strain-rate, which increase# Eq. (6) In-

3 x 10719 m, neglecting the term 1&/L and using deed, some experiments show significant reduction in
Eq. (3) one obtaing = 17.24— (2+ 1.679 /L)t = PT and CR pressure under increased strain[Ea83.
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