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_Proton irradiation of vanadium

by

" Paul John Hultgren

ABSTRACT

Radiation blisters were produced on vanadium, niobium

and moljbdenum after bombardment with 150 Kev protons. The
16
)

H+/sec-sq cm while the proton fluence ranged from 8(1017) to

proton fluxes ranged from approximately 3(1015) to 3(10

7(1019) H+/sq cm. Increases in the proton fluence produced
an increase .in blister size and a decrease in the blister
density. The formation of blisters at temperatures beléw the
hydride dissociation temperature was demonstrated for

vanadium.



I. INTRODUCTION

| Deficiencies in knowledge concerning radiation effects
on materials. generates an economic impact estimated at $480
million in' 1974, with an expected increase of ofer $1_billioh
by 1982'(1). The developmental programs-for Controlledehetmo—
‘ nucieéf Reactors (CTR) have focused,conSidefable attention on
the pofential materials problems. An indication of the con-
ceptual CTR design as presented by Fraas and Postma (2) (see
.Figé. 1 and 2) describes a vacuum vessel that will surround a
magnetically confined plasma. Experience has shown that com-
plete confinement using magnetic bottling techniques can not
be expected, and as a result a portion of the plasma will-
escape and strike the "first wall" of‘the containment vessel.

Plasma particles with sufficient energy, move through the
- lattice of the "fifst wall' material displacing lattice atoms
untilithe projectile particle is trapped within the lattice.
The dissipation of the plasma projectiles energy within the
lattice may result in severe damage to the bombarded lattice.
The damage generated by the bombardment of the '"first

wall" can result in the development of radiétion blistered
surfaces. These blisters threaten the success of the fusion
reactor (CTR) by limiting the service life of the "first wall"
due to the exfoliation of metal surfaces leading to a loss in
mechanical integrity and by contaminating the blasma. Since

current designs for the CTR promote use of a D-T fuel cycle,
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attention has been directed toward radiation damagé generated
from.the bombardment of materials by hydrogen isotobes and
helium. ‘

The demands made upon the '"first wall" of the CTR suggest, 
the .use of_vanadium, niobium, molybdenum and their alloys be-
‘cause 6f their good neutrdnic character and mechanical prober-
ties at the p;ojecfea CTR oberating temperatufe of 600° to
1000°C (3). The ﬁrojected particle current on the '"first wall"

14_t

due to neutral deutrium and tritium is estimated to be 10 0

1016

particles/sec-sq cm with a energy qf 20 Kev (3.,4).

This particle flux confaining hydrogen iéotopes is expected
“to deposit a high percentage of the ions within the material
(3,4,5,6). These conditions will be contributing factors in
the production of radiation blisters.

The occurrence of radiation blisters on vanadium and nio-
bium has beén well doéumented (7-14). Studies have examined
‘Blister shape, size and density as related to projectile
energy, flux, fiuence, target temperafure, channeling condi-
tions and initial defect concentration (8). Nevertheless, the
conditions contributing to Blister formation are not well de-
fined, and low energy proton bombardment of refractory mate-
rials, such as vanadium,. has not been investigated thoroughly.
The blistering phenomenon has been observed under a vari-

ety of circumstances which were not related to a radiation

environment (15-18). The nature of blister formation by pro-



.ton bombardment embraces characteristics akin to the nonequi-
1ibrium deposition of hydrogen associated with cathodic charg-
ing. | |
Radiatibn blisteriﬁg is a localized bulging of a surface

due to anAincreaéeﬁin the internal gas pressure resulting from
~exposure to a radiation environment. This pressufe increase
is characteristic of the nonequilibrium deposition of gas
atoms (e.g. hydrogen) in the metal-matrix. The agglomeration
of gaé atoms typically occurs at lattice discontinuities such
as grain boundaries, radiation induced vbid and second phase
interfaces, resulting in the development of an equiiibrium
system between the gas, in molecular form, and the supersatur-
ated matrix. In addition, hydrogen may react with impurities
or alloying agents to form other gases, such as the formation
of methane from reaction with a carbide. Molecular hydrogen
or the gaseous reéction'products have difficulty diffusing
throughithe metal. The accﬁmulation of gases can result in
the development of gas pressures large enough to exceed the
material's yield stréngfh, resulting in local deformation.
This deformation can appear as an internal fissure or, when
thé‘gas pocket is near the surface, a blister.

- This research pfoject was conceived and carried out in an
attempt to provide qualitative information concerning the pro-
duction of radiation bliétered surfaces on pure vanadium metal

using 150 Kecv proton radiation. This projcct rcquired the



modification of an.existing accelerator installation to facil-
itate the irradiation of vanadium targets with protons in a

- controlled manner.



IT. MATERIALS AND PROCEDURES

A. Sample Preparation

The vanadium métal used to fabricate targets for ion
ifradiation was prepared by the iodide refiniﬁg proceés
described by Cérléon and Owen (19). The chemical analysié of
the vanadium metal is iﬁdicated in Table 1. The analyses indi-
cated in Table 1 were obtained using spectrochemical methods. -
The Concentration of interstitial impurities was determined
using vacuum fusion techniques for hydrogen, oxygen and nitro-
gen analyses, while carbon concentration was determined using
the combustion method.

The material was cold rolled from the ingot to form a
vanadium sheet 0.015 inch (0.038 cm) thick. The sheet was
sheared into two inch squares, cleaned and then annealed in a

8 torr (1.33(10~6 Pa) or better for two hours at

‘vacuum of 10°
1000°C after which the furnace power was cut and the system
was allowed to cool to room temperature while under vacuum.
The squares of vanadium were then machingd to the appropriate
diameter (see Fig. 3a).

Development of a suitable sample surface was acComplishéd
by electropolishing techniques. The electropolishing was pre-
formed using a 25/75 by volume HZSO4/methanol soiution at.OfC
with an open circuit potential of 12 volts. Iu addition, one

side of each sample was masked to provide for more effective

polishing by reduéing the surface area to be polished which
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Table 1. Chemicalﬁanalyses~of materia1s (PPM by weight)

Mo Nb? o L
Al - <20 <20 <100
B S , <1 - e
Ba - . -- <50 : -- <50
Ca - - <20 E <<39 . - <50
cd - -- a Co<5 -- <50
Co -—- <10 . -- --
Cr ST <20 150 <200
Cu <200 ‘ <20 <25 <100
Fe <100 - <50 400 <500
Hf . C-- . <100 | - --
Mg <200 . <20 <15 . <100
Mn - -—- <20 <25 <50
Mo Bal. -~ -- --
Nb -- Bal. -~ --
Ni -- <20 | 35 <400
Pb - - <20 - --
Si -- <50 | <40 <400
Sn -- <20 - A --
Ta -- 560 - --
Ti -- <20 - <25 -
v -- <20 Bal. Bal.
W -- . <100 -- --
Zr -- < 50 -- <500
c <5 10 100 --
0 45 .31 364 --
N L 27 88 --
H -- <5 ) 3 . - -

aAnalysis by vendor.

bTarget samples V-1 thru V-4 were fabricated using the
electrolytically refined vanadium corresponding to analysis
results in row 5; whereas, all other vanadium target samples
were fabricated from the iodide refined vanadium correspond-
ing to the analysis results in row 4.
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reduces the current requirement during polishing.

Pinélly, the vanadium targets were annealed a second time
to drive off excess hydrogen which may have been picked up
during electropolishing and to insure a more uniform grain
sfru;turé after machining. The samples were then stored in
vécuum until néeded.

| Although, the major research emphasis dealt with pfoton'
bombardment of vanédium;»a few samples of niobium and molybde- -
num were produced and irradiated. These materials were fabri-
cated in a manner similar to the vanadium samples with a few
expections. .

The molybdénum’samples were fabricated from commercially
available 0.015 inch (0.038 cm) sheet. During electropolish-
ing of molybdenum the electrolyte temperature was maintained
between -45°C and -35°C while using an open circuit potential
of 45 volts. The niobium samples were rolled from a 0.25 inch
(0.64»cm) plate to 0.015 inch (0.038 cm), and all annealing
stages were carried out af 1150°C. The niobium samples were
chemically polished in place of electropolishing, using a

20/20/10/50 by volume solution of HN03, HZSO4, HF and methanol.

B. Proton Beam Source

The radiation environment was provided by a modified
Texas Nuclear Cockroft-Walton Linear Accelerator neutron gener-
ation system. In normal operation the ''generator'" would accel-

erate D' particles into a tritium doped target to produce 14.7
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Mev neutroné.typiCally used for activation studies. In‘ordef
to study the effecté of proton radiation, the deuterium gas
Was:replaced with hydrpgen and the ?ritiated target was re-
plécéd with one of the vanadium targets described‘previously.
The'vanadium‘target samples weré pbsitibned such that the
sample's electropolished surface would be subject to the prbf
jectile ion fluk. The target was cooled by water flow through
the accelerator end cap, and the target and "O"-rings forméd a
vacuum 5ea1 for the accelerator drift tube and a water seal
for the coolant in the end cap. In addition, the accelerator
end cap was modified to accommodate placement of a thermocouple
(see Figs. 3a and 3b).

After the target was positioned, the acceleratqr drift

6 torr (1'.33(10‘4

tube was evacuatedvto 10~ Pa) or better. Dur-
ing operation the maximum beam current available was 1 ma and
the maximum accelerating poteﬁtial was 150 Kev. The duration
of a single irradiation was limited by the accelerator vacuum
system due to the gfadual heating of the system's iqn pump.
Typical beam times available for a singlc radiation exposure
were 35 to 50 minutes. However, multiple exposures were pos-
sible by judicious duplication of accelerator focus, extrac-
tion and palladium leak settings.

Accelerator parameters mohitored and regulated during
i;radiation were: |

Beam Energy - Acceleration potential for the projectile ion

(i.e. proton).



Beam Current

Beam Diameter

Beam Position
Beam Time
Ion Flux

Ion Fluence

Temperature

13
The number of projectile ions striking the
target per second.

The diameter of the column of projectile -ions.

containing the major portion of the stream of

‘accelerated ions.

The location of the projectile column on the o

target

The total time during which ions are allowed .

bombard the sample surface (i.e. target).

The number of projectile ions striking the
target per second per squafe centimeter.

The total numbér of projectile ions that have
struck the target per square centimeter (i.e.
dose).

The temferature of the sample was monitored.
Regulation of the temperature was a function
of the other parameters indicated above, and
therefore, was not subject to direct regula-

tion.

C..- Experimental Procedure

Once the target was in position and a suitable vacuum was

obtained, accelerator controls were preset to minimize adjust-

ment during the actual bombardment. The beam current, beam

position and beam diameter required adjustment while bombard-

ment was in progress. However, the transient period, during
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“which fhese parameters were stabiliied, was 1e§s than 5% of
the Lulal Beam time.

The beam position and the beam diameter were monitored
and initially seleéted visually. Sincgi?isual-observation re-
quired personnel eﬁtry into the accelerator room during opera- H
tioh, fhe room was carefully monitored for the pfesence'of
various harmful forms of radiation. The proton beam appéared
as a column of blue light which shown all along the accelerator
drift tube, and provided a distinct position indication on the
target. Because the beam diameter was initially selected
visually, the reproducibility of that selection was cheéked'
‘using the accelerator focus setting. Later, the diameter was
checked for correlation to the blister area observed afﬁer
microscopic examination of each irradiated target. When a
sample was removed from the accelerator, the sample was moni-
tored. The monitoring was a safety precaution used to avoid
the spread of tritium which was present in the accelerator as
residue from neutron generation work.

The investigalion of the vanadium target samples was
accomplished using optiéal microscopy and scanning electron
microscopy (S.E.M.) techniques. All microscopy was peffqrmed
on the as-irradiated surface‘with no additional preparation
other than a light alcohol or acetone rinse. The S.E.M,
studies were accomplished using a Cambridge S-4 Stereoscan
electron microscope which could reproducibly resolve at least

o
200 A. Analysis of the photomicrographs was made using a
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Carl-Zeiss particle analyzer.

'Sample surfaces were surveyed ét'low magnification using
‘an optical microscope to determine the extent of the blistered
~area for corrélation~to the épparent beam &iémeter and shaﬁé
during Bdmbardmentf' Figs. 4 through 6 shbw examples of |
blistered regions using optical microscdpy.

S.E.M. photographs of the blistered.surfaces were used to
obtain blister sizé and density information. In addition, the
S.E.M.'s goniometric stage made possible-the development of 4
systematic survey pattern. The pattern was used'tq provide an
indication of the variation in the,blister character across
the damaged surface. The S.E.M. photomicrographs presented in
- Figs. 7 through 12b are typical of the photographs which were
used to investigate‘the nature of the radiation Blisters.

Three methods of measuring the sample temperature were
employed; These methods all used thermocouples as temperafure
~ sensors. However, the thermbcouple configuration was varied
as indicated in Figs. 3a and 3b, to provide more accurate
denotation of the sample temperature during irradiation.

Sample V7 was prepared to provide a cross section of the
blistered region for hydride content investigation using cold
stage optical microscopy. The hydride investigation‘was con-
ducted_using the techniques and apparatus described by Sherman,
Owen ana Scott (20) for determination of hydride transforma-

tion temperature.
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Beam spot at low
magnification (each
scale division
represents 1 mm)

Blistered region at
moderate magnifica-
tion

Figure 4. Optical microscopy for sample number V8 -
annealed sample irradiated with 1 ma beam current
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Beam spot at low
magnification (each
scale division repre-
sents 1 mm)

Blistered region at
moderate magnifica-
tion

Figure 5. Optical microscopy for sample number V10 -

cold worked sample irradiated with 1 ma beam
current



18

Beam spot at low
magnification (each
scale division
represents 1 mm)

Blistered region at
moderate magnifica-
tion

Figure 6. Optical microscopy for sample number V12 -
annealed sample irradiated with 0.1 ma beam
current
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Sample V6
photomicrograph
" number 9

I Region: center

Sample V7
photomicrograph
number 9

Region: edge

S.E.M. photographs depicting a portion of the
blistered regions of samples V6 and V7

Figure 7.
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Sample V8
photomicrograph
number 9

Region: center

Sample V9
photomicrograph
number 1

Region: intermediate

S.E.M. photographs depicting a portion of the

Figure 8.
blisterced regions of samples V8 and V9
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Sample V10
photomicrograph
number 4

s Region: intermediate

Sample V11
" photomicrograph
, number 2

Region: intermediate

S.E.M. photographs depicting a portion of the

Figure 9.
blistered regions of samples V10 and V11
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Sample V12
photomicrograph
number 3

Region: center

Sample V12
photomicrograph
number 4

Region: center

dix

S.E.M. photograph sequence for sample V12 with

Figure 10a.
beam spot regions indicated
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Sample V12
photomicrograph
number 5

Region: intermediate

Sample V12
photomicrograph
number 6

Region: intermediate

S.E.M. photograph sequence for sample V12 with

Figure 10b.
‘ beam spot regions indicated
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Sample V12
photomicrograph
number 2

Region: edge

S+ Ea M- photograph sequence for sample V12 Wlth

Figure 10c.
beam spot region indicated
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Sample V13
photomicrograph
number 3

Region: intermediate

Sample V13
photomicrograph
number 6

Region: center

S.E.M. photographs depicting a portion of the

Figure 11.
blistered regions for sample V13
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Sample Nb-1
photomicrograph
number 1

' Region: center

Sample Nb-1
photomicrograph
number 2

g Region: intermediate

S BaM. photographs depicting a portlon of the

Figure 12a.
blistered regions of sample Nb-
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Sample Mo-2
photomicrograph
number 3

Region: edge

S.E.M. photograph depicting a portion of the

Figure 12b.
blistercd region of sample Mo-2
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',Tﬁe analyses given in Table 1 were supplemented by addi-
tional analysis work performed on each individual sample
target. ;SinceAthere was little or no opportunity for substitu-
tional contamination of the sample matefial during eiperimenta?
tion, interstitial anaiyses were perférmed-for hydrogen, exy-
.gen, ﬁitrOgen and carbon. Vacuum fﬁsion techniques were used.
to develop gas analysis.information'pn two areas of each sample
representing an unirradiated portion and an ifradiated portion
of theAsemples. Carbon analyses were performed on an unirradi-
ated portion of each sample using combustion techhiquee. The

results of these analyses are presented in Appendix B.
D. Blister Measurements

Raw measurements of blister diameters apparent in each of
the S.E.M. photographs are indicated in Appendix A, Tables Al
through A25. These measurements were converted to actual
diameter values by dividing the measured diameter by the”
photograph magnification. The blister density was obtained
by dividing the total number of blisters apparent in a photo-
micrograph by the photomicrograph area and multiplying by the
photomicrograph magnification.

Actual blister :
_diameter = Measured diameter/photo magnification

Blister density = Number of blisters X photo magnification
- Photo area

The results of the S.E.M. investigations were organized into

three groups for each sample corresponding to the formation of
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three beam sﬁot_regions-relétéd_to the division of the beam
sfot'radius into three eﬁual segments. These groups were used
to.describe»the variation of the blister character at differ-
ent_positions in thé'beam'spot. ‘These regions were designated-
as‘”centér"; "intermediate' and '"edge'". |

After'fhe data were converted to actual blister diameter
values, twb methods were used to investigate the blister
diameter data. Compilation of the diameter véiues was made by
taking the arithmetic mean of the diameter values for each
photomicrograph and by developing‘a blister size distribution
curve for each photomicrograph. The data presented in Table 2
were developed by the determination of the arithmetic mean of
the blister diameter values. Figs. Al through A8 are féﬁre—
sentative of the distfibution curves used to develop the data
presented in Table 3. Table 4 indicates the blister size
informatidn for each sample overall and as related to each of
the three beam spot regions. The blister density information
for each photomicrograph is presented in Tables 5 and .6.
Blister diameter values ranged from 1.9 um to 1.2.um, while
blister density values ranged from 4.8 (103) to 11.3 (103)
biisters/sq cm.

E. Temperature Measurement

Measurement of the sample temperature during bombardment
proved to be a complicated task. Initially, each sample's

temperature was measured using a spring loaded thermocouple



Table 2. Mean blister diameter values for each photomiérograph with beam spot
region indicated '

| Sample number

. Calculated mean blister diameters (um) :
Photo Photo Photo Photo Photo Photo Photo Photo Ave.
1 2 3 : 4 5 ) 7 - .8

V6 Center 1.93  1.71 ===  =me= === 2.17 ===t ---- 1.94
V6 Intermediate ---- ---- ---- ---- ---- ---- 1.73 ---- 1.73
V6 Edge ---- ---- ---- 1.69 1.26 ---- ---- ---- 1.48

V7 Center ----8 1,65 ---=  —e=-=  ee-e —een ' —c-e --e- 1,65
V? Intermediate ----2 ---- 1,82 ~---  ---- 1,69 @ ---- ---- 1.76
V7 Edge ----8  e--- ---- 1.36 1.49 ---- " 1.25 1.52 1.41

V8 Center 1.74 1.79 ---- ---- ---- 1.50 ---- ---- 1.68
V8 Intermediate ---- ---- . 1.30 ---- ---- ---- 1.83 ----_1.57"
V8 Edge ---- ---- ---- 1.36 1.33 ---- ---- ---- 1.35

V9 Center ---- - ---- -——— -——— — ---- ———— ----
V9 Intermediate 1.07 1.13 1.28 -——--- ---- ---- ---- ---- 1.16
V9 Edge ---- ---- ---- ---- -—-- -—-- R

V10 Center me-=  1.55 1.48  =-==  =e-=  -==c 2,22 =--- 1,75
V10 Imtermsdiate =---- ===  ---- 1.47  ioe-  —--c  —=e-  1.91 1.64
V10 Edge - ceeemeeeeee Tl 10370 10100 meee . m--- 1.23

V11l Center ---- ---- ---- -——-- - ---- ---- —eem -l
V1l Intermesdiate 1.11 1.15 1.34 ---- ---- ---- ---- ---=- 1.20
V11l Edge - T ---- ---- ---- ---- ---- -—--- memm e---

V12 Center ---- “--- ----3 o.--d oo ---- ---- ----@ -
‘V12 Intermediate ---- -r-- ----2 ....2 1.31 1.57 ---- ----21.44
V12 Edge ----  1.34 ----8 .--.@8 ..-. ----  1.24 ----21.29

V13 Center 1.43 -.—-- ---- -——- 1.40 -—- ---- ---- 1.42
V13 Intermediate ---- .- 1.46 ---- ~——-- -—— 1.42  ---- 1.44
V13 Edge --c- ---- ---- 1.18 ---- - ---- 1.29 1.24

4Central region blistered severely.

0¢



Table 3.

photomicrograph with beam spot region indicated

.Blister diameter values determined from distribution plots for each

Sample number

Graphically determined blister diameters (jm)

Photo Photo Photo Photo Photo Photo Photo Photo Ave.
1 2 3 4 5 6 7 8 .
V6 Center 1.7 --- --- --- --- S 1.8
V6 Intermediate  --- --- --- --- --- - 1.6 -—-—- 1.6
V6 Edge --- --- --- 1.7 1.1 --- -~ --- 1.4
V7 Center ---4a 1.4 --- .- _—— - - - 1.4
V7 Intermediate ---2  --- 1.8 --- --- 1.7 --- --- 1.8
V7 Edge ---a . --- 1.4 1.5 --- 1.3 1.5 - 1.4
V8 Center 1.7 1.7 --- --- --- 1.4 - --- 1.6
V8 Intermediate  --- --- 1.3 --- --- --- 1.5 --- 1.4
V8 Edge --- --- --- 1.3 1.4 --- --- --- 1.4
V9 Center --- --- --- < --- --- --- e- -—-
V9 Intermediate - 1.1 1.2 1.3 - --s - - S 1.2
V9 Edge --- --- --- --- —-- .- S - -
V10 Center --- 1.6 1.5 --- --- --- 1.4 _ea 1.5
V10 Intermediate  --- --- --- 1.4 --- --- --- 1.7 1.6
V10 Edge --- --- ‘- --- 1.4 1.1 --- --- 1.3
V11l Center. --- --- --- --- - S _——- - -
V1l Intermediate 1.1 1.1 1.4 --- --- --- --- --- 1.2
V11l Edge - .- - - - .- - e LlC
V12 Center --- --- ---a S -——- - - ——- -—--
V12 Intermediate --- --- ---3 .. 1.2 1.5 - - 1.4
V12 Edge --- 1.4 == ' -=- 1.1 ---% 1.3
V13 Center 1.2 --- --- --- 1.2 --- -—-- --—- 1.2
V13 Intermediate --- --- 1.3 --- --- --- 1.3 --- 1.3
V13 Edge --- --- --- --- --- --- 1.2 1.2

3Central region blistered severely.

T¢ -



Table 4. Summary of the blister size information presented in Tables 4 and 5 as
related to the bombardment parameters of ion flux and fluence

Sample- Ion - Ion a Average blister diameter = Average blister diameter
number flux fluence (um) (points determined : (um) (points as.
' 16 19 using arithmetic mean) . estimated from plot)
(r0=7)  (1677) Center Interm._Edge Ave. Center Interm. Edge Ave.
V-6 3.2 7.3 1.94  1.73 1.48 1.72 1.8 1.6 1.4 1.6
V-7 " 6.1 1.65 - 1.76 1.41 1.61 @ 1.4. ‘1.8 1.4 1.5,
V-8 " 4.9 1.68 - 1.57 1.35 1.53 1.6 1.4 ©.1.4 1.5
V-9 " 3.7 ---- 1.16 ° ---- 1.16 --- 1.2 ---- 1.2
V-10 5.2 1.75 1.64 1.23 1.54 1.5 1.6 1.3 1.5
V-11 4.2 ---- 1.20 ---- 1.20 --- 1.2 ---- 1.2
V-12 5.4 ---- 1.44 1.29 1.37 ---- 1.4 1.3 1.4
V-13 2.5 1.42 1.44 1.24 1.37 1.2 1.3 1.2 1.2

3The ion fluence indicated corresponds to the estimated ion fluence indicated
in Table 2. ,

Z¢



Tab_

e 5.

Mean blister density values for each photomlcrograph w1th beam spot
region indicated

Sample number

Mean blister density [blisters per square centimeter x103]

Photo

1

Photo

2

Photo
3

Photo
4

Photo
S

Photo
6

‘Photo .

7

Photo
8

Ave.

Vo6
Vo6
Vo6
V7
V7
V7
\'L:
\'%:)
\'2:
V9

V9
V9

V10
V10
V10

V11l
Vil
V11l
V12
Vi2
V12

V13
V13
V13

Center
Intermediate
Edge

Center
Intermediate
Edge

Center
Intermedlate
Edge

Center
Intermediate
Edge

Center
Intermediate
Edge

Center
Intermediate
Edge

Center
Intermediate
Edge

Center
Intermediate
Edge

4.87

5.83

14.87

8.91

8.40

a
a

5.47

11.16

6.06

5.05

7.57

6.37

6.09

7.66

4,56

4.50

5.98

5.32

8.76

6.75

4.16

6.74

7.06

cee- 4,97
5.32
6.37

'5.15
4.78
7.33

5.78
7.16
7.79

11.51

5.88
5.64
11.29

4.60

10.04

a - -

2 10.58
6.40
' 8.57
7.57
10.54

9.30

3Central region blistered severely.

¢e



Table

6. Summary of blister density information presented in Table 7 as related

to the bombardment parameters of ion flux and fluence

Sample Ion Ion Average blistér,density
number fl%g fluence? (blisters per square centimeter X.103)
(1019) (1019) Center .. . ... . Intermed. . . Edge Average
V-6 3.2 7.3 4.97 5.32 - 6.37 5.55
V-7 " 6.1 5.15 4.78 . 7.33 . - 5.75
V-8 4 4.9 5.78 7.16 7,79 6.91
V-9 " 3.7 - 11.51.  ---- 11.51
V-10 2.7 5.2 5.88 5.64 11.29 7.60
V-11 2.7 4.2 ---- 10.04 ---- . 10.04 |
V-12 3.2 5.4 ---- 10.58 6.40 8.49
V-13 3.2 | 2.5 8.57 7.57 - 10.54 8§.91

indicated in Table 2.

4The ion fluence indicated corresponds to the estimated ion fluence

123
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on the side opposite the beam (see Fig. 3a). This me;hod pro-
vided consistent temperature readings of 41°C to 44°C for an
ion flux of approximately 3(1016) ions/sec-sq cm. However,
these measurements were made on the water cooled side of the
target sample, and the actual temperaturé of the target mate;A
rial was not~indicated due to the flow of coolant -around the
thermocouple bead.

In order to minimize the effects of the coolant flow, the
thermdcouﬁle design was altered to allow each therchouple
lead to be individually spot welded to the vanadium sample
with approximately 0.13 inch (0.32 cm) separation (see Fig.
3b). This temperature measurement configuration yielded
higher temperature values compared to the method indicated
above. Finally, a method was devised to allow .temperature
measurement of the sample's beam éide using direct thermo-
couple placement. This method used a stainless steel target
with stainless steel sheathed thermocouples inserted into the
evacuated accelerator drift tube through holes in the sample
target. The thermocouples were soldered in position, and the
solder joints were sealed with aluminized'epoxy. These thermo-
couple leads were individually spot welded to the beam side of
the stainless steel sample target as indicated in Fig. 3b.
Both temperatﬁre measurement configurations, indicated in Fig.
3b, were used to provide information regérding the variation
of sample temperature ﬁith changes in tHe prqton~f1ui. Table

7 contains the temperature data illustrated in Fig. 13 which
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Table 7. Temperature measurements? of target sample during

irradiation
Beam Beém Ion fluxb. Témperature measured
current diameter - (x1016)' * Beam side Water side
(ma) ' (cm) (ions/sec-cm?) (°C) (°C)
0.10 1.0 0.2 -- 39
0.25 1.1 0.3 -- 56
10.30 1.6 0.2 46 --
0.40 1.6 0.3 47" --
0.42 1.3 0.4 58 --
1 0.50 1.3 0.5 60. --
0.60 1.6 0.4 55 --
0.60 0.8 1.6 - 78
0.64 " 1.7 61 --
0.65 " 1.8 69 --
0.66 " 1.8 68 --
0.70 " 1.9 61 --
0.80 " 2.2 71 --
0.83 S 2.3 81 --
0.85 " 2.3 86 --
0.86 " 2.4 84 --
0.87 " 2.4 92 --
1:00 0.9 2.3 -- 121
1.00 0.8 2.7 -- 102
1.00 0.8 2.7 -- ... .82

dMeasurements were made using the spot welded thermo-
couple configurations indicated in Figure 3b.

bEstimated ion flux determined by taking 85% of the
calculated ion flux found using information in columns 1
and 2. See footnote on Table 8.
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Figure 13. Plot of ion flux versus the temperature of the

target sample during irradiation using the data
indicated in Table 7
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was developed‘from the measurement systems using spot welded
thermocouples as temperature sensors. The erfor in the temper-
ature values obtained using these systéms is not limited to

the relatively small error associated with taking a thermo-
couple reading. Rather, the temperature is_sﬁbject to fluctu-
ations,brdught on by changes in the coolant flow rate, proton
flu* and. beam homogeneity.

In order to obtain another point of reference regarding
‘the temﬁeratﬁre of the sample, a mock system was developed to
try to duplicate the temperéture measurement  problem under.
more controlled circumstances. This mock system, represented
schematically in Fig. 14, used a spring loaded thermocouple
positioned to simulate'the temperature measurement system used
during sample irradiation.

This mock system provided an indication of the error in-
curred when a thermocouple bead was subject to coolant flow.
The system was set to duplicate the coolant flow rate and the
temperature readings obtained from the accelerator's spring
loaded thermocouple during irradiation. The end cap and
thermocouple used in the mock system were of the same design
as the accelerator's end cap and thermocouple. During'proton
bombardment with an ion flux determined to be approximately
3(1016) ions/sec-sq cm, the temperature indicated by the spring
loéded thermocouple was 41°C to 44°C.

When thé mock system's spring loaded thermocquple was

brought to a similar temperature reading, the temperature
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COOLANT . WATER
FURNACE I 7 ExvausT
NEEESRR RNV S B w_-THERMOCOUPLE

ALUMINUM BAR

F “SPRING LOADED
THERMOCOUPLE
| | ~_-THERMOCOUPLE
FURNACEY ) LcoolliAszTKEWATER

THERMOCOUPLES

Figure 14. Schematic representation of the mock system used to

51mu1ate the temperature measurement problems dur-
ing irradiation !
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measured at a position two millimeters into the aluminum bar
was- 135°C under equilibrium conditions.

| The resulfsvof eiperimentation with the mock system indi-
cate acéeptable correlation to thevtémperatureAvalues Suggested {
in:Fig. 13. The results of these studies reveal thét, for an
ion fiux of 3(1016) ions/sec-sq cm, the temperature of the
sampie's beam side cén be estimated at 125 i ISAC. When the
ion flux ié decreased to approkimately 3(1015) ions/sec-sq cm,

the temperature can be estimated at 45 + 15°C.
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III. EXPERIMENTAL RESULTS

.Some of the factors contributing to the formation of
radiation blisteringAinclude ion fluence, ion fluk, projectile
enérgy,_irrédiation,temperature and orientation of the sample
-withArespeEt to the beam. Since poiycrystalline samples were
used, this research was not suited to controlled investiga-
tions of.the dependence of blister formation on speéimen
orientation. Irradiation parameters which would'reproduéibly
produce blistered samples were determined. A summary of the
irradiation parameters for all samples studied is provided in
Table 8. These parameters were used to calculate the projec-

tile flux and fluence for each sample.

Ion flux ='1-6(1016) ions/coulomb x beam currenﬁ

Beam cross sectional area
Ion fluence = ion flux x beam time

The blistered region of a sample was readily apparent as
a spot etched 6ﬁto the sample's polished surface. Visual
interpretation of the beam spot appearancebfbr each sample is
bresented in Table 9. From this information an ion fluence
threshold for blister formation was estimated. However, ion
flux and projectile energy blistering thresholds could not be
defined using the .data available. This research employed a
projectile energy of 150 Kev, and, for the ion flux values

~studied, blister formation took piace at dose 1eveis of



Table 8. Irradiation parameters and calculated values for ion flux and fluence

Sample Beam Beam Beam  Beam Ion Ion 5 a
number energy current diam. time flux fluence Estimated
(Kev) (ma) (cm) (sec) (ions sec-cm?) (ions/cm?) ion fluence

V-1 150 1.0 0.7 1800 4.2(1016) 7.5(1019) 6.4(1019)
V-2 " n 2.0 180 5.1(1015) 9.2(1017y  7.8(1017)
V-3 " " 2.0 900 5.1(1015) 4.6(1018) ° 3.9(1018)
V-4 " " 2.0 5400 5.1(1015) 2.7(1019) 2.3(1019)
V-5 1 " 1.0 1800 2.0(1016) 3.6(1019) 3.1(1019)
V-6 " " 0.8 2700 3.2(1016) 8.6(1019) 7.3(1019)
V-7 " " 0.8 2250 g 7.2(1019)  6.1(1019)
V-§& r " 0.8 1800 " 5.8(1019) 4.9(1019)
V-¢ " " 0.8 1350 " 4.3(2019)  3.7(1019)
V-10 " " 0.9 2250 2.7(1016) 6.1(101%) " 5.2(1019)
V-11 " " 0.9 1800 " 4.9(1019) 4.2(1019)
V-12 " 0.1 0.8 19560 3.2(101%) 6.3(1019) 5.4(1019)
V-13 o 0.1 0.8 9000 3.2(1015) 2.9(1019) 2.5(1019)
Nb-1 " 1.0 0.6 1800. '5.6(1016) 1.0(1020) 8.5(1019)
Mo-1 " 1.0 2.0 1800 5.1(1015) 9.2(1018y  .7.8(1018)
Mo-2 " 1.0 1.1 1140 1.7(1016) 1.9(1019) 1.6(1019)

Ay

%The estimated ion fluence was determined by taking 85% of the ion fluence
value indicated in column 7. This estimation reflects the component of the beam

which remained invisible during irradiation and was not represented in the beam
diameter measurement in column 4



Table

9. Visual appearance of samples after irradiation

Sample - Beam Beam spot Diameter of Visual extent of .
number . diameter area. blistered region blistered region?

(cm) - (cm2) : (cm) (blister spot development)
V-1 0.7 4 0.5 Blistered area well definsd
V-2 2.0 1 --- No evidence of blistefing
V-3 2.0 1 --- "
V-4 2.0 1 --- " _
V-5 1.0 8 --- Slight eviderice of blistering
V-6 0.8 5 0.8 Blistered area well defined
V-7 0.8 5 0.7 " ‘
V-8 0.8 .5 0.7 L
V-9 0.8 5 0.6 Partially developed spot
V-10 0.9 6 0.7 Blistered area well defined
V-11 0.9 .6 0.6 Partially developed spot
V-12 0.8 .5 0.5 Blistered area well defined
V-13 0.8 5 0.2 | "
Nb-1 0.6 0.3 "
Mo-1 2.0 --- No evidence of blistering
Mo-2 1.1 0.4 Blistered area well defined

3The visual extent of blistering as apparent to the naked eye.

1987
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2;5(1019) of_greater.

| The samples studied fall into thfee‘groups. Samplés V6,
v7, v8, V9, V12'and V13 were prepared as indicated previously,
which pfbvides éﬂ anneéled sample for bombardment.. However,
sampies V10 énd.Vll were left in a cold worked state. Fihally, 
samples V12 and‘V13 were bombérded with a beam current of 0.1 |
ma; wﬁereas, all other samples were bombarded with a beam cur-
rent of 1;0 ma. |

The results of the investigations on a cross secﬁion.of

sample V7 revealed the presence of a small amount of hydride
phase. Fig. 15 contains photographs showing the surface re-
lief characteristic of hydride platelet formation. These
platelets became apparent upon cooling to -67 + 3°C, and would
disappear and reappear upon temperature cycling between —67?C
and. room temperature. The sample's hydride transformatiqn
temperature denotes a hydrogen concentfation of approximately
50 PPM by weight based on experimentation carried out by Owen
and Scott (le. Miéroscopic examination of the V7 cross sec-
tion revealed few hydride platclets, and the platelets which

were observed tended to be located near the bombarded surface.

A. Blister Appearance
The photographs in Figs. 7 through 12b show portions of
the blistered regions for each sample studied. Variations in
blister appearance can be attributed to variations in irradia-

tion parameters between specimens, the location of the photo-
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hydrides visible
room temperature

Hydrides visible
after cooling below
room temperature

Figure 15 The presence of hydrides is indicated in these
photomicrographs of a cross-section of the
blistered region for sample V7. The edge visible
at the top of the photographs ‘is the '"side view"
of the bombarded surface
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gréphed area ﬁithin the beam spot and variations in the type
of material irradiated. Prior to sample irradiation, S.E.M.
examination revealed the polished surface to be smooth up to
the‘résolﬁtion limit of 200 R eitept fof the presence’ongrain«
boundaries. ‘ |

Observations of the blistered regions revealed no sugges-
tion of preferred sifes for blister formation. Samples were
blistered reasonably uniformly across each grain. Individual
blistéré did not extend across grain boundaries. Generally,
the blister character did not change appreciably between
neighboring grains; however, occasionally an isolated'grain
would show little or no indication of blistering.

The most noticeable trend apparent during observatiqn of
a blistered region was the decrease in the severity of the
bliétering between the center and the edge of the beam spot.
This trend is apparent in the photograph sequence for sample
V12 shown in Figs. 10a, 10b and 10c.- Sample V12 exhibited
severe blistering at the center of the beam spot with an obvi-
ous declihe in blistering severity toward the edge of the beam
spot.

Figs. 4 through 6 contain photographs of the blistered
region of three samples shown at moderate magnification.
These samples represent variations in beam current and mate-
rial preparation. The appearance of the blisters in each
photograph is simiiar; however,'the individual grains are
visible in Lhe auncaled samples and obvious variatione in

blistering tendency are apparent between grains. 7The cold
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workédvsample'shows no indication of grain étructure, and
bliétéring is uniform throughout the phqtpgraph. The varia-
~tion in the beam current between the samples in Figs. 4 énd 6
did not have a.noticeable effect on blister character.

Generally, the blisters appeared as slight surface bulges
resembling circular domes with no indication of a direction of
preferred development. Many of the blisters were broken,
leaving only a crater surrounded by flakes of material which
once made up the blister'dOme. These domes and craters were
suited to diameter measurement; however, certain regions of a
sample's blister field were so severely blistered that blister
diameter measurements were impractical.

Examination of the photographs.suggests that as the blis-
ters grew their circular shape was distorted by intersections
with other blisters. Eventually, after‘severe blistering,
photographic evidence Suggested that large areas would develop
as a éingle blister covering entireAgréins. These large
blisters would usually be mottled with scars from earlier

blistering episodes.
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IV. . DISCUSSION

-Measurement of blister size and density provides fairly
repreéentative information regarding the severity of blister-
ing; yét, certain aspects of blistering may not be reflected.
Blister size and density do not indicate the number of frac-
tufed blister dqmes, the presence of widespread flaking,
blister agglomeration or the formation of blisters in craters
left by other blisters. In addition, meaningful examination
of ‘the critical dose required for blister formation, blister
size and blister density is subject to significant variation
depending on material and irrédiation conditions. In this re-
search, the bombardment of vanadium, niobium and molybdenum
with 150 Kev protons produced severely blistered surfaces.
Prdton fluxes ranged from 3(1015) to 3(1016) ions/sec-sq cm
with ion fluences ranging from 8(1017) to 7(1019) ions/sq cm.
This research focuséd on radiation blistering of vanadium
metal at temperatures below the hydride dissociation tempera-
ture.

For comparison, previous investigations of annealed poly-
crystalline vanadium bombarded with 2 Mev He® and D' at 700°C
produced Blister diameters of 5 to 8 um for a dose of 6.2(1018)
He+/sq cm and 0.5 um and smaller for a dose of 1.2(1019) D+/sq
cm (7). 0.5 Mev He+ irradiations of annealed vanadium at
900°C for doses of 6.2(1017) and 6.2(1018) He+/sq cm produced

mean blister diameters of 6.2 ﬂm and 7.4 ﬁm (8). In addition,
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variations in projectile flux froﬁ approximately 1013 to 1015
He+/sq cm'produted an increase in blister density from approx-
1mate1y 1(10 ) to 7(10 ) blisters/sq cm (8) |

The studies described above were carrled out at tempera-
‘tures 500°C to 700°C higher than the hydrlde dlssoc1at10n tem- .
perature for vanadium. As the irradiation temperature is
increased, the blister size would be expected to be greater
~and the critical formation dose would be expected to decrease,
which can be associated with the temperature dependence of the
material's yield stréngth. In addition, a higher projectile
energy will affect the formation of blisters. Das and
Kaminsky's discussion (7,9) df gas pressures inside blisters
indicates an increase in blister size witﬁ increasing projec;
tile energy. Higher projectile energies correspond to in-
creased blister skin thicknesses. A blister's internal gas
pressure is approximately proportional to total particle dose,
blister skin thickness and the inverse squafe of the blister
radius. Therefore, if the blister height, particle dose and
gas ﬁressure are held cohstant, the radius would be expected
to increase with increasing projectile energy.

This research produced blister diameters on vanadium
which ranged befween 1 ﬁm and 2 ﬁm after 150 Kev proton irra-
diation. The blister diameter increased as the total dose
was increased (see Fig. 16 and Fig. 17), in agreement with

trends indicated by other bliStering studies (7-11). In addi-
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tion, the mean blister density decreased from 11.5(103) to
5.5(103) blisters/sq cm as the total dose was increased (see
Fig. 18). This decrease can be associated with the agglomera-
tion of blisters under cohditions of severe blistering.‘.

- This research produced blistered surfaces oh vanadium at
ion fluences of‘2.5(10;9) H+/sq cm and greater (see Table 3).
Thomas and Bauér»(14) irradiated vanadium at 115°C with 150
Kev protons using a flux of 1.25(1015) H+/sec—sq cm for doses
up'tb‘l}S(lolg)‘H+/sq cm without producing blisters. The
absence of blister_production during their work could be
attributed to the lower proton flux and lower total dose com-
pared with the present work. The iower flﬁx would promote a
lower damage produétion'rate which could effect hydrogen
trapping, while the lower total dose would prbvide less hydro-
gén for trapping; therefore, the failure to produce blisters
suggests that the gas pressures generated due to supersatufa—
tion of the metal during irradiation were insufficient to
cause blistering.

During irradiation, the deposition of hydrogen in a
narrow region below the specimen surface could result in
locally high concentrations of hydrogen. Regions of high
hydrogen concentration would normally be dispersed throughout
the material by the rapid diffusion of hydrogen, and the dis-
persal would tend to limit the development of the high iﬁ-

ternal hydrogen pressures necessary for blister formation.
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Studies by'Bauer and Thomas (13) have associated the develop-
ment of blisters and exfoliated surfaces with the release of
hydrogeh gas. Since the build up of hydrogen gas can be re-
lated to blistervformatién, the.dispersai of hydrogen must be
liﬁited, imﬁlying a decrease in hydrogen diffusion resulfing.
" from the method of deposition.
| During irradiation tens of defects could be produced per
incident particle (6). The deposited hydrogen can become
trapped at these defects while &iffusing thrdugh the material.
If the activation energy for release from the trépping sites
was greater than the energy required for normal interstitial
diffusion, diffusion of hydrogen would be impeded. Experimen-
tation involving 18 Kev D" irradiation’of nickel by Erents and
McCracken (6j revealed a decrease in the diffusion éoefficient
for deutrium in nickel. This result would tend to support the
aforementioned description of diffusion impedance. The devel-
opment of molecular hydrogen could further impede diffusion
and help stabilize regions of high gas pressure. |

Undér equilibrium conditions, excess hydrogen in vanadium
would be expected to form hydride at temperatures below the
hydride diséociation‘temperature of 200°C (3). The production
of hydride would inhibit the development of high internal gas
pressures associated with blistering. The sample temperature
.duriﬂg irradiation was determined to range between 45 + 15°C

and 125 + 15°C depending upon the proton flux (see Fig. 13).
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The temperétureAincreased as the proton flux was increésed.
Since 511 irradiations were carfied out well below the hydride
disSociation<température, the contribution of excess hydrogen
to blistéf formation in#tead of hydride formation is confound-i
ing. EVidently, thé ifradiatibn conditidns used in this
in&estigation produced severé'ndnequilibrium conditions.

Thisibeﬁavior can be rationalized if the increased vacan-
cy.concentration'associated with‘displacements.generated by
collisions between energetic protons and lattice atoms could
be viewed as an effective temperature. This effective teﬁper-
ature could correspond to the temperature required to repro-
duce the vacancy concentration in the sample's bombarded
region under equilibrium conditions. The characteristic
hydrogen solﬁbility and phase transformatiqns could be subject
to this effective temperature. Thefefore, at effective tem-
péfatﬁres above the h&dridé'dissociation temperature, hydrogen
gas could be present; whereas, the actual temperature would
?equire-the presence of'hydride.

CohséQuentially, the ability of a metal to form a hydride
will not prevent blister formation at temperatures below the
hydride dissociation temferature under certain nonequilibrium

conditions.
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'V. SUMMARY

In this reéearch,_general conditions for biiStering were
<_determined, and blistered éurfaceé were produced on vanadium,
‘niobium and molybdenum; ‘Increases in proton fluence resulted
in iﬂcreases of blister diameter, the number of fractured.
'blistergdomeS'and-the spallation of the metal sufface. - In
‘genefal, the blister characteristics apparent during obsgrva-
tion of.tﬁé blistered regions aﬁd the trends aséribed to the
‘vformétion and_growth of the blisters agreed with other blis-
tering‘studies. However, blisters were formed duringbproton
bombafdment at temperatures’below'tﬁe hydride dissociation
temperature. The formation of these blisters suggests a
vafiation ffom the,équiiibrium phase relationships to allow
for the deVeiopment of internal hydrogen gas pressures suit-

able for'blistering.
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VIII. APPENDIX A

Thié éppendix contéins the raw blister measuremeht data
used invthe development of Tables 2, 3 end 5. ‘These measure-
A meets were made using a Cerl-Zeiss Particle Analyzer, and are
presented in Tables Al through,AZS‘aleng with the pertinent
infermatioh regarding phptomicrOgréph magnification.

| ‘Information in Table 2 was developed by taking the arith-
metic mean of the diameter values for each photomicrograph
based on the mean value for each measurement range. Figures
Al through A8 centainArepresentative samplee of the blister
size distribution curves used to generate the blister diameter
values presented iﬂ'TaBIe 3. The fotal number of blisters
ihdiceted for each photomicrograph was used along with the
photograph_area (i.e. 76 eq cm) and the photomicrograph mag-
nification to develop the blister density values presented '

in Table 5.
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Tabie Al. Raw blister diameter measurements from photo-

~micrograph numbers 1 and 2 for sample V-6

Measured =  Number of Measured Number of
blister blisters in blister blisters in
diameter " -each diameter diameter each diameter
range? °  range range? . range
(mm). .~ ‘photo Photo (mm) Photo Photo
1 2 : 1 2
2.32-2.87 1 0 9.46-10.04 3 1
2.87-3.42 1 4 10.04-10.60 2 5
3.42-3.97 1 4 10.60-11.15 6 1
3.97-4.52 9 5 11.15-11.70 2 2
4,52-5.08 4 18 12.25-12.80 0 1
5.08-5.63 6 14 12.80-13.36 0 1
5.63-6.18 13 11 13.36-13.91 2 0
6.18-6.73 11 8 13.91-14.46 0 1
6.73-7.28 6 13 14.46-15.01 1 0
7.28-7.84 8 10 15.56-16.12 0 1
7.84-8.39 6 1 16.12-16.67 1 0
8.39-8.94 -4 5
8.94-9.46 10 . 3
Total number of blisters per photo 97 - 109
aMagnification factor: Photomicrograph number 1 = 3850X
Photomicrograph number 2 = 3850X.
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Table A2. Raw blister diameter measurements from photo-
micrograph numbers 4 and 5 for sample V-6

Measured . Number of Measured Number of

(oMo, NI, NI, RN R RO N SN N ]

blister . blisters in. ~ blister blisters in
diameter each diameter . diameter. each diameter
ranged - range ~ _.range?d range :
(mm) Photo - Photo . (mm) Photo Photo -
4 5 4 5
.76-2,32 1 0 7.84-8.39 . 8 1
.32-2.87 0 4 8.39-8.94 5 0
.87-3.42 .4 8 8.94-9.46 6 0
.42-3.97 S 22 9.46-10.04 2 0
.97-4.52"° 15 27 10.04-10.60 5 0
.52-5.08 ' 9 24 10.60-11.15 1 1
.08-5.63 17 24 11.70-12.25 1 0
.63-6.18 10 22 12.80-13.36 1 0
.18-6.73 13 12 14.46-15.01 1 0
.73-7.28 .. 18 2 15.01-15:56 1 0
7.28-7.84 4 1 B - -
Total number of blisters per photo 127 148
3Magnification factors: Photomicrograph number 4 = 3850X
= 3850X.

Photomicrograph number 5
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Table A3. Raw blister diameter measurements from photo-
micrograph numbers 6 and 7 for sample V-6

Measured =  Number of. Measured Number of

blister - blisters in blister blisters in

diameter - each diameter diameter each diameter

range? range- range? range
(mm) " Phot Photo (mm) Photo Photo

-6 7 ) 7 '

2.32-2.87 0 1 11.70-12.25 -2 1
2.87-3.42 2 2 12.25-12.80 1 0
3.42-3.97 2 8 12.80-13.36 2 1
3.97-4.52 1 8 - 13.36-13.91 2 0
4,52-5.08 3 5 13.91-14.46 1 1
5.08-5.63 .8 - 7 15.01-15.56 1 0
5.63-6.18 6 16 15.56-16.12 - 1 0
6.18-6.73 9 12 17.77-18.32 0 1
6.73-7.28 8 13 ©19.43-19.98 0 1
7.28-7.84 10 4 20.53-21.08 0 1
7.84-8.39 5 9 21.08-21.64 0 1
8.39-8.94 5 5 22.19-22.74 0 2
8.94-9.46 3 3 23.29-23.84 0 1
9.46-10.04 3 5 23.84-24.40 0 1

10.04-10.60 4 3 27.16-27.71 0 1

10.69-11.15 6 2

11.15-11.70 4 0 .

Total number of blisters per photo 91 106

aMagnification factors: Photomicrograph number 6=3850X
Photomicrograph number 7=3850X.



64

Table A4. Raw blister diameter measurements from photo-
: micrograph number 2 for sample V-7

Measured Nunber of Measured Number of

VONINJOA NV BN

blister blisters in blister . blisters in
diameter = each diameter = =~ diameter . each diameter
ranged ~  range - ranged range
(mm) .~ Photo 2 - (mm) Photo 2.
.87-3.42 - 1 9.46-10.04 7
.42-3.97 1 10.04-10.60 5
.52-5.08 1 10.60-11.15 2
.08-5.63 1 11.15-11.70 3
.63-6.18 6. 11.70-12.25 1
.18-6.73 11 - 12.25-12.80 3
.73-7.28 7 12.80-13.36 1
.27-7.84 9 13.91-14.46 2
.84-8.39 6 15.01-15.56 1
.39-8.94 4 16.67-17.22 1
.94-9.46 4 . eeeeeeeeees -
Total number of blisters per photo 76

aMagnification factor: Photomicrograph number 2 = 5200X.
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Table AS. Raw blister diameter measurements from photo-

‘micrograph number 3 for sample V:7

Measured ~ Number of "Measured Number of

blister blisters in blister blisters in-
diameter - ~ éach diameter - diameter -each diameter
range@ - _range " ranged range

(mm) Photo 3 (mm) - Photo 3
2.87-3.42 3 7.28-7.84 9
3.42-3.97 2 . 7.84-8.39 7
3.97-4.52 4 8.39-8.94 - 11
4.52-5.08 6 8.94-9.46 4
5.08-5.63 7 9.46-10.04 4
5.63-6.18 16 10.04-10.60 2
6.18-6.73 11 ' - 10.60-11:15 1
6.73-7.28 13 . , 11.15-11.70 1
Total number of blisters per photo 102

'aMagnification factor: Photomicrograph number 3 = 3800X.
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PP RGN RN NN

Raw blister diameter measurements from photo-
mlcrograph.number 4 for sample V-7
‘Measured Number of Measured’ Number of
blister. " blisters in blister blisters in
diameter each diameter diameter . each diameter
ranged range . range? range
(mm) . Photo 4° (mm) Photo 4
.32-1.51 2 5.19-5.37 10
.69-1.88 1 5.37-5.56 7
.88-2.06 1 5.56-.574 7
.06-2.24 5 5.74-5.92 4
.24-2.43 4 5.92-6.11 5
.80-2.98 1 6.11-6.29 8
.16-3.35 3 . 6.29-6.48 4
.53-3.72 1 6.48-6.66 3
.72-3.90 5 6.66-6.84 3
.90-4.08 4 6.84-7.03 2
.08-4.27 6 7.03-7-21 2
.27-4.45 4 7.21-7.40 2
.45-4.64 5 ~ 7.40-7.58 1
.64-4.82 6 8.13-8.32 1
4.82-5.00 6 9.05-9.24 1
5.00-5.19 9 T mmmmemem- --
Total number of blisters per photo 123

aMagnification factor:

Photomicrograph number 4 =

3800X.
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Table -A7. Raw blister diameter measurements from photo-
. micrograph numbers 5 and 6 for sample V-7

Measured Number of Measured Number of
blister = blisters in blister blisters in
diameter - each diameter diameter each diameter
ranged range o range@ range

- (mm) - - Photo 5 Photo .(mm) Photo Photo
2.61-2.80 2 0 5.92-6.11 13 4
3.16-3.35 1 0 6.11-6.29 9 4
3.35-3.53 2. 0 6.29-6.48 6 7
3.53-3.72 - 3 0 6.48-6.66 1 5
3.72-3.90 0 2 6.66-6.84 7 8
3.90-4.08 4 1 6.84-7.03 4 1
4,08-4.27 3 2 7.03-7.21 3 8
4.27-4.45 5 0 7.21-7.40 4 6
4.45-4.64 9 1 7.40-7.58 4 3
4.64-4.82 4 3 7.58-7.76 3 2
4.82-5.00 7 4 7.76-7.95 2 2
5.00-5.19 14 2 8.13-8.32 -1 2
5.19-5,37 9 2 8.32-8.50 3 0
5.37-5.56 7. 3 8.68-8.87 1. 2
5.56-5.74 4 5 9.05-9.24 0 5
5.74-5.92 9 7 :

Total number of blisters per photo 144 91

aMagnification factors: Photomicrograph number 5=3800X
Photomicrograph number 6=3800X.
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Table A8. Raw blister_diameter measurements from photo-
micrograph numbers 7 and 8 for sample V-7

Measured - - Number of Measured Number of

blister “blisters in blister blisters in
diameter “each diameter - diameter each diameter
ranged range : ranged : range -
(mm) Photo Photo - (mm) Photo Photo
S 7 8 ' -7 . 8
1.32-1.51 2 0 5.19-5.37 8 2
1.51-1.69 1 0 5.37-5.56 1 8
1.69-1.88 1 0 5.56-5.74 4 - 6
2.06-2.24 2 0 5.74-5.92 9 5
2.24-2.43 2 0 5.92-6.11 4 7
2.43-2.61 2 0 6.11-6.29 4 4
2.61-2.80 1 0 6.29-6.48 2 4
2.80-2.98 4 0 6.48-6.66 2 5
2.98-3.16 3 3 6.66-6.84 3 4
3.16-3.35 6 0 6.84-7.03 2 3
3.35-3.53 2 1 7.03-7.21 2 3
3.53-3.72 3 0 7.21-7.40 2 1
3.72-3.90 2 2 7.58-7.76 0 1
3.90-4.08 5 .2 7.76-7.95 0 1
4.08-4.27 2 4 7.95-8.13 2 0
4.27-4.45 11 3 8.50-8.68 0 1
4.45-4.64 8 2 8.87-9.05 1 1
4.64-4.82 5 1 9.05-9.24 0 3
4.82-5.00 4 3 '
5.00-5.19 5 3
Total number of blisters per photo - 177 . 83

aMagnification factors: Photomicrograph number 7=3800X
Photomicrograph number 8=3800X.
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Table A9. Raw blister diameter measurements from photo-
micrograph numbers 1 and 2 for sample V-8

Measured Number of . Measured Number of
blister blisters in blister blisters in
diameter each diameter diameter each diameter
range? _range - ranged ‘range
(mm) Photo" Photo - (mm) Photo Photo
1 2 - 1 2
2.87-3.42 2 1 7.84-8.39 4 8
3.42-3.97. 5 -2 8.39-8.94 2 6
3.97-4.52 8 5 8.94-9.46 5 3
4.52-5.08 - 8 = . 14 9.46-10.04 1 4
5.08-5.63 13 14 10.04-10.60 1 2
5.63-6.18 24 12 10.60-11.15 2 2
6.18-6.73 13" 20 11.15-11.70 0 2
6.73-7.28 15 14 11.70-12.25 2 0
7.28-7.84 15 5 12.25-12.80 1 0
. 12.80-13.36 0. 1
Total number of blisters per photo 121 115

aMagnifiCation factors: Photomicrograph number 1-3700X
: Photomicrograph number 2=3700X.
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Table A10: Raw blister diameter measurements from photo-
- micrograph numbers 3. and 4 for sample V-8

Measured Number of = Measured Number of
blister blisters in . blister blisters in
diameter each diameter diameter each diameter
ranged range ' range@ range
(mm) Photo = Photo (mm) Photo Photo
-3 4 . 3 4
2.06-2.24 3 0. 5.37-5.56 9 9
2.24-2.43 0 1) +5.56-5.74 10 6
2.43-2.61 2 2 5.74-5.92 5 7
2.61-2.80 4 3 5.92-6.11 4 8
2.80-2.98 3 2 6.11-6.29 4 4
2.98-3.16 3 4 6.29-6.48 4 3
3.16-3.35 0 6 6.48-6.66 - - 4 3
3.35-3.53 8 5 6.66-6.84 1 5
3.53-3.72 8 3 6.84-7.03 2 4
3.72-3.90 10. 5 7.03-7.21 3 5
3.90-4.08 . 7 4. 7.21-7.40 1 3
4.08-4.27 6 9 7.40-7.58 2 2
4.27-4.45 6 3 7.58-7.76 0 1
4.45-4.64 9 10 7.76-7.95 1. 1
4.64-4.82 9 11 7.95-8.13 2 2
4,82-5.00 11 8 8.13-8.32 0 2
5.00-5.19 5 7 ' '
5.19-5.37 10 4
Total number of blisters per photo 157 . 159

aMagnification féctoré: Photomicrograph number 3=3700X
' Photomicrograph number 4=3700X.
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Table All. .Raw blister diameter. measurements from photo-
micrograph numbers. 5 and 6 for sample V-8

Number of

- Measured Number of Measured
blister ~blisters in blister blisters in
‘diameter -each diameter "diameter each diameter
ranged .~ range ranged range
(mm)‘n - Photo Photo (mm) Photo Photo

.5 6 - 5 6
2.06-2.24 1 0 5.56-5.74 10 10
2.61-2.80 2 1 5.74-5.92 11 4
2.80-2.98 2 0 . 5.92-6.11 6 6
2.98-3.16 2 2 6.11-6.29 4 6
3.16-3.35 3 1 6.29-6.48 6 5
3.35-3.53 3 3 "~ 6.48-6.66 1 4
3.53-3,72 5 6 6.66-6.84 2 1
3.72-3.90 2 3 6.84-7.03 1 1
3.90-4.08 6 1 7.03-7.21 0 3
4.08-4.27 9 5 7.21-7.40 0 1
4.27-4.45 12 9 7.40-7.58 1 1
4.45-4.64 11 4 7.58-7.76 0 2
4.64-4.82 9 7 7.76-7.95 0 3
4.82-5.00 17 3 8.32-8.50 1 1
5.00-5.19 14 11 8.50-8.68 0 1
5.19-5.37 14 9 8.68-8.87 0 2
5.37-5.56 8 3 8.87-9.05 0 1
9.05-9.24 0 4
Total number of blisters per photo 164 124

Photomicrograph number 5=3700X

aMagnification factors:
' Photomicrograph number 6=3700X.
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~Table AlZ. Raw blister diameter measurements from photo-

B e e NI T S T

micrograph number 7 for sample V-8
‘Measured. - Number of Measured Number of
blister blisters in blister blisters in
diameter each diameter diameter each diameter
“range? - range - ranged range
() Photo 7 . . Photo 7
.42-3.97 - 2 8.39-8.94 6
.97-4.52 5 - 8.94-9.49 3
.52-5.08 14 E 9.49-10.04 2
.08-5.63 22 L -10.04-10.60 3
.63-6.18 12 10.60-11.15 2
.18-6.73 18 11.15-11.70 1
.73-7.28 19 - 11.70-12.25 1
.28-7.84 15 ' 12.25-12.80 2
.84-8.39 12 14.46-15.01 1
Total number of blisters per photo - 140 ...

8Magnification factor: Photomicrograph number 7 = 3700X.
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Table Al3. Raw blister diameter measurements from photo-
micrograph numbers. 1 and 3 for sample V-9

Measured Number of Measured Number of
blister. blisters in blister blisters in
diameter each diameter diameter each diameter
ranged range ’ © ranged range
(mm) . - Photo Photo (mm) Photo Photo
1 3 ' 1 3
1.14-1.32 0 2 4.64-4.82 "~ 15 16
1.88-2.06 1 2 4.82-5.00 11 13
2.06-2.24 3 3 5.00-5.10 9 15
2.24-2.43 3 2 5.19-5.37 3 12
2:43-2.61 8 1 5.37-5.56 6 9
2.61-2.80 18 3 5.56-5.74 2 6
2.80-2.98 19 12 5.74-5.92 1 11
2.98-3.16 17 3 . 5.92-6.11 2 10
3.16-3.35 31 8 6.11-6.29 3 8
3.35-3.53 23 13 6.29-6.48 0 5
3.53-3.72 31 9 6.48-6.66 0 2
3.72-3.90 21 8 6.66-6.84 0 3
3.90-4.08 33 10 6.84-7.03 0 3
4.08-4.27 14 18 7.03-7.21 0 1
4,27-4.45 22 18 8.68-8.87 0 1
4.45-4.64 - 21 15 ‘
Total number of blisters per photo 317 242

aMagnification factors: Photomicrograph number 1=3600X
Photomicrograph number 2=3600X
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Table Al4. Raw blister diameter measurements from photo-
: micrograph number 2 for sample V-9..... : :

O~V A~ W

Measured Number of Measured Number of
blister blisters in blister blisters in
diameter each diameter diameter each diameter
‘range? range .- range? range :

(mm) Photo 2 .. (mm). ... .. Photo 2. ...

.97-4.52 4 8.94-9.49 4

.52-5.08 6 9.49-10.04 1

.08-5.63 4 10.04-10.60 3

.63-6.18 11 10.60-11.15 8

.18-6.73 6 11.15-11.70 3

.73-7.28 8 11.70-12.25 3

.28-7.84 13 12.80-13.36 1

.84-8.39 8 16.12-16.67 1

.39-8.94 7 memeeeeeai -
Total number of blisters per photo . . . ... .. 8

aMagnification factor: Photomicrograph number 2 = 7000X.
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Table Al5. Raw blister diameter measurements from photo-
micrograph numbers. 2 and 4 for sample V-10

Measured Number of Measured Number of
blister blisters in blister blisters in
diameter ~ .each diameter diameter . - each diameter
range?d ‘-range range? - range
(mm) Photo  Photo (mm) ' Phéto  Photo
2 4 2 ' 4
2.06-2.24 1 0 5.74-5.92 .3 S
2.24-2.43 1 0 5.92-6.11 4 6
2.43-2.61 1 0 6.11-6.29 3 8
2.80-2.98 0 2 6.29-6.48 ) 3
2.98-3.16 0 4 - 6.48-6.66 8 6
3.16-3.35 0 2. 6.66-6.84 2 3
3.35-3.53 5 1 6.84-7.03 4 3
3.53-3.72 1 7 7.03-7.21 3 2
3.72-3.90 1 1 7.21-7.40 3 3
3.90-4.08 8 6 7.40-7.58 1 1
4.08-4.27 5 5 7.58-7.76 1 3
4.27-4.45 7 5 7.76-7.95 3 6
4.45-4.64 1 4 7.95-8.13 1 0
4.64-4.82 -6 7 . 8.13-8.32 3 2
4.82-5.00 9 7 8.32-8.50 1 1
5.00-5.19 4 -3 8.50-8.68 1 0
5.19-5.37 5 7 8.68-8.87 . 1 0
5.37-5.56 7 9 8.87-9.05 1 0
5.56-5.74 3 8 9.05-9.24 8 -5
Total number of blisters per photo 176 280

aMagnification factors: Photomicrograph number 5=3800X
Photomicrograph number 6=3800X.
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Table Al16. Raw hlister diameter measurements from photo-
‘ 4 . micrograph number 3. for. sample V-10. ..

Measured Number of Measured Number of
blister blisters in blister blisters in
- diameter each diameter diameter - each diameter
range? ‘range range@ '~ range

(mm) Photo 3 (mm) Photo 3

1.76-2.32 1 7.28-7.84 6
2.32-2.87 2. 7.84-8.39 1
2.87-3.42 9 8.39-8.94 3
3.42-3.97 7 8.94-9.49 5
3.97-4.52 16 - 9.49-10.04 1
4.52-5.08 24 10.04-10.60 1
5.08-5.63 22 10.60-11.15 1
5.63-6.18 - 29 + 11.70-12.25 1
6.18-6.73 12 12.25-12.80 1
6.73-7.28 7

Total number of blisters per photo 150

aMagnification factor: Photomicrograph number 3=3800X.
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Table Al7. Raw blister diameter measurements from photo-
' . micrograph numbers 5 and 6 for sample V-10 ..

VMUUTD PR RRUWRWRWWWNNDNN NN

Measured Number of Measured Number of
- blister blisters in blister blisters in

diameter each diameter diameter each diameter .

range? ~ range _ ranged range ‘
(mm) Photo Photo (mm) ‘ Photo Photo

: 5 .6 5 6

.51-1.69 0 1 5.56-5.74 10 6
.06-2.24 0 4 5.74-5.92 3 5
.24-2.43 3 6 5.92-6.11 8 1
.43-2.61 0 2 6.11-6.29 11 1
.61-2.80 2 4 6.29-6.48 6 3
.80-2.98 3 8 6.48-6.66 13 1
.98-3.16 1 14 6.66-6.84 2 2
.16-3.35 4 13 6.84-7.03 2 0
.35-3.53 4 11 7.03-7.21 1 0
.53-3.72 3 29 7.21-7.40 2 1
.72-3.90 3 22 7.40-7.58 1 0
.90-4.08 7 13 7.76-7.95 0 1
.08-4.27 6 20 7.95-8.13 1 0
.27-4.45 8 29 8.13-8.32 1 4]
.45-4.64 9 17 8.50-8.68 1 0
.64-4.82 6 17 8.87-9.05 2 0
.82-5.00 10 16 9.05-9.24 1 0
.00-5.19 15 17 :
.19-5.37 18 10
.37-5.56 9 : 6

Total number of blisters per photo 176 280

aMagnification factors: Photomicrograph number 5=3800X
Photomicrograph number 6=3800X.
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Table A18. Raw blister diameter measurements from photo-.
: S -micrograph numbers: 7. ‘and 8 for sample V-10 .

Measured Number of Measured Number of
blister . blisters in blister blisters in
diameter = each diameter diameter each diameter
range? range ‘ - range? range
(mm) " Photo  Photo (mm) . Photo  Photo
7 8 7 8
2.87-3.42 1 0 "10.60-11.15 4 2
3.42-3.97 2 3 11.15-11.70 3 2
3.97-4.52 5 5 12.25-12.80 3 0
4.52-5.08 7 7 . 12.80-13.36 1 2
5.08-5.63 12 8 13.36-13.91 - 1 0
5.63-6.18 6 6 13.91-14.46 1 0
6.18-6.73 7 14 14.46-15.01 2 1
6.73-7.28 5 13 15.01-15.56 1 1
7.28-7.84 4 11 16.12-16.67 1 0
7.84-8.39 3 8 16.67-17.22 1 0
8.39-8.94 3 4 17.22-17.77 1 0
8.94-9.49 5 4 17.77-18.32 1 0
9.49-10.04 1 0 18.88-19.43 1 1
0.04-10.60 4 1 22.74-23.29 1 0
Total number of blisters per photo 84 93

aMagnification factors: Photomicrograph number 7=3800X
Photomicrograph number 8=2800X.
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Table A19. Raw blister diameter measurements from photo-
micrograph numbers 1 and 2 for sample V-11

Measured Number of Measured Number of
blister blisters ‘in blister blisters in
diameter each diameter . diameter each diameter
range@ range range@ range

(mm) Photo Photo (mm) Photo Photo
: 1 2 : 1 2
0.90-1.14 1 0 4.,27-4.45 13 10
1.32-1.51 0 1 4.45-4.64 10 13
1.51-1.69 3 1 4.64-4.82 10 10
1.69-1.88 0 2 4.82-5.00 6 10
1.88-2.06 8 7 5.00-5.19 10 13
2.06-2.24 4 4 5.15-5.37 6 6
2.24-2.43 3 3 5.37-5.56 6 4
2.43-2.61 5 14 5.56-5.74 4 2
2.61-2.80 7 6 5.74-5.92 6 4
2.80-2.98 9 19 6.11-6.29 1 3
2.98-3.16 6 16 6.29-6.48 1 5
3.16-3.35 6 12 6.48-6.66 3 3
3.35-3,53 13 16 6.66-6.84 1 1
3.53-3.72 9 16 6.84-7.03 0 2
3.72-3.90 18 9 7.03-7.21 0 1
3.90-4.08 11 12 9.05-9.24 0 1
4,08-9.27 9 12 :
Total number of blisters per photo 190 238

aMagnification factors: Photomicrograph number 1=3600X
Photomicrograph number 2-3600X.
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Table A20. Raw blister diameter measurements from photo-
. micrograph number 3 for sample V-11 °

PEPPUUUUWUNDNDNDNDN

Measured Number of Measured Number of
" blister blisters in blister blisters in

diameter . each diameter diameter each diameter

ranged . range ' . ranged range
(mm) Photo 3 : E (mm) Photo. 3
.24-2.43 1 4.82-5.00 11
.43-2.61 1 5.00-5.19 10
.61-2.80 3 5.15-5.37 9
.80-2.98 3 5.37-5.56 16
.98-3.16 13 5.56-5.74 13
.16-3.35 7 5.74-5.92 19
.35-3.53 6 5.92-6.11 10
.53-3.72 5 6.11-6.29 . )
.72-3.90 14 6.29-6.48 5
.90-4.08 7 6.48-6.66 4
.08-4.27 9 6.66-6.84 3
.27-4.45 10 6.84-7.03 3
.45-4.64 18 7.40-7.58 1
.64-4.82 8

Total number of blisters per photo 214

aMagnification factor: Photomicrograph number 3 = 3600X.
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Table A21. Raw blister diameter measurements from photo-
micrograph numbers 2 and 5 for sample V-12

Measured Number of Measured Number of
blister blisters in blister - blisters in
diameter each diameter diameter ’ each diameter _
range? range ranged@ range )
(mm) Photo - Photo (mm) . Photo Photo
2 5 2 5
1.21-1.76 0 2 8.94-9.49 3 4
1.76-2.32 0 7 9.49-10.04 2 4
2.32-2.87 0 - 28 10.04-10.60 7 1
2.87-3.42 0 37 10.60-11.15 5 1
3.42-3.97 0 39 11.15-11.70 4 1
3.97-4.52 0 21 - 11.70-12.25 4 0
4.52-5.08 0 23 12.25-12.80 3 0
5.08-5.63 1 28 12.80-13.36 0 1
5.63-6.18 2 24 13.36-13.91 1 1
6.18-6.73 0 18 14.46-15.01 1 0
6.73-7.28 5 11 15.01-15.56 1 0
7.28-7.84 4 9 16.12-16.67 1 1
7.84-8.39 6 4 16.67-17.22 1 0
8.39-8.94 7 4 17.77-18.32 1 0
Total number of blisters per photo 62 269

aMagnification factors: Photomicrograph number 2=3750X
Photomicrograph number 5=3750X
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Table A22. Raw blister diameter measurements from photo-
micrograph numbers 6 and 7 for sample V-12

Measured Number of Measured Number of
blister blisters in blister blisters in
diameter each diameter diameter each diameter
~ranged = range ranged ‘ range

(mm) Photo Photo (mm) Photo Photo

6 7 6 7

2.32-2.87 6 7 7.84-8.39 6 1
2.87-3.42 .9 19 8.39-8.94 4 2
3.42-3.97 11 23 8.94-9.49 3 0
3.97-4.52 19 28 9.49-10.04 2 0
4.52-5.08 20 20 10.04-10.60 6 0
5.08-5.63 24 15 10.60-11.15 1 0
5.63-6.18 9 7 11.15-11.70 1 0
6.18-6.73 23 . 5 11.70-12.25 1 0
6.73-7.28 8 3 12,80-13.36 1 1
7.28-7.84 9 7 13.36-13.91 1 0
Total number of blisters per photo 138 164

aMagnification factors: Photomicrograph number 6=3750X
Photomicrograph number 7=3750X.
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Table A23. Raw blister diameter measurements from photo-
' ~micrograph numbers 1 and 3 for sample V-13

Measured . Number of Measured Number of
blister blisters in blister blisters in
diameter each diameter diameter each diameter
range? " range range? range

(mm) Photo  Photo (mm) . Photo. Photo

1 . . 3. , 1 3

2.32-2.87 2. 0 8.39-8.94 5 10
2.87-3.42 5 5 8.94-9.49 2 3
3.42-3.97 14 10 9.49-10.04 1 3
3.97-4.52 14 18 10.04-10.60 0 1
4.52-5.08 24 13 10.60-11.15 1 2
5.08-5.63 17 17 - 11.15-11.70 0 1
5.63-6.18 16 19 12.25-12.80 3 0
6.18-6.73 11 13 13.36-13.91 1 1
6.73-7.28 14 9 14.46-15.01 1 2
7.28-7.84 9 11 16.12-16.67 1 0
7.84-8.39 : 8 6 . ‘
Total number of blisters per photo 150 144

aMagnification factors: Photomicrograph number 1=4300X
Photomicrograph number 3=4300X
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Table A24, Raw blister diameter measurements from photo-
micrograph numbers 4 and 5 for sample V-13

Measured Number of Measured Number of
blister blisters in blister blisters in
diameter each diameter diameter . each diameter
ranged . range ' range? . range
(mm) Photo Photo (mm) Photo Photo
4 . 5 4 5
2.32-2.87 0 1 7.84-8.39" 0 8
2.87-3.42 12 4 ' 8.39-8.94 2 2
3.42-3.97 32 12 - 8.94-9.49° 0 1
3.97-4.52 28 16 9.49-10.04 1 2
4.52-5.08 33 20 10.04-10.60 0 2
5.08-5.63 35 .22 10.60-11.15 0 1
5.63-6.18 24 18 11.15-11.70 0 2
6.18-6.73 24 17 11.70-12.25 0 1
6.73-7.28 10 .15 16.12-16.67 0 1
7.28-7.84 7 11 :
Total number of blisters per photo 212 -~ 157

aMagnifiéation factors: Photomicrograph number 4=4300X
Photomicrograph number 5=4300X.
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Raw blister diameter measurements from phbto-

Table A2S.
micrograph numbers 7 and 8 for sample V-13
Measured Number of Measured Number of
blister blisters in blister blisters .in
~diameter each diameter diameter each diameter
ranged range range@ _ range
(mm) Photo - Photo (mm) Photo  Photo
7 8 7 8
1.76-2.32 1 1 6.73-7.28 - 11 14
2.32-2.87 0 2 7.28-7.84 6 - .9
2.87-3.42 2 8 7.84-8.39 11 4
3.42-3.97 10 9 8.39-8.94 6 5
3.97-4.52 8 23 8.94-9.49 1 0
4.52-5.08 15 24 9.49-10.,04 0 2
5.08-5.63 18 22 10.60-11.15 2 0
5.63-6.18 18 19 11.15-11.70 1 0
6.18-6.73 15 24 13.36-13.91 1 0
Total number of blisters per photo 126 166

aMagnificatio‘n factors:

Photomicrograph number 7=4300X
Photomicrograph number 8=4300X.
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IX. APPENDIX B

| 'Thié‘appendix contains the results of interstitial
analeés perfbfméd‘on irrddiated_and unirradiated portions
of the samples used in this fesearcﬂ. The gas énéiyses wefé
carried out using vacuuﬁ'fusioﬁ techniques while carbon
-énalyses were méde using the combustion method. The irradi-
ated portions of the samples were obtained from the center
of the beam spot region and included most of the beam spot
area. The unirradiated portions of the samples Qere obtained
from a region shielded from the proton flux near the edge of

the sample disc.
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Table Bi. Interstitial analysis results for the individual

samples
Sample Analysis results for the Analysis results for
- number unirradiated material by the irradiated mate-
' -weight (ppm) ‘ rial by weight (ppm)
C H ... 0. . ... N.....H... . . o. .. N
V-1 44 9 120 -8 11 145 26
V-2 49 4 . 113 3 1~ 105 -—-
V-3 43 10 128 3 3 64 -5
V-5 151 12 300 98 = 11 305 125
V-6 179 11 275 100 - 12 345 130
V-7 154 2 220 98 10 370 130
V-8 154 <1 260 .92 4 344 120
V-9 132 2 215 100 9 295 130
V-10 131 12 245 110 14 350 135
V-11 142+ - 11 210 110 - 11 350 140
V-12 186 7 275 115 9 265 135
V-13 194 - 6 310 130 22 480 140
Nb-1 12 3 400 44 9 . 500 70
Mo-2 <5 -- 45 --- -- === ---






