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[Plates 1 and 2]

The variation of plastic deformation in aluminium specimens consisting of large crystals has 

been determined by measuring elongation and hardness at various points after tensile defor

mation. The deformation varied from grain to grain, and also within each grain the deforma

tion near the boundary was greater or smaller than at the centre according to whether 

the neighbour was more or less deformed, i.e. there is not necessarily inhibition of slip near 

grain boundaries. These results were supported by metallographic and X-ray observations.

Their importance with respect to the calculation of the stress-strain curve of aggregates 

from those of single crystals is discussed. It is suggested that a mechanism other than slip 

operates near the grain boundaries during deformation, and even within the crystals during 

large extensions.

In t r o d u c t io n

Any theory of plastic crystal aggregates requires a knowledge of the  behaviour of 

the crystals during deform ation and of their interaction. W hereas the  behaviour 

of single crystals under stress is well known, the effect of their in teraction  is no t 

yet quite understood. Obviously, a crystal em bedded in other crystals deforms 

differently from a crystal which is free from any constraint by neighbours. Such 

differences have been studied, particularly  in aggregates of large-grain size, and 

the effect of the  boundaries has been s ta ted  to  consist in inhibition of slip.

Carpenter & Elam  (1921) observed th a t during tensile deform ation of coarse

grained alum inium  the crystals exerted a supporting effect on each other. The 

deform ation a t  the boundary was much less th an  in the  centre of the crystals, and  

this effect was still noticeable a t  a distance of 0-25 in. from the boundary. Moreover, 

they noted th a t ‘a crystal which narrow ed on pulling in contact w ith one which 

remained broad tended to  make the la tte r narrow  also. In  its tu rn , the  crystal 

which rem ained broad, tended to  prevent the other one from narrow ing.’

In  subsequent investigations only the fact th a t the  boundaries restric t plastic 

deformation has been considered. Aston (1926) found th a t the change of crystal 

orientation during deform ation is less near a grain boundary th an  a t the  centre of 

a crystal. His conclusion th a t the ex ten t of deform ation is correspondingly smaller 

near the boundary does no t seem to  be justified, since deform ation due to  m ultiple 

slip gives rise to a smaller change in orientation th an  the same deform ation due to 

single slip. The diffuseness of the  X -ray interferences usually increased as the 

boundary was approached indicating a greater am ount of bending of the  lattice 

planes.

O n th e  in h o m o g e n e ity  o f  p la s t ic  d e fo rm a tio n  in  th e

c ry s ta ls  o f  a n  a g g re g a te
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90 W. Boas and M. E. Hargreaves

Yam aguchi (1927) determ ined the local elongations from m arks scratched on the  

surface of aluminium specimens. He found th a t  ‘the elongation a t  the  boundary 

is always smaller th an  th a t  of the  adjacent crystals although some of his evidence

contradicts this statem ent.

The conclusion reached from all these investigations was th a t  less deform ation 

occurs near a grain boundary th an  in the  centre of a grain. This slip interference 

producing an increased resistance to  shear has been cited as an  explanation of the  

higher hardness observed for aggregates com pared to  single crystals. The only 

quantita tive  investigation of this strengthening effect was carried ou t by  Chalmers 

(1937). He measured the elastic lim it of bicrystalline specimens of tin  and found it 

to  increase approxim ately linearly w ith the angle between the  te tragonal axes of 

the two crystals. The area of the  boundary did no t influence the  ex ten t of s treng th 

ening, and ‘ the  critical shear stress is raised by the  proxim ity  of a boundary, and 

the am ount of slip th a t takes place is decreased’.

Chalmers’s experim ents clearly show th a t the  change in orientation a t  the  boun

dary  is the im portant factor for the  strengthening effect. The change in orientation 

also gives rise to  different deform ations w ithin a crystal a t  different distances from 

the boundary. B arre tt & Levenson (1940) have draw n a tten tion  to  th is inhom ogeneity 

of the deformation. They have shown the existence of deform ation bands which 

indicate th a t various parts  of a crystal suffer different deform ations.

The present investigation was undertaken to  obtain  quan tita tive  d a ta  on the  

ex ten t of the inhom ogeneity and to  ascertain w hether the  deform ation is always 

restricted near the grain boundaries.

Ex pe r ime n t a l  pr o c e d u r e  

(a) Preparation of specimens

The m aterial used was commercial alum inium  of 99*1 5 % purity , the  m ain 

im purities being Fe 0 5  % and Si 0*28 %. Tensile specimens having gauge length 

6 x 1 x ^ in . were prepared w ith  a grain size of 1 to  3 cm. These were first annealed 

a t 200° C and back-reflexion Laue diagram s m ade to  determ ine the  orientation  of 

the  various grains relative to  the  specimen axis. One face of each specimen was 

mechanically polished and the  specimens annealed again a t  200° C. The final surface 

preparation was by  electrolytic polishing, leaving a strain-free surface.

On this surface the  grain boundaries could be seen microscopically as fine lines, 

b u t to  facilitate their location the specimen was very lightly etched. Inclusions of 

im purities were present, b u t they  were no t preferentially d istributed  a t  grain 

boundaries.

(6) Hardness measurements

Three types of indentation  hardness m easurem ent were a ttem pted :

(i) Knoop diamond, load 25 g.

(ii) Vickers diamond, load 200 g.

(iii) Vickers diamond, load 1 kg.
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91

I t  was found th a t  the  first tw o of these types were n o t useful afte r deform ation 

of the specimens, as surface rum pling caused a wide scattering  of the  results which 

were no t reproducible. M easurem ents w ith the  Vickers diam ond and  1 kg. load were 

much less sensitive to  th is effect and were la te r used exclusively. The probable 

error of these hardness m easurem ents was calculated as less th a n  0*3 hardness unit, 

i.e. approxim ately 1-5 %.

H ardness before deform ation was m easured by  m aking a stra ig h t line traverse 

of hardness indentations parallel to  the  axis of subsequent tensile deform ation. The 

least distance between any two impressions was approxim ately  five tim es the  

length of the diagonal of an  impression.

The distance ap a rt of the  impressions was m easured w ith a cathetom eter to  

+ 0*001 cm., illum ination being arranged so th a t  one face only of th e  pyram idal 

impression reflected the  light source. This gave a convenient and accurate reference 

line which was independent of the size of an impression.

(c) Measurement of local deformation and hardness

The specimens were then  deform ed in tension to  5 %  elongation. The know n dis

tances between hardness impressions m ade before deform ation were now used as 

gauge lengths and  rem easured after deform ation. The elongations of individual 

grains and of various areas w ithin particu lar grains were calculated from the  

differences betw een distances m easured before and  afte r deform ation. The error in 

each m easurem ent of length was ± 0*001 cm., and hence in determ ining elongation 

on a gauge length of 2 mm. the  error in the  value for percentage elongation was 

± TO, and correspondingly larger for smaller gauge lengths. The ex ten t to  which 

elongation m easurem ents could be localized was lim ited by this factor.

In  order to  determ ine the  hardness after deform ation a traverse of indentations 

was m ade parallel to  the  one m ade before deform ation. F inally, Laue diagram s were 

made a t  several points suggested by the  results obtained in the  elongation and  

hardness m easurem ents.

One specimen was then  fu rther deformed in tension to  17 %  to ta l elongation and  

the local deform ation m easured as before.

Re s u l t s

Typical of the  results obtained are those for two specimens shown in figures 1 

and 2. H ardness after deform ation and percentage elongation are p lo tted  against 

distance on the  specimen. The values for elongation are p lo tted  in the  centre of the  

gauge length on which they  were measured, and where possible a sm ooth curve is 

drawn. The heavy vertical lines represent the positions of grain boundaries; the  

grain num bers refer to  the  diagram s showing the  surface configuration of the  grains 

in  the  specimen. Also tabu la ted  for each grain on the  graph are the m ean hardness 

value before deform ation and the m ean elongation. H ardness before deform ation 

was constant in any grain w ithin the lim its of experim ental error. The type of slip 

bands observed in various areas is indicated schem atically in figure 1 a.

P lastic deformation in  the crystals of an aggregate
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I t  is obvious from the curves th a t the overall elongation of 5 % given to  the 

specimen produces widely different elongations in the  individual grains. Moreover, 

the deform ation is no t uniform w ithin one grain. As a boundary is approached the 

deform ation becomes larger th an  a t the centre if the  average deform ation of the  

neighbour is larger, and in the  neighbour the  deform ation is less near th is boundary 

than  a t its centre. This feature is even more apparen t in the  specimen which was 

extended by another 12 % (figure 2). The elongations which are so different in the  

central portions of the grains become similar near the  boundaries.

I t  can also be seen th a t the curves for hardness after deform ation have the same 

trend  as the elongation curves. Since hardness before deform ation was constant 

w ithin any grain, the curves for hardness after deform ation indicate the  d istribution 

of work hardening and therefore of deform ation within one grain.

The hardness m easurem ents thus com plem ent the  observations m ade above w ith 

respect to  the effect of the neighbour and  give a b e tte r indication of the  local deform 

ation th an  the  elongation m easurem ents. The la tte r are average values over their 

respective gauge lengths, and the  extrem e variations thus obtained are therefore 

smaller than  the actual variations. However, the  degree of work hardening cannot
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g r a in  n o . 1

hardness before 28 0
-d e fo rm a tio n  

-  e lo n g a tio n  %
_ (average)

( a )

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0

2
2
 



Plastic deformation in  the crystals of an aggregate 93

GB GB

g ih in  no. 1 I 

hardness befort 
deformation 242 

elongation % 3-4
(average)

F i g u r e  1. H a rd n e s s  a n d  lo c a l e lo n g a tio n  o f  th e  g ra in s  o f  a n  a g g re g a te  a f te r  5 %  e lo n g a tio n .

(а ) S p ec im en  19. S lip  o c c u rr in g  a t  v a r io u s  p o in ts  in  th e  g ra in s  is sh o w n  sc h e m a tic a lly .

( б ) S p ec im en  5.

F i g u r e  2. L o ca l e lo n g a tio n  o f  th e  g ra in s  o f  a n  a g g re g a te  a f te r  17 %  e lo n g a tio n . S p ec im en  19.
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be used to compare the degree of deform ation of various grains as the  ra te  of work 

hardening varies w ith the  orientation of the  grain.

These results are fu rther supported by  fhe evidence from microscopic observation 

of slip lines. The density of slip lines varies w ithin a grain in a m anner consistent 

w ith the elongation and hardness values for the  grain. W here these m easurem ents 

indicate more deform ation near the  boundary of a grain relative to  the  centre, the  

slip lines become more closely spaced as the  boundary  is approached and sometimes 

double slip appears. Sim ilarly, when approaching a  boundary where less th an  

average deform ation is indicated slip lines are w ider spaced, and  sometimes where 

double slip occurs throughout the  grain it  is replaced by  single slip. These features 

are illustrated by figures 3 and 4 , plates 1 and 2. F inally, the  inhom ogeneity of 

deform ation is confirmed by observation of the  spots in  the  Laue diagram s m ade a t  

various points in the  grains. The spots are more diffuse in diagram s resulting from  

areas where high deform ation is indicated by  the  o ther m easurem ents.

Co n c l u s io n s  a n d  d i s c u s s io n

From  the experim ental evidence the  following conclusions can be draw n:

(1) D uring plastic deform ation of an  aggregate there are wide differences in  the  

am ount of deform ation and  work hardening from grain to  grain. The overall ex ten t 

of deform ation and the  average hardness of the aggregate do n o t indicate the  

behaviour of individual grains.

(2) D eform ation is also inhomogeneous w ithin each grain and corresponding 

hardness variations due to  work hardening occur.

(3 ) The inhom ogeneity of deform ation is due to  in teraction  of neighbouring 

grains and m ay extend up to  1-5 cm. from the  grain boundary. The direction of th is  

deform ation variation is such th a t  the  deform ation approaches th a t  of the  neighbour, 

i.e. the  deform ation tends to  be continuous across th e  boundary.

The question now arises as to  w hat determ ines the  average deform ation of a grain. 

No correlation could be established w ith the  hardness before deform ation. A lthough 

an indentation  is produced by  the  same general process as elongation, i.e. by  slip, 

the particular slip system s operating and the  stress conditions are quite different, 

and hence the  lack of correlation is no t surprising. One would ra th e r expect the  

original orientation of the  crystal to  be im portan t in determ ining th e  average 

deform ation of a grain. F or purely tensile deform ation the  ra tio  of shear stress along 

the  slip system  to  the  external stress is given by  th e  function sin cos A, where 

and A are the  angles between the  direction of tension and th e  relevant slip plane and 

direction respectively. I f  th a t  system  acts, along which th e  shear stress is a  m axi

m um, the corresponding value of th is function should express the  susceptibility of 

a grain to  deform ation as determ ined by  its orientation, for no t only is the  shear 

stress acting on the  system  proportional to  th is function b u t also the  elongation 

for a given am ount of shear. In  figure 5 the  m axim um  values of sin x cos A for the  

grains represented by figure 1 have been p lo tted  against the average elongations

94 W. Boas and M. E. Hargreaves
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of the grains. Also p lo tted  from th e  results of K arnop  & Sachs (1927) are the  elonga

tions of single crystals of appropriate  orientations under th e  same tensile stress as 

was used to  deform the  aggregates in  the  present experim ents.

Plastic deformation in  the crystals of an aggregate

F i g u r e  5 . E lo n g a tio n s  o f  c ry s ta ls  u n d e r  th e  s a m e  e x te r n a l  s tr e s s  a s  a  fu n c tio n  o f  th e i r  

o r ie n ta tio n , x  A v e ra g e  e lo n g a tio n  o f  c ry s ta ls  in  a g g re g a te s  a s  o b se rv e d  in  th e s e  e x p e r im e n ts  

a f te r  5 %  o v e ra ll  e lo n g a tio n . O  E lo n g a t io n  o f  fre e  s in g le  c ry s ta ls  o b se rv e d  b y  K a m o p  & 

S achs .

Two features are evident:

(а ) W hile grains of high average elongation are grains for which the  value of the  

function sin y  cos A is high the  converse is no t true.

(б ) The points for grains in the  aggregates lie about the  curve for single crystals 

under the  same stress.

These observations lead to  the  conclusion th a t the  distribution  of stress in the  

aggregate is no t uniform , some grains receiving more and some less th an  the  ex tern 

ally applied stress. Thus while the product sin y  cos A determ ines the  susceptibility 

of a grain to  deform ation under a pure tensile stress, the geom etry of the  aggregate 

influences the actual stress on the  grain and  thus the ex ten t of its deform ation.

The observations are also of in terest w ith respect to  the  calculation of the  stress- 

strain  curve of polycrystalline m aterials from the shear hardening curve of the  

single crystals. The only self-consistent calculation has been carried ou t by  Taylor 

(1938) for aluminium, and gave good agreem ent w ith the observed tensile curve. 

However, as B arre tt & Levenson (1940) have pointed out, the  change of orientation  

of approxim ately one-third of the  crystals in the aggregate is no t th a t  predicted by  

Taylor’s theory. This lack of agreem ent m ust be due to  the  assum ptions m ade. The 

m ain assum ption on which the  theory is based is th a t the m aterial deforms uniform ly
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irrespective of the presence of grain boundaries and differently o rientated  grains. 

The present investigation has shown th a t no t only are there differences in deform a

tion from grain to  grain, b u t also w ithin any grain, thus contradicting Taylor s 

assum ption.

Before a new a ttem p t to  calculate the  stress-strain  curve can be m ade, the  con

ditions prevailing a t  the grain boundaries have to  be established. C ertainly the  slip 

is not homogeneous w ithin a crystal, and  it  seems even to  be doubtful w hether slip 

is sufficient to  explain the  observed deform ation. According to  geom etrical con

siderations any arb itra ry  deform ation of a crystal, for instance, the  deform ation 

of a crystal in an aggregate, requires the  occurrence of slip along a t least five system s. 

Experim entally only single and  double slip have been observed in our aggregates. 

Further, B arre tt has shown th a t the change in orientation is no t always such as 

would result if five-fold slip took place. Since contact a t  the  grain boundaries is 

m aintained slip cannot be the  only m echanism of deform ation operating in the  

crystals of an aggregate.

I t  appears th a t the deform ation tends to  be continuous a t  the  boundaries, and  

if the deform ation is entirely due to  slip th is implies quite different stresses on the  

two sides of the boundary where crystals of different orientations adjoin. Because 

of the principle of action and reaction the  stress norm al to  the  boundary  and the  

shear stresses in the  boundary m ust be continuous. H ence the  m echanism  of 

deform ation m ust be such as to  allow the  deform ation to  be continuous, although 

the  stresses are the same on the  two sides of the boundary. In  addition  to  the  slip 

observed there m ust be another process for which the  stress-strain  relationship is 

different. The closer the  approach to  the  boundary the  greater is the  relative 

proportion of the second process, although under favourable conditions more slip 

takes place near the  boundaries th an  a t  the  centre.

I f  five-fold slip were to  operate a t  the  beginning of plastic deform ation th e  

critical shear stress would have to  be obtained on all five slip systems. The external 

stress necessary would be m uch higher th an  th a t which gives rise to  the  critical 

shear stress on the m ost favourable system  for slip. I t  is suggested th a t  non-slip 

deform ation takes place a t  an external stress smaller th an  th a t  necessary to  in itia te  

slip on the  less favourably orientated  of the five systems. No suggestion as to  the  

nature  of the  non-slip deform ation can ye t be m ade from the  experim ental evidence.

A lthough in the  present experim ents only com paratively small deform ations were 

used, it  is considered th a t a t  higher deform ations the  non-slip m echanism  will 

become increasingly im portant. The inhom ogeneity observed for small deform ations 

will penetrate  fu rther in to  the  crystal as deform ation proceeds, and a t  higher 

deform ations the  ex ten t of th e  non-slip process will become greater. W ith  smaller 

grain size the effect will be more pronounced. I t  has already been suggested by 

Chalmers (1940) th a t  a type of p lasticity  sim ilar to  am orphous flow becomes pre

ponderant a t  high deform ations.

The results of th is investigation were obtained from m easurem ents on the  surfaces 

of specimens. A crystal in the interior of a poly crystalline specimen will be still more

96 W. Boas and M. E. Hargreaves
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re s tric ted  in  its  d e fo rm ation , since i t  is n o t allow ed th e  freedom  in  d efo rm atio n  a t  

th e  free surface (observed as surface rum pling) an d  has a  la rg er g ra in -b o u n d a ry  a rea  

re la tiv e  to  its  volum e. F o r  such  a  c ry s ta l th e  non-slip  m echan ism  will th e re fo re  p la y  

a g rea te r role th a n  for a  surface  c ry sta l. T he co n tin u ity  o f d e fo rm atio n  m a y  th e n  

even ex ten d  th ro u g h o u t th e  crysta ls , a n d  i t  is conceivable th a t  th e  s tra in  w ill becom e 

uniform  in  a  sm all-g rained  specim en in  ag reem en t w ith  T a y lo r’s a ssu m p tio n . T his 

un ifo rm ity , how ever, w ould be th e  re su lt o f th e  non-slip  process.

This w ork  form s p a r t  o f a  general p rogram m e, carried  o u t b y  th e  Section  o f 

T ribophysics, C ouncil for Scientific an d  In d u s tr ia l R esearch , A u stra lia . W e w ish to  

th a n k  P rofessor E . J .  H a rtu n g  for la b o ra to ry  facilities in  th e  C hem istry  School, 

U n iv e rs ity  o f M elbourne, P rofessor H . K . W orner for th e  use o f e q u ip m en t in  th e  

R osenhain  M em orial L ab o ra to ry , a n d  th e  s ta ff o f th e  M unitions S u pp ly  L ab o ra to rie s  

M aribyrnong, fo r carry ing  o u t spec trog raph ic  analyses a n d  help  in  th e  use o f 

equ ipm en t.

P lastic  deform ation in  the crysta ls o f an  aggregate
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D e s c r i pt i o n  o f  P l a t e s  1 a n d  2 

P l a t e  1

F i g u r e  3. V a r i a t io n  o f  s l ip  l in e  d e n s i ty  in  g r a in  4  o f  s p e c im e n  5 a f t e r  5 %  e l o n g a t io n .  C o m p a r e  

w i th  f ig u re  16 . a, b o u n d a r y  a r e a  g r a in s  3 a n d  4  ( x  2 5 0 ). 6 , c e n t r e  o f  g r a in  4  ( x  2 5 0 ). 

c, b o u n d a r y  a r e a  g r a in s  4 a n d  5 ( x  25 0 ).

P l a t e  2

F i g u r e  4. S lip  l in e s  in  g r a i n - b o u n d a r y  a r e a s  o f  s p e c im e n  19 a f t e r  5 %  e lo n g a t io n .

C o m p a re  w i th  f ig u re  l a .

а ,  b o u n d a r y  b e tw e e n  g r a in s  2 a n d  3. N o  d o u b le  s l ip  in  g r a in  2 n e a r  t h e  b o u n d a r y  ( x  2 3 ) .

б , b o u n d a r y  b e tw e e n  g r a in s  1 a n d  2 . M a in ly  s in g le  s l ip  a n d  s u r f a c e  r u m p l in g  in  g r a in  1 . 

D o u b le  s l ip  in  g r a in  2 ( x  6 ).

c, d, p o r t io n  o f  t h e  a r e a  s h o w n  in  6 , a t  h ig h e r  m a g n if ic a t io n  ( x  15). T h e  s a m e  a r e a  is  s h o w n  

u n d e r  d if f e r e n t  i l l u m in a t io n  in  (c) a n d  (d).

c, n o te  t h e  s e c o n d  s l ip  s y s t e m  n e a r  t h e  b o u n d a r y  in  g r a in  1 in  a d d i t io n  t o  t h e  p r in c ip a l  s e e n  in  6 .

d,  t h e  e x t e n t  o f  t h e  s e c o n d  s l ip  s y s t e m  in  g r a in  1 is  m o r e  a p p a r e n t  t h a n  in  (c). T h e  s l ip  

l in e s  o f  t h i s  s e c o n d  s y s t e m  a r e  a lm o s t  p a r a l le l  t o  th o s e  o f  o n e  o f  t h e  s y s te m s  in  g r a in  2 .
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