C OB 70¢67-- Y

THE SIGNIFICANCE OF A CORRELATION OF BLISTER DIAMETER WITH SKIN THICKNESS

FOR Ni AND Be FOR BLISTERING MODELS

S. K. Das, M. Kaminsky, G. Fenske

Prepared for

3rd International Conference on
Plasma Surface Interactions in
Controlled Fusion Devices
Culham, England
April 3-7, 1978

NOTICE

This report was prepared as an account of work
sponsored by the United States Government. Neither the 3
United States nor the United States Department of
Energy, nor any of their employees, nor any of their
b or their employees, makes

any warranty, express or implied, or assumes any legal

liability or responsibility for the Y, pl

or usefulness of any information, apparatus, product or

process disclosed, or fepresents that its use would not
Jfringe privately owned rights.

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS

Uof C-AUA-USDOE

Operated under Contract W-31-109-Eng-38 for the N

g
U. S. DEPARTMENT OF ENERGY R —— E”J{V



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The facilities of Argonne National Laboratory are owned by the United States Govern-
ment. Under the terms of a contract (W-31-109-Eng-38) between the U. S. Department of En-
ergy, Argonne Universities Association and The University of Chicago, the University employs
the staff and operates the Laboratory in accordance with policies and programs formulated, ap-
proved and reviewed by the Association.

MEMRERS NF ARGAONNE TINTVFRSITIES ASSOCIATION

The University of Arizona Kansas State University The Ohio State University
Carnegie-Mellon University The University of Kansas Ohio University

Case Western Reserve University Loyola University The Pennsylvania State University
The University of Chicago Marquette University Purdue University

University of Cincinnati Michigan State TIniversity Saint T.anis Tnivereity

lilinois Institute ot l'echnology I'he University of Michigan Southern Illinois Uunjversily
University of Illinois University of Minnesota The University of Texas at Austin
Indiana University University ot Missouri Washington University

Iowa State University Northwestern Universily Wayne State University

The TUniversity of Iowa University of Notrc Damc The Universily of Wisconsin

NOTICE

'I'his report was prepared as an account of work sponsored
by the United States Government. Neither the United States
nor the United States Department of Energy, nor any of their
employees, nor any of their contractors, subcontractors, or
their employees, makes any warranly, express or implied,
or assumes any legal liability or responsibility for the ac-
curacy, completeness or usefulness of any information, ap-
paratus, product or process disclosed, or represents that its
use would not infringe privately-owned rights. Mention of
commercial products, their manufacturers, or their suppli-
ers inthis publication does notimply or connote approvalor
disappioval ul Lthe product by Argonne National Laboratory
or the U. S. Department of Energy.




"m0 be Presented at the Third Intermational Conference on Plasma Surfac{elnteractions' In
' Controlled Fusion Devices, Culhan, England, April 3-7, 1978. '

{

The significance of a correlation of blister diameter with skin thickness
. N \

for Ni and Be for blistering models.

"S8. K. Das, M. Kaminsky -and G. Fenfke
. * - ! .
Argonne National Laboratory , Argonne, Illinois U.S.A.

" ABSTRACT

.It has been suggested that large lateral streséés introduced in an ion
implanted surface layer méy cause elastic instability and buckling of the
implant layer (blistéf formation), and result in a relationship Dmpc’=t3/2
between the most probable blister diameter Dmp and the blister skin thick-
ness, t, for'metals éuch as Be, V, stainless steel, Nb-énd-Mo. To test this
relationship a systematic study of the correlation between blister diameter
and skin thickness for helium blistering of annealed polycrystalline Ni and.
Be has been conducted for helium ion energies in'fhe range of 15-300 keV.
For beryllium the relationship betweén Dmp_(um)'and t(pm) can bé fitted by

1.25

the expression Dmp = 24.6t whereas for nickel a best fit is obtained for

l.24t1‘15. These results, together with our earlier

the expression D

. . mp
results for Nb and V show that the relationship between Dmp and t is ~
strohgly dependent on the type of metal studied and do not suppdrt the

lateral stress model for blister formation.



Introduction

The models for blister formation in metals fall into two basic categories.
One is the gas pressure model-EI-9] in which the buildup of excess gas press-
ure in the'implént fegion of maximum gas concentration is the main driving
- force for the surface deformatién leadiqg to blister appearance. The ofher is
‘the integrated lateral stress model [10-12] in which it is suggested that the
large léteral stresses introduced in the implanted layer. leads t§ elastic
-instability and buckling of the implanted surface layer above the weakened in-
terface regién and thus gas pressure is not the driving force behind the sur-
facé'deformation. The proponents of the stress model [10,12] have criticized
the gas pressure model on the basis_that (i) it cannot explain the relationship'

3/2

Dmp& t between the most probable blister diameter Dmé,and blister skin
thickness, t, suggested for metals such-as Be, V, stainleés steel, Nb and Mo,
(ii) forilow ion enefgies (e.g. % 15 keV for He+ irradiation of Nb) the blister
Skin thickness is 1arggr than the projected range, and (iii) only a small fraction
of the total implanted helium is actually emitted during blistefiﬁg} Recently,
Evans [13] has proposed an inte;bubble fracture mechanism of blister formation
which offers-an éxplanation for the criticisms (ii) and (iii) listed above.

He questioned whether a general-felation between Dmp and t céﬁ be»applied on a
souﬁd physical basis, since the blistef diam;ter in a given sample Hés.been
observed to vary widely ‘[14]. The authors have shown recently [15-17] that
for'the case of 4‘Hef irradiation of the two bcc“fefractory metals Nb and V,

the Dmp'm t3/2 relaFionship does not hold. Furthermore, the relationship was
also found to be dependent on targef temperature [17]. For example, for
annealed bolycrystalline niobium the relationship for room temperature irra-

diation was‘DmP= 10.3 t1°22, whereas for irradiation at 700°C it was Dmp= 5.3

1.05 . . - .
t O), an almost linear relationship between Dmp and t. According to the
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stregs model, the value of the exponent should be temperature independent.
The.aim of thé present Qork was to.see how the Dm --t relation;hip changes for
an fcc metal, nickel, aﬁd an -hcp metal, Be. 'For Bé{ EerNisse and Picraux [10]
suggested a D°=t3/2 relationship, but there was only oné data point on the plot
of Dmp vs. t. Télthe duthor's knowledge, there is nd data available onthe D-t
relationship for Ni.

Experimental procedures

Polycrystalline nickel foilé of 99.995% purity kMarz grade) were obtained
from Materials ReSearch.Corporafion, New York. The polycrystélline beryllium
foiis obtained frém Kawecki Berylco Industries, Inc., Hazelton, Pennsylvania
were hot-rolled from a vacuum-cast ingot. The foils were first metallographi-
cally polished and then annealed for 2 h.. (at 650°C for Be and at 900°C for
Ni) in a vacuum of "V 1 x 10-'7 torr. The-beryllium foils were electropolished
in an electrolyte cdﬁtaining 100 ml phosphoric acid, 30 mllglycerol, 30 ml
.ethanol‘and 30 ml sulphuriec acid at an éppiied.vultage of 35 volts, whereas
the nickel'foils'were eléétropolished in a solution of 60% glyceroi~and 40%
phﬁsphoric acid. The irradiations were ‘carried out with mass analyzed 4He
jons either from a low energy d.c. accelerator (fo; energies < 100 keV).or
from a 2-MeV Van de Graaff accelerator (for energies > 100 keV) and the ion
beam was incideht barallel to thé'éurface normal. Duriﬁg the irradiatioﬁ
the targets were kept at room temperature and the ion flux was kept low
(5 x 1013 -1x 1'014 ions/cmz—sec) to minimize ‘surface heating. The total
dose for each irradiation was chosen so as to avoid blister coalescence for
He+ ion energies greater than 40 keV and minimize sputtering of blister skin
for energies < 20 keV. The irradiated surfaces were examined in a Cambridge
stereoscan'Sé—lO_scanning electron microscope, and a large number of micro-

graphs were taken for each irradiation.in order to have sufficient statistics.
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The size distribution of blister diameters were measured from the micrographs

with the ‘aid of a Zeiss particle size analyzer. The blister skin thicknesses

were measured from ruptured edges of blister skins.

Results
. \ S . 4+ .
Figures 1(a) and 1(b) show plots of p :jected ranges of He ijons in Ni
and Be, respectively, for different energies. The solid curves in Figure 1
+ . ; ' '
-show projected.ranges for éHe on nickel. and for *beryllium, respectively, for
‘different energies calculated according to Brice [18] which uses Thomas-
Fermi nucléar stopping cross sections together with semiempirical values for.
electronic stopping powers. The dotted curves in Figure 1 were taken from

the récent calculations published by Ziegler [19],

The blistef skin;thickness‘values for nickel irradiated at room‘tempera¥
ture with 4He+ ions having energies ranging from 20 to 500-keV are plotted in
Figuré 1(a). In tbis case, the blister skin thickness values for energies of
80 keV and above agree within v 10% with the calculated projected fange,
whereas for energies < 60 keV the values are higher than the calculated pro-
jected range. For an energy of 20 keV the blister skin thickness is almoét
twice the calculated projécted.rangé. This trend obServed'for nickel‘is very

+ .. .
similar to that observed for 4He .irradlatlon.of niobium [20].

The experimentally measured blister skin thickness values for 4He+ ion
irradiated Be for ion energies from 10 to 100-keV are also plotted in Figure

1(b). It may be noted that for the energy range 15- to 40—keV, the skin thickness



values agree within " 10% with the calculated projected range. For energies

below 15 keV the skin thickness values are higher than the calculated pro-

" jected range, whereas for energies of 60 keV or highér, they are lower thén‘

the projected range calculated according to Brice [18], but agree well with
oo R

those calculated by Ziegler [19]. ' \
: i

"The blister diameters were analyzed from a large number of micrographs
in order to obtain better: statistics. Table I summarizes a typical data set
for annealed polycrystalline nickel. Here, the number of blisters analyzed
for each energy are listed. together with the values for minimum (Dmin)’
maximum (D ), most probable (D) and average (D ) blister diameter.  The

max mp av

standard deviation-of the blister diameter distribution for each energy is

also listed in Table I. 1In the last two columns the values for experimentally

measured blister skin thicknesses are compared with the projected ranges

‘caléulated according to Brice [18]. For a 4He+ ion energy of 500 keV, the

blister skin thickness value is - copsidergd reliable while the blister
diaﬁetér (e.g,'Dmp.and Dav) values are not considered to be reliéble-because
one observes only a few large blisters -over the entire bombérded area.
energies below 20 keV we feel that there are large uncertainties in the values
of b and t for reasons discussed earlier [17].

Figure 2 showsﬁavdduble logérifhmic plqt of blister diameter vg.’blister
skin thickness for annealed polycrystallineAnickel irradiated at room
temperature with 4He+ ipns.i The rénges\bf blister diametérs;bbserved'at a
given projectile energy, i.e., for a given mean.blister skin thickness, are
shown by the vertical bars and the ¥anges of skin thickness are shown by the

horizontal bars in Figure 2. The values of most probable‘Dmp and the average

‘blister diameter Dav,Agiven in Table I are also plotted in Figure 2 for a

given mean blister skin thickness. The solid line is a power relation fit of

Dmp with mean blister skin thickness, t, and it gives the relationship
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D -=,' 12.4 tl.ls
mp

curve fitting was done in the manner deécribed.earlier [17] for Nb, and the

, where Dmp and t-are given in units of micrometers. The

coefficignt of determination r2, which indicateé the quality of the fit (a
v51u¢ of r2 closer to unity indicates a better fit thaﬂ a value closer to
zero) for the above fit was 0.93. A power relation fit for the average dia-
"meters, és plotted in Figure 2, with the mean blister skin thickness, t,

gave the relationship Dév = 16.2‘tl’39

2

(with r~ = (6.96), and for the minimum

blister diameter D , with t gavé the relafionship D._ = 10.74-t1'82
min . min .

2

r

(with
= 0.94).

Figure 3 shows a double logarithmic plot of blister diameter against skin
thickness for annealed polycrystalline beryllium irradiated at room tempera-
ture with 4He+ ions. Here, also, the vertical béfs represeﬁt thg range of
blister diameters observed at .a particular mean blister ;kin thickngss, ﬁhose
error limits are shown by the horizontal Bars. Also plotted in Figure 3 are

the values for the most probable and average blister diameters. A power curve

fit of Dmp with t gives the relationship.D . = 24.6 tl.ZS’ which is shown as
mp - m

the solid line in Figure 3. The fit is quite. good with fz = 0.99. Power

curve fits for D with t and D, with t, give the relationship D = 31.6 tl'4
av min av .

1.57

(with r2 = 0.96) and O in = 16.4 t (with r2 = 0.88), respectively.

Discussion
The results presented in this paper for a fcc metal, Ni and a hcp

metal, Be, together with those we have reported- for becc metals, V and Nb, indi-

3/2

cate thatthe relationship Dmp « t s predicted by the lateral stress model

does not hold. According to the lateral .stress model [10] the most probable

blister diameter, can be written as

qnp

K E 1/2 . 3/2
mp | 2.5 x 10—4(l—p2)0y .
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whereE is Young's modulus, p is Poisson's ratio, Oy is the yield strength,

t is blister skin thickness and K is a geometric factor which ranges from
1.4 to 4.9 for elastic edge conditions ranging from a simply supported edge
to a clamped edge, reépectively. EerNisse and Picraux [10] claimed that the

D-t relationship‘predicted by equation (1) agreed within 40% with the

- experimental data for Nb, V, Be, Mo, Ti, Pd and 4301 stainless steel. How-

‘ever, as pointed out earlier, for metals such as Be and V there were only one

or two data points on which the correlation was based. For the case of Nb

' , 3/2
the authors have shown earlier [17] that the data used for the anm t / corre-
lation over a broad range of aHe+ ion energies may have suffered from poor

statistics for high energies (> 1 MeV) and there may be large errors in the

values of Dmp and t for energies below 15 keV, since they depend strongly on

~ the total dose -at these low energies [17].

Table II compares our experimental Dm '~ t relationships for Be, V,

Ni and Nb with those calculated from equation (L) for the two extreme values

of K using the values of E, p, and Oy from the literature [21-23]. One
should notiée that these values are characteristic for annealed metals and
may differ from those for irradiated metals. It can be seen that the agree-
ment between the experiment and the predictions from-the stress model is far
from satisfactory. Even for‘thé‘egfreme case of a simply éupported édge
K=1.4) the pre-exponent factor in the Dm -t relationship prédicted by the
stress model is much larger (by almost a factor of 2-4 for V, Ni, Nb) than
the experimental value,. Furthérmore, the stress model predicts the exponent
of t to be in&ependent of material,Awhereas the experimental values show ‘them
to be strongly dependent on the type of metél (e.g.'value of exponent varies
from d.85’for V to 1.25 fof Be) .studied. Recently, Van Guyése et al [24]

' . . . . o, .
have tried to fit their data for 21-keV He ion irradiated rhenium with the



relationship D « c1'45, but their data were taken from blisters formed at only

one energy of 21 keV with the irradiation temperature as the variable. The
N

. fitting was done for only a small range of values for't (between ™~ 0.06 -

0.12 um). Thus, it is difficult to say if D&t1°45 wijl indeed be valid for

rhenium over a larger range of D and t values.
m

:The Dmp—t relationships determined experimentally:in these studies differ
significantly from those suggested by other authors [10,12] and cannot be
considered as supportiﬁg evidence for a model for blister formation based on
integrated lateral stress. Furthermore, it should be realizeci that the gas
preésure model for blistering does not imply a linear rélationshiﬁ between
Dmé and t, as has been discussed earlier {17]. Our earlier observation [16]
that nearly spherical blisters can be formed with bases of émallér diameter than
that.of the blister diémeterfsupport, in certain ggseé, the gas pressure
driven blister model.i Furtﬁermore, recent resulté bylﬁvans and Eyre on thin
molybdenum samples irradiated with 100 keV Het ions show that blisters can
form on the rear surface (opposite to the implanted surface)‘én observation which
is incompatible‘with the lateral stfess_model. A criticism of the‘gas pressure
model that, at low ion engrgiés the thickness of blister ;kin corresponds to
depths larger than the projected range (see Fig. 1), an observation which was
claimed to be incompatible with the.gas pressure model [10,12], is nbf valid
for the following reason: 0Q; recén£ studies [26,27] éﬁ-deéﬁﬁ diétributiqn of-heiium
bﬁbgles.for 20;£éV Hé+ ion irradiafi;n ;f nickel at SbO;C.QhOQItﬂ;; the peak
in the swelling due to helium bubbles or voids occurs at aAdepth much larger
than the calculated projected range; but thé peak swelling depth agrees well
with the mean blister skin thickness for that energy. Thus, the observation

that the blister skin thickness is larger than the projected range for low

ion energies is quite consistent with the gas pressure model. . In addition,

. Evans [13] has offered some qualitative arguments\,for interbubble fracture to

occur at a depth larger than the peak in the helium distribution. .
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Another criticism raised by the proponents of the‘stress model,  that only a
small fraction of the total helium fluence is actuéliy released during blis-
tering is not really a valid one because experimentally, one does not alﬁays
obsérve many cracked blisters.Unless the blisters are ruptured no large gas
bursts will be seen. _In those cases where severe flaking occurs, large bursts

of gas release have been observed by Bauer and Thomas [28]. In the early

. experiments on D+ irradiation of copper by.Kaminsky[l], ‘the number of gas bursts

. correlated very well with the number of ruptured blisters (pits) observed om

the surface.
Conclusions
‘The relationship between the most probable blister: diameter, Dm , and

the mean blister skin thickness, t, for nickel held at room temperature, can

1'15, and for annealed polycrystalline beryllium,

can be expressed as Dﬁp.=-24.6 tl.25. These relationships, together with

be expressed as D = 12.4 t
mp .

earlier results obtained for Nb and V, show that the relationship between Dmé

and t is dependent on the type of metal studied and does not support ‘the

lateral. stress model for blister formation which predicts D«t for many

metals, including Be, Nb and V.
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.Figure Captions

Figure 1

Projected ranges of 4He+ ions (a) in nickel‘and~(b)

in_béryllium as a function of projectile energy. The solid
curve marked "Brice'" was calculated using Thomas-Fermi

nuclear stopping and Brice's semi-empirical expression for
electronic stopping. The dotted curve was taken from the
range—energy~curves;calculéted by Ziegler. . The déta,points

with error bars.arebmeasured skin thickness vaiués for annealed .

. . . . ooy b+
polycrystalline metals irradiated at room temperature with He

-ions to total doses ranging from 0.1 to 0.5 C/cmZ.A

Figure 2

Figure 3

A double logarithmic plot of,blistér diameter against blister
skin  thickness for annealed polycrystalline nickel irradiated
at room temperature with 4He ions: The error bars show the

: . b+ .
ranges of values observed at a given He 1ion energy. .

"A double logarithmic plot of blister diameter against blister

skin thickness for annealed polycrystalline beryllium irradiated

coq A+
at room temperature with He. ions.



.TABLE 1 Blister diameter and blister skin thickness for annealed polycrystalline Ni irradiated at
room temperature w1th 4Het ions of various energies.
4+ _ BLISTER DIAMETER (im) A ; o -
He -ion| No. of : Most Standard Blister Skin Projected Range
energy | Blisters | Min. Dia, Max. Dia,| Avg. Dia, Probable | Deviation Thickness, t- Calculated According
(kev) | Counted | D .. Dpnax Dav Dia, Dpy o (um), to Brice, (um)
20 515 0.22 1.25 0.91 . 0.99 0.18 0.13 £ 0.03 0.0666
.30 435 0.36 1.95 1.11 1.45 0.35 0.7 * 0.02 - 0.1006
40 762 0.41 2.47 1.50 1.73 0.39 0.19 £ 0.02 '0.1336
60 _ 413 1.14 3.90 2.62 3.07 0.58 0.25 * 0.03 0.1955
80 541 1.44 4.40 3.18 3.28 0.45 0.27 * 0.02 0.2527
100 582 1.52 5.90 3.82 4.18 0.74 0.30 * 0.02 0.3060
150 464 3.30 11.10 5.13 4.90 1.14 0.50 £ 0.04 0.4256
300 384 4.76 27.70 10.74 -8.0 4.10 0.77 £ 0.1 0.7207
0.06
500 -— —— -—- - ~—— 1.1 £ 0.05 1.0283




TABLE II Power relationships for most probable blister diameter, D (um) and mean blister skin thickness,
t (um) as predicted by the lateral stress model and as obTHined experimentally for different metals.

Yield A ‘ -

Metal Young's , . Strength . Relationship predicted ) .
(annealed " Modulus E ’ Poisson's 0{ " by stress model* Experimental
polycrystalline) (x10}2 dynes/cm?) Ratio, p (x1019 dynes/cm?) for k = 4.9 for k = 1.4 Relationship
Be s 2.75° ©0.027 1.18 p =54.7¢8% p =20.2¢%7  p = 24.6e1°20
: : , mp mp mp
v 18 0.35 1.17 p =51.3t%7 p =274t b = 6.3t0:8°
. mp . mp mp
Ni 2.06 . 0.276 0.58 D =86.8t"° D =46.4t1 b = 12411
R : mp - “mp ; mp
Nb . 1.03 0.39 1.45 , D = 40.Otl'5 D =21.4t1°5 D = 10.3tl'22
_ : , ) _mp mp - mp

givén by lateral stress model [10]

. *Calculated using the expression D__ = KE }1/2 t 3/2

mp 12,5 x 10-4(1-p2) oyE



Ay

(

PROJECTED RANGE (R)

PROJECTED RANGE

10

10

- 10

.rm{r

ENERGY (keV)

- FIGURE 1

NN RICY B —T T T y AR
*He* on Ni AR
e on. BRICE—, .
# ZIEGLER ]
S | 1111111 L1 ln-lunl 1 1 111
10® 10° 10*
E T vnnnl T—1 llllll' T l'llnrg
LD “He* on Be :
il BRICE )
. ZIEGLER —
1 L1 llLlll 1 1 IAJllll" i 1.1 14311
| o 10? 10°



BLISTER DIAMETER, D (um)

0.l

i L o MOST PROBABLE DIA. _
x AVERAGE DIA. |
L Lt l ‘ [ 1 L4 1 111 I

0.l | 0
BLISTER SKIN THICKNESS, t (um)

FIGURE 2



— o MOST PROBABLE DIA—]-

1 llJllI'

X AVERAGE DIA.

50 7 T T .J
| " "He*tonBe @ 0T
i F | -
- e % |
A | I N\ ,
o | o 1.25
S0 | UF| a2t
e !\
- F sl -+
W | ]
3 5 /f ! :
5 i ‘. 7& : e | ]
e L7 -
m .
l-—
v -

o

0.l

BLISTER SKIN THICKNESS, t (um)

~ FIGURE 3






