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ABSTRACT

Schhid, S.M., Boland, J.N. ahd Pate6on, M.S,, 19??. Superplastic ilow in fin€Crained
lihestone. Tectonophysic s. 43.,257 297,

Creep of Solnhofen limestone ar temperaiures between 6004 and gOOoC wa found to
Iau into thre€ dirferent flow regimes: regime 1 with an exponenrial srress-dependence or
3iraio rate, regime 2 wilb powellaw cfeep and 4 ! 4.? and finalty a supe.pleiic regihe B
wrth a - 1,?. Within the superplastic regime rh€ c.eep behaviour is shongty gain6ize
dependent, the strain rate increasing narkedly wirh deoe4e in crain size ar d eiv;n si.es.
Miooslructural observations indicate that in regimes 1 and 2 inhaqystauine pldticity is
dohin€nt whered the superplasiic regime is characlerired by grain.boundary suding. ihe
crystallographic pr€fer€d orienrarion wth'n rhe sup.elasri; regine 

's 
v;aker a;d of

diffelent geometry whe! compared wirh ihai in now regimes 1 a;d 2. In a .liscussion on
the deformation mechanishs i! is suggesred rhat flow resihes 1 and 2 ar€ regimes of dis.
iocation creep in which ihe rare co.troUing step is diffusion sisred; fo! the-sup€rplstic
regihe exislins models of grain-boundary sliding de cohpared wirh rhe obse.v;iiohs.
Finally, the t€clonophysical ihportance of superptasriciiy is discussed an.l by extra-
polating the observed crcep beh.viour to geologica! straih rares it is found ihat suDer
pldl ic i ly  in rocks is ro be expectcd under a wide rangp or condi t ions,  part icularty ar smau

INTRODUCTION

Polycrystalline aggregates can deform by a wide variety of mechani6ms
and as a consequence there ate various constitutive equations for creep relat-
ing the strain rate to the flow shess (Stocker and Ashby, 19?3a; l{eertman.
19?51. The deformarion mechanisms observed aL eleval,ed l,emperature;
('l/T^ > O,4 where ?- is the absolute melting point) can be subdivided into
three main categories: (1) flow involving the motion of dislocations (,,dis_
location glide" and "dislocation creep" in the t€minology by Stocker and
Ashby, 19?3a); (2) diffusiona-l creep (for example Nabaro-Hening and
Coble crcep); and (3) gain-boundary sliding mechanisms.

* Now at Geolocisches Ihsiitui dei ETH, Zurich, Switzedand.
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In any particular sitlration, the flow regime defined by the mechanism and

its associated flow law is mairily determined by the deviatoric stress level on

the one hand and by the combination of tempemture and strain mte on the

other hand. There is, ho ever, a serious ploblem of relating the flow regime

in a tectonophysical situation of slow stlain mtes with the flow regimes

attainable in the labomtory. Fortunately, the combined influence of tem'

perature and strain rate allows deformation mechanisms typical of slow

strain rate, low stress environments to be studied at laboratory strain rat€s if

temperatures high€r than the ones expected in nature ate used (Patenon,

19?ba). This approach has been adopted in the present study of the-flow

behaviour in Solnhofen limestone using relativ€ly high temperatures of 600

900'C ("/?- = 0.54-0.73), temperatures above those to be expected natu-

rally in crusial environments where limestones arc abundant
ti is xno*r, that a smatl grain size favou$ diffusional creep and $ain-

boundary sliding mechanisms under strcss-tempeFture conditions-where

Ai"io"ution *""i would otherwise dominate with this influence of grain

size in mind thi Solnhofen limestone (grain size 4 !m) was chosen as a test

-ut"riuf. 
tf't" flow behaviour ol the coarse'$ained (300 fm) Yule matble

ur'raet 
"imilat 

temp.ratures was aheady well known from the work of Heard

and Raleigh (19?2).- 
it *as io'-rna tlat tf'te Solnhofen limeston€, at the higher temperatures and

lower sirain mtes, exhibited a number of flow and structural characteristics

ivpical of so-called supelplasticity in metals and alloys Superplasticity' as

,r"s!a in relation to metali, refers to exceptional ductility in tensile tests'

whereby elongation can exceed 1000% without necking and subsequent

failure. It can be obselved at temperatures >05 T/T^ The telm super-

plast ic iry does not imply or even d' f ine a parl icular delormai ' ion mprhanism'

i f .*""" i .  . " . t  aurhors {see recent review by Edinglon et al  .  1976,-rpgard

e."in-tou,iauty sliding as an importanl aspecl of the deformation mechanism

in superplasl ic f low: the intragtanular deformation mechan$ms menlroneo

,frou" ao not satisfactodly explain many observed rheological and structural

features.
;lthough the extreme ductility in extension is the p mary chamcteristic

of superpiastic flow, it is clearly a criterion which is of little use in the

seolosic;l contexl or even in experimental rock deformal'ion where com_

i."..i'.""i ,*,. are usualtv pedormed. A number ol other chaJaclcrislics of

superplast ic f low can be. i led. such as:

-fn" uut," of n in a constitutive equation of the lorm 6 o o' is low' with

1<n<3.
I ir't" g" in" rcmain approximately equiaxed even aftel large am.ounts 

^of
"t.^in, 

ila u 
"*"tt 

gt"in size (usuallv <10 pm) seems to be a condition for
sulrerp)asticity in the laboratory.

'A 
eeological example of superylasl'icity has been inlerred by Boullier

and G-uceupn t19?51 f tom a mi|rosLrucrural  )(udy on myloni l 'es'
- 

-q. ot"ii-inu* account of the rheotogical observations thaL revealpd the
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lransit ion Io supcrniaslrci ty in Solnhotpn lrmestonp has alreadv been Dub_
l ishcd tSchmid. 19?6r.  Here. we give furrher data ro |onsot idate this evi .
derce, add observations ftom optical, electror-microscope and prefelred-
orientation studies and discuss the Dechanisms involved. Finally, the ret€_
vance of superplastic deformation in geological envirorments *itt lo ai"-

APPARATUS AND TECHNIQUE

All specimens wete delomed in compression under a confining pressure
of 3_.kbar,  using a high-pfessure, high-tempera{ure apparatus Luit t  and
des.r ibed by Palerson ( 1970. t  9Z6bl.  This apparatus has ihe fo owing .har-
acte stics:
-Gas confining medium. No co ection lor the strength of the confining
medium has to be made-
- Intemal load cell, directly measuring the axial load inside the pressurized
confining medium. No corrections for friction at the pistons has to be made_
Load5 of less than 5 kg tcorrpsponding l ,o 6 bai on . [0 mm diameter sppci-
mens) can be detected.
- Internal _furnace with two s€parately controlled windings. By suitably
balancing the power in upper and lower winding the temperatuie gradlent
over the specimen can be minimized to within 1b.C of [he nomiiat tem_
perature.

Cores bf 10 mm diameter and 20 mm length were drilled ftom a block of
Solnhofen limestone perpendicular to bedding. After oven,drying the
cylinders were sealed in copperjackets of O.2b mm wall thickness.

At very low flow stesses the strength of the jacket makes a substantial
contribution to the total load sustained by the assembly (copper is stronger
than Solnhofen limestone at 900"C and the lowest stmin ratei!). Therefo-re,
the strength of the copper was determined in a series of copper 

"pecimerr" 
ai

vanous temperatures and strain rates in order to make accurate corections
for the copper strength. The usual additionat corrections for aDparatus dis_
Lorl ion and cross-sedion in. fease ol  the specjmen were made jn derjv ine the
slress-strain curvcs,

Most of the tests were run at constant displacement late, corresponding to
constant strain rate when st€ady-state flow is reached. Additional tests. ;ch
as stress relaxal ion. variable sl rain rale and crcep {.onstant stress) tcsts, weIp
also performed,

After straining, the temperatute was immediately lolfered in orderto mini-
mize annealing of the structure and to stop additional $ain growth.

Calcite. would decompose rather rapidly at the highest test temperatures
under ambient pressures. Since the specimens were sealed off and iept at a
confiDing pr€ssure of 3 kbar, substantial decomposition was avoided Ly the
CO2 pressure building up inside the jacket after only minor amounts oi cat,
cite decomposed; the amount of this damage appeared to be negligible. The
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l imestonc was dcformed withrn the stabi l i ty l ic ld of calci tc '

For oDtical sludies prppolishcd ullra-thin secl'ions \ erc preparao rrom a

*i  
""" iJ" i"e 

the axis of shortening Rclat ively big areas of a specimen

"."fi 
belitaira at a thickness of one ot a few micons (grey fi$t oder in

calcite under crossed polarizers).
- 

itl" 
"rv"rtttosr"phi. 

prcferrad orienlation of seleral cryslallographi'

" l^; ; ;  
* ; ;  ; ; ; ; ' " i  in a Phi l ips PW 1078 t ,oxiurc soniomerer mounred on a

tilifi* i-t* Olrtt""t"mer.r Pw 1050 Becausc axiai symmetry ofthe fabric'

.ot irporaiitg Lo lhe svmmelry of the e\perimcntal 'onditions' 
can bp

**-!J iw"ir. "t 
a., tdzl;, x-rav intensities were onlv measurcd in ttans-

ii*.t 
"ita 

ior grains with reflecting planes normal to the 50 !m thick slab

oimaterial cut in a plane containing the axis of shortening'
-' 

ii" i"r, *"t t.t"l"d bv 540" i; the angle x aboul its normal a-\is' giling

six measurements of the basic 90' intewal of the l tansmissron pronle rne

."i",ir"*l"t"ttrti"t above the backgroun'l were rcad off at 4 5" intewals in

". 
uu"rue"a and normalized to express thp degree of prPfarred odenlation

i.irr""i"!-*" 
"i.""J"re 

described iv Means and Pai'erson l1966land Baker

.i'"i iiriorij. fi" rn,itiples of a uniform dist'ribur ion so obrained conespond

i. ,r'rl'p.r"'a""iit"" as Lhev would be obtained by optical mel'hods for a

uniform srain size; ior example. a normaiized maximum concPnfation of

i.O ,i 
"tl"ef" "t 

gO" would correspond ro a m&\imum with 2?D ol poles per

iz" **'att?tiritt"a over a giralle at an angle of 30" to the dir€ction of

shortening.*i"*tGn 
and bansmission-electron microscopy (SEM and 

-TEM) 
were

"tJJ*J'fr"*iie"; 
microstructunl features in the deformed sp€cimens'

ii:irl 
"t"ai".l 

it-g a cambridge ste&oscan 180 - were made on the-sur-

;;: ;il;ltt cylinaiicat specimens ttrat had been prepolished down.to 025

,- ir^-l'a, ir. su,tace" bejng sepa$led bv an.0 03 mm 1''9.l9tl |llLc
inc aotormation ru n r sprit' cvtinder,Tllili";,,ii1iffi i#ijii',i I.X;
Manv attempts were made to inscribe i
;;;;;;';" 

'oir""* 

"t 
gt"i" boundaries produced bv sliding Fine

J.#rt"" ata 
""t 

survive theteformation experiment prcsumably because

;;;;;-;iilfi rates were sufficientlv rapid to obliterate the scratch€s

in- 
-otr'tut 

unsuccessful approach, a gtia outtn" was made by evaporaiing

;;;;';;;;;;; ".pp", 
g a out the carbon tilm r'ended to buckle or crack

father lhan l;Llow the deformalion of the cal'ite
l;; 

";;il; 
that gave the most convincing evidence for g'ain'boundarv

d;; ;;T't#;;; .t'"-"ti'" of the sufoaces rhe vedical heishi dif'

f"i*!" bett""n neighbouring grains, u', was calculated from parallax mea'

.,-rl"-u"t, ".i"s 
a foiding mirror stereoicope (Bovde' 1970) Th: sll?rn 

1::
i" g..i"'U"t.a-rw sliding esbs was calculated from Lhe average u" usrng

ila;gdon. .19?6i e"b. = 6u,id. wherc O is a geomeLrical tacror { '11) and

' $::H1f,"ffi1"'Jxhpres from thP central rpsion or rhe specimen were
ih;;; i ; ;  ion to-t" ' i t"nt (BarbPr' 19?0r Gil lespie et al '  lg?t) and
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examired in a JSDM 200 elechon microscope operating at 2OO kV. Dis-
location densities were detemined by the line_interceit In"$.J tH"f",19?4); the greatest uncetainty arises irom assigning an average toil ihickl

RHEOLOCY AND CONSTITUTIVE EQUATIONS FOR FLOW

C o nsta nt strain -rat e t e st s

-Over 
the entire range of test conditions the flow stress reached a pmcti-

cally constant (steady state) level aJter a few percent strah (f,ig. fj, even
when t}le fastest stBin tute (toTa strain in 16 ieconds) was 

^irpfi"a 
'biigiri

but sys{,cmatic deparlures lrom rhis steady_srate Uehavjoui were oitv
observed at lhe highes! LemppraLulcs ard slowest 

"tr"in 
,ut"., *f1"." if.,o n"i

s lress kcpt r is ing \ai lh increasing strain tFig. l  ) .  This apparent work hardpn_
lng rs puzzl tng at f i rst  s ighl  bpcause i t  would normal ly bc expec(ed at the
lowest temperatures and fastest stmin ntes. ln this iase, Lo*uu"r, ii i,
believed b arise.from glain growth during deformation teaaing to aI in.r"asc
rn I low stress. The influencp of grain siza on lhe strengrh ol L:his rock will be
discussed in a later section.

The results of the constant shain-rate experiments are listed in Schmid

.
: l

600' lo-3

700" to 3

lo-5

8od lo-3

9oo' rd3
zoo'rcs

8oo" to-5
" *,1""" .,,.,"

Fig.1. Stress-shain cuwes for Soinhofen timesrone deformed under varous coh.lirions
oftemperatuie and strain raie a.d under 3 kbat co.finihg pressurc.
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TABLE t

Complemeniary list of experihenis (new experimenis not published bv Schmid' 19?6)

cc)
Ditfer€niial Flow
stre$ reg'm€

26',14 I
2?93 *
2ao2 *
2795 *
267a *
2668 *
2851 *
2aa2
2'102 *
2162
2762 *1
21lO **
2770
2?08 **
2'704
2709 *'
2902
2?09 **
2709 4*
2'109
2717

1.0.10-3
1.1- 10-4
1.1 ,10-4
1.0.  t0-4
?.4.10 5

?,1 10 b

3.3.10 5

3.2.  10 5

3-1 1o-5
1.1.10-5
1.0 - 10-€
4.8.10-4
2.5.10 4

2.3 a0 4

7.2 10 4

1.2.10!
9.9 10 5

7.3 10-6
4.0.10-b
2.1 10 5

1.1 .10 b

1021
211
150
145

117
86
93
'7t
39
10 (11.0%)
99 (13.0%)
57

105 (13-0%)
51
6A (14.7%)
29
49 (12.4%)
31(11.67")
24
10

?00
800
400
800
800
800
800
800
800
800
800
900
900
900
900
900
900
900
900
900
900

2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

* Split cylinder tesl.
** Variable straih_mte test

(19?6) and Table f  They providc mosi of  the information for delermining

in" f.l- .f 
-ti" 

constituiive equations relating strain raLe and flow stress for

;;;-i;;.t."". In the region ;f thermattv activated creep it is common to

present the constitutive equation in the form:

t= A exp(-H IRT\ o' (1)

whcre A is a conslani expressing such structural factoE as affecL the strain

r.t", rf 
" 

lrt" appare.tt acti"ation energy for creep'-R the gas constant' ? the

i".i t".o"t^tu." in "K and n a param€ter desc bing the shess-dependence

"i 
.tiri." ..t" 

"t 
any given temperature lf such a powerlaw relationship

i"til, ti.a-r'"Lli poi""ti o" u r"e 
"t""i" 

tate vs log stress plot should fall on

" "tr"igltt 
tir't". Figure 2 repres€nts sllch a plot incorporating all the 

-present
.""utts. lr car'r be immediately ""en 

from Fig 2 that there is io.:u.+ :ilg]e
relatjonship valid for all the dala Il. however' thP dal'a are subdrvldeo.rnrc

i;; ; ; i ; i" ; ; ;q* ,as sugsested in s'hmid le?6) corresponding to {hree

iitf"-t".t n""t"t"*i'"'t"i, thJ-flow behaviour within the range of test condi'

;;;;;;;;; ;;; d be adequatelv described bv three sets of constitutive

equations.
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- rosrorrrc in ior€ (rcc-,)

Fie.  2,  I -og tog ptol  of  lhe di i .erenr ia l  s, .e$ al ,  10@o slrain vs.  rhe str . in rale ot  st t  cxDeri .hpnb lhred 
.in. s.hmid I L9?6' and in Tabje t. The I"". .r b".; l;;;;;;"";";; ,T;;;paraheters of th€ consrturive eq. I a tisred in Table rr (-"*.ag" - ,.i;J.---'- 

'- "" "-"

* An extension or the exponential relirionshiD

n:iT;il,J:.ffi: jl"l${:Tfi .;iil,:",,}.?1"",ilT,1;i;l:".;.,'ffi i ffi ",":';.1

Regime 1
At stresses above 1900 bars at 6OO"C the data fit an exponential relation_ship belwe€n strain rate and stress of the form a . exp(Co) b"ft.";;;-th"

l-"yf,r^-rr"y_:."11:ll"'hig of cq. r. tr is seen in Fig. z rr,u r," r"* a"u'poi"i.rn rnls ow reghe strongly deviate from a srraighl, ljne fir on rhis l;glog
$aph. A reasonable fiL is achieved. however. on a log strain rate vs. tineaisrress, pror_ the slope C ( ln 10) js around 2.0_ 2.b kbarr.  Ruuer {19?4trouno lhar such an exponential relationship with a slope of 2.? kbarr fitsthe flow behaviour of Solnhofen limestone ai lemperatures below 6OO"C.
Ieard { 1963) found 

.t}at a relarionship ot t}re torm i o sintlCot tequ;vaeii
Lo e d exp{Co) in this case) describes the data well a[ 4OO. and b0OdC at the
slow strain rates. The more recent data obtained at 600_800;C iH";;;;Raleigh, 19?2), however, suggest a powerlaw relationship.

Regime 2
This is a regime of powerJaw creep * with high n,values neat b and an
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TABLE II

Values for parahelers log 
^, 

H, an.l n ol eq, 1. obtained from a lea6l squde rit to the

loo l ,hmi" iorm of  cq I  l r i r6r  s lahdatd d"\ iar ion).  The dard $pr '  l i r lFd lwicc bv ( i rst l j

min,hiz ins dcvicr 'ons in s l rc in rate and sc.ondlv br mrnrdrzirg rhe 
"rr 'ss 

r 'srdudl  Th"

high degr;e of agreement mav be a better ihdication for the validitv of eq l Lhan the

sd.darJ deviaiio;s cit.d (nole that the slandard deliations cited in Schhid' 1976' werc

anoneously ovestated)

-0.89 ! 0-?6

-1.76 r  0.04

2.53 r  0.3?

2.81i  0.1t

2.67

68.6 !  4.0

73.5 !  0.9

71.1

49.0 ! 2.3

52,81 1.3

50.9

4.37 !  0,44

5.03 !  0.24

4.7 0

1.5410.10

1.?8 i  0,09

1.66

apparent activation energy for creep of about ?0 kcal mole-1 (Table II)'
.Ihe stress for transition into a regime with lower n-values (regime 3

described below) is clearly temperature-d€pendent and rises from 300 bars at

900'C to 1OOO bals at 600"C. The boundary between regrmes 2 and 3 was

Iocated by making a filst fit omitting the data in the apparcnt transition

region, t|en assigning these data to the respective regimes thus pfoiisionally

determined, and ffnaly optimizing with a least-squares fit using all the data
(Table II).' 

The value of paiameter n found in this regime is compatibl€ with values

for n found in a va.riety of mate als including rocks (carter, 19?5) and there

exists a number of models based on the motion of dislocations which predict

n-values in the region of 3 to 5 (Weertman, 19?5; Stocker and Ashby'

19?3a; Kirby and Raleigh, 19?3). It is interesting to note, however, that

Yute marble (Heard and Raleigh, 19?2) shows an exceptionally high n_value'

around 8. Since the main difference between Solnhofen limestone and Yule

marble lies in the $ain size (300 gm in Yule marble) it can be suspect€d that

the difference in n-values has to be attributed to some grain size effect.

Regime 3
Al the lowest stresses exceptionally low n'values (around 1.7) and a lower
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actrvation energy for creep (around 50 kcal mole_r) are derived ftom thedata (Table lI). Such low n-values are characteristic of supeiplastic flowespecially when taken in conjunction with structuml obsen/"ii.,i" p*.""1"1

" l t  
must bF emphasizcd thal  onlJ for l .hp sakc of obtaining a simDle lormor-4. consutur rve equat ion lor crpep. useful  for extrapolat ions into g;ological

envrronments,-was a singlp set of paramelers A, n and H assumed for-thepnrrF rpglme J. therelaral ion tesls dcscr ibcd below suggest that the oaram-eter.n rcpresenLing.uhe st ress- depend en.p oi  
"rai ,  

,ut 'u"tuJiv a" i  
" i " .conlrnuousty wrlh ihe sirpss towards a minimum only sl ighrty treatFr thanunity. Many superplastic materials show a sigmoidat f.r* ifih"' f"g .i"".._lo^g_strain rate curve; that is, after a decreasJfrom ,_rrl;;tl;;;;;;"

of I / n < 3 tsuperplasLic regimet n increasps again as the flow sLross and"Lhesrram ratc decrpase furtler. Thcre ts no indication l,hat the r_vaiue increases
again at the lowest stresses in Solnhofen limestone, however, ala a tlreJoii
stress, if existent for this material, must lie well below 10 ba$.

The influence of grain size

. A si]rd_y by Olsson (1974) on vadous calcite rocks ol different $ain sizesshowed rhat jn Lhe tcmpcrature range of 25 300"C ttre yi.H ;i;;;""1;;;;;
\!rln decreaslng 

,grat n sjze acccrding [o ov a oo + .Kd-., where o is Lbp yield
srrass. d the grain size. oo and R are constants {pelfh. 1953t. A compar.rson
oJ €trength at lOZd strai; between Solnhofen limestone 

"rra'"o*.", i-in"JYule marble r-Hea.rd and Rateigh. 19?21 at any given taUoratory con?irion"
wnere solnhoten l imeslone deforms in f low regime 2 shows Lhat lhe l in€-glained limr,qlone is stronger thar yule marblel This exr."d, 

"r.h; ;;l;_slze oependence of i le slren$h into Lemperatures /300.C. This beh;viorprooaDly retteck thp innucnce of thp grajn bolrndaries on Lhe ftpe move-
menr or distocatroDs within t le grains. Erprpssed al tematively in rcrms of
sl,ra$ compalibility problems aL grain boundafies. a higher density of grain
boundaries nises the str€ss necessary to accommodate ilip in every grAl of
the ag$egate..This glain-size dependence, how€ver, is relatively weai< when
compared 

-with 
the much stronger effect of grain size 

"oll/ 
to'f" aescrlleJ

and it can be neglected to a ffust approximauon.
If a comparison is made with yul€ marble (Heard and Raleigh, 1g?2)

under conditions where Sotnhofen limestone deforms ."p".pf^li?jtv itli
to be noted that Solnhofen limestone becomes dramatically weaker thanYule ma$le. At 800'C and a strain rate of 10-" *"-t V"t" 

-i.lf" 
t 

"ppi.l-imai€ly, six times strongcr $an Solnhofen limestone t260 b"r. 
". 

.";;;;l
wi th 4l  baft  in Solnhofen l imestone,.  This very strong gr" i"_i i i .  a io""-
oence m the opposite sense Io ihat described above suggests Lhar grain-
boundary sliding and/or diffusional flow must be op"raiiu" m the ir.,oer_plaslic regimc 3 for Solnhofen limestone. Bouh Lf,"r. rn""f,*ir*. 1""'.iI
lower flow stresses at smaller $air sizes. In contrast to the case oii;G;-
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talline slip (regime 2) a high d€nsity of $ain boundari€s now leads to a lowel

flow stress because gain boundaries a.re potential sites of intercrystalline

sliding and/or enhaiced diffusion mtes
The $ain-size dependence in superplasticity is usually desc bed by the

rclation e a d-b at constant stress, where d is the gmin size and b a constant

with values between 2 and 3 (Edington et a1., 1976). An attempt has be€n

made in this study to establish experimentally such a relationship and to

evaluate the pa&meter b with a series of additional tests, listed in Fig. 3.

As will be shown in the section 'Optical microscopy'glarn glowth occurs

in Solnhofen limestone at the high€r tempelatures By annealing at tempera-

tures higher than the test temperature a series of specimens ofvarious $ain
sizes was produced. All the specimens were subsequently defoimed at 800"C

and at the shain rate 3 10-5 sec 1. Figure 3 shows the flow stresses at 107o

strain as a function of the gain size. The data point labelled "best fit" is at

the stress predicted by the constitutive equation for superplastic flow listed

in Table ll ("average" values) and at the average grain siz€ in this flow regime
(5.9 tm). It is apparent from Fig. 3 that the flow stress i6 extremely sensitive

to gnin size at the $ain sizes <10.5 l.m and that this sensitivity is very weak

at the $ain sizes >10.5 pm. This suggests that, at the lalger grain sizes, $ain'
size independent dislocation creep becomes at least competitive ]tith super-
plastic flow.

Unfortunately, the $ain-size interval flom 5 9 to 10.5 pm is too small to
allow for an accunte determination of constant b in the relationship a d d b.

Therefore, instead of calculating a best fit to the five data points in this

/7
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Fig,  3.  Graph i l lustrar ing thp inf luence ol  crain s izc on l ,hP slrencrh of  spccimms eq! i l i_

br; ted to J i f ferent grain s izes bv anneal ing Slraiehi  t ines:  predrct ion i r  a "  d D hold! in

the superpldtic regime; curved brokeh line: prediction lor the same 4lationship in the

superpl*tic regine but a$uming the strain ntes in flow regihes 2 and 3 to be additive
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$ain-size inlenral the predicted trends for 6 = 2 and b = i are superimposed
in Fig. 3, calculated as follows_

. By introducing the $ain size as an independent pa.rameter and assumins
that lhe_ bpsL-l i t  equat ion in Tabte tT l rpgime Sr i .  

"uf ia 
1",  *  r" l r^*" * ." i is lze or b.v pm the const i lut ive equal ion for supcrplast ic f low was cxpanaed

a = A'd-b exp(-H/RT)o,,  (2)
where log,4* is equal to 4.21and 4.9g whensec, barandpm are used and b = 2and 3 respecrvely.  This consl i rut ive cqual ion \aas uhen used lo calculale rhesroprngrne(rnfrg.Jtorstre$eswithinrhesupArDlast icregime.For lhplarger
grarn sizes. the orcdic{ed sLress derivpd by usrng [he pararnei.rs for Uow r"eiilez I  raore rrr .  taken as glain.size r" ldppendent.  was iound to be lower. This lsgraphically expressed by the horizontal line in Fig. e, t un"ating tl,e ti;""for rcgime 3 at a point in stress-rain size spacJ where the d;?;";i;;
l:"11i:,i 

changes rcompar also Fis. 2). lr rs seen uhar th" p*dl"i;;;;;
srze ar whlch thp slress bacomps g'rain-size indeppndent t10.5 pm; as wit t  as
rne data pornls_al glain sizes <10.5 / /m arp reasonably wel l  reproduced by
lhls.approach, The s[resses obsewed at grain sizps >.10.b pm are lower than
predrcted, bul Lhis discrepancy is par y removed if lhe two mechanisms are
assumed to b€ additive (culved line). Although a value of 2 for parameter b
Ln lhe superplasLic regime cannot be rejecFd enttely on the basis of these
lew clata. a value of 3 muher lhan 2 for b is favoured. The consequences of
this choice in a geological context will be discussed in the section',Tectono-
physical significance,.

Cteep dnd stress-relaxation tests

Stress-strain cuves obtained from constant stnin_rate tests within
regime 2 a.nd regime 3 are similar in shape (Fig. 1). Creep curves obtainJ
under constant shess, however, arc able to reveal differences as shown in
le; 1; 

IJ*llFJ:rle^same skady-sraLe srrain rare ts finaJry approximaued.
In lesr zobu.tnUU (... .LJtb bars) lhp specimen was deformed within regime 2
ch?uactehzed by high n-values: lhe initially very high strain ra|,e sGaaily
drcpped (pdmary creep) and after 3Za creep stnin steady state was esta;_
l ished. ln the case of rest. 2654 (?00.C. 320 bar) d"fo.-J urd"r;; ;"; l ;_
tlc conditions staady staLe was ajmosr immediaraly established after a s;orl
stEin interval with onty slightly higher strlam rates.

At the end of many of the consta.nt stnin_rate tests, stress_relaxation tests
were.performed. They have been repoted €arlier (Schmid, 1926) $,here it
was shown t}lat the tests represent a valuable altemative for estabiishing t}Ie
constitutive equation of creep. Its validity rests on the demonstrationlhat
the rheological behaviour r€vealed momentarily at any given stress lev€l dur_
ing a relaxation run is identical with the rheology infened from a series of
constant shain-rat€ experiments under conditions of steady stat€ at the same
stress levels. Thi6 obsewation indicates that the specimen continuouslv
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Fig.4. Crcep curves ror tesi 2660 (now fegime 2 6oo"Cl and test 2654 (flow rcgime 3'

?0"0"C), b"ii leadine Lo a st€arlv-state sirain raie of approximatelv 3 1O-5sec-l Noie

the !e; weaklv developed regio! of iransient creep in th€ ?00"C (superpldtic) run

adiusts to a steady state or at least its close approximation as the stess

aiio.. Si""" the behaviour is not yet adequately unde$tood theoretically

"uuiion 
m,r"t be apptied in extending this finding to other materials 

"*A 
p.."ti"a uduantuge of the rcla.{ation method is that a great mnge of

st.essi" is scanned witiin a single test and this enables one to obtain infor-

mation on 
-inor 

changes in the stress dependence of the stmin- rate. as

J"""tit"a fv p^."tn"t"r; in eq. 1. This fact is exploited by plotting the valu€

"i 
o-"-",it, as oblained fr;m rela(ation lests run wilhin Lhe superplasi'ic

no* t"ei,r't" against Me flow slress. ll can be shown that the value n in a

strcss'rela-\ation test is given bY:

- = Llgelqs4l' '  a logo

or approximated between two aliscrete points A and B on a relaxation cuwe

Although considemble scatter exists in Fig 5, where n js plotted agarnst

log o^ - log oE



zoo"c

!
g

ro9to di f ferenr iot  i r .*  lhor)

Fig. 5- Plot of tbe parameter r, as obtain€d from sfess,relaaation tests, against ihe
loga.ithm of ihe ditferentiat stres ai ?00"C and 800.C within rhe superplasrtc regime.

the logadthm of the flow stress behveen such points A and B as obtained
ftom several rela(ation tests, a trend for n-values to decrease with decreas_
ing stress emerges. This indicates that the assumption of a constant pajam-
eter n wiLhin the superplastic flow regimp is a simplifical.jon and th;t fi in
fact steadily decreases with decreasing stress.

MICROSTR,UCTURE

Optical microscopy

Figure 6 shows the microstructures of Solnhofen limestone undefomed
(Fig. 6a), and after deformation in flow rcgime 2 (high n-values, Fig. 6b) and
in flow regime 3 (supeelastic regime, Fig. 6c). The undeformed limestone
has a considerable scatter in gain size and the glain boundades are setate.

In flow regimes 1 and 2 flattening of grains and effects of intrasranular
plaslicity surh as undulose e\Linction and subgajn boundafies ale observed
(Fig. 6b). Detailed work on the nature of these deformation features is not
possible with light optics because of the very small $ain size. The senate
character of grain boundaries is Iargely retained.

Figure 6c shows the drastically different mi$ostructure ol a superplas-
tically defolrned specimen. Although this specimen l,r'as shortened by rough-
1y the sarne arnount as the specimen of Fig. 6b, the grains remained almost





Fie.6.  Photohicrogrsphs of  ut l ra{hin sect ions.  f tossed potar izers.  scale:  tO !h.  rar
solnnofeh limeslone. underorhed. Mean er6ih ;ize: 4.2 r,.. rut S"r"r,"r"" ii.i*i"i.lderormed In | low resihe 2 {run 2632. ?00 C. Z .  t0--3 sec-r ,  3t% shoaeninE. a.8 hl

6.7 .  10- sec 1,36% shor iening, 8.4 !m).

equiaxed.'Ihe $ain boundaries are stmight and the resulting polygonal stmc_
turc cleady indicat€s that gain-boundary migration muit havi occurred.
Some grain gowth resulted too but because of;he polygona 

-lcrostruciuiethe amount of relative grain gowth is easily over_estiirated at first sight.
Twinning is ext&mely nrely obsenred in any of the defonned specimin".
SJst€matic measurements of grain size and amount of flatte;ing were

made on a nMber of deformed specimens. The results are graphical r sum_
madzed in Figs. ? and 8 and will now be discussed in turn.

Grain Eize
The $ain €ize was measured by counting the number of grain boundaries

dossing marker lines run in a grid through the photomic;graphs paralel
and perpendicular to the direction ol shortening; ; sample ofipiroxirnatety
1000 $ains wa6 taken. Where $ain flattening occured thj gain size is
defined as the arithmehic mean of the grain size as detetminej paratlet to
the mutually p€rpendicular marker lines. The starting materiat has a meangrain size of 4.1 gm and Fig. Z illustrates the range of observed grain sizes
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Fig. ?. Plot oI the mean grain size $ determined after the lesi E the logarithm of the

diffetential sttes at various te8t temperat(es '
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after defomation (4.7 to 1.5 !m) versus the logadthm of the differential
stress at which the specimens were deformed.

Groups of data for deformation at the same temperature as well as the
total data show a tendency for the $ain size to in;tease with decreasine
slress: a simi lar Lrend was pojnted oul by Kohtsredt et al .  (19?6) for ol iv ine:
Although this trend suggests a direct rclationship between guin size anJ
stress, it has to be kept in mind that a specimen defomed ata lower stress
has been for a longer period of time at the test temperature because of the
lower strain mte applied. This gain size stress relationship might, there-
fore, pafily reflect the amount of gain growth as a function of t'ime at any
given tempemture regardless of the stress applied. "

It is int"eresting rc nol,e that, 
"hereas 

iom" $ain growrh oc.urs in the
finegrained Solnhofen limestone under our experimental conditions, grain_
size reduction occurs in coarse-gained marble (Heard and Raleish. 19?21
and in [he matd{ of an ooliLic limesrone (schmid and palelson, 19i?1 under
the same conditions. This suggests that the grains in a calcite ag$eg;t€ t€nd
to _approach an equilibrium size during deformation at elevated temperatures
although_it is not clear which exp€rimental variables detemine this equilib-
hum $ain size nor how the size vaies with change in experimental condi_
tions.

Grain flattening
The average aspect ratio R of gEins was detemined with the same meth_

od as used for the $ain size and is simply defined as the ratio of the grain
srze as measured parallel to the direction of short€ning ov€r the grain siie as
measured in a perpendicular direction. If the average grain is assumed to be
spherical initially, with unit diamet€r, and if the ;;imum and minimum
diamerels of  Lhe spheroid inro which i r  isdelormed are( l  +€, tand{ l  }e. l
respect ivply.  lhen. lor Lhe conslant vo]ume.ondit ion { . [  + e.t  r t  -  e,rr-  i -
i{ follows rhal the engineedng strain in uhe direction of sho],r,enins; inat_
catpd by tha ilarrening of gnins (ee) is given by:

e,= ep= R2t3 _7 whereR =\-  "3/
(1 + e1)

The amount ol shortening, ec, as inferred from the amount of gain flat_
tening, is only an apptoximate ;teasure of the amount of strain pro,-duced bv
inr racrysrailinc plaslicity. because sources of errors rcsl Lfrom:

(1) The constant volume assumption. This does not stricflv hold becaus€
an unknown amount of grain growuh occurs during straining of the speci_
men. However, the specimens have been equilibrated at the test temperature
for at least 30 minutes and, dudng this time, most of the grain growt_h would
have occurred. Isohopic glain growth during straining would result in an
under-eslimate of eB. while preferenLial glain glowth in parLicular direclions
could lead to an error in either direction.
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(2) Inhomogeneous defomation. Mea'surements were made in the centre

of the specimen, where the strain is higher than the avemge strarn in the

specimen. This leads to an over-estimate of the measured value of eg relative

to the avprase slrain e" over the Pntire spFcimen.
The meas-ured amoint ot  shortening es. as inlcrred from $ain l lat tening.

is comparcd wi lb ihe known Lotal  amount of shortening in lhe sppclmen

ro, r  
"" i  

Fig.  8 shows lhe rat ios ?./Pr for daia poinls plol tcd in a log strain

ruL u.. toe 
"r'r.st 

graph lt can bl seen thaL in flow regimes I and 2 rhe

average aspect ratio of glains reflects nearly the total strain imposed (avei-

uee r i l io e '- /e.0.921 whereas in lhe supeFlasLic now regimP 3 only a third of

t i ie strain 'apbt iea is renected in glain nattening laverage esler 0 34) The

transition from high to low ratios es/et almost idea-tly coincides with the

transition into the superplastic flow iegime as inf€rred ftom the rheological

data (stippled line in Fig. 2). Within the flow reglme 3 there is a tendencv for

lower ratios e./e, at lower stresses and higher tempelatures.
These resuils ;ugeest that intracrystalline plasticity is dominating in flow

regimes 1 and 2 ;d that some other mechanism such as gmin-boundary

slilding provides roughty two-thirds of the total strain in regime 3 A definite

conclusion that grain'boundary sliding occulTed is not justified by these

results alone because strongly preferential grain'boundary migration in a

direction parallel to the a-{is of shotening could theoretically be envisaged as

occuning simultaneously with intracrystalline plasticity' The prime evidence

for grain-bounda57 sliding will be presented next'

S canning e le ctron microscopY

The topognphical relief on prepolished split cylindeE deforrned in

reeimes 2 
_an-d 

3 is shown ir, Figs. 9a and b , respectively lt is evident that

th-ere is more relief in samples defomed in regime 3. Although the onenta_

tion of the contrast effects is dependent on the location of the electron

detector relative to the specimen, the relief eftects in Fig' I were observed

for all orientations of the specimen Measurements of step heights from

ster€o-paits showed that the ma-ximum vertical displacement ume in regrme

2 was about 1 pm while in regime 3 u-,* it was about 5 pm

An estimation of the strain ecb" due to grain_boundary sliding.lvas made in

a region containing 50 grains (46-!m X 30 !m) in a superplasticallv deJormed

soec-imen {run 2802. 19.8% slrainr.  The average vert  ical  displacement u'  \  as

t ' .1 l , lm. eivine o"* -  2l ' ; .  This resul l  shows Lhat in this region of lhe speci-

men the totai  sr iain was ac.ounted tor by $ain_boundary sl id ing fTha enols

ir""rt"i i" the measurements are larye. The greatest uncertainty adses in

the measulement of the paralla-x, vtith an estimated 20% ) Also, ftom stereo

viewing, it is apparcnt th;t the relief is vadable For example, in Fig 9b the

value Jf u. beiween grains 1 and 2 was 5 5 ' l gm' whilP the D's for l'he

eroups 3, 4 and 5 lvpie approximately zero Thp problem of reprcscntal'ive

ir-olins 
" 

lurther illusl,ra;d jn Fig gc. which is a lower magnifiration of



Fig. 9b. Region .4 delineates that uscd to
some neighbouring regions show less relief,

ln a specimen (2674) defomed in regime 2, ceb./eroilr is found to be
abont 20%. Fig. 9a shows that the grains in this specimen have underqone
signi f rcant ly morp f iat lpning than rho.p in Fig.9b.

Transmission e lectron microscop!

These observations were made primarily to compare the dislocation den-
sities and substructural anangements in specimens deformed in the hi,Ih-n
and low-n regimcs. The undetormed narpr ial  has a var iablp di<locarron den-
sity. No ftee dislocations are present in some glains; othen have up to 10
free dislocations within them, corresponding to a density of 5 .10s cm-,.

The result"s of the measlrrements of ftee dislocation density p for the
deformed specimens are shown in Fig. 10. In this figure, the flow strcss
is plotted against \pb)2p. The most obvious feature is the wide ranse of
p-valup. in rhe sunerplasr ical ly deformcd .pecimen. fompared wirh th.
smaller scatter in specimens ftom regime 2. Because of this variabilitv it has
bFen found morp u,Fful  lo chara.{ef lzc lhp di f fcrcrcps b.rwe"n reermes 2
and 3 in lerms of r l^" dis lo.at ion cont igurat ions. The targe slread ,n p rn
the supe4rlastic field arises because therc ate two types of grajns. One type
has virtually no dislocations; the other type has extremety high densities, up
to ? .10s cm ,. The high-n specimens had i:r more unjfonn distribution of
dislocations from grain to $ain.

Since the SEM study clearly indicated the impotance of grain boundary
sliding a careful study was undertaken to determine il there were anv sienifi-
.ant di l ferpn.ec in thF grain-boundary srructures bcrwpar rpginr.s 2 a.r l i3 or
any "corc mantle" differences in the grains (cifkins. 1974). No differences
in $ain-bounda4' structures were observed. Voids were obsen/ed along grain
boundad€s and at triple-point junctions but these were probabty inherited
ftom the starting mate al since there was no signilicant difference in the
void dist bution betlveen undeformed and defomed specimens ($jhether in
regime 2 or 3). Th€re werc no other micrcstructural leatures specific to the
$ain boundaries. Core mantle features were observed, mainly consisting ol
subboundaries, but no differcnces between specimens deformed in rcgimes 2
and 3 were found.

In specimens defomed in regime 2 the frce dislocations were dist buted
unifol]l1ly within ihe grains (Fig. 11a). Dipole and loop structures were
observed. Where determined, the direction of the dominant Buryers vector
sa. 1012 in mornhological  Mrl ler Bravais indi .es. Bur there I  a, .4"r, ."
that some dislocations have other Buryen vectors, both because they would
be necessary to satisfy the rcquirement lb, = 0 at nodal points and ftom
contrast analysis.

In specimens deformed in rcgime 3, simitar features werc obser-r'cd in the
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measurc egbs; i t  is apparent that
indicating a smaller proportion
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Fig. 9. Scannihg eleciron microsr.phs of the suftace or detormed split cylind€rs -shorr
ehihgaxis,N-S.(4Test26?4delorn€di ! rcgihe2(g0. i i l t ) ,19.57dshortening(?ooo,
l0 o sec-, ' )  (b)  Tc{ 2802 _detomed in rpgimc 3 r30. t i l  .  t9 8@o shorehine {800 ,
10- sec-,  ) .  (c)  Tqt 2802 {0" t r l r , r .
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Fig,  I  l .  Transmhsion.eledron micros.opy of  lhe dis locat ioh subsrru. t  ure. .  (a I  Tesr 2i5O
derormed in rcgime 2.  12."  sho4enins {600.,  lOasec 

' t . tUt"" ,zSOSO";_"Ji"re-Cime 3, 3670 shorening (900., 6.? .10- sec-1). ("1 r""r is5a a"ro._"0 in."gi-" e,
28% sho.teniDc (800', 10-5 sec-1)i. = cor€ regioh; n = hanue rcgion; b = grain;ound:

hight grains. In the low-p grains, small precipitates werc observed (marked
p irl Fig. 11b; note that the fine spots 6re the result of electron beam danr_
age). These precipitates were no[ preferentia.lly loca[ed at grain or 

"uUgrJnboundaries and as can be seen in Fig. l lb. they did not aplear r_o influ_ence
the dislocation distdbution. The latter featute indicates tlat they do not
contribute _to a precipitation hardening effecl. nor do they acL as substan_
lrar o$!acle6 to grain.boundary sliding. The precipita(es have nol bcen
identilied.

, Jhere.i: direcr evidence for subgnin or cell formauion. In samples
detormed in regime 2, thc sub$ains were commonly elongare (2 llm x 1 ;m)
although equidimensional sub$ains about 1!m oi tess w"re aso olseru.J-
In superplastically deformed specimens, cells wele also obsewed; in high-p
grains the subshuctures were similar to those in regime-2 matedal. For lo:w-o
gairs. the cell boundaries were clea.rly resolved into dislocalion networks

oJ-9v.
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and the cell size was about 2.5 i.rm The core mantle delineation is shown in

Fig. 11c where the simple hexagonal dislocation aray lies clos€ to the $ain
bolundariest however, because of thickness variations in the foil no clear indi'

cation ofp-vadations could be established.
Figure 10 shows that ihere is no clearly defined relationship betw€en the

flowitress o anal the density of free dislocations p. ln particular, the whole

set of measurements do€s not fit the fotm o = apbp'h often proposed (for

€xample, Smallman, 19?O: Kohtstedt and Goetze, 1976), where o is a con-

stanl; ! the sheat modulus and b the length ol l,he Burgers vector: liis equa_

i,ion is represenled in thc ligure by lhe lines for values of o = ;, 1. 3 Any

such relationship can probably only be expected to apply within a single

flow regue such as regime 2 and the extreme scattel of p-values in super_

plasticaly deformed specimens makes any attempts to Jind an analogous

relationship jn regime 3 futile

CRYSTALLOGRAPHIC PREFERRED ORIENTATION

X-ray bansmission profiles were run for the following six crysta-Uogaphic

nlanes lmoroholoqical  Mj l ler-Bravais indices used lhroughout):  / (02211'

' t tort t ,  
r(obot).  arr120),  {4483} and P{01T2) Undpformed samples and

nine specimens deformed in the various flow regim€s were analyzed The

reoroducibiljtv within all tle runs delormed in now regimes 1 and 2 on one

hand and within l-he runs in flow regime 3 (supeDlasl icity) on the olher

hand is excellent, so that the results of 3 runs reproduced in Fig 12 are

reDrcsental ive. Specimen ,4 Jun 26241 in Fig l2 was delormed in f low

reglme 2 up lo 12% shonening. specimen I  ( fun 2632) in the same f low

t"ii-" uo i" 3170 and specimen C (run 2606) in th€ supeplastic flow

.ei i -e 3-rp to 29% shoncning. Thp normal ized prof i les for undeformed

Sollnholen limesrone are superimposed {dashed linesl. The angle \ is defined

as the angle between the pole of t}le reflecting plane and the dircction of

shortening strain (es) in the cas€ ol the deformed specimens, the reference

direction lor the an;le x in the undeformed specimens is the normal to the

bedding plane (the subsequent axis of shortening)'
Soeci."ns ,q and B illuslrate lhe increase in the degrPe ol prelened oriPn-

lation lP.O.) wilh jncreasing strain. The main characl'€ristics of the type of

f .o. ir]'no* t"gi*"" 1 and 2 are: (1) a main c'axis maximum at 90' to e3,

accentuating tlle ple-existent maximum in this plane, ard a secondary maxi-

mum at 3?"'to e.; (2) a point ma-ximlrm of d-poles patallel to es and a second

concentiation at 55" to er.
Although a dgorous c;nversion of the data in Fig 12 into an inverse pole

figure (W;nk et al., 19?3) was not made, tll€ profiles shown in Fig 12 as

w"elt as ttre profiles for the e-plane and (4499) are r€adiry sean to-be com-

Datible with a main concenhation of stnin a-xes around the o-pole and a

secondary concentration at 3?" to c, near the e-pole (Fig 13)'

Specimen C. aleformed superplastically, not only has a weaker P O than
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FiC. 12. Norml l ized X-ray rransmBsion prol l les for  detormed lnpcimcn6 A. a and C
tspecimen 4:600"C.3.5 10-+ se. I i8:?OO C,2.0. t0-3se" I IC:rOO.C, r . r  tO- '
se.- ' l  and the super imposed prof i lc !  (brokch l inps) ot  rh undeiorhed rDecimen tor
var ious rcf lecirons. The angle \  p lorred on a hor izonrdt  ar iL is d.r ined ;s the anele
berween 

"he 
pole of  rhe ren"ct ing planes and thr di reci ion ot  

"hor lening or thc normat ro
the bedding plane, respe.tively.

specimen B (at the sarne strain), but some of the characteristics of specimen
B are missing: the secondary maxima in the c- and d-profiles disappear. The
geometry of the P.O. is the same as the one in the undeformed limestone: in
terms of an inverse pole figure the concentration of c-ares at 90" is main-
tained, but contmry to specimen B no concentration of the strain axes
around the a-pole can be deduced and th€ secondary maximum of strain
a.Yes at 3?' to c is also missing.

The fact that some preferred orientation occuB in superplastically
defomed Solnhofen limestone suggests that intracrystalline plasticity con-
tributes to some of the total stmin achieved under supeFlastic conditions.
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Fic. 13. Sketch showing the posilion of the nain concentratio.s of axes of sbort€ning

in an 
'nveEe 

pole figu.e d qualitatively inl€rred from the X-rav trahsmisio! proliles itr

Fig.  12.

This is not surprising, in view of the measurements on grajn flattening and
the r€sulf,s of TEM studies. But the different geometty as well as different
intensity in P.O. reinforces the conclusion that the defomation mechanism
changes between flow regime 2 (sample B) and 3 (sample C) possibly due to
different glide systems being operative in the superplastic regime However'
it cannot be excluded that the prefened orientation developed in tegime 3
arises at least in part from a mechanism of preferential grain growth under
stress; the same P.O. would be predicted by the dry recrystalization model
of Kamb (Kamb, 1959, section 6;Paterson, 19?3, p. 373).

In 6pite of the fact that the lack of PO. sometimes is used as a criterion
for superplasticity (Boullier and Gueguen, 19?5), some PO. orientation is
not unusual in other superplastically defomed materials (Edington et al.,
19?6).

It is not possible at this stage to speculate on the glide systems responsible
for the prelerred orientations observed. lt can only be said that the type of
P.O. obsewed in all the flow regimes is incompatible with twinning as a
major defomation mechanism. Twinning t€nds to move the ai.es of short-
ening towards the c-a-xis (Tumer and w€iss, 1963, p. 347). This conclusion
is consistent with the observation that twinned grains in Solnhofen limestone
are exbemely rare at all deformation conditions reported here.

The results obtained on specimen B agree with pole figures obtained from
experimentally defomed Solnhofen limestone a,s published by Kern (1971'
Fig. ?, axially symmetric strain field, 650"C). All the specimens analyzed
show a fundamentally different type of P.O., however, when comparcd with
the results of Wenk et al. (19?3) as desc bed for Solnhofen limestone,
defomed at similar temperatures and shain rates. Wenk et al. (19?3) found
a concentmtion of stress axes in an inverse pole figure around c or e and at
higher temperatures around r. In none of their runs is a concentmtion at 90o
to the c-axis reported. Since at least some of the runs were made at similar
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confining pressures, the reason for this discrepancy is not known, but mieht
be dup lo Ihc di f fprenl  .ors i ra jn ls inthe\ol idmAcl jumapl,ararLs.  I t  s nole-
worthy Ihal  rwinning is e\rensircly derFlopcd in rhcir ;npcimnns lBr l .bpr
and lVenk. 19?3).

DISCUSSION

D e lor ma t io n me c hsnis ms

The obsewations on microstructure and crystallographic preierred orienta-
tion indicate that glide of dislocations plays a dominant role in flow resimes
I and 2. uhr le Lhe amounl of $ain-boundar.J st iding :s rctatrvety smatf ,  and
twinning plays no significant role at all. The transition from regime 1 with an
exponential stless,dependence of strain rate into rcgime 2 characterized bv
hrgh r-value. in a powprlaw rplar ion,hip bptqe.n i rress and strar rare is
not well undentood; the micrcstmctuml or textural obsenjations do not
indicate any significant change in deformation mechanisms across this tran-
sition. In both flow regimes steady-state behaviour is achieved after a few
percent strain and in both creep is thermally activated with an apparent
acl i \ar ion elergy for crepp nor far beiow lhe pxperimenlal jv deremined
act ivat ion cncrgy for di f iusron ot carbon and orygen in "aicir"  188 kcal
mole r, Anderson, 1969; for the apparcnt activation energy olcreep in flow
regime 1 see Rutter a.!1d Schmid, 1975). This correspondence in activation
€nergy suggests that a bulk diffusional process is the mte,controllinq steD for
gl idp: i r  part icular ' r  is .onsislenl  wjth rhe gl ida being ct imb-conr rol lad, as is
often proposed for "dislocation creep" (Stocker and Ashby, 19?ga). Fur,
thet, the value of n = 4.7 is close to that predicted, n = 4.5, for creep by
climb-controlled glide by Weertman (19?5). [rh€n the constitrjtive equation
in rcgime 2 is written in the folm proposed by DoIn (Mukhe4ee et at.,
1969), the DoIn parameter is equal io 2 . 10? lor a shear modulus of 0.25 .
10c bars and an avemge Burgerc vector of 6.3 . 10-3 cm lusing the diffusion
data of AndeIson, 1969, at 700'C); this falls within the mnge of vatues for
other materia.ls in the plot of Dom panmeter ve$us the parameter n given
by Stocker and Ashby (1973b).

The flow r€gime 3 is best charactedzed as a regime of superplastic flow
because it has the following propeties, in common with superplastic flow in

(1) A low value of the stress exponent n implies a high stmin-rate sensitivi-
ty of the flow strcss and characterizes the rheological behaviour.

(2) A strong $ain-size dependence of strain rate is obsewed (a d d 6,
where 6 -  3)-

(3) The apparent activation energy for crcep is substantially less than the
experimentally determined activation energy for C and O self-diflusion in
calcitc and also significantly less than the apparent activation energy for
creep obseFr'ed in flow regime 2.
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(4) The amount oI grain flattening corresponds to only a portion (+) of

the total strain applied.
(5) Grain-boundary sliding obseryed microscopically accounts for approx-

imately two-thirds of the strain.
Not aU these aspects of super?lastic llow rule out diffusional flow models

The ohservatrons that lhe value of lhc'uess e\poncnl n is nF\er as low as

unity and that the grain shape does not reflect the strain as it should in an

essentially intracrystalline deformation mechanism, howev€r, are not con-

sistent with models such as Nabarro'Herring and Coble cteep; also grain'

boundarj sliding plays only a secondarJ role in the diffusional models,

conesponding to much less activity than that observed. On the other hand,

the obser-ved flow behaviour corresponds well with that expected for gtain-

boundary sliding mechanisms.
we ther€fore conclude that the deformation mechanism in the superplas-

tic regime is one dominated by grain-boundary sliding, that is, by the relative

movement of grains tather than by intBcrystallin€ processes, although some

intmcrystalline deformation evidently occu$ as a sllbordinate process' Grain-

boundary sliding cannot occur in isolation because of accommodation diffi-

culties at irregularities in the gmin boundades and' especially, at the junc-

tions where more than two grains meet. Tlvo types of accommodation are in

principle possible, involving firstly the diffusion of mate al as required for

ihe aicommodation, including $ain-boundary diffusion and, secondlv, the

plastic defol'rnation of glarns. The models of Ashby and VeEaU (1973) and

Mukherjee (19?5) represent these two possibilities and are taken here as
giving the types of dependence on experimental variables that may be

Ashby and Verfall's model of creep by diffusion-accommodation $ain-
boundary sliding leads to the constitutive equation:

.  K'DdtGv /a\
'  krdz \G/

The effective diffusivity r"ff=r,(1+3.3 6rFb/dr"), usually reduces to
3.3 6r"b/d when the grain boundary diffusivity, ,cb, is much higher than the
bulk diffusivity r,, giving:

(3)

(4)

(5)

.  3.3K'5G vrsb /o\
'  hrd3 \G/

r ,here K' is a constant (- 100), V the atomic volume, G the shear modulus'

6 the width of the grain boundary effective in the diffusional flow' 
'? 

the

Boltzmann's constant and d the $ain size.
Mukhe{€e's model of creep by $ain_boundary sliding with accommocta-

tion by dislocation creep within the $ains gives the constitutive equation:

.  K'Dgbcb lb\z lo \ 'z
-  kT \dl  \c/
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where I{" is a constant (-2) and b the Burgers vector.
Since the grain'boundary diffusivity has not been measurcd experimental-

ly the predicted creep rates cannot be calculated directly for compaison
with our measurements. However, it is to be noted that, since the activation
energy of grain-bounda.ry diffusion is usudly one half or two-thfuds the value
of the bulk diffusivity, th€ predicted temperatute-dependence of the strain
Iat€ would roughly correspond to that observed. The predicted values of
n = 1 in eq. 4 and n = 2 in eq. 5 bracket the observed value of 1.7, while the
predicted grain-size dependence in eq. 4 may fit the observations better, but
such a fit cannot be given much weight. We conclude that on the present
evidence no clear distinction can be drawn between the models discuss€d
here.

The stong variation in dislocation density from grain to glain suggests
that some gains have undergone mote intracrystalline deformation than
othels. This effect may be a result of dislocation creep competing success-
fuly with $ain-boundary sliding in those $ains most favourably oiented
for slip; the bulk aggregate would then defom by the superposition of two
relatively independent and additive deformation mechanisms, grain-bound-
a.ry sliding and dislocation cr€ep. Such a mixed defomation process could
a.lso explain the obsewed decr€ase in n-values with decreasing stress (Fig. 5)
as the relative contribution of dislocation creep decreased. An altemative
explanation of the different dislocation densities from grain to $ain is that
these densities represent different stages in a cyclic recrystallization like
those obsewed in the hot-working of metals (McQueen and Jonas, 19?5).
This altemative seems unlikely to apply here because no features have been
obsewed that resemble nuclei or intemediate $owth stages of a recrystalli-
zation process. Furthei study of the occurrence of strong variation in dis-
location densities is desirable since if it could be shown to be charactedstic
of one or more of the mechanisms of superplastic flow it may be a useful
diagnostic featue for recognizing that a rock has been deformed in a super-
plastic regime or even of distinguishing the principal mechanism of the
deformation.

Te c to no p hy sical signif icance

The applications of knowledge gained in laboratory experiments to natu-
ra1 tectonics have so fat concemed situations where intracrystalline plasticity
predominates. The microstructures and textures in a wide vadety of rocks
indicate indeed an important role of dislocation creep in many geological

In the case of altemative flow regimes involving diffusional creep or inter-
glanular creep it is much more difficult to establish good microstructural
and textural criteria for these processes. ctain-bounda.ry sliding and diffu-
sional mass tiansfer do not normally leave obvious traces to be revealed by
conventional microstructural techniques in natural tectonites. Eliott (19?3)
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has proposed criteria for recognizing diffusional creep, while Boullier and
cueeuen (19?5) have proposed criteria for superplasticitv, applying these to
intepret the microfabdc of mylonites in pe dotite nodules, anorthosites
and amphibolites as indicating superplastic flow. No cases of slrperplasticity
have yet been inferred in naturally defomed calcite locks but the fine-
gained calcite mylonite (equia-\ed grarns of around 1pm) from the Glanrs
overthrust in the Swiss Alps (Schmid, 1975) is cunently being studied ftom
this point of view.

Most of the criteria for superplastic flow mentioned in this study arc not

directly applicable to a geologically deformed specimen- Potentially useful

criteria are: (1) obseNation of approximately equia.\ed $ains in a tectonite

known from ind€pendent evidence to have undergone large stmins, where
postkinematic airnealing recrystallization can be excluded; and (2) evidence

that finer gained domains have defom€d more easily than coars€r grained

domains in a minelalogically homogeneous rock The second c tedon
implies a $ain'size sensitivity of flort incompatible with dislocation cleep

although equaly well explained by diffusional cr€ep. The large differences
in dislocation density obsewed from grain to grain in the superplastic regim€

of Solnhofen limestone woutd also provide a practically useful criterion for
recognizing superplastic flow if this effect could be shown to be a geneml

On the other hand, a very fine gain size (less than 10 !m has been sug-
gest€d on the basis of laboratory studies in other materials) cannot be sus-

iained as a necessary condition for superplastic flow (Fig. 14, to be discussed

below). Nor is the absenc€ of prefened orientation or a very low dislocation

density; these crite a, proposed by Boulier and Gueguen (1975) and

Schmid (19?6), are not fulfilled by the present studv and mav th€rcfore not

be of general use.
Su;erplastic flow has not yet been widely discussed in a t€ctonophysical

context, presumably because of the paucity of direct evidence so far for its

occurrence. It is therefore of value to inler its Iange of significance by extra-
polating the expeimentally derived constitutive equations to geologically

realistic stresses, stiain rates and tempemtures,
Ashby (19?2) introduced the concept of a "defomation mechanism

map". This is a valuable aid in canying out extmpolations from one set of

conditions to another because it provides a basis for delineating the limits

for pa.rticular flow regimes within which glven constitutive equations are

valid. Ashby's maps are plotted in a flow stress veBus temperature space for

a given grain size, with superimpos€d contours of constant strain mte More

recently, Langdon and Mohamed (1976) have intrcduced an analogolls
procedure of plotting the defomation Jields in a flow stress ve$us glain size

ipace for a given temperature, again with superimposed contou$ of constant

strain rate. The latter plocedurc is especially uselul for depicting the role of
glain size and is used here.

At this point, a distinction has to be made between a defomation-mecha_
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criteria; these flow regimes may be prcsumed to have their basis in corre_
sponding mechanism fields but the mechanisms may not yet be fully under-
stood. In the former case, the defolrnation_mechanism maps so far constluct_
ed have relied heavily on theoretically dedved consiitutive equations, as in

the case of olivine rock (Stocker and Ashby, 1973a) and calcite rock
iRutter. 19?6). In the second case, it is more appropriate to use the empii_
cally detennined constitutive equations, which is done for calcit€ rocks in
Fig. 14 using the data from the present experiments in Table II. The con-
stitutiv€ equation used for the superplastic regime in Table II is the one
incorporating the gmin-size dependence (eq. 2). The field designated "dis-
location creep" has been so named because of the inference from the micro-
structural obsenations that the flow is dominated by dislocation motion in
the $ains.

The slope of the line sepalating the fields of dislocation creep and super'
plastic flow in Fig. 14 is determined, folowing Langdon and Mohamed
(1976),  by:

d( loe d) An

d(log o) Ab

where An and Ab are the differences in €xponents for stress and gYain size,

respectiv€ly. As discussed above, the choice of b = 3 is not shongly support-

ed in preierence to b = 2 by the data but choosing a value of b less than 3

woutd steepen the slope ol the boundary between the regimes and so would

favour superplastic flow at ev€n laryer grain sizes; accepting the infelences

that htraarystalline plasticity is important in many rocks, a choice of b less

than 3 would appear to be unrealistic.
It is to be noted that in extrapolating the data for Solnhofen limestone to

seological  condrLions wi lh the gurdan.e of a map such as Fig. 14 tbe main

ir tvr iolat ion rs ro lower slrajn fales and lower l ,emperaluresl  $e f low behav-

iour has already been determined to flow stresses as low as 10 bars Thus, the

extnpolation to geological conditions depends mainly on the validity of the

temperature t€Im in the constitutive equation, that is, on the apparent acti-

vation energy lor creep, and not on the strcss term, that is, on the n'value'

Although there aie uncertainties in the experimental data used, the extn-

polation in Fig. 14 suggests that:
(1) At geol;gicaly realistic shain mtes between 10-10 and 10-11 sec-r,

the regime of superplastic flow broadens to encompass a wider range of grain

sizes, ixtendinglo grain siz€s much $eater than 10 Jlm. The ma_ximum glain

size for superplasticity depends on the differential stress but can exceed 100

prm under iome conditions. The transition into superplastic flow also-occun

at larger glain sizes at higher temperatures, as shown by the 600'C and

400'C ptots in Fig. 14.
(2) The fiow str€sses expected in this intewal of stnin rates are less than

atoui tgOO bars at 400'C and less than about 100 ban at 600'c, regardless
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of the defomation mechanism. The actual flow stress at any given strain rat€
(or strain rate at given stress) is very sansitive to $ain size in the supemlastic
regrme: exlrpmply low I1o\^, stressps can be prpccled at grarn sizes les; rhan
10 pm (for example, S bars at 600"C at the geologically fast strain Iate of
10-1o sec- l) .

The principal characteristics of the plots in Fig. 14 also suggest the follow-
ing conclusions of a more geneml nature:

(1) A grain size of less than 10 trlm is not a necessary condition for super,
plasric now to occur in geologically deformed rocks.

(2) In a mineralogically homogeneous rock suite with varying $ain size,
competence contmsts may arise reflecting differences in flow resistance and
ductility. Thus, a.n experimental study of an oolitic limestone revesled
inhomogeneous stmin associated with differences in gain size between ooids
and matrix (Schmid and Pat€rson, 19??).

(3) Superplastic flow may be widespread in mylonitesi it has aheady been
proposed for olivine-rich mylonites by Boultier and Cueguen (19?b). A
grain-size reduction by syntectonic recrystallization can be envisaged as a
prpl iminary developmenl.  leading in Lhe cours" of latgp deformati ins to a
stable zone of weakness within coarser grained country rock (White, 19?6);
the inverse grain-size dependence of superplastic flow may be an essential
factor in stabilizing this situation.

(4) Assuming that superplastic flow can be demonst&ted exDerimentallv
in olivine-rich rock and t}lal Lhis too \4iil havp characte stics analoeous t;
those of lhp calciLe ro.ks. superplasti. now at prl,remely lov,/ .'r"".".it hieh
temperaturcs must bp 

'"onsidercd 
as a serious possibilil.y in thc upper mantL,

where so far only llow by disloration creep and diffusional creep have been
consider€d (Stocker and Ashby, 1973;Weertman and Weertman. 19?b).
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