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The resulting mechanical properties of structural materials are influenced by their struc-
ture, i.e. by the interaction of microscopic particles which manifests itself by the origin
of microstrain and microstress fields. Their study is the source of understanding of
microdeformation mechanisms influencing the history of all deformation and failure
processes. The present work is concerned with the determination of strain and kinematic
rotations of grains in a polycrystalline structure. The analysis of microscopic photographs

is carried out by means of the photogrammetric time base method. Its data are then
processed by means of affine transformation; from the coefficients thus ascertained
the components of strain tensor and grain rotation vector are determined.

1. Introduction
1.1. Structural aspects in the mechanics

of materials
Mechanical properties of materials are influenced
by their structure through the microdeformation
mechanism which manifests itself by the non-
homogeneity of microstresses and microdefor-
mations fields. [t is in the interest of the study of
the laws governing the formation of mechanical
properties of materials to analyse these fields.
On the basis of the works by Rovinskij [1] and
Dawson [2], in which small kinematic rotations
of grains of a polycrystalunder elastic deformation
were proved roentgenographically and micro-
scopically, the author [3] designed a mechanical
model of a polycrystal with such properties
(Fig. 1). This study is intended, on the one hand,
to verify previous works and, on the other hand,
to obtain approxiamte quantitative strain and
rotation values of polycrystalline grains.

1.2. Problem and method of solution
For the assessment of the microscopic photographs
of a polycrystalline grain taken before and after
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its deformation, the photogrammetic method
was choosen. Its use for the anlysis of microscopic
photographs was suggested in 1973 by Boyd [4].
However, its applications to the measurements of
microscopic objects is connected with certain
difficulties, due to the representation abilities of
scanning electron microscopes (SEM). As far as
the authors, know, this method has not been used
for the analysis of microdeformations, although
the aforementioned difficulties are partly elimi-
nated, Some measurement errors can be also
eliminated by a suitable processing of the results
of photogrammetric analysis.

2. Photogrammetric analysis
2.1. Principle of stereophotogrammetry
(SFGM)

The original and most widely used methods of
photogrammetry is stereophotogrammetry, which
uses the natural ability of the pair of human eyes
to see three-dimensionally in the process of the
so-called artificial stereoscopic perception. The
artificial stereoscopic sensation is created in the
observer’s sight centre similar to the actual
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Figure 1 Model of an ideal polycrystal.

sensation. The difference consists in the fact that
the analyser’s eyes observe in the stereocom-
parator two photographs of the actual object,
taken from the extreme points of the SFGM base,
instead of the actual object.

2.1.1. Topographic SFGM [5]

In topographic SFGM the pair of photographs is
taken by means of a base consisting of two rigidly
joined survey cameras with perfectly parallel
optical axes. Alternately the photographs are taken
by means of two separate photo-theodollites which
must be mutually oriented. On the whole the basis
must be spatially oriented; apart from the elements
of external orientation the elements of internal
orientation also must be known and ensured with
high accuracy, namely, the optical constants of
the cameras and their image-forming properties.
The photographs are taken either from land-
mounted or by aerial means. The condition of
accurate analysis of the photographs in the stereo-
comparator is the perfect ensurement of the
coincidence of the corresponding points in both
photos by the analyser. To ensure this, con-
spicious and geometrically suitable marks must be
made on the measured objects.

2.1.2. Microscopic SFGM

The great depth of focus of the SEM optical
system enables one to take a couple of sufficiently
sharp and contrasting photogrammetric pictures,
which aroused the original interest in the use of

SFGM in microscopy [6]. However, the photo-
graphs of the micro-object must be taken in two,
perfectly accurately defined positions and with
constant focusing of the microscope, which can
be effected either by the displacement or the
tilting of the sample. This endeavour, however,
met with obstacles due to the representation
abilities of the SEM. In contradistinction from
optical microscopes, which do not distort the
image of the object, but are not suitable for the
SFGM pictures because of the small depth of
focus, the optical system of the SEM results in
the central and angular distortion of the picture,
which can be neglected in the reconstruction of
the picture of the micro-object only in optimum
enlargement conditions, depending on the type of
apparatus. For these reasons the application of
SFGM in microscopy has not been very extensive
so far [7, 8].

2.2. Time base method in photogrammetry
2.2.1. Engineering photogrammetry

The basic pattern of photogrammetric method is
used also in other fields. Considerably frequent
is the use of photogrammetry [9, 10] for the
determination of small changes of position or
dimensions of objects, which is called the time
base method. Although the analysis of the photo-
graphs is carried out by the same method as in the
case of SFGM, the conditions for the taking of the
pictures are different. Both photographs must be
taken from the same point in a certain time or
loading interval and with identical external and
internal orientation of the object and the carmera.
However, any minute changes of position of either
of them manifest themselves as measurement
errors and are described later on.

2.2.2, Microphotogrammetry with a
time base

The conditions of representation of microscopic
objects are simplified, if they are two-dimentional,
and particularly if the process concerns the change
of their dimensions. In either case the photo-
grammetrric -pictures can be made, using optical
microscope. If a SEM is used and if the problem
of investigation are not the actual dimensions and
shape of the object, but the determination of its
relative changes, it is possible — provided the
representation properties of the microscope do not
change with in the real time interval concerned —
to determine the relative changes of the micro-
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Figure 2 Photogrammetric pair of microscopic photographs.

object regardless of the manner of representation.
On this basis, also, the analysis of the deformations
of the polycrystalline grain has been effected,
which is reported in this study.

2.3. Evaluation of microscopic photographs
2.3.1. Object of microstrain analysis

The purpose of the study is to determine the
deformation of a polycrystalline structure on the
level of grains, in the microscopic region sized
50 x 60 um, represented on a pair of microscopic
photographs (Fig. 2) taken in a SEM with magnifi-
cation of 1000x. The purpose of the analysis was
to verify, on the central grain, the conclusions of
preceding works [1, 2] pointing out mutual small
kinematic rotations of grains of a polycrystalline
structure in the course of elastic deformation.

2.3.2. Preparation of photographs and
stereocomparator measurements
A significant element of the method, on which the
high accuracy of evaluation of the photographs
depends (the analysis was carried out in a type
Stecometer Zeiss stereocomparator with internal
accuracy of 0.002 mm) is the perfect signalization
of measured points. In these conditions the
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theoretical accuracy of evaluation of mean defor-
mations from the photographs of given dimensions
is expressed by the value of
2 x 0.002

e = —————

50
which satisfies the requirements. However, artificial
marks thus defined could not have been made on
the surface of the sample, and coincidence was
based on natural defects of surface structure
visible in the photographs, which resulted in a
reduction of measurement accuracy. Some
improvement could be achieved by an increase
of the contrast of the photographs, which were
taken on film and were not suitable for use in a
stereocomparator. The photographs were there-
fore contact copied on hard photographic plates
affording good contrast. After insertion of the
photographs into the stereocomparator and their
mutual orientation the coordinate x’ and the
parallax p, of the photographs taken at the left
end of the time or loading interval and the
coordinate ¥"” and the parallax p, of the photo-
graph taken in the right end of the interval are
measured. The remaining coordinates are then
calculated from the equations
y' = Py +y" and

= 08x10™

”n

x"=x"—p,.



2.3.3. Evaluation of deformations from the

elements of the FGM analysis
With regard to imperfect signallization of the
points on the surface of the sample it was not
possible to determine with sufficient accuracy the
history of the displacement between the individual
points and construction of the strain map. From
geodetic methods which could be used for the
calculation of deformation from the ascertained
coordinates affine transformation has appeared
most suitable, whose application make it possible
to determine mean deformation of an area covered
by a set of points (Fig. 3).

2.3.4. Coefficients of affine transformation,
strain and rotation
Affine transformation is described by equations

' " .
X; = QAip Xy l,k = 1,2

in which a;, are its coefficients, which are asym-
metrical @, #ay; and are identical with the
gradients of deformation. The calculation of the
coefficients was carried out by means of an
algorithm used in [11]. In accordance with the
basic relations of the theory of deformations
subsequently the formula for the tensor of finite
strains [12] is obtained

ey = 3(ap xap;—8y) ik = 1,2

and vector of rotation

1 _ _
wy; = 3(2a; — ap; X ap; — 8;5).

Figure 3 Schematic representation of affine
transformation.

3. Microscopic analysis

3.1. Instruments and equipment

The photographs were taken on a Jeol SEM in the
Department of Materials of the Faculty of Nuclear
and Physical Engineering of Technical University,
Prague. The deformations were produced by a
fixture of our own design with a bolt controlled
jaw movement. The fixture, together with the
inserted sample, was inserted into grooves in the
microscope camera. Neither the magnitude of
induced deformations nor the force were measured
directly. For the analysis of the deformation
mechanism a grain of simple shape, well visible
boundary and contrasting surface was selected
(Fig. 2). The magnification and the grain size were
selected in mutual ratio so as to enable the picture
to show the grain in sufficient size as well as its
considerably large environment.

3.2, Photographing and measurement
errors

When using the time base method (Sections 2.1
and 2.2), the fundametal prerequisite for the
provision of suitable FGM pictures is the preser-
vation of external and internal orientation
elements. In the case of SEM it means the preser-
vation of magnification and geometry of repre-
sentation in time and the preservation of position
of photographed object.

3.2.1. Magnification errors
With regard to the stresses in the fixture producing
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tensile deformation small changes in the focusing
of the microscope and in the position of the
sample occur. At every loading step, i.6. when
taking the picture preceding and following defor-
mation, the microscope must be refocused, which
results also in a certain small deviation in magifi-
cation, which is of the same sign and magnitude
about the whole surface of the picture. This error
is most significant, as it manifests itself as strain
and influences the calculated mean strain value.
I[n these measurements, it could not be eliminated;
it was only possible to estimate the accuracy as a
whole in the course of the evaluation of strains.
The magnitude of the calculated rotation, how-
ever, has not been influenced by this magnitude of
deviation, as it is subtracted in the formula for the
calculation of vector rotation as a symmetrical
part of the transformation coefficients.

3.2.2. Errors in presentation and position
of the sample

The errors of presentation depend on the proper-
ties of the microscope which must be dealt with in
greater detail. As we have already mentioned in
Section 2.1.2, a certain distortion of the picture
occurs in the SEM, which is shown in Fig. 4.
Provided this distortion does not change with time
and the pictures made in time base differ from
each other only in deformation, then the ratio of
the lengths of any line from the pictures taken
before and after deformation is constant — with
the exception of second order quantities — in any
place of the picture field. This is the basis of the
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Figure 4 Picture distortion in the SEM
and determination of deformations from
the photograph.

real image

possibility for using the SEM pictures made by
the time base method for photogrammetric
analysis of deformations, which are independent
of the geometry of the picture. The change of the
picture, similarly as the picture itself, has two
components: central and angular. The central
component manifest jtself also as strain; however,
its distribution about the area of the photograph
is not homogeneous. The angular component is
antisymmetric with regard to the central com-
ponent and does not influence the mean value
of strain. Also the errors are of an analogous
character, due to the angular change of the sample
position. The error due to the change in distance
is already included in the error due to the change
in magnification. Small rotations of the sample,
whether in respect to the axes of the picture or
in respect of the optical axis, are centrally anti-
symmetric and do not influence the mean strain
value determined from the pictures. They mani-
fest themselves in the mutual rotation of both
pictures, but with regard to the fact that they are
incorporated in both the absolute rotation of the
grain and in the absolute rotation of its environs,
they do not influence the relative rotation of the
grain with regard to its neighbours, since they are
mutually substracted in the calculation.

4. Analysis of microdeformations of
polycrystal aluminium

4.1. Experimental material

The sample used was prepared from the exper-

imental material, aluminium of purity 99.85%,
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which had been previously cast into a block
230mm thick and homogenized for 24h at a
temperature of 580°C. Subsequently it was
rolled at a temperature of 420°C into sheets
2mm thick (80% reduction). By heat treatment
at a temperature of 350° C for a period of 4 min
internal stresses were eliminated first and by the
prolongation of exposure to heat to 4h samples
with a different grain size were obtained by
recrystallization. A selected sample was taken
from a series which was exposed to heat for
20min; the mean grain size was 50um. The
samples were prepared in the Research Institute
of Metals in Panenské BYeZany. For the purpose
of microscopic analysis a sample of the dimensions
of 0.5mm x 7mm x 30mm was made of this
material. Its thickness was produced from the
original 2mm of the sheet by etching and its
surface was polished.

4.2. Description of measured points

In accordance with the conditions which appeared.

in the stereocomparator as most suitable for the
coincidence of the points in photogrammetric
pictures taken in the SEM parallaxes were con-
secutively measured in 100 points, whose distri-
bution about the picture is shown in Fig. 5. With
regard to the program of the analysis, described
in Section 2.3.4, the points have been divided into
two groups, namely, the external points and the
internal points. The external points, numbering

photogrammetric pair of photographs.

about 60, are situated outside the grain; the
internal points, numbering about 40, are situated
inside the grain, whose boundary is shown in the
picture. For every group, as well as for the sum
of 100 points, the coefficients of an affine trans-
formation, deformation tensor and rotation
vector components were calculated.

4.3, Loading process

As we have already mentioned, the magnitude of
macrodeformations was controlled only approxi-
mately by the turning of the screw of the loading
fixture which did not permit an accurate setting
of the beginning of loading or the return to a
certain position. This circumstance considerably
limited the possibility of directly determining
the character of the deformation process, and
the microdeformations could be observed only in
accordance with the increase and decrease of load.
The loading diagram (Fig. 6) shows the loading
procedure and the points in which the micros¢opic
pictures were taken.

4.4. Evaluation of microdeformations

The process of evaluation of microdeformations
from the pairs of photogrammetric pictures has
been described in Section 2.3.4. Its practical
realization consists of visual stereocomparator
measurements and automatic processing of the
measured data as far as the calculation of the
coefficients of affine transformation and the

1491



L+
L5
3.
% 21
2
g 6
v
8
o |
14
/
0 ,’o’

Figure 6 Loading diagram.

components of the strain tensor and rotation
vector on a Hewlett Packard calculator (Fig. 7).
The results of numerical solution were used for
the evalbation of the microdeformation process
by two ways.

4.4.1. Strains of the whole picture area
To objectivize the microdeformation process,

’ o

Interval Point X 1%

0103 0053 400719 921629
0103 0054 406 397 921701
0103 0055 416 296 921621
0103 0056 4259856 919654
0103 0057 426686 914856
0103 0058 417969 913826
0103 0059 413894 916 081
0103 0060 406 980 913689
0103 0061 404 167 914 291
0103 0062 394615 915188

(a)

i.e. to prove agreement between the history of
the microstrain and loading in respect of its
increase and decrease, the strain tensor com-
ponents e, i, = 1,2, were calculated from all
100 points distributed over the whole area of the
picture in every interval. The results are shown
summarized in Table I showing first all strain tensor
components, separately for every interval, and, in
the next line, the differences Ae,, ascertained
between the overall strain value in the interval
(01 0k) and the sum of partial values. The ey,
component of strain tensor is highest in all inter-
vals and, consequently, corresponds most in
history to the history of the loading process
(Fig. 8). No conclusions can be made from the
history of other components or the ratio of their
values, since they are probably more influenced
by local conditions. It is also difficult to discuss
absolute values of measured strains because of the
lack of data on external forces. However, the
differences Ae,, according to Table I make it
possible to make conclusions about the accuracy
of determination of strains with regard to their
overall values. Since the pictures have been taken
during the same loading cycle and their dimensions
cannot be influenced (with the exception of the
errors considered), the differences must be con-
sidered as the overall error of the microphoto-
grammetric analysis. Apart from the points on
the samples, also four (sometimes even more)
points on the frame of the photographs were
measured, which are identical in all pictures and
independent of the representation and defor-

AFFINE TRANSFORM

Px Py
658.987 447 736 A1,A2,B1,B2,
659012 447 753 1.026922451E 00
659427 447 754 6.740642 795E-03
659 406 447 780 3.507 574 850E-02
659403 448 060 9.759 534 903E-01
659 293 447958 DEFORMATION
659072 447 749 E11,22,12,21
658778 447997 2.730 757 826E-02
658 704 447 895 —2.314223827E-02
658 445 447614 2.129931374E-02
2.129931374E-02
ROTATION
R11,22,12, 21

-—3.851 273 500E-04
—9.,042714 100E-04

1.377643476E-02
—1.455 867 095E-02

(b)

Figure 7 (a) Record of stereocomparator measurements. (b) Record of numerical solution values.
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TABLE I Values of strain tensor and rotation vector components

Loading Deformation Rotation

Stage Interval Ae,,x10? e, X10? €, X10* e, X10? e, X10*  Aw,X10* w,,X10* w, X10°
1 0102 0.13106 —0.174 14 3.12875 —1.38026 —1.38026 0.18151 1.23258 —1.23258
2 0203 0.33246 0.00000 1.84460 —1.41144 —1.41144 —0.17965 —1.97702 1.57182
3 0304 0.54100 —3.32130 1.97883 —1.90266 —1.90266 0.23313 1.97702 —1.97702
4 0405 269763 —0.83388 0.03277 0.03277 —0.13238 0.13238
5 0506 2.86888 —0.01208 —1.95647 —1.95647 0.01950 —0.02240
6

mation, and are well visible. Their separate tities of the second order and are not used in the

evaluation afforded the “strain” magnitudes of
about 0.5 x 107 which is in good agreement with
the deviation Ae,,. Therefore, it is possible to
conclude that this deviation represents the error
of the measured values e,, and that in this sense
these values are real. The results of deformation
analysis of the remaining pictures are not given,
since they lay outside the framework of the
measurements and are attributed to the uncertainty
of the beginning and final loading state.

4.4.2. Grain rotation

The evaluation of the relative grain rotation with
regard to its environs is generally analogous with
the evaluation of the strains of the whole picture.
In every loading interval the overall rotations were
calculated in accordance with Section 2.3.4
separately for external and internal points, and
from their difference the relative grain rotation,
with regard to its environs, was determined. Since
the rotation components wj; and w,, are quan-

107

linear theory of deformation, and hence are not
shown in the table. The record (Fig. 7) shows that
their values are very small in comparison with the
values of the components wj;=—wsy. The
components of rotation w;j, and their differences
Aw;q,, determined by the same method as the
deviations of strains, are also shown in the table
(Table I) and in the diagram (Fig. 8). Their magni-
tudes in the individual intervals are of the same
order as the strain ey, and its deviations Ae,,,
which is considered proof of their objectivity with
regard to the changes of load, although the history
does not unambiguously correspond with them.
However, there are not sufficient data to elucidate
this phenomenon, which could be due to both the
elastic stability properties of the polycrystalline
system [13] and the non-elastic behaviour. The
evaluation of pictures 00’ namely yielded residuary
relative rotation of the magnitude of =1.78 x
1072, whose magnitude is comparable with the
magnitudes of relative rotations in the individual

Figure 8 Microstrain  diagram of the

Loading stage

[ photograph and diagram of relative
rotations of-the grain.
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intervals, while in the case of strains the magnitude
of residual strain e, is comparable with the
deviations of their values.

5. Conclusion

The microstrain diagram (Fig. 8) does not make it
possible to decide unambiguously about the
character of the deformation process, ie. to
determine if the deformations are elastic or elasto-
plastic. No proportionality has been ascertained
between strains and rotations in intervals with
either increasing or with decreasing load. However,
the diagram does confirm unambiguously, and
with sufficient accuracy, the qualitative agreement
between the histories of load and microstrains in
the direction of the load applied, both in the
region of its increase and decrease. The analysis
has confirmed quite unambiguously the relative
rotation of the grain in the whole scope of loading.
With regard to uncertainty of its character it is
impossible to say, whether and when the rotation
is reversible or irreversible, However, already the
existence of the latter should confirm the presence
of the former, similarly this is the case for strains.
The relatively small rotation and the relatively
small strain under first load release have also the
sense identical with the history of the process and
indicate that elastic rotation can be expected in
this phase. As the measurements have not been
always entirely compatible with respect to the
preservation of the elements of internal and
external orientation in the taking of photogram-
metric photos, the required accuracy in the calcu-
lated values of strains and rotations has not been
attained, either.

With regard to the fact that it is possible to
improve the technical conditions for the taking
of photogrammetric photographs and for the
coincidence of the points in the pictures in the
stereocomparator, it is also possible to approach
closely the theoretical accuracy of these measure-
ments which is deduced from the internal accuracy
of the stereocomparator.

On the basis of these achievements it is possible
to conclude that the time base method of photo-
grammetry represents a suitable means also for
the analysis of microdeformations of material
structures.
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Appendix: Affine transformation [11]
If the presentation is defined as

X{ = Xy (A1)

and for a set of points N both their coordinates
x{(V) and their representations x,(/V) are known,
the coefficients of representation a;, are deter-
mined in accordance with the following algorithm.

First the coordinates of the points are con-
verted with regard to the centroid of the whole
set. Since all points have the same weight, it is
considered as equal one, and the coordinates of
the centroid follow out of the relations

N, N o,
o IEM L Zm)
0 N Ok N

and the reduced coordinates are determined from
the differences
x| =

After the development of transformations
Relation Al for reduced coordinates X; and X,
we obtain equations

n ] !
Xi = anXitapX,
" ! '
Xy = anXi1tanX,

whose coefficients are determined from the terms

(A2)

! ! " n n
X;— Xo; Xy = xp—Xop. (A3)

(A4)

AG —BD ED — BG
ay = ——; Ay = ———F——
J
(A5)
_AF —-BC 2 = EC — BF
az = 7 22 ’ 7
where
N " n N " "
4 = ZX;(N)xX,(NV) E = ZXi(V)x X1 (V)
N " " N " !

B = TX;(N)xXi(N) F = ZX;(N)xX;(NV)
N " ' N " ’
C=2ZX;MxX;(N) G =2X{(N)xXi(V)

N
D=XXi(MxX1) J = AE—BB (A6)
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