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Many investigations have been made on the nature of
wear and lubrication of bearings in machines and of metallic
surfaces in general. Although the technical literature
contains descriptions of many experiments on wear, they were
until recently in almost nll cases made on materisls which,
though of industrial import-nce, were often of a complicated
and unecertein surface nnture, These tests were mainly
deﬁigned to simulate specific operations in service, and could
rarely serve to elucidete the nature of the wear process,

The wear of 2 solid is a complex process which occurs under a
wide range of conditions snd may cause both chemical and
physical changes of the surface regions. One important
feature of the friction and wear of sliding surfaces is the
elastic and plastic deformation of those parts which undergo
stress as a result of contact between the moving surfaces, It
is the nature of this deformation which is discussed below,

Initinlly the experiments on deformation of metals were
confined to the measurement of the external strains shown by
the metals as the result of application of stresses, This
led to the deduction of macroscopic laws governing the elastie
and plastic deformation, which were much used in the field of

engineering, but gave very little informstion regarding the
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meéchanism by which the deformation took place., The
deformation of metals has been increasingly studied since new
techniques have become available during the last few decades
to study this phenomenon,

te The main ﬁeehniguas avpilable for determining the form ang
nature of surfaces,

The a@ticgl microscope, now aided by optical
interferometry an& the electron microscope, makes possible the
study of the external topography of the metallic surfaces
before and after a stress or an etching treatment is applied.
The se t&chﬁiques do not, however, provide much information
about the orientation of the crystal lattice in the various
parts of the specimen, except in n few favourable cases,. On
thé other hand the technique of Xersy diffraction discovered
by Laue, Friedrich and Xnipping (1912) provides detailed
information anbout crystal structure and orientstion of
syécim&ns. X-roys used for diffraction purposes penetrate to
a depth of the order of an few hundred thousand Angstroms before
the beam intensity is reduced to half that of the incident beem,
Thus most of the diffracted randiation comes from a surface
layer of this order of thickness, and the diffrsction pattern
fails to give any clear informstion regarding the structure of
the immediate surface regions, as distinet from that of the

deeper underlying material, HRecent experiments (CGay and Hirsch,
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1953) have indicated thst abrading or polishing a crystal
disturbs (i.e. more or less frogments snd disorientates) the
surface to = depth of only about 10=15 n.

Flectron diffraction, discovered almost simultaneously
by Davisson and Germer (1927) snd by Thomson (1927) reveals
the structure of matter even in exceedingly thin films,
Because the seattering end adsorption is so much higher than
that of Yerays, even films a few atoms thick can give strong
diffraction patterng and the immediate surface region of the
material can be studied without the confusing predominance of
the diffraction patterns from the underlying material, such
as occurs in Xeresy diffraction, Thus the technicue of
electron diffraction is ideally suited to the study of the
physical snd chemical properties of surfaces and it was
therefore used as the main technicue of investigstion in the
present experiments to study the deformation coused on
metallic surfaces by abrasion, though optical microscopy was
also used as 2 subsidiary technicue,

To study surfece structure by the technicue of electron
diffraction, a voltage of 50=65 kV, is generally used., As
the "reflection pattern” from a rough surface is actually
obtnined by the transmission of the electron beam through
projections on the surface, electrons having rather higher

penetration sre desirsble in the present case, 50 as to
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obtain clear diffraction patterns free from undue incoherent
background scattering. TFor this reason, 120 kV. electrons

we re usad in this work.

2, 'Scope of the present experiments.

| In the pregsent study of the deformstion ceused on.
metallie surfaces by abrasion, iron crystels were used because
of the simple #traeturE, the existence of detniled knowledge
nbout the modes of translational slip of iron, and the
importance of this metal in industry. The abrasion technigue
‘used consisted mainly of unidirectional motion of the
crystalline material on Q000 emeéry paper moistened with
lubricant, A light force was spplied to move the crystal in
one singi@ continuous movement for = distance of asbout ten
inches on emery paper. The results elucidate the manner in
which different directions of the sbrasion influence the
"surface gtructure of the crystal.
The results on the above experiments show, as in the
previous results of EBvans, Layton and Wilman (1951), that due
to the sbrasion, parts of the erystal surface region are
ususlly rotated through large angles sbout on axis which is
perpendicular to a pleane which lies parsllel to the abrasion
d!zﬁetiam‘or nearly so and normsl or steeply inclined to the

surface, Turthermore, besides this surface fragmentation of
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the ecrystal, fLExuie of the underlying layers sometimes eécurs.
It is nlso observed that due to the heating effect from the
abrasion, the body-centred-cubic ¥-iron changed over to
face-centred-cubic Yy -~iron, a result that had not hitherto been
detected. These Y-iron crystals were twinned extensively on
their densaly.yopulated piLanes due to the impaets resulting

from the abrasion,

3+« Deformation processes in crystals,

The deformation of a crystal can be contributed to by
one or more types of the following processes., The main
processes of deformation are:-

(1) Trenslation slip, including "flexural translational

slip”", and “kinking".

(ii) Twinning.

(111) Rotationsl slip.

(iv) Deformation bands.

(i) Translational slip.

8ingle crystals of ductile metals recuire o minute force
to exceed the elastic limit and to enter into the region where
plastic deformation begins. The extension does not take place
uniformly as the load is applied, but in discontinuous small

jumps often accompsnied by & noise like the ticking of a clock
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(Jof7€ 1928) sand thus forming a stepped surface, The stepped
appearance caused on the previously smooth surface of the
crystal during thé course of the extension, is due to the flip
of layera of the crystal (lamellse) over each other, From
mierosccpic observations, this kind of slip was found to
conSist of » franﬁlatiaﬁal'mQVEment of the leamellase of the
crystale over one another in the slip direetion, This
movenent occurs in a specific (densely populated) lattice plane
and a apecific direction (a densely populated lattice row)
depending on the particulsr material and the tempercture,

The regearches of G.I.Taylor in Pngland, =and Schmid in
Ge rmany, showed thst the condition for slip to occur is that
the tension g&nﬁrated‘in the slip direction on a glide plane
must reach a criticel shear stress which depends on the
physical condition of the erystal. In sll ceses the slip
direction is found to be the direction of a densely populated
lattice rew“ Mathewson (1944), and ¥addin, Mathewson and
Hibbard (1949a) have pointed out that the slip is unlikely to
be strictly linear on the stomiec scale,

Mark, Polanyi and Schmid (1922) showed clearly the
- nature of the phenomenon of translationsl slip in a cylindrical
zinc wire and also illustrated it by a model. They showed that
the process of extension of a zinc crystal could be entirely

accounted for by means of slip on the basal plane (0001) and
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in the direction of that digonsl axis (100) which coinecided
most n&arly with the direction of the maximum sheanr stress.
They also observed that when the stress is applied by
extending the crystal in a tensile machine, between two grips
whﬂmé line of motion is fixed ond slong the axis of the
initisl wire, the glide planes are forced to change their
original sngle of inclination and thus the lattice plancs
hecome curved in the region of the unstretched portion of the
crystal near the grips. This slip, involving cylindrical
curvature of the slip lamellae, is known as "flexural
translational slip" and takes place in the normel planes and
directions, the flexure or curvature being about an exis
normal to the translational slip direction and parallel te the
glip plane. Guinier and Tennevin (1950) and Cahn (1949)
reported that under specifiec conditions, "polygonisation®
could résult from the region under flexure, when recrystallised
at high temperoture.

Multiple slip.

In crystals where slip occurs on a type of plane and
direction of which there nre many such symmetrically related,
€.2. in frece-centred-cubic metels, which slip on {}?1} along
<j¥9>, slip normally sterts on a single slip system, If the
tensional force continues, the slip will rotate the crystal
lattice until the inlitisl slip plene ig¢ in a lese favoursble
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position, and as the tension still proceeds, another slip
plane snd slip direction of the seme type becomes equally
favourable for slip. In this way, extension will continue
with & sequence of alternate glips on the simultaneously active
slip systems. Pinelly, still enother slip system of the
possible group may share in the slip. Such slip is termed
"multiple translstional slip™.

Clustering of slip lines.

In the deformation of cadmium, Andrade and Roscoe (1937)
observed coarse slip lines which on higher resolution showed
clusters of fine lines, Ieidendfeh and Shockley (1948) vy
using the electron microscope, observed in eluminium clusters
of gtill Tiner slip lines, which correspond to slip lamellae
about 200 A. thick and with relative displacement of about
2000 A. They also used slectron diffraction, and showed that
a strain-free, undistorted crystal of sluminium gave & pattern
showing clenr Kikuchi lines but gently tapping the crystal
caused slight hardening and the disappearance of the Kikuchi
lines although there was no evidence of slip lines. On
removing the metel from the surface, by electropolishing, to
a depth of nbout 200 microns, Kikuchi lines agein becsme
prominent in the diffraction pattern. Brown (1950) added to
this work by showing thet with increasing tempersture the

number of the elementary lines in a cluster and the spacing of

the lines incressed,
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The influence of the rate of elongation on the nature of the
slip lines.

Tn the repid elongation of aluminium,‘érussard (1945)

noticed that the slip lines were fully developed when they
sppeared, snd remsined unchanged; while with slow elongé%iggf?
gsome initislly wesk liﬁes grew progressively stronger, and
others develaped from short lines and grew jerkily at both ends.

The slip plane snd direction of < -iron.

Osmond and Cartsud (1906) pointed out that omong the
8lip lines vhich occur in < ~iron when it is strained, the
curved ones predominste, Taylor and Elam (1920), Gough (1928),
Andrade and others concluded that «=~iron slips along the most
closely packed rows (111>, though the slip planes could be 53193
%}12%, or {j&}% « Yahrenhost and Schmid (1932) were of the
opinion that most probably «-ivon slips on %}23} planes, but
their experiments do not definitely establish this, Barrett,
Ansel and Mehl (1937) showed that at low temperatures or with
silicon contents nbove 47, only 3110{ planes were operative in
iron-silicon alloy, whereas only $112¢ would be expected
according to the conclusione of Andrade and Chow (1940)
summarised in Table 1 given by Barrett (1953).

The varistion of slip plane with tempersture.

In many metals the slip planes vary acecording to the
temperature. Andrade and Chow (1940) summarised the results of

different workers on the effects of the temperature on the siip
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20 0408 W
26 0;10 ‘EO
300 OOBQ Lo
1069 Q440 Yo
20 0.26 B-brass
-185 0.24 ¥a
e 82 0059 Ka
20 0.80 Ea
20 0.87 -
Table Qn
Metals T/Tw

Q'w‘i’, MIOQ Ya
Mo, Xa, ﬁLhrass
0.80

Ya, K

T = absolute temp., °K.

Clide plane

0,08 - C.24

}026 - C-?G

Reference

(112) Goucher (1924)

(112) Tsien and Chow (1937

(112) Tsien snd Chow (1937

(110) Tslen and Chow (1937

(110) G.I.Taylor (1928)

(112) Andrade and Chow
(1940)

(110) Andrade and Chow
Liv40)

(123) Andrade and Tsien
(1937)

{123) Andrade a=and Tsien
(1937) .

51ip plane
(112)

Tm = melting point °K.
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planes in the body-centred-cubic metals like tungsgten,
nolybdenun, ,@-brass, sodiun and potassium snd came to the
conclusion that ﬁhe operative slip plane changed from the %}135
to the %}10} and thence to the i323} as the ratio of the test
temperature to the rospective melting temperature increased
through the values 0,08 to 0.87. Their results are shown in
Table 1, where & = T/Ty,, T is the sbsolute tempersture at which
the slip was investigated, and Ty the melting point of the
substance . Bﬂrrettzggz more recently reviewed the rosults on
variation of slip with temperature and summarised isndrade and
Chow's (1940) results in Table 2, He points out that this
correlation does not seem to apply, however, to iron snd Fe-Si
alloy for all the three planes, (110), (112) and (123) are
active at room temperature in iron snd Fe«8i slloy contsining
less than 4% silicon,

' The above correlation fails in Fe-Si alloys when either
the tem@arature is low or the silicon content is more than 47,
It also does not agree in Mo, for Chen and Maddin (195%)
reported thet at room temperature Mo slips on (110) plane along
f171]. Prom the above results it is cuite obvious that the
slip plane in body=-centred-cubic metals is influenced by
temperature end chemical composition but the slip direction is
not so veris ble,

In face=centred-cubic metnls, slip takes place at room
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temperature slong the most densely populated plane, i.e, %}11;,
and the direction in which it occurs is along the atom row
having the greatest density of atoms, 1.6, <170> « In aluminium,
Boas end Schmid (1931) observed that at low temperatures slip
occurs on (111) along [101] while ot high temperature (600 °C,)
the slip plané changes to (100) though slip direction remains
the same,

The hexagonsl~close-packed metals aleo slip on the most
densely populated basel plene (0001) along [2770].  According
to Bakarian and Mathewson (1943), magnesium at high temperature
(2259%C,) slipe on pyramidial plsnes (1071) or (1072) and the
basal planes (0001). It was slso noticed that the slip lines
on the pyramidial planes were always forked and irregular in
cantr%wt to the straight continuous basal slip lines,

In the deformation of mercury, which has a rhombohedral
structure, Andrade and Hutching (1935) observed straight slip
lines at «50°C,, but Greenlend (1937) under similar conditions
noticed wevy lines. Fxtension after slight bending of the
crystal, however, produced faint but perfect lines which did
not correspond to simple crystallographic planes,

Crogss slipe.

When short slip lines cross the main slip lines and

extend from the end of » primary line to the beginning of

smother, they are known ans "cross slips", This slip is
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observed when the direction of applied stress is within the
range of directions corresponding to single slip. Maddin,

Mathewson and Hibbard (1948s nnd 1949b) established thet cross

slip in «=~brass appeared to be in the same operative direetion

as thot of the primary beanm. During the cross slip in A-brass ;
no appr&diahle‘hardening was obgerved but the deformation went
on with the development of additionsl lines in the unslipped
arcnses Vhen the additional lines were fully utilised, further
slip‘ucaurreﬁ on the lines already formed and there appeared
to be some noticeable overall hardening of the crystsal. In
the deformation of nluminium, Rosi and Mathewson (19%0)
observed one case in which cross slip ecould be resolved into
components on the primary ﬁﬁg plane and snédther QL‘H%} olane,
this being the slip plane usually found in <~brass, but in
1951, Cshn, also using sluminium, reported that the crose slip
vplane appeared to vary between %}113, %joog and 3?125.
Twist slip.

wugge (1898), Johnsen (1914), and Buerger (1930) described
s Turther type of slip occurring when the {ranslational slip
direction was a2 torsion axis, and it was called “twist slip®.
This'slip gscemg to be a combination of translationsgl aend
flexural>slip.. Some rotations may well be seen taking plaece,
however, on the transiational glide pslne, and normel to its

direction.
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Kinking,

When the erystel is suddenly compressed with the axis
‘@fﬂeémprﬁasien in the transletional slip planes, a formation
of "kinks" with sharp ridges tekes placé. Mugee (1898)
rﬁfarrﬁd‘to guch deformstion by the Germsn word "“Knickung®
hence the ¥Pnglish word "Kinking". The observetions of
Friedel (1920), Brillisntow nnd Obreimow (1934, 1937), Crowan
(1942, 1947), Crussard (1949), =nd Hegs =nd Barrett (1949)
indiente that kinking is » particular type of flexursl
t ranslationsl slip and is distinet from twinning. In 1942,
Orowan first demonstreted kinking in s metal cryvstsl, codrium,
during uniexial compression parnllel to the elip plane, and
Hess ond Borrett (1949) slso investignted the same phenomenon

in zinc crystals.

(ii) Deformation by twinning.

Deformation twins nre observed under some conditions
when a crystal is plasticelly deformed, especially when the
stress 1s‘appliea suddenly and the temperature is low. A
crystal is sald to be twinned if it 1s composed of two portions
which are joined together in a definite wutusl orientation,
such that the lattice of one portiomn is either a mirror image
of the other portiom in a common plane which is called the

twinning plane, or an orientation that could be derived from
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that of the other by a rotétien asbout an axis c¢alled s twinning
axis, The mechanical deformatien twin is formed by a shearing
movement of the satomie plenes over one snother. An atom must
surmount energy barriers in order to move into = twinned region.
Since the twin snd the parent lattices are of the same form,
i.64 when o part of the crystal atteins = new orientation
having = definite crystallographic relationship to the parent
nmatrix, the notential energy of the twinned lettices are the
same before snd efter. At the same time, the total energy of
the erystel increases snd the incr-ase is concentrated at the
diatorted boundary regions where the twins are in contact.
Higher rates of load epplication nnd release favour twin
formation, Gough and Cox (1932) consider that the deformation
of a metel crystal by twinning is a funection of the energy
reouired to activete the change. Thus the low energy required
for slip precludes the formation of deformation twins in fece-
centredecubic metals, In hexagonal metals slight variation

in the direction of the =pplied stress can change the nctive
deformation process from glip to twinning.

. Microscopic observations of the presence of lamellar
grains in 2 metsl do not give sufficient evidence for the
exiatancé of twins, though optical reflection from eteh pits
can be used to confirm this in some ceses., On the other hand,

Xeray ond electron diffroection technicues can be guite
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conclusive, Thus, when microgcopic examination Tailed,

Barrett and Haller (1947) used X-rays to show the presence of

. twins in magnesium crystals. The angle between twin bands and

slip lines, the sngular relationship of second order twins, the
trgees of the twins in two polished surfaces, and X-ray
diffraction maﬁhodg, have all been used to study twin
relationships. Clark, Craig and Chalmers (1950) nadopted the
method proposed by Grenifer (1935) to re-determine the twinning
plane in tin.

The existence of a eritical shear stress for twinning
’h&s been suspeeted for a long time, though Davideoniigv,
Kolesnikovy and Federov (1933) showed that for zine, as the
normsl foree on the twinring plene incressed, the registance to
twinning decreased, Miller (1936) reported that‘for the
ﬁwinﬂing of zine the resolved shearing stress varied from 300
to 600 gm/mﬁa. Cough and coi (1929, 1930) observed with zine
the greatest pu@ber of twins in arsas of grestest slip. In
1950, Yakoleva and Yakutovich measured the critieal shear
stress for the slippzné and twinning of cadmium single crystals
varying in Qiameter from 0,09 to 0.7 mm, It was found on
reducing the diameter to 0,1 mm. thet the stress for twinning
inereased ninefold but that of the gliding only twofold. The
@aaf recent work on cadmium, published by King (1952) has
gubstantially established the presence of the critical resolved
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shear stress for twinning. The strain hardening curves for
slip and twinning were affected by the nresence of an oxide
layer.' |
Hntwiﬁning of‘a crystal occurs (Gzochraiski 1924,

Barrett and Haller 1947) due to the application of the same
stress as caused twin formation but applied 1n'£he opposite
direction. Dorn and Thomsen (1943) and Carapella and Shaw
(1947) suggested that untwinning tskes place due to residusl
micretehsile stresses in the test pleces, but Hess and Dietrich
(1948) could find no X~rsy evidence to support this.

| Rapid loading (impact) favours twin formetion while slow
‘rates of stressing facilitates giip. Barrett, Ansel and lehl
{1937)‘suggest that the rete of spplication of stress is the
most importent factor in the formation of twins in silicon
ferrite., In antimony »nd bismuth crystalsltwin bands were
found by Gough »nd Cox (1930, 1932) to be the mamin results of
plastic deformation. The classical work on twinning is
descrived by Schmid end Boas (1935), while a general survey of
the subject has been compiled by Barrett (1953).
: The oresence of twinulng in a metal also influences ite
physical properties, Cross=rolled copper as compared with
straight-rolled copper, exhibits a lower hardness and higher
reerystallisation temperature. Brick and Willismson (1941)
pttributed this property to the formation of twins. In 1948,
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\}'s
Wason, MeSimin and Shockley waze‘gﬁxm winwfng of tin by

ultra-sonic abseéVRhiens.

(i11) [Rotational slip.
wilman (1950, 1951) was the first to demonstrate

adaqu§$alyg and define, a process of deformation which he
called "rotational slip's It can be defined as the slipping
of one part of a crystal on a neighbouring part, so that the
two' atomic sheets which slide over onme another are demsely
populated planes, as in translational slip, but retationally
displaced about an axis normal to their plane (with or without
simultaneous translationel displacement) to one of a series of
definable new positions where metastable equilibrium can occur.
There is then only two-dimensionally periodic partial fitting
togetheyr of the two crystel parts. There is evidence, €ege
?nrwuﬁtfa ebadrvatiops (aee\%(iv) below) of lamellar
"deformation bands" parallel to 3100¢{ in Al, and §1007 and
?111%-1n ®e, that rotational slip can occur on other planes
besides the normel translational siip planes,

The macroscopic effects of rotational slip were clearly
shown by th@ torsion of potassium ferrocyanide trihydrate and
ayg@ﬁm, and it was also concluded that st least some
*dﬁ{ﬁmﬁaﬁian bands" are bands of rotatlonal slip, snd that it
. may also occur in crystals which are abraded unidirectionally
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4

(Wilman‘1§50, 1951)e Flectron diffraction results (Evans
and Vilman 1950) show that when a zinc blende {110) cleavage
face 1s nbraded slong [001], a lettice rotation in the surface
region occurs which may be of this type, and tha% g similar
rotation occurs in ziﬁc oxide crystals formed eyitaxiglly on
zine bhelende cleavage faces when heated in air to about 520°C.

Gefmar‘(1936) had shown that the abrasion of a cube-
face cleavage surface of galena parsllel to a cube edg&lcauﬁeg
rotetion of the parts of the lattice abnq§ the pérgeﬂdicular

cube edge in the surfacej and Reethér (1947) found similar
results for the similer case with rocksslt. Neither of these
authoés suggested any ciear explanatian'ot the origin of '
these observed rotations. '

Rﬂé“l?ﬁ from the unidirectional abrasion of copper and
iron (Bvans, Layton and Wilman 1951) showed that the sbrasion
led to large rotations of parts of the surface regian.of the
crystal about a well defined axis which was normal te densely
populated net plenes, usually planes parallel to the abresion
direction or nearly so0,

| It should be emﬁhasised thrt slthough various authors
%iviﬂaﬁarmﬁ and Adams (1931), Collins and Mathewson (194ﬁ},

W:&lidﬁnrﬁgh and Shockley (1948), and Jillson (1950) ) have

- suggested that plastic flow of crystals msy involve rotation
f slip lamellae about their mormal, these authors did mot
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support their sugpestions by ndecuate detniled cuantitative
tegta, Thus Osborne and Adoms (1931) applied pf&ssur& en a
golena single crystal and then examined the crystal
microscopically. Th&y'fauﬁd that the galensa crystal was
neavily distorted nnd fregmented, ond they suggested that there
mié evidence of ‘the presence of ndjscent élmvages blocks
reteining ﬁont&et on the common cleavage face but with
rotational displacement about the normal to this face. Collins
and Mathewson (1940) based their suggestions on their

obse rvations of slip in &mu/~¢entréa cubic metels. Heidenrich
and Shockley (1948) suggested from their electron diffraction
patterns, though they did not prove it, that in the tensile

elongation of eluminium, some rotation of élip lamellse

m—-.-;;r %
'.-‘&';‘-.4!?.- :

occurved on the operatiVe slip plane (assumed to be {111 as
usual)., Jillson's (1950) evidence was slightly more
convincing, since he found that zinc simgle crystal rods could
be twisted remarkably easily about their axis when the slip

plane (0001) was orientated normal to the axis or nearly so;

and he found that etching then expossd prism faces which

epirslled round the rod surfece, sbout the axis of the rod.

(iv) Deformation bands.

- The study of certain illedefined bands which have been

called "deformation bands" has been carried out mainly by

microscopic observations, Such bands are regions im a
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cxyat%i which have taken up appreciably different orientation
"due to the éefaémation, The bands are formaé in béth;singlg
crystals, where their width may be a millimetré arAmore and
grains of aggregate where they have microscopic ‘dimensions.
Barrett showed that at low deformation, these bands are not
well defined microscopically like translational slip or twin
bands, unless made visible by very slow etching. Barrett
(16}39, 1940, 1949, 1953), Barrett and Levenson (1939, 1940,
1941), Crussaxd (1949), Honeycombe (19502.,1950h,1951=52) and
Calnan (1952) have etudied the defometion bands in detail.
Barrett (1939,1940), Barrett =nd Levenson (1939, 1940
and 1941) clemrly showed that some of these bands are parsllel
to densely populnted net planeg which =re not slweys
translational slip planes - e,g., they sre sometimes %?9Q§ and
:{j1jf in iron =nd (100) and (110) in sluminium =nd eepp&fs
The neighbouring {jﬂ@} lamellae in aluminium were observed to
be rotated by up to 8° sbout the normal to their interface,
Barrett and others have discussed these bands in terms of
multiple tragslaxioﬁal slip on the system of crystallographic
equivalent plénes. wilman (1951) gives a logical conclusion
thet at lesnst some of the bands observed by Barrett snd his
collaborators originate as ratatiénal-slip bands before
translational slip has coused much orientation change, though
k”'ﬂu%aaquant flexure snd other forms of complex translational
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slip modify their form and orientstion extensively at high
deformation. ‘

Haneycumhe {1950) has observed deformation bgnés in an
aiuminium gsingle ecrystal extending in tension. Thege were

spacéd about 0,05 mm. apart ond were parsllel to (110) planes;

they could be seen even after one per cént elongation.

(i) Definition and the hardness classificstion.
. Hardamess in a metal is closely related t& the plastiecity

and the strength of the crystal. The term "hardness"

emﬁrgﬁea different properties which are d}stinguished by the
methods employed to determine it., The resistance of a crystal
to abresion is one of the methods of estimating the relative
,harﬁnﬁéa of crystals, or of the same crystal in different
dixactiaﬁa; Hardness may be defined ss a measure of the
resistance which a crystal opposes to the mechanical injury of
its surface lasyers according to the surface and direction.
The experiments which have been made to estimate relative

- scratch hardnesses of crystals have been reviewed recently by
Tertach (1949).

‘ It has been long desired to classify minerals and
- industrisl materials according to their hardness. In 1774,
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Werner propounded a six-membered scale for hardness, but Hauy
(1801) attempted to compare the hardness of two materisls by
finding which one could scratch the other. Mohs (1822-24,
1832) endeavoured to make this method the basis of a practical
'scale, with ten minerals representing the main steps of hardness,
and he also introduced the decimsnl system for describing the
hardness of a materisl in terms of the chief steps and
sub-divisions., His ten-membered (1.Talci 2. &yﬁsquwéﬁngzggite;
4. Tluorspars 5. Apatite; 6, Felspar; 7. Tuartz; &, Topaz;
9. Corundum; 10, Dismond) hardness scnle is to this day in use
and named after him as the Mohs hardness scale,

- Boon after the introduction of the Mohe scnle, it was
realised that the intention te set up, in the aforesgasid scale
of miﬂarmla, the most ecual possible hardness differences, was
not strictly fulfilled, because in most minerals répr@senting
the steps of the hardness scple the hardness varied much
according to the face and the direction in the fsce in which it
- was tested. Thig clearly shows thet smong the members of the
seale no fixed hardness velues occurred. The differences in the
’harﬁhags in different directione appear especially prominent '
in the crystals that possess §referfed cleavage planes and thus
ahawiﬁha strongest hardness snisctropy. Thus it was indeed

long known that one must not only notice on which face of the

. member of the scale the hardness is tested, but also in which



23.

~ direction, since otherwise no comparison is possible., The

- strong hardness differences in different directions on the

 eleavage face of calcite sre illustrated in figure 7.

Crystallographers gemerally have adopted for the

determination of the vectorial differences of hardness in any
given crystal face, the methods involving scretching, planing
o:,grinding either on a flat surface or locally by en sbrasive
wheel, On the other hand, hardness differences dsp?nding on

~ the particular crystal face examined but invalving a mean

hardnesa over all directions in the faca, can be esgtimated hy

application of such methods as piezo-electric methods or filing,

- a8 the chief technical means of investigatinw hardness of

.materials.

Trankepheim (1829) made some extensive experiments on

hardeness testing of crystale in different directions in the

same face by seratching with needles of different metals.

The inequality and the uncertainty in the Mohs hardness

~ steps led to experiments which resulted in verious methods of

measurements. Seebeck (1833) made first the hardness measuring
apparatus cslled by him the'“ﬁklerometerﬁ, which fer all the
dynsmicel hardness determinestions still remains adopted in its

fundementals. In this apparatus = erystal wexed to a
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Fig 2, Hardnees curve on roksalt

(by Exner! a) Cube face, b) dode-

eashedral face, ¢) octeshedral face,
gd) view on the cube fece, The veector:
" have length proportional to the load

required onthe point v»ressing on the

erystal. to cause a visible scrateh.

7ig 3 Hapdness curve on Tluorspar

( by Exner) a) cube face, b) octa-
hedral face, c¢) view on the cube fac:
face corner,
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rotatable supporting table with a slide arrangement, was
moved sideways under a loaded point, snd the load was
datemimd when just a n.otiaeabl%scmtcﬁ was formed on the
horizontally displaced crystsl face,

In 1850, Prenz improved geébeck's spparstus by
introducing a crank (winch) drive, while Grailich and Pekarck
(1854) chose the drawing action of a falling weight to produce
the lateral motion. Tigure 1 shows the apparatus used by the
latter to determine the scratch hardness. On this basis, \

v Txner, in 1873, made his clessicsl hardness investigations which
were taken up snew by Pfaff (1883). A

| Pigures .2 and 3 show the results obtained by Exner (1873)

for the scrateh hardness determination on the cube face =nd
the octahedral planes of rocksslt and fluorspar crystals,
plotted in the form of polar curves, "i’hesé were obteined by
connecting the terminal pointe of the lines which gtart from »
point on the surface and whose lengths are proportional te
the abmrma scrateh hardness (weight on the seratehing point
required to cnuse n visible seratch) in the same directions.
It is evident from these illustrations that there is a relation
between the scratch hardness and the crystal symmetry, together
with the cleavebility. On the main cleavage face of gypsum,
with the indexing based on the axial setting of Mugge, Exner
(18‘73) obtained the hardness curve shown stn ﬂgurt 4, showing




“4z 4, Fxner's hardness eurve on the
chie” eleavage Tace of gypsum; the
inlices re”er to oxial arrangement
used by ‘ugge.

Pig 5. Apparatus for abrading crystals
in any desired direction to study the
abrasion direction . o
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the hardmess variation with the direction., In general it
can be said that if the surface under 1ﬂvegtigatian is
perpendicul ar to the cleavage planes, the hardness parallel to
the direction of cleavage is minimum, and if the surface is
inclined to the ecleavage planes, the hardness is usually

different in opposite directions.

(iii) Abrasion hardness.

Rosiwal (1893, 1896) carried out experiments on
abrasion hardness by abrading two metallic surfaces in contact
with each other and expressed abrasion hardness as inve rsely
proportional to the obtained volume loss caused by the sbrasion.
Jannetaz and.ﬂeldberg (1897) designed a "Usometer" to study
abrasion hardness. This apparstus was the first to be based
on the principle of use éf a grinding disc on which the crystal
could be fixed under a load with its face lying flat against
the dise. Figure 5 shows such an arréngement aliowing for a
rotation of the crystal. Tertsch (1934, 1936c) has discussed
abrasion hardness anisetropy in crystalé, and the practical
details of its measurement, and has published results for
caleite (1934), dolomite (1935a,b) and barytes (1936a,b)
erystalgs Tigures 6 and 7 show the abrasion hardeness curves
obtained by Tertsch for barytes on the basal and prism face,
and caleite on its cleavage plane. In his experiments on
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calcite, Tertsch (?934) showed that his curves for variastion
of ﬂbra31onvhardnasa with direction corresponded closely %o
those found earlier by Pfaff (1883) for variation of scratech
hardness with direction.

In 1951, ¥vans, Layton and Vilmen slso used a rotating
disc covéred with abrasive (emery paper) method with a little
modifiecation to that shown in figure 5, for the unidreétional
ﬂbrasion.of coppe r and irén crystalse As a load on the
crystal, they applied a light hand pressure. They =also
noticed that in the case of an electropolished copper (110)
face, it was appreciably easier to anbrade slong tde cube face
diagonal than the cube edge and <112) direction, where there
gseemed to be a higher resistance to abrasion, thus a coarser
grade of emery paper was used initislly (3 followed by 0),
before o final light abramian with 0000 emery paper. :

wilks (1952), by using multiple[?%%érfarsm&trie
t@cpnfque, determined the depth of abrasion on cube,
didecahedron and octahedron planes of four dismonds (two from
South Africa and two from Belgian Congo) end estimaﬁed théir
abrasion hardness from abrasion depth per revolution of
abrading wheel, in preference to length or width of abrasion.
Taking the most fovournble direction in each case, he came to
the 9onclusian that dodecahedron surfaces were enmsier to

r

abrade than cube surfaces, and also reported a difference of
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40% in hardness of the Congo dismond as compared to that of

a South African dis=mond. Interferogrems revealed that the
abrading wheel moved laterally and longitudinally while
abrading, that the sides of the abraded depression were highly
polished, and that there was no appreciable cdeformation of the

surrounding surfaces.

(iv) Previocus Xersy and electren diffraction experiments
on the structure of abraded crystal surfaces.

Bénard and Lacombe (194£) have exsmined by an Xeray
reflection method, iron and sluminium crystals which had been
subjected to abrasion. They obtained ring pstterns showing
that, after ebrasion, the surface of the crystal had become
polycrystalline, Elsctrap&liéhing of the surface to a depth
of about 10 m, resulted in the rings of the Xeray pattern being
broken up inte arcs, indicating en orientated texture, Further
electropolishing up to 60 p, removed this arcing and gave rise
to a gingle-crystal Lnue spot pnattern. They nlso stated that
the axis of the fibrous orientation (incomplete fibre texture)
produced on each crystal varied with the crystsl orientation,
relative to the surface plane and the asbrasion direction,

In 1936, Germer abraded a cube-face cleavage surface
of galens perallel to a cube edge, and had shown that it
caused rotation of the parts of the lattice nbout the

ggrptnéianlar'cube edge in the surface. Raether (1947) also
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found similer results for similer cases with rocksalt. But
neither of these had been able to sugpest any clear explansation
'af these observed rotations.

~ Davisson (1946) took electron diffraction photegraphs
of 2 ouartz plete which hed been lapped with emery., The
phptograph takaﬁ/after sbrasion showed the presence of a
large number of small particles of quartz with rendom
nziﬁntntien. Thé plate was then scrubbed vigorously with
soap snd water, using s tooth brush, and dried. The electron
diffraction pattern at this stege showed the disappearance of
the rings but in their place src-segments asssocisted with
spots due to undistorted cuartz became prominent. These
electron diffraction petterns show thet a lapped plate has been
randomly orientsted ouartz on its surface which may be removed
by gerubbing, leaving a surfece layer of guartz(not removed by
serubbing) with limited misorientation.

Courtel (1948) and Courtel and Leger (1948) described a
device of preparation of clean metal surfaces by mechanical
abrasion in vacuum with high speed wheels and sinulteneously
studied these surfaces by electron diffraction. A freshly
polished mild steel surface showed no tracé of oxide layer
until air was admitted. The freshly abraded surfaces gave

;{cligtrnn diffraction patterns showing orientation due to the
. polishing process.
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Courtel (1949) investigated the temperature reached
on the surface of metals (Fe, Al, Wi, Mg and Co) during the
abrasion, including Co, which possespes a clear transition
point in ite crystal structure. In the case of cobalt, he
noticed that » single cryetal of hexagonsl cobalt abraded with
a parggheral gpeed leass than 14 m,/sec. gave an electron
diffraction pattern shéwing that the surfsce consisted of the
hexagonal Variaty. Ag the speed of the nbrasive surface was
inecreased further (20 m./cec,) » rise in the surfsce
temperature took place, resulting in the transformetion of the
hexagonal Cop, to cubie Co, . Since this transformation is
known to ocecur at 400°C, it was conecluded that at the
polishing speed of 20 m./sec,, the surface regions of the
cobalt must have reached 400°C, or more. Courtel noted,
however, that the transformetion temperoture of the cobslt
ohserved in purely thermal treatment is somewhat variable
(Troiano and Tokich 1948).

Courtel (1950) examined, by electron diffraction, the
oxidation characteriatieé of metallic alloys (Co 80% - Cr 20%)
at different speeds in the rarefied atmosphere in the electron
diffraction camera. Me slso studied the preferentisl
orientation of the oxide layers produced by grinding of carbon
steel, ahmmiw, nickel, magnesium, hexagonal cobalt (single
erystal), cerium, durslumin, stainless steel (of types 80220,
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1818, 137 Cr, 257 Cr); and the temperature produced on surfaces
during grinding. He observed under these conditioms the
formation of cubic Ce,0, in direct contact with metal, During
the sbove study, he also noticed the adsorption of fatty
vapours on the milled surfaces. Courtel (1952)in a discussion
on *Friction! summérissd these electron diffraction results,

Gay (1950), showed that relatively light grinding of a
1ithiém fluoride crystal surface produced a marked increase in
the reflected intensity of X-rays. Light abrasion produced
a surface fragmentation having a misorientation within the
range of divergence of the Incident X-rsy beam, so that all the
misorientated material can reflect simultaneously. He avy
working of the surface produced surface disturbances with such
large migorientation that it could not 2l1 ¥eflect the incident
beam, Fe also pointed out the optimum grinding and etching
technioue of a crystal recuired to give the best results with
the concentrsting X-ray monochromator,

Goy and Hirsch (1953) summarised the results they had
obtained by examination of abraded caleite crystals by Xeray
and electron diffraction, end they indicated that abrading or
polishing = crystal (in the case of calecite, quartz, fluorite,
lithium fluoride and rocksalt) disturbs, i.e, mdrﬁ or less
. fragments rnd disorientotes the surface appreciably to a
%_ﬁ#pth of lesgs than about 1@*15»%%
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Evans, Layton and Wilman (1951) showed that the

unidirectional abrasion of electropolished copver and iron
eryaia;s caused rotations of parts of the surface region of
%hﬁ‘@ryqtal about a clearly defined axis which was normal to
a &ﬁunaly ysyalated plane lying gnrnllal to thﬁ abrasion
direction or néarly so or ateéply inelined to the surface.
They yéintad out that slthough such rotstions would be difficult
to mecount for by known traﬁglatianal slip processes, they may
be explained simply in terms of fregmentation invelving
rotational slip. ‘Simca opticel and electron mieroscopy
supplies no clear observations of the loceation and form of
rotated regions this interpretntion in terme of rotastionsl

slip is not confirmed,
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IT, ZExperimental,

1. Preparation of crystel surfaces.

a. Crowing and cutting of the crystels.

In these experiments, two crystals of iron were used,
which were 2.5 to 4 sc.cms. in area and about P mm. thick,
These iron crystals were prepered in the leborstories of the
British Iron and Steel Research Associntion by the strein and
anne sl method. These crystals were cut with a well lubricated
Jjeweller's saw from strips containing seversl erystsls.
Lubricant was used to reduce the rise of temperature during the
process of sawing. To keep the crystals free from any kind
of distortion by bending or undue pressure, the clamping and
sawing operstions were carried out with grest care. Then
surfaces were smoothed by abrasion with e range of emery paper
well lubricated with pure bengene, in the normal manner, down
to Yo0.,0000.

b. Smoothing of crystals by electropolishing.

For these experiments, a perfect strainefree and smooth
surface is degirable, but it was found that neither the
mechanical means of polishing nor the subsequent etching in
nital and in a solution of 17 picric acid in ethyl alcohol, nor
ann€aling in vacuum, could give adequate polishing.
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The technique of electropolishing developed relatively
racehtly, mainly by Jeacquet and Rocquet, was therefore applied
to the crystals in the present experiments, to produce
atomieally smooth and strain-free surfaces and this was carried
out as recommended by Jacquet and Roeccuet (1939) in perchlorie
mndAacatic enhydride bath. ‘

Various workers have tried to polish iron =nd steel

different
by using/bath compositions and conditions, and hsve studied
the Tactors influencing the electropolishing. Without going
into great deteil, the reviews of Lippert (1940), Jacauet
(1943w, 1947) and Wernick (194€) may e mentioned, and thege
contain many other refe rences. Young and Brytoznk (1942)
used various baths for electropolishing iron and studied the
optical conditions by photoelectric reflectometer and came to
the conclusion that for metallographic specimens, Jacquet's
method (1939am) is the best.

/fter considering the possible methods for electro~
polishing of iron, the composition of the bath and the

conditions used in the following experiments were:

Perchloric acid (density 1.61 or 65) 185 ce.
Pure scetic anhydride 765 ce,
Distilled weter | 50 oe,
Current density 4=6 amp per sq.dm.
of anode surface.
Voltage 45-50 volts.
Temperature 15=-25°¢C,

Time 2=4 minutes.
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Tlectrode arrangement Vertical, parsllel
cathode about six times
that of anode and 3 cms.
away from anode.

By personal experience, it was found that the lower
the temperature of the beth, the better the polishe Secondly,
instead of paltahimg the iron surfaces continuously for 4
minutes, if 1t is done in two separate periods this helps in
obteaining a good polish.

In preparbng the bath, grest care should be teken in
mixing pure ncetic anhydride in perchloriec acid eooled with an
lice bath, and occasionally szitated mechanically. The bath
should be allowed to stand for 24 hrs, before use. Purity of
~ the oomponsnts is very essential otherwise there is always a
chance of harmful explosion (Merchant 1940).

It is difficult to adjust the voltage and current
density for a good polish of the iron surface, because high or
low voltage or current density produces etch pits and a wavy
or "lemon peel" surface form, as can be seen in figures § and 9.

The next important step after electropolishing is the
vémoval of the specimen from the bath and washing. luch
stress should be given to the technique of washing. 4 viscous
brownish=ved layer can be seen covering the whole of the

polished surface; this is thought to be a complex salt (Jsequet
1939@) which plays an important part in the process of
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polishing. This layer can be dissolved in dilute acetic
acid and also washed in water., In practice, as far possible,
water should be avoided as it attscks the polished surface
covering 1% a thin film of oxide. ot s usually washed

‘with a Jeﬁ‘

acetone, followed by 2 quick immersion of the

specimen in a less volatile licuid— normal propyl alcohol, so
as to avold exposing the elean surface to the alr during the
few minutés which elapse from insertion of the specimen into
the electron-diffraction camera until high vacuum of the order
éf 10=5 mme of mercury is reached.

Sometimes, during the preocess of washing, it was
noticed that a thin milkyewhite film of oxide was formed. To
remove this‘fiim, the polished surfaces are etched for about
5 seconds (Bvams, Layton =nd Wilman 1951) in a 17 solution of
piceric acid 1nvalcohol,,follawed by the aforesaid procedure.

2¢ Investigntion by electron diffraction.

The electron diffraction camera used in these
experiments was of the type described by Finch and Wilmen (1937)
with new mii%!icatiana for use at high-gﬁi@ages as described by
Tinch, Lewls and Webb (1953). Tig.10 shows a general view of
the diffrmﬁt?%n came ra, Generally =n accéleraxing voltage of
120 kV. wns used so as to reduce the background scattering in

the photographs from the rough surfaces. In 211 ceses for
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electron Aiffrection examination, the “ceomera length"”
(specimen-photographic plate) was 48 ems. For an accurate
me asurement of AL, its calibration was made by using graphite
?awﬁ&r as a standard meterial (Finch and Wilmen 1936, 1937).
An @xteﬁsive interpretation of electron ﬁiffradtian patterns
and their gpplications has been given by Finch end Wilman (1937)
and Wilmsn has developed methods for interpreting Kilkuchi
line patterﬁa (1948a, 19488), patterns from crystal groupings
of rataiianal slip type (1951) and from rotating crystal or
orientated polycrystalline specimens (1952).

On examination of the iron erystal surfaces by

~electron diffraction, it was found from the pattern (Fig.2> )
that one crystal had a surface of the (hOl) type, inclined
82° to a (001) plene and was thus nearly (107). The other

crystal was practically (110), actually inclined =t 2920

to (110) almost about the [110] 1attice row, as was seen from
Pig.<2. Both the erystasls, after electropolishing, yielded
clear petterns of Kikuehi lines and elongated spots showing

~that the aurfac@é we re atomically smooth and of high perfection,

as shown in figse. 23 32,23, 492, 4% a.d 99

;'3. Technigue used for abrading the crystal surfaces.

E},aé’trﬁpelish@d surfaces of these crystals were abraded

’ﬁr,a single continuous ten-inch stroke in any desired direction,
. a uniform speed of about three inches per second, on 0000
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emery paper well wetted with pure benzene., A light hand
préﬁaure of about 50 gms/sc.cm, was used on the crystal for
abrasion. Thﬁ abraded surfrces, as observedvisually, vere
tfaversed relativélyuniformly by fine scratches parsllel to the
direction of nabrasion. To find the actusl direction of
abraaicn, the =ngle between the ~bresion scratches =nd the
f@fﬁrﬂnce edge of the crystal could be noted by means of a

prbtraater,_anﬂ was verified in the electron diffraction camera.

4, lMethods employed for progressively etching awsy ths
Crystal surfnce,

After the examination of the asbraded surfaces by
electron diffraction, it was desired to remove the succesgsive
.layers from the initial crystnl surface to study at different
depths the nature and extent of the lattice deformation by
abrasion, For this, the metal wes €lectropolished for a few
seconds at = time, or sn etching solution of 17 pieric acid
in ethyl alcohol was used. This was followed by washing in a
jet of acetone and immediste transference in normal propyl

alcohol to the electron diffrection cameras to svoid oxidation.

In most cases, examination by optical micrescopy, using
a Vieckers Projection Microscope, was ecarried out after

exemination in the electron diffraction camers,




ic 1

i vinpe o
b 4 - : &
-




IIXI. REgULTS.

In the following account of the present experiments

on abrasion of iron crystsls the “"sbrasion direction" is
defined as the direction in which the abrasive particles

mma. relative to the crystel. Generally, in sll the
experiments on the two iron crystals used, the surfaces
‘yislded ring patterns such as figel1 immediately after
abrasion, indiceting randomly disorientated fragments of
normal body-centred-cubic «iron, with lattice dimension

a,= 2,86 i, It was observed that on slight etchi#ag (-~ 45
seconds) in 17 picric acid solution in azlcohol, asnother ring
pattern was obtained corrrsponding to a facee=centred-cubic
structure with = cube axis a.= 3.60 + 0,01 A, relative to

a, = 2,86 A., either alone as in fig.12, or still with presence
of some rings from the body=centred-cubic «-iron, as in fig.13.
The lattice dimensions of the fgce~centred-cubic material,
together with further evidence given in Fart 2, confirms that
the material consists of Y -iron. The presence of this
Y'-i'ron' indiea’c@g that ite formetion wust have taken pkace due
to the rise in temperature of at least parts of the iron
cryetal surfaces up to 900°C, or more during abrasion. '

After further etching (approximately two minutes) the

ring patterns due to Y-iron had usually disappeared and only
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rings and arcs due to < -iron remained. Roughly four to six
minutes total etching removed most of these randomly
disorientated < ~iron fragments, snd the pattern then showed
some spots corresponding to the main < -irom crystsl
orientation and well defined arces on the <X ~iron ring positions,
with traces of a ring pattern due to )-Fe; 05, Thege arcs due
to < =iron indicated in almost all cases a range of rotation
from the initiasl crystal orientation, sbout & welle=defined axis.

The observations recorded after etching or electro-
. polishing down to the sbove region are described below, In
all caseg, the sense of the lattice rotations cbserved was the
goamé as that of a wheel rolling on the surface slong the
sbragsion direction, with its axis usually normal to a main
lattice plane. It should be noted that for convenience in
considering the relation between the various szimuths, =li the
diagrams showing indexing of diffractions correspond to the
negative photographlic plate as viewed slong the beam direction,
wherens the patiterns illusﬂrated are positives and thus are |
reverged from left to right relative to the negative or index

diagram.
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Ae. BExperiments on the (b 0 1) face inclined at &3° to (001).

Since the (001) plane was nearly parallel to the surface,
it is most convenient to refer to the azimuths in the surface
in terms of the nearest lattice-row directions in the (co1)
plane, Figure 14 shows the direction in which the crystel

was abraded relative to the cubic axes chosen,

1. Abrasion parallel to the "[1101" directiomn.

Figure 15 .hows the micrograph of the electropolished
iron surface. Except for a few etch pits, the surfece appears
to be fairly smooth and perfect, After abrading the. electro-
polished surface in the “{710}” direction, the micrograph
shown in figure 16 was obtained, end, as stated sbove, the
electron diffraction pattern then consisted of rings due to
Xe=iron as in figure 11, The surface was etched in stages
and at each stage was slso eXamined by electron diffraction
and in the microscope. After 2 minutes 15 geconds etching,
the microgreph figure 17 was obtained and shows the sbrasion
scratches still existing on the surface though fainter than in
figure 16, The surface then yielded (from roughly the same
region as yielded figure 17) a clear Kikuchi-line pattern due
to undistorted crystal, together with some strong spots
corresponding to the initial crystal orientstion. 1In aﬁditian,
the gatﬁera‘figare 18 obtained with the beam normal to the. .
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abrasion direction, shows strong srcs tailing off in intensity
in one direction.

Thege asymmetric arcs became shorter when the electron
beam was in an azimuth on one side or other of the above,
Thus it is clear that parts of the lattice had been rotated
thraﬁgh 40-50°¢ ébaut an axis which was evidently approximately
f110]. |
. Figure 19 obtasined with the beam 2long the abrasion
diiaatien, *{710]", contains many spots corresponding te the
initial crystal orientstion and meny additional spots or short
arcs, aeeuré&ng on nearly vertical “layer g;aea“ midway between
the nearly vertical rows of spots due to the initiasl crystal
orienﬁatiah. This confirms to & high accuracy that rotation
had indeed occurred about the [110] axis. The presence of
additional arcs corresponds to the reciprocal-lattice points
*erossing the Pwald sphere during the rotstion. The arcs had
a spread of about + 2°® from the mean, round the electron beam
direction,
. Further etching for 14 minutes caused little chenge in
‘the diffraction pattcran as seen in figures 20 and 21, and still
further etehing merely reduced the angular range of the
rotation progressively until prasctically undeformed underlying
erystal surface was reached, The optiecal micrographs showed

thet the esbrasion seratches have become still fainter then im
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figure 17. These results are closely similar to those found
in case (iii) for iron by Ivans, Layton and Wilman (1951).

It may, howsver, be noted that im the present crystal, the
surface was inclined by 83° sbout [010] instead of by 103
about a <{110) row.

2, Abrasion slong "[210]".

Figure 22 shows the electron diffraction pattern
obteained after re-electropolishing the surface, The sharp
Kikuchi lines and elongated spots indicate that the surface
was atomicelly smooth. The optical microscope showed a
festureless surface without any trace of the scratches caused
by the previous abrasion. The surface was then abraded and
- gradually etched in stages and examined both by electron
diffraction and optical microscopy. After 4 minutes etching,
it yielded electron diffraction patterns of well-defined
Kikuehi lines and someé strong spots corresponding to the
initial crystal orientation, and slso, with the beem normal to
the sbrasion direction, long arcs talling off in one direction
from the normal spots as seen in)figure 23s The angular range
of the stronger part of these ares round the undeflected beam
was about 20-25°, and the arcs extended with appreciable
intensity up to 40-50°., The asymmetrie arcs became
progressively shorter when the crystal wes displaced to
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éximuth$ on one side or other of the sbove direction, and for
example figures 24 and 25 were obtained with the beam along
[110] =nd [070] respectively.

It was thus evident that parts of the lattice near the
surface had thus rotested by up to 50° about an axis
approximately pérgllel to the “[120]1" lattice row, which was
practically normal to the abrasion direction.

FPigure 26, obtained with the electron beam along the
abrasion direction, agreed fully with this comelusion, and
here the diffraction arcs were shortest and showed no
asymmetric tailing off in intensity to one side or the other,
The pattern at this azimuth shows clearly (to within two or
three degrees accuracy) that the rotation axis was the [120]
row in the (001) plane, not the direction lying in the crystal
surface normal to the abrasion direetion. The strong and
vertically elongated spots in figure 26 eorrespond to smooth
parts of the surface which had been unaffected and still
réetained the initisl crystel orientation. These strong spots
lie in a centred vé-rectangle pattern with the long side
inclined at about 5° to the (horizontal) shadow edge.

The indexing of the normal spote and the additional
short arcs in the above figure 26 is shown in figure 27, which
was constructed from a reciprocal-lattice plan on (001), in the
game way as described by Evens, Layton and Wilman {5;51). For

»‘ 3
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example, the diffraction points 024, 174 and 204 occurring
atkdis%ances 0.3, 06 and 0.9 times the long side of #6
rectengle from the strong 134 spot fully stand in evidence
thet the rotation sxis was [120]. The extent of arcing of
these additional diffractions in figure 26 is only about.

+ 1% to 2% about the abrasion direction in the case of those
iffractions which occur as a result of lattice rotation
attainiég 12° from the initisl oriemtstion sbout the [120]
axis normal to the ebrasion direction.

On further etching the crystal in stages, the electron
éiffracfion patte rns obtainsd were of similar type to the =above
except a progressively amaller[;3§§§ieﬁ of the lattice at the
then exposed lower levels, The crystel was therefore
electropolished far enough to remove the disturbed layer
caused by abrasion. At thig stege, it ylelded electron
diffraction patterns similar to figure 22, showing the surface
to be highly perfect and stomicslly smooth.

- The above experiment was‘repeated, i.e, the crystal was
abraded along [210], and again the results were in agreement

with the sbove conclusion.

3. Abrasion along 17° off [110] towards [0107, i.e, very
close to (2101,

After re-electropolishing the (107) iron surface,
figure 28 was obtained by electron diffraction. The smooth-
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-ness and perfection of the crystal surface could be seen

by sharpness of Kikuchl lines. After etching the abraded
surface for a total of 6 minutes 45 seconds, electron
diffraction eﬁémination of this etched surface showed Kikuchi
lines and some of the normal spots corresponding to the
initial orientation and with the beam normal to the abrasion
direction, long arcs tailing off in one direction from the
nromal spots were also present, as shown in figure 29, The
angular range of the strong part of these arcs, round the
undaflécted bean spot, was 35° with sppreciable intensity of
the aforesaid arcs up to 65°. On grazing the crystal surface
with the beam on either side from this position, unsymmetrical
arcs were obtained, showing that the rotation axis was
‘practically normal to the abrasion direction.

With the besm parallel to the abrasion direction,
figure 30 was obtained, which contains short arcs lying on
vertical layer lines, together with normal (slightly
elongated) spots corresponding to the initial crystal
orientation, The extent of arcing of these additional
diffractions in figure 30 is only about + 6° about the
electron beam, i.c. the ahras%an direction.

This fully conférms that the rotation sxis in this case
was practically normal to the abrasion direction, which was
17® off [110], i.e. very near to the direction of [210]. This
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conclusion thus slso supports the previous results in jéa
of Part 14. |

FPigure 31 shows the channelushaped parallel scratches
obtained after abrasion in the above direction, at this stage
of etohing, Boms Srstches initially present immedistely
after abrasion, have disappeared, but the deeper ones are
still present. Apart from this, the microscope does not
indieate in any way the nature of the deformation of the
surface region.

On further electropolishing and etching the crystal
surface, the arcs became shorter until there was no trace of
eny disturbance of the crystal lattice at the surface, ‘he
electron=-diffraction pattern yieldrd at this stage showed clear
Kikuchi lines and elongated spois indiceting the smoothness of
the surface and its high perfection,

4, Abrasion along "[100]".

After re-surfacing the crystal face by electropolishing,
it was examined by electron diffraction, which once again
showed sharp Kikuchi lines and elongsted spots as seennin
figure 32 and 33, confirming the undistorted and atomically
smooth nature of the surfsce. It was then sbraded in the
"[100]" direction and etched for 45 seconds in 17 picric aeid .
in slcohol, The patterns obtained vwith the beem perpendicular
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and along.the abrasion direction are shown in figures 34 and
35 respectively. Tigure 34 mainly consisted of the normsl
 square spot pattern associated with the initial crystal
“orientation, raﬁated'ronnd the undeflected beam spot through
about 50-60° of are, the nres tailing off in intensity
continuously in one direction along each arc. Thus, parts
of the lattice had been rotated about 50-60° about an axis
parallel to or very close to the beam direction i.e, [010].
Short symmetrical arcs are present in figure 35 which
was obtained with the beam parsllel to the abrasion direction,
i.¢4 [100]., These mrcs correspond to the souare srray of
lattice points in the (001)% plene through the origin in the
reciprocasl lattice, and these reciprocal lattice poiﬁts cross
the Fwald sphere almost simultaneously after a rotation of
84° from the initial erystal orientation. As compared with
this main rotation of 84° about [010], it was also observed

that the smount of arcing of these diffractions corresponded
to a spread of about + 3° of rotation sbout the sbrasion
direction, i.e, [100]. The presence of other fainter
additional diffraction arcs is associated with the rotation of
parts of the lattice through angles larger than 8%° about [010]
Figure 36 shows the .ph of the surface after 45
secondsretching in 1% picric acid and slcohol, corresponding

to‘the electron diffraction patterns of figures 34 and 35.
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Some of the channel shaped scratches have become fainter from
the stage when the surface was abraded. Apart from this
the micrograph does not show any other sign of deformation.

Turther etehing for 14 minutes practically reduced the
angular range of arcing by about half the amount,; as seen in
figures 37 and 38, obtained with the beam normal to and along
the abrasion direction, respectively, Further etching for
45 seconds, reduced the range of arcing almost to nothing and
the electron diffraction patterns showed undeformed single
crystal f’“ ructure. |

The crystal surface was next smoothed by eleciro-
polishing to prepare again a smooth and perfect surface and
the above experiment wes then repeated with practicslly

‘similar re sults,

5. Abrasion along "[T00]".

Another abrasion experiment was carried out on the
crystal after freshly resﬁrfacing it by electropolishing, but
this time the abrasive motion was along [100], opposite to that
of f&. After several minutes of etching the surface yielded
electron diffraction patterns similar to figure 34, when the
he am grazed the surface in a direction perpendicular to the
abrasion direction. The angular array of the arcs, which

tailed off in intensity in one direction, indicstes that the
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parts of the crystal had rotated by up to 40-50° about an axis
roughly in the surface nhd normal to the abrasion direction.
At this stage, when the beam was nlong the abrasion directionm,
the patterns ylelded consisted mainly of rings due to body-
centred-cubic xX-iron.

The etching of the crystal was carried out in stages
up to 12 minutes and at each stage the surface was examined by
clectron diffraction and by opticel microscopy. The
difffaction patterns obtained with the beam slong the abrasion
direction still did not show any well defined vertical layer
lines, On the other hand, the angular range of asymmetric
arcing was progressively reduced to only 10°, when the
electron besm was normal to the abrasion direction. After
45 geconds subsecuent electropolishing of the crystal surface,
the arcing was still more reduced to only about 5° range
extending from the strong spots which corresponded to paris of
the srystal which still had the initial crystsl orientation.
Figure 39 ghéws the interesting pattern obtained with the beam
slong [100], i.e. opposite to the abrasion direction.

In the upper part of figure 39, in the region of the
circular zone of stronger spots round the point where the
[100] cube cdge met the plate, there sre sharp strong and
elongated spots in an array of sguares whose sides sre at 45°

to the shadow edge. These spots correspond to the initisl
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crystal orientation and can be compared with figure 32,
obtained from the freshly polished surface, at the same
azimuth, before any sbrasion was carried out. Some
additional short arcs are seen in the lower parts of figure 39,
which at first sight appear to be the continuation of the
pattern of spots due to the init;a; crystal orientation, along
vertical lesyer lines, as seemed indicated by the tailed arcs
obtained from the perpendicular azimuth. If the additional
diffraetions are carefully inspected, it is geenthat these
are not gingle short arcs but pairs of spots joined together
by a faint continuous arcs, as in figure 40(a). Both spots
of each pair lie at the same radial distance from the
undeflected=-be om gpot butl are practically ecually displaced to
one glde or the other from the appropriate vertical rows of
spots corresponding to the initisl crystal orientation,

These characteristics, together with the regular increase
in the distance apart of the spots of these pairs, towards the
lower region of the pattern (see figure 39), suggest that parts
- of the lattice had rotated about one axis and others about |
another, These two axes are symmetrically disposed relative
to the (010) plane (which is the plane of incidence of the
electron benm in figure 39) but are inelined away from the
[010] axis, The spots corresponding to these rotations
sugegest that the extent of rotation st this stage of etching



51&

was nearly 5%, which agreed with the extent of the asymmetrical
arcing in patterns at the perpendicular azimuth.

Using a method based Gn’EWﬁld'B reciprocal lattice
construction, the directions of these rotations axes were
estimated. The positions of the strong spots corresponding to
the initial crystal orientation were used to define the
location of the Iwald sphere relative to the reciproeal lattice,
a8 shown in section on the (010)% plane in figure 40(b). Text
the co=ordinstes [[hkl]1#* of points such as B, corresponding
to the observed additional spots, were found relative to the
axes a%*, b*, c* of the initial reciprocal lattice, The hy
and 1, co-ordinates relative to a%* sand c*, were obtained
sufficiently accurately from the diagram as in figure 40(b),
drawn to a scale sueh that the Pwald sphere radius was 480 cms.
(iecs 10 times the camers length), Then k, was egtimated
directly from figure 39, by considering the spot positions
relative to the vertical rows of normal spots present in the
upper region of the pattern. The direction of these vertical
rows of gpots was prenisély determined by the row which passed
through the undeflected-beam spot. Fach point such as B on
the FPyald sphere in figure 40(b), corresponding to an
additional spct in the pattern, is brought into the position
P, by the rotation from the initial point P, whose co-ordinates
nre {{1_1,1@1_,‘]1* rélative to the initial reciprocal lattice axes.
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The line joining Py and P, has thus indices [uvw]* given by
[!]_2 «hy 4 K ~ky, 3:?‘3:1}* and 1s perpendiculaf to the rotation
axié: ;has the indices [UVW]#* of the rotation axis are
relatéd to [uvw]* by the zone relationt~ |
wl + vW+ v = 0 sseessvsossssssanss 1)

The co-ordinates [[hkl]]#* of the initial reciproeal
lattice points Ag B4 ,01 eeey and of thﬁ points 45 4B, yCy ese
where, during the rotation, they cross the Fwald sphere as
shown in figure 40(b), are tabulated in Table 3, ' The points
As 933 3Ca eee €tcs were all associsted with the same rotstion
axis of the symmetrical pair. The indices [uvw]* of the
lines A A,y By By, ete, are shown in Table 4.

Luv ]2, v Tablid were modiid t take s
To find directly the ratio U:V, the co-ordinates of{ ~ I

Tu'v"1]* and suitable pairs of equations of type (1) were

then combined as shown in Table 5(a)., The nine most accurate
determinations of V/U were 1.35, 1.57, 1.41, 1.44, 1.61, 1,50,
131, 1451 and 1.31; and the mean of these values gave U:V as
11444, Similarly as shown in Table 5(b), the most precise
egtimates of ¥W/U were 0.08, 0.33, 0.19, 0,00, 0.29, 0.15, 0,14,
0.38 and 0.23, giving & mean value of U:W = 1:0,20., In this
way, six diffraction spots, A, B, C, D, B and ¥ gave a
combined mean estimate of U:V:W as 1 ¢ 1.44 : 0,20, Vithin
the obtainable accuracy, it seems most probable that the axis
of rotation in this case corresponds to the [451] axis, which
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Table 3.

lattice of the initisl crystal, of initial lattice points
Ag 48B4 9Cs e0e 2nd of the points A, ,B; ,C, ... where, during the

Coordinates [[hkl]1#, relative to the reciprocal

rotation, they eross the kwald sphere, in the case of
abrasion of (107) along [T00].
.{;11 Aa B‘ 132 Gg, Gg D’_ Da
-1 *-0949 =1 “ous'i =1 =04 38 1 «“0edd
-3 ~3440 3 2470 -2 “2¢43 2 171
=4 =3.65 -4 -4.35 =3 -2.,77 =3 =3.31
3?"*1 E?Q Fi Fg
‘1 .“0.60 -1 ‘0066
~4 "4035 4 3o81
“5 "4t6? "5 "5" 3)7
Table 4. Indices [uvw]# of the lines joining peirs of
points such as A, and Ay of Table 3,
Apwby B=By C3~Cy DDy E,-Fy E-F
0451 0.43 0462 0.56 0,40 0v34
-0.40 =0430 ~0443 -0629 «0,35 ~0e1Q
0.35 “"0.35 0023 "0.31 0.33 '-‘0’37



Table 5a(i). the ratio of UiV, the

To find directl
coordinates of [uvw]* as in Table 4 were

modified to take up a form [u'v'1]x,

1 2 3 4 3 6
hpmby  ByeBy (peCy  Dp=Dy Epely HeF
utx 147 =124 2,71 =1,80 1218 =0.930
v % 1414 0486 <1.87 0,94  <1,061  0.514
W 1400  =1400 «1,00 =1,00 =1,00 =1,00

Table 5a(ii). Suitable prirs of equations of the type (1)

were combined to give directly the ratie of U:V,

suiteble pairs UV Suitable pairs UV
from Table 5a(i) - from Table 5a(i) o
1 -2 121435 3 -6 181,50
1 - 4 11157 5 - 2 111431
1 -6 121441 5 - 4 1:151
3 -2 131.44 5 =6 18131
3 - 4 131,61
Mean value of UsV = 1 3 1,44

Table 5b(i)es To find directly the ratio of Usu, the
coordinates of [uvw * ns in Table 4 were

modified to take up a form [u't w' %

1 2 3 4 5 6
hp=hy BBy Cpely DpeDy E,~F; F«F
utx 1.28 1e44 1e45 1.92 1e49 1481
v =1400 =1400 -1400 =1400 -] 00 =100
Wt *0.88 10?7 “0.54 1.07 ‘0.94 1.95

Table 5b(ii).

Suitable pairs of equations of the type (1)

were combined to give directly the ratio of UsW

Sultable pairs Us W
from Table 5b(i) S
1 » 2 ?10.08
1 - 4 1=0o33
1 =« 6 110,19
3~ 2 1:0400
3 -4 1:0.29

Mean velue of gfﬁ =

Suitable pairs Usw
from Table 5b(i) i
3 -6 130015
5 = 2 1:0.,14
5 - 4 130-38
5 - 6 13023

1 ¢ 9:198
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is the axis of flexure of (213) slip lamellae, since [451] is
perpendieular to the slip direction [111] in the (213) plane.
The other axis of rotstion, symmetrically disposed to (010),
is [451] direction, which lies in the (213) plane and is
normal to [111].

The micrograph (Figure 41) tnken at this stage of
eteching still shows some parallel scratches remaining,
tomether with etch pits. The black lines represent the still
vigible depressions where the deepest scratches occurred,
while the white lines suggest raised regions at the side of the
scratch depressions, The hazy lines correspond to scratches
which are on the verge ofmdisappearance, No information
regarding the fragpmentation of the crystel surface could be
recognised from the micrograph, to supplement that yielded
by the electron diffraction pattern,
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:
B, Experiments on the approximately (110) face,

The crystal face was carefully smoothed first with
emery paper of different grades in succession and then by
electropolishing to remove the work hardened surface layer,
Examination of the surfaece by electron diffraction then
yielded the patterns of figures 42, 43 and 44(a), snd enabled
the direction of main lattice rows to be determined relative
to the gurface. The sharp and strong Kikuchi lines together
with the elongated spots normal to the shadow edge show that
the surface was atomically smooth and that the crystel was
highly perfect.

One region of the (110) iron surface yielded patterns
which showed presence of some 3211} twinning. - Fige.44(Db),
obtained in the [172] azimuth, shows the normal pattern of
spots in the V6erectangle arrangement as in figure 44(a), but
there are in addition spots forming a similar pattern which is
displaced to the left (in the positive shown in figure 44(b))
from the normal pattern by a distance of one third of the
horizontal rectangle side. This is clearly the reflection of
the normal pattern in the plane of incldence, which is the
(111) plane of the main crystal, thus the additional spots
correspond to the (111) reflection twin of the main crystal.
In the body-centred-cubic struetﬁre, however, it is usual teo
designate this as of the equivalent %?113 type of twinning,

*
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The optical microscopic examination of the crystal
surface also gave almost featureless micrograph (Fig.45).
Tigure 46 shows the direction in which the crystal was abraded

ralative to the axes chosen.

1 Abrasion : ong [111].

After the abrasion along [111] and etching for 3 minutes
40 seconds, the electron diffraction pattern, figure 47, with
the beam normal to the abrasion direction, yielded some spots
forming a Wé-rectangle due to the still undistorted parts of
the crystal surface, and long arcs tailing off in one direction
from such normal spots. The range of such arcing varies from
40-45° showing that the rotastion of parts of the surface region
of the lattice had thus evidently taken place about [172] or
some neighbouring dirsction., However, with the beam along the
abrasion dlrecﬁion, oﬁly ring patterns such as figure 48 were
observed, showing randomly disorientated fragments, together
with some spots from the still undistorted regions, and no
clear groups of ares slong vertical layer lines were visible.
even after much further etching up to nearly 4 minutes down
to the practically undisturbed lower region.&f the crystal.
Although the rotation axis was thus not identifiable more
clogely, it 1s eclear that it corresponded t§ that described
Yelow in ]64 of Part 1(3),
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2, Abrasion g;ggg 2 diggetiag o fgg__f11 le on gha side

tomarﬁs [001]

Tms tima also, the e«le&atmpolish&é 1r0n surface after being
abraded in tha abeve direction, yialaea after atching in 1% piaria
acid in alcahol, the electron diffraction ﬁattern of figure 49
showing long arcs teiling off in one direction from the spots of
the noemal pattern, when tﬁs beam was normal to the asbrasion
directioﬁ, The engular arcing in the patters suggests that the
fragments had ratatad by up to 30° from the initial crystal
orientation about an axis parallel to [?11} or nearly so. Bven
after gradual etching and slight eiactrcyoliﬁhing,,when'ths beam
was along [112] (iee. 8° away from the abrasion direction), the
electron diffraction patterns meinly consisted of rings from
randomly disorientated iron fragments, The optical micrograph at
this stage showed nothing except parallel channcleshasped abrasien
scratches. The continuons rings han the beam was in the [112]
direction made it impossible to specify the rotation &xis more
closely. |

After ten seconds totel electropolishing an etching in 1%
picric acid in alcohol, the crystal yielded clear spot patterns
in practically ell the szimuths, These spot patterns, figures
50, 51, 52, and 53 obtained Tespectively with the beam alomg [172],
{1?3},'{0@?} and the abrasion direction, i.e. f%” from [T12] on
the side towards [007]), are similar to those described in Part 1
(§)f§?3 end 4, The main diffraction spots in these patterns are
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due to epitaxislly orientated Y -iron and are dicussed in detail
in Part 2. : : _

The micrograph (figure 54) taken at this'stage, shows
parallel channel-shoped abrasion scratches together with some
etch pits having a parallel orientation. Some of the deeper
scratches are still eclearly vigible, illustrating the extent to
which the surface is not homogeneous. Iﬁ between the main
remaining scratehes, there are some obscure traces of shallower
scratches on the verge of disappearance. Nothing else can be
recognised which might be attributed to the orientated Y -iron
crystals.

3. Abrasion slong [112].

To remove all the traces of previous =brasions, the crystal
was resurfaced by five to six minutesg' electropolishing till the
electron diffraction patterns showed clear and sharp Kikuehi
lines and elongated spots, indicating the high perfection of the
crystal and high.smoothneS$ of the surface to an atomie scale,
It was then abraded along [712] by the stardard single stroke,
On examination in the electron diffrsction camers, the pattern
figure 59 was obtained when the beam was perpendicular to the
abrasion direction, which shows practically randomly
disorientated iron fragments together with slight traceg of
spots due to mormal crystal orientetion., After etching

for four minutes, the electron diffraction patterm
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contained arecs talling off in one direction from the normal
spots, when the beam was normal to the abrasion direction; but
the patterns showed only rings when the beam was along the
abrasion direction, At this stage, the crystal surface was
next electropolished very slightly, i.e. for only 5 seconds
and this resulted in a large part of the surface yielding the
usual patterms of arcs talling off in one direction,

However, the remaining part of the surface, which had
evidently undergone much lighter abrssion as compared to that
described sbove, yielded at various agimuths patterns
consisting mainly of sharp strong spots with faint Kikuchi
lines. These spot patterns are due to orientated Y-iron
and are described in Part 2, §>1. The Kikuchi lines, together
with a few faint spots, correspond to the main undistorted
K =iron substrate., Microscopic and visual examinetion showed
that the surface, though highly smooth after the initial
electropolishing, must have been not perfectly flat and hence
it had not been uniformly ebraded. The thin surface leyer of
disorientated material from the less abraded regions had been
more extensively removed by progressive etching and electroe-
polishing, while the thicker layers from the hensvily abraded
parts had been proportionally less removed.,

When the beam was grazing the heavily abraded region of

the crystal along [177], i.e. normal to the nbrasion direection,
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figure 56 was obtained. This pattern contains the normal
hexagonal pattern of gspots due to undistorted normsl crystals
together with arcs extending in one direction from these spots
~round the ring positions. The strongest parts of each are
subtend an angle of 30° at the undeflected berm spot, while
the arcs extend with wesker intensity up to 60° extent., This
arcing suggestzs that the sxis nbout which the fragments had
been rotated from the initisl crystel orientation was
approximatalyv[153], i.¢. normal to the (177) planes.
Tigure 57 was obtnined from the same region but with the beam
slonz the abrasion direction, i.e. [7112], the pattern egain
showing some spots from the normal erystal orientation and
also very short nres lying on the corresponding roughly vertical
layer lines,

From the reciprocal-lattice construction shown in
figure 58 for the above pattern, a detailed snalysis was
- carried out which confirms the rotation axis as [171] within
an scecurscy of estimation of two or three degrees. By
comparing figure 57 with the indexed diagrem of the diffraction
positions, together with the side view nalong the rotstion axis
of the parts of the reciprocal lattice (figures58), it is seen
that the spread of diffractions is cuite small relative to the,
angle of rotation from the initinsl crystal lattice orientation.
The diffractions 321 and 211, for exsmple, have s spread of
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only about % 2° and % 3° respectively from the mean position,
although they occur as = result of a lattice rotation of
roughly 16° and 273° respectively round the [171] rotatiom
axis (cf, figure 58).

On electropolishing the crystal for n further 5 seconds,
the elecfron diffraction patterns obtained with the beam
perpendicular to the abrasion direction showed Kikehi bends
and elongated spots due to the main«-iron crystal orientation,
with only negligible arcing of the spots. Five seconds
additional electropolishing removed all the remaining disturbed
surfnce layer and left a highly perfect and smooth crystal
sufface nes shown by the electron diffrsction patterns of sharp
Kikuchi lines and €longated spots in all the azimuths.

The micrograph, figure 59(a) and (b), were obtained
from the less heavily abraded part of the crystal, at the
stnge of etching where the electron diffraction patterns of
spots due to orisﬂtat@ﬁ Y-iron were obtnined, as described
in Part 2,%31. These micrographs show that the abrasion
scratches have mostly disappeared, leaving a few traces of
abrasion here and there., T¥any long narrow rectangles can be
seen in figures 59(a) =nd (b), scattered all over the region
under examination, but their orientation is not sufficiently
clear-cut to permit their intérpretation reliably, thus it is
at present uncertain whether these could correspond to the

Y-iron crystals or their %}11} twins.
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4, Abrasion along [111].

The iron crystal was again electropolished for 5 to 6
minutes to remove all treces of previous abrasion and to
obtain a smooth surface. Optical microscopic examination
then showed an almost festureless (110) surface. It was then
abraded along (1111, which yieldﬂd ring patterns indicating
randomly disorientated « -iron. Ptching for 2 minutes in
1% picric acid in aleohol, followed by 2 seconds electro-
polishing, removed the layer of randomly disorientsted Aand?y-
iron and exposed a region which yielded figures 60 and 61,
when the electron beam was perpendicular to and nlong the
abrasion direction, respectively.

Pigure 60 shows the usual long arcs, tailing off in one
direction from the normel diffrasctionespot positions associated
with the initial crystal orientation. It is obvious that
parts of the lattice had thus rotated sbout an axis which was
not far from the besm direction [112]. PFigure 61 (beam along
the abrasion direction) confirms this conclusion by the
positions of the arcs =nd the fact that they are short and not
tailing off asymmetrically. Here, however, it is clear that
the rotation had not been nbout [112], which would have cansed
the main diffraction ares to be in the positions shown in

figure 63 which was construeted from the reciprocal-lattice
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plan shown in figure 62, TFor exesmple, the line joining the
301, 217 and 123 arcs, and the line joining the 310 &

222

arcs, would then be horizontal and parsllel to eachiif‘ r, and
normal to the 110 radius vector in figure 63, instend of being
inclined at 34°® to the horizontal ss in figure 61, These arcs
would also then be displaced too far to the right in the
negaiiva (L.e. to the left in the positive, figure 61)., Omn
the other hand, the rotation cannot have taken place =bout the
[717] row which was in the surface (110) plane but at 21° to
[112], because this would have resulted in the 217 and 327
arce being centred on the plane of incidence, whiech is not the
case.

The method based on Fwald's reciprocal-lattice

construction, as used in Part 1{A)(?4, was the refore applied
to estimate the retation axis directly from the observed are

_ positions, T=oble 6 shows the indices of reciprocal-lattice

ffpoints lying in the (177)* plane next to thet through the
origin, seen in the plan in figure 62 as the line P7, ?h&
indices (relative to the axeg of the reciprocal lattice
corresponding to the initial crystal) are slso given for the
points where these lattice points cross the Ewald sphere during
the rotation. These indices were calculated from the observed

arc positions relative to the faint sharp spots whieh
correspond tothe initial crystal orientation (marked by smsll
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Table 6. Coordinates [[hkl'1%, relative to the reciprocal
lattice of the initial crystal, of initisl points
Ay 984 3C4 4ues and of the points Ay 4B yC, eeee
where, during the rotetion, they eross the Ewsld
sphere, in the case of sbrasion of (110) along

{1111,

Ay Ay By B, Ca Cq Dy Dy

2 1.64 3 2,52 1 0.7% 2 1464

1 1481 2 2476 1 1497 2 2483
-1 «0s17 =1  «0.,23 -2 =1,22 =2 =1,19
By E, Fy B Gy Gz

1 0.76 3 2.50 3 2.52

2 2.94 0 0.70 1 1.6%
u3 "4,;18 ‘! 1'8{} 9 0087

_ Table 7. Indices [uvw]# of the lines joining pairs of

< iz

2

‘points such as A, and Ay of Table 6,
Apwhy - TpeBy GG, Wty Bp~By Rehs G8
037 0.48 0.26 0«36 0.24 0450 0,49
«0e81 0,76 =0,97 =0.83 <«0.,94 <«0.70 =0,65
=083 =077 =0,78 «0,81 0,82 -0.80 «0,87
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filled in circles in figures 63 snd 64), The differences
hetween the two sets of indices, given in Table 7, represent
the indices of lines which =re normal to the rotation axis

lrwl%*, They lead as before (taking the most accurate

P —

tiaaa) to the following determinations of the ratio
"{I’/'E; ’ ’3?, -10@7’ ﬂﬂq??’ “0'43’ "elsa’ -2’13’ -1.?2’ -0'3?’
"0083; '1;2?, “"giéss "'17'12 and “‘0'518 end to the fﬁllal’fing ;

cono

estimates of ratio WU ¢ 0.86, 1.72, 1.39, 0.89, 1.03, 2,65,
171, 0.83, 128, 1.77, 1.03, 1.77 and 0.92,

‘The mean estimate of the nbove values thus gives
Ts ¥ e W=-1: 0.86 ¢ «1.37, defining [UVW] te an eccuracy
of the order of 2-3%, Thig axie is shown in the plan in
fipure 62 and is Inelined downward about 4% from the hroizontsl
plene (110) on whieh the plan is made, A diagram was then.
coasﬁrugted, showing the pattern of ares which would result
from rotetion of the initial crystel lettice sbout this axis,
and this still cshowed some appreciamble discrepancies relative
to the observed pattern, Tigure 61,

Pipure 64 shows the positions of the ares (301, 211,
123 ete,) resulting from o rotation of roughly 30° about an
‘axis [334], which lies in the (110) plene near the sbove
estimated direction of the rotation axis. The main
discrepaney stdll present is thet the rows of ares such as that

on which l1ie 301, 217 and 123, sre at 5° to the horizontsl
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(i.€. the normel to the 110 radius vector in figure 64)
instead of 3%° observed, and this suggests that the rotation
axis is »t about this szimuth in the (110) plane but inclined
down sbout 1° and thus slightly more inclined away from the
actusl erystal surface then was the (110) plane.

Thus the symmetrical arcs seen in figure 61 are sccounted
for as being due to a rotation about an axis very close to
{334]. 1In figure 62, those arcs which tail off in one
direction from the spots associated with the initial crystal
orientation also correspond well to this rotation axis.

There are, however, other prominent arce still not explained
in fipure 61, for exsmple on the 110, 211, 321 and 310 ring
positions. At first sight it appesred es if parts of the
lattice had rotated sbout an axis near [710], which would
account cuite well for the positions of the ercs concerned on
the 110, 211, 321 and 310 ring positions. It would =aise
nccount largely for their relative intensities except, however,
the marked absence of a 222 diffraction centred on or near the
pleane of ineidence, =lthough the 112 arc was moderately strong.

The true explanation, however, for the presence of sall
these additional arcs is evidently that they result also from
the above [334] rotation, but appear only because the surface
projections through which the electron beam can pass, and

which therefore contribute to the pattern, are thin (i.e. of
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1imited extent) in the beesm direction. The optical micrograph,
figuré 65, shows the appearance of the surface., The presence of
the additional’arcs doricsgonds, in terms of Ewald's reciprocal-
lattice constrﬁction, to an extension in (or near) the beam
direction, of the reciprocal-lattice intensity regions
surrounding the lattice points, so that these extensions cross
‘the Fwald sphere even though the lattice points themselves do not
cross the sphere, In the present case such extensions, together
with the established [334] rotation would indeed give rise to the
observed arca.‘ The correspondingly simiiér pattern figure 47,
deseribed in Part 1(B), $1 ond obtained with the beem normal to the
same [111] abrasion direction but with the beam in the opposite
scnse, shows more clearly the correctness of this intarpretation¢

After electrapoliahing for a further 5 seeonds (Leee a total
of 2 mins, of etehing, followed by 7 secs. electropolishing) part
of the crystal which was evidently more lightly abraded than the
part which still yielded arc patterhs, gave'figures 66 and 67. :
The se spot pgtterns show the presence of Ye~iron strongly orisstated
rﬁlaﬁive tcbthﬁ mainCK~iron crystal. Similar patterns obtained
in Part 1(5)¢3 are discussed in détall in Part 2, 1.

Tigure 68 taken at the same sthge shows the presence of

“ 1ron’diffracticns‘but with groups of four spots in the plene of
incidence region, indicating the development of %}TQE facets on
the o« =iron surface left after etching away the orientated
Y-iron. Similar patterns are discussed in Part 2, goz.
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CJ Pxperiments on the effect of pressing the (107) and (110)
iron single-crystal surface againet 0000 emery paper,
without any lateral motion,

1. The effect of pressing the electropolished (107) irom
crystal surface agesinst 0000 emery.

The iron crystal was electropolighed in the usual way
and yielded electron diffraction pestterns as in figure 31,
consisting of clear Kikuchi lines and elongated spots, which
showed that the erystal surface was highly smooth and perfeect.
The optical micrographs aiae showed an almost féatureless
smooth surface, |

The (107) iron crystal face was then pressed against
0000 emery pseper wetted with benzene, using a light hand
pressure of about 50 gm»/aq.cm.;~aa applied when abrading the
iron crystals. The electron diffrsction exasmination then
showed no recogniseble change in the pattern (figure 69) while
the optical microecope yilelded figure 70, which suggests some
minute 1ndehtaxiaps on thﬁjcnymtal surface due to the
protruding particles of emery. Subsequent gradusl etching or

electropolishing revesled no other change.

2. The effect of 9xﬁas{w§ the (110) iron surface ngainst
0000 emery. :

The iron crystal surfece was smoothed by .slectropolishing
to remove any marks of previous abrasion and the optical



Pig 72. Optical micrograph "4 73. Some a8 figure 72,
after pressing the crystal but 2ith obligue illumination.
against emery, with lr illumi- 200

nation. 3pox
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microscope alsb showed no trace of ﬁaférmaxian or scratches.
The eleetron diffraction patterns were similar to figure 46,
which showed that the surface was highly psrfact and atomieally
smooth. The optical microscope showed a smooth, almost
featureless surface.

The crystal face was then pressed on 0000 emery paper
wetted with benz&na fa produce the same conditions as were used
in the abraaicn experiments. A light hand pressure ecuivalent
to 50 gms/sq.cm. was used, without any lsteral movement,
-Figure 71 shows the slectron diffraction pattern taken at this
stage. It shows no features suggestive of any appreciable
deformation. The optical micrograsphs, figures 72 and 73,
showed very many minute indentations on the ecrystal, but fail
to show any other features of deformation on the crystal
surface. Ftching of the surface did not revesl any further

indications.

Do gzgarimﬁnts on ab:aﬁimn of yalycrystallina mild steel.

L

The mild steel was polished mechanically first on 0000
emery and then with alumina. The optical microscope shows an
almost featuisla#s surface, while electron diffraction yielded
figﬂﬁe 74 showing that the surface iz folirly smooth on the
atomic scale. |

It was then abraded unidirectionsally by a single stroke
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(10 inch) on 0000 emery paper wetted with benzene (as in Part A)
A light hand pressure of 50 grame per square centimetre was
used during this sbrasion of the crystal. The electron
diffraction exsmination at all azimuths showed patterns such

as figure 75, consisting of randomly disorientated rings.

The iron surface was etéhad in stages and at each stage it

was eXamined by ¢lectron diffraction as well as in the

optiecal microsgcope.

After a total etching of 3 minutes 45 seconds, the
electron diffraction figure 76 was obtained, with no change
from that of figure 75, The optical miecrograph, figure 77,
also showed no change except the abrasion scratches had
| become Tainter.

' The surface was then further etched in 27 nitriec acid
in alcohol and examined in the optical microscope, which
yielded figures 78a and b, showing grain boundaries with very
faint seratches. [FElectron diffraction aslso showed only
slight change from the initisl ring pattern sf weakly arced
continuous rings (figure 763, when the beam was normal to the
abrasion direction. On the other hand, when the beam was
along the abrasion direction, it yielded continuous rings,
patterns showing |Fe,0; and also «=-iron.

Thus it was found that ne y-iron was detectable on the

abraded polycrystalline «-iron, The are pattern such as in
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figure 76 indicate that the « ~iron near the surface had
developed a preferred orientation as a Mault of abrasion,
though further mparimnts would be reguired to check whéether

this is typlcal of these conditions of abrasions and what is

its relation to the deformation process.
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Fig 80, Beam about 2° from{ 001 ]
Yiron spot pattern.

Fig 81. Beam nearly 112'; Y-iron

spote, A= iron Kikuehi baends.
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The spot patterns dese below were obtained after
the (110) iron erystal surface hod been abraded (s deseribed
in Part 1(B) f:-;) along [113]"Rd then stehed for 4 minutes in -
a 17 solution of pieric acid in nleohol, followed by § seconds
- eloctropolishing. These patterns show the presence of a Y yn
layer orientated in = definite way relative to the main '

underlying -irem erystal, snd meeting it st plone interfaces
W&@i to ‘iﬁﬁ} plenes of the o(~irvon. Abrasion of the (110)
iron surface {freshly resurfaced by electropolishing) slong a

8* from [112], on the side towards [007], and [T11]
Ly s yielded mmnﬂ&y identical patterns to those
#"fter the [112] nbrasion, when the electron besm was
slong the same asimuth. Thus the orientation of the Y ~iron,
and the form of boundary separnting it from trw unde riying

A=iron, wire related only to the mein iron lattice, snd were
independent of the direction of the nbrasion.

The characteristic spot gﬁtamzs m;ﬁmmmia& the stme{mw
in the region below the rotationally disorientated layer,ciesrly
correspond to face«centred-cubic Y -iron .Mixég an nstin@t«ﬁ
cube axis dimension a_ = 3.60 & 0,01 fey relative to 8. = 2,86 A,
the.iron being orientated in seversl ways relstive to the
underlying practically undisturbed  -iren’ @ryutui. ,

i ]



Fig 82, Sﬁot positions in figure 79, showing component
petterns, V = <= jron diffrsctions; other symbols
Y= iron diffractions with + end x = spots due to >111

twins of mein orientations which give spots shown gy
o end o respectively . )
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In the case of the (110) iron surface sbraded along [T12]

(Part 1(B) ¢3), figures 79, 80 and 81 were obtained when the
‘beam was slong directions 0.18° from [111], about 2% from [001],
and nearly [112] respectively..

fm’wlaﬁiw positions of the diffraction spo!
!’igwm 79 are shown in figure B2, where the various co
pattemns are distinguished by different symbols, There are
several component patterns of centred-y2-rectangular type, the
two main ones (which show a 3° arcing with one-sided tailing-
of f of intensity) being symmetrically disposed relative %o a
vertical line, through the undeflected-beam spot in figure 79.
This vertical line of symmetry is perpendicular to the line
where the < =iron (110) plane (produced) met the photographie
plate, These two main patterns have one diagonal of the
rectangles inclined by 5° to the vertical line. From the
leng

ths of the sides of the W2-rectangle unit, in relation to
the é‘ifstmw apart of the vertically elongated fainter spots
(in a regular hexagon pattern) from the normal < =iron, it is
clear that these main V2~rectangle patterns correspond to
Y=-iron crystals orientated with a {ﬁe} type of plane normal
to the beam (i.es to [177]x ). The perpendicular [1T0]y row
was thus parallel to the [171] cube disgonal of the < -ironm,
but a (111)Y plane through this [110]Y row was clearly inelined
by 5° to the initial (110) < erystal plah& which approximated to
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the surface. This orientation is more clearly specified as
such that a cube face (for example (001) in figure 83) of the
Y- lattice was parallel to a {1103 type of plane of the < -iron
( (013)x in figure 83, at 60° to the horizontal (110)e %@e),
with a cube face diagonal ([710]Y in figure 83), in thi
face parallel to a cube diagomal ([711]«x in figure 83) ¢

above (110)x plane.
Next, a reciprocal lattice of one of the Y crystals was
constructed from the spot pattern of figure 79 in the following
wWaYe 'rhus, if the above (110)Y plane was exactly normal to
[ﬂ-?t‘]oc it would be represented by the line PG in the reciprocal-
lattice plan, figure 83, on the (110) surface plane of the
initial « =crystal. 1In that case the above centred-4 2=
rectangle spot pattern must correspond to a similar arrangement
of reeciprocal lattice poi_nts in the (1?0)*Y plane through f;&e
orﬁ.gfu 0, because for figure 79 the part of the Ewald sphere
concerned is closely approximated by the plane through PG
normal to the diagrsm. The positions of these reciprocal-
lattice points are therefore defined in the reciprocal-lattice
plan (figure 83), by the points lying on PC, together with
their corresponding heights (obteained from figure 79 and marked
nearby) above the (110)< plane through O on which the plan
is projected. On this basis other reciprocal-lattice points
of this face-centred-cubiec reciprocal lattice of the Y =iren
‘were then constructed as in figure 83.
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- It is noted that there are other component centred-v2-
rectangular spot patterns in figure 79, as marked in figure 82,
showing that the above main ¥-iron crystals were twinned
extensively on their %ﬁ1f§ planes. Figure 79 also shows
continuous diffraction lines normal to those twin lamellae
- which were parallel to the beam or nearly soc., These diffraction
lines are associsted with this twinning and also indicate the
extreme thinness of some of the twin lsmellae. These lines
correspond to extensions of the reeiprceal-lattiaﬁ intensity
regiong in directions normal to the planes of these lamellae,
and for two twins, the extensions are tangential to the Ewald
spheres in certain regions near the origin ofthe lattice, hence
the presence of the lines in the pattern.

It will now be seen that owing to these {111)* extensions
of the reciprocal-lattice intensity regioms, then if the (110)y
type of plane had not been exactly normal to the [171]« row, as
stated above, there would have been a pair of spots one above
the other, instead of each spot of the centred ¥2-rectangle
pattern, but this is not geen in the pattern. Again, the plan
of the Y-iron reciprocal lattice in figure 83 can also be used
to construct the patterns which are contributed to figure 79,
by ‘/-iron lattices orientated in some of the other weys of the
set, of the above type, which are geometrically equivalent
relative to the initial o« ~iron crystal.

In this way, most of the remaining spots in the pattern



as7y
Uiole L oapaa S
R T
ap B .
fu
* O oy W32

Dﬁj (4 .
y L o . lS ‘ , k I ‘," /

"4g 84. "lan of = Yiron reciproeal lattice ( on { 110)« jobtained
from fi- 8% by potatihge the lattice round &% umtil the (10} =
row i porallel to (111 ]« ; corners of cells represented by 0O o
eentred by A « Tér comperision the prints mepked in fig 33 are al
superpoped.




74.

are mceuﬁted for, particularly the strong spots denoted by the
trisngles in figure 82. 'Thase spots, and in particular the
spots lying on the vertical symmetry line through the undeflected
besm spot in figure 79, are seen to be single sharp spots lying
on '&M gontinuous diffraction lines which‘ are associated with

the Wm as described sbove. They correspond to
intersections of the (111)# elengated intensity regions with

the Pwald sphere and their position further confirm clearly,

with high precision (to a small fraction of a degree), the

Y-iron erientation stated above.

Although some of the Y-iron reciprwal lattices which
are symmétrically equivalent relative to the «-iron substrate
can be derived from that shown in figure 83, by reflection in
the (001)* and (170)* planes of symmetry passing through the \
origﬂm a, the remaining set of lattices are similarly mlmd
to tlw!; shown in plan on (11@)0( in figure 84, This was
derived from figure 83 by the normal methods of geometry, and
shows the lattice obtained from that of figure 83 by a rctatibn
about the [001]* axis, to a position where a (001)*Y face
disgonal is parallel to the other disgonal [111]%*x of the
A=iron (017) plane., However, no spots were found in figure 79
which could eartespond to any of this second group of Y~iron
lattices, which therefore appear to have been not present.

Yow consider figure 81, obtained when the electron beam
was along the [172] direction, i.e. normal to the direction
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used for figure 79. ‘The: sharp ap@ts in a practically @7_’;
rectangle arrangement are imnmediately seen to correspond to

Y «Lattice orientations of the type already described above,
having a 111§Yplane iz;wlin&difmn‘t the horizontal (110)x
surface by 5°, about an axis which is now normal to the
electron beam for two of the Y -lattices, The presence of

( smong otheéa) the (110)x Kikuchi-line system in figure 81,
nearly horizontal and a few centimetres sbove the shadow edge,
enables close confirmation that the smaller (vertical) side of
the spot rectangles in figure 81 is indeed normal to the (110)x
Kikuechi lines to within a small fraction of a degree. This
shows that the (170)Y plane was normal to the [177] < row in
(110)X , as already concluded from figure 79.

The Tact that the spots occur in close pairs, a weak
spot above a strong spét of each pair in the gero-order
circular zone, is com@lataly eéxplained as due to the 4°
inclination of the electron beam to the (110)x plane, so that
the Fwald sphere is (near the origin) approximetely a plene
through TU in figure 83, but 4° inclined from normal to the
(110)x plane. This causes ome set of {111)* Yintensity-region
extensions to meet the sphere much further from the reciprocal
lattice points than do the corresponding extensions of the
other Y lattice of the symet?zjical\ pair concerned, leading to
the faint upper spot and the strang lower spot respectively,
in each pair in the lower part of the pattemm.
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m nature and location of the palrs of streaks
diverging from certain of the spots of this pattern are also
found to correspond to {111)%* Yextensions of intensity regions
of others of the 1lattices of the sbove type, the extensions
in thisg ¢asé intersecting the Fwald sphere very obliquely.

Finally, the spot positions in figure 80, obtained with
the beam in an azimuth 2¢ from [é@ﬂ& s were also found to be
' completely expléimd by the above Y-iron orientations. The
[007]o cube edge, produced, met the photographic plate at a
point corresponding in the positive figure 80 to 2 point 1.8 em.
to the right of the plane of incidence and 1.8 cm. below the
level of the undeflectede~beam spot, as was shown by Kikuehi-
line patterns obtained from the fresh electropolished surface,
Relstive to figure 83, therefore, the Ewald sphere near the
origin is epproximated by a plane through ii:] inclined 2° away
from normal to (110) . This inclinstion causes (111)%y
extensions of the intensity-regions of two of the Y-iron
reciprocal lattices to meet the EFwnld sphere correspondingly
nearer to the lettice points and therefore at slightly lower
level and more to the left and right respectively. While those
of two others met the sphere Burther from the lattice points
and are, therefore, at much weaker intensity and at = slightly
higher level and more to the left and the right, at points
verticelly above the lower pair of spots., Instead of single
spots in the pleane ’j:ief incidence there are thus the groups of
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four spots seen in figure 80, of which the upper two are weak.
gimilar groups of spots oceur also in other parts of the
 pattern, but with more extensive modification in position due
to the besm being in sn azimuth 2° away from [001]x « As
figure 85 shows, the pattern comsists mainly of four component .
spot patterns of roughly cantredji-rectangle type, earmspmdmé
to the Yllattices having a ?11ej plane not far from normal to the
beanm.

Yo spots corresponding to the second ;g;éoup of Y-iron
lattices, derived from figure 84, were observed in figures 79,
80 or 81, although it is clear from figure 84 that some of the
lattice points lie close to the Fwald sphere for these cases;
hence it seems that no Y-iron lattices of this group were

present in the specimen,

2, The spot patterns from the X-iropn surface exposed after
eteching awsy the ) irvon.

The pattern (figure 68) mentioned in Part 1(5)); 4 18 best
interpreted by considering figures 86 and 87, obtained when the
beam was along [110]. The initial erystal surface yielded
fmm 42 at this azimuth, the diffraction spots being in a
V2-rectangular arrangement. Clearly, figures 86 and 87 are
gimilar to figurs 42 except that instead of each spot there is
here a group of four spots, rougmg ;Wtrieally arranged
relative to the position the namd# -

pot would have occupied.
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Fig 88, Biagram showing ihéersection of Ewald sphere by extension
of reciprocel lattice intensity regions.
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The distance apart of the spots of each group depends on the
distance of the spot group from the zero-order cireular Laue
zone round the [170] axis. These groups of four spots are
thus seen to correspond to the intersection of the Fwald
sphere with four symmetrically directed extensions of the
intensity regions round the reciprocal-lattice points. The
spots are displaced from the nermal spot positions, slong the
diagonals of the V2 rectangles at the corners of which the
gpots nomally lie, hence the extensions of the intensity
regions 1ie in the (111) and (117) planes. The inclimation
¢ of the extensions to the [170] direction (which is nearly
parallel to the electron beam) was calbulated in the following
way from the spot separation in appropriate spot groups.

In figure 88(a), 0 is the origin in the AL times
enlarged reciprocal lattice, O' is the centre of the Fwald
sphere ( AL times enlarged but represented with exaggerated
curvature in figure 88(a)), OM represents the (170)%* plane
geen in section, O'W is the normal to OM and P represents a
lattice point on the plane OM, having its intensity region
extended along directions such as PPy, (see figure 88(3)). PO
is normmal to OM and P,0 is normal to PC end of length D,

Thus ten § = P10/PC = D/(F_!-!i), where with sufficient accuracy
zg::z:z;/zx_. and k-~ x_-‘/zn, in which L is theé cemera length, R,
is the radius of the circular zero-order Laue zone round [170]

passing through the undeflected beam spot, and r is the radial
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distance from the point of intersection of [110] with the
photcgraphie plate to the centre of the spot group represented
by P In figure 86 the affoetively circular zero-order Laue
zone round the [170] row is centred on the plane of incidence
{i;ﬁa on the verticel line through the undeflected-beam spot)
and has a radius R, of about 2,5 ems. In figure 86, obtained
- at the same azimuth but larger angle of grazing incidence, R,
‘13 abeut 3.85 ems,, and in the centre of the zero-order cirecle
the spots of each group are accordingly much further apart
than in figure 86, Yrom figure 86 calculation of # from
three spot groups centred on the plane of incidence gave values
60°6', 58°30', and 58°39', the mean being 59°5'. A graphiecal
construction on a ten times enlarged scale also gave p mean §
of 59°,

Thus the four observed extensions of the intensity-
regions are unequivecally found to be along [101]%, [1071]%,
[077]* and [071]%, while [170]* extensions are absent, No
spots would be expected at this crystal setting from [110]#
extensions even if such were present. These observed extemsions
therefore indicate either surface plenes parallel to (101),
(107), (077) and (071), or thin lamellae parsllel to these
planes, This erystal form must have been caused by the
abrasion of the crystal sarfa&a, because no such patterns were
ever obtained from the initial surfaces, by electropolishing
alone, or by chemical etching. It seems clear that thﬁse'gzjgg
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boundary faces of the K~iron surface must correspond to the
interface between the unchanged «-iron crystal and the surface

Y -iron regions. = It has indeed been shown above in Part 2 01,
that the Y-irom lattices had a cube face parallel to one or
other of these 3}1?5,(planés, which thus supports this
conclusion,.

| It may be noted that when the crystal was again
resurfaced by about 6 minutes electropolishing, clear patterns
of normal spots (elongated normal to the shadow edge) and sharp
Kikuehi lines were again obtained, such as figure 42, from all
parts of the surface, The crystal at this stage was about
005 mm, thick in the region which gave these pé&terns.

A further peculiarity of the spot pattern in figures 86
end 87 is that the four spots of each group have not all equal
intensity. In the groups centred on the plane of incidence
in figure 86, the lower two spots in each group are stronger
than the upper two, while the next vertical row of spot groups
on the left in the lower part of»the pettern contains some
groups having only the top left-hand spot strong; and in the
corresponding row on the right of the plane of incidence it is
the appar,right 5§at which is strong, In figure 87, alse, in
the plane of inaid&nce-thﬁ lovﬂr‘pair of spata_of each group
are much stwnger than the ‘upper ’tvw, but in the next vertical
rows on the left and right the four spots of each group are

mainly a’eauﬁ:‘féqual intensity., In the next rows further
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gt111 to left and right it is the upper pair of spots of essh
group which are the stronger. At present these features have
nbt‘bsen explained, but may pcséibly be a result of intensity
variations along the <j19><*inténsity region extensions of
the type calculated by Leue and Riewe (1936) and nlustmeu
hw Rees and Spink {1950).

Although other patterns of the sbove type were also
obtained at other azimuths, showing in general asymmetric
groups of spots, these also corresponded to E}?g? boundary
faces on the o( ~iron, It may further be emphasised that such
patterns were observed in several abrasion 8xpér1m3nts,

independent of the direction in which the abrasion had been

carried out,.
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1Y. Digcussion.

1. The nature of the lattice rotations observed in the
surface regions. :

The sgbove results extend further those published by
Bvens, Layton and Wilman (1951). The only difference in these
experiments was the use of a much lighter hand pressure snd
much slower speed to abradavther single crystal by a ten-inch
single continuous stroke on 0000 emery paper ﬂaoded with
benzene. In almest all cases large rotations occurred about
a welledefined axls normal to a densely populated plane. Thus
on the (107) face, abrasion along the "[710]", [210]" and [100]"
azimuths respectively, led to rotations 2bout the lattice
directions [110], [120] =and [010] respectively. On the nearly
(110) face, abrasion along [?‘@} and 2lso along = direction 8¢
from this on the side towards [007], yielded rotation sbout
riil.

Out gf all these results, abrasion of the (107) face
along "[210]" is the only case where the abrasion direction
does not corr&apahd, to a direction parsllel to _i:hﬁ plane of
symmetry. Eers too, nevertheless, the observed rotation axis
was normsl to a densely populated net plene, (120), which was
parallel to the abrasion direction. It seems aifficult to
account for this mt’ation by any translationel slip system, even

if it were possible to account for other cases as double
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translational slip on two systems mirror symmetrical to each
other across a plane of symmetry, However, all these results
could most simply bé interpreted by a coherent fragmentation
hmring a rotational slip relationship of the lamellar fragments
to each other and to the main crystal (cf. Wilman 1950, 1951,
and Evans, Layton and Wilmsn 1951), this slip occurring on the
planes noymal to the rotation axis,

Apart from these simple cases of the observed rotation
axis, however, two interesting and less simple cases were
observeds When the (107) crystal face was abraded along "[100]"
i.e, [701], this gave rise to rotations of (presumably) some
parts of the surface regions sbout en axis along or close to
[451] while others had rotated about an axis [451] symmetrically
disposed to the (010) plane, The other case was the sbrasion
on the (110) faes along [111], causing lLarge rotation of the
lamellae about an axis [334]. It seems most probable that the
[451] axis of rotation could correspond to the flexure of (213)
olip lamellae slipping over each other along [171], i.e. the
usual type of slip dieection, but on the contrary, rotation about
[334] could not correspond to flexural trahslational slip alone,
in any of the types of slip along {111), the only observed slip
direction of iron as observed by various workers (see
Introduction 503(1) )» because [334] is not perpendicular to any
{111 ) row of the lattice. The [334) rotation could possibly
represent a combination of initial rotational slip (on (717) er
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(113) )wand subsequent translational slip within the lamellag,
or might be a result of multipléytranslational slip alone,

The inhomogeneous nature of the deformation complicates
the interpretation of the above results in terﬁs of‘slip procesgse
It seems that this kind of deformation corresponds to the
abraaiVﬁ particles exerting a high stress on the surface of the

| efystal (ef. Finch 1950, fig.5).‘ They push awsy parts of the
iattiaa in front of them, and exert as they pass, a tangential
drag on the atoms at the sides and bottoms of the more or less
deep channel-shaped scratches which they lesve behind them
{(cfe Evans, Layton and Wilman, 1951).

An attempt was also made to study the nature of the
initial deformation caused by mere pressure (similar to that
used 8bove) of the electropolished faces against the abrasive
particles of the 0000 emery psper, without any tangential
motion, but so far electron diffraction patterns did not show
any clear signs of deformation, and optical micrographs (see
figures 72 and 73) only showed minute dots corresponding %o
shallow indentations csused by the abrasive particles.

A large rise in temperature of the surface lsyers during
abrasions is another factor which st present seems difficult to
allow for, though it is quite evident thet the formation of

Y =iron was independent of the direction in which the abrasion

had taken place, and the Yiron in the lower strata only oceurred

in orientations which corresponded to X toY transformstion
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involving slip along those {1115« rows which lay parallel to

the initial (110)« surface of the crystal., It appears that at
tkmsé levels bsloﬁ the original er?stél sui-face, the abrasion
had mainly cauaaé the t‘ransiatisﬁal motion ef {2‘! 1§Ap1&nes over
éac:h other along these pa.rtieular usual slip directions (111) 9

It is also clear that the rise of temperature (to’) 900°C,) due to |

 abrasion apparently caused the shear to result in the formation
of the Y iron which remained stable during the ‘mpid‘ cooling
after the nbrasion. This indicetes that even at these
temperatures, the preferred slip direction is still along <111y «
(= <110>Y ), which makes it unlikely that the observed rotation
about [334] could result from a flexural translational slip.
The rotationally deformed upper layers, however, must reach
still higher tsmpgra\turea above 900°C., and there ;Ls no
guarantee that (111) slip still occurs in iron at these
temperatures. If the temperasture had risen to abowe 1403°C.,
which is the temperature of transformation of Y iron to { irem,
it is unlikely that the o{rientation of the Y ~iron resulting
during the subseguent cooling would have been so sharply defined
a8 was observeds, Thus it appears unlikely that the tempersture
of the Ye-iron layer rose as high as 1403°C.

The investigation of an abraded surface of polycrystalline
mild steel, demcrided im Part 1(D), did not show evidence of any
femation of a Y~-iron layer. The apprecisble mrbbn content of

mild steel may have hindered the formation of Y phase from the

P e —
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A -phase. Further experiments would be desirable to elucidate
this point.

2, The X - Y transformation in iron erystals.

When the ring patterns from the upper regions of the
abraded iron erystals showed both A and Y/ring patterns.
simultaneously measurements gave a value & = 3.60 + 0,01 X.
compared with a _ = 2,86 Re The same value was slso obtained
from mensurements o? the spot separations in figure 79, obtained
from the erieﬁtate»a Yi'mn layer in contaet with the substrate
erystal. This value is close to that of 3457 Ae (ext rapolated)
ouoted by Barrett (1953) for Y -irem at 20°C,

The presence of this Y-iron indicates that: (i) evenm in
such light abrasion the metal surface reached a temperature of
the order of 900°C. or more, at least locally, as is clearly te
be expeeted in view of the results of Bowden and his collaborators
(see Bowden and Tabor 1950) though they do not sppear to have
suggested the possibility of formetion of Y -iron; (ii) the
ecooling of bh@&e regions was rapid enough to allow this Y -iron
to retain its structure aftar‘cﬁaaatian of the abrasion.

Courtel (1949, also see introduction 4 (17) ) noticed
that the cubic variety of eébalt, formed under the effeet of the
energy recelved almost instentaneously due to mechanical

abrasion, persists afterwards owing to the rapid cooling whiech
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amount s tﬂ cuenching. He also calculated, for example, that
cooling of a surface layer of 1 m thickness from 500° to 300°C.
by simple conduction of heat from the surface into the body of
thg spécimen which is at room tempersture, does not take more
'thaa 10'7vsacon&.  In the case of martensite formation,
Kurdjumai and Maksimova (1951) have discussed the kinetics of
the transfommation above room temperature,

In the present experiments the parallel abrasion furrows
did not completely cover the surfnge,~#‘thus it‘is possible
that the Y-iron was located not so much in the lower strata
below the surface, as in the intervening less deformed regions
between the channels formed by abrasion scratches and was
accessible to the electron beam only when the projecting edges
of such furrows had been dissolved away. Cptical micrographs
(at 600 x) showed from this region ﬁh&re the orientated Y. iron
occurred (at the stage after etching for 4 minutes and electro-
polishing for 5 seaonds) only occasional weak indications of
narrow, elongated rectengular outlinea which, however, could not
be clearly éorrelatsﬁ with the observed Y-iron orientastions
or A-dron 3110{ surface form,

The Y ~iron orientations wlative to the «(~-irom crystal
were of the type:= (001)Y parsllel to (017)x, which was
evidently the interface between the two phases; and im this
common plane [110]Y was parallel to [T111]« as shown in
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figure 83, Of the set of geometrieally equivalent Y-iron
Qrmht:ations of this type, only those were observed for which
the common lattice row ( {111} X and 410> Y) was parallel to
the (110) surface of the initisl x =iron crystal,

This orientation, in the low-carbon iron which was used,
differs from the welleknown conclusion of Kurdjumow and Sachs
(19303 efe also Sachs 1932) that cuenching a single crystal of
1.4% carbon steel from the austenite (Y ) phase gives X =iron
lattices in orientations such that the two most densely-populated
planes zﬂ‘!iY and 21105 A were parallel, and that in these
planes the two most densely populated rows <110> Y and <{111) «
were parsllel, It is also different from the type of
orientation found by Nishiysma (1934) in the martensitic
tranaformation occurring on cooling a 30:707 Ni-Te crystal
from the face-centred-cubic Y phase at room temperature by
immersion in licuid air., The « phase was formed witk 2!1@ Y
parallel to 9110{x but with<110> Yparallel to <001> « in this
common plane.

The Kurdjumow~-3achs orientation relationship was
subseqeuntly confirmed for steel containing between 0.5 and
1447 carbon, by Mehl, Barrett and Smith (1933), Wassermann (1935),
Greninger and Troieno (1940) and Smith and Mehl (1942). Wo
detailed results appear to have been obtained for very low

carbon steel such as that used in the present experiments.

In 302707 Ni-Fe, the Nishiyama relationship has slse been
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Fig 89. Vet atomic movements during transformetion
from body centred-cubie X iron to face-centred cubile
Y-iron, shown in o projeetion on (011 e

o= atoms in iron at heightst0,1,2,3,......x 22 ,ana
X = atoms at heights),3, o5, seeesexa ;3

O end Y = otoms in iron at heights 041 2,3,... «XC,
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ot
g
.
wtf
¥



894

confirmed by _Wassermann (1935), Greninger and Treisno (1940),
and by Mehl and Dergf}s (1937) who found the Kurdjumow-Sachs

- relationship above room temperature but the Nishiyama
relatienshi@ 'belam :

The mecha.niam of atomic motions in such transfamﬂiens
has been much diacusned¢ Kurdjumow snd Sachs (1930) suggested
that the tranafematian from Ytox iron on ceoling cccurred by
a shear on (111) Y along [112] y followed by a sedond shear on
(172)< along [T11]x , with some further atomic readjustments,
Wishiyama (1934) proposed that the trensformation from Y too<
phase in the 30:707 Ni-Fe occurred by a single shear on (111)Y
along [112]yes Kuldjﬁmokw and Sachs had suggested, but then
further lateral expansion causing the angle between the main
rows in these planes to incremse from 60° to 70°38', to lead
to the required « lattice, These mechanisus are not now
cvonsid_ered to account for all t‘hﬁ observations of habit plane
of the new: pnm and surface relief effects, and others have
been proposed. DBowles @d Barrett (1952) and Barrett (1953)
have réviemd the various experimental results and théories,
and Frank (1953) has provided further discussion of the
transfemation me chanism.

For the pmasn‘e axperimnt.al results, there is a simple
and natural relationship between the Y and < iron structures,
in that a (017)c plane contsins a céntreddz-reetangular atomic

array in a (001) y plane, as in figure 89, The transformation



90.

e¢an be formally represented as equivalent to a homogeneous
shear on (211) planes along [T‘H]e( as in the normal 2211\5
twinning of °< -iron, combined with a perpendicular homogeneous
6.07 sxtension along [211]o( as in figure 89 (converting the
rhombus of 93°22' angle to a scuare with 90° angle) snd
homog&nsbus contraction of 13.47 slong [01?}°<, i.es [001]Y.
.%o convert the face-cehtred tetragenal igtticé having ¢/a =
2/M3 = 1,155 intov the face-centred-cubic J latﬁiee. Although
the ntonmic movfements must actually be less lineay than in this
idenlised representation (cf. Frank 1953). It is significant
that the net motion is along {111)«(, i.e,<110) Yrows, as in
the normal translaetional slip in the body-centred-cubic -~ end
the fnce-centred-cubic Y-structures; end this mechanism can
clearly lead to the observed Z”?ﬁok - ZOO?}Y form of interface,

It is of particular interest to note, see figure 89, that
as the regult of a homogeneous shear on (2’1'1),* along [T‘H]«( ’
‘mijacsnt <111>=(raws in the plane of the diasgram, i.e, (cm—)o(
move past each other by a distance very nearly equal to one
third of the slip translation, which is the interatomic spacing
in these rows. Thus, évery third row in the plane has moved
along by practically a whéle number of slip translations to a
position similar to its initial position. This feature must
therefore enable maintenance of » relatively stable fitting in
of the atoms with the nsighbauming (011—)o< atcmi‘c sheet across the
interface, during and after the shear.
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Ve General Conclusions.

The above results show that light unidirectional
abrasion of the electropolished iron crystals caused large
rotations of parts of the surface region of the crystal about
a clegrly'defined axis which was usually normal to a densely
populated plane lying parallel to the abrasion direction or
nearly so and ﬁera or less steeply inclined to the surface,
These results are similar to those of Evans, Layton and Wilman
(1951), though the abrasion was very light as compared to theirs.

These results may correspond to fragmentation of the
surface regions by lamellar rotational slip, such that the
lemellae are normal to the observed rotation axis and still
coherent with such neighbouring lamellase and still undistorted
parts of the crystal. The microphotograsphs of the surface at
all stages of etching show no clear evidence to indicate whether
this is the kind of deformation occurring or whether the
translational kind of slip is invelved. The nature of the
observed rotation seems, however, difficult to account for in
}terma df translationsl types of slip, especially when the
observed rotation axis was not normal to a plane of symmetry of
the lattice. Pressing the electropolished surfaces of the
iron singla crystals on to 0000 emery also did not result in any
signs af'défarmatiaa, though optical micrographs show minute
indentation marks,
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However, two unusual and interesting cases were observed.
In one case of abrasion on the (107) face, rotation of some
‘parts of the surface region took place about a [451] axis while
rotation of others was about the [451] axis symmetrically
disposed to the previous axis. It secems most probable that
this axis of rotation could correspond to the flexure of (51 3)
slip lamellae slipping over each other in the usual {111) type
of slip direction. The second case showed & rotation sbout =
[334] axis which could not correspond to flexural translational
slip, on any planes containing the usual (111) slip direction.
It might be a combination of rotational slip and subsecuent
trenslational slip, or a result of multiple translational slipe.

The presence of face-centred-cubic Y -iron in the
disturbed surface layer indicates that the surface region must
have reached 900°C, or more and that the cooling of the surfeace
reglon was also sufficiently rapid to allow this Y-iron te
retain its structure after the cessation of the abrasion.

From electron diffrasction patterns of sharp spots
obtrnined aofter etching awsy the rotetionslly disoriented regions,
the presence of VY-iron strongly orientsted relative to the main

¥ -iron crystel was established., The observed orientation of
the Yeiron, which was independent of the abrasion direction,
differs from the well known conclusions of Kurdjumow and Sachs

(1930) on the Y to A trensformation in a 1.4% carbon steel
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single crystal and also from those of Nishiysma (1934) on the
Yte‘ A transformation in 30-707 Ni-Te,

A aimple mechanism of the observed transfama’eien in the
present case is sugg&atsd and the indicated fﬂeéo( form of
interface is well supported by the evidence that 21109 facets
, mma.inéa on the Y ~iron substrate after the leyer of Y -iron
had been dissolved away.

| The abraded surface of polyerystalline mild steel did
not show any famatiez: of a Y—iran 1a;yer. The appreciable
carbon content of the steel may ham hindered the fomation of
the Y -phase from tm X =phase.

The above results clearly show the complex nature of the
deformation eausa& on & crystalline surface by abrasion, and
heve provided much evidence in the case of abrasion of iron
crystals. More electron diffraction experiments are clearly
d&sirab&a to eclarify the natura of the process of abrasion
atill fartherw
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