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SECTION 1

ABSTRACT

Statistically significant quantitative structural imperfection measure-
ments were made on samples trom Ubiquitous Crystalline Frocess
(UCP ) Ingot 5848 - 13C, Important correlation was obtained
between defect densities, cell efficiency,and diffusion length.
Grain boundary substructure displayed a strong influence on the
conversion efficiency of solar cells from Semix material,
Quantitative microscopy measurecments gave statistically significant
information compared to other micro - analytical techniques. A
suriace preparation technique to obtain proper contrast of structural
defects suitable for QTM analysis was perfected and is now being

used routinely,

A study was made to determine the relationships between hoie mobility
and grain boundary density, Mobility was measured using the van
der Pauw technique, and grain boundary density was measured using
quantitative microscopy technique, Mobility was found to decrease

with increasing grain boundary density.



SECTION 2

QUANTITATIVE ANALYSIS OF DEFECTS

2.1 INTRODUCTION

The objective of this work is to gain fundamental understanding of the role

of structural imperfections and chemical impurities on solar cell performance.

The type, density, distribution, and electrical activity of such defects have signi-
ficant effects on solar cell performance, Most of the processes designed
to produce silicon crystals at low cost introduce a high density of defects in

crystals, which have a distinct effect on solar cell efficiency.

The types of defects present in many of the low - cost silicon ' sheets',
produced by a variety of methodology, run the gamut from point defects
to dislocations, planar defects such as twins and stacking faults, high
and low angle grain boundaries, and second phase inclusions, The
types of imperfections present and their density are a function of the

specific method used for producing the silicon sheets,

In general, rapidly grown ribbon - type crystals produced by techniques
such as the EFG process, the Web Dendritic method, etc., typically
contain a relatively high population of dislocations usually arrayed along
linear boundaries, a high density of twins, and chemical impurities in the
form of precipitates, Sheets formed by slicing of cast crystals, such as
SEMIX material, are generally polycrystalline in nature with grain dia-
meters from a fraction of a millimeter to several millimeters, and twin

boundaries oriented in different direction within many of the grains.

10
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Quantitative analysis of surface defects was performed by using a Quantimet
Quantitative Image Analyzer (QTM 720), The results were double checked

by manually counting all the defects, The QTM 720 can differentiate and
count 64 shades of grey levels between black and white contrasts, In
addition,it can characterize structural defects by measuring their length,
perimeter, area, density, spatial distribution, frequency distribution (in
any preselected direction), and is programniable in these measurements,
However, the QTM 720 is extremely sensitive to optical contrasts of various
defects, Therefore,to obtain reproducible results, the contrasts produced
by various defects must be similar and uniform for each defect types along
the entire surface area of samples to be analyzed, To achieve this contrast
uniformity, a chemical cleaning and polishing procedure was developed and
perfected for the SEMIX samples described in this report, The cleaning and

polishing procedure produced a very clean and even surface. Statistically

significant quantitative data was measured and their significance is discussed.

2,1.1 ADVANTAGES OF QUANTITATIVE MICROSCOPY TECHNIQUE

There is significant advantage in using quantitative microscopy technique
as described herein to analyze structural defects., Techniques such as
transmission electron microscopy (TEM), scanning electron microscopy
(SEM), while providing useful information,are usually performed at higher
magnifications, For example, TEM analysis is usually carried out in the
magnification range 10, 000X to 300,000X, Because of the high magni-

fication employed, the area of the field of view is very very small

11



compared to the total surface area of the starting sample, such as a 2cm by
2 cm sample, Hence, the information obtained,although impressivs,iiay

not be statistically significant. However, in our quantitative microscopy

technique as used in this report, the magnifications used are very low

suchas 100X to 1000X. Inaddition, a total of 62 fields was analyzed
from a 2 ¢ .y 2 cm sample, For grain boundary and twin boundary
measurement, the total area analyzed was 1,49 cm? fora 2 cm by 2 cm
sample i.e., a whopping 37% of total surface area was actually measured.
For precipitate particles, the total area analyzed was 0,09 em? i.e. 2. 3%
of the total surface area was measured, For dislocation pits, the total

#vea measured was_0, 37% of the total sample area. By way of comparision,
if we were to analyze 62 fields from a 2 cm by 2 cm sample by TEM technique
at 100, 000X, the total area for 62 fields will be only 0. 00000147 cm2 which

is 0,000037% of the sample surface area.

Therefore, the results obtained by quantitative microscopy technique as

described in this report are statistically more significant and reliable

than any other technique such as TEM, SEM, etc.

12
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SECTION 2.2

EXPERIMENTAI. PROCEDURE

2.2.1 CHEMICAL POLISHING AND ETCHING

Fifteen (15 ) samples from SEMIX's Ubiquitous Crystalline Process
(UCP ) Ingnt 5848 - 13C were received by Materials Research,
Inc,, (MRI) from JPL for characterization of structural defects.
These samples measured 2 cm by 2 cm and were designated by
JPL as 1-4-13 (orA-13), 2-10-2 (orB-2), 3-10-12

(or C-12), 4-10-8 (orD-8), 1-2-13 (orE-13), 2-9-2
(orF-2), 3-9-12 (orG-12), 4-9-8 (orH-38), 1-10-13
(or T), 1-12-14 (orU), 2-5-1 (or V),

3-4-12 (or W), 3-4.16 (orX), 4-2-4 (orY), and 4-2-8
(or Z), We notice that each sample is defined by three numbers.
The first number refers to the section, the second number refers

to the wafer number, and the third number refers to the cell number,.
Thus, sample A is located in section 1, wafer number 4, and cell
number 13, The location of the samples i; shown clearly in Figure 1
with respect to the center line of the casting ¢ - ¢ . From
Figure 1 A,it is clear that Ingot 5848 - 13 C is one- quarter (1/4)

of the total casting. This quarter ingot was cut into four (4)

13
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soctions, Fach section was further sectioned into twelve

(12) waters, and sixteen (16) celln,

Samples 1, UV, W, X, Y, and 7 were as - received
samiples, They were not subjected to any procesaing.
Samples  E, ¥, (, & Hwere fabricated into molar cells without
petterving, Samplea A, 1, ¢, and D were gettered at

'S I , s 7 .
Ren ¢ for 1/2 hour and then processed into solar cells,

The QM 720 apparatus is extremely scnsitive to contrasts
produced by various structurval defecta, It can distinguieh

64 whades of prey levels hetween black and white, Ny
remembering the exact shade, the QUM 720 is alle to corvectly
count each defect types, Thevefore, to obtain accurate and
veproducible results, it is very imporiant that each structurval
defect type be etched to jdentjval contrast, MR]1 has now
perfected a chemibcal  cleaning, polishing, and etching procedure
to produce contrasts to such a demanding requiremient in these
Semix  samples, All chemicals ured weve low Sodiut MOS,

Electronie  Grade, The following procedures  were used:

14
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Greaae! Dust and czher Surface Contamination Removal
“ R

time
(min,)

a, Sample immersed in trichloroethylene 3

b, Sample rinsed in acetone 3

¢. Sample rinsed in 2- Propanol 3

d. Compressed N, gas to blow oftf 2 - Propanol 0.5 1
to prevent stain marks

2) Protective Coating Application

a, Using a fine paint brush, Apiezon Wax dissolved in tri-
chiorcethylene was applied to one surface of the silicon
sample,

b. The wafer was then heated on a hot plate to about 120° C to
accelerate evaporation of trichloroethylene. ‘“he Apiezon
Wax melted and spread uniformly covering the entire surface.
All of the trichlorcethylene evaporated leaving behind a thin
coating of the acid - resistant Apiezon Wax covering the surface.

3) Silicon Oxide Layer Removal

time
(min, )

a. Sample was immersed in concentrated HF 4

b. It was then ringed in d-;;tilled water 4

¢, It was then rinsed in 2-propanol | 4

d. N, gas to blow off excess 2-propanol 0.5

15
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The protective coating application is done for two reasons: i) to prevent
attack and dissolution of samples from two surfaces, By using a wax
coating, the coated surface is prevented frnm chemical attack during
polishing and etching procedure, ii) the protective coating may be
dissolved later in trichloroethylene and JPL may in future build a solar

cell on that surface., Thus a direct correlation between cell efficiency

and defect densities for each sample may be obtained.

4) Chemical Polishing Procedure

The chemical polishing solution is a mixture by volume of 1 part
nitric acid (HN03) ¢ 2 parts hydrofluoric acid (HF ) ¢ 3 parts

acetic acid ( CH,COOH ). The following procedure was used

3
time
(min, )
a. The wafer was immersed at 50 % 3°C in 0.1-0,.75
polishing solution
b. It was then rinsed in deionized distilled water 4
c. It was then rinsed in 2 - propanol - 4
d. N, gas blown to dry sample surface 0.5
e, Sample was observed under micrscope and polishing 0.1-0,75
was continued until a smooth flat surface was observed

5) Chemical Etching Procedure

The chemical etching solution consists of 2.5 gm. of chromium

trioxide ( Cr03) dissolved in 15 ml, deionized distilled water

16
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and 15 ml. concentrated hydrofluoric acid ( HF ). The following

procedure was used:

time
(min,)
a, Sample was immersed in the chemical etching 0.1-0.3
solution
b. It was then rinsed in deionized distilled water 4
c. It was then rinsed in 2 - propanol 4
d. N2 gas blown to dry sample surface 0.5
e. Sample was observed under microscope and etching
procedure was continued until dislocation pits are
visibly observed l

The etching times for the Semix samples were

as follows.

Sample No. Etching Time
( Sec. )
A-13 67
B-2 60
C-12 48
D-8 37
E-13 77
F-2 82
G-12 61
H-8 48
Average 60

17
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RESULTS AND DISCUSSION

MEASUREMENT OF GRAIN BOUNDARIES, TWINM BOUND-

ARIES, PRECIPITATE PARTICLES, AND DISLOCATION

PITS

Using an Olympus Inverted Optical Metallurgical Microscope,
Model PME , approximately 62 fields on each sample were
analyzed for structural defects. Figure |B shows the relative
positions of the 62 fields that were observed on each sample. The
feature under investigation is counted in each field and averaged over
the 62 fields for a statistical average of the overall sample. The
field of view of the microscope is a necessary quantity to know so that
some dimensions can be given to the defect feature, Using a

0.0l cm - 0,001 crmn calibrated standard microscope slide, the
diameter of the field of view was measured at different magnifica-
tions, From this data, the circumference and the area of the field
of view was determined. This data is tabulated in Table 1. Table 1
shows that as the magnification approximately doubles for successive

objective setting, the diameter of field of view decreases by about half,

The defect measurements were done in three (3 ) separate steps.

First, the grain boundary and twin boundary intersections were

18
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The circumference and the fleld of view on the Olympus Inverted

PME Microscope

Eye- Object- | Magnifi- | Diameter Circum- | Area of
piece ive cation of field of ference field of
Lens Lens view (cm) of field view2
of view (cm™ )
(cm)
10X 5X 50X 0. 36 1,13 0.102
10X 10X 100X 0.175 0.55 0.0241
10X 20X 200X 0.089 0,28 0.00622
10X 40X 400X 0. 0435 0.137 0.00149
10X 100X 1000X 0.0174 0. 055 0.000238
Sample Calculation:
Circumference at 50X = T*D = () (0.36cm) = 1,13 cm
n p? ™ (0.36 )2 )
Area of field of view at 50X = = = 0.102 cm
4 4

19
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measured for all the 62 fields using a magnification of 100X in

the polished condition, Next, the precipitate particles were
measured for all the 62 fields using a magnification of 400X in

the polished condition. Next, the sample was etched in the etching
solution and immediately measurements were made for disiocation

pits for all the 62 fields at a magnification of 1000X.

All of these measurements were made manually, Attempte were
made to use the Quantitative Image Analyzer ( Quantimet QTM 720 ).
However, this was not successful since the contrast on the CRT was
poor for the fine precipitates at 1000X, These manual measure-

ments were done very carefully, the measurements were repeated,

and found to be reproducible. All measured data is listed in Appendix.

2,3.] Measurement or Grain Boundary and Twin Boundary Length

Per Unit Area

Since grain boundaries can be location of efficient carrier recombi-
nation centers and act as sinks for impurities which can be detri-
mental to the efficiency of the solar cell,l"4 the grain boundary
length per unit area is an important quantity to know. Using a
statistical method of counting the intersections of the grain boundaries
and twin boundaries with a test line, the length per unit area can be

. 5,6
calculated using the following relationship ™’ :

20
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LA = (®/2). PL.where

LA = line length of grain boundaries or twin boundaries
per unit arsa ( cm/cm? )

PL = number of point intersections of grain boundaries

or twin boundaries per unit length of test lines.

Figures 2, 6, 7, 8, 9, 12, 14, 16, and 17 show typical structures
of twin boundaries and /or grain boundaries in the Semix samples.
The Appendix Tables 1, 4, 7, 10, 13, 16, 19, and 22 contain a
listing of the raw measured data for grain boundaries and twin
boundaries, The information in the above tables has been summar-
ized in Table II, along with calculated values for arithmetic mean

and standard deviation.

Several tentative graphs are shown in order to determine any apparent
relationship in the measured data, These graphs are preliminary
and subject to revision as more and more samples are examined and
better information about sample history is obtained from other sources

( such as Semix Corporation, JPL, OCLI, etc., ), Figure 20
shows a plot of twin boundary length as a function of the distance of the
wafer from top of the ingot. Figure 20 shows that, as a first approx-
imation, twin boundary density ( expressed as length/unit area )
decreases as the distance from top of ingot increases. Samples A

and E located at top of the ingot have higher densities.and lower



TABLE 11

Graiun Boundary and Twin Boundary Length Per Unit Area for the

Semix Samples

SEMIX Grain Boundary Twin Boundary

Sample Length per unit Length per unit

Number area area

(cm fem?) (em /em?)

8,2 99. 0

A - 13 X = 2.9 X = 34,6
e = 2,0 o = 56.5
4,5 15, 8

B -2 X = 1,6 X = 5.6
e = 2.2 o = 9,3
13. 4 31.9

C - 12 X = 4.7 £ = 11.2
o = 2.7 o = 11,1
13.8 44,5

D-8 X = 4.8 % = 15,
g = 3,2 oo = 17,1
7.1 68,5

E - 13 x = 2.5 X = 24
g = 2.1 o = 38
5.4 12.2

F-2 %X = 1.9 £ = 4,3
o = 2.6 c = 6.8
12.1 40, 7

G - 12 X = 4,2 X = 14.3
o = 2.6 o = 15,5
9.4 35.9

H-8 ¥ = 3.3 ¥ = 12,6
e = 1.9 o = 13.3

Average 9.2 43,6

£ features in all fields
X = arithmetic mean =

standard deviation

Total number of fields

n - 1/2
1 < >
=l Z. (x = %)
n-1 i =1 )
22



solar cell efficiencies, To explain this phenomenon, data
on crystal growth conditions are required, which is currently not
available, Figure 24 is a plot of the data listed in Table 11,
As a first approximation, Figure 24 shows that as the grain
boundary length/unit area increases, the twin boundary length/unit
area increases rapidly at first then levels off and decreases,
Assuming that nucleation of twin boundaries occur at grain
boundaries, one would expect the twin boundary density to increase
with decreasing grain size i.e,, increasing grain boundary
area, However , there are many interrelated unknown factors
( regarding crystal growth coaditions ), which may make any
possible definite relation between grain size and twin boundary
density difficult to determine, The purpose of plotting twin
boundary length versus grain boundary length is simply to
pictorially depict obsezrved relationship. Figure 24 does

npt imply that twin boundary area must depend upon grain
boundary area. A further study will be reciuired to see if

there is any definite relationship between these variables,

2,3,2 Measurement of Precipitate Particles

The polished samples were observed at a magnification of

400 X, and the number of precipitate particles were counted in

23



each fiell. There appeared to be two fairly distinct sizes

of what was counted as precipitate particles, The large-
sized defects were clearly recognized to be precipitate par-
ticles, However, there were smaller features, that could

not be resolved clearly, which looked like precipitate particles,
The only other possibilities were that these features are small
stain marks or etch pits, Since there is some questions

as to the identity of these features, observation of these samples
at a higher maynification using a Scanning Electron Micro-
scope (SEM) is recammended. However, for the time being,
these features will be regarded as aimall precipitates, subject

to correction later, The Appendix Tables 2, 5, 8, 11, 14,
17, 20 and 23 contain a listing of the raw measured data

for precipitate particles in these Semix samples . The
information contained in the above tables have been summarized
in Table Ill, along with values for arithmetic mean
and standard deviation. Small and large precipitate particle

densities are listed separately in Table 111,
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Precipitate Particle and Dislocation Pit Density for Semix Samples

o
SEMIX  Precipitate Particie Density Di=location -'
Sample (pn'ticlel/cmz ) Pit Dono&ty
Number (pits /cm®)
small large total
3 3 4
22 x 10 745 23 x 10 4.9 x 10
A -13 Y = 33 x = 1.1 x = 12
o =365 | @ = 1.5 g = 23
19.5 x 107 | 44 20 x 103 9.5 x 0%
B - 2 'i' = 29.1 i = 0. 66 .i = 23
g = 18,1 g = 0,95 g = 45
6.2 x lO3 65 6.3 x 103 37 x 104
C -12 x. = 9,2 X = 0.1 x = 89
g = 7.7 g = 0.4 g = 62
2.5 x10° | 152 2.7x10° 10 x 10%
D-8 x = 3.8 ¥ = 0,23 % = 24
g = 4.0 g = 0.46 g = 51
9.1x103 | 400 9.5 x 10° 37 x 10t
E .13 % = 13.5 X = 0.6 X = 89
g = 10.6 g = 0.7 g = 96
4.8 x 103 740 5.6 x l.O3 17 x l()4
F-2 x = 7.2 xx = 1.1 x = 40
g = 10.5 g = 2.1 d = 111
6.4 x 103 140 6.6 x 103 45 x 104
G - 12 x = 9,6 x = 0.21 x = 108
g = 8.0 g = 0,41 g = 161
3 3 4
9.5 x 10 250 9.7x 10 g6 x 10
H-8 x = 14,1 X = 0.4 X = 204
g = 10.9 g = 0.8 g = 235
Avg, 10.0 x 103 367 10 x 103 31 x 104

For precipitate particle density, 2.3% of the total area was meaeured,

For dislocation density, 0.37% of the total area was measured.
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A sample calculation for sm#ll precipitate density in sample F-2 in

Table III is shown below:

Magnification = 400X
Areaof firld = 0,00149 cm®
— 447 A ai
X for small precipitate = " = 7.2 (;‘:%lepl;.;ln) x
No. of small precipitates (total no. of small precipitates counted)
unit area ) (total no. of fields) (area of a field)

(447
= mz (see Appendix
- 00 ) " ‘Table 17)

4.8 x 103 precipit&teu/cmz

Figures 3, 4, 5, 13, and 15 show precipitate particles on

some of the Semix samples. The large precipitate diameter is of the

order of magnitude ~ 15 x 10 —4 cm, while the small precipitate diameter

is of the order of magnitudea3 x 10 =4 ¢m.

2.3.3 Dislocation Desnsity Measurement

After etching each of the Semix wafers, the dislocation density

was determined by countix;g the number of dislocation etch pits at
1000X in each field of view for approximately 57 fields per sample,
The number of fields meznsured was slightly lower due to mechanical
interference of the longer objective lens with the microscope stage., The

Appendix Tables 3,6,9,12,15,18,2i, and 24 list the raw rneasured data
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for dislocation number density. The information in the above tables have
been summarized in Table III, along with calculated valuee for arithmetic
mean and standard deviation, A sample calculation for wafer F-2 in

Table 1l is as follows:

Magnification 1000X

Total nimber of dislocation pits counted 2334 from 59 fields

Area of Field 0.000238 cm2

(total no. of dislocation pits counted)

Dislocation Pit density
(total no, of fields) (Area of field)

(2334)
= @@ee Appendix Table 18)

(59) {0.000238 cm?)

= 1.7 x 105 dislocation pits/c:m2

Figures 10, 11, 18, amd 19 show dislocation arrangements in some

of the Semix samples,

Fi’gure 21 shows a plot of dislocatiun density versus la-ge precipitate
di:nsity from the data listed in Table III ( data for small precipitate was
not used in Figure 21 since the identity of small precipitate was not
positively established). Figure 21 shows that as the large precipitate
density increased from sample to sample, the corresponding dislocation
density decreased, This trend is quite clear even though some anomalies

are present in Figure 21, This observation may be explained on the basis

OREE L s
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that dislocation lines constitute tuben of fast diffusion, with a diffusion
coefficient close to the coefficient of self diffusion along grain boundaries,
The rates of diffusion along such short-circuit paths are significantly
higher than for volume diffusion, since the associated activation

energies are much lower than for volume diffusions. As dislocation density
increases, larger number of short-circuit paths are now available

for impurity atoms to migrate, Thismay result in a decrease in
precipitate density, While the intrizsic properties of individual disloca-
tions, dislocation networks, and grain boundaries are governed by the
presence of space charge cylinders around defects, the typical electrical

response of these structural defects is determined by the presence of

impurities in association with the defects, The interaction energy

between common impurities such as Fe, Ni, Cu and a dislocation are

fairly high, so that impurity atmospheres and impurity precipitates can

form at dislocationa9. When defect intersections occur in crystals, the

le, 11. Presence of

résulting electrical effects are more pronounce
impurities at or near crystallographic defects make them electrically
active. When P is diffused into the crystals, the impurities from the
defects are ''gettered'' due to reactions between P and impurities decora-
ting the defects., As a result, the defects are no longer electrically active,
However, the defects are still present within a diffusion length of beam-
generated charge carriers, Hence, predominant electrical effects in

silicon devices are caused by defect-impurity association (see Fig. 10,11, &19).
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2.3.4 Cell Efficioncy Versus Twin Boundary Density

Table 1V lists the defect densities in these Semix samples as obtained

by MRI along with the data for cell eftficiancy and diffusion length as
obtained by 0(‘,;1.11’7 . The data for cell efficiency was plotted as a
function of the observed Gata for different types of structural defects,
Figure 22 shows a plot of cell efficiency versus twin boundary density,
An approximate inverse relationship is observed, Plotting cell efficiency

versus grain boundary density did not show any clear trend . The

significance of Figure 22 is that the grain boundary substructure may

influence cell efficiency in Semix material, In other words, the defect
structure within grajns may influence the cell efficiency more than the
grain boundary itself. Furthermore, as mentioned in page 25, inter-
actions of these substructures with one another and wite, impurity atmo-

spheres may cause more pronounced elecirical effects,

2.3.5 Diffusion Length Versus Dislocation Density

The numerical data for diffusion length was plotted ia several ways
using the various observed data for different types of structural defects
listed in Table 1V, Figure 23 shows a graphical plot of diffusion length

versus observed dislocation density in the cight samples, The figure shows

an important troand, An inpverse relationship is observed between diffusipn
- St 2 Bttt MO v prE——”

length and dislocation density. Since the average grain size in these samples
is expected to “e larger than the diffusion length in a single crystal Semix
of the same doping level (data not currently available), the effective lifetime

and diffusion length in the polycrystalline Semix samples is expected to be
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reduced by substructures within grains (such as ti.in boundary density,

dislocation density, and precipitate particle density along with chemical

segregation around these substructures).

2.3.6 Cell Efficiency Versus Area of All Defects

In an attempt to correlate the cell efficiency with various structural
imperfections, it was tentatively assumed that the effectiveness ( in
reducing the cell efficiency ) of various defect types was same. With
this assumption, the total area of all structural defects was determined

and summed.

The actual measurement on plane of polish of silicon wafers yields
information in terms of length per unit area of structural features

(listed in Table 1V). However, these features are truly three-dimensional
and, therefore, quantitative stereological relations can be used to convert
these measured quantities to area per unit volume, For example, dislo-
cation density measured in number /em® is the same quantity as length /cm3
of dislocations 5. In order to determine the effect of various defects, the
data in Table IV have been converted on a unit volume basis and is listed

in Table V. The effectegdefects on charge carriers will be in the immediate

vieinity of the defects. Therefore , surface area of defects per unit volume

is the most logical parameter to correlate efficiency with defect densities,

The precipitate matrix~-interface area per unit volume ( i.e.,"area of influence"
for precipitates ) was calculated as follows ¢
S I | él2 12
vy S TR (G
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Where d1 and dz are the diameters of the large and small precipitates,
and el and ez are respective densities (number/cm3). The precipitates
exhibited binodal distribution. Smaller precipitates were on the average me
about 3}lm in diameter, while the larger precipitates were on the average
about lem in diameter. With this information, the surface area for small

and large precipitates may be calculated and these are listed in Table V,

With regards to dislocations, it was assumed that a cylindrical area
around a dislocation is the effective area in reducing cell efficiency. The
radius of this cylindrical area was assumed to be 208 . The reasoning
for this assumption is that electrically active impurities will likely be
located within 5b from the core of the dislocation ( where b is the Burgers
Vector). Thus, the ''area of influence ' due to the dislocations is given by:
Sy@) = 2MR r
Where [ = dislocation density (cm/cm3 )
and R = effective radius =% 208
In Table V, the respective areas of influence for these defects ( per unit
volume) are listed along with cell efficiency. It is interesting to note that the
effective areas of the precipitate particles and dislocations ‘;;Rinsignificant —_
compared with the twin boundary area. It is further observed that at the
defect densities observed, there is virtuallyno correlation between the cell
efficiency and either the precipitate surface area or the dislocation surface
area. This aspect is graphically demonstrated in Figures 25 and 26.

Examination of Table V also shows that the grain boundary area, although

not insignificant, is considerably smaller in these samples than the
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corresponding twin boundary area. Once again there appears to be no
definite correlation between grain boundary area and cell efficiency,
Finally, upon examination of twin boundary area, it is seen that cell
efficiency decreases with increasing twin boundary area ( see Figure 22).
Also shown in Figure 27 is a plot of cell efficiency versus total defect
areas, Since twin boundary area is the predominant term, the overall

behavior is similar to Figure 22,

2.3.7 Cell Efficiency Versus Location of Wafers

An important and definite correlation has been found beiween cell efficiency
and location of the wafers with respect to the center line of ingot ( Figure 1A)
and in relation to the top center of the ingot. Figure 28 is a plan view of the
top of the ingot, which is shown in three dimension in Figure 1A, The
center line C in Figure 1A originates at© in Figure 28, and is perpen-
dicular to the plane of paper. Figure 28 shows the distanre of the center
of a wafer from originO. Thus, the center of cells A and E are located

l cm along X-axis and 1 cm along Y - axis from O. Therefore, their
center ir located at J 12 + 12 =2 = 1.414 cm from the center

line of ingot . The distance from ingot axis for the remaining cells were
calculated. Figure 29 shows a definite relationship between twin boundary
density and distance from ingot axis for the various celis, It is clear from
Figure 29 that the twin boundary density decreases as the distance of the
cells from ingot axis increases. Figure 30 shows important correlation
between cell efficiency and distance from ingot axis, As the distance

from the ingot axis increases, the cell effieciency also increases,

Specifically, the cell efficiency increases with increasing distance from
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the center of the ingot towards its outer surface,. For example, note
that cells A - 13 and E - 13 have lower efficiency , while cells B - 2,
F -2, D-8, H- 8 have much higher efficiencies. Furthermore,
a definite relation also evolves with reference the location of the ingot.
For example, note that the cells E - 13 and A - 13 were fabricated from
wafers very close to the top center of the ingot. Cell E-13 came from a
wafer which was just above cell A-13 ( Figure 1A ) Correspondingly, cell
E-13 has lower efficiency (6.2%) compared to A-13 (7.2%). Even though
these wafers are from adjacent location, the difference of 1% in cell effici-
encies js significant. Similarly, cell F-2 is just above cell B-2 and
correspondingly, cell efficiency for F-2 is smaller than that for B-2 (9. 6%
vs. 10.0% i.e., the differences is 0.4% ). Note that these cells, which
are considerably below cells E and A, have much higher efficiencies.
Similarly cells G-12 and C-12 have efficiencies of 9.5% vs. 9.7%
( difference is 0,2% ) where G is above C. Cells H-8 and D-8
have efficiencies of 10. 7% and 10.8% (difference 0.1% ) where H
is above D, Cells Hand D came from the lowest section ( 4th section )
of the ingot. These results are very remarkable in that they show a
definite pattern of cell efficiency in relation to location in the ingot .

A plausible explanation for this behavior is as follows:

It is assumed that this polycrystalline silicon ingot was fabricated by
melting silicon in a refractory mold. Upon cooling, it is assumed that

the material in contact with the mold is the first to solidify. Consequently,
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the topmost center part of the mold will be the last to solidify. Thus,

any impurities which have higher solubilities in molten silicon will be
rejected into the liquid upon freezing, Thus, the impurity concentration
will be highest in the topmost center part of the ingot, while lowest i.: the
bottom outermost part of the ingot. A schematic of the proposed impurity
distribution in solidified ingot is shown in Figure 31, The region around
A-B will have higher impurities then C ( Figure 31 ) It is well known
that certain impurities, which tend to segregate at various defects, render
these defects electrically active., Thus, cells made from topmost center part
of the ingot will have highest concentration of impurities and lowest cell
efficiencies. This is also the region where highest concentration of twin
boundary exists, If these impurities are associated with defects, the
defects may become electrically active and reduce the cell efficiency
drastically, The measured cell efficiencies clearly show this t::ad,
Furthermore, as the variation of impurity concentration varies exponen-
tially alons with distance in a zone melted or zone - refined body, the
relaive variation in cell efficiency will incrase from bottom to the top of the
ingot. The obervations clearly corroborate this hypothesis in that the
adjacent cells at D and H vary only slightly in efficiency ( 0.1% ) while
cells A and E which are from the top of the ingot exhibit large variation

(1.0% ) in efficiency.

The present work, therefore, suggests avenues for further research in order

to fully understand the role of defects on cell effieciency. For example, the
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precipitates and dislocations, at the densities observed, have no noticeable
effect on cell efficiency. Among the defects characterizable by microscopy
twin boundaries and grain boundaries seem to have t he largest influence.
Clearly then, the manufacturer should make process modifications in an

attempt to reduce twin boundary densities.

A significant parameter may yet be related to trace impurities in the ingot.
As pointed out above, the distribution of impurities in an ingot is most
likely dependent upon the mode of solidification, However, the present
analysis suggests that the impurity concentration will be highest

in the topmost center part of the ingot. ( The region of highest impurity
concentration will be the region that solidified last, This region will be
somewhat below the top center of the ingot ). The future work therefore
must focus on a thorough chemical analysis ( with reference to trace
elemente ) cf wafers as a function or location in the ingot. Furthermore,

detrimental impurities and their concentrations must be identified.

2.3.8 Unprocessed Wafers

Table VI lists the defect densities obtained on unprocessed wafers from
UCP Ingot 5848 - 13C, Figures 32 thru 36 show the distribution of
various defect types as a function depth for unprocessed, gettered, and
non-gettered samples, The idea was to determine what effect, if any,
gettering and processing may have on the distribution of defects. However,
the data in the table and figures are not conclusive., The variation of defect

densities in the unprocessed samples is considerable, requiring further study.
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TABLE VI

in Unprocessed Wafers

) 7 AN ‘F
Semix Small Large Dislocation Grain Twin
sample precipitate] precipitate]| density boundary | boundary
number density density (cm'z) length length
(cm™ %) (em™%) per unit per unit
area area,
(em™ ") (cm™ ")
1-10-13 (T) | 44200 2035 6.0 7.88 79.2
1-12-14 (U) | 29970 1705 1.1 3.14 29,2
2-5-1 (V)| 26250 812 20,6 32 36.3
3-4-12 (W) | 40370 2092 10.9 16.9 40
3-4-15 (X) | 39050 2405 15.2 28.8 27.0
4-2-4 (Y) | 23879 1916 37.2 16,9 34,8
4.2-8. (z) | 11430 693 16. 9 13.9 51. 2
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2.3.9 Numerical S-ijnlﬁcance of Measured Data

The measured data for the Semix samples are listed in Appendix Tables
1 thru 24, and the information in these tables are summarized in Tables
II, III, and 1V, The defect astructure characterization was done using
a statistical sampling of each sample over a TV raster and from this an

average value for each defect type in ecach sample was obtained 12'22.

Among these eight samples, the large precipitate density varied from
65 to 745 per cmz, while the total ( large and small ) precipitate density

varied from 2.7 X 103 to 23 X 103 per cmz.

Grain boundary length per unit area varied from 4,5 to 13.8 cm /cmz,

whereas the twin boundary length per unit area varied from 12,2 to 99,0
cm /cmz. Samples A-13 and E-13 had the higher twin boundary length
per unit area, while the grain boundary length per unit area for these
samples were in the middle range. Samples C-12, D-8, and G-12

had the higher numerical values for grain boundary length, but in the
middle range for twin boundary length, Samples B-2 and F-2 had lower
values for both grain boundary and twin boundary length, Figure 24 shows
that as the grain boundary length /unit area increases, the twin boundary
length /unit area also increases at first rapidly, but at higher values for

grain boundary length /unit area,it levels off and gradually decreases,

Dislocation density in these samples varied from 4.9 X 10* to 86 x 104 /cmz.
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Sample A-13 had the lowest dislocation density but highest large precipitate
density (see Table IV ), Samples C-12, G-12, and H-8 had lower
precipitate density but had higher dislocation density. Therefore, an
approximate inverse relationship was observed between dislocation density

and precipitate density as shown in Figure 21,

Sample A-13 had the highest twin boundary length per unit area as well
as the highest large precipitate density, Figures 2 and 3 show some regions
in this sample that illustrate this observation,

Figures 4 and 5 show some precipitate particles in fields free of twin
boundaries and grain boundaries in sample B-2 ., This sample had lower
twin boundary and grain boundary lengths per unit area but precipitate
density w.s in the medium numerical value, Figures 6 and 7 show some
twin boundary and grain boundary regions in sample C-12, Sample C-12
had higher grain boundary density. Sample D..8 had the highest grain
boundary length per unit area and also a relatively high twin boundary
density as illustrated in Figures 8 and 9. Figure 10 shows an area

in sample D-8 where dislocations have piled up between twin boundaries
Figure 11 shows another type of interaction between dislocations and a
twin boundary. Such a boundary may be electrically active as discussed

in page 21,

Figures 12 and 13 show a higher twin boundary density region, which is

typical of sample E-13, Sample F-2 has a lower grain boundary and
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twin boundary length per unit area, but a high precipitate density. Figure
14 shows interaction between twin boundary and grain boundary, and
Figure 15 shows a region of higher precipitate density in sample F-2,
Figures 16 and 17 show sample regions in sample G-12 with typical grain
boundary and twin boundary structures, Sample H-8 has the highest dislo-
cation density and typical areas are illustrated in Figures 18 and 19, In
Figure 18, the dislocations form simple networks. Figure 19 shows linear

arrays of dislocations interacting with twin boundaries on cither side

The standard deviation from the mean for all of the defect types is of the
same order of magnitude as the mean itself. This shows that there is a
large variation in the distribution of defects from one field to another

in the same sample,
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SECTION 3

EFFECT OF GRAIN BOUNDAMY DENSITY ON CARRIER MOBILITY

3.1 INTRODUCTION

The objective of this work is to determine the relationship
between carrier mobility and grain boundary density, that is
grain boundary length per unit area, 1in cast polycrystalline
silicon.

A polycrystalline wafer sliced from a cast mold will have
many defects ranging from vacancies to precipitates, twins,
dislocations, and grain boundaries. When considering the effect
on carrier maobility, grain boundaries are thought to have the
greatest influence.23

There are several reasons that grain boundaries are con-
sidered the limiting factor in mobiliﬁies. The most obvious 1is
the high concentration of other defects at a houndary. Since
there is a lattice mismatch at a boundary, there is bound to be
a high vacancy density. These vacancies act as a sink for
dopant atoms, thus resulting in an ionized impurity concentra-
tion near the boundary that is higher than the rest of the
crystal matrix, Since ionized impurities act as scattering
centers for charge carriers, mobilities will necessarily be
lowered.

Another feature of a grain boundary is band bending. That
is to say the conduction and valence bonds, at the g¢grain
boundary, are bent up and down respectively thus presenting an
e .. rgy barrier for electrons and holes. This, too, should

decrease mobility.
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Carrier mobility was measured via the Hall effect using a four-point-
probe configuration, Important parameters such as resistivit'’, carrier
type, an.l carrier concentration were also measured. Grain boundary density

was measured by quantitative optical microscopy 32.

SECTION 3,2

EXPERIMENTAL PROCEDURE

Equipment List

Keithley Instruments model 225 current source

Hewlett Packard 412 A vacuum tube voltmeter

Keithiey Instruments model 600 B electrometer

Harvey Wells model 1050A magnet power supply

Magnion 7" electromagnet

Power Logicon model 5C ultrasonic wire bonder

Nikon Optiphot optical microscope

Olympus OSM optical microscope

Hewlett Packard 3465 A Multi meter
Eight (8) SEMIX samples from UCP Ingot 5848.13 C were used in this study.
These samples were designated by JPL as A-13, B-2, C-12, D-8, E-13, F-2,
G-12, and H-8. The samples were first characterized for structural defects
as described in an earlier report 32. The specimens for Hall mobility mea-
surements were obtained from each of the above 8 samples by scribing a line
parallel to one of the edges,and then cleaving the sample along the scribed line.
The cleaved piece was then broken into three smaller pieces. Therefore,
initially there were 24 irregular specimens of sizes ranging from 2mm by

5mm to 5mm by 5mm. Due to breakage and handling problems only 20

specimens were eventually characterized. Thickness was measured by placing
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samples on edge and measuring them with a filar eyepiece at a
magnification of about X100 with the Olympus microscope.
Electrical connections were made by mounting the sample on
a PC board with four copper strips then, using an ultrasonic
wire bonder, 18um aluminum wire was beonded to the silicon

surface and then to the copper strip (Fig. 1). This technique

" was used so that the contact area would be iis émall as possible

and be bonded as close to the edge of silicon sample as
possible so as to reduce the influence of the contacts on the
measurements. The power and time settings for the silicon and
copper bonds were 2 and 1.6, and 2.4 and 2 respectively.

Resistivity measurements were made using the configurations
in Fig. 2. Current was passed through the contacts depicted in
the figure and the corresponding potential induced at the other
contacts was measured. This procedure was repeated in both
configurations, with the current flowing in the forward and
reverse directions and at ¢.1 and 1mA to insure ohmic behavior
in that region. The ammeter insures that the desired current is
indeed what is flowing between the points in question.

Hall voltages were measured with the electrical connections
in the coqfigurations shown in Fig. 3. Current wasz passed
thirough the contacts shown in each configuration and the poten-
tial across the other contacts was measured. The magnetic
field, whigh is perpendicular to the face of the sample, was
then applied. The voltage was then measured again. The dif-
ference between the two readings is the hall voltage. The
procedure was repeated in both configurations with the current

flowing in the forward and reverse directions. The sample was
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then turned around 180 degrees ;with respect to the magnetic
field and the procedure was carried out again. This procedure
negates the effects of any physical assymmetries in the experi-
mental setup. Most of the samples were measured with a current
of 1ma and an B8KGC magnet.c field. Scme samples were run at
different levels of current and magnetic field to facilitate
more accurate voltage readings.

Grain boundary density was determined by examining the
samples at 400X with the Nikon microscope. The diameter of the
field of vision was determined with a calibrated microscope
slide. The number of grain boundaries that intersected the
circumference of the field of vision were then countgd. Due to
the irregular shapes and sizes of the samples the number of
fields of vision per sample varied greatly. To preserve some
statistical wvalidity a grid was wused to determine where to
locate the center of a given field. See Fig. 4 for a portion of
the grid. Each dot represents the center of a field of vision

and there is 0.5mm between dots on a horizontal row.
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RESULTS AND SAMPLE CALCULATIONS

3.3.1 THICKNESS

The calibration of the filar eyepiece on the Olympus
microscope when using the 10X objective 1is 0.9909 u m/div

Data taken for the three pieces from sample G-12 is shown

in Table 1. Final results for all eight samples is shown
in Table 2.
TABLE VII

THICKNESS MEASUREMENTS ON SAMPLF G-12

INITIAL READING FINAL READING d(div) d(um)

1 276 564 288 285
2 361 653 292 289
3 208 526 318 315

d = 296um max. % deviation = 6.4%

TABLE VIII

THICKNESS DATA FOR ALL SAMPLES

sample d(um) max.% deviation
A - 13 266 2.4
B - 2 315 3.1
C - 12 304 1.2
D - 8 277 5.5
E - 13 305 3.5
F - 2 290 0.8
G - 12 296 6.4
H - 8 285 1.7
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3.3.2 RESISTIVITY

Using the configurations (1) and (2) in Fig. 2, the

resistances RABCD and RBCDA' respectively, can be measured where
R _ Potential across DC _ Vbe
ABCD ~ Current through AB ~ IAB
and
R _ Potential across DA _ Vba
BCDA =~ Current through BC ~ IBC
It was shown by Van der Pauw33that the following relation
holds:
exp [-m, . (3)) + expl-"R__ (3)] =1
ABCD' 9 DCBA'p

equation (1)

where d is the sample thickness and ¢ is the resistivity of the
sample. Since the resistances and thickness of a given sample
are known, p can be determined by use of equation (1).

A calculation of ¢ for the first of the C-12 samples,

C-12-1, follows:

cC-12-1
I - 1mA Ry oo = '0014552 L0015 _ | g
Roopn = .04523 045 _ e g
I = 1004A Ry - .000152; 00015 _ | o o
Rocpa - .004523 L0046 _ oo o

ABCD 1.485 ohm,

RBCDA = 45,25 ohm; using these values and

R
d = 304um, equation (1) gives p = 1.8%2-cm.
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. 3,3.3 Hall Const,, Mobility, Carrier Conc; , Carrier Type

The Hall const., mobility, carrier conc., and carrier type
were determined using the configurations shown in Fig. 3. Data
taken for sample G-~12-2 is shown in Table 3. This is followed

by sample calculations.

"Sample;G-~12-2

I = 1mA, B = 8KG, d = 296um, p= 2.18-cm

TABLE IX
MFEASURED VOLTAGES ON SAMPLE -12-2
Configuration 1 Configuration 2
vl(B=o) V2(B£0) Vu v1(5=o) v2(8£o) Vy
+I +B .05 .0515 .0015 .056 .055 .001
"'I +B 0056 -057 -001 0052 .051 .001
+1 -B .056 +055 .001 052 .053 .001
Vl--V2 = VH = ,0011V
V. .d 4
Hall const. = RH = BPIl.' = (.(3(:)511V)(296 x_lso Cm; = 3930m3/cou1
10 “amps 8.5x10 “w/cm
l:‘H 393 2
Hall mobility = MH =5 T 371 " 187¢m /v—sgc
Carrier conc. = P = Rl = 1 —15 = 1.58 x lolﬁcm"3
W9 393(1.6 x 10" '%coul)

where q = charge of an electron.
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Carrier type is determined by the following example:

if V., is >0 when B
an ekcess of negative c¢

the contact D (ref.
B £ 0 and V > V

rier 1s a ﬁole Ei

in the direction

current and is

deflected by
thereby

Fig.
the charge car-
nce it travels

o,

there is

5),

harge near

when

of conventional

force, F = q(V x B)

creasing the positive

between B and D,

3.3.4 NORMALIZED MOBILITIES

a

in-

potential

34

Hlole mobility may be given by the relationg

P
¥ 2 ¥Ymin

m

max = Ymin

P €
1 +(P )
ref

where Mmin =
2
Mmax = 495 cm“/v-sec
P = 6.3 X 1016 cm
ref
and
« = 76

The hole mobility normalized to a carrier conc. of P =

- *
lolﬁcm 3. ¥ , is given by

16
* 10
N
r

where p, is the hall mobility,hnd ¥
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3.3.5 GRAIN BOUNDARY DENSITY

The grain boundary density, G.B., is calculated by using the

following relation from Brandon3? H

P
G.B. = (%) (ﬁli)cm/cm2

total number of intersections of
. grain boundaries with the test line

unit length of the test line

where PL

and N = No. of fields of vision.

At 400X the diameter of the field of vision is .043 cm so the
circumference, 1length of the test 1line, 1is (»)(.043) cm.

A calculation of G.B., for sample D-5-1 follows:

D-8-1
PL = 50 N = 59
_ 50 _ 2
G.B. = (5)“(.043)59 = 9.85 cm/cm
A summary of resulits is listed in Table 4. This table lists data for

resistivity, Hall mobility, carrier concentration, hole mobility, normalized

hole mobility, and grain boundary density for all 20 specimens.
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TABLE X

Carrier Concentration,

PN

PO Gl it Y

4 ,
e

Hole Mobility,

Normalized

Hole Mobility, and Grain BDoundary Density for All 20 Specimens
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. ' "’ _1 ) l6 .‘lv, +
SAMPLh AW —cm) u"(cm"/v-:wc) P x 10‘6(cm 3 “P(sz/v_sec) pmp u cmz/v-s C.B.(cm/cmz)
' M
A-1 1.65 201 1.80 370 1.10 221 4.42
B-1 2,45 176 1.44 385 1.05 185 9.06
7 B-2 3.00 213 .97 408 1.00 213 16.97
B-3 1.85 212 1.58 379 1.07 227 12.41
C-1 1.80 337 1.02 405 1.00 337 2.12
c-2 1.69 198 1.86 368 1.10 218 15.17
c-3 2.20 187 1.51 382 1.06 198 11.86
D-1 2.20 178 1.59 378 1.07 190 9.85
D-2 2.15 177 1.64 376 1.08 191 6.43
D-3 3.10 85 2.36 351 1.16 99 16.16
E-1 1.86 274 1.26 393 1.03 282 0
E-2 1.75 226 1.58 379 1.07 242 .32
F-1 2.30 199 1.36 388 1.05 209 15.23
F-2 2,60 104 2,30 353 1.15 120 20.46
F-3 2.15 242 1.15 399 1.02 247 15.61
G-1 2.05 240 1.26 393 1.03 247 10.00
G-2 2.10 187 1.58 379 1.07 200 12.79
H-1 1.50 380 1.09 402 1.01 384 2.52
H-2 1.55 124 2.00 363 1.12 139 13.25
C H-3 1.58 202 1.90 366 1.10 224 18.45
AR



i S

~~

-4

P

r

"

(jl?:q""'w .
SFCTION 3.4 e T Ty
OF Pouy Ca, i

o
SRS

DISCUSSIONS

When hole mobility is plotted as a function of grain
boundary density a trend develops. 7hat is, mobility decreased
as a function of grain boundary de¢nsity. This result, based on
the electronic features of grain boundaries, 1s expected. But,

it must be noted that while there is a clear trend, there is no

" clearly defined fundamental relationship evident.

It is noted that for grain boundary densities above all
but the lowest values, the great majority of samples have
mobility values centered near 200 cmz/v—sec for raw data (Figqg.
6) and 215 cmz/v—sec for the normalized data (Fig. 7). It is
also noted that within this region there is no defined trend
between mobility and grain boundary density. Several explana-
tions may be offered to explain this behavior.

It may be' proposed that the range of grain boundary
density is too small to allow conclusions to be drawn concerning
a cause and effect relationship. Perhaps grain boundary densi-
ties spanning several orders of magnitude should be examined to
determine if a fundamental relationship can be observed.

It may be reasoned that ~200 cmz/v—sec is the "character-
istic" mobility for all but the most defect free samples. Those
samples with much 1lower values are vastly different in the
nature of their defect structure. One such difference may be
the precipitite density. A precipitate will act as a scattering
center and so it stands to reason that a sample with an

extremely large precipitate density would have lower mobility
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values than would be expected based on grain boundary density
alone. |

Ancther factor that is likely to affect the mobility as a
function of grain boundary density is the grain size distribu-
tion and the geometric distributigon of grain boundarie: on the
samples themselves. Distances between grain boundaries ranged
from ~*100um to more than a millimeter. There 1is no clearly
defined relationship between mobility and grain sizes nor is
there enough sample area available to get a statistically valid
idea of the grain size distribution.

Geometric considerations nust also be examined. That is to
say, what is the actual distribution of grain boundaries on the
sample. Grain boundary density does not take into account the
uniformity of boundary distribution. It is reasonable to assume
that two samples, one with grain boundaries uniformly dis-
tributed and the other with nearly all its boundaries concen-
trated in one portion of the sample, will have different
mobility characteristics even if the grain boundary density is
the séme for both. Since there is no quantitative method to
analyze and relate the "boundary distribution" to boundary
density, ambiguous results are likely if boundary density is

considered the only independent parameter.
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SECTION 4

CONCLUSIONS

4.1 Quantitative Analysis of Defects

This work has resulted in a breakthrough in correlating the efficiency of
solar cells from UCP Ingot 5848-13C with impurities and imperfections.
Of the four types of structural imperfections measured, twin boundary
density showed a remarkable effect on cell efficiency (Figures 22 and 27,
Table V ). It was clearly established that cell efficiency increases with

decreusing twin boundary density,

A definite correlation was found between cell efficiency and locatioa of
wafers (Figure 30). As the distance from ingot axis increases, the cell
efficiency also increases, At the top center of the ingot where higher
concentration of impurities and twin densities exist, the cell efficiencies
were found to be the lowest. Therefore, it appears that impurities
interacting with twin boundaries in this region creates electrically active
scattering surfaces which drastically reduce the cell effieciency, This may
explain why the cell efficiency increases from a low of 6.2% in the top center

of the ingot to a high of 10.7% towards the outer surfaces of the ingot.

Therefore, a modification of UCP casting technique to reduce or eliminate
twin boundary surfaces and detrimental impurities will result in a significant

increase in cell efficiency.
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4.2 Effect of Grain Boundary Density on Carrier Mobility

Mobility measurements were made on twenty SEMIX samples using
the van der Pauw technique, Grain boundary density was mea-
sured using quantitative microscopy technique . The mobility was
found to decrease with increasing grain boundary density ( Figures

42 and 43),
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Fig. 3

Region Showing a L.arge Number of Precipitates in Semix
A-13(50X)
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Fig.4 lLarge and Small Precipitates in Semix B-2 (1330X)

Fig.5 Precipitates in Seinix B-2 (530X)
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Fig.6 Many Grains and Grain Boundaries in Semix C-12 (50X)

Fig.7 Twin and Grain Boundaries in Semix C-12 (50X)
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Fig.8 Large Number of Small Twin Boundaries in Semix D-8,
These are not Typical Regions ( 66X ), Region marked "U'",

Fig.9 Many Twin and Grain Boundary Region in Semix D-8 (66X)
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Fig. 10 Dislocations Piled up Between Twins due to l.ocalized Strain
in Semix D-8 (600X )

Fig. 11 Dislocations Interacting with a Twin Boundary in Semix
D-8 ( 1500X )



Fig. 12 High Twin Density in Semix E-13 (50X )

Fig.13 Large Precipitate Particle Between Twins in Semix E-13 (530X)
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Fig. 14 Twin and Grain bou tructure in Semix F-2 (50X)

O" o [N WY

Fig.15 Small Precipitate Particles in Scmiix F 2 (200X)



Fig.17 Region of High Twin Density in Semix G-12 (100X )
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in Semix H-8 (1330X )

Fig.19 High Dislocation

Density Between Twins in Semix D-8 (1330X)
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Fig.37 Electrical Cunnections to Obtain a Small Contact Area
and Reduce Contact Infiluence on Measurements

CONFIGURATION (1) CONFIGURATION (2)
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Fig. 38 Two Types of Configurations Used for
Resistivity Measurements
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TABLE 1. Grain Boundary and Twin Boundary Density

SAMPLE SEMIX A-lZ&Sample in polished condition. Magnification 100X,
Field area = 0.0241 cm . Circumference of test circle =W.D = 0,55 ecm,

A denotes No. of grain boundary intersections with circumference of test circle,
B denotes No. of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured.

FIELD A No.of | B FIELD A No.of | B
twins twins
Y [ No.| X Y | No.| X
12 11 33 {7 33 24 10140 |41 14 14 12
12 {2 35 {7 28 37 10 ] 41 3812 112 198
12 | 3 37 |2 137 201 10 142 (3516 21
12 | 4 39 {4 12 23 8 43 {34 (5 33 42 |
1215 |41 ]2 113 119 8 44 [36 |2 _29 41
(12 (6 | 432 L9 14 X, . 8_145 138 144 |257
12 | 7 45 13 15 10 8 46 14012 12 22
12 | 8 47 {6 26 31 8 47 |42 |2 20 9
12 19 49 |10 0 0 8 48 144 |2 0 0
12 {10 | 51 {0 0 Q 8 49 (46 (0 15 30
14 |11 | 50]2 I N 8 150 |48 14 63 29
14 {12 | 47 |2 12 12 8 51 50 {2 7 11
14 {13 | 44 10 2 4 6 52 (49 |4 29 33
14 |14 | 41 |2 124 196 6 53 [46 |0 13 23
14 {15 ] 38 |2 19 33 6 54 143 |2 5
14 |16 | 35 |7 40 47 6 55 |40 [4 20 24
16 |17 {3410 0 0 6 56 |37 |4 38 62
16 {18 | 36 |3 27 28 4 57 |37 16 117 148
16 119 | 38 (3 12 15 4 |58 |39 ]2 100 160
16 |20 | 40 |5 50 47 4 59 |41 {3 42 37
16 121 |42 |2 1 2 4 60 |43 ]2 3 4
16 |22 |44 (2 [ 8 8 W 4 [61 [45]0 0 0
16 |23 | 46 |4 9 8 4 62 |47 |0 2 4
12 ‘;‘; :g g 8 g Total for 62 179 1688 2145
fields:
18 |26 | 49 (3 20 6 '
r--i-§~ g; :g Ez’ i‘L 2 LA for grain boundary=%-PL:g{ ':.724!)’ 812 “i-" ‘
18 129 | 40 4 6 11
18 {30 | 37 |6 8 4 \ . T - 2145 o
o T3 T37 (4 39 9 L,for twin boundary—-—ms): 9q tm/tm?
20 {32 13912 10 8 .
20 33 | 4113 3 3 X for grain boundary= 2,9
—--§9~~~34 43 |2 2 2 o“for grain boundary= 2,0
20 {35 ] 4510 1 2 *
20 |36 | 47 |2 0 0 X for twin boundary = 34,6
10 137 1 50 18 32 3 o for twin boundary = 56,5
10 {38 | 47 |5 24 25 *
10 |39 | 44 |2 9 9

.’.,“,,. wnaed b‘v et portrn

. o branilo
dnbles Jw Ay ""“"“"wﬁ ‘,‘FM bt 4
durenly  Coden TR

T e = prolib ot blcfl
LRI X OS5
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TABLE 2 Precipitate Particle Density

SAMPLE SEMIX A-13 Sample in polished condition. Magnification 400X
Ficld arca = 0.00149 cm?

A dcenotes No. of Large precipitates observed in field of view.

B denotes No, of Small precipitates observed in field of view,

X and Y denotes location of microscope stage for the data measured,

FIELD A B FIELD A B ]
Y | No.] X Y | No.| X
12 | 1 33 1 15 8 40 1371 0 9
12 | 2 34 1 1 3 41 381 2 22
12 13 35| 0 67 8 142 1391 0 69
12 | 4 36| 0 42 8 43 |40 ] 0O 124
1215 371 2 32 8 44 (41 ] O 69
1216 1381 2. 89 8 |45 |42] 2 38
12 17 391 1 15 ] 46 1431 0 11
12 | 8 40 0 18 8 47 1441 0 1
12 |9 41 | o 19 8 48 1451 1 3
12110 | 42 ] o 19 8 49 1461 0 2
12 111 431 0 9 8 50 147 (. 0 9
12112 | 44| o 26 8 51 |48 | O 13
12 {13 | 45| 1 9 8 52 149 3 3
12114 | 46| O 118 8 53 |50 1] 3 7
12 | 15 | 47 1 187 & 54 15111 6
12116 [ 48] 7 98 4 55 (38 | 1 32
12 117 | 49| 2 136 4 56 |40 | O 21
12 |18 50 ( 2 28 4 57 (42 | O 25
12119 | 517 O 40 4 58 144 | 1 40
16 [20 | 34| 2 35 4 |59 |46 2 i
16 |21 351 0 30 20 60 (38 (0 11
16 |22 36 1 11 20 61 (40 1] 0 46
16 |23 371 5 3 20 6. |42 1 ) 6
16 124 13810 20 Total for 64 71 2107
16 125 | 391 1 24 fiolda:
16 126 | 401 ¢ 46 ' 2
16 127 1 41 1 60 Area of 64 fields = 0,09536 cm
16 {28 | 421 1 21 No. of large ppt. =  71/0.09536
16 129 | 43 ] 1 11 - = 745/ cm
16 130 {441 3 24 X for large ppt. = 1,1
|16 |31 )45 1 32 o for large ppt. = 1.5
__1_6_%_3_;' 46 1 0 5 No. of small ppt. = 2107/0.03536
16 133 | 47| 1 102 = 22095 / cm
16 |34 48 | 1 3 X for small ppt. = 33.0
16 135 | 49| 4 17 ofor small ppt. = 36.5
ib {36 | 50| 6 9
)o | 37 5111 14
8 {38 351 0 27
- QRIOEY L.
S ArEEETIE - OF PO /20
o ;

oA
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TABLE 3 DISLLOCATION DENSITY
SAMPLE SEMIX A-13. Sample in etched cozldition
Magnification 1000X, Area of field = 0,000238 cm
X and Y denote the location of microscope stage { field of view )for the
data measured,

FIELD No. of Dislocation FIELD No. of Dislocation
Pits Pits

Y No.| X , \ Y No, | X ]
12 [1 34 45 10140 |41 1
12 [2 35 46 10 |41 |38 75
12 [3 37 6 10 [ 42 | 35 2
12 [ 4 39 5

12715 41 L 8 144 |36 4
1206 |43 . . . |-beeeeeo ..8._145 |38 5
12 |7 45 3 4 8 |46 |40 8
12 [8 | 47 5 . 8 47 |42 1
1219 |49 8 .| 8 |48 |44 5
12 {10 |50 4 : 8_149 l46 2
14 |11 |49 2 8 |50 |48 ]
14 | 12 | 47 6 8 51 49 0
14 |13 | 44 4 6 52 149 1
14 |14 | 41 104 6 153 |46 4
14 |15 | 38 118 6 154 |43 6
14 |16 | 35 26 6 |55 {40 7
16 [ 17 | 35 14 6 |56 |37 6
16 [ 18 | 36 5
16 [19 [ 38 1 5 |58 [39 2
16 [20 | 40 22 5 159 |41 4
16 |21 | 42 4 5 160 |43 3
16 |22 | 44 3 5 161 |45 4
16 |23 | 46 3
16 |24 | 48 2 Total for 58 681
16 125 | 49 19 fields:
18 | 26 | 47 5 —— "
18 |27 | 46 5, Dislocaiion density
18 |28 | 43 0 )
18 |29 | 40 9 = 681/(58)(0,000238) pits /cm
18 |30 | 37 2 = 4,9 x 104 pits/cm2

19 [32 | 39 16 X = 12

[ 19 134 | 43 15
19 | 35 | 45 3
19 | 36 | 47 8
10 {37 | 50 3
10 | 38 | 47 3
10 {39 | 44 0
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TABLE 4 Grain Boundary and Twin Eoundary Density
SAMPLE SEMIX B-2, Sample in polished condition. Magnification 100X .
Field area = 0,0241 cm ., Circumference of test circle =n.D = 0,55 cm,
A denotes No, of grain boundary intersections with circumference of test circle,
B denotes No. of twin boundary intersectio..3 with circumference of test circle,
X and Y denotes field location of the data meazured,

FIELD A No. of | B FIELD A No.of | B
twing _ twins
Y | No.| X Y | No.| X
12 (v [33[7 1 " T1s 10140 [41]2 0
12 {2 135(3 . les 10 |41 |38]2 4
1z 3 fsrio  fo oo 10142 [35]4 17
12 | 4 39 10 4 B8 143 13417 16
A2 T O 5 N 2 8 144 1366 25
126 4310 0. ... 8_la4s [38]4 ~
12 |7 14510 0 8 |46 14012 0
12 (8 4710 0 8 147 |42]0 0
12 19 49 |0 0 8 48 44 10 0
12 110 [ 5114 | d29 J0._8 149 l46]0 7
14 1L 15010 o A ..8..]50.]4810 17
v 12 ) 4710 9 8 |51 |50]3 7
14 113 14410 1 . 0 6 152 14910 3
14 114 y 4l | 4 6_ |53 [46]0 0
|14 (15 1380 . Jo. .. .6 .54 |43 0 0
14 |16 | 3516 1 6 |55 [40]5 3 ]
6 17 [34)s T T3 W 6 56 |377T2 0
16 [ 18 | 36 |3 6 | 4 [57 [311]5 10
16 {19 | 38 |2 4 4 158 [39]4 6
16 | 20 40 [0 0 4 59 41 12 i
16 121 | 4210 el0 I 4 |60 14310 0
16 122 14440 . .4 . .4.]61 14510 1
16 |23 | 46 |0 | ARl 4 162 4710 2
g, TRy
Lo 124 14810 L. & T Ca] for 62 98 347
16 125 | 50 |0 e 0 fields: ‘
18 126 14910 Q ‘
;g ;; jg 8 B ‘ "g"‘"“" LA for grain boundary:%,\PLm:‘i:%%zgz 4.5 %‘- ;
18 |29 | 40.]2 4
20 | 32 | 392 30
20123 L4l 2 8 X for grain boundary= 1,6
F"*"zg : g‘; - ig é‘”" e “““"g”” cfor grain boundary= 2,2
20 |36 | 47 10 0 X for twin boundary = 5,6
10 137 20 16 20 o for twin boundary = 9,3
10 [ 38 | 47 |o 2 ’
10 {39 | 44 |0 0
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TABLE 5
SAMPLE
I'icld arca

Prccipitate Particle Density

SEMIX B-2.
0.00149 cm?

.

U |

OF Pl GUALITY

Sample in polished condition. Magnification 400X,

A denotes No. of Targe precipitates observed in ficld of view,
B denotes No, of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured,

FIELD A B FIELD A B
Y No.| X Y No. | X
12 {1 33| 2 14 10140 l4lig Ja |
12 [2 35 [ 0 24 10 | 41 {381}l 22
12 |3 3710 18 | 10 | 42 [35]0 31
12 | 4 39 |1 18 8 [43 |34 ]0 19
12 [5 41 [0 25 8 |44 [36]1 17
1216 [43[q. 22 8 145 13810 |
12 17 145 [1 11 B 146 laoll ﬁ_—
12 |8 4710 71 8 |47 [42]0 33
1219 | 490 31 8 |48 |44 |! 16
12 (10 [ 510 27 8 149 {460 _ 66
14 |11 | 5010 34 8 |50 |48 10 59
14 {12 | 4713 86 8 |51 |50{0 59
14 |13 | 44 |2 23 6 (52 !49 |0 27
14 [14 | 41 |1 32 6 (53 (46 |0 22
14 |15 | 38 |0 |44 6 154 14310 18
14 {16 | 35[0 38 6 |55 {40 ]! 14
16 [17 13411 13 6 |56 |37]! 15
16 {18 | 36 [0 14 4 {57 [37]0 25
16 |19 | 38 |0 35 4 |58 [39]¢ 95
16 {20 | 402 13 4 [59 |41]0 36
16 |21 | 42 | C 23 4 |60 |43 ]1 64
16 |22 144 {0 17 4 |61 l45]0 40
16 123 | 46 {0 38 4 |62 4710 29
16 |24 | 48 | 0 15 Total for 62 41 1802
16 |25 | 50 | 1 36 fields:
18 |26 | 49 | 3 13 ' 5
18 [27 | 46 |3 48 Area of 62 fields = (.09238 &t
18 (28 |43 (2 23 No. of large ppt. = 41 /0.09238
18 129 1 4010 9 = 444/ cm
18 |30 | 3712 27 X for large ppt. = 0.66
20 131 137 14 34 ofor large ppt. = 0.95
20 32 [ 39]0 2R No. of small ppt. = 1802 /0.09238
20 (33 | 41 |0 20 =19506 / cm

| 20 134 14311 39 X for small ppt. = 29.1
20 |35 | 450 14 ofor small ppt. = 18.1
20 |36 | 47 )1 13
10 {37 | 50 ] 1 21
10 {38 | 47 [1 14 ,
10 139 [ 44 |, 17 . &

PR L} el (; N— ;
97



Co N "
TABLE 6 DISLOCATION DENSITY OF bouts ity
SAMPLE SEMIX B-2. Sample in etched coildition
Magnification 1000X, Area of ficld = 0.000238 cm
X and Y denote th: location of microscope stage ( field of view )for the
data measured.

FIELD No. of Dislocation FIELD No. of Dislocation T
Pits Pits
Y No.;{ X v Y | No.| X v
12 |1 34 iQ 10140 | 4!} 21
2 |2 35 1 10 1 41 38 1
12 |3 | 37 30 10 {42 |35 6
12 | 4 39 10 8 43 35
12 15 | 4l 7 8 44 [36] . 3
126 a3 T8 845 |38 34
12 117 45 22 8 46 40 183
12 18 47 8 8 47 | 42 13
12 19 49 69 8 48 44 25
12 {10 |50 61 8 49 46 18
14 111 | 49 47 8 50 48 14
14 |12 | 47 _ 48 8 |51 149
14 |13 | 44 10 ; 6 52 149 2
14 | 14 | 41 6 6 153 |46 5
14 |15 | 38 13 6 |54 143 1
14 |16 35 1 6 55 40 3
16 |17 | 35| 1 o 6 156 |37 5
16 {18 | 36 0 5 |57 |38
16 {19 | 38 28 5 58 39 7
16 |20 40 2 5 59 4] 6
16 |21 42 | 16 5 60 43 14
16 |22 | 44 i 5 161 |45 12
16 |23 46 16 5 62 47 15
16 424 | 48 6 Total for 56 = 1266
16 |25 | 49 13 fields:
18 |26 | 47 17 s 4
18 127 | 46 24 Dislocation density
18 128 | 4) 2. = 1266 /(56)(0, 000238) pits /cm®
18 |29 | 40 5 0,95 % 10° pi
: = 0. pits /cm
18 130 37 0
19 31 37 X = 23
19 [32 | 39 s - 45
19 |33 41 9
19 |34 | 43 52
19 135 | 45 20
19 {36 | 47
10 { 37 50 294
10 |38 | 47 5
10 |39 | 44 4

98



CABLE

7

SAMPLE
Field arca =

ORIGINAL PAGE 1g

Grain Boundary and Twin Boundary Density OF POOR QUALITY
SEMIX C-12.Sample in polished condition. Magnification 100X .
Circumference of test circle =7.D = 0,55 cm,

0.0241 cm .

A denotes No, of grain boundary intersections with circumference of test circle.
B denotes No. of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured.,

FIELD A No.of {B FIELD A No.of |B
twins twins
Y [No.| X Y | No.| X
12 11 33 |8 17 il 1040 |41 |4 45 57
1z |2 35 110 20 24 10| 41 [38]10 9 8
12 (3 3713 14 19 10 142 |35]2 19 22
12 | 4 39 |2 24 30 8 [43 (3417 17 15
12 |5 414 T 25 32 8 |44 [36]0 13 26
Y OO I P PR N | BN I KT 19 |22
12 17 14518 1 1 8 |46 14018 15 12
12 |8 47 10 0 0] 8 |47 ;420 8 9
12 |9 49 |4 5 5 8 148 |44 (4 28 15
12 10 [ 516 9 8 |18 149 l4614 6 3
14 ] 11 (50110, 1. 29 . j11 .. {8 8 150 }4815 11 19 -
14 12 | 4717 11 4 8 |51 [50]2 3 6
| 14113 14415 6 5 6 |52 149 {5 9 12
14 {14 | 41 |2 9 10 6 |53 [46]7 12 7
14 115 | 38 (5 . |.11__ |18 _ Lo |54 14310 22 25
14 {16 | 359 22 16 6 |55 )3 38 43
16 [17 13413 2 12 W 6 |56 |37]0 8 110
16 {18 | 36 |3 7 6 4 [57 [37]0 3 |6
16 {19 | 38 (7 6 6 4 |58 [39]3 11 14
16 {20 | 40 (8 8 . 59 14118 59 29
16 |21 [ 4214 [ 3 16 4 160 1433 22 22
16 122 | 44 12 2 14 @ 4 161 |45[4 11 4
16 {23 | 46 |3 1 1 4 |62 |47 (4 3 2
16 |24 | 48 | 7 5 4
16 2% 50 4 >8 °F }*;tla:ilsfor 62 290 723 693
18 126 [ 4918 20 15 '
| iz ;; :2“ Z“ . ,,‘%“- ~:’-;‘— LA for grain bouuuaryz%-PIfg—'———iz:gz 13«36%“"
18 |29 | 403 2 1 |
18 [30 | 3713 11 10 . ™ x €93 ;
THES 37 | 7 3 3 LAfor twin boundary=e ?_y"‘!("bf: 31:92 %.:.:— N
20 {32 39 1 3 6 6 .
,2.0 33 4,1 2 0 0 ?,’for grain boundary= 4,7
| 203234 1 4315 £ 4 o-for grain boundary= 2,7
20 [35 | 45 | 7 0 0 :
fg :2 gg FZ) ; ; X for twin boundary = 11,2
THET a7 | 4 6 5 o for twin boundary = 11,1
10 {39 | 44 | 7 5 5
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TABLE 8 Precipitate Particle Density OF POOR QUALITY
SAMPLE SEMIX C-12 Sample in polished condition. Magnification 400X,
Field area = 0,00149 cm?‘
A derotes No, of Large precipitates obseryved in ficld of view,
B denotes No, of Small precipitates observed in field of view.
X and Y denotes location of microscope stage for the data measured,

FIELD A B FIELD A B |

Y {No.| X Y | No,| X

12 [ 1 33 | 4 0 10{40 14111

12 [ 2 35 (11 C 10 {41 [381]0

12 [ 3 3718 0 10 {42 |35 0

12 {4 39 |7 0 8 |43 [34]6 0

12 |5 41 |7 0 8 [44 [36]7 |

1216 42112 0 8_'45 13810 o |

12 |7 45 | 15 0 8 1 40 |3

12 {8 | 474 0 8 |47 |42]0 0

12 19 49 {10 0 8 148 [44 |5 0

12 [10 [ 51 ] 14 0 8 |49 14616 o

14 |11 [50]8 0 8 |50 148 {10 fQ

14 |12 | 47| 10 0 8 |51 {50](7 0

14 [ 13 | 44 | 15 0 6 |52 |49 20 0

14 |14 | 41 |5 0 6 153 46|17 1

14 |15 [ 38114 0 -6 154 14315 0

14 [ 16 | 35| 12 0 6 |55 |40]12 2

16 [17 | 34|19 0 6 |56 {3718 0

16 {18 { 36 [ 4 0 4 (57 |37]18 0

16 {19 [ 386 0 4 (58 [39]16 0

16 120 [ 4010 0 4 |59 |41 )26 [0

16 |21 | 42 ] 2 0 4 |60 [43]5 0

16 122 | 44| 0 0 4 |61 145 |22 2

16 |23 | 46 | 17 0 4 |62 |47 35 0 |

16 |24 | 48 | 27 0 Total for 62 572 6

16 125 | 50 | 10 0 fields:

18 [26 | 49 | 18 0 2

18 {27 [ 46 | 13 |, Q Area of 062 fields = 0,09238 cin
(18 |28 | 43| 7 0 No.of large ppt. = 6 /0.09238

18 [29 | 40 ] 29 Q. - = 65 [/cm

18 {30 | 3718 0 X fcr large ppt. = 0.1

20 |31 | 3714 0 ofor largeppt. = 0,4

20 |32 1398 1 No. of emall ppt. = 572 /0.09238

20 |33 | 41 | 3 0 = 6192 / cm

20 |34 | 43 ] 3 Q X for small ppt. = 9.2

20 135 | 45 | 2 Q ofor small ppt. = 7.7

20 {36 | 47| o 2

10 [37 | 50 ] 3 0

10 |38 | 47 ] g Q0

10 |39 | 44|, 0

100



TABLE 9

SAMPLE

Magnification 1000X,

DISLOCATION DENSITY

ORISINAL PAGE Ig
OF POOR QUALITY

SEMIX C-12. Sample in etched coi'ndition

Area of field

0.000238 cm

X and Y denote the location of microsccpe stage { field of view )for the

data measured,

101

FIELD No. of Dislocation FIELD No. of Dislocation r
Pits . Pits
Y [No.|l X v ¥ | No.| X (]
12 | 1 34 26 10 | 40 [ 41 104
12 |2 35 187 101 41 |38 149
12 13 37 114 10 1 42 135 132
12 | 4 39 58 8 |43 |35 89
1215 41 17 8 44 | 36 170
| 12 16 143 . .|_.33 8 145 g; ,
12 |17 45 29 8 |46 |40
12 {8 47 101 8 |47 |42 75
12 9 49 15 8 |48 |44 99
12 [ 10 ] 50 11 8 149 |46 143
14 {11 |49 54 8 50 |48 35
14 |12 | 47 162 8 |51 |49 83
14 |13 | 44 11 6 [52 |49
14 |14 | 41 20 6 |53 [46 81
14 [ 15 | 38 185 6 154 |43 121
14 |16 | 35 253 6 |55 |40 108
16 {17 | 35 136 6 |56 |37 133
16 [ 18 | 36 82 5 |57 |38 66
16 |19 | 38 205 5 (58 |39 96
16 |20 | 40 37 5 [59 |41 152
16 |21 | 42 52 5 |60 |43 73 :
16 [22 | 44 52 5 161 (45 45 !
16 {23 | 46 47 5 |62 |47
16 [24 | 48 44 -
16 125 129 IT; "Iz‘ic;t;llafor 56 4989
18 |26 | 47 245 R
18 127 | 46 —3-3‘ Dislocation density :
ig :g :3 23 = 4989/(56)&0.000238 its/cmz v
18 [ 30 | 37 31 = 3.7 x 10 pits/cm '
19 |31 | 37 T - 89
TR EYRET s - 6
19 {33 | 41 10
19 |34 | 43 8
19 [35 | 45
19 {36 | 47
10 [37 | 50 165
10 [ 38 | 47 82
10 |39 | 44 48

YYE s . o P
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TABLE 10 Grain Boundary and Twin Boundary Density

SAMPLE SEMIX D-8, Sample in polished condition. Magnification 100X .
Field area = 0.0241 cm~ . Circumference of test circle =7.D = 0,55 cm,

A denotes No, of grain boundary intersections with circumference of test circle.
B denotes No, of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured,

FIELD A No.of |B FIELD A No.of |B |
twins twing
Y [No.| X Y | No.| X
12 |1 3310 89 23 1040 [41]6 22 10
12 |2 35 {3 3 6 10|41 [38]6 0 0
12 |3 374 9 8 10 142 [35]5 _24 17 |
12 | 4 39 {4 2 1 8 |43 [34]8 58 37
12 15 41 |4 8 8 8 |44 [36]11 38 37
1216 | 4312 | 14...022 | 8..]45 138 (17 35 8
12 |7 45 | 2 3 b 8 146 14012 l 2
12 |8 47 10 0 0 8 [47 4216 17 15
| 1219 49 [ 4 22 24 8 [48 (4410 92 75
12 (10 [ 513 0 0 .| 8 |49 (4612 47 61
14 [11 [ 5004 [ 6 6 . ] 8156 14813 26 36
14 |12 | 47 {2 1 1 8 (51 |50]2 10 10 |
14 (13 ] 44 |4 5 6 6 |52 [49]5 2 2
14 |14 | 41 [11 5 3 6 |53 |46 8 52 40
14 [15 [ 3814 | 13 113 6. 154 14316 0 0
14 |16 | 35 |6 9 11 6 |55 1407 17 14
16 [17 | 34 |6 24 119 6 |56 |37]4 127 135
16 |18 | 36 |2 11 12 4 |57 [37]5 29 25
16 119 | 383 7 7 4 |58 [39]4 13 16
16 {20 | 40 [7 23 29 4 159 [41]3 4 5
16 121 | 42 |5 48 21 4 (60 {4310 0 0
16 122 | 44 |2 0 10 4 61 |45 |4 33 11
16 {23 | 46 |2 0 0 4 162 |47 |4 12 10
ig ;‘; gg ? 16 15 ?otalfor 62 299 1295 967
18 [26 |49 [4 ) 1 ields;
hﬂig‘?:& :g“g‘“ “"“"8“““”"‘” ”8“‘" LA for grain boundary=-1;-.-PL=‘"?”.’:':‘=|3»77-CL
18 |29 | 40 |8 57 56
18 {30 | 37 |7 16 16 . o Tk ke
20 131 37 | 9 31 28 LAfor twin bound.ary——-_;:-‘-;z-a?r_ A4°SYy — .
20 |32 39110 26 17 ,
20 133 | 4116 68 51 X for grain boundary= 4.8
20 134 14312 12 21 o°for grain boundary= 3.2
20 135 | 45 |2 4 11 )
20 136 14710 0 0 X for twin boundary = 15. 6
10 137 15042 6 2 o for twin boundary = 17,1
10 {38 | 47 |2 3 3
10 |39 | 44 |4 24 10
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TABLE 11 Precipitate Particle Density OF POOR QUALITY
SAMPLE SEMIX D-8. Sample in polished condition. Magnification 400X,
Ficld area = 0,00149 cm?
A denotes No. of large precipitates observed in field of view.
B denotes No., of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured.

FIELD A B FIELD A B ]

Y No,|] X Y No. | X

12 | 1 33 10 9 1040 {4110 0

12 |2 35 |0 10 10 |41 138]1 0

12 | 3 37 |0 2| 10 | 42 | 0 11

12 | 4 39 | o 5 8 |43 [34]0 4

12 15 41 [ 0 8 [44 [36]0 1

1216 14310 yi 8_;45 (38 10

12 |7 45 17 8 40 11 N

1218 | 470 3 8 |47 |42]0 lo

129 |49 |0 4 8 |48 |44 ]!l [0

12 |10 | 51 ]2 6 8 149 (4610 2

14 111 | 50]0 2 8 {50 |4Rr|0 2

14 |12 | 470 3 8 {51 [50]0 1

T4 |03 440 T W & 152 la9]0 8

14 (14 [ 41 |1 2 6 |53 14610 2

14 [ 15 | 38 |0 0 .6 |54 [43]0 0

14 116 | 35 (0 9 6 |55 |40 ]0 0

16 [17 {341 1 6 [56 [37]0 U

16 [18 | 36 [0 0 4 |57 [37]0 16

16 |19 [ 380 4 4 |58 |39]0

16 (20 [ 40 |1 3 4 Is59 1411]0 2

16 |21 | 42 {0 7 4 |60 [43]0 4

16 |22 | 411 0 4 161 |45]0 16

16 {23 | 46 |0 5 4 |62 [47]0 3

16 |24 | 48 | O 7 Total for 62 14 235

16 |25 | 50 |0 8 fields:

18 [26 | 49 |1 2 2

18 127 | 46 {0 1 Area of 62 fields = 0,09238 cm
18 |28 | 43 |1 3 No.of large ppt. =  14/0,09238
718 |29 [ 40 (¢ Q = 152’ cm

18 {30 | 3710 3 X for large ppt. = 0.23

20 [31 ] 37]0 6 ofor large ppt. = 0.46

20 (32 | 3910 3 No. of small ppt. =  235/0.09238

20 133 [ 41 /0 3 = 2544 / cm

20 |34 | 43 |0 2 X for small ppt. = 3.8

20 135 14511 2 o-for small ppt. = 4.0

20 [36 | 471 7

10 [37 [ 50 |0 1

10 {38 { 4710 0

10 |39 | 44 {0 1

A
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OF POOR QUALIIYV

TABLE 12 DISLOCATION DENSITY
SAMPLE SEMI1X D-f, Sample in etched coildition

Magnification 1000X, Area of field = 0.000238 cm
X and Y denote the location of microscope stage ( field of view )for the
data measured.

FIELD No. of Dislocation FIELD No. of Dislocation r
Pits Pite

Y [No.| X v Y | No.| X v

12 | ! 24 7 10 | 40 | 41 17,

12 |2 35 5 1041 |38 7

12 |3 37 0 10 | 42 |35 5

12 |4 | 39 9 8 r_“L_ 35 2

17 | 6 41 64 8 [44 [36 2

12 {6 [ 43 1 8_145 |38 L&

12 |7 45 2 8 46 | 40 11

12 (8 | 47 8 8 |47 |42 , 304

12 |9 49 3 8 (48 |44 1

12 [10 |50 8 149 1461 2

14 {11 |49 14 8 150 [48 8

14 |12 | 47 6 8 {51 [49

14 |13 | 44 a 6 152 |49 5

14 |14 | 41 3 6 [53 |46 |34

14 |15 | 38 2 6 154 143 3

14 |16 | 35 4 6 |55 |40 48

16 [17 | 35 6 (56 |37 2

16 {18 | 36 29 5 |57 |38

16 {19 | 38 5 5 |58 |39 95

16 {20 | 40 10 5 |59 |41 6

16 |21 | 42 2 5 [60 |43 5

16 |22 | 44 9 5 [61 [45 14

'6 |23 | 46 h 5 |62 |47 89

16 |24 & 48 ! Total for 57 1377

16 | 25 49 6 fields:

18 |26 | 47 1 i

18 127 | 46 8 Dislocation density

18 [28 | 43 142

18 [29 | 40 49 = 1377/(57)(0. 000238) pits /cm”

18 {30 | 37 5 - 1.0 x 10° pits /om?

19 |31 | 37 b = pits/cm

19 |32 39 196 -)-(' - 24

19 |33 | 41 20

19 |34 | 43 6 ¢ = 5l

19 135 | 45 1

19 [36 | 47 .

10 [37 | 50 12

10 |38 | 47 19

10 | 39 444. 15
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TABLE 13 Grain Boundary and Twin Boundary Density OF POOR QUALITY
SAMPLE SEMIX E-lé.Sample in polished condition. Magnification 100X .
Field area = 0,0241 cm ., Circumference of test circle = :-D = 0,55 cm,
A denotes No. of grain boundary intersections with circumference of test circle,
B denotes No, of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured,

105

FIELD A No.of | B FIELD A No.of |B
twins twins
Y No.! X Y No. | X
12 1 1 33 14 1 1 10140 14112 170 1124 1
12 ]2 [35]2 5 7 10|41 |38]5 27
12 |3 3710 . 4 6 10 142 13513 3 2
12 | 4 39 10 1 2 8 43 34 |5 0 0
T2 |5 [All2 1738 3% 8 |44 [36]7 | 12 8
12716 14370l o, Jo. 0 8 ]a5 13816 8 b
12 | 7 45 [2 [y 0 8 |46 140113 12 20
12 | 8 47 {0 0 0 8 47 14212 8 15
12 {9 49 {0 0 0 8 48 44 {2 16
12 [ 10 5110 0 0 8 49 |46 16 34 50
14 {11 _]50]0 0 0. 8 |50 |48 |4 86 94
14 |12 47 |0 1 1 8 51 50 |3 102 161
14 113 | 44 |0 0 0 6 52 14912 71 132
14 [ 14 | 41 |0 0 0 6 53 |46 |4 92 152 |
14 {15 |38 |2 | 13 113 6 54 143 14 43 11
14 [ 16 | 35 |0 4 7 6 55 (40 |4 26 38
16 [17 [ 34|90 0 Jo W "6 [s6 [37]2 0 0
16 |18 | 36 {4 6 3 4 |57 [37]3 2 2
16 119 38 |0 0 0 4 158 3913 25 24
16 [20 | 40 |2 15 15 4 |59 413 33 45
16 |21 |42 |7 18 10 4 160 [43]3 24 38
16 |22 | 44 )6 20 17 0. . 4 |61 1457 17 24 1
16 |23 | 46 |4 51 51 4 62 47 14 26 42
16 |24 | 48 |6 33 39 YT
TRELRE AT =3 = "?ic;tla:jlsfor 62 153 1223 1488
18 126 | 4913 69 57 '
mig;; :*‘;“g (1)0 él LA for grain boundary:%.PLzl:.-;-—-:f:v"s 7«05:.—:"
18 { 29 40 {0 0 0
18 | 30 37 12 Q Q . , Wriuse
20 131 | 37 |0 0 0 Lpfor twin boundary=e —Zommrg = 604 22
20 | 32 39.10 Q 0 '
“—%)"7%7"3; g 8 8 X for gra.in boundary= 2,5
56 13545 12 1 1 o-for grain boundary= 2,1
20 | 36 | 47 2 8 7 X for twin boundary = 24
10 {37 50 {3 2l 17 ’ o for twin boundary = 37,7
10 [ 38 | 47 {2 4 4 i *
10 {39 { 44 |3 4 3
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TABLE 14 Precipitate Particle Density OF POOR QUALITY
SAMPLE SEMIX E-13, Sample in polished condition. Magnification 400X,
Field area = 0.00149 cm?
A denotes No. of Large precipitates observed in field of view,
B denotes No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured.

P
FIELD A B FIELD A B
Y No.| X Y No. | X
121 33 1) 22 10140 |41]]1 o
I 12 |2 35 10 13 10141 |3810 10
12 |3 3710 7 10 142 [3510 4
12 | 4 3910 18 8 43 |34 |0 48
1215 41 | 2 L5 8 |44 ] 3610 13
1216 14312 12 8 145 l38l0 4
12 | 7 45 | » 15 | 46 1 4010
12 ({8 | 47]1 4 8 |47 142 |0 20 |
1219 | 491 19 8 |48 |44 [} 5
12 {10 | 51 109 30 8 149 146 12 7
14 {11 | 50{0 48 8 150 (48 12
14 112 | 4712 12 8 51 |50 (] 3
14 {13 | 44 (o 4 6 52 (49 |1 7
14 |14 [ 4l lo 2 6 153 (461}
14 [15 [ 381 iz 6 154 1430 19
14 |16 | 351 16 6 |55 401 16
16 [17 [ 34 ]0 8 6 |56 |37 ]0 8
16 [18 | 36 |0 5 4 |57 3710 5
16 [19 [ 38]1 13 4 |58 |39 ]0 5
16 (20 [ 400 8 4 |59 |41 ]0 7
16 [21 | 42 {1 9 4 160 |43 10 10
16 122 [ 441 7 4 |61 ]4510 7
16 {23 [ 46 [0 19 4 62 471 17
16 |24 | 48 ;1 10 Total ‘or 62 37 840
16 |25 | 50 [0 15 fields:
18 (26 | 49 [1 11 ' 2
18 [27 | 46 1 b Area of 62 fields = 0.09238 cm
18 [28 [ 43 |0 17 No. of large ppt. =  37/0.09238
18 {29 | 4011 11 = 400/ cm
18 |30 | 3710 21 X for large ppt. = 0.6
20 i131 | 3710 9 ofor large ppt. = 0.7
20 132 13910 10 No. of small ppt. = 840/0.09238
20 133 | 41 )0 59 = 9090 / cm
20 |34 | 43 1 19 X for small ppt. = 13.5
20 ] 35 | 45 |1 9 ofor small ppt. = 10.6
20 |36 | 47 | 4
10 |37 | 5010 27
10 138 { 47 {1 21
10 {39 | 44 {2 3
d_
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TABLE 15 DISLOCATION DENSITY OF POOR QUALITY
SAMPLE SEMIX E-13, Sample in etched cozldition
Magnification 1000X, Area of field = 0, 000238 cm

X and Y denote the location of microscope stage | iield of view )for the
data measured.

FIELD No. of Dislocation FIELD No. of Dislocation ]
Pits Pite ‘H
Y [No.| X v Y | No.| X ]
12 |1 34 115 10140 [ 41 242
12 ]2 | 35 141 1041 |3 93
12 |3 37 245 10 | 42 |35 68
12 { 4 39 56 8 |43 |35 295
12 |5 41 29 8 [44 '36 97
(1216 1431 .19 ._. L8] 45 138 58
12 |7 45 4 8 146 140 170
12 [8 | 47 110 8 |47 |42 235
12 {9 49 1:1 8 |48 |44 187
12 {10 |50 285 49 |46 188
14 [ 11 |49 14 8 50 | 48 203
14 [ 12 | 47 106 8 |51 |4 102
14 |13 | 44 6 6 52 | 4
14 [ 14 | 41 19 6 |53 |46 70
14 {15 | 38 9 6 154 143 39
14 [ 16 | 35 14 6 |55 |40 78
16 {17 | 35 2 - 6 |56 |37 62
16 [ 18 | 36 4 5 57 |38
16 119 | 38 24 5 |58 {39 22 I
16 |20 | 40 2 5 |59 |41 22
16 j21 | 42 | 32 5 |60 |43 35
16 22 | 44 6 5 16) 145 38
16 |23 | 46 38 5 |62 |47
16 {24 | 48 2l Total for 56 2996
16 125 | 49 fields:
18 [26 | 47 9 ———
18 127 46 a5 Dislocation density
18 {28 | 43 14 )
18 129 | 40 2 = 4996 /(56)(0. 000238) pits /cm
18 [ 30 [ 37 11 & )
19 |31 | 37 = 3,7 x 10 pits/cm
19 |32 | 39 34 _
1o [33 | 41 11 X = 89
[ 19 [34 | 43 52 & = 96
19 |35 | 45 2
19 [36 | 47
10 {37 | 50 360
10 |38 | 47 370
10 {39 | 44 250
;‘..—
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TABLE 16 Grain Boundary and Twin Boundary Density OF POOR QUAL‘TY
SAMPLE SEMIX F-2, Sample in polished condition. Magnification 100X .
Field area = 0,0241 cm™, Circumference of test circle =w.D = 0.55 cm,

A denotes N¢. of grain boundary intersections with circumference of test circle.
B denotes No. of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured.

—
FIELD A No.of | B FIELD A No.of |B
twins twins
Y | No.| X Y | No.] X
12 |1 33 {0 6 9 10140 | 4110 0 0
12 | 2 35 {0 4 7 10 | 41 3810 0 0
12 |3 37 (0 0 0 10 | 42 | 35 0 0
12 | 4 39 {0 0 0 8 |43 (340 0 0
1215 [4l]2 0 0 8 [44 136]0 0 0 )
1216 14310 (. 0 . .10 . - 8 145 1380 0 f
12 |7 | 4510 0 0 8 |46 1400 0 0 1
12 | 8 47 |0 0 0 8 47 (4210 0 0
1219 [49]0 2 4 8 |48 1440 0 o 1
12 110 {513 3 2 8 [49 [46]0 0 o 1
14 {11 | 50]2 19 28 8 50 148 {0 2
14 |12 | 47 |0 0 0 8 51 [50]0 0 0
14 {13 | 44 |0 0 0 6 52 14910 1 2
14 |14 | 41 |5 0 0 6 53 46 |0 0 0
14 15 | 38 |5 0 49 .6 154 l4310 0 0
14 {16 | 35 |3 28 12 6 55 140 [2 6 6
16 [17 | 34 2 30 27 6 56 1371]0 0 0
16 |18 | 36 |2 26 2 4 57 |371]0 0 0
16 {19 | 38 |2 3 3 4 |58 [39 |4 5 5
16 |20 | 40 | 4 10 12 4 59 |41 1[5 19 13
16 [21 [az 2 175 "5 "W "4 160 [43]0 0 0
|16 J2z {safo 170" 1o T4 el 145 [0 0 0
16 23 | 46 |3 1 2 4 62 |47 |0 0 0
16 |24 | 48 | 6 12 10
16 125 505 11 |16 Totalfor62 118 287 264
18 126 | 49 (5 3 3 '
*——{«g ;Z :g““ g g 3 LA for grain boundary=—-PL-:},——’;:°g 56l "‘f;‘_
18 129 1 40 |2 6 9
;g :;(l) :::; :; gb éz L, for twin boundary=e "—i—-———-’::;"os- 1216 &= "“;‘_
20 132 39 |6 6 2 .
20 {33 | 4119 10 8 -)?for grain boundary= 1.9
|20 134 1437 > 4 o"for grain boundary= 2,6
20 [35 | 45 |7 2 8 y= &
ig :g gg (l)l (3) (l) X for twin boundary = 4,3
10 T38 a7 0 ) 4 o’ for twin boundary = 6.8
i0 |39 | 4410 0 0
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TABLE 17
SAMPLE
Field area

Precipitate Particle Density
SFMIX F-2, Sample in polished condition., Magnification 400X,

0.00149 cm?é

oL
OF POUK (u,. "

A denotes No, of Large precipitates observed in field of view,
B denotes No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured,

FIELD A FIELD B A |
Y [ No. Y | No. | X 4
12 [1 11 1 10140 141142
12 [ 2 4 0 10141 [3817
12 |13 ta 3 10 142 135115 0
12 | 4 43 2 8 43 |34 |3 5
12 [5 o 0 8 [44 [36]7 ‘2 —
1216 . 26...... 13 8_145 1387 3
12 | 7 3 0 8 146 14014
12 | 8 26 3 8 (47 |42]2
12 |9 6 1 8 |48 [44]0 b
12110 34 0 8 149 14615
14 |11 35 2 8 |50 |48 L
14 |12 3 0 8 151 }50/5
14 |13 3 1 6 [52 (490
T 14 6 1 6 53 |46 4
" 14 15 8 0 6 154 |43]2
14 |16 0 0 6 |55 [4016
16 [ 17 6 0 6 [56 |37.3
16 | 18 1 3 4 |[57 [37]6 2
16 [ 19 5 0 4 |53 [39 ]2
16 |20 1 1 4 |59 |41 )3
16 |21 2 0 4 160 143 ]2
16 |22 |4 1 4 161 |45 (6
16 |23 5 {0 4 (62 [47 |0
ig g; : : Total for 62 437 '038""J
fields:
18 | 26 0 1 2
18 |27 0 Q. Area of 62 fields = 0.09238 cm
18 |28 | 1 Q. No. of large ppt. = 68/0,09238
18 129 1 2_ _ = 736/ cm
18 {30 1 Q0 X for large ppt. =1,1
20 131 3 0 o for large ppt. = 2,1
|20 | 32 2 2 No. of small ppt, =  447/0.09238
20 | 33 i = 4840 / cm?
20 | 34 Q 1 X for small ppt. = 7.2
20 | 35 Q 0 ofor small ppt. = 10.5
20 | 36 4 0
10 [ 37 7 8
10 | 38 1 0
10 | 39 16 0

Fopi,
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TABLE 18 DISLLOCATION DENSITY
SAMPLE SEMIX F-2, Sample in etched coindition
Magnification 1000X, Area of field = 0,000238 c¢cm
X and Y denote tie location of microscope stage { field of view )for the
data measured,

FIELD No. of Dislocation FIELD No. of Dillocation1
Pits Pits

Y |No.| X v Y | No.! X k] i
12 ['1 34 1 10 | 40 [ 41 41
122 | 35 0 10{4) |38 47 |
12 |3 37 15 10 {42 |35 34 _’
12 | 4 39 14 8 |43 | 35 22

— 12 15 41 16 8 44 |36 18
1216 |43 . 1 o 8 145 |38 22
12 | 7 45 4 8 |46 1 40 37
12 |8 47 7 8 |47 |42 127
12 {9 49 2 8 148 |44 58
12 |10 [ 50 4 8 149 146 25
14 111 149 A 8 (50 |48 38
14 {12 | 47 2 8 |51 |49 22
14 |13 | 44 4 6 [52 |49 16
14 [14 | 41 5 6 (53 |46 29
14 [15 | 38 5 W6 {54 |43 68
14 |16 | 35 12 6 |55 |40 16
16 [17 | 35 8 6 |56 |37 20
16 {18 | 36 3 5 57 138 21
16 |15 | 38 3 5 |58 |39 19
16 {20 | 40 13 5 |59 |41 45
16 |21 | 42 7 5 |60 |43 14
16 |22 | 44 5 5 161 [45 26
16 {23 | 46 110 5 |62 |47 20
16 |24 | 48 1 Total for 5r9 ~ 2334
16 |25 | 49 3 fields:
18 |26 | 47 9_ e

18 127 | 46 188 Dislocatiun density
18 {28 | 43 o] 2
18 129 | 40 13 = 2334/(59)(0.000238 pits/cm
18 {30 | 37 47 .
19 |31 | 37 = 1.7 x 10° pits / cm?

[ 19 (32 ] 39 34 _
19 [33 | 41 850 X = 40

19 134 | 43 44 g = 111
19 {35 | 45
19 [36 | 47
10 {37 | 50 23
10 138 | 47 36
10 {39 | 44 31
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TABLE 19 Grain Boundary and Twin Boundary Densityf POOR QUALITY
SAMPLE SEMIX G-12, Sample in polished condition. Magnification 100X .
Field area 5 0.0241 eam”™, Circumference of test circle =w.D = 0,55 cm,
A denotes No. of grain boundary intersections with circumference of tast circle,
B denotes No. of twin boundary intersections with circumference of teat circle.
X and Y denotes field location of the data measured,

FIELD A No.of | B FIE LD A No.of |B |
twins _ twins

Y No.| X Y | No.| X |
- N O 5 - (O NN . SO 10140 (4116 39 11
1242 13515 |2 .. |4... Q.. 10141 |3813 24 2
123 3712 3 3 . 10142 3513 6 2

L2 )4 13995 | 13 _ |16 _ 8_[43 13413 6 6
s 4 e 1 a 13 8 [44 [36]2 22 |22

12 16 | 438 30 8 8.]45 [3813 16 19
| A2 |7 4508 . [.74...1100_ 0 8 |46 4018 26 17
L1218 474 52 138 L8147 |42)3 14 18
(a2 1y a9 4 )44 19 8 |48 446 19 |26
0 s l6 79 (42 W 8_149 14613 45 34
a4 j | s e 25 |16 8. 150.]48]2 15 26

14 {12 (473 |7 17 W 8 |51 [50]0 5 10
4 (13 J 44 ls 10 0 6 152 4910 7 5
L 0 U T IO % U NN - RV O 6_ 153 |46]2 19 24
[ 14 [ 16 ] 38 12 4 2 6 54 Je3f8 | 38 40 ]

14 {16 13510 L0 j0 W 6 155 14017 24 18
06 [17 (342 | 0 6 156 13712 0 0
16 {18 | 365 | 6 4 157 |37]8 13 6
TG [y [as a1 10 4. 158 [39]2 3 4
16120 | 40 |8 10 .4 59 |4176 16 9
16 (21 [ 4210 | 8 .4 160 [43]4 38 20
|16 |22 |44 14 |1 4 |61 1455 33 22 |
|16 123 | 4646 ] 69 115 4 |62 [47]2 19 20

1o j24 | a8 13 .2 . Total for 62 262 1157 884
- (’N.y.‘)‘ﬁ. 50 14 | 16 116 fields:
- NL.S " &»6 1,,‘,.};2“7..““!1““ - 30,.. + l
- :: i: :(; 3 | (1))» ) J”A for grain bounda ry::.!'i--,li’["m"-i-:——-;‘:.“_:va-o‘r‘z‘*:‘_
s f29 L4005 | 15

18 130 137107 1.0 .| et vz TIASE - am.
o T T3ra T Liyfor twin boundary=— ZEFL_ = goa S
|20 132 ] 39.08....].27 .. :
H_AO 33‘“ R X for grain boundary= 4,2
| 20 |34 L a3 5 116 . LB o for grain boundary= 2,6
|20 |35 14510, | 2. .. {3 ' :
»-—m_&.‘,(ﬁ)m éfimmf}lmé o o 6 onr thn boundary - 14. 3
- { ‘g ig -22%** Mﬁ»_:ﬂ ofor twin boundary = 15,5

10 139 | 44 |4 32

t
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TABLE 20 Precipitate Particle Density OF POOR QuaLlY
SAMPLE  SEMIX G-12. Sample in polished condition. Magnification 400X,
Field area = 0.00149 c:m2
A denoter No. of Large pre~ipitates obecerved in field of view,
B denotes No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured.

112

FIELD A B FIELD A B

Y No.! X Y [ No.{ X

12 | 1 33 |0 16 1040 {4110

12 |2 35 |n 18 10! 41 0 9

12 |3 37 |1 10142 13511 9

12 | 4 39 (0 9 8 [43 [34]0 3

12 {5 41 1 15 8 [44 [36

12 16 | 43¢ 8 & |45 [38l0 E

12 117 45 1 8 146 14010

12 |8 | 470 2 8 |47 l42lg J?

1219 | 49 [0 7 8 |48 144} 17

12 (10 | 51 [0 11 8 [42 '46 10 2

14 [ 11 | 50 (] 2 8 |so |48 (1 16|

14 {12 | 47 lo 27 8 |51 |501{0 14

14 |13 | 44 |0 8 6 |52 |49 ]0 3

14 [ 14 | 41 [0 26 6 |53 |46 |0 10

14 {15 | 38 f1 5 6 154 [43]!} 11

14 {16 | 35 [0 8 6 (55 400 2

16 |17 | 34 [0 36 6 [56 [37]0 15

16 [ 18 | 36 |0 40 4 |57 |37]9 13

16 {19 | 38 |0 12 4 |58 [39]0 i

16 |20 | 40 [1 21 4 [59 [41]0 11

16 (21 | 42 [0 9 4 |60 [43]0 1

16 [22 | 44 |1 2 4 |61 (4510 11

16 [23 | 46 |1 12 4 |62 a7 o0 4

16 |24 | 48 10 ! Total for 62 13 593

16 |25 | 50 [0 3 fielde:

18 |26 | 49 [0 14 UL | 2

271 46 [0 1 Area of 62 fields = 0,09238 &tm

18 |28 | 43 |1 9 No.of large ppt. = 13 /0, 09238
|18 ]29 [ 400 20 - = 140 /cm

18 {30 | 37 i 12 X for large ppt. = 0.21

20 {31 13710 i ofor large ppt. = 0.41

20 {32 [ 3900 5 No. of small ppt. = 593 /0. 09238

20 {33 |41 f0 b - = 6420/ cm

20 134 | 43 ; 1 X for emall ppt. = 9,6

20 |35 | 45 ) ofor small ppt. = 8,0

20 |36 | 47 b 13

10 [37 | 50 b 10

10 {38 | 47 01 4

10 [39 | 44 P 9

g e



et

Tma

Gt
OF FOUR (i

o

TABLE 21 DISLOCATION DENSITY
SAMPLE SEMIX G-12. Sample in etched coixdition

Magnification 1000X, Area of field = 0,000238 cm
X and Y denote the location of microscope stage { field of view )for the
data measured.

FIELD No. of Dialocation FIELD No. of Dislocation

Pits Pits
Y [No.| X v Y | No.| X K]
12 11 34 10 | 40 41 33
12 | 2 35 1 10 | 41 38 3
12 |3 37 2 10 { 42 35 3
12 | 4 39 25 8 43 35
1215 41 0 8 44 36 0
12 16 1431 . .|.21 8_145 |38 58
12 |7 | 45 0 8 40 127
12 | 8 47 106 8 |47 |42 112
1219 | 49 187 8 [48 |44 78
12 110 | 50 182 8 49 46 135
14 |11 |49 125 8 _ 150 |48 15
14 {12 47 158 8 51 49
14 {13 | 44 163 6 52 |49 72
14 |14 | 41 6 6 (53 |46 63
14 | 15 38 92 [ 54 | 43 15
14 {16 35 23 6 55 40 2
16 [17 | 35 21 6 |56 |37 10
16 | 18 36 49 5 57 38
16 |19 38 89 5 58 39 85
16 [20 | 40 63 5 (59 [41 41
16 |21 42 10 5 60 43 70
16 [ 22 | 44 480 5 61 (45 47
16 |23 46 310 5 62 47
16 {24 | 48 1000 Total for 55 5932
16 |25 49 92 fields:
18 | 26 47 23 e

18 127 46 122 Dislocation density
18 {28 43 15 ‘ . 2
18 | 29 | 40 99 = 5932 /(55)(0.000238) pits/cm
18 [30 [ 37 14 5 )
19 |31 37 = 4,5 x 10 pits/cm
I 32 | 39 108 —
13 33 | 41 230 X = 108
19 [34 | 43 450 € = 161
19 |35 | 45 20
19 |36 | 47 '
10 | 37 50 320
10 | 38 { 47 275
10 | 39 44 16
R
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TABLE 22 Grain Boundary and Twin Boundary Density
SAMPLE SEMIX H-8, Sample in polished condition. Magnification 100X .
Field area = 0.0241 ecm™ . Circumference of test circle =n.D = 0.55 cm,
A denotes No. of grain boundary intersections with circumference of test circle,
B denotes No. of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured.

FIELD A No.of | B FIELD A No.ci | B |
twins twins f
Y | No.| X Y | No.| X
12 11 3318 44 19 10140 |411}3 15 9
12 [2 35 |3 4 5 10141 |38}2 2 2
12 |3 3714 1.9 8 10142 13515 15 13
12 [ 4 39 |2 4 3 8 43 (34 |7 20 24
1215 |41 5 6 6 8 [44 366 17 17
2’6 | 432 10 {11 ] 8 |45 |38]3 4 4
12 |7 45 |2 1 2 8 |46 4013 1 1
12 |8 | 47 (2 3 1 8 147 142 ]2 17 5
12 |9 49 |& 13 12 8 |48 144 |5 54 39
12 110 51 (4 3 3 8 49 146 10 14 28
14 {11 5012 10 12 - 8 50 48 |14 9 11
14 {12 | 47 |2 2 2 8 |51 50140 7 9
14 |13 | 44 |2 4 4 6 52 149 |4 11 10
14 114 | 41 |2 4 2 6 53 146 |4 21 34
14 {15 | 38 {5 15 __..110 6. 154 14314 37 18
14 {16 | 35 |3 12 15 6 55 14017 8 11
16 117 | 34 |6 19 18 6 56 137 ]4 113 28
16 |18 | 36 |2 12 17 4 57 |37 ]6 50 31 |
16 119 | 38 (2 2 2 4 |58 (39 |2 7 13
16 |20 | 40 |6 17 24 4 59 14113 3 3
16 121 | 42 |6 39 134 4 160 43 |0 0 0
16 122 | 44410 (1 12 4 l61 145 |6 35 6
16 {23 | 46 |3 2 2 4 |62 |47 |4 4 4
16 |24 | 48 |3 2 2 Total for 62 205 931 779
16 125 | 5016 1 2 fields:
18 [26 | 49 |2 Q Q '
——-i—g ;% :g g - 2 98 LA for grain boundary= ---PL Y “'r et 4t fm—
18 [ 29 40 |3 4 45
18 |30 | 373 17 19 4 __W«x779
>0 T31 37 15 12 9 LAfor twin boundary=e- TS 3569 %":; '
20 |32 39 (4 22 18 ,
20133 1 4113 48 44 X for grain boundary= 3,3
20 134 . 4312 54 68 o for grain boundary= 1,9
20 [35 | 45 |2 13 13 ’
20 |36 | 4710 0 0 X for twin boundary = 12,6
10 {37 20 {2 4 2 o’ for twin boundary = 13,3
10 {38 | 47 |0 0 0
10 139 | 44 |3 13 6 ‘
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TABLE 23 Precipitate Particle Density ORIG !gg YUAzL
SAMPLE SEMIX H-8, Sample in polished con91t1 §dagmf1catton 400X,
Ficld area = 0.00149 cm?
A denotes No, of laarge precipitates observed in field of view,
B denotes No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured.

FIELD A B FIELD A B r

Y No.| X Y | No.| X

12 [1 33 2 48 10140 [41]0 10

12 |2 35 [2 3 10141 (3814 10

12 |3 37 [0 13 10142 {3510 38

12 | 4 39 {0 7 8 43 34 |0 41

12 |5 41 |0 Q 8 44 36 {0 19

12 {6 14311 14 8 |45 13810 25

12 |7 145]0 8 8 |46 4010 12

12 | 8 47 |0 5 8 47 14211 7

12 19 49 |1 6 8 48 144 10 11

12 {10 | 5111 9 8 49 14610 23

14 |11 | 50 |0 17 8 {50 14811 14

14 {12 | 47 |0 9 8 51 50 ]0 18

14 [13 | 44 1 114 6 |52 |49 ]0 19

14 | 14 | 41 |0 9 6 53 14610 34

14 |15 | 38 |0 11 6 54 14310

14 116 | 35 {0 28 6 55 140 |0 4

16 117 | 34 |1 14 6 56 |37 |0 9

16 |18 | 36 |0 5 4 |57 37 |1 13

16 {19 38 |0 3 4 58 39 |0 9

16 120 | 40 |0 4 4 59 141 ]0 b

16 |21 42 10 11 4 60 (43 ]0 16

16 |22 | 44 |0 1 4 61 145 ]0 17

16 |23 46 |0 5 4 62 47 |0 15

iz :: ‘;g g g Total for 62 23 8175

fields:

18 {26 | 49 |0 3 z

18 |27 | 46 iq 10 Area of 62 fields = 0,09238 cm
18 |28 | 43 |3 18 No.of large ppt. =  23/0,09238

18 {29 | 40 |0 3 = 250/ cm

18 (30 | 37 |0 14 X for large ppt. = 0,4

20 | 31 37 10 31 ofor large ppt. = 0.8 '

20 |32 | 39 |2 52 No. of small ppt. = 875 /0.09238

20 |33 | 41 |0 11 = 9470/ cm”.

20 | 34 | 43 |0 22 X for small ppt. = 14,1

20 | 35 | 45 |1 9 o-for small ppt. = 10,9

20 |36 | 47 |o 15

10 {37 | 50 }¢ 7

10 {38 | 47 |0 3

10 |39 | 44 |1 15
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ORIGINAL PAGE 18

- OF POOR QUALITY
TABLE 24 DISLOCATION DENSITY
SAMPLE SEMIX H-8, Sample in etched coi'ldition
Magnification 1000X, Area of field = 0.000238 cm

v X and Y denote the location of microscope stage | field of view )for the

data measured.

! FIELD No. of Dislocation FIELD No. of Dislocation I
Pits Pits
Y [ No.|] X v Y | No.| X ¢
12 | 1 34 138 10 | 40 | 4! 164
12 |2 35 103 10 | 41 | 38 960
12 |3 37 4 10 | 42 |35 12
12 [ 4 39 71 8 [43 |35
1215 41 167 8 |44 [36 49
126 | 431 . 1215 8_l45 |38 1050
12 17 45 360 8 | 40 23
12 |8 47 222 8 #_@; » 725
12 |9 49 172 8 |48 |44 119
12 110 |50 155 8 49 1 46 3249
14 |11 |49 19 8 50 148 213
14 |12 | 47 3 8 |51 |49
14 {13 | 44 78 6 52 |4 255
14 |14 | 41 6 6 [53 |46 32
14 [ 15 38 69 6 54 |43 83
14 |16 | 35 125 6 |55 [40 1020
16 [17 | 35 6 [56 |37 3
16 [18 | 36 320 5 [s57 [38
16 [19 | 38 24 5 |58 |39 el
16 | 20 | 40 248 5 (59 |4l 184
16 |21 | 42 127 5 |60 |43 228
16 [22 | 44 17 5 |61 |45 270
16 [23 | 46 16 5 |62 |47
16 | 24 48 | 2 fbtalfor 56 11428
16 |25 | 49 2 fields:
18 [ 26 | 47 310 — ~
18 |27 | 46 189 Dislocation density
18 |28 | 43 271 2
18 |29 | 40 425 = 11428/(56)(0, 000238) pits /cm
18 |30 | 37 219 g 2
19 131 | 37 111 = 8.6 x 10”7 pits/cm
I 19 )32 | 39 303 X - 204
19 |33 | 41 82 g = 235
19 |34 | 43 300
i 19 [35 | 45 180
19 (36 | 47
10 {37 | 50 A
10 | 38 | 47 307
10 {39 | 44 226
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TABLE 25
SAMPLE: Semix 1-10-13(TSsample in polished condition. Magnification 100X .
Field area
A denotes No. of grain boundary intersectiona with circumference of test circle.
B denotes No, of twin boundary intersections with circumference of test circle,

X and Y denotes field location of the data measured.

Grain Boundary and Twin Boundary Density

= 00,0241 cm ., Circumference of test circle

OIGINAL PAGE 1S
OF POOR QUALITY,

=n.D

= 0.55 cm,

F
FIELD A No.of |B FIELD A No.of |B I
twins twins
Y |[No.| X |GB Twin Y [No.[X 1
12 |1 3310 9 1040 [4112 37
12 ]2 [35]2 3 10141 |38l 6 78
12 [ 3 3715 38 10142 (351 4 7
12 | 4 39 | 4 67 8 |43 [34]3 30
125 [41]0 T 0 8 |44 [36]2 29
Cie|e eI 117 ] 8._]45 |38 ]2 32
12 |7 4510 40 8 146 |40 4 32
12 (8 47 | 2 35 8 147 |42]3 21
12 19 49 | 2 10 | 8 |48 J44 ]2 62
12 |10 | 5112 13 8 149 [4612 13
14 |11 | 5010 3 8 (50 14816 16
14 |12 | 4710 6 8 [51 |50 3 59
4 13 144 [ 2 1 6 |52 [49]8 61
14 |14 | 41 [0 0 6 |53 |46]2 24
14 [15 | 380 3 6. 154 14315 25 |
14 |16 | 35| 2 5 6 |55 [40] 4 34
16 117 [ 343 RYE 6 |56 [37]8 7
16 [18 | 36 |3 4 |57 |37]10 7
16 |19 | 382 10 4 |58 [39]7 8
16 |20 | 40 [ 5 3 4 (59 |41]4 43
16 21 1423 9 4 160 [43]0 50
16 122 | 44 |2 2 4. l61 {4513 71
16 123 | 46 | O 8 4 |62 |47]5 76
:2 g‘; ‘;g g (1, '?otlzl Tor 62 171 1720
8126494 36 lelds:
— ig gg ::‘; : 32 LA for grain boundary:-}-PL=Ez-%TZA§ 27.88
[ 18 |29 | 40} 4 30
18 130 13710 1 . won o
>0 131 137 1o 0 L, for twin boundary-—..;z.&..szg_ - 7:1;‘2/‘:m
20 |32 | 39 ] 4 Q
|20 133 14110 - X for grain boundary= 2,76
r—~-2'9~' 3414300 22 o for grain boundary= 2,28
20 {35 | 45| 2 26 ¥
20 |36 47 | > 80 X for twin boundary = 27,7
10 137 50 | 2 84 o6 for twin boundary = 25,3
10 138 | 4715 70 y= oo
10 {39 | 44

117
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TABLE 26
SAMPLE: Semix1-10-13 (T

Field area
A denotes No. of Large precipitates observed in field of view,
B denotes No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured.

Uttt e AGE i
oF POOR QUAUTY

Precipitate Particle Density

0.00149 cm

%Sample in polished condition. Magnification 400X,

k
£
E

R — % _
FIELD A B FIELD A B r
Y No.| X |Lar Small Y No. | X
12 | 1 33 | g 23 10140 [41] 12 120
12 ]2 35| 2 94 1041 [38]6 38
12 | 3 3718 208 10 142 1351} 1 115
12 | 4 39 |1 24 8 43 (34| 11 229
1215 41| 3 26 8 [44 [36]3 6
1216 | 4314 10 8 145 13811 105
12 | 17 45 | - 9 8 |46 4010 40
12 [8 [47]! 60 8 |47 l42}! 7
1219 [49]3 137 8 [48 [44] 4 128
12 |10 | 51 [ 2 15 8 (49 (461! 1
14 11 | 5011 6 8 |50 |48]4 139
14 {12 | 47] 0 13 8 |51 [50]! 20
14 |13 | 44 | 1 10 6 |52 497 336
14 [14 [ 41 ] 3 b 6 |53 |46 |8 54
14 [15. | 48] 5 83 6 |54 |43]5 11
14 {16 | 35| 3 39 6 |55 {40! 12
16 [17 | 34 ] 4 30 6 [56 [37]2 92
16 {18 | 36 ] 3 39 4 |57 |37/[4 43
16 |19 | 38 | 4 195 4 |58 [39]2 48
16 |20 | 40| 5 241 4 |59 |41l 140
16 |21 [ 42 ] 4 56 4 60 [43]53 90
16 |22 | 44 ] 3 80 4 |61 453 51
16 |23 | 46 | 1 19 4 |62 |47 1|5 35
16 |24 48 | 0 > Total for 62 188 4083
16 |25 | 50 | 4 161 fields:

18 (26 | 49 1 46 ' )
18 | 27 46 | 3 Area of 62 fields = 0,.09238 cm
18 128 | 43} 2 21 No. of large ppt. = 188/0,09238
18 [29 [ 40 2 13 =2035 / ¢m

18 {30 |1 371 0 35 X for large ppt. = 3,0

20 {31 {371 48 ofor large ppt. = 2 ¢

| 201432 | 39]1 45 No. of small ppt. =4083 /0.09238
20 {33 [ 41} 2 70 =44200 / cm
20 |34 | 43 3 48 X for small ppt. = 66
20 |35 | 45 | 1 5 ofor small ppt. = 67
20 {36 | 47 ] 4 114
10 [37 | 50] 2 61
10 |38 | 4712 11
10 [29 | 44| 1 2

i i—
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OF POOR QUALITY

TABLE 26

Field area = 0.00149 cm

Precipitate Particle Density
SAMPLE: Semix1-10-13 (T%Sample in polished condition. Magnifica'ion 400X,

A denotes No. of lLarge precipitates observed in field of view.
B denotcs No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured,

|
|
I

118

ﬁ

FIELD A B FIELD A B

YV |No. X Jlar mall Y No. 1 X

12 | 1 331 o 23 10 140 |41] 12 120

12 |2 35 | 2 94 10 141 |38]6 318 |

12 13 3718 208 10 142 13511 115,

12 | 4 391 24 8 [43 [34] 1) 229 |

12 [5 41 | 3 16 8 [44 [36]3 6

1216 | 4314 10 8 145 13811 105
27 a5 a 8 40 0 40

1218 | 471 60 8 (47 l42]! 7

12 |9 49 | 3 137 8 |48 |44 |4 128

12 {10 | 512 15 8 149 461! 1

14 [11 [ 50] 1 6 g8 150 |48 |4 139

14 |12 | 47| 0 13 8 |51 |50]! 20

14 (13 | 44 ] 1 10 6 [52 |49 " 336

14 |14 | 41 6 6 |53 |46]8 54

14 | 15. [ 38 ] 5 83 6 154 14315 11

14 {16 | 35| 3 39 6 155 |40]! 12

16 [17 [34] 4 30 6 |56 [37]2 92

16 [18 | 36| 3 39 4 (57 [37]4 43

16 (19 | 38 [ 4 195 4 |58 [39]2 48

16 |20 | 40 5 241 4 |59 [41]11 140

16 |21 | 42 ] 4 56 4 |60 [43]3 90

16 [22 [ 44 ] 3 80 4 |61 |45]3 51

16 [23 [ 46 | 1 19 4 |62 |47|5 35

16 |24 | 48 1 O > Total for 62 188 2083

16 |25 1 50 4 161 fields:

18 126 | 491 1 46 ' 5

18 |27 | 46 1 3 Area of 62 fields = 0,09238 ¢m

18 [28 | 43 ]2 21 No. of large ppt. = 188/0,09238

18 (29 | 40 ] 2 13 =2035 /[ cm

18 {30 | 3710 35 X for large ppt. = 3.0

20 (31 | 3711 48 o for large ppt. = 2.6

20 132 [ 3911 45 No. of small ppt. =4083 /0.09238

20 [33 | 41| 2 70 =44200 / cm

20 |34 | 43 3 48 X for small ppt. = 66

20 | 35 45 | 1 5 ofor small ppt. = 67

20 |36 | 47| 4 114

10 [37 ] 50] 2 61

1038 | 47] 2 11

10 [39 | 44| 1 2
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OF POOR QUALITY
TABLE 27 DISLOCATION DENSITY
SAMPLE: Semix 1-10-13 (T) Sample in etched co:!\dition
Magnification 1000X, Area of field = 0.000238 cm

X and Y denote the location of microscope stage | field of view )for the
data measured,

FIELD No, of Dislocation FIELD No. of Dislocation
Pits Pits

Y [ No.] X v Y | No.l X ]
1211 34 1 10 | 40 | 41 1
12 |2 35 5 10 {4) [38 83
12 {3 37 4 10142 |35 6
12 | 4 39 0 8 [43 |15 1
12716 41 2 8 [44 |36 6

2|6 (43 oz 1 __ ¥ 8 45 [38 3
12 | 7 45 4 ___Lﬁ.ﬁb.._..i.ﬂ, 3
12 |8 47 4 8 |47 |42 16
12 {9 49 6 8 148 |44 7.
12 [10 [ 50 4 8 149 146 10
14 {11 [ 49 0 8 150 |48 20
14 {12 | 47 0 8 |51 |49 13
14 |13 | 44 8 6 |52 |49 12
14 [ 14 | 41 2 ¢ |53 |46 13
14 [15 | 38 4 J .6 154 |43 1
14 {16 | 35 3 6 {55 |40 136
16 |17 | 35 2 6 |56 |37 137
16 | 18 | 36 1 5 |57 |38 27
16 [19 | 38 2__ 5 158 |39 4
16 | 20 | 40 7 5 159 |41 20
16 |21 | 42 5 I 5 |60 |43 13
16 | 22 | 44 0o I W s ler |45 14
16 [23 | 46 4 5 |62 |47 97
16 (24 | 48 > Total for 62 885
16 |25 | 49 0 fields:
18 | 26 | 47 73

r_ﬁlg,%g-.zg i Dislocation density=6,0 x 104 /cm2
1

il e
19 |31 | 37 1 6 = 28.7

[ 19 )32 | 39 _4
19 133 | 41 4
19 | 34 | 43 0

19 [35 | 45 32
19 136 | 47 17
10 [ 37 | 50 3
10 |38 | 47 8
10 {39 | 44 0

‘*
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OF POOR QUALITY

TABLF28  Grain Boundary and Twin Boundary Density

SAMPLE: Semix1-12-14[)Sample in polished condition. Magnification 100X .
Field area = 0.0241 cm™, Circumference of test circle = ®.D = 0,55 cm,

A denotes No. of grain boundary intersections with circumference of test circle.
B denotes No, of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured,

- — .
FIELD A No.of | B FIELD A No.of |B
twinsg twins_
Y [{No.l X | GB Twin Y | No.| X
12 |1 331 0 0 10]40 J411 0 9 ]
12 |2 351 0 0 ‘10141 |38 o 1
12 3 137] 0 4 10142 |35] o o 1
1214 139] o 0 8 |43 |34 2 8 |
1215 1411 o 1 8 (44 [36] o0 4 i
YA NI 1] 8 145 138] 0 6
12 {7 1451 0 5 8 146 J40) O 2 I
12 |8 47| © 2 8 147 |42] 0 13
12 19 49| 4 14 8 [48 |44 o 34 |
12 j10 511 0 8 8 149 1461 o q |
14 [ 11 4 50] 2 BT 8.150 |48] 2 28
14 112 | 47| 4 7 8 {51 J50] 2 6
14 |13 [ 44| 2 2 6 |52 la 2 35
14 {14 | 41 0 5 6 |53 [46 ] 2 52
14 115 138 ] 0 . 5. .. 6. 154 {43} 0 18
14 (16 [ 35] o 0 6 |55 (40} 2 24
16 |17 [ 34| - - 6 |56 |37] 4 6
16 |18 [ 36| 0 0 4 [57 [37] 0O 0
16 [19 [38] o 6 4 |58 [39] O 16
16 120 | 40 ] 2 2 4 159 |41] 3 14
16 )21 | 42| 2 2 4 J60 l43] O 19
16 [22 1 44| 2 8 4 161 45| 2 31 |
16 [23 [ 46| 2 5 4 (62 {47 2 | 68 l
16 |24 [ 48] O 0
16 125 150 0 o 'fic;tladl:or 61 67 623
18 [26 149 4 5 :
18 127 [ 4610 2 . m o, T
Flg‘;zs 431 0 " L, for grain bou“dary'-i'PL-?'éTég :cri./lctnz
18 129 |40 O 3
;g g(l) i; 8 ?0 LAfor twin boundary:-—____.._..';-lg: g; =29.2
20 |32 {39] 3 9 cm/cm
20 193 4 41 g d X for grain boundary= 1.1
20 134 | 43 2 ! o for grain boundary= 1.4
20 |35 | 45 3 6 g y .
20 1 36 47 > 4 X for twin boundary = 10,
10 137 1 50 2 2 o for twin boundary = 12,8
10 |38 | 47| 3 3 .
10 {39 | 44| 2 36
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TABLE 29 Precipitate Particle Density Or Fuill ?Q ,Is“ﬁ

SAMPLE: Semix]-12-14 (UESample in polished condition. Magnification 400X,

Field area = 0.00149 cm

A denotes No. of Large precipitates observed in field of view.
B denotes No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured,

FIELD A B
Y No.| X Largg
12 [ 1 33 5 112
12 |2 35| 3 3|0
12 |3 37] 2 2
12 |4 | 39 2 %i_h“
12 15 41 | 5 8 36 [ 2
12 16 14312 8 1 38 | 1
12 |7 45 | 6 8 (4012
12 (8 |47/ 3 8 147 4211
12 |9 49 | 4 8 (48 |4413
12 (10 [s1] 11 49 {4617
14 |11 | 50! 4 8 }50 |48 1
14 |12 | 47| 2 8 (51 j50]!
14 {13 [ 44 | 4 6 {52 (4913
14 {14 [ 41 ] 3 6 153 [46 ]!
14 |15 | 38| 6 6 |04 ;4312
14 [16 | 35| 2 6 |55 |4040
16 (17 [ 34 - 6|56 |37][¢
16 {18 [ 36 ] 1 4 [57 [37]0
16 {19 [ 38 ] ¢ 4 |58 [39]!
16 {20 | 401 4 159 l41]0
16 21 [ 42 ]2 4 |60 [43]2
16 (22 | 44 | 4 4 161 |45]2
16 23 | 46 | 1 4 62 473
16 124 | 48 | 2 Total for 61 155 2724
16 (25 | 5013 fields:
18 {26 | 49 | 7 2
18 [27 | 46 | 1 Area of 62 fields = 0,09089 cm
18 |28 143 ] ] No. of large ppt. = 155/0, 0%089
18 [29 | 40| 2 =1705 / em
18 |30 | 373 X for large ppt. = 2.54
20 |31 13710 ofor large ppt. = 1,96
20 {32 ;13912 No. of small ppt, = 2724 /0.09089
20 [33 | 41 | 5 =29970 / cm
20 |34 | 43 (3 X for small ppt. = 44,7
20 135 | 45| 2 ofor small ppt. = 29.1
20 {36 | 47| 3
10 [37 [ 50]2
10 {38 | 47 ]1
10 {39 | 44| 1
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OF FUUR GLALITY
TABLE 30 DISLLOCATION DENSITY Pour Gur

SAMPLE: Semix ]-12-14 (U) Sample in etched coi.':lition
Magnification 1000X, Area of field = 0,000238 cm

X and Y denote the location of microscope stage | field of view )for the
data measured,

122

P’— " ‘ r
FIELD No. of Dislocation FIELD No, of Dislocation
Pits Pits
Y [ No.| X v " Y [ No.[ X [
12 |1 34 7 101 40 | 41 4
12 12 35 6 10 1 41 |38 4
12 |3 37 17 10 | 42 |35 2
12 | 4 39 5 8 |43 | 35 3
12715 41 7 8 [44 |36 1
| 1216 [ 434 .9 . 8145 |38 8
12 17 45 2 B8 146 140 2
12 |8 47 5 8 |47 |42 0
12 19 49 4 8 l48 |44 0
12 110 | 50 4 8 49 | 46 2
14 [11 | 49 0 8 _[50 |48 ]
14 |12 | 47 2 8 |51 |49 1
14 {13 | 44 v 6 [52 |49 0
14 [ 14 | 41 2 6 (53 |46 3
14 [15 | 38 2 6 154 |43 0
14 |16 | 35 0 6 |55 |40 0
16 {17 | 35 4 6 |56 |37 1
16 [18 | 36 0 5 |57 |38 0
16 |19 | 38 3 5 58 {39 2
16 120 | 40 0 5 59 |41 0
16 |21 | 42 1 5 |60 |43 0
16 |22 | 44 0 5 161 |45 5
16 123 | 46 1 5 162 |47 0
16 124 | 48 0 Total for 62 166
16 |25 | 49 15 fielde:
18 |26 | 47 1 "
18 [27 | 46 0 . . e 4
js 1557133 2 Dislocation density = 1.1 x 10" /cm
18 {29 | 40 1 X =268
18 {30 | 37 3 & =3 34
19 |31 | 37 5
|19 132 [ 39 1
19 |33 | 41 0
19 134 | 43 2
19 |35 | 45 0
19 {36 | 47 0
10 {37 | 50 3
10 |38 | 47 3
10 {39 | 44 1
b
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TABLE 31 Grain Boundary and Twin Boundary Density

SAMPLE; Semix2-5-1 (V) Sample in polished condition. Magnification 100X .
Field area = 0.0241 cm™, Circumference of test circle = n.D = 0,55 cm,

A denotes No., of grain boundary intersections with circumference of test circle,
B denotes No. of twin boundary intersections with circumference of test circle,
X and Y denotee field location of the data measured,

123

FIELD A No.of |B FIELD A No.of |B |
twins twins
Y No.| X GB T win Y | No. | X
12 |1 | 33] 2 0 1040 [41] 12 8
122 {35] g 0 "10 |41 [38] 2 0
12 [3 [ 37] 23 0 10 {42 |35] O 0
1214 {39 22 0 8 [43 [34] O 0
125 41| 17 L 8 |44 [36] O 0
[ 12 ]6 143] 5 [ 1o 8._145 [38] > 0
1217 |45 5 15 8 |46 |40} © 1
12 ({8 |47 5 8 8 |47 |42] 13 0
12 ]9 |49 4 9 8 |48 [44 | 19 g
12 |10 | 51| 2 26 8 |49 |46 29 1
a1l {50 2 11 B 150 1484 21 1 1.0
14 |12 | 47| 3 36 8 |51 |50 17 0
14 (13744 | 10 13 6 |52 [49] 15 z
14 [14 [ 41 ] 6 9 6 153 [46 | 22 0
14 [15 [ 38] 8 3 6 |54 J43] 23 10
14 {16 |35 10 1 6 |55 |40 13 3
16 |17 | 34 | 3 10 6 [56 [37] O ] 0
16 [18 [ 36| 7 40 4 |57 [37] © >0
16 [19 [ 38| 14 40 4 |58 [39] 11 39
16 |20 | 40 | 22 17 4 |59 [41] 13 41
16 [21 | 42| 11 13 4 |60 [43] 13 8
16 122 |44 | 5 29 4 J61 [45] )2 0
16 |23 | 46 12 46 4 62 |47 14 0
16 [24 [ 48] 9 15 .
16 75 1 50 T 5 'fic;tla;sfor 62 694 789
18 120 | 49| 3 1 ‘
R
}-*ig gg:g*r‘{“i“‘ ;z I_JA for grain boundary=%-PL="-{-Lo-l-"—5f=5= 32 5!
18 |29 | 40 13 13 cm/cm’
12 43 ‘ :
20 | 32 39 22 11 cm/ecm i
2,0 33 1 41 L7 26 X for grain boundary= 11,2 !
20 | 34 | 43 19 23 , _
p— 20 35 145 12 52 o°for grain boundary= 7.4
20 |36 | 47 4 14 X for twin boundary = 12.7
10 137 | 50 > 0 o for twin boundary = 15,0 !
10 |38 { 47| 23 5 ) |
10 |39 | 44| 26 8 ';
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TABLE 32 Precipitate Particle Density = OF FOCIl QUALITY
SAMPLE: Semix2.5-1 (V) Sample in polished condition. Magnification 400X,
Field area = 0.00149 cm?
A denotes No. of Large precipitates obsarved in field of view.
B denotes No., of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured,

FIELD A B FIELD A B
Y [No.| X |Large Small Y | No.| X

12 [ 1 33 | 2 93 1040 {4110 7
122 35 | 5 22 1041 (381 16
12 [ 3 371 0 8 10142 |35/0 10
12 [ 4 39 {1 31 8 |43 [34]1 53
12|15 41 | 3 27 8 44 | 36 |2 51
1216 14311 ig ... 8 |45 3810 20
127 |45 57 46 |40 10 18
12 (8 | 47] 1 25 8 |47 |42]0 9 |
1219 149} 0 17 8 148 [44 ]V Xl
12110 | 51 o 11 8 149 14610 11
14 {11 [50] 0 34 8 |50 (4819 20
14 {12 | 47] 0 117 8 |51 [50]! 4
14 |13 [ 44| 0 26 6 [52 |49 |0 12
14 {14 [ 41 ] 1 10 6 153 |46 |0 3
14 [15 | 38| 0 31 6 154 143]1 16
14 |16 | 35] 0 123 6 |55 |40][0 9
16 {17 [ 34] 2 52 6 [s56 |37l 0
16 118 | 36 | 29 53 4 |57 |37} 12
16 |19 [ 38 ] 2 58 4 |58 |39 ]2 34
16 120 |40 ] 1 13 4 |59 [41 ]2 18
16 {21 [ 42} 1 60 4 |60 4310 12
16 |22 [ 44 ] 0 43 4 |61l [45 |0 4
16 |23 |46 ] 1 253 4 |62 |47 |0 4
16 124 | 480 8% Total for 62 75 2425
16 |25 [ 50 1 38 fialdes:

18 |26 [ 491 148 ‘ >
18 {27 1461 0 36 Area of 62 fields = 0,09238 cm
18 128 | 43 ]2 92 No. of large ppt. = 75 /0.09238
18 {29 |40 ] 2 36 = 812 / cm

18 130 {3710 19 X for large ppt. = 1,2

20 |31 | 3713 20 ofor large ppt. = 3,7

20 [32 | 39 (2 49 No. of small ppt. = 2425 /0.09238
20133 J 410 33 =26250 / cm
20 134 14311 34 X for small ppt. = 39

20 |35 | 45] 0 52 ofor small ppt. = 40

20 {36 | 47] 0 40

10 {37 ] 50]0 28

10 ]38 { 47 ] 0 57

10 |39 | 44 | 0o J_ 60
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OF POOR QUALITY

TABLE 33 DISL.OCATION DENSITY
SAMPLE: Semix 2-5-1 (V) Sample in etched copdition

Magnification 1000X, Area of field = 0,000238 cm
X and Y denote the location of microscope stage | field of view )for the
data measured,

FIELD No. of Dislocation FIELD No. of Dislocation
Pits Pits

Y [No.| X K Y [ No.!x (]

12 [1_ | 34 7 10 | 40 | 41 28

12 ]2 35 19 10 | 41 [ 38 7
1213 |37 5 1042 (35 9

1214 39 32 8 43 35 L1

1215 | 4l 3 8 |44 |36 2
YR U N O R 0 8 145 |38 7

12 |7 45 8 8 146 140 3

12 {8 47 5 8 |47 |42 5 ]

1219 49 7 8 (48 |44 9

12 {10 |50 4 8_ 149 146 12

14 (11 |49 26 8_ 150 148 8

14 112 | 47 62 8 |51 [49 5

'3 (1371 44 27 6 [52 |49 7

14 [14 | 41 325 6 |53 |46 LG L

14 |15 | 38 22 W6 154 43 217

14 [16 | 35 58 6 {55 |40 7

16 [17 | 35| 17 o6 56 137 )

16 |18 | 36 21 5 |57 |38 10

16 [ 19 | 38 50 5 |58 |39 15

16 [20 | 40 148 5 [59 |41 8

1621 Ja2] ] o 5 6o [43 13
[ 16 [22 | 44 s .B 161 |45 L5

16 |23 | 46 14 5 |62 |47 18

16 |24 | 48 6 Total for 02 3034

16 125 | 49 7 fields:

18 |26 | 47 6 ' ’
s 127 46 : 15 Dislocation .. onsity = 20,6 x [()4‘/(:mZ
18 |28 | 43 138
|18 129 § 40 56 X = 48.9

18 [30 | 37 196 & = 108

19 [31 | 37 430 '

19 [ 32 | 39 16

19 [33 | 41 95

19 134 ) 43 210
19 |35 | 45 650

19 |36 | 47 43

10 {37 | 50 4

10 |38 | 47 3

10 |39 | 44 45
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TABLE 34 Grain Boundary and Twin Boundary Density
SAMPLE: Semix 3-4-12(\!)Sample in polished condition. Magnification 100X .
Field area = 0.0241 cm”~, Circumference of test circle = n.D = 0.55 cm,

A denotes No. of grain boundary intersections with circumference of test circle,
B denotes No. of twin bhoundary intersections with circumference of test circle,
X and Y denotes field location of the data measured.

126

FIELD A No. of !B FIELD A Ne.of |B I
twins twins i

Y |No. X IGgB Twin | Y [No. | X

12 11 33 2 5 10 140 | 41 7 53

12 | 2 35 4 5 | ‘10 ] 41 38 3 14

12 | 3 37 4 0 10 142 |35 2 32

12 | 4 39 9 8 8 143 |34 6 16

12 |5 41 14 5 8 44 36 7 29

126 |43 8 . 121 B |45 |38 6 21

12 |7 45 5 48 | 8 46 | 40 10 19

12 | 8 47 0 14 8 47 | 42 4 45

12 19 49 3 23 8 48 | 44 9 39

12]10 511 o 18 8 149 146) 6 15

14 |11 | 50 2 4 8 50 1 48 9 3

14 {12 | 47 0 5 8 51 |50 4 5

14 | 13 44 12 10 6 52 49 2 41

14 |14 | 41 8 3 6 53 |46 3 1 13

14 {15 [ 38 5 12 W6 154 |43 8 21

14 [ 16 | 35 8 13 6 56 |40 5 17

16 |17 | 34| 7 6 6 [56 [37]

16 [ 18 | 36 7 0 4 57 |37

16 |19 | 38 4 11 4 58 |39

16 {20 | 40 5 8 4 59 |41

16 (21 [ 42 ] 10 7 4 60 |43

16 122 | 44 2 0 4 161 145

16 |23 | 46 5 0 4 62 |47

16 124 1 48 | 5 6 Total for 55 325 770

16 |25 | 50 14 11 fields:

18 |26 | 49 1 22 )

——*i"g'rgg‘ ig‘"é i] LA for grain boundaryz-!'i-PL=’-;-_-—05f%=16. 9
18 129 | 40] 3 10 cm/cm
;(8) g? :; ;4 Z LAfor twin boundary=—:0.154”5 - = 40 2
20 [32 [ 39] 10 17 cm /em
20 |33 4 41 ! 14 -)-(-ior grain boundary= 5,9
20 434 1431 L 18 o for grain boundary= 3,6
20 |35 | 45 4 1 ' )

20 |36 | 47 0 L X for twin boundary = 14

r 10 {37 1 501 6 9 o for twin boundary =

| 10|38 [ 47| 6 15 y = o12.7

I 10 [39 (44| 7 4

2 .
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TABLE 35 Precipitate Particle Density
SAMPLE: Semix3-4-12 (W%Sample in polished condition., Magnification 400X,
Field area = 0.00149 cm
A denotes No. of Large precipitates observed in field of view.
B denotes No. of Small precipitates observed in field of view,
X and Y denotes location of microscope stage for the data measured.

FIELD A B FIELD A B P

Y [No.| X llarge ___ISmall Y [No. | X

12 [1 33 - Lz ] 10[40 [41]5 24

12 {2 35| 0 55 1041 |38]5 13

123 [37]0 22 1042 [35]1 5

12 | 4 39| 5 27 8 (43 343 38

12 |5 411 10 8 |44 [36]2 23

1216 [43]2 16__ 8 145 ]38}l 47 |

12 |7 45 | 3 39 46 14014 84

12 ({8 47 2 51 8 (47 [42]0 28
[ 1219 49 [ 2 13 8 148 [44]3 4]

12 {10 [ 51] 4 79 8 149 14613 9

14 111 50 | & 24 8 50 148 {2

14 {12 | 47| 1 34 8 |51 |50]4 12

14 [13 | 44 ] 2 47 6 |52 ]4912 60

14 [14 | 41 ] 2 20 6 |53 [46 g ;2

14 [15 ] 381 ] 58 . _6__7_5.4 43

14 {16 | 35| 1 17 6 |55 |40(2 12

16 (17 [ 345 43 6 |56 [37]° 43

16 {18 [ 36]3 98 4 |57 |37l! 6

16 [19 | 38| 6 39 -4 |58 [39]2 3

16 {20 | 40 2 65 4 |59 |41]1 8

16 [21 [ 42]1 7 4 |60 [43]5 94

16 [22 | 44| 4 89 4 161 ]45]2 21

16 |23 | 46 | 5 83 4 |62 |47]- -

16 124 | 48 | 5 460 Total for 60 187 3609

16 |25 | 50 [ 3 79 fields:

18 [26 | 491 10 2

18 127 1461 ] 93 Area of 62 fields = 0,0894 ¢cm

18 [28 | 43 | 5 65 No. of large ppt. = 187 /0. 0894

18 129 | 40 ] 9 163 =2092 / cm

18 |30 | 377 290 X for large ppt. = 3.1

20 {31 137117 30 ofor large ppt. = 2.3

20 132 13914 29 No. of small ppt. = 3609 /0.08294

20 {33 [ 41 | 4 95 =40370 / cm

20 (34 4310 11 X for small ppt. = 60

20 |35 [ 4513 54 ofor small ppt. = 84

20 [36 | 47| 3 119

10 [37 [ 50} 2 37

10 138 [ 47} 25

10 {39 | 44| 1 14

127



~%

bl

TABLE 36 DISLOCATION DENSIT Y OF PCOR QUALITY
SAMPLE: Semix3-4-12 (W) Sample in etched coixdition
Magnification 1000X, Area of field = 0,000238 cm

X and Y denote the location of microscope stage | field of view )for the
data measured,

FIELD No. of Dislocation FIELD No. of Dislocation r
Pits Pits :
Y [No.l X v Y INo.|X ¥
12 |1 34 0 10| 40 | 41 0 :
12 |2 35 0 10| 41 138 2
12 |3 37 3 10 |42 |35 0
12 | 4 39 1 8 |43 |35 1
i2 |5 41 173 8 44 | 36 0
1216 43l o ] 8|45 |38 0
12 |7 45 ] 8 |46 140 0
12 |8 47 0 8 |47 |42 0
12 |9 49 2 8 [48 |44 183
12 [10 |50 28 8 149 |46 5
14 |11 |49 Q 8 150 |48 18
14 {12 | 47 5 8 [51 |49 15
14 |13 | 44 0 6 (52 |49 0
14 [ 14 | 41 25 6 |53 |46 45
14 [ 15 | 38 0 6 |54 |43 0
14 [ 16 | 35 1 6 |55 |40 127
16 [17 | 35 66 6 |56 |37 2
16 [ 18 | 36 1 5 57 |38 249
16 [19 | 38 i 5 |58 |39 19
16 |20 | 40 0 5 |59 |41 2
16 {21 | 42 1 5 |60 |43 73
16 |22 | 44 0 5 161 145 -
16 {23 | 46 101 5 |62 |47 -
16 |24 | 48 1 Total for 60 1561
16 |25 | 49 0 fields:
18 126 | 47 27 .
18 127 | 46 0 Dislocation density = 10.
38 a3 0 o y 10.9 ‘x 10 /em
[ 18 {29 | 40 1 X = 26
18 [ 30 | 37 20 & = 55
19 [31 | 37 42
| 19 |32 | 39 0
19 {33 | 41 0
19 [34 | 43 0 ;
I 19135 | 45 11 L
19 |36 | 47 91
10 |37 | 50 0
10 |38 | 47 1
10 {39 | 44 217
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TABLE 37 Grain Boundary and Twin Boundary Density
SAMPLE: Semix3-4-16 (%')Sample in polished condition. Magnification 100X .
Field area = 0,.0241 cm . Circumference of test circle = n.D = 0,55 cm,
A denotes No. of grain boundary intersections with circumference of test circle.
B denotes No. of twin boundary intersections with circumference of test circle,
X and Y denotes field location of the data measured,

FIELD A No.of [ B FIE LD A No.of | B
twins ) ‘ twins
Y No.| X GB Twin Y No. | X
12 |1 331 4 R Xy A 10 |1 40 41 15 6
12 |2 35 4 1 124 101 41 38 7 13
12 13 1370 9 oo L A3 ] 10 142 351 5 11
12 14 |39] 9 . J)..8 |43 [34] 5 61
12 |5 41| 20| 17 8 |44 [36] 9 6
[ 127le 4377 16| 1o [f 8. 145.]38] 9 22
12 [ 7 45 13 1 8..146_ 140 14 3
12 |8 |47 12 7 8 |47 |42 16 |7
12 19 49 16 2 3 48 | 44 16 0
12 f10 1 8v 1 18t 13 | 8 149 {46 3 14
14 {11 [ 50] 13 14 1 B )00 148 1 Q 18
14 | 12 | 47 14 5 8 51 |50 0 6
14 [13 |1 44| 18 0 6 152 14| 0 29
14 |14 | 41 11 38 6 53 |46 0 21
14 {15 | 381 4 | ... 5. .6 . |54.143}| 14 0
14 | 16 | 35 4 20 6 55 140 9 16
16 [17 | 34 9 15 6 56 |37 8 16
16 |18 | 36 7 6 4 57 |37 8 25
16 19 |38 2 i W 4 58 (390 11 13
16 120 | 40 9 3 4 59 |41 - -
16 {21 | 42 16 | 14 4 60 |43 11
16 122 144 | 13| 10 W 4 |61 [45] 4 13
16 |23 46 12 3 4 62 47 - -
16 |24 | 48 8 4
1625 | 50 3 5 'fic;tillsfor 60 605 567
18 {26 | 49 18 0 '
tg ;; :g ';"g“ T ?_W L, for grain bounda ryzlti'PL:"—{%Sgcsf'/gm :
|18 129 | 40| 17 1 |
18 {30 § 37 Q 4 o 4. 9,45
20 131 1 37 > 1 LAfor twin boundary—_.m - frzl./(lm
20 | 32 39 11 11
————g—g~L§i %é‘ '174 ? X for gra'in boundary= 10.1
56 1387 "ag"'"“lé 0 o"for grain boundary= 