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THE MECHANISM OF CALCITE AND NITRE TWINNING UNDER PLASTIC 
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The process of tw inn ing  under plastic deformation may be described as a sequence of four 
d istinct stages*.

1. Elastic deformation of the single crystal.
2. Form ation of “elastic tw ins” .
3. Form ation of stable tw in  layers.
4. Thickening of the tw in layers.
A new method is described for the in terferen tia l investigation of the pressure figure, which 

m ates  i t  possible to observe distortions of the c o s ta l  surface during- the formation of elastic 
tw ins” . I t  is shown th a t the character of load d istribu tion  on the contact surface is of p a ­
ram ount importance.

I t  is dem onstrated th a t increase or decrease in  length or thickness of the “elastic tw ins”  are 
determ ined by conditions on their boundary surfaces. The formation of polysynthetic tw ins is 
explained. Methods are given for regulating  the thickness of layers.

Introduction

Two types of deform ation are d istinguished 
when schem atically  describing the  p lastic  
deform ation of crysta ls: slipping and tw inn ing .

Slipping is depicted  as the  tran s la tio n  of 
one part of the c ry sta l la ttic e  (F ig . 2). T w in­
ning can be represented e ither as the shearing 
of each layer or as the ro ta tio n  of the  en tire  
deform ed p art of the  specim en through 180°. 
If the points of th e  crysta l la ttic e  do no t possess 
sufficiently  h igh  sym m etry , ad d itio n a l ro ta ­
tion  of each group of atoms is necessary about 
an axis perpendicular to  the  shear plane. 
(See the  G 03 groups in F ig . 3.) Considerable 
num ber of facts indicates th a t  both  k inds of

* The term  “tw in”  refers here to th a t p a rt of the 
specimen, in  which deformation has brought about 
a change in the orientation of the axes (the axes 
are reflected in  the tw inn ing  plane). The plane 
of sym m etry is ca lled  the tw inn ing  plane. The 
plane con tain ing  the d irec tio n  shear and perpen­
d icu lar to  the tw inn ing  plane is ca lled  th e  shear 
plane (Fig. 1).

A B C D E F G I - c l e a v a g e  rho rabohedron ;  D an d  I - v e r t i c e a  
of {be t r i a n g u la r  p y r a m id s ;  J D - t h r e e - f o l d  a x i s ;  
J K L M N O P Q -  t w i n  layer ;  J K P Q  and  M N O L — tw in n in g  p l a ­
nes; B D F I - s h e a r  p lane;  FD  and  B I - s h e a r  d i r e c t i o n s
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Fig. 2. Schem atic rep resen ta tion  of “shear”  of the 
cry sta l la ttic e  under p lastic  deform ation

crysta l deform ation are accom panied by tem ­
porary  and perm anent s tru c tu ra l changes of 
a m ore com plicated character.

A. F . J о f f e w ith  coworkers has discover­
ed the appearance of Laue spot asterism  du­
ring the “slipp ing”  of rock sa lt (^ .T h is  pheno­
m enon was m ade the  object of extensive in v e­
s tig a tio n .

I. V . O b r e i m o v  w ith  coworkers has 
shown th a t separate blocks are formed in a 
single crysta l of rock sa lt during p lastic  defor­
m ation . The blocks were found to  be turned  
at d ifferent, though sm all, angles to  one ano th ­
er. The observed asterism  m ay be explained 
as the  resu lt of the form ation of these blocks.

Fig. 3. Tw inned la ttic e  of calcite.
1. L: гяе  c i r c l e s - o x y g e n ;  M edium  c i r c l e s - c a l c i u m ;
3. S m a l l  « ire le s -ca rbon ;  O E - tw in n in g  p lane;  p lane  of draw-
i n g - s h e a r  p lane;  OB'  and O B - c l e a v a g e  p la n e s  along

rbom bohedron ;  ОС' and ОС - t h r e e - f o l d  axes

The slip  bands serve as boundary surfaces b e t­
ween the blocks (2). M easuring — on the advice 
of I. V . Obreimov — the la ten t energy of the 
rock sa lt deform ation, the  author of the pre­
sent paper succeeded in establish ing th a t  the 
greater p art of the la ten t energy was localized 
in the  form of in te rn a l energy of the  deformed 
la ttic e  and only an insign ifican t portion re­
m ained as the energy of res id u a l stresses (3).

The observed strengthening  of crystals also 
contradicts the prim itive scheme of slipping 
represented in F ig . 2.

Tw inning appears to  be a sim pler phenome­
non.

If during slipping the num ber of blocks grow? 
w ith  an increase in the degree of deform ation, 
tw inning  can be carried  out in such a w ay as 
to  transform  the  po lysynthetic  tw in  into 
a th ick  so lid  homogeneous crysta l.

In th is  w ay by tw inning it  is possible to 
im prove a specim en. By reversed tw inning 
it  is possible to  reestab lish  m echanically  its 
in itia l  m onocrystalline character .This is u tterly  
im possible in the case of slipping.

Such w ould be the p icture of tw inn ing , if 
we were to  compare the in itia l and resulting 
states of the specim en.

A num ber of conflicting views are held  on 
the mechanism  of the process.

The form ation of m echanical tw inned cry­
stals has been chiefly  stud ied  on calcite . The 
p lastic deform ation of calcite is accompanied 
exclusively by  tw inn ing . The absence of slip ­
ping in calcite makes calcite crystals p articu ­
la rly  convenient specimens for the investiga­
tion  of the tw inning process.

E . R e u  s с h  (4) undertook the firs t spe­
cial investigation  of m echanical tw inning .

According to  Reusch one part of the crystal 
g radually  turns w ith  respect to  the other. 
W hen the angle of ro ta tio n  becomes sufficient­
ly  g rea t, the crysta l passes in to  a new stable
S18,t 0.

Reusch illu stra ted  th is  m echanism  by a 
draw ing which is reproduced in F ig . 4. ABCD  
is the section of the rhom bohedron by the shear 
p lane. P —P  is the effective load . Under 
the influence of the load point M  descends 
to  position О and then  proceeds to  M' .  In 
th is w ay a tw in  layer EG1K  is form ed, points 
С and D  being displaced to  C  and D ' .

A ll w riters m ade extensive use of this 
Reusch scheme , bu t did  not give due atten tion  
to  the rem arkable details described by 
Reusch in h is paper.



MECHANISM OF CALCITE AND N I T R E  TW IN N IN O 57

In his experim ents Reusch used sm all prisms 
:: calcite. The faces of the prisms represen ted  
-.he cleavage planes (rhom bohedron). The 
: ases of the prisms were cut away perpendicu- 
'.irly to  the faces. C ardboard was pasted  to  
;he bases, and the prism s were then placed 
under a screw press.

Fig. 4. T w in n in g  of ca lc ite  according to  concep­
tions of E. Reusch.

A B C D - s e c t io n  of ihe  rho m b o h ed ro n  b y  th e  sh e a r  p lane;
P - P - ~  load; E G I K - t w i n  la y e r

The loadw as n o t m easured. From  the  descrip­
tion given by Reusch it  follows th a t the  tw in 
layers appeared alm ost im m ediately  as the 
Load was applied  to  the  specim en. Reusch 
called the tw in  layer a “ p lane” .

W hen the  screw of the press was tu rn ed  m o re , 
the plane was extended over the en tire  length  
of the specim en.

R e u s c h  once noticed how a plane, th a t  had  
put in  an appearance, disappeared after pres­
sure was rem oved. He in terp re ted  th is  pheno­
menon as a re tu rn  to  the in itia l s ta te  of those 
molecules th a t  had  under pressure tu rned  
through less th an  one half of the angle ML M'  
(F ig. 4).

R e u s c h  succeeded in show ing th a t  th e  “p la ­
nes”  w hich appeared during  tw inning were 
tw in layers (lam ellae). He stud ied  the reflec­
tion  of lig h t from the face of a tw inned 
crysta l and estab lished  the fact th a t  those 
parts of the specim en surface, w hich correspond­
ed to  the outcrop of the tw in  layers ("p la ­
nes” ), reflected ligh t at a different angle than  
the other parts of the face.

R e u s c h  subsequently  m ade s t i l l  another 
rem arkable observation (6). He tw inned  th in  
plates of ca lc ite . The m ethod of tw inning 
consisted in the follow ing: the p la te s , 1.5— 
2 mm th ick , were placed on a rubber pad and

loaded from above by a steel rod . The end of 
the rod  had  the shape of a rounded h a tch e t 
blade. This blade was placed paralle l to  the 
m ajor d iagonal of the top  rhom bic face of 
the specim en AC (F ig . 5). W hen pressure 
was brought to  bear on the crysta l near the 
second (minor) d iagonal BD,  “rectang les”  
appeared w ith in  the specimen (F ig . 5, T Y V X ) .

f’ig. 5. R eusch’s “rec tang les”  [experim ent according 
to  descrip tion  given by R e u s c h  (5)]. 

A B C JJ K M O P -c a lc i t e  p l a t e  faced by  cleavage p lanes  ■. long 
r l iom bohedron; a r r o w - p l a c e  of a p p l i c a t io n  of th e  load; 

ТУ V X -  “re c ta n g le ”

Such rectangles som etimes disappeared im ­
m ediately  after pressure was rem oved, in 
other cases som ewhat la te r . The rectangles 
were very  th in . Coloured interference fringes 
were observed on them ,these fringes being paral­
lel to  T Y  and VX.  Hence the thickness of th is  
"rectang le”  (layer) was non-uniform , and — 
as Reusch pointed  out — the section of the 
"rectang le”  h ad  the form of a section of av ery  
fla t lense. (In F ig . 5 curves TV  and X Y  w ith  
some exaggeration give the  form of the section 
of such “rec tang les” ). The appearance of the 
“rec tan g le” is followed by the form ation of a 
tw in  layer ("p lane” ) cutting  the  whole speci­
m en. This is accom panied by the appearance 
of continuous interference colour in place of 
the in terference fringes. Hence the planes are 
transform ed in to  p lane-para lle l layers.

These in teresting  observations were not 
m ade the object of more detailed  scientific 
investigation .

In 1878 B a u m h a u e r  (B) suggested a 
new m ethod for tw inning of ca lc ite , by which 
a knife blade was pressed on one of the edges 
of a trian g u lar pyram id.

M ii g g e (7) em ployed a m ethod of tw inning 
by w hich a rhom bohedron was com pressed 
along its m ajor space d iagonal.

V . V о i g t has shown (s) th a t  if the  load 
is referred to  the en tire  area of the resu lting

8 Journal of I hysics, Vol. XI, Nc* 1
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tw in , the re la tiv e  elastic shear s tra in  cannot 
exceed the value of 0.4- 1Q~3.

If we adhere to  the views of R eusch, we m ust 
require  the re la tiv e  elastic shear to  be com pa­
rab le w ith  the shear accom panying tw inn ing , 
nam ely  0.656. According to  the experim ents 
of V o ig t, e lastic  shear is thousand  tim es 
sm aller th an  th is  v alue . From  th is V oigt drew 
the conclusion th a t  experim ental d a ta  con tra­
d ict the conceptions of Reusch on the m echa­
nism  of tw inn ing .

In 1938 the author of the present paper p u b li­
shed a com m unication concerning observations 
on the  process of the m echanical tw inn ing  of 
calcite (9).

The m ost ou tstanding  phenom enon, w hich 
a ttrac ted  au th o r’s a tten tio n  was the appea­
rance of a wedge-shaped leaf in the tw inning 
plane, w hich grew in size w ith  an increase 
of the  load and dim inished w hen the  load  de­
creased.

W hen pressure was rem oved, the leaf d isap­
peared altogether. In outw ard appearance th is 
phenomenon strongly  resem bled elastic tw in­
ning; th is was the nam e it was given.

F u rth er investigation  showed th a t  calcite 
and n itre  did  not tw in  at once in  considerable 
volum es. It was estab lished  th a t the following 
four stages should be d istinguished in tw inning:

1. The elastic  deform ation stage.
In th is stage deform ations are slig h t and the 

average loads also com paratively  sm all.
L ocal stresses can be qu ite  considerable. 

This depends on how the  load is app lied , on the 
shape of the specim en,on how it is m oun ted ,e tc .

2. The stage of reversible d isto rtions of 
macroscopic regions of the  c ry sta l, observed 
in the  form of “elastic  tw in s” .

Some observations on elastic  tw ins have 
been published earlier (9). The characteristic  
feature of th is  stage is the w edge-like shape 
of the d isto rted  region and the  p roportionality  
of its dimensions to  the applied load .

U nder certain  conditions elastic tw ins are 
not com pletely reversib le; after the  load  is 
rem oved, “stopped elastic tw ins”  rem ain .

3. T he stage of the  form ation  of stab le  
tw in layer.

This layer is form ed in th a t  place where 
there is a w e ll developed elastic  tw in . This 
layer is very  th in  (2 p.), bu t s tab le .

4. The stage of the tw in  th icken ing .
U nder the influence of the  applied  load

the tw in  layer grows th ick er, as if “devouring” 
adjacent parts of the  in itia l crystal- In th is

way it is possible to  ob tain  a th ick  twinned 
block of a regu lar c ry sta llin e  s truc tu re .

Below follows a descrip tion  of the  experi­
m ents w hich prom pted these assertions.

1. The r61e of concentrated 
in twinning

loads

The contact of the c ry sta l w ith  some hare, 
object is essen tia l for m echanical tw inning. 
According to  B a u m h a u e r  (e) a knife 
blade suits th is  purpose. R e u s c h  (4) sug­
gests the end of a s tee l rod having  the  shap. 
of a rounded hatche t blade.

In all the known m ethods concentrated  loads 
are essential for the in itia l stage of tw inning.

To elucidate the  role of load concentration 
it was decided to  use knives (rods) and pad-- 
m ade of m ateria ls of different hardness.

R ectangular prisms of ca lc ite  served a; 
specim ens.

f

Fig. 6. Shape of specimens.
A I B J D K C - c l e a v a g e  rhom bohedron ;  A B G D - s h e a r  plane; 
BC  and D A - s h e a r  d i r e c t io n s ;  A  and С- v e r t i c e s  of t r i ­
a n g u la r  p y r a m id s ;  L M N O - s p e c i m e n  face;  A L M E - t o p  an-i 

G O V C -h o t to m  faces of t he  sp e c im en

The pieces of ca lc ite  were cut by a wire 
w etted  in w ater w ith  em ery. F ig . 6 shows the 
shape of the specimen and the  .disposition of 
its faces w ith  respect to  the cleavage planes
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u‘ the c ry s ta l. A B C D I J K  are the vertices 
if the cleavage rhom bohedron. A  and С are 

.he vertices of the  obtuse tr ih ed ra l angles 
>f the rhom bohedron. ABCD  is the shear p la ­

ne. BC and DA  are the d irections of shear. 
LMNO-'m the face of the specim en para lle l 
10 the shear p lane.

This face was thoroughly  polished and sh i­
ned. Tne para lle l face, designated in the f i­
gure by the dash lin e , was trea ted  in the  same 
m anner.

ALME  and GONC are the specim en top 
rind bottom  faces, perpendicu lar to  the 
direction of shear.

Tnese faces were likewise thorough ly  p o li­
shed and shined.

AB  a rd  CD  are the m inor d iagonals of the 
top and bottom  faces of the cleavage rhom bo- 
iu dr on.

F ig . 7. F asten ing  of th e  specimen. 
J - s p e c i m e n ;  2 - k n i f e ;  -3 -c3 rdboard  pad;  P - w e i g h t

W hen ready , the specim en was fastened by 
a clam p, as shown in F ig . 7. The top and b o t­
tom  faces of the specimen were protected  by 
cardboard  pads (3 , F ig . 7). A knife (2,  F ig . 7) 
attached  to  a holder was placed on the free 
end of the specim en (console 1,  F ig . 7). A 
sm all plank w ith  a w eight was fastened to  
the holder.

K nives were prepared of various m ateria ls , 
their edges being b lun ted  so th a t the crysta l 
came in to  contact w ith  a surface of cy lindrical 
shape. The d istance betw een the knife and the 
edge of the clam p was 2—4 m m . In some expe­
rim ents pads of foil or cardboard  were inserted 
under the knife. T able 1 gives the results of 
all the experim ents.

It is in teresting to  note th a t  the hardness of 
calcite according to  M ohs’ scale is 3. The fore­
going d a ta  confirm  th a t  tw inning is closely 
associated w ith  the action of a concentrated 
load. If, owing to  the p lastic ity  of the knife 
or pad, the load is not concentrated , tw inning 
is very  m uch ham pered.

For a more detailed  investigation  of the 
origin of “elastic tw in s” and the role of load 
concentration , the crysta l surface was stud ied  
by the  in terferen tia l m ethod. The set-up , 
schem atically  represented  in F ig . 8, was used 
for th is purpose. The crysta l was placed on a 
th ick  glass (sometimes on a cardboard  or rubber 
pad) and loaded on top  by a plano-convex len- 
se, convexity  tow ards the  specim en. The place 
of the  load application  was exam ined through 
th is lense by means of a microscope in re flec t­
ed lig h t (the specim en was illum inated  by 
means of a v e rtica l illum inato r through the

Dependence of pressure effect upon hardness of knife cr pad

. . , ,  , , i H a rd n ess  accord ingM a te r i a l  of kn i fe  o r  pad  j

Cardboard (pad) 
Lead (pad)
T in (knife) 
A lum inium  (knife)

Observed effect

No traces of damage to the c ry sta l in  the place of the load 
application . “E la s tic  tw in s”  do not appear altogether. 
Very great loads lead to fractu re  along one of the cleav­
age "planes in  a .section d is ta n t from the po in t of ap p li­
cation  of the load. Mean shear stress in  transversal sec­
tio n  of the specimen reached 600 g/rrim2

Copper (kn ife)
Iron (knife)
G lass (rod w ith  fused 

end, spherical and 
cy lin d rica l lenses)

Pressure figure (cracks) appears in  the po in t of the load 
app lica tion . A lready for transversal section stresses, 
equalling  20—30 g/mm2 over the section, “e lastic  tw in s” 
appear near the p o in t of the load app lica tion  (second 
stage). U nder stresses of 150—200 g/mm2 the “elastic  
tw in s”  become o rd inary  tw ins (stages 3 and 4)

8*
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object glass of the microscope and the p lano­
convex lense).

N ew ton’s rings and a cen tra l grey spot could 
be observed in the m icroscope field  of vision . 
P a rt of the spot was the region of the crystal 
contact w ith  the  lense. The regu lar configu-

Fig. 8. Set-up for in te rfe re n tia l investiga tion  
of pressure figure.

C r y s t a l  r e s t s  on so f t  pad and  i s  loaded b y  lense. C r y s t a l  
s u r face  is  e x a m in e d  in  r e f le c te d  l ig h t  th ro u g h  th e  lense

ra tio n  of the rings in the  beginning of the 
experim ent testified  to  the  flatness and sm ooth­
ness of the cry sta l surface (F ig . 9). Upon 
loading an elastic deform ation was firs t observ­
ed. The growth of the central spot and change 
of the in te rfe ren tia l p icture ind icated  the 
presence of a homogeneous elastic deform ation 
(F ig . 10). W hen the elastic deform ation was 
suffic ien tly  g rea t, the appearance of clearly  
defined dents para lle l to  the tw inning plane 
could be observed; at the same tim e the rings 
underw ent m arked deform ation.

F ig . 9 represents a photograph taken  at 
the firs t m om ent of contact betw een the lense 
and the crysta l surface, when the lense exerts 
a sligh t pressure on the c rysta l. F ig . 10 cor­
responds to  considerable, bu t s t i ll  elastic 
deform ation (first stage). F ig . 11 shows th a t 
a further increase cf the load has led to  the 
appearance . of e lastic tw ins. ri he rings, are 
sharp ly  fractured in points of in tersection w ith 
the  elastic tw ins. F ig . 12 (a different specimen) 
illu stra tes the uniform  increase in ring diam e­
ter from one e lastic  tw in  to  another. This 
prom pts the conclusion th a t the crysta l surface 
has acquired a saw -like shape, the h e ig h t of 
the  teeth  being of the order of one ring of v is ib ­
le lig h t or 0.25 p.. W hen the load was rem oved , 
the d isto rtion  of the rings first s lig h tly  d im i­

nished (F ig. 13), then  disappeared altogether 
(F ig . 14).. P resum ably  F ig . 11 represents the 
second stage of tw inn ing , when there appear 
macroscopic distortions of the crysta l. W hen 
the load was rem oved (F ig . 13), phenom ena 
of a hysteresis character were observed j which 
can be considerable in the second stage.

Experim ents performed w ith  the aid of a 
cy lindrical lense yielded sim ilar resu lts, bands 
being observed instead  of rings. These in te r­
fe ren tia l bands were parallel to  the axis of the 
cy lindrical lense. S ufficiently  g reat loads led 
to  the appearance of a certain  num ber of elastic 
tw ins at sm all distances from one another. The 
twins appeared w ith  least d ifficu lty  when the 
axis of the cylinder was para lle l to  the  tw in ­
ning plane. W hen the  load  was increased, the 
elastic tw ins were transform ed in to  th in  tw in 
layers. This is easily  accom plished, if the  crys­
ta l  rests on a soft padding. W hen carefully 
perform ed these experim ents need not damage 
the surface of the specim en.

It is characteristic  th a t  the  tw ins are s i tu a t­
ed exclusively on one side of the area of con­
tac t betw een the lense and the  specim en. (Let 
us ca ll it the righ t-hand  side.) The appearance 
of tw ins is frequen tly  observed in  places where 
there is some k in d  of a h ard  grain  between 
the lense and the  surface of the  specim en. If 
such a gra in  coincides w ith  the centre, of the 
lense (or the axis of the cylinder) or is on the 
left-hand  side, tw inning does no t occur.

It can be assumed th a t the form ation of the 
tw inning nucleus is caused by overpressure. 
This nucleus can be qu ite  sm all. For it to  de­
velop in to  an elastic tw in , i t  is necessary for 
a sufficient shear stress to  be present in a v o ­
lum e com parable w ith  the dim ensions of an 
elastic tw in . Only one side (for exam ple, the 
rig h t-h an d  side) of the contact area can satisfy 
th is la s t condition.

Д

! Г “ 1  1
h Ka----1----L/
i  ___

K -
______ ^ _iC r

'7777
♦ ♦ * t + * * * i

В
Fig. 15. Scheme of contact between lense and cry ­

s ta l



F ig . 11. F u rthe r increase of the 
load leads to the appearance of 

an “ e lastic  tw in ”

F ig . 9. Spherical surfa­
ce of lense touches p la­

ne surface of crystal

F ig . 14. E la s tic  tw in  disap­
peared com pletely under 

somewhat sm alle r pressure 
th an  in  F ig . 11

J o u rn a l  of Phvsics , Vol.  XT, No. 1

F ig . 20. A fter load is removed 
(heel ra ised )—“ stopped e lastic  

tw in ”  rem ains

F ig . 19. E la s tic  tw in  under 
heel in  n itre

F ig . 12. F orm ation  of saw -like 
surface (d iffe ren t specimen)

F ig . 13. P a r tia l removal of 
load dim inishes shear
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F ig . 15 represents schem atically  the contact 
surface of the crysta l w ith  a cy lindrical lense. 
The cylinder axis lies in the tw inning plane; 
the direction of pressure coincides w ith  the 
direction of slipping during  tw inning. The spe­
cimen axis K E  is perpendicular to the tw inning 
plane. The specimen has been placed on a soft 
padding and subjected to  pressure in the centre 
of the top  face. The tw inning plane is p er­
pendicular to  the plane of the draw ing, the 
shear plane coincides w ith  it .

Owing to  the sym m etrical position of the 
supporting surface w ith  respect to  the axis 
of pressure A B , we can assume a uniform  
d is trib u tio n  of the reacting  forces of the 
support. F ig . 15 shows th a t the shear stress 
in poin t С of the contact surface can be 
expressed approx im ate ly  by

X

x =  ^ F (x)dx,
~  X

where F (x) is a certain  function  depending 
upon the elastic  p roperties of the specim en 
and load cy linder, and also upon th e ir  shape.

If we assum e th a t the surface of contac | 
is of exact cy lin d rica l shape and neglect strain  
and stress along the x axis, i t  is possible 
to obtain  a q u ite  sim ple expression for th is  
function :

F {x) =  с ( j / r 2 — x2 — h),

where с is a constant depending upon the 
elastic p roperties of the crysta l. The other 
sym bols are explained in  the figure . Under 
such assum ptions the shear stress

x =  c (^x \ f  r2 — x 2 -f  г2 arc s in  ~—  2 fix ^  .

In p o in t D  the  shear stress in the tw in ­
n ing  plane is apparen tly  equal to zero. In 
p o in ts  on b o th  sides of D  it  m ust have op ­
posite signs, t: a tta in s  a m axim um  on the 
border of the contact area:

.

If to the r ig h t side of AB (x >  0) th is  
stress has the  same sign as a possible shear 
accom panying tw inn ing  M , to  the le ft of AB  
i t  m ust be of the opposite sign (x <  0).

Such a d istrib u tio n  of stresses is in good 
agreem ent w ith  observations on tw inning when 
th e  lense was pressed in to  the crysta l.

It is essential to  establish  the reason w hy 
th ick  elastic tw ins are not observed. It w ould 
seem th a t  the inhom ogeneities on the contact 
surfaces could accidentally  be so closely s i­
tu a ted , th a t  the nucleus w ould be qu ite  long, 
and since the shear stress changes very  m ono­
to n o u s ly — the creation of conditions su itab le  
for the form ation of a th ick  elastic tw in  w ould 
appear qu ite  probable. T h is , how ever, is never 
observed. E lastic  tw ins are never more than  
several ten ths of a m icron th ic k .

It is d ifficult to  suppose th a t the size of all 
the regions of overpressure, in which a tw in ­
ning nucleus is form ed, does not exceed th is 
fig u re , or th a t  the form ation of bigger twrinning 
nuclei is for some reason im possible.

If we consider the contact surface to  be of 
perfect sm oothness, the form ation of th in  
“e lastic ’ ’ and custom ary tw ins can be ex p la in ­
ed as follows.

L et us suppose th a t a shear stress (the 
elastic lim it of the first stage) is needed for 
the form ation of a tw inning nu cleu s , and th a t 
a sm aller shear stress (the elastic lim it of 
the second stage of tw inning) is necessary for 
the developm ent of the nucleus and its further 
grow th.

W hen in some point on the contact surface 
the stress atta ins the value of the process 
of tw inning (second stage) begins there , part 
of the crysta l surf ace tu rn ing  through a large 
angle (38°) (Fig. 16). The surface at the righ t-

Fig. 16. R ed is tr ib u t io n  of load due to elastic  de­
formation when twin is formed at point С of con­

ta c t  between lenses and crystal

hand end of the tu rned  part m ust be lifted  and at 
the left-hand  end lowered by S mnx = (o /2 )tg38°, 
where о is the thickness of the elastic 
tw in m easured directly  at the surface of the 
crysta l. The absolute value of S  m ust g radually  
dim inish on both sides of the tw in . The cha­
racter of this change of S  w ith  distance is
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determ ined by the elastic properties of the 
c rysta l. F ig . 16 shows a schem atic section of 
such a d istortion  at the border of the contact 
area. As can be seen from F ig . 16, т m ust differ 
su b s tan tia lly  from its former value (the value 
т h ad  before the appearance of the elastic  tw in ). 
T aking in to  account the distortions due to  the 
presence of an elastic tw in , we obtain :

xc

т' =  с  ̂ ) r2— x2 dx—
- x r

XC xT)f
~  C 1 \  fi ix) dx ~ c 2 \ / 2 (x) dx.

x E x c

Here we neglect the in terna l stresses created 
by the presence of a sm all tw inned region. 
It should be noted th a t t '  rap id ly  dim inishes 
w ith  an increase in the thickness of the tw in  S. 
W hen the value of t '  becomes sm aller th an  
the elastic lim it for the second stage of tw in ­
ning i j j , the tw in  w ill cease to  become th icker. 
A fu rther increase of the load w ill lead to  the 
form ation of a th in  tw in  passing through the 
whole section of the c rysta l. A new nucleus 
can form near th is p lace , giving rise to  a 
neighbouring elastic tw in  (Fig. 12).

Tw inning by means of a cy lindrical lense 
can be executed w ithou t d ifficu lty  only in 
th a t  case when .the axis of the lense lies in 
the tw inning plane. This was first discovered 
in perform ing experim ents w ith  copper k n iv es .

W hen the blade of a copper knife was s itu a t­
ed in  the tw inning p lan e , elastic tw ins deve­
loped com paratively  w ithou t d ifficu lty . If the 
blade was tu rned  by a sm all ang le , the tw ins 
d isappeared. In th is case a considerable increa­
se of the to ta l load also did not produce tw in ­
ning . An exp lanation  for th is was found after 
it became known th a t the surface of the calcite 
swelled during the form ation of an elastic  tw in . 
The hardness of copper according to  Mohs 
is 3. The hardness of calcite is approxim ately  
equal to  the hardness of copper (also 3, accord­
ing to  M ohs).

Therefore, an essen tial condition  for the 
developm ent of the tw inned  crysta l is the 
requirem ent th a t  the copper blade should 
coincide exactly  w ith  the groove A (F ig . 16). 
If the blade of the copper knife is placed trans- 
vers ally , i t  w ill be rum pled  and the load w ill 
be d istribu ted  over a large area.

It is necessary to  add th a t  concentrated 
loads m ay be created inside the specim en.

Therefore, sometimes elastic  tw ins appear 
when a specimen is ben t by a crack; the elastic 
tw ins grow , if the separated  surfaces press 
each other.

The rem oval of pressure in these cases also 
leads to  a disappearance of the elastic twins. 
The cracks do not d isappear.

The experim ents described in th is  paragraph 
m ake it possible to  conclude th a t  the second 
stage of tw inning (the form ation of elastic 
tw ins) occurs exclusively  in the presen t- 
of concentrated  lo ad s . The load m ay be con­
cen tra ted  in one poin t (spherical lense) or on 
a s tra ig h t line perpendicu lar to  the plane and 
the direction of shear.

2. The properties of elastic twins 
(The second stage of twinning)

E lastic  tw ins appear firs t under the influence 
of concentrated  lo a d s .

An increase of the load causes a grow th uf 
the elastic tw ins in le n g th , w id th  and th ickness. 
The correlation  of dim ensions rem ains, how ­
ever, the sam e. The reach along the direction 
of shear (length) considerably exceeds the 
w id th  (perpendicular to  the direction of shear, 
in the tw inning plane). The length  depends 
chiefly  upon the load . The w id th  depends U 
a m uch sm aller degree upon the acting load: 
it  is closely connected w ith  the character o: 
the d is trib u tio n  of forces on the surface of th - 
specim en. In tw inning by means of a spherical 
lense the w id th  of an elastic  tw in  exceeds 
the d iam eter of the contact area 1.5—2 tim es.

If the cy lind rica l lense or a knife are used, 
the w id th  is com pletely determ ined by th - 
length  of the contact area along the trace o: 
its in tersection  w ith  the tw inning plane. 
The thickness of the elastic  tw in  is more 
in tim ate ly  associated w ith  the load .

If an elastic tw in  is illu m in ated  somewhat 
from the side, interference of lig h t can be 
observed both in tran sm itted  and reflected 
l ig h t . The colour of the interference fringes 
makes it possible to  judge the thickness of the 
elastic  tw in .

F ig . 17 schem atically  shows the position 
of lig h t source, specim en and microscope in 
observing in terference in tran sm itted  l ig h t . 
The clam p and holder p ictured  in F ig . 7 are 
no t shown.

F ig . 18 reproduces a photograph of an elastic 
tw in , w hich is s itu a ted  in the tw inning plane.
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b u t occupies only a p a r t of the specim en 
section. The elastic  tw in  is in tersected  by a 
num ber of curves of the in terference fringes. 
There is a grey interference (zero order) at the 
poin t of the w edge.

Fig. 17. P osition  of source of lig h t, specimen and 
microscope for observation of fringes of equal 
thickness on the surface of the “e lastic  tw in ” . 
Clamp and holder p ic tured  in F ig. 7 here no t shown

The coloured fringes of h igher order are lo ­
cated  closer to  the specim en surface.

The thickness of the elastic  tw in  increases 
w ith  the  length  .The fringes undergo correspond­
ing displacem ent. As in these observations a 
sm all m agnifying, power of the microscope

F ig . 18. F ringes of equal th ickness on the surface 
of the “elastic  tw in ”

m ay b e  used the length  and w id th  of the elastic 
tw in are m easured sim ultaneously  w ith  the 
th ickness.

M easuring the load , it  is easy to  observe 
the  change of all th ree dimensions of the elastic 
twTin. The leng th  and w id th  comprise m illi­
m etres, and the thickness — m icrons.

In “long55 elastic  tw ins the w id th  pract ic ally 
does not depend upon the load . D uring the 
first m om ent the w id th  grows -with an increase 
of the load . It happens th a t the w id th  becomes 
equal to  the w id th  of the specim en; then  the 
elastic tw in  has the shape of a wedge w ith  
rectangular faces. In such cases the fringes 
s tra igh ten  out and become p ara lle l to  the 
edge of th is wTedge. For these experim ents it 
is very  convenient to  use specimens w ith  a cross 
section of about 10 x  10 m m .

The fringes become m ost d is t in c t , if by m eans 
of a po larization  prism the o rd inary  ray  is 
extinguished . (The e lec trica l vector of the 
tran sm itted  lig h t m ust be para lle l to  the pro­
jection of the op tical axis onto the focal plane.)

The influence of the polarizer m ay be ex p la in ­
ed by the difference in the refraction  indices 
of the m aternal crysta l and the tw in  for o rdi­
nary  and ex trao rd inary  rays.

A more elaborate investigation  of th is 
question , in connection w ith  the stu d y  of the 
properties of the tw in  boundary  surface and 
planes of secondary cleavage, w ill be conclud­
ed in the near fu tu re .

To estim ate the thickness of the  elastic  tw in  
use m ay be m ade of the well-know n re la ­
tion:

A
2n._2 cos r*

Assuming th a t  nT_2 cos r differs b u t l i t t le  from 
u n ity , we obtain  d —kk/2,  where к is the order 
of the fringe. In so far as elastic tw ins usually  
d isappear com pletely w hen the load  is rem oved 
even in the case of 3—4 fringes, it  m ay be con­
sidered tE at the thickness of elastic  tw ins 
equals approxim ately  one m icron.

The trace of the elastic  tw in  in tersection  
w ith  the face has a thickness of the same order. 
This was ascertained by means of the m icro­
scope.

Sometim es a w ell developed elastic tw in 
does not disappear after the load is rem oved. 
This m ay be observed w ithou t d ifficulty  on 
crystals of n itre  (F ig . 19 and F ig . 20, see 
Plate  i ) .  “S topped elastic  tw in s” in calcite are 
ob tained  by careful tw in n in g . On such crystals 
the density  of the interference fringes dim inishes
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from the point to  the surface of the specim en. 
It m ay be considered th a t approaching the su r­
face of the specim en the wedge shape g radually  
dim inishes. In one case a stopped elastic 
tw in  was obtained in calcite w ith  eight fr in g es , 
the fringes disappearing and passing in to  a 
monotonous colour of a high order in the th ick  
p art of the wedge. W ith  an increase of the load 
all elastic tw ins become th in  p lane para lle l 
layers of the tw inned crysta l. (The th ird  stage 
of tw inning.)

These observations together w ith  other da ta  
obtained w hile studying  the effect of anneal- 
ing (10) perm it the assertion to  be m ade th a t 
■within the elastic tw in  there exists a stab le  
tw inned p art of the crysta l. The existence of 
polyatom ic tran sitio n  layers appears qu ite  pro­
bable, though sufficient proof of th is is as yet 
lacking. The rev ersib ility  of the elastic tw ins 
cannot be ascribed to  the  elastic properties 
of calcite . W e can speak here about the rever­
sible spontaneous rearrangem ent of the la ttice  
after the load is rem oved. Two different types 
of e las tic ity  have to  be d istinguished in the 
tw inning of calcite.

E lastic ity  under sm all deform ations w ithou t 
local overpressures and reversible rearrange­
m ent of the parts of the la ttic e  subjected  to  
local overpressures.

It w as, therefore, im portan t to  elucidate the 
conditions of the form ation of the th ick  blocks 
of tw ins, observed in calcite . W ith  th is purpose 
tw inning was perform ed in such a way that 
the edge dividing the surfaces of the twin 
and the crysta l never lost contact w ith  the 
heel.

F ig . 21 shows how th is experim ent was ca r­
ried  out. The dot-and-dash line indicates the 
section of the rhom bohedron by the plane of 
the draw ing, coinciding w ith the shear plane.

Fig. 21. P osition  of specimen and loading rod, when 
pressure is tran sm itted  on the border between tw in 

and crysta l throughout tw inn ing

3. The formation of polysynthetic twins 
and thick twinned blocks

A group of tw ins situ a ted  close to each other 
is called polysynthetic . This type of tw inning 
is the m ost charac te ris tic . S eparate tw in  
layers and the gaps between them  are from 
2—3 m icrons to  a m illim etre th ick .

W hen the elastic tw ins become ord inary  
tw ins very  th in  tw in  layers are firs t formed. 
F u rth e r deform ation leads to  the form ation 
of th ick  layers.

W hen pressure on the crysta l is exerted  by 
means of a s ligh tly  rounded knife b lade, one 
elastic tw in  is formed w hich subsequently  
becomes a p lane-paralle l layer.

If the crysta l is loaded by a lense (heel), 
a system  of elastic tw ins is formed (a saw­
like surface, see F ig . 12). Each such elastic 
tw in can la ter become a layer.

Using a lense w ith  a big radius of cu rvatu re, 
we can obtain a very  dense system  of layers 
of the po lysynthetic  twrin.

Only th in  layers are form ed at the  con tac t, 
beyond it  tw inning does not occur altogether.

In tw inning by such a m ethod the  surface 
of the tw in  is at an angle of 38° to  the surface 
of the specim en. The heel loses contact w ith 
the tw in , b u t rem ains in contact w ith  the 
above m entioned edge. Inasm uch as thick 
twins can be formed only as the resu lt of the 
successive tw inning of layers s itu a ted  on the 
border of the tw in , it was supposed th a t it 
was sufficient to  m ain ta in  a constan t contact 
of the heel w ith  every successive layer to  obtain 
a thick solid tw inned block. Shear during tw in­
ning in th is  case w ould resem ble shear in a 
pack of cards. Obviously there were great over­
pressures and no shortage of tw inning nuclei 
under the heel on the border of the tw in . Tw in­
ning of the boundary layer did  n o t, however, 
take place because the heel and the tw in  lost 
contact to  the left of th is border; the boundary 
layer was constan tly  on the left side of the 
contact area and had  no chance to  tw in . The 
heel was pressed in to  the specimen and a new 
tw in separated  from tlie former by a layer of 
untw inned crysta l was formed at a sm all 
d istance to  the rig h t of the boundary.
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Fig. 22. T w inning  under pressure on the tw inned 
p a r t of the c ry sta l

To m ake the  tw in  th icker it was necessary 
to  have the  boundary  surface at the rig h t- 
hand  side of the contact area. F ig . 22 shows 
the re la tiv e  position of the specim en, heel 
and clam p in th is  case.

The fact th a t  the norm al com ponent did 
notljplay a su b stan tia l p a rt in th is w^as tested  
sep ara te ly . I t  w as found th a t on the  border 
of the tw in  tw inning was accom plished w ithou t 
the partic ipa tion  of add itional “nuclei”  neces­
sary  for tw inning in a fresh  place of the c rysta l. 
A ll tw ins on the rig h t-h an d  side grow th icker 
under altogether sm all m ean shear stresses. 
AH the layers of the untw inned cry sta l are 
in this case “ devoured” . F ig .23 illustra tes the 
observed changes in the  thickness of the layers 
of the po lysynthetic tw in .

Fig. ’>3. Thickening of tw ins under load.
C ontinuous  lines show c ry s ta l  an d  t l i in  tw in  layers .  
D asb-H nes  in d ic a te  th e  result ,  ol t h ic k e n in g  of th e  second 
la y e r  a t  th e  expense  of th e  sp e c im e n .  D o t-a n d -d a sh  l ine 
shows r e s u l t  of th ic k e n in g  of the f i r s t  Iw in  la y e r  a t  the 
expense  of ad ja c e n t  layer .  T h in  c o n t in u o u s  l in es  in d ic a te  
expans ion  of second tw in  a t  th e  expense  of ad jacen t  la y e r

T h e  c o n t o u r  l i n e s  show the  con­
tours of the layers before the beginning of 
add itional deform ation (the scale of the th ick ­
ness is considerably  increased com pared w ith  
the scale of the  specim en tran sv e rsa l dim en­
sions).

T h e  d a s h - l i n e  shows the  th ickening  
of the firs t layer at the  expense of the specim en 
to  the r ig h t.

T h e  t h i n  c o n t i n u o u s  l i n e  
indicates the th ickening  of the  firs t layer at 
the  expense of the layer on the  le ft.

T h e  d o t - a n d - d a s h  l i n e  shows 
the th ickening of the  second layer at the expen­
se of the layer on the  r ig h t. A ll boundary layers 
were s itu a ted  to  the r ig h t of the  contact area. 
A displacem ent of each of the th ree boundaries 
separate ly  and of all th ree  sim ultaneously  
was observed during the experim ent.

The fourth  stage of tw inning is the  th icken ­
ing of the  th in  tw ins at the  expense of ad ja­
cent regions of the c rysta l. Such a th icken ing  
is not accom panied by any macroscopic elastic 
phenom ena. This is the purest form of p lastic 
deform ation. On the  other h an d , th is process 
is s im ilar to  the process of the developm ent 
of the elastic tw in  from the “nucleus”  during 
the  second stage. The tw in  layer in th is  case 
plays the role of the  nucleus; since all over 
the boundary surface conditions are sim ilar 
and the load is uniform , tw inning takes place 
all over the  surface at the same tim e . This 
leads to  a para lle l transfer of the  w hole boun­
dary . The direction of the boundary  transfer 
is determ ined by the d irection  of the acting 
forces. If the forces act in an opposite 
direction, the boundary w ill  also be transferred 
iu the opposite direction.

In th is  w ay it  is possible to  reconstruct the 
in i t ia l  s tructure of the crystal.  Apparently  
this is w hat the mechanism of the weil- 
know n phenomenon of reversed tw inning con­
sists in.

It is also necessary to  establish why a spon­
taneous change of thickness of the twin layers, 
similar to  the change of thickness of the elastic 
tw ins, does not occur.

Here we can only assume th a t irreversib ility  
is due to  the thickness of the tw in  layer. It 
is possible th a t very  th in  layers are unstable 
because of the influence of the  adjacent par Is 
of the  p rincipa l c rysta l.

T hick tw ins are stab le  because such influence 
is rap id ly  dam ped w ith  an increase in the 
distance.

9 J o u r n a l  ol Physics, V o l .  X I ,  No. 1
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Conclusions

1. The “elastic  tw in ” has the shape of a very  
th in  wedge of considerable length  and w id th . 
Its th ick n ess , like the le n g th , grows w ith  an 
increase of the  load and decreases when the 
load is rem oved.

The thickness and wedge shape of elastic 
tw ins have been determ ined by in terference 
fringes of equal th ickness.

In v isib le  lig h t the order of the fringes begins 
from zero and reaches four.

“S topped elastic tw ins”  are formed in n itre , 
in certa in  cases in calc ite . Their s ta b ility  can 
be explained by the influence of the  in te rn a l 
parts of the  th ick  portion of the w edge, w hich 
are com pletely tw inned .

2. A “tw inning nucleus”  is essential for the 
form ation of an elastic tw in . “N ucle i”  arise 
at the  contact surface only in those cases when 
there are concentrated  loads. A d is trib u ted  
load does not lead to  the tw inning of a single 
c rysta l.

V ery large stresses are necessary for the for­
m ation  of a “nucleus” .

F u rth e r tw inning requires com paratively  
sm all s tresses. It is im p o rtan t th a t  the d irec­

tion  of the acting forces should correspond to  
the d irection  of shear in tw in n in g .

3. P o lysyn the tic  tw ins are form ed in those 
cases when contact betw een the rod (heel) 
and the surface of the tw in  is broken in the 
process of tw inning . The heel continues to  
press on the surface of the specim en. This 
leads to  the form ation of a new layer of the 
po lysynthetic tw in  , separated  by a layer of 
un tw inned  crysta l.

T w inning by m eans of a d is trib u ted  load was 
found to  be feasible if there  is already a tw in 
layer in the crysta l. In th is  case tw inning is 
localized on the boundary  surfaces of the tw in . 
T hick tw ins are formed exclusively  by th is  
m ethod .

4. A new m ethod has been em ployed to  
investigate  pressure figures, consisting in the 
observation  of the d isto rtion  of N ew ton 's  
rings by the place of contact of the hee l w7ith  
the c ry s ta l.

It has been proved th a t  the form ation  of 
an elastic  tw in  leads to  the swelling of the 
c ry s ta l surface on one side and to  the 
lowering of the surface, on the o ther. The 
swelling and lowering of*the surface correspond 
to  the directions of shear in tw in n in g .

REFERENCES

1 A. F. J о f f e, M. K i r p i c h e  v a  а. М. Ь e-
y  i t  z к a у a, ZS. f. Phys., 22 286 (1924).

2 I. O b r e i m o v a .  N. B r i l l i a n t o v ,  Sow.
Phys., 12, 978 (1937); H. Б р и л л и а н ­
т о в  и В. С т а р ц е в ,  Ж  урн. экспер. и 
теор. физ. (N. B r i l l i a n t o v  а. V. S t  а г- 
t  z е v, Journ. Exper. a. Theor. Phys.), 9, 
592 (1939); V. S t  а г t  z e v, Journ. of P h y s., 3, 
107 (1940); C. R. Acad. Sci. URSS, 3 0 , 124 (1941).

3 R . G a r b e r ,  Sow. Phys., 9, 111 (1936); P. Г a p-
б e p, Ж  урн. экспер. и теор. физ. (R. G a r ­

b e r ,  Journ. Exper. a. Theor. Phys.), 8, 746 
(1938).

4 E. R e u s c h ,  Pogg. Ann., 182, 441 (1867).
5 E. R e u s c h ,  Pogg. A nn ., 147, 307 (1872).
6 В a u m h a u e r ,  ZS. K rysta llog r. , 3 ,  588 (1872).
7 O. M i i g g e ,  N. Jahrb. f. Mineralog. u. Palaontol.,

1, 32 (1883).
8 V. V o i g t ,  Wiedem. A nn., 67, 201 (1889).
9 R . G a r b e r ,  C. R. Acad. Sci. URSS, 21, 228

(1938); Journ. of P hys., 3 ,  179 (1940).
10 R. G a r b e r ,  Journ. of Phys. (in press).


