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THE DEFORMATION OF SECTIONS DURING CUTTING,

INTRODUCTION.

The parameters of the cutting process and
techniques for sectioning hard materials have previously
been described. (Phillips, 1961, Glauert and Phillips,
1961), 1In these papers the main features of the microtomed
sections of ductile metals as revealed in electron
microscope transmission and replica studies have also
been described and classified as being due to either
defects of the cutting machine or to the stress system
which exists in the section during cutting.

Iz the present paper it is proposed to
describe the effects of the cutting stresses on a wide
range of materials, and explore the sectioning of ductile
face~centredemcubic metals more fully. As a common basis
to both aspects of the paper, the rcsults derived from
the theories of orthogonal cutting are first reviewed,

THE THEORY OF CUTTING THIN SECTIONS OF AN ISOTROPIC
PLASTIC MEDIUM.

Standard 'stopped~cut'! cxperiments on the
orthogonal cutting of metal show that the boundary between
the section or chip and the bulk material is a shear plane
extending from the cutting edge to the free surface (Figure 1),
Using the definitions made previously and illustrated
in figure 1, (Phillips, 1961) and making the further
definitions that: ~
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(1) ¢ + B =90 ~y =86

(2) the angle between the shear and
cutting planes is ¢

and (3) the thickness of the cut and the section

are t1 and tz respectively,

the situation is described geometrically by equations (1)

and (2), (Merchant, 1945, Merchant, 1950 and Shaw, 1950),

tan ¢ - t1 cos Yy

(1)

tz - t1 sin ¥y

€ = sin ©
sin(e + @) sin @

where & is the strain in the section,

(2)

Equations (1) and (2) do not determine the values of the

other parameters for given values of © and t In order to

1.
obtain unique relations, it is necessary to apply the
principle of least work (Merchant 1950).

Very thin ( < 1 micron) metal specimcens have a

yield strength approaching the theoretical value of
"

270 .
and it seens reasonable therefore to expect the stress

(3eai:s et al 1955) and where 1 is the shear modulus

operating on the plane of maximua shear stress to approxi-
mate to this and to be approximately constent throughout
the shear strain. Thus, in frictionless cutting the work

done is & minimum where € is a winimuw which gives: -~

% + g =T and Y1 -1 (3)
2 t,
2
2(1=-sin 7) 2 sin @
also £ = o = : (&)
cos y cos & + 1

Thus, although the uiatcrial in the section has
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suffered shear defornation, the dimensions of the section
are the same as those of the same material before cutting, a
result which will be more fully investigated below, Other
aspects of this analysis of frictionless cutting may be
expressed ast~

(1) The shcar plane bisects the angle between the
rake face and the cutting plane,

(2) The greater é, the greater the shear strain,

Figure 2 illustrates the nature of the
deformation of an isotropic plastic medium by a method
first used by Merchant (1945), Circles in the unstained
specimen are distorted into ellipses by the shear strain
associated with cutting, and the direction of maximum
elongation in the section is at an angle to the plane of
maximum shear stress, The exact details of the transformation
of a circle into an ellipse during frictionless cutting are
shown in figure 3, T[Figure 3 illustrates graphically the
results enumerated below, which can also be proved by
co~ordinate geometry,

(1) The thickness of the section (tz) is equal
to the depth of cut (ti).

(2) The distance between ellipse centres is a circle
diameter, so that the length of the gection is equal to the
length of the same piece of material before it was cut, This
result also follows from 1.

(3) Structures much larger than the section thicknuss
will have virtually undistorted dimensgions in the plane of
the section,

(4) Structures of the same order of linear dimension
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as the section thickness or less will have an increased
dimension projected on to the plane of the section in the
direction of cutting,
' Application of co~ordinate geometry to
figure 3 leads to the general relation
€= 2cot 2'f (5)
which combined with equation (&) leads to the solution:

=W ~ 08 =
LA - I S O

Thus, for frictionless cutting, the direction of maximum
elongation bigects the angle between the plane of maximum
shear stress and the rake face of the knife,

If friction i3 now taken into account, and
the coefficient of friction between the section and the
rake face of the knife is taken as u, so that: =~

t = tan -1r(
The work done againgt both shear and frictional forces must
be minimised and Merchant (1945) has shown that:~
g o -T2
2 2 2 (7)
That is, the effect of increasing friction is to make the
plane of maxinum shear stress more nearly parallel to the
plane of cutting. Substitution of (7) in (2) gives:~
£ = 2 sin ©

cog~r + cos ©
Therefore, thc grcater 7T° the greater the strain, This
causes circles to be digtorted into ellipses with a greater
% ratio than in the frictionless case, and with the

airection of maximum elongation less steeply inclined to
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5
the direction of cutting,

In the presence of friction an iéotrOpic
plastic medium cut with a sharp edge will yield sections
which are shorter in the dircction of cutting, and thicker
than the same picce of material before cutting, Then
structures which are large compared with the thickness of
the section will be shorter in the direction of cutting
in the section, than they were originally. The projected
dimension of structures whose size is less than the depth of
cut will depend on the exact value of #. While @ is
greater than (W=~ @), the projected dimension in the
direction of c%tting will appear enlarged on viewing
the section normally. When # is less than (W =~ &) this
dimengion will appear decreasecd, 2

The foregoing account has related the shoar
strain to various cutting parameters and indicates the
influence of this strain on the dimensions of structural
features in section, It is now proposed to consider
forces acting during cutting in some detail and to
speculate the mechanism of separation of the section frox
the bulk,

The forces acting during cutting are
discussed with the aid of figure 4, The knife exerts a
force W on the section which consists of a normal component
N and a tangential component, which is due to friction, T
Following Gideon, Simon and Glover (1958), it is

supposed that stresses between the scction and the bulk can

be represented by the shear 'stress systeu S, the cotipression B and
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the tensile stresses A, For sinplicity the forces acting
upon the shear plane are considered as A and B only acting at
the extreme ends of the plane, Let W make an angle £ with
the cutting direction and let @ + &= 4,
Resolving parallel to the shear planc

W cos[ = 8§
Resolving normal to the shear plane

3~A=Vsind
Taking moments about the knife tip and considering W
to be applied at a cdistance x from the tip

Wxcos (y +£) = Bt
Taking moments about the other end of the shear plane

W(t sin [~ xcos (y#t) = ~At,
Ifx cos (y+f) is greater than t sin{.
B)VW sind and A is positive and constitutes

a tensile stress as assumed, The stress system acting normal
to the shear plane may be described more rcalistically as
a tensile stresgs at the knife tip end which Jdecreases as
one progresscs along the shear plane until it has zero
magnitudey further along the stress is compressive and
increases in magnitude as the frce surfacc is approached.
The point at which the normal stresses have zero magnitude
depends on the exact magnitude of x and as xcos(y+§) decrecascs
and tends to t sin [ the point approaches the knife tip

end of the shear plane,
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WhenX cos (y+%) = t sin J, A is zero anad
the normal stresses arc all compressive decreasing from
W sin J at the frce surface to zero at the knife tip,

When O (xcos(y+£&) ¢t sin § , A is negative and
the normal stresses are compressive and of finite magnitude
all along the shecar plane, The variation in the magnitude
of the compressive stress dcpends on the exact value of

x cos(y+§), thus whenxcos(y+€) = t sin §, A is zero and
B is W sin § but whenx= 0, A = ~W sin fand B = 0.

The cffcctive point of application of W in
practice is not easy to decduce, Presumably if the knife
were infinitely sharp & would be very small and the normal
stresses would be all compressive being of the greatest
magnitude ncar the knife tip., Bluntness may be expected to
increasc the effective value of x and to lcad to enhanced
compressive stresscs at the frec surface end of the shear
plane. Deformation under conpressive forcce B may be the
origin of cutting of netal sections to develop a concave upper
surface,

30me of the materials used as embedding media
in thin scctioning may be considered as isotropic media which,
unlike metals, are capable of sustaining a permanent com~
pressive strain, In this type of medium the cffect of the
conpression stressces just described uay be to superimpose
a compressive strain on the shear which has already been
treated in detail. Then all features in the scction will
tend to be shortened regardless of size. The magnitude of
compressive strain to be expected is difficult to estimate

especially as the compressive stress will be relieved as strain
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occurs under the shear stress.

The mechanism by which the section is scparated
from the bulk is virtually unconsidered in metal cutting
literature, If a crack were nucleated ahead of the knife
edge it would be expected to be virtually self propogating
and to run out at the free surfacejy this would lead to a dis~
continuous scction as is observed with brittle material,
Discontinuous sections are not obtained from ductilc metals
and other plastic mcedia and the nucleation of a crack in
such material is very difficult, It is therefore nccessary
to explore whether scparation can occur purely by plastic
flow,

Figure 5 illustrates schematically how by
simple alternate shear on planes about 450 above and below
the cutting plane, a section is separated from the bulk in
such a way as to give a stepped upper and planc lower surface
to the section., The earlier representations of section
formation (e,g. lierchant, 1950) implicitly assumed the
separation of the section from the bulk to be by a succession
of short clcavages along the plane of cutting. Apart from
the objection that such cracks, once initiated would tend
to propogate through to the surface, the earlier uechanism
predicts that the lower and upper surfaces of thc section
will be steppcd whercas it is observed experimentally that
only the upper surface is stepped (Phillips, 1961),

This should not, however, receive undue weight
since figure 5 is only schematic and is inaccurate in many
details, Onc would in fact expect the shear steps to tend

to be very close together and the upper surface of the section
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and the cut surface on the specimen to tend to be smooth,
Representing the shear process in discrete large elements
does however allow the proposed nature of the sceparation of
the section from the bulk to be emphasised, i.e. that the
separation can be conceived in terms of atomic planes shearing
over one another rather than being separated by a tensilce
strain,

It should perhaps bc noted that in the mechanism
depigted in figure 5 the dislocations produced in successive
increments of saear in the bulk would tend to cancel each
other and this could cause the cut surfacc to rise to a
position such that the volumc of the system is the same bofore
and after the oporafion. In a practical case norc complex
dislocations, (i,c, mixed rather than simple edge),
will be produced and they will interact with pre~existing
defects so that a certain amount of damage will be stored
immediately undcer the cut surface.

Replacing the sharp cutting edge of figure 5
with a blunt edge does not necessitate modification of the
basic mechanism provided the radius of curvature of the cutting
edge is small compared with the section thickness, The
shear in the scction is determined by the included angle of
the planes which merge into the blunt edge. Im practice
there will probably be more stored dawmage below the cut surface
when the cutting edge is blunt and this will affect the
structure of the next section cut.

Local cdge defects are rnost accurately regarded
as decreasces in the rake and in some cases clecarance angles,

The strain in the section is locally increcased along the
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same path which in turn may locally modify the structure
in the next section,
THE CUTTING OF MEDIA WHICH EXHIBIT TRULY ELASTIC PROPERTIES
AND A DISCUSSION OF SECTIONING BIDLOGICAL EMBEDDING MEDIA,

Figure 6 illustrates the distortion which would
be obtained in a truly elastic medium during cutting, and
nay be derived with a photo~elastic or rubber model, 1In the
absence of friction the section recovers its natural
undistorted shape cexcept where it is being parted from the
bulk, Therc the material is under a combined compressive
and shear stress,

Friction between the section and the rake face
of the knife produces further compressive strain ncar the knife
tip and this will diminish as the loading between the section
and the knife decreases with distance from the knife edge,

A further effect of friction may be a local rise in temperature
which may cause o material which is elastic in behaviour at
room temperaturc (even at large strains) to bchave as a plastic
material during cutting,

Most discussions of the sectioning of biologiaal
specimens arc based on the assumption that the cmbedding media
behave elastically during cutting. This assumption has
already becn questioned (Phillips, R., 1962) and an alternative
proposal made which is compatible with the experimental evidence
currently available, Most biological thin sections are very
much shorter after cutting; application of solvent vapour or
a tensile force (through floating the section on a convex liquid

surface) or a sombination of these treatments increases the
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length of the section but does not in general restore it to
its original value, This is usually discussed in terms of
compressive plastic strain, but on any model of cutting it is
clear that shear stresses are important and shcar strain is
to be expectod, Investigation of the mechanical behaviour
of methacrylate under strcss shows that after high strain
it recovers its original dimensions but the rate of recovery
is very slow, Thus in cutting the embedding medium would be
expected to hehave as a plastically deforming material so
that the shear stresses and strains will be of overwhelming
importance. However, in the absence of any further factors
in the cutting process, the section would be expected to
recover to its original size after sufficient time floating
freely on the trough liquid., In fact the section is usually
observed to be twrinkled! and short and to remain in this
condition until trecated with solvent, The wrinkling has becn
explained (Glauert and Phillips, 1961) as due to local
variations in the rake angle so that some strips of the section
are more strained than others. It is suggested that the local |
temperature rise during cutting is sufficient to render |
the mechanical bchaviour of the material truly plastic during
cutting so that the deformed state is !'quenched in' upon
subsequent contact with the cutting fluid, Under thesc
conditions the¢ overall length of the section must be that of
the shortcst (i.e. most defcrmed) strip, the excess length cf
the other strips being accommodated by curving into wtinkle:.
The treatment with solvent is considercd to sufficiently

soften the medium to allow the strips to adjust to somc'average!
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length or the length of the least dcformed strip,

The true behaviour of biological sections may
be intermediate between the 'elastic! and plastic models
and the tempcraturc rise may only be of sufficicent height or
duration for part of the strain to be permanently storedj
it is clear that thec processes in biological sectioning
are complex and that much quantitative work will be
necesgsary in order to ascertain exactly what they are.

It has been shown (Williams and Kallman, 1956,
Morgan et al., 1955) that methacrylate sections have a surface
structurce, and the author has suggested (Phillips, 1962)
that this is associated with the permanent deformation as
in metals, (Phillips, 1961).

It is also possiblce that the surface layers of
sections arc more scverely deformed than the rest of the
section (the upper surface through having been rubbed on
the previous cut and the lower surface through contact with
the roze face of the knife)., This local disruption may
cause loss of contrast in the surfacce laycrs and could
partially account for the difficulty which has been experienced
in observing continuity of detail in secrial scctions., It
follows from this suggestion that the rcgion from which
an imagc is obtained is thinner than the gection itsclf and
this would tend to invalidate methods of specimen preparation
which rely on special features for indicating the scction
thickness, Such methods nay also be suspcct in that if a
section thickness the dimension of the featurc used for

indicating secction thickness clso increascs in the direction

of the thickness of the section. This cffect may be ccupcnsated,
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however, by application of the factor,

length of section
original length

THE SECTIONING OF BRITTLE MEDIA., ,
In brittle materials with well defined slip

planes it might be expected that the microtome knife could
be caused to nucleate cleavage cracks parallel to the planc
of cutting in correctly oriented specimens, thus producing
" large thin areas of undeformed material. Attenpts to
achieve this result by cutting parallel to the (111) planes
of UO2 have failed and have yielded mainly sections of the
type shown in figure 7., When each fragment has a smooth
appearance and exhibits extinction contours the orientation
of the scction is (111) so that the dominant process in
forning the section is fracture parallel to the direction of
cutting.,

Thus, many scctions of brittle matcrials appear
to be formed by a separation of material on a plane ncar to
the cutting plane together with periodic fractures on a
surface ncer to the planc of maximum shear stress. Figurc 8
shows the fracture normal to the dircction of cutting which
results from thc sectioning of coke., It would bc expected
therefore, that the emact form of the fragments constituting
a section from a brittle crystalline material will depend
on the cexact orientation of material during cutting, This is
borne out by figure 9 which contains arecas with different
structures corresponding to the different grains in the
polycrystalline UO2 from which the section was cut. Qualitatively,
it is clear that prcoricenting the cutting plane near to a
cleavage plane increases the spacing between fracturcs, but

it is difficult to account quantitatively for the actual
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magnitudes of the spacing which occurs,

It is not clear how the fine furrowed areas
were formed, but electron diffraction shows theii to be
of (110) orientation and that together with the surface
topography suggests that they underwent a deformation
closely analogous to that experienced by f,c.c, netals
during sectioning.

THE SECTIONING OF DUCTILE METALS.

The stress which will exist during the cutting
of ductile, f.c.c. metals will approximate to that
described in the discussion of isotropic plastic media
i,e. a large shear stress which is a winizu. con a plane
through the knife edge at an angle @# to the cutting direction,
together with compressive stresses acting ac.oss the shear
plane. The relation between @, the coefficient of
friction (tan7) and the rake angle (90-€) is given by
equation 7, Merchant (1945) has shown that the fresh
surfacc in contact with a well rubbed rake face produces
a very high coefficicnt of friction so that & reasonable
value to assunc for W ig about 40 to 500. ® is typically
50° for an ultramnicrotome and the shear plane umay therefore
be expected to be approximately noriial tc tie rake face of
the knife,

The strain involved in cutting is g¢given by
equation 4 and is 1.7 for the conditions just dJescribed.,
It should be noted that plastic deforrniation is assuned in
the derivation of equation & and that strictly the cquivalent
formula derived from the conditions roeprescentced in figurc §
should be used in the following argument,

A couparison of figures 6 and &, nhowever,
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indicates qualitatively thet the use of equation 4 is justi~
fied, Thus in the absence of the pairting of the section
from the bulk by cleavage a strain c¢f about 1.7 is required
whereas the theoretical elastic limit in the ideal cage
is aktout 0.5 (Cottrell, 1953). Cleavage is not obtained
in f.c.c., metals at rocm temperature and above, therefore
plastic flow must be expected during the sectioning of
this class of material.

The strains involved in cutiting are much
larger then are normally studied and are occurring in very
thin pieces of metal which are known tn have different
mechanical properties from bDuik material (Beams=<t al,, 1955)
It is therefore difficult to predict precisely the mechanism
of defprmation during cutting. Cleariy, howvever, the
exact mechanism must be orientation dependent and if tihe
orientation is suitable, 3lip on a simpic convantional system
may be the mechanism by which the deformatioun is achleved.,
It is pertinent to enquire if thre sliip will be homcgeneous
or in discrete ateps and how the systems vill interact when
the orientction is such that more thar one aystem :is
required to produce the strain. Phillips (1961) has shown
that many metal sections exhibit a fine struciure approximately
normal to the direftion of cuiting, figure 10.

It was shown that the structure is associated directly with,
or corresponds to the topography of the top surface of

the section and it was suggested that thies topography is the
slip line gtructure produced during cutting, It should,
perhaps, be emphasised tha: the lines are the product of the

section formation: they are nct dir'te instrumes+tai vibration,
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for example, for the following reasons:~
1) theeXact form is orientation dependent,
2) they are not exactly normal to the direction
of cutting.,.
3) they are not continuous across the section,
L) they are only on the upper surface of the
section and not on the lower surface
formed on the bulk specimen.
liany micrographs of sections of metal which
do not show a fine line structure have been published,
Similar observations on occasional sections in this work
led to an experiment in which the sections were tilted about
angles up to 30° about an axis normal to the direction of
cutting in the plane of the section, During such tilting
experiments a fine line structure was revealed in areas
where none was previously visible., The contrast on the lines
is, therefore, orientation dependent and it is, consequently,
difficult to prove the absence of a surface structure on any
particular type of section by transmission electron microscopy,
Two other pieces of evidence support the theory
of the orientation dependence of the contrast on the fine line
structure, Firstly, figure 11 shows regions on a section
which exhibit the periodic contrast and which end sharply
at grain bDoundaries. The section was cut from a single crystal
of aluninium so that the cutting conditions were constant
for the whole field of view, It is therefore difficult to
understand why different surface structures should develop
at different parts of the section and why the boundaries of
areas of periodic contrast should correlate with the internal

boundaries intrccduced as a result of the cutting process, It
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is more reasonable to assume that the surface structure
is constant all over the area of the micrograph and that the
contrast produced by the structure is orientation dependent,
so that it varies from grain to grain changing sharply
at the boundary betwecen grains, Such a dependence of the
contrast of a periodic surface gtructure has previously been
found by UUilsdorf (1958) in the case of an elecctropolishing
structure on thin foils of aluminium. Secondly, figure 12
shows the contrast in the fine line structure to depend on
the proximity to a fold and the exact position in an
undulation, i.e., on the orientation.

Jome of the predictions of the theory and
the interpretations of the characteristic featurcs of sections
which have been proposed, (Phillips, R, 1961, Phillips V.A.,
1961), are capable of being checked by experiments on

rcarefully oriented single erystals. Suitable apparatus

(Phillips and Lucas, 1962 (a) anc 1962 (b) ) was therefore

constructed and applied to the precise oricntation of single
crystals of a number of f.c.c, metals in the Leitz ultra
microtome according to the theory outlined above.

A particularly simple orientation is that
in which thze (111) planc is parallel to the cutting edge and
together with the {101] direction, normal to thc rake face
of the knife, because the (111) [fOl] slip system is then
specially favoured to relieve the shear stress during
cutting (Figure 13), For © = 50° the orientation of the
plane of cutting to favour (111) L'I-OI] slip is (210) [151]
with the [151] direction parallel to the knife cdge,

According to the theory of section formation so far developed,
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this orientation of the plane of cutting should produce
a section of (101) orientation with the [lﬁi)direction
normal to the direction of cutting, This orientation
should alsc give the maximum likelihood of forming long
straight lines in the parallel line structure, although
other forms of structure are possible and straight lines
could originate from other orientations.,

In the remainder of the paper, the orientation
of the specimen during cutting will be referred to by the
Miller indices of the plane of cutting followed by the
Miller indices of the direction of the cutting edge in that
plame. The chosen dircction is fundamentally more
important than any other (in particular the direction of
cutting) sincc when the section is formed by a simple shear
process the direction of the knife edge is the common zone
of the plane of cutting and the plaone of the scection. Thus
the orientation just discussed will be referred to as (210)

[131].

STUDIES OF ALUKINIUN SECTIONS cUT FRom (210) [131).

Transiission Electron Microscopic Studics.

Sections were cut from the (210) [151]

orientation on to a distilled water surface under standard
conditions (Leitz Ultra microtome, at a cutting specd of

10 cu/sec, and heating current 1,5 amp., giving sections

in the thickness range 1000 to 2000 %) and collected on
carbon support films on standard copper grids, These
sections were cxauined in transmission in the normal specinen
holder in the electron nmnicroscope. Through focal scrics

of photograpnhs were founc to be helpful because some surface
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detail was cenhanced in slightly out of focus photographs,
figure 14: secticns were also examined in the tilting
specimen holder duc to YVashington and Fernhead, (Kelly
and Reed, 1961),

The fine line structure was gencrally found
to consist of mutually parallel lines normal to the
direction of cutting and was sometimes accompanied by a
finer fainter set of lines at an angle to the more prominent
ones, figure 10, The lines were straight and continuous
over considerably greater lengths (up to several microns and
then only limited by knife marks) and much more accurately
parallel than had been observed on randomly oriented specimens,
As previously reported (Phillips, R, 1961), out of focus
fringes appcar on the lines indicating that they are
associated with surface structure, figure 14, The fine line
gtructure is modificed by knife marks and its appearance is
modified by internal boundaries, Experiments with the
tilting holder showed that the contrast of the lines depended
on the exact diffracting condition of thce area under observation
(as Wilsdorf (1958) found for striae due to electropolishing)
thus thc apparent change in structure at internal boundariecs
is probably a diffraction contrast effect, The modification
to the structure duec to knife marks weuld be expected
if the lines arc slip lines since knife marks imply greater
local deformation during cutting and possibly deformation of
the material ~long the knife mark during the previous cut,

The spacing of the main parallel line pattern
is in the range 400 to 700 % while the finer lines have a
spacing of about 200 X.

The specimens exhibit Bragg contours which



« 20,

are continuous through much of the fine line structure but
vwhich end or are displaced on other lines which in some
cases are coincident with one of the fine lines, This shows
that the lines in the fine parallel structure do not in
general correspond to internal boundariesg but that the other
lines are sub=grain and grain boundaries, figurc 15, The
original specimen was a single crystal but the section
obtainecd from it contains grain boundarics, therefore the
section appears to have recrystallised,

Although the fine line surface structure is
very frequently observed, it may not be absolutely essential
to the cutting process in ductile metals, For example, figure 16
shows a very thin section of aluminium apparently of
great structural and surfacc perfection. Undoubtedly, however,
this section has undergone severe, but apparently homogenous,
local strain and recrystallisation since high-angle boundaries
are present although the section was cut from a single crystal,

Replica Studies,

Platinum~carbon replicas (Bradley, 1959, Phillips, R
1961) weare deposited at an angle of 30° to the cutting direction
and the nomincl planc of the sections, Both surfaces of the
sections and the cut surface left on the bulk (the latter
under identical shadowing conditions with the former) were
studied, The replicas from the top surface of the sections
gencrally showed & structure corresponding to the long parallel fine
lines observed in the transuission studies, figure 17, These
lincs have a spacing in the range 500 to 800 R; finer lincs
at an angle to the main lincs are also discernable in sonce
arcas in agrcement with the observations made in transmission,

Occasionally arcas of much lcss regular structure werec
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observed, figure 18,

The sections do not lie perfectly flat so
that the exact angle of shadowing is not known for any
given area, furthermore there are no areas of plane
reference surface on which to determine the density of deposit
for a known condition so that relative angles of inclination
of other planes can be deduced from the relative density of
deposit on them, It is not therefore possible to derive
the topography of the sections quantitatively from the
replicas. Tigure 19 (a) shows the profile which the togp
surfacc of the section would have if the shear strain were all
accomplished by slip on planes with the same spacing as
the parallel line structure observed on aeétions, Pigure 19 (b)
shows the contrast which would be obtained from the profile
in (a) by 30° shadowing. The contrast is synmetrical about
2 peak and corresponds quite well with the intensity profile
of figure 19(c) which is a photometric plot along a line on
figure 17 parallel to the cutting direction. It must be
recognised, however, that the replicas contain no information
about the sides of the steps drawn vertical in figurc 19(a)
and replicas obtained by shadowing along the other direction
at 30° to the cutting direction would be most uscful,

Replicas from the lower surface of the
sections showed no comparable structure of evenly spaced,
parallel lines, but narks due to defects in the knifc edge
are clearly defined, In the mechanism of section foruation
proposed in figure 5, no parallel line structure is expected;
the evidence is however 2ot a direct confirmation of the

proposed meciaanism since any such structure running normal
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to the direction of cutting which is formed during cutting
would probably be immediately rubbed smooth by the rake face
of the knife, Absence of parallel line structure from the
bottor surface of sgsections shows that the parallel line
structure is not formed after cutting (.e.g. due to buckling)
as this would have affected the top and bottom of the sections
equally,

Replicas from the cut surface of the specimen
are sinilar to those from the lower surface of sections. Thus
no structure is developed on the cut surface which could
contribute directly to the structure obtained on the top
of the next section, It is possible, however, that the cut
surface is deformed to a small depth by the passage of the
knife and taat this may affcct the cxact form of the structure
produced on the top surface of the next section as was found
by Heidenreich (1948) when studying slip line formation on
aluminium deformed in tension, Deformation under the cut
surface could also affect the internal structure of the next
section,

The condition of the speciien near the cut
surface is a subject for further investigation as it is
important to bc able to assess the value of this type of
surface preparation for experimental work on surface reactions
and to know the contribution which this makes to the internal
structure of the next section, Lauc back reflection x~ray
patterns fro.. cut surfaces possesscd spots of excellent
quality, This method is, therefore not sufficiently
sensitive for the suggested work and glancing angle X=rays
and reflected electron diffraction (possibly at low energics)

would probably be iwore appropriate.
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STUDIES OF SECTIONS CF SECTIONS,

Sections were mounted in a plastic block
and recut in a plane norual to the original plane of
cutting in such a way that both planes of cutting have the
original direction of cutting as a common zone., The results
of these experiments have been presented in detail
(Phillips and Shortt, 1962) and they will only be summarised
here, The technique was found to be reliable for the
determination of section thickness and this was found to
vary in the range 1000 to 2000 X. It was deduced that the
profiles of the sections would correspond qualitatively to
the topography of the section surfaces., The profile
corresponding to the lower section surface was always sensibly
smooth, The profiles corresponding to the upper section surface
varied but steps about 500 2 apart and 300 X in height were
frequently found., There were also several examples of
apparently plain upper surfaces and, at the other extreme,
soile very coarse steps were found, Although there are
these unexplained Jifferences between the results obtained
by recsectioning and replica methods, the results were in
qualitative agreemeat. The observation of plain upper
profiles is strong cvidencce that the shear deformation may
under certain conditions, be homogcneous, .

In further work on section surfaccs, reflection
electron microscopy would be valuable,

SELECTED AREA DIFFRACTION S5TUDIES.

According to the simple theory of the
formation of sections by shear, cutting the (210) [151]

orientation of a singlc crystal aluminium should produce (TOI)
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scctionsg with [1§l]norma1 to the direction of cutting, figurc 13,
The experimentally observed orientations are as shown in

figure 20, Tac orientations plotted in figurc 20 werc
determined Dy the selected area diffraction technique,

Each pattcrn was obtained from & circular area approximately
two microns in diameter and this arca was repositioned at
random several times in the part of the section indicated,

Thc predicted orientation(101) [151] is
rarely observed and a section cut from a single crystal of
aluiinium is polycrystalline. The essentially similar
results obtaincd from both edge and centre portions of the
sections, which were about 100 micron in linear dimension
indicw.tes that the metallographic tip preparation is not
responsible for the departures of orientation from (To1) [15{}
The oricntations change abruptly from onc to another at
boundaries which appear as sharp lines where extinction
contours are discontinuous. Thus although the sections
are not always normal to t' ¢ electron beam and are slightly
buckled, thcesc cxperimental dificiencies do mot account for
the departures frow the (101) [151] orientation. The
diffraction maxima are unarced but arc frequently split,
indicating the polygonised nature of the sections.

The Liost probeble cxplanation of these results
is that the postulatcd shear does occur but is followed by =
recrystallisation process which gives primarily a (101) texture
and & grain size which is largc comparced with the thickness
of the foil. Clareborough, Hargreaves and Loretto, 1961,
quote the rccrystallisation temperatare of pure aluminium

deformed 70% in compression as bdeing complete at 350°C at
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a heating rate of 6°C/min. Each part of the section can
only be at an elevated temperature liomentarily as it passes
the knife cdge becausc it must be very quickly quenched by
the trough fluid, It seems thereforc that atatemperature
which is probably in excess of 350°C passes as a zone along
the section as it is parted from the bulk, It may be noted
that in ordinary machining studies with dynamic cooling
and lubrication,temperatures of several hundred degrees are
recorded (Gideon et al, 1958), The material in the hot sone
is, therecfore, probably 'seeded' on to the adjacunt, cut
material and a relatively large grain size is propogated,
The friction Dbetwecen the lower surface of the section and the
nke face of thc knife ia a source of energy which coulad
produce the temperature rise.*

In order to further test the suggestion that
recrystallisation had occurred during cutting, sections were
cut from annealed and heavily worked (50% in compression)
aluminium and investigated by selected arca diffraction.

The quality of tic spots was similar in both cascs showing
a high degrec of polygonisation and very little arcing,
thus indicating that the scctions frow the second specimen
had no menory of the conpression, This is consistent with
the idea of rcecrystallisation curing cutting, The scctions
cut frou polycrystalline sluminium were studied within two
hours of cutting, They were then stored two weeks at room
temperature and re=-examined, The two sets of results are
coripared in Table I'and it is clear that they arc not
significantly diff:rent. This result is also consistent

with recrystallisation cduring cutting and in =z very short time

* See appendix,




ey ey emg e NN GEN O B OB BB OBD AN O BN = =

«26,
TABLE 1

A

Orientations of gelected areas of scctions cut from
10 polycrystalline aluminium sections as determined
within two hours of cutting.

— . - — o St ® ot -

Orientation (o10) (101) (121) (310) (111)

Number of times
observed, 10 17 8 2 1

——— ——

B

Orientations of selccted areas of sections cut from
10 polycrystalline aluminium sections as determined
after two weeks.,

Orientation (010) (101) (121) (310) (111) others

Number of times
observed, 10 19 5 0 2 3

——

suggesting that the tcmperature must be very high. Such evidence
as is available indicates that recrystallisation is impeded

in thin foils (Bailey, 1960) which, together with the very

short time at elevated temperature, would suggest that thc
maximum temperature attained must be considerably in excess

of the normal recrystallisation temperature, Finally, the
textures shown in Tablc I sre very similar to those in part

3 of figurc 20, showing that thc textures in the scctions of
aluminium are very largely independent of the orientation of

the crystals frois which thecy were cut and arc not therefore

due solely to a mcchanical shear., It is however, clear that
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certain low iIndex oricntations are favoured (firstly, (101)
and secondly (010)) rather as in rccrystallisation textures,
suggesting that crystallographic shear defornation processes
play an iaportant part in determining the orientation of
the sections,

The formation of o scction is thereforc con-~
cludcd to involve the separation of the material from the
bulk by a deformation process which scverely shears the gection
and which is accompanicd by a large rise in tenperature for
a very short time, 1In order to test the general applicability
of this mechanism the sectioning of copper was
investigated, Copper has a lower stacking fault cnergy than
aluminium, a greater hardness and a slightly lower recrystalli-
sation temperature, If the coefficients of friction are similar,
the higher hardness should lead to the dissipation of more
hcat and recrysgtallisation should be readily accomplished,
Nickel has & considerably grcater room temperature hardness
than aluminium, an intermediate stacking fault energy and a
higher recrystallisation temperature., It was considered
therefore that nicliel might not reach a high enough temperature
during secticning to recrystallise and might therefore exhibit
an orientation due to saear alone. The crystallography of
the scctioning of copper and nickcl was therefore undertaken,
TRANSHISSION ZLECTROII MICROSCOPE AND SELECTED AREA DIFFRACTIOHM
STUDIES OF SECTIONS CUT FROM THE (210) _Ji;ilORIENTATION OF

COPPER.

The oricentations of gsections cut from the (210)
llél] oricntation of singlc crystal copper as dctermined by
the sclected arca diffraction technique arce summarisced in
Table 1I, Jeveral orientations werc found in each section,

Yhere the oricntation is (101) the fine line structurc has
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the predictca [151] direction in 25% of the areas which is

similar to the result for aluminium,

Orientation

TABLE 11

(010) (101) (121) (111)

No. of Occurrences 1 12 1 1

Thusg,somne rearrangenent of orientation also

occurs in copper after the shear deformation associated with

cutting¢ It may be noted in passing that sections of copper

cut from the (210) [}51] orientation also exhibit long

straight parallel

lines normal to the direction of cutting

and very fine polygonisation, figure 27.

Sections from two single crystals of a constant

undetermined orientation of copper, one in the heavily

worked and the other in the unworked condition were comparcd

by selected area diffraction. The worked material when scctioned

had recrystallised with a very small grain size and yiclded

sharp diffraction
completely random
The sections from

diffraction spots

spots, The orientations howevcr, wcre not
and exhibited some (100) and (110) texturing,
the unworked crystal produced c¢lectron

which appeared moderatcly arced, but closc

examination of micrographs and diffraction maxima showed that

the cffcect was duc to extremcly fine polygonisation,

Thesc experiments show that the scctioning

behaviour of copper is similar to that of aluminium except

that the copper scctions seem to exhibit much finer polygon-

isation, Scctions cut from worked coppcr had a much smaller

grain size than thosc cut from worked aluminium,
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TRANSMISSION ELECTRON MICROSCOPE AND SELECTED AREA
DIFFRACTION STUDIES OF SECTIONS CUT FROM THE (210)
{151) ORIENTATION OF NICKEL.
Sections cut from the (210) [131) orientation
of nickel all had the predicted (10l1) orientation and 80%

of the areas checked had the traces of the fine line structure
parallel to [1§1] o« The dislocation content of the

sections was very high, figure 22, and the spots of the
diffraction pattern were considerably arced, Thus the
evidence of orientation, dislocation density and quality of
diffraction maxima all show the sections of nickel to be
severely worked and not subsequently recrystallised,

Further, in this absence of recrystallisation, the

orientation was very largely that predicted.

L crystal of (112) [ITOJ orientation was
sectioned in order to check whether the fine line structure
corresponded to slip on conventional systems, The chosen
orientation would equally favour slip on two (111)planes
using their connon [lio]direction. The lines in the fine
structure were, however, found to be as long and straight
and normal to the direction of cutting as previously, The
traces of the (111) planes which were favoured were at
55° to this direction, therefore if the fine line structure
corresponds to slip lines it must be accepted that unconventional
slip systems may operate in sections. The sections did,
however, have the (110) orientation predicted by the shear
theory, The diffraction patterns from the sections

exhibited very fine polygonisation.
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THE SPACING OF THE FINE LINE STRUCTURE.

Strong experimental evidence has been adduced
that the production of a section of metal is accompanicd
by a large shear deformation which generally produces a
periodic ridge structure on the top surface of the section,
The ridges have a characteristic spacing of about 600 X.
Clearly, a theory of cutting should be able to predict or
at least offcr sonie explanation of this spacings A model
such as that proposed in figure 5, however, if unmodified,
predicts o homogeneous shear, when applied quantitatively.
In figure 23, therefore, section formation is rcpresented
as a process in which the deformation is accomplished
temporarily by the storage of dislocations in the section
until the associated cnergy is such that the next dislocation
formed coaui sweep away the barriers and emerge at the top
surface, It is guggested that this dislocation will be
followed Dy several more and this process will be
accompanied by the slipping out of the stored dislocations
at the lower surface and will continue until the e¢nergy is
reduced to such a level that it can no longer nucleate new
dislocations on the activated slip plane., This proceass
would form o step on Loth section surfaces, It is however,
possible that the serrations on the lower surfacc are
subsequently rubbed smooth., The initial storage of dis-
locations could be due to interaction with dislocations
introduced cCuring the pevious cut. 1In this context, it nay
be noted that thc steps on sections are always very precisely
formcd when the specimen has been deliberately worked,

it the stace represented by figure 23(c), the

shear stress on the slip plane extending from the knife



bred omeey Gamey G SoE A o) NN aEed 0 am) A G 0 Wy

31,
tip is given by
nb
u
(n+N) a

where 1 is the shear modulus, n is the number of slip planes
on which dislocations have been stored, b is the resultant
Burgess vector of tite dislocation stored on each slip
plane, a is the separation of slip planes and N is the
extra number of planes over which the elastic distortion
due to the stored dislocations may be expected to spread,
The strength of barriers to dislocation motion of the
Cottrell Lomer locke~type is about O,1lu.,

Thus a dislocation will break through when

unb

(neN) a

= 0.11).

b is approximately 2 in the usual practical case

a 2n = O.ln + O.1N
n = 1 N
20

a plausible value for N in the secction
thickness, thus the model predicts a fine line gpacing
of about 100 { which is the correct order of magnitude,
It has been implicitly assumed that there is a slip
plane parallel to the %nife cdgc which was in fact the case
for many of tihc¢ experiments described here,

METALLURGICAL ArPLICATION OF THE ULTR]A MICROTOME.

There are two main reasons for undertaking the
work which has %Yeen described: -

1) To elucicate the fundamentals of the cutting
proccss.

2) To establish the value of the microtome technique
in the preparation of gpecimens for the
electron nicroscope,
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It is therefore suitable to discuss the
second aspect at this stage,

The micro®ouie gectioning technique has gained
wide acceptance in cytology and the analysis of cutting of
the embedding media performed here would only suggest that
care would have to be taken in the application of quantiative
measurenents to these specinens,

The shear stress involved in the sectioning
process reunders it unsuitable for studies of dislocation
distribution, but, providing the temperature rise does
not modify the results and care is taken in the selection
of the cutting fluid sections can be used where the main
information required is selected area diffraction, 'd'~spacings
or the distribution of second phases or holes.

The microtome technique has been usefully
applied to a study of second phases in a wide variety of
alloys (V.A, Pnillips 1961) to the identification of
inclusions at strc¢ss corrosion crack nuclei, and distributions
of cavities and gas bubbles in creep and particle irradiated
specimens, The technique is specially useful where the
specimen is of a form unsuitable for clectropolishing,
providing the liiiitation on the information which can be
obtained arc rcaliscd, Exaiuples of problems in this
category are: -

1) Thickness of surface fdlms (plated, evaporated,
anodic, etc,)

2) Topography and conposition of interfaces, e.g.
between depositced film and substrate,

3) Composition and topography studies of fibres,

powders and green sinters,
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Finally, it is worthy of note that the cut
surface on the bulk of the specimen is very clean and
relatively strain free and is useful in surface reaction
studies,(Buddery) for replica studies of cavitation and
as a metallograjghic preparation for materials particularly
prone to flow and twinning in normal grinding and polishing,

Figures 24 and 25 arc presented and discussed
as an illustration of the application of the principles of
cutting and metallography to the analysis of sections.,

Figure 23 is of an Al=~Mg-Zn alloy and shows
isolated regions in darker contrast; these regions exhibit
periodic fractures, they arec therefore more brittle than
the bulk of thc uaterial and are therefore inclusions. A
boundary runs diagonally across the photographj it
is particularly clcearly shown by the contours which end
abruptly at it, Darke~field indexing of the contours
would enable one to deduce whether the boundary is high or
low angle. The presence of 200 R precipitates which are not
generally in evidecnce on the boundary indicates that it
existed in the bulk specimen during heat treatment and was
not introduced into the scction during cutting.

Figure 25 was obtained from the samec sample
with the same cutting conditions, except that a blun$ knife
was used, The whole section now exhibits periodic fractures
showing that the strain involved in cutting is now
sufficiently great to cause the material to behave in a
brittle manner,

CONCLUSIONS .

Thin sectioning is a complex subject which

is extreuely Jdifficult to treat precisely., The experimental
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impossibility, at present, of adequately controlling and
measuring all the paraieters and in particular the cutting
edge, makes it impossible to treat the subject exactly
either in the specification of experimental conditions or in
the manupdlation of theoretical models. However, by means
of a wide range of experimental methods it has bcen possible
to rcach a number of conclusions and to propose models
for most practical cases of sectioning.

It is concluded that in all important cases
of sectioning, thc material in the section suffers severe
shear deforiiation or fracture on a plane more or less normal
to the rake face of the khife. The shear deformation is
acconpanied by a considerablc rise in temperature of very
bricf duration, The surface condition of the section is
largely dJetermined by the mechanical properties of the material,
the internal structure or dcgree of prior hardening which
the specimen has experienced., The internal structure(dislo~
cation density, subgrain, grain size) is largely determined
by the combination of shear strain and temperature rise,

The immediately obvious features of many scctions
arc topographical and arc duc to knife edge defects and the
effect of the rclicf on the shear stress. Easily recrystallised
f.c.c, nmaterials are texturcd with (110) as the principle and
(100) as the gecondary orientation, Less casily recrystallised
f.c.c, netals exhidit an oricntation which may be derived
from the orientation of the plane of cutting by the shcar
appropriate for thc rake angle,

The duration of the temperature rise is

insufficient for appreciable long range diffusion to occur,
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Therefore the distribution of the second phases is
uanodified and metallographically useful sections can
often be obtained if the interest centres on chemical
hetrogeneities (e.g., inclusions, precipitates ( ) 100 R
in diameter), cavities, surface layers, etc,)

It is a pleasure to acknowledge the
experimental help of J.V.W, Evans and A.J. Brown and the

encouragement and advice of A.W. Agar.

R. PHILLIPS,

P



APPENDIX

THE TEMPERATURE RISE DURING CUTTING.

The high resistance to shear which may be
cxpected because of the very small length of shear plane
over which strain is produced and the high coefficient
of friction which nay be expected to operate in microtony
lecad to an expectation of a very high quantity of heat
generated per unit volume of the section, It turns out
that too few of the values required for substitution in
the appropriate equation of metal cutting are known for
a significant value of the equilibrium temperature of
the section near the knife edge to be calculated.

L rather naive expression of the relation between
the equilibrium temperature T, the shear modulus u, and

the thermal conductivity k is: =

%= _2£x10~7
k

where d is the distance over which the temperature falls

from T to that of the bulk of fhe specimen. For metals
k
is of the order 5 x 1011 so that a rather high value

of d (tens of microns) has to be assumed to account for
values of T of hundreds of degrecs C, However, since the
effect of the severc shear on k and the coffects of a knifc
cdge wiaich is less than perfect arc not known this is not

rcally scrious.

However, it is of grcat significance that for




plasticspy is ¢rcater by 100 than for metals and this
indicate§ that there is a very good case for cxpecting

a significant incrcase in temperature in biological
sectioning. Cf course, the effect is self limiting in
that, as the temperature riscs the stresses decrcase and
the tendency for the temperature to risc decreases,
Quealitatively this reasoning argues strongly for a
plastic deformation model of the gectioning of biological

embedding media as postulated in the paper.
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I IsST OF I LLUSTRATIONS

Definition of the terms and symbols uscd to describe
orthogonal cutting

Schematic rcpresentation of the deformation duc to
orthogonal cutting (after Mcrchant 1945).

Detail of thc deformation of fine structure by frictionless
cutting,.

The forces acting during the cutting of a plastic matcrial
with a sharp knife,

Schenatic reprcsentation of the separation of a section
from the »ulk by a shear process,

Sehenatic representatioh of the stresgses and strains
which would cexist during the cutting of a purely

elastic mediun,

Section of UO2 cut parallel to the (111) plane. X 60,000
Fractures normal to the direction of cutting in coke

X 4,000

Section of polycrystalline UO2 showing the dependence

of the structurc of the section on orientation, X 8,000
Section cut from a (210) face of aluminium , the
direction of cutting was perpendicular to (181), Note
the cxtensivce parallel line structure on which the

high contrast wag obtained by tilting the specimen and
slightly underfocussing., X 20,000

Section of aluminium showing local appearancce of fine
line structurc, : -« X 20,000

Scction of aluminiur: showing depcndence of contrast

on fine line structurc or proximity to a fold X 20,000
Orientation of f.c.c, crystal to activate the (111) [10i]

slip system during sectioning,
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15.

16.

17.

18,

19,

20,

Through~focal scrics of the parallel line structure
on a scction cut from a (210) [izﬂ orientation,
showing changces in the appearance of the line due to
the formation of over and under focus fringes. The
inter=linc spacing is 500 it

a) Overfocuscd,

b) focused.,

c¢) underfocused, X 30,000,
Section cut from a singlc crystal of aluminium showing
the discontinuity in Bragg contours at internal
boundaries, X Go,000,
A scetion of aluminium which appears to be of great
internal perfection and to have plane surfaces, Note,
however, that the gsection contains grain boundarics
although it was cut from a single crystal. X 20,000
Platinum ~ carbon shadowed replica from the top surface
of a section cut from a (210) [151] crystal of aluminium,
Thege are surface steps of1600 to 700 it spacing which
run normal to the direction of cutting. X 20,000
Platinum - carbon shadowed replica from the top surface
of a section cut from a (210) [151] crystal of aluminium,
The structurc is less regular and consists of relatively
widely spaccd, wcll defined steps with irregular,
shcllower steps in between, X 40,000
The contrast (b) which would be obtained from an
idealisecd slip line profile (a) and the profilc of
intensity (c) measured along a line parallel to the cutting
dircction on figure 13,
Orientations deterained from randomly sclected arcas
of sections of aluminium cut frou the (iI01) [liﬂ
oricntatione. The Jirection of the normal to the

direction of cutting is showa as 2 tracec on the
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22,

23,

24,

25,

reciprocal lattice plane corresponding to the

planc of the scction, The number of observations of

a given plane and trace is indicated by the number
adjacent to the tracc.

Section of copper cut from the (210) [151] orientation,
showing long, fine parallel lines normal to the
direction of cutting and very fine saeale polygonisation
X 40,000, .

Section of nickel cut from the (210) [151] orientation,
showling long, fine parallel linces normal to the
direction of cutting and very fine scale polygonisation
X 40,000,

Schematie represcntation of a model for the shearing

of sections during cutting, by means of slip on planes
several atomic spacings apart.,

Thin section of Al-Mg~Zn alloy showing inclusions and
precipitation on a sub-=boundary, X 180,000,

Thin section of Al=lMg~Zn alloy cut with blunt knife
showing fracturces running normal to the dircction of

cutting, X 40,000,
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Schematic Representation of
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ORIENTATIONS ~DETERMINED FROM RANDOMLY SELECTED AREAS OF
SECTIONS OF ALUMINIUM cut FROM THE (fOl) [Z] ORIENTATIONS.

THE DIRECTION OF THE NORMAL TO THE DIRECTION OF CUTTING
IS SHOWN AS A TRACE ON THE RECIPROCAL LATTICE PLANE CORRESPONDING
TO THE PLANE OF THE SECTION. THE NUMBER OF OBSERVATIONS OF A
GIVEN PLANE AND TRACE IS INDICATED BY A NUMBER ADJACENT TO
THE  TRACE.

TOTAL NUMBER
I. ORIENTATIONS AT EDGE OF SECTIONS.

OF DETERMINATIONS.
TRACE AND ORIENTATION
PREDICTED BY SHEER THEORY.

(c10) (1o1)
Thacks 2 10 12
2. ORIENTATIONS AT CENTRE OF SECTIONS.
[}
1
3
(ol
(o10) (lo1) (121) (310)
ThacEs 12 2 3 2 38
3. RESULTS OF | AND 2 TOGETHER.
(c10) (Te)) (121) (310)
J.?.I:‘mm 4 3l 3 2 S0
Figure 20
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