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Fifteen mechanochemical phenomena observed under compression and plastic shear of materials in a rota-
tional diamond anvil celfRDAC) are systematized. They are related to strain-induced structural ch&@@gs
under high pressure, including phase transformatidtts and chemical reactions. A simple, three-scale
continuum thermodynamic theory and closed-form solutions are developed which explain these phenomena. At
the nanoscale, a model for strain-induced nucleation at the tip of a dislocation pile-up is suggested and studied.
At the microscale, a simple strain-controlled kinetic equation for the strain-induced SCs is thermodynamically
derived. A macroscale model for plastic flow and strain-induced SCs in RDAC is developed. These models
explain why and how the superposition of plastic shear on high pressure le@satsignificant(by a factor
of 3-5 reduction of the SC pressur@)) reduction(up to zerg of pressure hysteresi§;) the appearance of
new phases, especially strong phases, which were not obtained without(dhstigin-controlledrather than
time-controlled kinetics, or(e) the acceleration of kinetics without changes in the PT pressure. Also, an
explanation was obtained as to why a nonreacting matrix with a yield stress Kigham) than that for
reagents significantly acceleratafows down the reactions. Some methods of characterization and controlling
the SCs are suggested and the unique potential of plastic straining to produce high-strength metastable phases

is predicted.
DOI: 10.1103/PhysRevB.70.184118 PACS nuni®er64.60—i, 46.35+z, 64.70.Kb
[. INTRODUCTION bonding—lowest unoccupied antibonding molecular orbital

energy gap. However, in RDAC, SCs do not occur without

Mechanochemistry studies the effect of nonhydrostatigplastic shear despite the fact that the friction shear stress and
stresses and plastic strains on various structural changesnsequently elastic shear of the same magnitude are present
(SCs9, which include chemical reaction€R9 and phase at compression without or after anvil rotation. Some other
transformationgPT9. SCs under high pressure and plasticideas are presented in Refs. 7 and 8. Howethere has not
shear are widespread in natyeeg., in geophysigsphysical  been any theory describing thermodynamic and kinetic cou-
experiments, and modern technologies. In particular, one gfling between plasticity and SC and any one of the above
the mechanisms of deep earthquakes is related to the instaxperimental effectdn Ref. 9, themacroscopictheory of
bility caused by shear strain-induced P$hear ignition of plastic flow in the sample was developed, which explains
energetic materiads is subject to intensive study with the qualitatively some of the above phenomena. One of the note-
goal to assess safety issues. Mechanosyntliesisiechani-  worthy confirmations of our approach is that of obtaining an
cal alloying), i.e., strain-induced synthesis of various chemi-irreversible PT from rhombohedral rBN to superhard cubic
cal compounds by ball milling, is another exampM/e also  c¢BN at a low pressure of 5.6 GPa, instead of 55 GPa under
mention the importance of mechanochemical processes fdrydrostatic conditiond®!! More quantitative analysis, how-
understanding friction and wear, shear-induced metallizationever, shows that a macroscopic approach is not sufficient for
and oxidation. The most fundamental results in strainthe explanation of the above phenomena, even at the order-
induced SCs were obtained in a rotational diamond anvil celbf-magnitude accuracy.
(RDAC) (Fig. 1). After compression of the materials in In this paper, we developedraultiscale continuum ther-
RDAC, a very high pressure is produced in the center of thenodynamic and kinetitheory which explains the key phe-
specimen, which leads to a number of SCs. It is known froomomena occurring duringtrain-induced SCsunder high
numerous experiments that the addition of plastic shear, dueressure and allows us to developew characterizatiorof
to the rotation of an anvil, leads to findings that have bothPT and CR under plastic deformation, as wellnasthods of
fundamental and applied importance. In particular, it leads t@ontrol of SCs The theory is based on a general theory of
(a) a significant(by a factor of 3—%reduction of SC pressure SCs in plastic materials, which we developed in Refs. 9 and
and pressure hysteresib) an appearance of new phas@3, 12 (see Sec. llJ, and closed-form solutions for stress and
a substitution of a reversible PT by an irreversible PT, andstrain fields that we found. We believe that our models will
(d) strain-controlled kineticgsee Sec. )l Grinfelc® assumes be applicable for various materials and loadings. This belief
that acceleration of CR is caused by rapid corrugation ofs supported by results described in item(&&c. l)). At the
reaction interfaces triggered by the shear stress driven reananoscaléSec. 1V), the main reason for the above phenom-
rangement instabilities. Gilmérsuggests thaglastic shear ena is related to thetrain-inducedrather than pressure- or
strain can accelerate CR by lowering the highest occupiedtress-induced SCs. Strain-induced SC occurs by nucleation
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FIG. 2. Radial pressure profiles in a fullerene sample bafbre
and after(2) a shear straitiRef. 20.
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FIG. 1. The scheme of compression and shear of materials in a
rotational diamond anvil cell. Material is compressed by an axialSec. IX, our analysis of various examples which we consid-
force, P, followed by the rotation of one of the anvils with an ered is summarized as possible ways of controlling SCs by
angular velocity,w,. the purposeful control of the thermomechanical loading pro-

cess and microstructure.

on new defects generated by plastic flow which produce Direct tensor notations are used throughout this paper.
strong stress concentrations. We developed a model of nucl¥ectors and tensors are denoted in boldface typeB
ation at the tip of the dislocation pile-up. It can also be ap=(A;Bj) andA:B=A;B;; are the contraction of tensors over
proximately applied to nucleation at strain-induced tilt one and two nearest indices. The indices 1 and 2 denote the
boundary, produced by intersection of slip bands, twins, andalues before and after the SG means equals per defini-
bundles of stacking faults, including intersection with graintion, andl is the unit tensor.
boundaries. It is demonstrated that shear stress can lead to
the substitution of thermally activated nucleation with barri-
erless nucleation and significantly reduce SC pressure for Il. EXPERIMENTAL PHENOMENA
direct SC, as well as increase SC pressure for reverse SC. At
the microscal€Sec. V), a new strain-controlled kinetic equa-  Researches of PT and CR in rotational Bridgman anvils
tion is developed which takes into account the possibility ofwere reported in Refs. 8, 13, and 14. Blastkal. developed
direct and reverse SC and the difference in the plastic straithe RDAC and obtained a number of very interesting results,
in each phase because of the different yield stress of theee Refs. 15-19. The mechanical aspects of material behav-
phases. The conditions for zero-pressure hysteresis werer in RDAC were analyzed in Ref. 20. Recently, experimen-
demonstrated. At the macrosca®ec. VI, plastic flow and tal research using RDAC was initiated in the United States.
SC in RDAC are described. Changes in the SC condition8elow, we enumerate and systematize some experimental
due to the rotation of the anvil are related to the possibility ofphenomena, which occur during the compression and shear
additional axial displacement, which compensates for a volef various materials in RDAC. These phenomena are impor-
ume decrease due to SC and increases pressure and plaséot for the analysis of the effect of plastic strain on high-
strain. The pressure self-multiplication effect is described. Ifpressure SCs.
is also obtained that the rotation of an anvil can lead to new 1. Plastic shear significantly reducgsy a factor of 3—5%
phases, which were not obtained without the rotation of theSC pressure for some PTRefs. 15, 16, 18, and 20and
anvil. These solutions predict the unique potential of the ro-CRs® At the same timé&? for some PTgcalcite— aragonite,
tating anvil method to produce high-strength metastableuartz— coesiy additional shear does not change the PT
phases. In Sec. VII, a method of experimental characterizggaressure at any temperature; however, it significantly accel-
tion of strain-induced SCs is substantiated. The differencerates PT kinetics.
between pressure- or stress-induced and strain-induced SCs,2. Small “steps”(regions with almost constant pressure
which is not appreciated by the high-pressure community, isire found at the very heterogeneous pressure distribution
discussed. It is shown that the only complete characterizatio(Fig. 2).161829These steps correspond to two-phase regions
of strain-induced SCs can be obtained with the help of ddiffuse interfacesin which PT occurs. It is suggested that
strain-controlled kinetic equation which parametrically de-the pressure at these steps characterize®® FTHowever,
pends on pressure; an example of such an equation is givéhere is no theory supporting this hypothesis.
in Sec. V. The possible experimental procedures are outlined. 3. Plastic shear reduces pressure hysteresis, i.e., the dif-
In Sec. VIII, a combination of nano-, micro-, and macroscaleferenceAp between the start pressure of direct and reverse
models is used to summarize the explanation and interpret&®T=® in some cases to zet6 From this, it was claimed that
tion of 15 experimental phenomena described in Sec. Il. Inhe pressure at the diffuse interface under compression and
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shear can be interpreted as an equilibrium pressure. As we 15. Without PT, pressure distribution is practically inde-

will show below, this is not true. pendent of rotatiol¥?° and of the complex deformation
4. For some PTle.g., semiconducter metal in InSb, history?®
InTe, Ge(I—11), and Si(l—1I) (Ref. 15], direct PT pres- More detailed description of the above phenomena can be

sure under shear is lower than equilibrium pressure. It is als@pund in Ref. 25. There are a number of problems which we
lower than the reverse PT pressure under hydrostatic condivould like to address in this paper. What are the main rea-
tions. _ ] ) sons for the above effects and some of the above contradic-
5. Plastic shear leads to new phagemterialy which  tions? Is it possible to define the equilibrium pressure in
were not produced without rotation. As examples, we Canyperiment using the RDAC technique? How do we charac-

mention phase V of fulleren€e (Fig. 2) (Refs. 16 and 2D (arize and describe high-pressure SC under plastic straining?

(which is harder than diamoindthe macromolecular prod- ) _ : : an
ucts of methylmethakrylate and maleic anhydride, an(JgS the pressure-temperature-shear diagram informative? The

othersd:23 oals of this paper ar@) to develop a first conceptual three-
6. Shear deformation substitutes a reversible PT with a |?;Ii\thﬁgi{rrig;izgiw;r;?:)li)cveed Sh(én%r;ge?(g?%'tato Fx?rl]?s'n n
irreversible PT, e.g., for PT graphitehexagonal diamon#f. PP P PPly

Consequently, the rotation of an anvil allows production Oftheory for the interpretation of measurement of SC pressure

phases which are metastable at normal pressure and can @ad the characterization of strain-induced SCs under high

used in engineering applications. These results indicate th&€Ssurei(c) to find and systematize possible methods to
shear deformation increases pressure hysteresis, which is §@ntrol the SCs which can be used in physical experiments
contradiction with the results in item 3. and engineering practicégl) to outline new coupled theoret-

7. The volume fraction of the product phase is an increasical, experimental, and modeling problems based on new un-
ing function of the rotation angle and consequently of thederstanding gained from the developed theory.
plastic shear strain. When the rotation stops, PT stops as well Ultimately, it is necessary to develop a theory which will
(see Ref. 15 for PT and Ref. 8 for GRTherefore, a allow computational modeling of strain-induced SCs and

pressure-temperature-shear phase diagram is sughested comparison of SCs in various high-pressure apparatuses and
and strain-controlled kinetics is considered. various loadings. Consideration at the nanoscale will be done

8. The rate of solid-state CR increases by a factor ofor crystalline solids. Microscale and macroscopic treatments
10?-10P with shear strain compared with liquid-phase CR,can be applied, probably for any matenz_il. The fact that the_
e.g., for some polymerization reactions in acrylamide, sty-2Pove phenomena are observed for various PTs and CRs in
rene, and butadierfeHeating due to plastic flow is not sig- Various classes of materials suggests that there are soime

nificant and the existence of hot spots where the material j¥ersal microscopic (at the scale #f-1000.m) and macro-
melted cannot explain high rates of €R. scopic (at the scale of the sample) reasons for them, inde-

9. Sometimes, under rotation of an anvil under a fixegP€ndent of specific atomistic and nanoscale mechanisms of
compressive force, the pressure grows in the transformingC and material systerfror convenience, compressive stress
region despite the volume decrease due tdFF20This is pressurg and strains will be considered as positive. Refer-
the so-called “pressure self-multiplication effeqfig. 2, ~ €nce to ‘item 3" means item 3 in Sec. |I.
which represents a violation of the Le Shatelie principle. At

thed Samhe ;12‘1%' the pressure reduces for Pl in G, \ET DRIVING FORCE FOR STRUCTURAL CHANGES
uncder snear. . . . IN INELASTIC MATERIAL

10. The rate constant for CR in organic compounds in the
presence of an indifferefhonreacting matrix depends lin- As a main geometrical characteristic of the SCs, we con-

early on the yield stress of the matfiYA matrix with the  sider transformation strain. For martensitic PT, transforma-
yield stress highe¢lower) than that for reagents acceleratestion strain, &, transforms a crystal lattice of parent phase
(slows down the CR. (austenitginto a crystal lattice of product phagmartensite

11. An increase in deformation rate reduces PT pressurgor solid-solid SCs, including reconstructive PTs and GRs,
for PT in InSb!® KCL, and RbCI(Ref. 24 and accelerates transforms an infinitesimal volume or unit cell of the stress-
decomposition of some oxidé$.It does not affect the vol- free parent phase into an infinitesimal volume of the stress-
ume fraction of the polymer producéd. free product phase. In the case of CR, both materials, before

12. Plastic straining changes the transformation path. and after the CR, can consist of several substances. For brev-
For example, it causes—+I1ll — Il PT instead of -1l for ity, we will use the term “phases” in this case as well. We
PTs in Ge and Si>*® neglect all internal atomic displacemerttsg., shufflepin-

13. Pressure hysteresis for PT after preliminary plastiside the volume under consideration, even if they represent
deformation is proportional to the material hardness and corthe primary(i.e., responsible for material instabiljtyprder
sequently the yield stre§g224 parameters and, is the secondaryinduced order param-

14. Regardless of the method used for creating the higleter. The stress tensor does not produce work on these dis-
pressure and shear deformation conditiorigating anvils, placements and we assume that they are expressed in terms
shock wave, extrusion, extrusion through an annual gap witlef £ by energy minimizatio® This is the usual practice in
simultaneous rotation of doynthe same reactions occur thermodynamic study of reconstructive fedcc and fcc
which do not occur at the usual compression up to a pressure-hcp PTs in ferrous and transition-metal all@ysThis is
of 8 GPal also similar to classical thermodynamics of hydrostatically
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loaded solids; when independent of the type of SCs, pressuparatus under different conditioris.g., geometry and prop-
produces work on volume change. In our approach, the stressties of a gasketdiffers significantly. Another important
tensorT produces work on the transformation strain tensorpoint is that the driving forc€l) takes into account the stress
We define the SC as a thermomechanical deformation praensor rather than the pressure only. For elastic materials, the
cess of growth of transformation straiy from & in the  expression foiXV, coincides with the change in Gibbs free
initial phase to the final value,, in the product phase, which energy of the whole systef,i.e., like in a standard ap-

is accompanied by a jump in all the thermomechanical propproach. The valu& can be different at different scales, and
erties. For the description of SC in an elastic solid, the prinit seems to be a very complex functional of the thermome-
ciple of a minimum of Gibbs free energy is usually used. Forchanical deformation process and the material microstruc-
inelastic materials, a corresponding principle has been lackure. However, at the macroscale, we fotitidthe surpris-
ing. It was necessary to develop a conceptually new apingly simple formula

proach and to verify it by explanation and interpretation of a

number of experimental phenomena. A general thermome- K=Laye,, (2)

chanical theory of SCs in inelastic materials, developed b)o\,heregy is the yield stressg, is the volumetric transforma-
the author, is presented in Ref. 12 and references therein; sggn strain, andL is the coefficient given for some materials
also the review in Ref. 25. It was applied to find a number ofin Refs. 9 and 12. Thus, preliminary plastic deformation,
analytical and numerical solutions which were used for in-increasingp-y due to strain hardening, suppresses SCs. There
terpretation of experiments. They, in particular, include theare a lot of sources of dissipatishdue to SC. These include
following: SCs in spherical inclusion with application to interaction of a moving interface with various defects, e.g.,
graphite-diamond P{Refs. 9 and 1¢ PTs and CRs in shear point defects(solute and impurity atoms, vacanciesislo-
band with the revealing reaction-induced plastici®IP)  cations, grain, subgrain, and twin boundaries; precipitates;
phenomenor;*? interaction between PT, semicoherence anchnd the Peierls barrier. The parametércharacterizes an
fracture?® strain-induced nucleation at the shear-band interinteraction of moving interface and material microstructure,
section in TRIP steet! appearance and growth of a small anda, is an integral characteristic of microstructure because

temperature-induced martensitic plate with application to thastic flow represents motion of dislocations through the
plate-lath morphological transition in ste€2and low pres-  same obstacles.

sure PTrBN— cBN and revealing PT induced by the rota-
tional plastic instability phenomendf.
We will only use the simplest form of equations necessary

for our study. To avoid unnecessary complications, we will  stress- and pressure-induced SCs occur predominantly by
use a small strain formulation. Finite strain theory and someycleation at existing defects when external stresses do not
analytical and numerical solutions can be found in Refs. 12gyceed the macroscopic yield limit,. Strain-induced SC
25, and 30. Our experience shows that allowing for finitegccyrs by nucleation at new defects generated during plastic
strain does not change conceptual conclusions, which are thgyy. |n metals, strain-induced PTs at normal pressure occur
main goal of this work. We need to describe very strongat strain-induced tilt boundaries, produced by the intersection
effects, which allows us to neglect all second-order contribuyf s|ip bands, twins, and bundles of stacking faults, including
tions. In the simplest case, when the temperature fixed  jntersection with grain boundariéWe are not aware of any
and homogeneous in a transforming volume and elastic propsxperimental or theoretical work for materials compressed
erties of phases are the same, the net thermodynamic drivinghg sheared in diamond anvils tt{a} determines the nucle-
force for SC in the regioV, bounded by surfac& is as  aiing defects(b) describes theoretically its effect on nucle-
follows:*2 ation, and(c) tries to describe phenomena enumerated in
Fi= (X=K)V Sec. Il. The lack of specific models does not allow one to
= n . -
Blastc strain on SC pressure and for explanaton of some
- JV fo T:dedVn— [Ay(6) + K]V, - L Fdx. (D other above-mentioned phenomena. It is also unclear which
" and how material and loading parameters affect the above
HereX is the driving force for SC, which represents the totalphenomena.
calculated dissipation increment due to SC diky., exclud- Let us consider one possible mechanism of intensification
ing all other types of dissipation, e.g., plastic dissipation of SC by the stress concentration created by dislocation pile-
during the entire transformation process, averaged over thap. Dislocation pile-up is considered as a strong defect used
transforming regionK is the athermal dissipation due to SC to model slip transfer from grain to grath,temperature-
related mostly to interface frictionA is the jump in the induced martensitic P¥ and deformation twinning® The
thermal part of the Helmholtz energy; ahdis the surface importance of dislocation mechanisms for CR is discussed in
energy. The key point of Eq1) is that it takes into account Refs. 2 and 8. Our model has some distinctions and will
the whole history of stress variation during the transforma-allow us to analyze the effect of shear stress on SC pressure
tion process, which depends, in particular, on the interactiomnd kinetics. Transition from thermally activated to barrier-
of the transforming region with the surrounding material.less nucleation at some level of shear stresses is revealed.
This may ilustrate that the PT pressure obtained not only ifFor an explanation of the reduction of SC pressure by a
different high-pressure apparatuses but also in the same afactor of 3-5, the strongest defect is required, such as pile-up

IV. NANOSCALE STUDY
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l G straing, in the nucleus is an invariant plane strain consisting
7 5 of shears, 0.5, along the side& andc (due to symmetry of
g, and normal straing, along sidec. Allowing for other
2 2¢ components of transformation strain is trivial and does not
change our main conclusions. External stresses have normal,
‘ dislocation pile-up o, ando,, and shears, components, whereis the resolved
o shear stress for dislocation motion, i.e., the yield stress in
L LK & shearr,. To estimate the driving force, one has to calculate
Tl < / > the transformation work

nucleus

O;

&t
A= J J T:dedV,, T=0+ 0+ 0y, €)]
vy Jo

i T where o, o5 and oy are the contributions to total stre$s
i . .

from external stress, internal stresses due,t@Eshelby in-
clusion stresg and dislocation pile-up, respectively. Stresses
o and o4 are independent of,. For the external stress, the
Mohr transformation is used. The work of. is estimated
for an ellipsoidal cylinder of infinite length with semiaxkes
andc. We havé* o.=-une/(1-v), te<=—uny/(1-v), and

FIG. 3. The nucleation scheme at the tip of dislocation
pile-up.

consisting of~20 dislocationgsee the estimate belgwif
the dislocation pile-up would not be able to explain such an oo _ ¢ 7
effect, none of the other defects could help and new physics v.Jo esdEdVy = ml.ch 0 el + 0 Tesly
would be required. However, we do not exclude that for " " o

some materials with the weaker effect of shear stress on SC =~ 4brPL%s(e? + 1), (4)

pressure, other defeafgrain and subgrain boundaries, twins, wheres=um/[8(1-1)], and u and v are the shear modulus

and stacking faultsmay be more important. The dislocation and Poisson ratio, respectively. The stress field of the pile-up

pile-up is approximated in this paper by superdislocation,_ . . : .
Since tilt boundary is approximated in Ref. 27 by superdis—W'” be approximated by the stress field of superdislocatfon,

location as welkfor temperature-induced P)Tsour analysis _lrsing  Ircos¢

can be approximately applicable to strain-induced tilt bound- TS T T (5)

aries mentioned above. Note that under high pressure, even ) ) .

brittle materials can undergo large plastic deformations by dherer is the current radius of the points of nuclemsea-

dislocation mechanism, thus our model is also applicable t§ured from the pile-up tip and 7, and o are the shear and

them. normal stresses along sidesandc. Note that stresses
Nucleation at dislocation pile-up: Analytical solutiofs- l7= uN|b|/[7(1 - )] (6)

sume that plastic flow occurs by activation of Frank-Read or

Koehler sources and motion of generated edge dislocatior@® proportional to the numbeét of dislocations in a pile-up

to a barrier(e.g., grain boundary, twin or subgrain boundary,(@nd approximately to plastic strajni.e., they can be ex-

or slip band. Dislocation pile-up of length assists in nucle-  tremely high®* Hereb is the Burgers vector. We can estimate

ating of the second phase region. A nucleus will be considcorresponding  transformation — work: [y [g'oy:dedV,

ered as a pill box with sizesl2<2cX b, with n=c/L<1  =l7LnIn(2/n)(e sin ¢+ycos¢), where the cutoff radius of

(Fig. 3), inclined under angle in the pile-up direction. A dislocation is taken ag>|b|, which underestimates the

pill-box shape is a reasonable approximation to a solutioiransformation work. Substitution of pile-up with a superdis-

based on the phase field model for temperature-inducelbcation also reduces stresses and transformation work for

PTs3? Plane stress formulation will be used. Transformationr > |b|. Finally, one obtains

F ={[0.50 + 0,) + 0.5 0 — 0,)C0S 2b + 7Sin 2¢ e +[0.5 0, — 04)Sin 24 + 7 cos 2] y}4bnl?
— (Ayr+ K)4bnL? - 4brPL%s(e? + 9%) + | 7bL(e sin ¢ + ycos¢)nIn 2/n—4I'L(b+bn+ 2nL). (7)

According to the postulate of realizability? the net driving  spect to¢ for the case when contribution from the pile-up is
force has to be maximized with respectd#aandn, which is  much stronger than from the external stresses, i.e., by vary-
impossible to do analytically. We first maximize it with re- ing ¢ in the pile-up term only. Then one obtains from Eg).
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tangp=gly; F=AL2+BL; 207 5
—_— 15¢ 4
B=IVe?+ y’nin 2/n—4I'b,
~ 1ot
A= (0,6 + 7y)4bn— (A + K)4bn - 4brs(s2 + 12) — 8['n. g 3
® = °
. . L 10 20 30 N
This also gives us the lower bound fBr If B<<0, which is
the case for the weak or no dislocation pile-up and lgw 0.1 0.2 &z 7(GPa)
nucleation requires thermal fluctuatiofsee Sec. IV B. We -5}
start with the cas®>0. 1 2
_lo L
A. Barrierless nucleation FIG. 4. Dependence of SC pressure on shear stress and number

o ) ) ) of dislocations for athermal nucleation at dislocation pile-up for the

If B>0, which is true for the strong dislocation pile-up pjje-up length1=10® m and various nucleus lengthL21, 2L
and larger, even forA<O for relatively smallL, one has =1¢08m: 2, 2 =107 m: 3, 2.=5X10"m: 4, 2.=10%m: 5,
F>0. That shows that barrierless nucleation occurs indepemn| =,
dent of the magnitude & and pressure. However, the equi-
librium value of L,=—-B/A, determined from the condition
F=0, depends o®\. We can maximizeB with respect ton,
however the obtained value=2/e=0.74 does not satisfy the
conditionn<<1, which was used in the above derivations. We
assumen=0.1 as the maximum reasonable value satisfying _ ) _ )
this condition. Then the criterion for barrierless nucleation, ~ Analysis and interpretation of experimental phenomena
B>0, is |7>13.39"/ye?+ % If we take '=0.1 N/m (a We estimate this effect for the above values:ofy, v, T,
typical value for a semicoherent interface for stgeds0.1, n, and Ay=1 GPa, K=0.5 GPa, ©=80 GPa, b=10°%m.
andy=0.2, thenl7>5.97 N/m. This condition can be easily Thenp=17.24+108%/L-(2+1.67%/L)r (GP3. Dependence
satisfied for reasonable values ofandl, e.g.,7=0.1 GPa, p(7) for =10 m and varioud. is shown in Fig. 4. Because
=60 nm or I=1um, and 7=6 MPa. For the coherent the term 108/L is negligible for thelL of interest, the rela-
nucleus for ferrous and nonferrous alloys=0.01 N/m,  tionship in Fig. 4 can be considered as a functiot/af The

which makes barrierless nucleation even easier. Alternagrger the nucleus is, the smaller the effect of pile-up and
tively, we can estimate the number of dislocatidhseces- shear stresses. For an infinite nuc|d@g0)’ we havep

stress is negligible in comparison with the effect of disloca-
tion pile-up, and the SC pressure can be reduced signifi-
cantly.

sary for barrierless nycleation by usiljg Eq#6):  =17.24-2 For 2.=50 nm and/=1C* nm, Eq.(9) simpli-
N>13.34T'w(1-»)]/ (u|blVe*+?). If, in addition to the fies to p=17.64-68.99 (GPa. For a minimal valuer
above parameters, we chofgf=3x10'"m and »=0.3, =597x 107 GPa, determined from the conditi@r0, one

then N dislocations will lead to barrierless nucleation fer hasp=17.23 GPa. For=0.2 GPap=3.84 GPa, i.e., reduc-
=43.76/N GPa. Consequently, the thermally activated retjon of SC pressure by factor 3-5 and higliéem 1) can be
gime is important for materials with relatively low elastic justified using the above model. Fe=0.256 GPa,p=0,
moduli, smalle,, andb. Let us define the effect of shear \yhich is essentially lower than the SC equilibrium pressure,
stress on SC pressure for the appearance of a nucleus ofpék 10 GPa, and even the reverse SC pressure of 2.6 GPa
detectable sizé at oy =0,=p. From conditionL=-B/A, one  ynder hydrostatic condition@em 4). Using Eq.(6), we can

derives estimate the effect of a number of dislocations in a pile-up on
SC pressurep=17.64-1.828 10°N/L (GP3g, wherel is
rf2 1\ Ag+K+nge?+
= (5 + E) + L4 e’ + ) in m. ForL=25Xx10"° m, one hap=17.64-0.73N (GP3.
& &

Consequently, 25 dislocations in a pile-up can reduce the SC
y 1 v\l 2 pressure to zero. Fdr=10"m, 100 dislocations are neces-
-7 - + 4 1+ ;) L In nl 9) sary, which is also not an exotic number. For data in Fig. 4,
we obtainT (GP3@=0.010N, which allows us to express a
The largerb is, the larger will be the driving force for nucle- SC pressure versusN.
ation and the smaller will be the SC pressure. One has to Barrierless nucleation, which does not require thermal
choose the maximum possildte which is the length of dis- fluctuations, explains the strain-controlled rather than time-
location in theb direction. The main parameter which deter- controlled kineticgitem 7). Indeed, the prescribed strain in-
mines the reduction of SC pressure duertés I/L. The crement generates dislocation pile-ups with barrierless, i.e.,
characteristic size of the strain-induced unit in steel isvery fast, nucleation and growth of the product phase up to
100 nm?"#9s0 L=50 nm. The parametdrdepends signifi- the lengthL., For the observation time of 1 s, this looks like
cantly on microstructure and is limited, approximately, by ainstantaneous SC. As straining stops, no new defects and
quarter of the grain size. If we take=1 to 10um, then nuclei appear, and the growth of existing nuclei is thermody-
[/L=20 to 200. In this case, the effect of macroscopic sheanamically impossible. Pure hydrostatic pressure in homoge-
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neous systems does not cause plastic flow and the appea
ance of strong stress concentrators, which explains the
unique role of shear stress and strains on SC. Evenyfor
=0 (e.g., for isostructural, electronic PTs in Ce, and its al-
loys), i.e., whenr does not contribute to transformation
work, Eq.(9) exhibits a significant effect of on p because
of the pressure concentration at the tip of the pildsge Eq.
)]

One of the conditions of applicability of the above model
is that the dislocation pile-up does not activate alternative 1 > N
mechanisms of stress relaxation like dislocation slip, twin- 0 005 0.01 0015 002 0025 0.03
ning, or fracture. This limits maximum by 7,, necessary for 7(GPa)
the activation of alternative relaxation mechanisms, as well
as|. Stressr, is not smaller tharr,, which was taken into FIG. 5. Dependence of SC pressure on shear stress and number
account in the range of in the above estimates. Pressureo_f dislocations fpr thermally actlvate7d nucleatlm_w at dislocation
strongly suppresses fracture and moderately increases tRAS-UP for the pile-up lengti=2>x10""m and various tempera-
critical stress for dislocation slip. That is whgecha- (Ures: 1,6=1000K; 2,6=500 K; 3, 6=400 K; 4, 6=300 K.
nochemical effects are more pronounced under high pres-
sure If only SC and dislocation slip compete, then any in-is the Boltzmann constant. Solving this equation fiorone
crease in strain rate has to promote the SC, similar t®btains

p (GPa)

competition between slip and twinnidg.For slip, higher AY+K+nse?+?) T T

shear stress is necessary for higher strain rate, which in- p= +—1/

creases in Egs.(9). Indeed, some experiments show signifi- & & V 5kén

cant reduction in PT and CR pressure under increased strain T 2 2
ratel*1524 As the yield stress in shear is limited, there A Y4028/ — 1+<Z) nin—=r. (10
exists a lowest possible pressug, below which strain- € Skén & n

induced SC is impossible. Because lengib limited by the Substituting the same numbers as befof@xcept u
grain size, which significantly reduces during large plastic=20 GPa in order to havld>2 andl=2x 10"" m), one ob-
deformation, one way to intensify SC is related to the in-tains the relationship(r) for various temperatures, see Fig.
crease in grain size arildThis can be done by annealing and 5. Using Eq.(6), we obtainr (GP3=0.0136N and can esti-
recrystallization after compression of the disk at pressuregate the effect oN on SC pressure. All plots intersect at the
slightly lower thanpg. On the other hand, reduction in grain point corresponding t8=0 and barrierless nucleation. The
size has to suppress strain-induced SC, which is the case femaller temperature is, the stronger the effect of shear stress
explosives: An increase inv (by increasing strain and strain is_|f the term withy/ is negligible, SC pressure depends on
rate leads to a decrease irpg, which is observed 4 For =300 K, one getp=22.5-234.8 (GP3. The ef-
experimentally.*>*¢Here and later, the subscripsandr  fect of ~ is much more pronounced for a thermally activated
designate direct and reverse SC. _ regime than for barrierless nucleation. However, becatise

Note that dislocation pile-up generates both compressivgmited by the conditiorB<0, the minimal pressure for ther-
(¢>0) and tensile(¢<0) pressure of the same magnitude. mally activated nucleation is 15.71 GPa.
Consequently, it simultaneously promotes both direct and re- For a thermally activated regime, i.e., for relatively weak
verse SC in different regions. The same equations with tengefects, one has to take into account preexisting defects, be-
sile & can be applied for the description of reverse SC. Wesause they can produce a comparable stress concentration.
will take the above results into account at the microscale. gy example, they can be generated by preliminary thermo-
mechanical treatment and are locked after unloadfirigjis-
location pile-ups, observed at zero external stresses, are
equilibrated by internal stressese.g., due to friction, misfit

If B<O0, which is the case for the weak or no dislocationstrain, or other defects. Using E@), one can estimate in
pile-up and lowr, then SC is possible foA>0 only. Be-  the absence of, which are caused by preexistiggubscript
causeF <0 for L<-B/A, nucleation requires thermal fluc- p) dislocation pile-up of lengtth, consisting ofN,, disloca-
tuations. There is a critical length,=~B/(2A) which is de-  tions. Then at=0, Eq.(5) is valid with 7, andl,, substituted
termined by the minimization ofF (similar to the for randl, and Eq.(10) can be transformed to
maximization of the Gibbs potentjand will be used to find 5
an activation energy. DesignateB=B/(4b), A=ab-8I'n, p="f(0) + r \ /L —0.25r;1 /L 1+ (Z) nin Z‘
with a=(pe+ ry—Ay—K)4n-n?4s(s?+ %) >0. Substitution e V 5kn Skén & n
of L,=-B/(2A) in the equation forQ=-F leads to Q (11
=4B?b?/(ab-8I'n). Minimizing Q with respect td, one ob-  The first term in Eq.(10) is designated a$(6), where p

tainsb=16I'n/a; A=8I'n; Q=1281'nB?/a?). For the observ- =f(¢) represents the equation of the SC line for an infinitely
able nucleation rate, it is usually assun@d 40k6, wherek long waiting time in the absence of 7, and defects. 1K

B. Thermally activated nucleation
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FIG. 6. Relationships of SC pressure vs temperature for ther- . o )
mally activated nucleation at dislocation pile-up for several values F1G- 7- Reprltiszentatlvztil/olumv consisting of a mixture of
of 7l,=1, expressed in 18 GPam: 1, the equilibrium PT line; 2, Phases 1 and ¥/~ andV; " are small volumes of phase 1 and 2

7ilp=5.6; 3,7l,=5.2; 4,71,=4.0; 5,7,=2.0. undergoing SC.

and Eshelby energy is negligibl&,0) represents an equilib- stress is smaller by a factor of @/-v) than for edge dislo-
rium line between phases. Since the terpie in EQ.(10)is  cations.
negligible, the effect of both- and », can be expressed in Remark 2Gilman’s mechanisfimay be real in the region
terms of the number of dislocations in pile-{gee Eq(6)]. of high stress concentration and, consequently, large elastic
Let us start with the case whéw=N, (i.e., 1=7l,). Then shear. At the macroscale, elastic shear is limited by the yield-
Eqgs.(10) and(11) give practically the same result. In Fig. 6, ing and does not exceet;j/(z,u):10‘3—102.
relationshipsp(6) are plotted for the equilibrium PT linp
=f(0)=10+0/100, and for lines described by Eq].l) [Or V. MICROSCALE TREATMENT
Eqg. (10)] for several values of;l,=7. Deviation from the ) )
equilibrium line is a kinetic effect which decreases with tem- _Let us summarize the results of nanoscale study which
perature growth. Let, e.ggl,=5.2X 10°° GPam with no Will be conceptually incorporated in Fhe microscale model.
external stresses. Above some temperature, sap00 K, We will consider barrierless strain-induced nucleation at
deviation of Eq.(11) from the equilibrium line is within the ~strong defects which leads to the strain-controlled kinetics.
experimental error, and the experimental kinetic curve can b&ince the contribution of the stress concentration to the driv-
used to determine the “equilibrium” phase diagram. ing force for SC is finite, there exists a lowest possible pres-
By applying an external stress, we do not change the |ocegure,pg, below which strain-induced SC is impossible. De-
stresses; ando; due to preexisting pile-up and the “equilib- fects generate both compressive and tensile pressure, which
rium” phase diagrangas is observed in experimefis if the ~ are of the same magnitude, e.g., for dislocation pile-ups.
number of dislocationd,, in pile-up does not change. In- Consequently, they simultaneously promote both direct and
deed, for giverN,, the local stresses are independent of apreverse SC in different regions. Moreover, for two phase
plied stress(external plus internal see Eqgs(5) and (6).  Mixture 1+2, the stronger the phase 2 is, the smaller fraction
However, an external stress produces new dislocation piledf the plastic strain is concentrated in it. For CR, plastic flow
ups. The difference between preexisting defects and defecgoduces a fragmentation and mixing of components similar
with the sameN nucleated during plastic flow is outlined in to liquid phase CR,so mixing will not be considered as the
the following. After exhausting all preexisting defects, kinet- limiting factor. We believe that the above facts represent ba-
ics of pressure-induced PT is saturated. For strain-induce®iC microscopic reasons for the mechanochemical phenom-
nucleation, many more defects can be generated and mof#a considered in Sec. II.
product phase can appear. This was observed in Letus consider a representative volumeonsisting of a
experiment® for PbO,l — PbGOyll PT: kinetics with shear is Mixture of material 1 and 2 which can transform to each
the same as without shear at the beginning of PT and mucgther via SC(Fig. 7). Plastic deformation of the volumé
more intensive for a larger time. K>N, (1>l e.g., will be described in terms of equivalent plastic strajn
A=5.6X10"° GPam, in particular when new dislocations (Odqvist paramete¥;*¢ q:=(2/3d,:d,)*? dj, is the plastic
are generated in preexisting pile-ups, then external shedtrain rat¢ with valuesg, andg, in phases 1 and 2. Strain-
again does not change “phase equilibrium” conditigfig.  induced SCs -2 in phase 1 and2-1 in the phase 2 occur
6), but reduces the temperature at which PT occurs at “phasgimultaneously. Our goal is to derive the strain-controlled
equilibrium” conditions, as it occurs in experimeRtsCon-  kinetic equatiordc/dg=f(p,c), wherec is the volume frac-
sequently, experimental res#fgitem 1) can be explained tion of phase 2 ang is the macroscopic pressure applied to
by considering the thermally activated regime and takingV. Since time is not an explicit parameter, a kinetic equation
into account preexisting defects of potency comparable witthas to be derived using the thermodynamic criterforn0
strain-induced defects. and averaging procedure which is extremely complex. To
Remark 1 Similar consideration can be done for pile-up obtain a simple analytical expression, we approximate the
of screw dislocations. However, they are less effective bemicroscopic transformation work averaged over the trans-
cause they do not produce normal stresses and the shearming volumevﬁﬂ2 (Fig. 7) by decreasing the function of
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dc/dg, [EQ. (13)]. The validity of such an approximation start by the equatiom’s,—Ay+AXy=Kg. Then AXy=(p?

follows from our finite element modeling. Resolving the  -p%¢,. Solving Eq.(13) for dc/dg,, one obtains a thermo-

thermodynamic SC condition fatc/dg, [Eq. (14)], we ob-  dynamically consistent strain-controlled kinetic equation

tain the strain-controlled kinetic equation for SG-R. Re- ¢

peating the same procedure for S&2 and expressing; (E) (1-c°p (14)

andg, via g and the yield stresses, ando, of phase 1 and do; a ph pa

2 [Eq. (15)], we obtain the final expressiqi6) for dc/dq . .

=f(p,c). Analysis of the stationary solution of E(lL6) [see If p<pg, then dc/dqlzo. Simultaneously, stram-.mduced 2

Eq. (17)] allowed us to explain some experimental phenom-, —1 SC will occur in phase 2. It can be described by the
fHIIowmg similar equations:

ena enumerated in Sec. Il and suggest some methods to co
trol SCs. de \™| _
Let us make the following simplifications. We decompose X = Ppeo— A= AX | 1 - o E =-K <0
stress,T, into a sum of the macroscopic part, which is

homogeneous in a representative volue V,, and the mi- <

- de, \™_cp.-p

croscopic contributionT, which fluctuates inside of the vol- H) = Em
umesV andV,. As V>V,, the variation of the macroscopic e th
stress,T, is negligible during a small SC increment. Maxi- where c;=1-c(c,=c), AX,=(p,-p})e,>0 is the maximal
mum macroscopic shear stress; 7, is smaller by a factor microscopic contribution to transformation work at reverse
of 10-100 than the pressure in the center of the disk, see SegC, andk, b, andm are parameters; pressuysgunder which
VI. It will be neglected. Because of the relatively large sizethe reverse SC can occur under the hydrostatic condition
of the transforming region, the surface energy is neglected agithout a strain-induced contribution is defined by the equa-
well. Then the thermodynamic SC criteriéi+0, tion pre,—Ay=-K;, and the maximal pressurg, under

1 e which the reverse SC can start is defined by the equation

X:= pe,y + —f f T:dedV,—Ay(0) =K, (12 pLe,—Ay—AX,=-K,. To define the Odqvist parameter for

Vi 0 each phase, we assumm/d,=(oy,/0y)" and q=c,q;

where

where p=1/3: T is the macroscopic hydrostatic pressure+c2q2’
and €9 is the_ volumetric transforr.n.ation strair_l. To calcullate 0= qg‘;lvz/gy; O, = qg'\;lvlla'y, oy = Ca'\;/v1+ (1 —C)o';vz
the integral in Eq.(12), the specific mechanism of strain- (15)
induced nucleation has to be known and then the correspond-

ing boundary-value problem has to be solved numericallyAccording to Eq.(15), the stronger the phase is, the smaller
For example, the nucleation at the shear-band intersection iinaction of the equivalent strain is concentrated in it; for
TRIP steel was investigated in our pafeusing the PT cri- 0y1=0y,, one hasg,=dq,=q. As for o,,=(4-100y,, Q; is
terion Eq.(12) and a finite element metha®EM) solution  negligible, we estimate parameter=(2—5). Adding alge-

of the corresponding problem. It was found that the transforpraically rates of direct and reverse SC and taking into ac-

mation work decreasgglmost linearly in Ref. 2pwith the  count Eq.(15), one obtains the final kinetic equation
growth of Ac/Agy=dc/de,, where Ag, is the prescribed

small, uniaxial averaged plastic strain increment. Qualita- de_ E&(ﬂ_c)g)llx( P~ ps)

tively, this has to be the case for any mechanism of nucle- dg oy a pd - pg

ation at strain-induced defects, e.g., at slip band and disloca- w m Um

tion pile-up, considered above. However, to find explicit - ng(_> ( P = p) (16)
relations, additional statistical assumptions and bulky numer- oy \ b P, — Ph

ics are required. To approximately take into account, in al
averaged ovekl microscopic SC criterion, the contribution
of nano- and microscopic mechanisms of strain-induce
nucleation, we substitute the integral with its apprOX|mate
estimate

r]Equa'uon(lG) is valid for p, > pg, ie., when both direct and
everse SCs occur S|multaneouslyp1f< ps, then one needs
0 keep the first term only fop> pg and the second term
only for p<p;; dc/dg=0 for p, <p< p Statlonary solution
of Eq (16) for the casep! <p is c=1 for p>p c= O for
a dc \X| p<p.;cis equal to its value before shear fir<p< ps For
B (1-c)f d_ql Ka. (13) the caseps>p8 and k/m=¢/y=g, a stationary solution of

. . . . o Eq. (16) is found,
Here AX, is the maximal microscopic contribution to trans-

formation work(at infinitesimaldc/dq;), anda, x, and{ are o= 1 Bem p- pg . 17)
parameters. The factdfl—c)¢ takes into account that SC 1 S 1+M@Q-p)Yple p. - p?’

— 2 occurs in phase 1 only. Let us define the SC equilibrium

pressurep, by the conditionp.s,—A#=0, the pressurg? o Wiggle (pdl - pd)L
under which SC can occur under the hydrostatic condition M= ) W((pr—)l/k(pa
without a strain-induced contribution by the equatpﬁx0
-Ay=Ky (the energy of internal stresses is neglected foit follows from Eq. (17) that forp—>ps, one has,=0. For
simplicity), and the minimal pressu;ﬁ under which SC can p—p, (and forp=p, i.e., when the reverse SC is impos-

Xd = Peg— Al//"‘ Axd|:1

&

pg)(l/k l/§)
U'yz
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L ‘ change inp.. The p, does not appear in any equation for the
strain-induced SC and consequently cannot be determined
from strain-induced experiment.
0.1 3. Zero-pressure hysteresis was observed at pregsure
=1.8 GPa foB1++ B2 PT in KCI!® and it was assumed that
this is p.. However, if the system is in a stationary state
under any pressune with c=c,, then any infinitesimal pres-
| sure increas€decreasg followed by plastic straining will
3 cause 1-2(2—1) SC, i.e., pressure hysteresis is zero.
4. Our analysis explains the contradictive statement in
0.2 10 Sec. Il that plastic straining reduces pressure hyste(iésis
3) and substitutes a reversible PT with irreversible gitesn
‘ : 100 6), i.e., it increases the hysteresis. Hysteresis reduces when
0.2 04 06 0.8 1 both direct and reverse SCs are strain-induced. Hysteresis
p increases when after large plastic strain, the reverse SC is not
FIG. 8. Relation between the stationary value of the volumes”am_mduc.edl'?" It '$ pressure-lr]duca;d
fraction of the second phase and dimensionless pressure. Numbers 5. A matrix with a yield stress highgtower) than that for
near curves designate valueshf eagents significantly promotésuppressgshe CRs(Ref. 8
and item 10, because plastic strain is concentrated in the
sible), one obtainsc,=1. Between these two pressures, reacting materia{matrix). Adding stronger particles to the
varies from 0 to 1 and the shape of tbg€p) curve depends material under study will facilitate SC and could cause SC
on material parameters, see Fig. 8. In particularMiEl ~ which was not obtained otherwise, e.g., metallic hydrogen.
(e.g., for equal material parameters of both phasesl {  Adding weaker particles will suppress SC, which is impor-
=k=1, thenc,=p. If M—0 (e.g., if the second phase is much tant, e.g., for explosives.
stronger and/ob**/a¥— 0, i.e., the kinetic of the reverse 6. The fact that the SC is promoted by plastic deformation
PT is suppressgdthencs— 1. In the opposite cas®] — oo, at a pressure abouﬁ only explains a seeming contradiction
c,— 0. If c<c,, then direct SC will occur for straining under formulated in Ref. 9, namely why large plastic deformation
constant pressurp’,>p>p’. In the opposite case, the re- during the compression of materials does not cause SC,
verse PT will take place. A number of conclusions can bewhile relatively small shear strain at relatively high pressure

0.01
0.8

0.6

Cs

0.4

made from our analysis. promotes SC significantly. Large plastic strain beIpS/\sup—
1. If direct and reverse SC occur in the same pressurpresses SC because of strain hardening and growiy.of
range(i.e., pgsz andpl=pl) and with comparable kinet- The above results will be qualitatively the same for any

ics, then even if the pressure for the initiation of SC can begeasonable kinetic equation, because they are based on ex-
reduced significantly because of strain-induced nucleatiomperimental and theoretical facts that direct and reverse strain-
only a small amount of product phase can be produced at induced SC can occur simultaneously, that there exist limit-
small pressure arounpid A significant amount of product ing pressurep8 andpl, and that strain in the weaker phase is
phase can be obtained under the pressure arprick., like  larger than in the stronger phase.

for pressure-induced SC.

A significant amount of high-pressure phase or complete
SC can be induced by a large strain at low pressure if the
kinetics of reverse SC is suppressed only, i.e., for a sMall
(Fig. 8). One of the conditions for a smalll, (0'y2/0'y1)""/g Stress, strain, and volume fractiorfields in a specimen
> 1, shows that large plastic strains promote the appearan@®mpressed and sheared in RDAC are very complex and
of hard phases more than weak phases. When this conditiaroupled. The kinetics of SCs is determined by prespuard
is fulfilled, then plastic flow localizes inside of phase 1 caus-accumulated plastic stramfields and, in turn, affects them.
ing 1—2 SC, while small plastic strain in phase 2 causes d@o analyze actual tests in RDAC, to be able to extract correct
small advance of the reverse SC. experimental information from them, to improve these tests,

2. Let us consider the case wilf #p}, andpl+p.. At  and to explain some phenomena enumerated in Sec. II, one
pd> pr, direct SC starts at a pressure which is larger than theeeds to have a solution for the macroscopic plastic flow and
reverse PT pressure at hydrostatic conditions, which is th&Cs in a specimen. Without rotation of an anvil, FEM mod-
case for most known PT. However, it is possible according teeling was used to determine stress and strain fields without
our estimates in Sec. IV A thai’<pl, i.e., the direct PT SCs% For the case with the rotation of an anvil, the only
starts at a pressure which is smaller than the reverse PHhown analytical solution is obtained in Ref. 9. The problem
pressure at hydrostatic conditions. Such an unusual situatidiermulation in Ref. 9 is oversimplified; in particular, relative
was observed for the PT semiconduetonetal in InSb, circumferential sliding of material with respect to the anvil is
InTe, Ge, and SI This result was interpreted as a significant not properly taken into account. The properties of the solu-
reduction in equilibrium PT pressure because of plastidion with SC are analyzed qualitatively without giving the
shear. However, as was discussed ab@Zecan be lower explicit solution, and only for the SC at the center of the
thanp,, i.e., the above experimental results do not imply thespecimen. In this paper, a much more detailed and precise

VI. MACROSCOPIC PLASTIC FLOW
AND STRUCTURAL CHANGES
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solution for plastic flow and SCs is found, which includes the

definition of relative circumferential sliding. The strain- (w-wa)1/2
controlled kinetic equation for the SC derived in Sec. V is

used. It was found that thetation of an anvil reduces the

contact friction in the radial directiorand leads to the reduc- — wrf2

tion of the specimen thickness under the fixed load. Macro-

scopic intensification of the SCs due to the rotation of the

anvil is related to this thickness reduction, whicbompen-

sates a volume decrease due to SC and increases plastic

strain, defect generation, and pressuvéhen the yield stress r
of the product phase is largésmalley than the yield stress

of the parent phasehe pressure self-multiplication (self- o
demultiplication)effect is derived. It is also found that the

rotation of an anvil can lead to new phases, which not only FIG. 9. Relative position of the material velocityand velocity
were not, but alseould not be obtained without the rotation Of relative sliding along the contact surfacg MN=(w-w,)r/2,

of the anvil The solution gives two possible explanations for ML=wr/2.

the appearance of small “steps” at the pressure distribution

near the diffuse interphase; one of them is related to thepposite to the velocity={V,; (w—wy)r/2} of relative slid-
TRIP. Comparison is also made between SCs in RDAC anthg of a compressed material on the bound&rywhereV,

in traditional DAC. Some alternative methods to promoteand(w—w,)r/2 are radial and circumferential components of
strain-induced SCs without the rotation of an anvil are sugy, (Fig. 9). For a thin disk|7=r =q,/ \_3 (von Mises vyield
gested. condition is usey i.e., 1'=(vs/|vsr)(0'y/ V3).

A. Problem formulation B. Solution for the case without structural changes

Let us consider a problem of the compression of a thin Velocity fields which satisfy Eq(19) for ¢=0 are
cylindrical disk of current thicknesh by an applied axial

force P; at some thicknesl,, one anvil starts to rotate with :

angular velocityw, and rotates by angle, underP=const V,=—, V,=——, Vy,=—. (20)

(Fig. 1). The axisymmetric problem formulation is adopted. h

The angular velocity of the deformed materatliffers from o ) o

w, because of relative sliding. By putting the coordinate sys-The sliding velocityvs andr are inclined at an angle to the

tem réz in the moving gravity center of the disk, we will radius(Fig. 9) with

consider the rotation with velocitw/2 atz=h/2 and with ) _

—w/2 atz=-h/2. This will allow us to use a symmetry con-  cosa={1+[(w - wx)/h]3 ™2 thusz, =0y cosa/\3.

dition. We assume that the plastic deformations are large (21)

enough andegtshe model of isotropic perfectly plastic material

is applicable’> Some steps to the solution of this problem ; P

without SC (Refs. 9 and 3Pare based on the assumption I(r;tiegratlon of Eq(18), taking into account Eq21), leads to
X ; . - g. 10

w=0. This contradicts experimentdWe will find the com-

plete solution of this problem and generalize it to the case

with SC. We will neglect the elastic deformations of the an-

vils and disk, pressure nonhomogeneity in thdirection,

and use the simplified equilibrium equatiit® as well as P= R0, +ay(1+ 2RI3\3H)], (22)

the continuity condition

P= 0o+ ay[1+2(R-1)/\3H],

2 .
?:—%, (18 H:= hICOSa:h\/l +[(w — wy)h/h]? = hy. (23
r
_ For compression without rotation, cass1 andH=h. For
h oV, V, _ rotation at constant force, the equatibieh, follows from
Wttty oo &oC(r). (19 the conditionsP=const andr,=const. Equatiorf22) shows

that atP=const due tdd=const, the pressure distribution is
Herer is the spatial radial coordinat¥, is the radial veloc- independent of rotation, whichcorresponds to the
ity, and 7, is the radial component of the shear frictional experimentd®20 Consequently, the rotation is equivalent to
stresst on the boundarys between the anvils and a disk. thereductionof friction in the radial direction and results in
Boundary conditions arp=0,+ 0y at the external radius of a decreaseof the disk thicknessThe greater the circumfer-
the anvilr =R, whereo, is the pressure at=R due to the ential sliding along the anvil is, the greater the reduction in
external support of the material being outside the workinghickness is. The main task now is to fird We derived a
region of the anvils >R; V,=0 atr=0. Vector is directed simple equatior{see Appendix A
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(b)

0.204m
®—wy=

"= T+ o020m® MR

(24)

which, surprisingly, is independent &f:= hy/h. Substituting
Eq. (24) in Eqg. (23) results in the equation of reduction of

thickness
0.204n  _ dh (&)2_1

doi= ——M =
?=1+020m 72" n N\n

and

©=VhZ/h? -1 - arccogh/h,). (25

Here ¢ is the angle of the relative sliding of an anvil with
respect to the material. The plot bfh, versuse shown in
Fig. 11 is in qualitative agreement with our experimeiits.

PHYSICAL REVIEW B 70, 184118(2004

FIG. 10. Pressure distributio(a) without ro-
tation of an anvil: 1, before SC; 2, after SC at
ay1=0y; 3, after SC aloy; <oy, (b) with rota-
tion of an anvil: 1, 0n=0yp; 2, oy1>0yy; 3,
Oy < Oyp.

SC. The thickness reduction is remarkably large at small
angles of twist(which agrees with experimer®s for ¢
—0, dh/dp—cc. For smallm, relative sliding and the reduc-
tion in thickness is smaller than at large At m=5-10,
which is the smallest value for which our problem formula-
tion is relevant and which is used in experiments,
=(0.505-0.671p,. At m— %, p— ¢, i.e., the torsion of the
material is absent, but the reduction in thickness is the maxi-
mum possible. One of the conclusions is that the angle of
material rotation rather thap, determines the parametgin

the kinetic equation and, consequently, has to be measured.
At large m and ¢,, both the shear and compressive plastic
strains are small, i.e., rotation at a fixed force is not effective
for inducing the SC. Some ways to increase an effectiveness
of the rotation are analyzed in Appendix B.

The obtained results explain the seeming contradiction:

why does the rotation of the anvil reduce the PT pressure in

the center of the disk where the plastic shear is abs&éh#

rotation induces a reduction in thickness and corresponding

accumulated plastic straig=In(h/hg), which induces the

B

= | &7 0.6 <

0.4 =

02

TTIT[ITIT[IT T[T ITI[TITI (717"
0 20 40 60 80 100

FIG. 11. Plot of relative thickness of specimieth, vs the angle
of relative sliding of an anvil with respect to material

C. Analysis of structural changes
SC in the center of the disk: Interpretation of the measurements

Determine the pressure for the appearance of the first de-
tectable amount, sag;=0.2, of phase 2 in the center of the
disk as a function of}. We neglect stress redistribution and
the reverse SC. In the centey=0, g=-h/h, and g
=In(hy/h). Equation(16) for small c can be simplified to

dc_;L(p—pSy“
ph-p/

d_q - al/)(
First, we determine the volume fractiap of phase 2 during
the compressiolsee Fig. 12 by integrating Eq(26),

. ;xf L+ 2R\ 4]*dh
0~ aX(pd - pdylix A Oy V,gﬁ P. ;

:( e )”Xf(p-l)“xdp_ e
a(ph - pf) ’

1 p p
where Eq.(22) with H=h and conditionp> o, were used.
Here h; is the thickness corresponding to presspi‘eThe
relation between the fixed pressure and the stjaiecessary
for the appearance of the first detectable amaynof the

(26)

3 (27)
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0.2 1.825 GPa. Now we understand that the numbers 2.375 GPa
0.175 and 1.825 GPa do not characterize the “PT pressures,” be-
0.15 1 2 cause they depend significantly on the loading path inpthe
-q plane.
0.125
4 0.1
0.075
0.05
0.025
1.2 1.4

Kinematics

C

For the total strain rate, we put

h V,
eZ == T eﬂ == T!
1.6 1.8 2
p (GPa) _h Vv, . . Ny wr
e=—+—+gC, y=—=—. (29
FIG. 12. Relationship between volume fraction of product phase h r Jz h

obtained during compressiag and the pressurg for various val-

. Let the transformation strain tensor consist of three equal,
ues ofy. Numbers near curves designate values of.1/

normal strains 1/&, and transformation shegy, in the di-

. ) ] ) ] rection of torsion. The plastic strain rate is the difference
rotation of an anvi(see Fig. 13can be found by integrating petween the total strain rate and the transformation strain
Eq. (26) at a fixed pressure, rate,

§ .
Ccq— Co(p) \X h . V, .
p=1+a<gz—l)< ﬁq(ho(/)h?) ' (28 ="~ MG €= - 13t

We assumep’=1.25 GPa,pi=2.9 GPa(i.e., p/pi=2.32), :
£0=0.11, anda=g§, which is our approximate estimate for &P = h AN 2/3e4C, YP= or_ . (30)
PT B1—B2 in KCI. Figures 12 and 13 allow us to explain, " hor h

why “plastic sheat significantly reduces the PT pressure in
comparison with plastic compressidbespite the fact that in
both cases strain-induced PT in the center of the disk occu
under compression without shear, thmjectories of the
loading in the pqg plane are very differenfThis results in a
different characterization of PT in terms of pressure. Under hr ol ENF

compression, pressure grows fast during the deformation Vr:—% >

Let c#0 in the ringr,<r=<ry, i.e., in the region &r=r,,
rthe SC into phase 2 is completéd particular,r,=0), and in
the regionr=r4, the SC did not start yet. The continuity
condition(19) can be satisfied by the following field:

for ro,<rs=ry, (32
process. That is why a detectable amoggt0.2 can be
obtained under a relatively high pressure only, e.g.pat
=2.375 GPa fory=0.25. If, e.g., compression stops @t _hr

=1.825 GPa, wherm,=0.009, thency=0.2 can be reached Vr“% for r<r,

after a rotation of an anvil resulting ip=1.47. Traditionally,

these results will be interpreted that PT pressure under hy- : s

drostatic conditions is 2.9 GPa, for the nonhydrostatic con- ve_Tr_ eolOri—ry) for r=r (32)
dition it is 2.375 GPa, and under large plastic shear it is ' 2h igh b

where <é>==2f[szdp/(r2—r§) is the mean volume fraction
rate in the ring,<p=<r, andN=1-(r,/r)?. In Eq.(32), (c)

1‘8\ is calculated for=r,. Then in the ring,<r=<ry,
5
1.6 4 e62&_'_80«3)'\',
3 2h 2
2
¥

B (GPa)

oo N _eoON
"7 2h 2

80C,

FIG. 13. Relationship between fixed pressprand the straim
necessary for the appearance of the first detectable ancguit2
of phase 2 in the center of a disk during rotation of an anvil. Num- = — 0T S 6 (33)
bers near curves designate values of.1/ " 2h 2 3
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SC and pressure distribution in the central part of the disk  ¢,,>0,,, the pressure increases in the transforming region
Let us analyze qualitatively the pressure redistributionlF19- 1db)], despite the volume decrease due to SC. This
during the SC in the central part of the digkig. 10) and its ~ 29"€€S with experiments exhibiting the effect messure

effect on SC. For,=0, Eqs.(31) and(32) simplify to self-multiplication®?° In the opposite case, pressure de-
’ creases during the SfFig. 1Qb)], which is also observed in
V,:—(h/h+so<é))r/2 for r<ry, experiments for PT from the semiconductor to the metal

(weakey phase in Ge under she'&rl® Further, if two alter-
_ . _ native phases can appear as a result of SC which diffex by
Vi == L2hr/h+e(Chry) for r=ry. (34 only, then the material with the smaller, appears in the

During intensive SC in compression without rotation undercase without rotatiofas pressure is higher af; > o,), and
the prescribed loa increment, thickness reduction can be the stronger phase will be obtained under compression with
relatively small(-h/h< gy(c)) and some internal part of the rotation (as_pressure IS hlghera§2>ay1). This s one of the
disk material may move to the center of the anvil due to 11aCroSCopic reasons why the rotation 0 fan anvi Igads 0
volume decrease. This is also obsereggerimentally® The hases, especially to strong phases, wiwee not obtained

. T N under compression without rotatigitem 5).
radius of Fhe neutral C'VCEF rn:—rl'hs()(c)./hls found from By calculating force for the pressure distribution, Eg.
the conditionV,=0. Equation(18) is valid, but the shear (36), and making it equal to the force at the beginning of
stress in the regiokF changes sign and in the regidnthe  rotation, one finds
yield stress of the two-phase mixtueg, which depends on 5
¢, should be used. In the simplest ca_sg,:(l—_c)cryﬁc(ryz. H=ho| 1+ (ﬂ) <£y_ _ 1) .
We also assume that the pressure is continuous across the R/ \oy

interface. Then Even foroy/oy,=5, if we limit ourselves ta,;/R<1/4, we

pP1(r) = oo+ oyy[1 + 2R~ r)/\s"§h] can useH =h, with an error not exceeding 6.25%, as well as
all Egs.(23)—«25). For an approximate estimate of the maxi-
for ry,<r<R, mum possible transformation rate, we assume that a volume
decrease due to SC is completely compensate@binfini-
_ 5 tesimally smaller thanthe reduction oh. In this case, when
P1n(r) = Pa(rn) = 20 (Tn = 1)/V3N infinitesimal radial flow from the disk center occurs, shear
stress does not change the sign, and the pressure grows
for p<r=ry, monotonically with a decreasing radius. The conditign

— =0 and Eq(A5) result in
P2(r) = pan(ry) = 207(ry = 1)/y3h _ L
Ceo=—hh=p(G?-1)0% (37)
for r<ry, (35

. - . . Phenomena related to the nonconcavity of the yield surface
see Fig. 109). It is important to note that without rotation, Y Y

the pressure in the transforming region decreases signifi- Note that the pressure distribution for BL— B2 in KCI
cantly, which suppresses the SC. The highgris, the larger witho_ut rptation of the _anvil looks like in Fig. 1B) rather
the pressure reduction in the transforming region is. The rothan in Fig. 10@a), but with a much smallemear zerg pres-
tation of an anvil significantly reduces the thickndsand  sure gradient in the transforming regigiThis means that
compensates the volume decrease due to SC, ilkh — the condition /h=gyc) is fulfilled for the case without
=¢go(C). In this case, material flows from the center of therotation of the anvil and material does not flow to the center
disk, shear stress does not change the sign, and pressitethe disk. Becausey,> oy, the pressure gradient grows

grows monotonically with the decreasing radjésg. 1Qb)], significantly during PT under rotation and it is not clear why
it reduces during PT without rotation of the anv®ne of the

pi(r) = o+ ya[1 + 2(R=1)/\V3H] possible reasons for this phenomenon can be related to the
transition from the plastic to elastic state under axial com-
for r,<r<R, pressionin Bridgman anvils®® Namely, after the plastic com-
pression of the thin disk, beginning with some value of force
Par) = Pay(ry) + 20(ry = r)/\3H (thicknes$, an elastic region arises at the center of the disk

and expands during further increase in applied force. This
means that even an arbitrary large force cannot reduce the
residual thickness of the disk below some critical value. One
Consequently, because of specific plastic flpressure in  of the possible reasons suggested in Ref. 35 is related the to
the transforming region for the case with rotation of an anvil concave yield surface of the compressed material along the
is greater than without rotationIn addition, rotation in-  hydrostatic axis. This means thdt,/dp is the growing
creases accumulated plastic straifihis is one of the mac- function of pressure. Such a pressure dependence of the yield
roscopic reasons why the rotation of an anvil promotes SCsstress was observed in numerous experiments summarized in
According to Eq(36), if the yield stress of the product phase Refs. 13 and 35.

for r<ry. (36)
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Oy 5

Sy2 0.8 /
__,—“// I~0.7
Oyl =" 2
0.6
1
0.5
de pe:r p
FIG. 14. Example of the concave yield surfgcerve) when a 0.25 0.3 f 0.35 0.4
high-pressure phase has greater yield stress than a low-pressure
phase. FIG. 15. Relationshipr:=r,/r vs f:=r/R obtained from the

condition ce,/q=1 for several values oG:=hy/h: 1, G=1.3; 2,

The existence of a solution of the problem of plastic limit ©=1-% 3:6=2; 4,6=3; 5,G=4.
equilibrium can be proved for the nonconcave yield surface
only3® Therefore, one can expect that for a concave yield Possible reasons for “steps” on the pressure distribution

surface, the solution may not exist, and in fact thek can- A small region with almost Constamometimes even de-

not be compressed plasticallyn Ref. 35, an example of creasing pressurgFig. 2) corresponds to a two-phase mix-

impossibility to continue a slip line field from the edges of tyre where SC occurétem 2. We will try to find possible

the disk to its center was demonstrated for a concave yieldxplanations of this anomaly in pressure distributions. As

surface. It is related to the strong growth of the yield stresgollows from Eq.(18), 7, has to be very small. This is pos-

and the friction stress from the edges of the disk to its centekible, in particular, when for somein the ringr,<r=<r,
One of the reasons for the growth dér,/dp with the  one hasv,=0 in Eq.(31) and

pressure growth can be related to SC from a weaker to a )

stronger phase which is spread over some pressure range. If, (c)==h/(hggN). (38

e.g., oy=(1-C)ay +Coyp, then according to the stationary . . . :
solution Eq.(17), the yield stress is pressure-independent forThPT region near the.neutral_cwcle.WMp—O Is the stagnation
egion, where relative sliding with respect to the anvil is

pressures corresponding to pure parent and product phasmaII and the shear stress grows slowly from zero at the
: P i
and grows with pressure betwep@ andp, (Fig. 14. Be Qeutral circle. If(c) in Eq. (38) is not larger than the maxi-

cause there are straight lines connecting two points of th ; , .
function o (p) which are located above the plot @f(p), the mum transfc_)rma'uon rate in E_qj37), ther_1 the condmon_/r
=0 is plausible. The value ofc) according to Eq(38) is

yield surface is concave and all arguments presented in Ref. ,
35 are valid. Consequently, after some progress of SC in thiarger than in Eq.(37) for the sameh/h [since N=1
center of the disk, elastic deformation rather than plastic de-(r,/r)2< 1], however because of shear strailfn,/h in Eq.
formation takes place there. Then the friction shear stress i®8) represents only part @f. We will calculateq to be used
significantly smaller tharoy, and the pressure gradient is jn the kinetic Eq.(16) based on a solution without SCs, i.e.,
much smaller as well. Also pressure-induced $@sich are  on Egs.(24), (A3), and(A5),

less intensivg rather than strain-induced SCs can occur in _

the elastically deformed region which requpe= pﬂ. Under I

the rotation of an anvil, shear stress in a radial direction “"_W]VG -1,

decreases significant[gee Eq(21)] so the boundary condi-

tions are less critical for the nonexistence of a plastic solu- 1 P

tion discussed in Ref. 35. That is why plastic flow and strain- e 24 2029 = 2_ 2
induced SCs occur during the rotation of an anvil. The = Vhor ot /?)_h\‘lJrS(G Dr/hm= (39
greatero,, the greater the difference between compression

and compression with rotation. Letus expresé/h from Eq.(39) and substitute it in Eq.38).
Let two alternative phases which differ loy, only appear ~\We estimate whether parameter
as a result of SC, and the material with the smallgappear (©e=[NVI + 8G2 - 1)(GIR1] ™ (40)

under compression without rotation. Material does not flow

to the center of the disk with and without rotation. The rota-can be equal to 1, like in E¢37). In Fig. 15, the relationship
tion can promote the appearance and growth of the highe:=r,/r versusf=r/R obtained from the conditione,/¢q=1
strength phase, becausetation transforms stress-induced is plotted for several values @. In experiments, the mini-
SC to strain-induced SCand causes significant pressure mal reasonable value,/r exceeds 0.8. This value can be
growth due to thepressure self-multiplication effeduring  exceeded foG>2 andf>0.3 or forG>3 for anyf, which

the SC. This is an additional argument why the rotation of aris realistic for some cases. However, this condition cannot be
anvil is the perspective way teearch for new superhard fulfilled for small G< 1.3 andf <0.2, when steps still can be
materials observed experimentally. Consequently, the conditfpn0
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FIG. 16. Plotsj:=7/75 Vs M for several values ofi=r/h: (@ %=0.1;(b) %=0.2. Numbers near the curves designate valuas of

can be the reason for steps on a pressure distribution for A¢,r/h is prescribegithe shear stress at the contact surface
relatively largeG and f, and it cannot be the reason for a will relax significantly due to TRIRRIP). A similar situation
small G andf. may happen during compression without rotation. However,
As an alternative(or additiona) reason for steps on a because our model operates with strains averaged over the

pressure distribution, we will consider 'ghe reduction of sheathickness, shear straip, disappears from consideration. We
stresses under a prescribed shear strain due to (R¥if3. 27 il estimate now shear stress in the direction of rotation
and 40 or RIP3 The main idea of these phenomena is that= 7,5 and assuming, = cotanr,, with the samex as for the

the transformation strain produces huge internal stresseﬁ,;gionS without SOsee Eq(21)], and we will find howr,

which in combination with external stress@ghich can be  eqyces due to TRIFRIP). Consequently, it is sufficient to
significantly smaller than the yield strgssause plastic flow. agtimater/ 7o, Where 7, is determined for the deformation

The total plastic deformation.rate consists of contributionsyithout SC. Using Eq.(A3) for the dissipation rateD
due to traditional plasticity, which depends on stress, and dug. ayq:ayv’ﬁv’e§2+e?2+e‘;2+2(3/"/2)2, one obtains ac-
to TRIP(RIP), which is~c, see Eqs(30) and(33). In Refs. ; ; 5

: : cording to the associated flow rdte
3, 9, and 12, where analytical solutions for the problem on
SCs in a thin layeKe.g., surface layer or shear bandere
derived, the explicit expression between plastic shear dD aq o,y

; ; = —=ogy— = % (41)
strain due to TRIRRIP), y, ande, was obtained. One of the A Y o~ [
P TP N6q

results was that whem— 7, y—o. Consequently, for any
finite prescribedy, 7<r,. That is why TRIP is considered as _ o o
a mechanism of sheddeviatorig stress relaxation. We ex- To calculateq, we assumec)=c. Then, substituting Egs.
pect (because during rotation the shear strain increment30) and(33) in Eq. (41), one obtains

or = yhe
T=0y - - .
V(624 + 3N(N - 2)] + 392I0% + 6hic(sgh - yreor) + 332 + 2r?)

(42
Now we expressi'l from Eq. (39),, h=Chew, C:=-0.204n/\G2-1, expresi::l\Wq with M determined from kinetic Eq16),
and use Eq(39), for g. After the substitution of all of these results amdr/h in Eq.(42), we arrive at the following equation:
u- '\7'}&6
T=0y —— — —,
\/{83[4 +3N(N = 2)] + 3y2C?M2 + 6CM(g,C — uy) + 9C2

(43

C:=\U?/3+C2. Putting M=0 in Eq. (43), we obtain = why we used the fixed value ®=0.19. For bothy, param-
=oyu/(36). Plots] = 7/, versusM for several values and ~ Steri reduces significantly with the growth of the parameter
%=0.1 andy,=0.2 are presented in Fig. 16. Other param-M which characterizes the intensity of SC kinetics. The

eters aregp=0.1, m=10, andG=1.5 (i.e., C=-1.82. The closer the SC region is to the center of the disk, the more
results are weakly dependent Nirfor 0<N=<0.36, which is  intensively the shear stress reduces. Note that the estimated

184118-16



HIGH-PRESSURE MECHANOCHEMISTRY: CONCEPTUAL PHYSICAL REVIEW B 70, 184118(2004

=1/e,=10. For %=0.2 and for allu<6, =0, i.e., fricton  described in Ref. 10.
and consequently the pressure gradient are absent:yFor

=0.1, the same s valid far<2. We did not continue plots ;. posSIBLE EXPERIMENTAL CHARACTERIZATION

for a negativej, because for polycrystalline material for a OF STRAIN-INDUCED STRUCTURAL CHANGES
small 7, the transformation sheay, is not a constant. It re- UNDER HIGH PRESSURE

duces with the reduction of and is zero forr=0. It is clear that pressure alone is not sufficient for the char-
We can conclude that theelaxation of shear friction  ,cterization of SC under nonhydrostatic conditions and plas-
stresses due to TRIP (RIP) can be partially or completelyic siraining because it strongly dependsmandg. Even for
responsible for the appearance of small steps with almosfy grostatic conditions, the pressure hysteresis is quite high
constant pressure in the transforming zone for materials with larges,. This does not allow experimental
Remark 3To integrate kinetic Eq37), one has to follow  yetermination ofp,, and also reduces its significance. Equi-
the material rather than the spatial points. This means th%rium pressure can be determined theoretically using ther-

the Lagrangian rather than the Eulerian description has to bg,qynamic data or atomistic calculations, but the actual di-
used. Even whewy,=o0y, and the pressure distribution is ract(reversg SC occurs under much highgower) pressure.
independent of rotation, the pressure in the material particlegecayse shear straining in the RDAC reduces PT hysteresis
reduces because of radial flow. For some material particlegiom 3, it was claimed that plastic shearing allows us to
after direct SC, this can cause the reverse SC. Probably, thiger |ocalizep,. However, in some cases, direct PT pres-
is the case irfor neay the regions where “steps” on pressure ¢ ;re under shear is lower tham (item 4). As was demon-

distributions are observed. strated in Secs. IV and V, thp, does not appear in any
equation for the strain-induced SC and consequently cannot
) ) ] be determined from strain-induced experiment. SCs occur-
The main macroscopic reasons for the promotion of SC¢jq in RDAC and in nonrotational DAC during plastic com-
due to the rotation of the anvil is related to the possibility Ofpression are strain-induced SCs under high pressure rather
additional axial' displacement, which compensates a volumgygn pressure-induced SCs. This is not a terminology prob-
decrease, and increasgsy, and defect generation. Based on g jt defines mechanism and a way to describe the SCs. In
this understanding, we can suggest some alternative ways {Qntrast to pressure-induced SCs, which predominantly oc-
obtain additional displacement without rotation. cur at preexisting defects, strain-induced SCs occur at new
(8) One possibility is to decreasg, and o at a constant  gefects generated during plastic flow. Based on the results of
external force, e.g., due to the heating of the external part ofec v/, strain-induced SCs under high pressure can be char-
the disk or of the whole disk. By making equal the force gcterized by a strain-controlled kinetic equation of the type
before and during heating, one finds an explicit expression
for h versus temperature rise. The modification of all the dddg=f(p,q,6,c,0y1,0y,) = f1(p,q,6,0), (44)

equations of Sec. VI C for this case is straightforward. As mWhGFEa'yi were excluded as functions pf g, and 6. Kinetic

the case with the RDAC, if a new phase is harder, the pre —(. (16) is an example of such a relationship. In the first

SRuerfe éllnlcreNa(I)Stgstr:gttirﬁhcee r:(ta?rz oefrg'sﬁrg Iissk,h;seheere i(r?:rrllrtr;\een;g]ppm)(imation’ the stress deviatar shear stregss not an
Lo P IS hig . explicit argument of Eq(44), because its components are
nealing temperature, then defect annihilation occurs, which . . k : . ;
- . ; " small in comparison with pressure. Also, its magnitude is
eliminates strain hardening and leads to an additional reduc-

tion of the yield stress by a factor of 2—3 and higPreAlso, equal toay, so its effect is included implicitly. Such a char-

the effect of temperature oAy and on nanoscale mecha- acterization is consistent with characterization and modeling
. P . of strain-induced PTs in TRIP steels under normal presSure.
nisms has to be taken into account.

(b) The other possibility may be based on the use of TRIPThere is a basic difference between traditional time-

. . L ependent kinetics and strain-controlled kinetics. For time-
(RIP). Let us consider a two-phase material consisting o S L
. . . ) . .= ~dependent kinetics, for infinitesimdk/dt and long enough
inclusions in a matrix. If under cyclic temperature variation

experiments, it is possible in some cases to deterrpine

g‘;gﬂf'ﬁ:s tﬁgietrr?:rrgg?riimllllcbgI:jeecfg:?n\/:drsﬁazt-:—ca\?llllthel\?é%eKinetiC description, which depends upon many parameters,
9heo, P Y is an addition to the phase equilibrium diagram, which de-

W|th_ou_t eXtemal stresses. Ext_ernal stress produc_es pIaStbcends; on thermodynamic parameters only. In contrast,
strain in the direction of its action, which is proportional to

the value of the applied stress and the number of thermasttraln—controlled kinetics is derived from the thermodynamic

cycles(see experiments in Ref. 40 and our FEM modelin incondition F=0 with proper allowance for all dissipative
y P : . . . 9 Msorces. Becausemloes not characterize strain-induced SCs
Ref. 28. If we introduce the transforming particles into the

disk compressed in the anvils, then it is possible to use that all, a strain-controlled kinetic equation is not additional,

thermal cycles instead of the rotation of an anvil to get ad-BUt the only way to characterize strain-induced SCs

ditional displacement and to promote the SC in the center of
the disk.

(c) The most impressive way to reduce a disk thickness, To determine experimentally all parameters in E44),
based on rotational plastic instability, which resulted in theone has to determine experimentally or to calculate a small
reduction of the pressure for the initiation of martensitic PTincrementAc corresponding to a small incremefg and the

Alternative methods to promote structural changes

Possible experimental ways to determine the kinetic equation
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current values op, g, ¢, and 6 locally in some small vol- than time-controlled kinetics. For strain-induced defects of
umes. If the distributions of all of these fields can be deterlower potencythermal fluctuationsre needed and the con-
mined, one can determine functidp (or f) from the few tribution of preexisting defects has to be taken into account.
experiments. The pressure distribution can be measured u$his explains the effect of plastic straining on kinetics rather
ing a ruby fluorescence techniqueig. 2), x-ray diffraction ~ than on thermodynamics for some Fem ).

with synchrotron radiatiogwhen equations of state of mate-  Estimates show that for strong defealsect SC pressure
rials under study or sensor-material are kngwor Raman  for the strain-induced SCs can be lower than equilibrium

spectroscopy(after preliminary calibration Displacement Pressure pand than the reverse SC pressure under hydro-
nefatic conditions This does not mean that plastic straining

reducesp, significantly, becausg, does not appear in any

equation for strain-induced nucleation and cannot be deter-
ined from the strain-induced experiment. Local pressure in
e region of stress concentration near the defect is greater

han thep, (for a given stress deviatprPressure, averaged

anvil can be measured by the imaging of ruby particle
positionst® For the measurement of the thickness of the
compressed disk under load, the method based on the elect
capacity sensor can be us&€dlo increase the accuracy of

this method, the elastic deformation of anvils and the supporf, - <ome volume much greater than the nucleus, which is

structure have to be taken into account using FEMs a  \eaqired in experiments, can be smaller thanpthdhis
result, the entire profile of the specimen under the load cagypjains the experimental results mentioned in item 4. SC is
be obtained. An alternative method for the measurement Oéromoted by plastic deformation at the pressure ahnﬁ/e
the entire profile of the gpecimen is ba;ed on the measurely. Large plastic strain below‘j suppresses SBecause of
ment of the x-ray absorptictt When the displacementincre- gyain hardening and growth &, This explains why large
ment field during time\t, the thickness, and thickness incre- |astic deformation during the compression of materials does
ment are known, one can approximately determing,ot cause SC, while relatively small shear strain at relatively
deformau_on rate fieldgusing definitions in Eq(Al)] and high pressure promotes SC significantly.
calculateq [using Eq.(A3)]. For the measurement of the  “There is a macroscopic reason why “plastic shear” signifi-
phase distribution, x-ray diffraction w!th synchrotron_ radia- cantly reduces the pressure for the appearance of the first
tion, Raman spectroscopy, or Fourier transform infrareyetectable amount of high-pressure phase in comparison with
spectroscopy can be used. Note that one has to relate @f|astic compression. Despite the fact that in both cases,
parameters to the same material rather than spatial particlesyain-induced SC in the center of the disk occurs under com-
That is why it is reasonable to “personalize” ruby particlespressiOn without shear, theajectory of the loading in the
and relate.all measurements to the neighborhood of @ach p-q plane is very differentUnder compression, pressure
some particles. The above procedure can be used to chedows fast during the deformation process. Under torsion,
the validity and generalize or specify the kinetic E86). In {he pressure is constant. There are several macroscopic rea-
addition to the complete characterization in terms of the Kiggpg why the rotation of an anviittensifies the progress of
netic equation, partial characterization by the pgramq]%rs SCin comparison with the case without rotation. Rotation,
andp;, functioncy(p), and plots of the relationship between gjgnificantly reducing the disk thickness, compensates the
the fixed pressure and accumulated stagimhich is neces-  yolume decrease due to SC and increases the pressure in the
sary for the appearance of several prescribed fracipo$  transforming region. It also increases accumulated plastic
phase 2both for direct and reverse $Qs very usefuf® strain. If without the rotation of an anvil the material deforms
Remark 4At the nanoscale, a condition of the type of Eq. elastically during SC in the central region of the disk, the
(9), i.e., p=f(7,1,L,n, ), in principle can be used for the rotation leads to plastic deformation. This transforms the
experimental characterization of strain-induced SCs. Howstress-induced SC to strain-induced &@ich can occur un-
ever, parametelisandL are too small to be measuredsitu. der a much smaller pressyreand also causes significant
Remark 5When a high-pressure experiment is performedpressure growth. The effect of rotation is much more pro-
without hydrostatic media, even in nonrotational DAC, thenounced if the high pressure phase is stronger than the parent
specimen undergoes large plastic deformati8ié.This is  phase. For CRs, additional macroscopic reasons for intensi-
the case in experiments under megabar pressure, in particuféi¢ation may be related to better mixing, fracture, and appear-
with solid hydroger?” PT conditions for such a case are ance of “fresh” surfaces.
usually characterized by pressure only and are compared 2. There are two possible reasons for the appearance of
with or led by atomistic calculations of phase equilibrium “steps” at a pressure distribution. Both of them result in a
pressure. Our analysis shows that this is conceptually wrongmall .. One of the reasons is related to the flow of the
material in the transforming ring to the center of the disk and
VIIl. SUMMARY OF INTERPRETATION the formation of the stagnation zone. The second reason is
OF EXPERIMENTAL PHENOMENA connected. to shear stress relaxation due to the TRIP).
The meaning of the value of pressure at the “step” is unclear,
1. The main nanoscale reason for the reduction of SGut it has nothing to do witlp,.
pressure due to plastic straining is related to #tein- 3. The reduction in pressure hysteredip, is explained at
inducedrather than pressure- or stress-induced SCs. Strainhe nanoscaleby the fact that pressure for strain-induced
induced SC occurs by nucleation on new defects generatetirect (revers¢ SC is always smalleflargen than the pres-
by plastic flow. For strong enough defedbsyrierless nucle-  sure for stress-induced SC. Because the rotation of an anvil
ation takes place which results istrain-controlled rather  causes more intensiveacroscopiglastic flow and SC can
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occur under constant pressure, thp for the case with ro- DAC, the material flows to the center of the disk, the mate-
tation is smaller than without rotation. Howevewp is not a  rial with the smallero,, appears in the case without rotation
well-defined characteristic of strain-induced SC. Strain{(as pressure is higher at,>ao,,), and the stronger phase
induced defects may cause simultaneously direct and reverséll be obtained under compression with rotatias pres-
SC in different regions. It causes the necessity to considesure is higher atr,>o,,). Let the material not flow to the
both direct and reverse SC kinetics at timécroscaleand  center of the disk with and without rotation. The rotation of
results in the existence of the stationary solut@(p). For  an anvil can promote the appearance and growth of the high-
example, if a system is in the stationary state under angtrength phase, because rotation transforms stress-induced
pressurep with correspondingc=c,, then any infinitesimal SC to strain-inducedSC, and causes significant pressure
pressure increasédecreasg followed by plastic straining growth due to the pressure self-multiplication effect during
will cause 1—2 (2—1) SC, i.e.,Ap=0. This explains ex- the SC. If alternative phases were known, this means that the
periments in Ref. 16, and demonstrates that the corresponglastic straining changes the transformation pagm 12.
ing pressure is nop,. 7. We see several possible reasons for the increase in rate
4. Plastic strain leads tstrain hardeningand an increase of strain-induced CR by a factor of 4610° compared with
in oy, Ky, andK;, i.e., to an increase of pressure hysteresidiquid-phase CR(item 8). Defects induced by plastic flow
for pressurgstress induced SCs. This explains why plastic createstress concentratioand a much higher driving force
straining under conditions which do not cause reverse S@r SC than in liquid at the same macroscopic pressure. Un-
substitutes reversible SCs with irreversible otigmm 6). For ~ der the same applied force, theessure gradienand a pos-
strain-induced SCs, the growth &f is more than compen- sible pressure self-multiplication effect also create a much
sated by an increase in the driving force due to the stresigher local pressure in the central part of the disk than in
concentration at defects generated during plastic flow. That iquid. Themixing of components during plastic flow may be
why pressure hysteresis decreases. So, there is no contradiwmparable with mixing in a liquid phase. For strain-
tion between the statements in items 3 anthdtem 3, both  controlled kinetics¢~ ¢, which could bevery highfor a thin
direct and reverse SCs are strain-induced, while in item 6disk and due to TRIPRIP). However, it is not clear whether
only direct SC is strain-induced the above reasons are sufficient for the quantitative explana-
5. Thepressure self-multiplicatioiiself-demultiplication  tion.
effect is explained by the appearance of phases with the 8. A matrix with a yield stress highglower) than that for
higher (lower) yield stress, see E@36). The necessary con- reagents significantly promotésuppressgsthe CRs(item
ditions for this effect are that the reduction in the thicknessl0), becauselastic strain is concentrated in reacting mate-
of the disk completely compensates the volume decrease duial (matrix). Moreover, thepressure gradienand pressure
to SCs, and that plastic flow occurs rather than the elastim the central part of the disk is highédpwer) for the stron-
deformation of the central part of the disk. This is the caseger(soften matrix at the same applied load. Note that mixing
for RDAC, as well as for traditional DAC, when SC occurs with ruby particles for pressure measurement may reduce SC
under a fixed load due to the reduction ®f by heating or  pressure.
rotational plastic instability? This is not the case under com- 9. The reduction of SC pressure with the increase of strain
pression in traditional DAC. rate can be explained by the competition between the product
6. Even without plastic deformations, the nonhydrostaticphase nucleation and dislocation slip activation at the defects
stress state can contribute differently to the driving foxce like dislocation pile-up. For slip, higher is necessary for a
for SC to two alternative phases if they have a differenthigher strain rate, which increasesn Eg. (9). Pressure re-
transformation strain deviator. Consequently, the nonhydrodistribution at the macroscale may also play a role because of
static stress state can lead to phases which are hidden at tae increase in macroscopic yield stress. Because strain rate
hydrostatic experiment. Plastic straining, due to a change igrows with the growing radius, it will lead to a smaller
K and the creation of new stress concentrators, providegressure gradient and smaller pressure in the center of the
many more opportunities for new phases, which not onlydisk. The interplay of these two factors determines the result-
were not, but cannot be obtained under hydrostatic condiing effect of strain rate. For polymers studied in Ref. 8, the
tions. This is especially important for the appearance of alindependence af on strain rate may be related to the mutual
ternative strong phases. At tm@anoscale stress concentra- compensation of both reasons.
tion, due to new defects and consequently, is greater in 10. The regularity in item 14 demonstrates the universal
stronger phase. Let alternative phases 2 and 3 appear a<laaracter of strain-induced nucleation at various loading
result of SC from phase 1, and, and elastic moduli of schemes. It allows us to assume that our theory will be ap-
phase 2(which we designate asw” for weak) be signifi- plicable to various materials and deformation processes,
cantly smaller than those of phase('3,” strong. For a  which occur under static and shock loading, in material syn-
stronger phas&,>K,, (assuming the same). That is why thesis, geophysics, mechanosynthesis, and shear ignition of
even if pi "> pl™% it may happen thap, " <p{ S Then explosives.
the stronger phase cannot be obtained under hydrostatic 11. The independence of the pressure distribution of rota-
loading. At themicroscale if a stronger phase appears, de-tion of an anvil was obtained in our macroscopic approach
formation is more concentrated in the parent phase promotising a model of perfectly plastic material. It is definitely not
ing direct SC. If both strong and weak phases appear, againue for hardening or softening materfaiThis, in particular,
deformation is more concentrated in a weaker phase whichonfirms a postulate about the existence of the limiting sur-
may cause S@&— s. At the macroscalewhen in traditional face of the perfect plasticit? above somerather large
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level of plastic strain, the initially isotropic polycrystalline SC can be induced by a large strain at a low pressure for a

materials are deformed as perfectly plastic and isotropic wittsmallM only, i.e., if the kinetics of reverse PT is suppressed

a strain-history-independent limiting surface of the perfector the product phase is much stronger. However, even for a

plasticity. This means that the strain hardening is saturatetfrge M, a detectable amount of the product phase can be

and plastic properties reached their steady state. obtained at a low pressure, which is important for the search
12. We can also answer the question why the rotation oPf new phases. _ o .

the anvil reduces the SC pressure in the center of the disk 4. One aim of controlling the strain-induced SCs, leading

where plastic shear and shear stresses are absent. Rotatigrigh-pressure %hases Mmetastable at ambient pressure, is to

induces significant reduction in thickness and corresponding€créasekq and p;; for direct SC and to increask, and

; o hich ; educep! (or at leastpy,) below a_mpient pressure. Accorqling
Ezcﬁgl;lsfggcgff:g ;téam In (h/ho), which according to to the equatiorK=Leqo,(q), preliminary plastic deformation

suppresses SCs and increases pressure hysteresis. SCs can be
promoted by avoiding plastic straining belcpgl (see item 7
IX. POSSIBLE WAYS TO CONTROL STRUCTURAL below). Annealing at a pressure slightly belgjy will reduce
CHANGE CONDITIONS ay, Kg, and pg. Consequently, heating under press(oeaf-
ter intermediate unloadingan be used to decrease pressure
Let us summarize our analysis of various examples afor the initiation of stress- and strain-induced SCs. Moreover,
possible ways of controlling SCs by the purposeful control ofheavy plastic strain producing high dislocation density inhib-
the thermomechanical loading process and microstructuréts the appearance of new strong stress concentrations such
These methodgas well as results of items 1 and 3—6 of Sec.as dislocation piles-ups. Annealing can increase the probabil-
VIIl') can be used for design of physical experiments withity of their generation. Grain growth decreasggaccording
various goals. to Petch-Hall relationshjpand increases the maximal length
1. The trivial contribution of shear stresses to the drivingof dislocation pile-up. Reduction ofy, and p. can be
force for SCs is connected with the work of shear stresseachieved by a large plastic deformation of the high-pressure
along the transformation shear strains. This contribution iphase ap> p! (to avoid strain-induced reverse $@nother
extremely important for stress-induced SCs with lagge,  pointis to find an unloading path, which minimizes or avoids
e.g., with small volumetric strair and large sheary or  plastic straining during unloading. Then one has to regice
uniaxial transformation strain. For example, for martensitichelow ambient pressur@ather than to worry abouyt. > py,
PT in NiTi SMA alloy, y=0.13 ande=0.0034%3 y/£=38, as wel). For example, plastic deformation of the high-
which produces the strong effect of shear stress even withogiressure phase Il of Ge and Si reduced PT pressure to semi-
pile-up, and magnifies the influence of the pile-up by theconducting phase If> One possible way to reduce plastic
factor y/e. It may also be important for SC under indenta- strain during unloading is to make unloading as fast as pos-
tion. When the pressure exceeds the yield stress in shear bysible (quenching from a high-pressure spate
factor of 10-100, like in DAC, the contribution of macro- 5. At the large strain of order 0.éor rocks to 1.5 (for
scopic shear stress to the driving force is negligible in commetal9, according to the regularity revealed in Ref. 38,
parison with the pressure contribution. However, even in thisand consequentlK have to be strain- and strain-history-
case, the thermodynamic effect of macroscopic shear stregsdependent. That is why it is desirable to exceed this strain
may be importania) to choose alternative phasésaybe before SC if one wants to exclude the effect of strain and
new phasesor alternative mechanisms which have almoststrain history ono, andK. Based on the known data for the
the same: and differenty (for example, rBN transforms to a strain hardening of metaf§, the value ofK and pressure
zinc-blende structure under hydrostatic and to a wurtzitéhysteresis in the maximum hardened state can be higher by a
structure under nonhydrostatic conditiths (b) to choose factor of 2-5 than in the annealed state, see also Ref. 24.
different martensitic variantéwhich have the same) and 6. A thin specimen can be used in a DAC experiment to
microstructure. avoid plastic straining in the central part of the disk during
2. Shear stress causes the TRRRP). If 7=7,, then tra-  the compression stage. The applied foRckas to be smaller
ditional plastic flow occurs as well. Both TRIP and tradi- than defined by Eqg(22). One of the reasons to use a thin
tional plasticity generate defects which serve as nucleatiogpecimen and to avoid plastic straining may be to obtain
sites for strain-induced SCs. As local, normal, and sheapressurgstres$ induced rather than strain-induced SC even
stresses near the strong defect can be higher by a factor wofithout hydrostatic media. Another reason is to avoid pre-
10-1000 thanr,, the main nanoscale effect of plastic strain-liminary plastic deformation, which causes a decrease in
ing is related to the contribution of local stresses to the drivgrain size, strain hardening, and an increas&;rthis can
ing force. Pure hydrostatic pressure does not cause plastieduce SC pressure and pressure hysteresis. For a single
flow and the appearance of strong stress concentrators, whiglystal, a thin specimen will avoid the formation of a sub-
explains the unique role of shear stresses and strains on S@rain structure, disorientation of material regions, and will
Even fory=0, Egs.(9) and(10) exhibit a significant effect of keep the specimen as a single crystal. A very small pressure
7on p because of the pressure concentration at the tip of thgradient in the central part of the disk is a signature of elastic
pile-up. deformation rather than plastic flow.
3. The existence of stationary valwg (Fig. 8) causes 7. Additional axial displacements, compensating volume
some limitation in the intensification of SCs by plastic strain-decrease and causing plastic straining under a fixed load,
ing. A significant amount of high-pressure phase or completpromote the SC. They can be obtained (ay reduction of
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contact friction in the radial direction due to the rotation of then the appearance of a strong phase through melting can be
anvils or using some other methodb) reduction of yield promoted by shear stresses and strains.
stress and supporting pressurgunder a fixed applied load, 12. SC can cause mechanochemical feedback, which can
e.g., due to the heating of the whole or external part of &e used to control SC. The pressure self-multiplicafsmsif-
specimen;(c) use of the TRIP(RIP) phenomenon during demultiplication effect represents positive(negative
temperature cycling; anct) use of rotational plastic insta- mechanochemical feedback, which promotesippresses
bility for highly anisotropic materials. These methods aresc. Rip and TRIP induce new nucleation sites, which in turn
especially effec'give for producing _hig_h strength mate”als-promotes SQautocatalytic effegt They also increase tem-
They are opposite to the methods in item 6 above, and Cafe ot re and represent positiveegative feedback, if the
3!:{2 be used to stimulate plastic straining in the center of th riving force for SC grows(reduces with temperature

8. Reduction of the dissipative threshoki can be growth. Volume decrease du_rlng SCtoa h|_gh-pressure phas_e
sciove, i o o h reductonaf (., by ameal- 15505 10,2 presure recucton na gt feedhack i
ing) by (@) replacement omartensiticPT by diffusive PT which we revealed for diamond synthe$iRotational plastic

(Ref. 9); (b) performing SC through a liquid pha%é® . o - ;
9. A decrease in the energy of internal stresses and Coﬂlr_wtablllty10 causes positive mechanochemical feedback by

sequently an increase in the driving force can be achieved bjAtensifying plastic flow, compensating volume decrease due
(a) use of intermediate liquids or materials with a small yield© SC, and by increasing pressure. . _
limit; (b) reduction of interface shear strength to promote the 13. High pressure allows the plastic straining of materials
semicoherence or incohererftég) reduction of interface Which are brittle at normal pressure. It also increases the
tensile strengthr, or use of intermediate materiaflayerg ~ Critical stress for dislocation slip. That is why mecha-
around the places of expected nucleation, e.g., brittle matdlochemical effects may start at some critical pressure and
fials with smalle, or without cohesion to the parent phase or{€mperature, when SCs is a more preferable relaxation
liquid:® (d) choosing parameters so that solid-solid SC occurdnechanism than fracture and plastlc[ty. Plastic straining cre-
near the melting point. In Ref. 45, we predicted a new phedt€s strong compressive and tensile stress concentrators,
nomenon, namely that solid-solid PT with a relatively IargeV‘{h'Ch can induce both direct and reverse SCs. In such a way,
e, can occur through virtual melting along the interface athigh pressure can promote SCs to low-pressure phases, as in
temperatures  significantlymore than 100 K below the the case with the PT diamond to graptfte.

melting temperature. Virtual melting represents a new_ 14. One of the ways to promotsuppresgstrain-induced
mechanism of stress relaxation and loss of coherency at @CS 1S related to the creation of a microstructure which is
moving solid-solid interface. The threshoki=0 for this ~ favorable(unfavorablg to the appearance of strong defects
mechanism. Theoretical predictions are in agreement witluring plastic deformation. Such a microstructure has to be
seven experimental results on tge— & PT in HMX ener- determined in connection to the mechanism of plastic defor-

getic crystal. mation.
10. Macroscopic ways to intensify the SCs inclydgan
increase of the axial force after some rotation, i.e., sear_ch for X. CONCLUDING REMARKS
a loading P—¢, program (Appendix B); (b) use of cyclic
back-forward rotationAppendix B); (c) use of lateral sup- In this paper, continuum physical fundamentals of mecha-

port(e.g., as in belt-type apparatugeshich will increaser,  nochemistry were conceptually developed. It is clear that the
and thickness and, consequently, the volume of the tran®btained solutions represent the first approximation only.
formed materialyd) increase of deformation rate. More detailed FEM solutions of the same problems will be
11. For stress-induced SC in a shear b&od surface done in the near future. Review of general theory of SC in
layen3°12and an inclined layet,the following regularities inelastic materials and typical solved probleriscluding
have to be taken into accouni@) Applied shear stresses mechanochemical problemsan be found in Ref. 25. Mac-
contribute to the yield condition in a way equivalent to theroscopic flow theory has to be substituted by continuum and
decreasein o, and this is one of the mechanisms of andiscrete dislocation theories, depending on the scale. The
increase in the driving force for S@) if o,=20,,, Tprac-  phase field approaéh*’may give more precise results at the
tically do not affectthe SC condition{c) shear stresses can nanoscale and microscale. The atomistic scale has to be con-
render the SGmpossible if due to the necessity of fulfill- sidered as well. Also, other loading schentes., PTs under
ment of the yield condition for a parent phase, a PT criteriorindentatiori®) have to be analyzed. It is evident that there are
is violated. This is in contrast to experiments in RDAC, a number of mechanisms of strain-induced SCs which were
where the appearance of a strong phase is promoted. Fapot analyzed in this paper. For example, plastic flow can also
strain-induced SC, the additional contribution of defects genfacilitate PT due to some dislocation mechanisms of marten-
erated during plastic flow has to be taken into account fosite nucleatiort! We see new perspectives in a combined
these problems, e.g., in terms of the strain-controlled kineticenultiscale experimental and theoretical study of SCs for
(Sec. V). Even for stress-induced SC, TRIP or RIP produce avarious materials in terms of the entire stress and plastic
strain-induced contribution. Traditional plasticity and RIP strain tensor history rather than the pressure at the beginning
(TRIP) can significantly increase temperature, driving forceof SC. The results can be used to find methods to control and
(if it grows with temperature increagend accelerate the SC facilitate (or suppressSCs and to synthesize new materials.
kinetics. If the temperature exceeds the melting temperaturén addition, specific physical mechanisms of the creation of
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stress concentrators and nucleation sites in specific materials . R R

at various spatial scales have to be studied both experimen- -Ph= ZJ 7-v(27rdr) + hf o,q(2mrdr),  (A2)

tally and theoretically. 0 0

combined with Eqs(22) and(23). Herev={V,; wr/2} is the
material velocity at the contact surfadég. 9), and the terms

on the right-hand side represent the power of shear stresses at
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APPENDIX A: DETERMINATION OF THE ANGULAR D:=o0,0= ay\/j\'ei +el+e5+252)>%= DR+ w23,
VELOCITY OF DEFORMED MATERIAL 3 h
. : (A3)
Using EQ.(20), one obtains o _ _
Substituting Eq(A3) into Eq. (A2), one obtains
_:_3_\/2:_h .:_‘7_\/'=£ ~ -h_ZmTyR3 (h/h)2+w2—wwa
oz h or 2h 3\'3 \/(h/h)2 + (w _ wa)z
. 27Oy, - -
V, h . N, er " +—st2 [3h+ (W% + w?R%/3)%72]. (Ad)
€pi= = T T6 V== (A1) |
One derives from Eq.23)
Heree,, e, ande, are normal andy is the shear components - (w-wyh ho
of the deformation rate tensor. We changed the sign in defi- = —\"62——1 , G= h =1. (A5)

nition of the normal components of the deformation rate ten-
sor in order to make compressive strains positive. To deterSubstituting Eq.(A5), Eq. (22) with 0,=0, andH=h,, @

mine w, the power balance is used, =zw, (0=<z=<1) in Eq. (A4), one obtains after some algebra
|
= B . 3\Bz-1)3+[3(z- 12+ (G?- VGZmPPP?2 R
1.53+m)(1-2=m(1- + =—. A
(1.5V3+m)(1-2)=m(1-G<2) (G2 = 1)GnPZ2 , m he (AB)

This is a highly nonlinear equation with respectztdepending on the two dimensionless parame&endm. It is easy to

show by constructing a Taylor series abag) thatz=0 is one of the solutions of EgA6). This solution corresponds to the
absence of material torsion and maximum possible sliding along the contact surface both in circumferential and radial
directions. Despite the absence of shear strain due to rotation, compressive strain is maximal for this case. Since experiments
exhibit significant material torsioff, we will analyze the case+ 0. We were fortunate to find a very simple approximate
solution. In fact, we found the solution for sm&l[3(z-1)?> (G?-1)G?Z?n¥] and for largeG [3(z-1)?< (G?-1)G?Zn¥],

and it appears that the solutions do not differ significantly. Thus, for small and@rafker simplification of the last term, Eq.

(A6) has the solutions

z,= (1 +V3G2m/8)™! and z,=[1 + 2m(1 - G?+ G\G? - 1)/(3V3)]%, (A7)

respectively. We will substitute the smallést1 in the ex- ies from 1.08 form=10 to 1.25 form—oo. If we assumez

pression forz;. Numerical analysis of EQA6) shows thaz ~ =0.5z+2,) or z=1/(1+0.204n) and consequently
depends weakly of. The expression foz, gives the same
three-digit precision folG=10 andG=25. If we substitute _0.204m

W~ W,

G=10 in Eq.(A7) for z,, we obtain a better agreement with 2”71 4020402 (AB)
the solution of Eq(A6) for G<10 than by using EqA7)
for the variableG. Then instead of EqA7), we obtainz;  for anyG, the discrepancy with the solution of E@\6) does

=1/(1+0.216n) andz,=1/(1+0.192n). The ratioz;/z, var-  not exceed 6.125%.
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APPENDIX B: SOME WAYS TO INCREASE THE
EFFECTIVENESS OF THE ROTATION OF AN ANVIL

same modulugsee Eq(23)], because the compression under
the larger value ofr, is impossible. There is one possible
reason for the higher effectiveness of cycling rotation, which
As was derived at the end of Sec. VI A, at large anvilis the difference between plastic behavior for monotonous
rotation ¢, at fixed force, both the shear and compressiveand nonmonotonous loading. The maximal difference is ob-
plastic strains are small, i.e., rotation is not effective any-served when the stress tensor changes sign. According to the
more for inducing the SC. To make the rotation effectiveBauschienger effedt a large strain, the yield stress at re-
again, the forcé® has to be increased. If the rotation stops atverse loading for some metals is two times smaller than for
some thicknesd, the plastic compression can start if the monotonous loading and reaches the same value as for mo-

force increases to the value determined by Eq(22) with
H=h [from the valueP, determined by Eq(22) for h=hg].
After the rotation starts, we can again apply E@L)—(25)

starting with=0. There are three reasons for the intensifi-

cation of SCs in this case: larger pressure, langerand
smallere (consequently larger reduction in thickngd$the
rotation starts at forc® smaller than necessary for plastic
compression, then the new valuehgf(andm) is determined
from Egs.(22) and(23) and the initial valuep, is determined

notonous loading after the strain incremeiy=0.13% A
similar effect with a smaller magnitude is observed at any
change in the loading direction: the greater the angle be-
tween the stress and stress increment vector, the larger the
effect is. The only deviatoric component of stress tensor is
the shear stress The angle of inclination of- to the radius
changes fron to —a, so the angle between shear stress and
stress increment vectotr/2+«, is large enough(for the
maximal possible Bauschienger effect, this angle)sCon-

from Eq. (25). The thickness reduction during the rotation sequently, the reduction in the yield stress is expected to be

can be found from Eq25) with ¢ calculated fromgp,.
In experiments® sometimesmultiple rotations forward

at least half of the maximum possible reduction, i.e., of the
order 0.2%,. The yield stress reaches its initial value after

and backby an angle of ordep,;=5° are used. This results Aq=0.053° According to Eq.(22), the thickness will de-

in more precise pressure measurement and the repeatabilityease down to a value of ordévq=0.05, necessary to
of results due to the smaller effect of the anvil's misalign-reach the initial value ofr,. A similar phenomenon occurs
ment for small rotations. The above theory gives the saméor plastic contact frictior?.g Consequently, forward and back
results for monotonous and forward and back rotation forrotation with smalle,; leads to amore intensive thickness
©a=2|¢ql. Indeed, if the rotation direction changes, com-reduction, straining, and SCThis result has to be checked

pression does not start before the angléas reached the

quantitatively by experiments.
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