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implmted sample, the first boron sample and two control samples
This program could not obtai
furnace to make adequate progress, however.

heated to 800 C in this JR system.
priotty on the IR

MO, 435

have boen
h sufficlont
Therefore,

P.2-24

another system was constructed by BronteK personnel, vsing components largely

borrowad from ORNL. This system and results will be described. Ho

of this latter system has proceeded to s high as 1160 C.

» Results, Conclusions and Discussion:  The main result is

apparently having heated samples to as high as 1160 C in the new sysl

has apparently not yet occurred. The as-mnachined texture is still
microscope. The reasons will be discossed.
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Fig. 1: Binary phase dlagram for beron-beryliium showing the beryllium-n

Samples

Sixteen samples were selected from
program at Oak Ridge Naticnal Laboratory.

potentially usefulness for making several ion implantation samples. The 16

ating by use

that, despite
[em, meking

vigible in the

ch region.

materials that had been used in a pr¢vious optical
In addition, a spare accelerator window was
considered as a possihle candidate because of the large, thin arca presenied and the
sarnples wers
gcnerally coupons of ahout 4 cm diameter and 1 em thickness, They were physically

measured with machinists measuring instruments 2nd weighed for defzrmination of
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Denstties of berylium samples, ideal = 1.848 gfom3

Sample
# Diameter Thickness
{om} {crn)

OR-1 4.066 1463
OR-2 4.004 1.504
OR-3 4,008 1 5604
PE-OMM 5.081 0.54
PE-002 173 0897
FE-003 3.802 0224
FE-OD4 3.788 1.002
R1 3.808 1.014
i hidow 1017 oava
QR4 4.006 0,982
OR-5 4,001 0.982
OR-6 4.01 1.025
QR-7 3.995 088
OR-8 4,006 0983
OR-9 4,008 0.881
OR-10 4.007 0oz
OR-11 4 0982

Vaolume:
181
aphrox
{am3)
19.02225
18.93762
16,97548
12497681
11.24768
11.28498
11 29813
11.545332
8417391
12.37721
12 34634
12.845
12.28428
1238982
12 37696
12.38339
12.24017

Beryllium Smoothing
1 sampl
Volume Volume Mass
comaction  Final (o)
{em3) {em3)
0.021775 10.00048  34.3486
0021775 18.91585 34.9714
0021775 1885371 35.04965
0 12.87681 23 79742
0038927 11.20876& 20.6592%
0.032052 11.24591 20,7048
0.038917 11.25821 20 74083
0 11.5483% 21.50972
0 6417391 11.50283
0021775 12.35544 22,7924
0Q21775 12 52456 227434
0021775 1292323 23.6895
0.021775 1226240 228282
0021775 12.36304  22.5036
0021775 1238518 227785
0021775 1226182 228015
0021775 12.31832  22.51¢1

495

Density
{g/cm3)

1.807776
1.5457586
1.848224
1 835842
1.844027
1.841113
1 842095

1.86230
1.782462
1.844726
1.845572
1.B33869
1.845319
1.843752
1.34363¢

1.84454
1.852442

P. 424
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Flgure 4: Optical micrograph of sample OR-5 at the magnification indicated, The
machining texture due to tool advanca is clear.

Figure 4 is an opiical micrograph showing the as-machined texture of the sample surface
for OR-5. Results for sample OR-4 are the same. The machining texture is evident,

fon Implantations

Originally it was planned to carmy ot the ion implantation work and RBS measuremenis
using the facilities of the STTR partner, the Oak Ridge National Laboratory {ORINL].

After the award announcement, ORNL shut down its accelerator facilities and also the
furnace equipment we were planning to use. It was decided that ORNL would continue
as the STTR parter by providing the safety aversight and different heating cquipment,
while the ion implantation work and RBS measurements would be moved to the Alabama
A & M Research Instinte (AAMURI) at Normal, AL (near Hunmisville). For the
AAMIUIRI, a subcontract was let, and the amount originally planned for the STTR partner
was reduced from half of the wial award to Zbout 35 %. The situation at AAMURIT was
that the tandem accelerator, which provided high energy ions for the RBS, was a matre
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Figure 5: RBS histogram of fivst matarial fon implanted with beron. This analysis
illustrates the problem with ¢arbon incorporated adventitiously, The lavge carbon peak
centered at approximately Ghannel 230 {D.38 MeV]. The implanted B Is a broadsy peak just
below the carbon peak.

As o tesult of these modifications it has been possible to implant three samples with
boron and maintain excellent cloanliness of the surface. That means both in terms of
visual appearance and objcctive analysis as well. Figare ¢ is an RBS histogram for one
of the last three samples implanted. It Is clear that the carhon peak 15 much impreved
telative to that of Figure 3, although quantitatively, there is some slight increase in both
the O peak and the C peak dus to the implaniabon. The boron content is somewhat over
10 % over a depth of about 100 nm. Therefore, this sample fand the other 3} represent
very satisfactory results, In adidition, the surface is indistinguishable from the
ymimplaznted to the naked sye.
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samplws without tha shroud. The boem is insulatad and the drive chaln has an insulated

Figure 7: Photograph of tlli-rotation sampls manipulatar used for fon imp1an‘[ﬂion of Ba
s
mount,

sprocket, so that beam can be integrated form the electrically tsolated sampl
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Table 2: Goncentration versus depth parameters for RBS analyses of borop-implanied Be
done at AAMURI. Theee are ten layers raaching to a depth of about 200 nm total and then
the substrate is solid Be. For the thickness of each layer of 200 “umts," a unit |s 16"
atomsican?, 1 the nuclesr unite neaded for analysis. Somewhat fortuitously, edch of these
units s a thickness of about 0.1 nm or | angstrom. Therefore the thickness of epch layer1s

20 nm.
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Altogether five samples were implanted, Two with the adventitions carbon and three
under the clesn conditions. Three of a total of eight were used for controls to study
hegting tesults.
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Figure 10 Phatograph of the B ion implanted sample as encapsulated in quartz for
heating. The sampie has been heated to 800 C far one minuta.

Before sealing, the capsule was evacuated and flushed with argon several times, and then
backfilled with a gas mixture consisting of 1 % 02 and 95 % Ar. The principal reasen for
the cover gas m general was to help roflect any possible cvaperating atoms back into the
surface, and thus reduce the evaporation tate, if any. The O gas was ed at a Jevel
which might, in principle, react the adventitious carbon for these partcular gamples. This
latter hope was speculative and somewhat of a long shot given that the free energy of
formation of BeO 15 ranch lower than that of CO; or CO (algebraically). Hoprever, there

might be some reason to hope that the carbon 15 nearer the surface and net as well
passivated as the average B atom In any event, the O was added. Ome control sample
had the added O snd one had only puare Ar,
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Figure 12: Optical micregraph of boronmplanted sample sfter heafing to 800 [+
Compare with Figure 4, which shows the asmachined texturs.
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apparent oxidation of both comtrol  samples. The rteason is mot known
Thermodynamically, Be reducas S0, with the ease, but at {00 C, the absplute vapor
pressure of Oa over 80 » is only 105 atmospheres (or zbout the same as we tated above
for BeO at 1200 C). Thus, the calculated absolute evaporation rate of Oy fom S0z conld
not have produced encugh Oy to have tarnished the semple. Moreover, the sampla is
doubly contained anyway. For heating, the capsule was placed in another quartz sleave
in the furnace, throngh which AT gas was flowing on the outside of the capgules.
Therefore diffusion of oxygen through the quartz would net appear to [be a ready
explanation. Argon fypically has about 100 ppm of cxygen impurity unless specially
specified, but we added 1 % to enc of the capsules anyway. Thus the inventory of O
trapped in the capsule wouid not have appeared to have been enough to have tarnished
the sample for the nominally pure AT, 1n addition, there was litfle differency between the
cme containing deliberately intreduced.

Atpresent the somcwhat tarnished, and probably imacceptably tamished, control samples
remain in their capsules. The Nimplantcd and B-implanted samples appeared mare
heavily tamished. They were removed and inspected by mieroscopy and pro lometry.

A drastic change has occurred for the B implanted sample, but it is not s oothing, and
the change may not be related to oxidation. The sample surface roughened
comsiderably. The us-machined texture has boen completely obseured, and replaced by
another topography.

Figure 11 shows the profilometer trace far the B-implanted sample and Fignre 12 shows
the optical micrograph. For the trace, the B value has gone from 25.5 nm Figure 3 e.g.)
to 165 mm, a depth comparable to the ion range. Figure 12 is the optical miprograph, and
again, there is obviously no connection 1o Figure 4.

These Tesults illusirate the reasons for observing the evolution of the textjre through a
stepwise heating schedule. The ultimate effoct of heating to the planned temperature can
noi yet be predicted. A large offect is occurring.

The “Brontek” system was rapidly constructed m order o obiain & dedicated systom for
hetfer progress. The system also pravided for different feamres and an environment with
mote readily variable parameters than the ORNL system. The system grovided for a
figw-through of the environment and cover gas at any pressurs from about || mtorT to one
amaosphere.  Provision was made for pumping and purging several | times  before
iptroduction of the flawing cover gas. The only gas that was actually used was “forming
gas,” a mixture of 4 % H and 96 % Ar. The heator was a boron niiride hester capable ul
about 1300 C at 110 V, the highest voltege that was used. Because of the thickness of the
samples, 1 o, it was cxpested that the gradient from bottom to top in the [samples might
be consderable. To mitigate this factor, a systema of timtalum radiatiqn shields was
constructed for the cylinder wall of the sample. The area of the heater not jeovered by the
zample wag alse heat radiation chiclded. Temperature of the surface was measured by a
thermocouple held to the edge of the top sample surface by the top radiation ghield,
which also served as a sanple retainer, and was seoured tightly. Provision was made for
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. Iy
ber part of the Brontek heating system. Gas supp
e reton Er\r.r?lich enable rather precise control of the flow-

Figure 14: Photograph of
control vatves and pumping systemn,
through atmosphere are not shown.
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Fiqure 15: Micrograph {200 X) of sample 54 aiter haating to 170 C.

Conclusion:

The overall conclusinn is that the main hypothesis of the proposal| was neither
proved nor disproved. Further advancernent will depend on develppment of a
beating technigue that will allow beating to the melting point with surface
cleanliness, If ihis can be done by use of a suitable atmosphere or by a gettering
technigue (hot calcinm ¢, g} then the process will be commercially &'abln If it
requires ultra high vacaum technigues, the process may not he commencially viable.
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and fully fimctioning facility. However, the Jow enerpy ion implantation facility was
newly installed, not fully shaken out and was a wark in progress. As a rgsult, a great
effort has cone into further refinement of the latter facility for these experiments. Thers
were several issucs as regards strength of beam, ion dosimetry and other fagtors, and all
igsnes arc interconnected. One problem that had a lot io do with the result, if conjunction
with a fairly low dosc Tate, was apparently fairly poor vacuum in the {arget ¢hamber. As
a tesult, samples became wishly discolored due 1o carbon contaminatien during the
mmlantation. Carbonaceous gases deposited on the surface or near the) surface are
decomposed hy the heam to leave carben.  Figure 5 is an RBS histogram which indicates
the presence of carbon. In Figure 5, the rather broad peak due o implanted beron is clear
at just below the carbon peak, The carbon peak is cutsized and may be compared with
that of virzin materials, a5 shown i Figure 1. There is also some incregse in oxide
thickness as well, due to the implant. Two ion implants, the one represented in Figure 3,
and one involving implantstion of nifrogen atoms were performed in the chamber in this
configuration.

Alhough RBS analysis resalts may be interpreted by either deductive or forpard analysis
as compared with mductive or simulation by theory, the theory of the analypis is in such
excellent shape that analysis is usually by the latter approach nowadays. The red curve In
Figure § is for 2 simulation using the energy of the incident He ions, other|spectrometer
parzmeters, and (he voucentaiion profile given in Table 2. The boron ipplant ia not
exactly what was intended but is close enough to warrant continuing with|the intended
heating. The average boron concentration is some 12 at % over 2 range of 40 to 180 nm,
hut the total dose is almost precisely what is measured by the dosimety, based on
integration of ion current applied ta the sample. This latter resulf has besn, general.

Uwing to the undesirable results regarding carbon, however, il was dovided u rebnild the
target chamber to provide for betier pumping. An ion implantation chamber that had
beer in usc as part of the QRNL facility was borrowed and installed.
This work required a weck of labor for Bronick and AAMURI persomnel. (The chamber
added one new puymp to the system, a clean roughing system, and z liguid-nirogen
cooled trap. Figure 6 is 2 photograph of the new installation with instrumentation, as it
terminates the beam line. The implant accelerator itself is out of the picture pn the l=ft.

Ien implantatiens are performed in the front port by use of a “fli-rotation™ manipulator,
which also provides for electrical isolation and beam pick-up. There i3 also a dual
purpose shroud, which by polarization, mproves dosimetry by suppression of secondary
and tramp electrons. The shroud is of solid rather than grid form io allow for capture of
any sputtered Be atoms. It is lined with Al foil, which can be removed and analysed for
any sputtered Re and then disposed off. Figures 7 and 8 are photographs of the
manipulator with end without the shroud.
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Figure 2: RBS analysis Tor unimplanted Be coupon. 1.6 MeV He ions jn. 170 deg
backscatiering angle,
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Figurs 3; Portlon of profilometer trace showing as-machined texture. The frace direction
is radial. The tool advance is about 20 uM. The smoothness for 2 machied surface js
very goad with an R of value of 25.5 nm for a trace of 1 mm length.
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density. In gemerzl, the densities appeared 1o be neer ideal (Table 1), and there was no
reason to expect much void space due to sintering. Small corrections in the Yolume were
due to beveled edges and the like. The unifermity in density amonyg the samples provided
some confidence that most of the materials wers probably satisfactory.

Machined samples had regular tuming fexturcs, where the spiral texture|dne to tool
advance was evident. These topographies were studied by profilometry and by optical
microscopy Tor ideality and spitmbility for ion implantation, in terms of relatignship of the
topography to jon range. Also, the purity of the samples was ascertained by yse of RBS.

Samples OR-4 and QR-5 were selected as the best for the Phase T program ¢n all counts,
and they were virtually identical. Afier selection, each was sectored into four quarters by
procurernent from a beryllum-qualified shop.

Figure 2 shows an RBS histogram for OR-5. The data arc the same a3 foy OR-4. The
peaks at about 0.36 and 0.49 MeV are for surface carbon and surface oxide on the Be.
These contaminants are perfectly nommal 2t the levels shown for material that has been
polished or machined and exposed to air for  time. A full quantitstive anzlysis has not
heen done, but it can be sstimated from experience that the amount of carbon or oxygen
is abut e atomic laycrs of cach. The very low background at all other energiea meons
that this material is as pure ag any ever seen by the author, Quantification would depend
on assuming some particular impurities (with no particular ones having been detected)
and then doing a simulation. There would be less than 100 ppm of imppritics in the
midrange of atomic rnasses, coPper 6.8,

Figure 3 is a profilometer trace, fully representative of the prevailing muchinfoy Lexiore
for samples QR-4 and OR-5. The regular waviness due to the too advance ypon tuming
is corpletely evident, with the tool advance being some 20 um, The vertical axis has a
range of only about 120 nm, and the arithmetic average roughmess, Rs, was ¢nly 23,5 nm
for this trace. For all traces on samples OR-4 and OR-5 the R, value was in [the low to
mid tens of nm.
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Infroduction and Surmmary

Concept of Program;

This teport will summarize the tagking and results to date of the subject program on
“Smpothmg of Military Murrors by a Novel Surface Alloyng and Melting Technique™

The idea of the program is to utilize the equilibrium chermstry between boron and
beryllium, as illustrated in the phase diagram (Figure 1) m a process designed to smooth
the surface of murmors.  The kernel of the idea is that by 1on umplantation of 1¢ at. %4
boron 1nto the surface of Be, one could armve at the eutectic compostion of 90 at. % Be-
10 at. % B. Then by heating to the cutectic meltmg temperatrs (1120 C), the surface
alloy eould be mel'ed and murrors of the material could be melt glazed  The 1dza is to be
able to finish 2 miror starting with an as-machmed surface texture. The gssumption is
that singls-point turmng of curved murors fo am acceptable figure 15 reasonably
economical bt that final polishmy by mechanical means has cost, quali-cantrol, <afety,
and regulatory thsadvantages. The described concept 18 Winstrative of the mein idea.

Howaever, there are vanations on the prnciple, as well as possible serendipidous effects
{good and bad) that mught be expected While the proposed final result appeals to
principles of equilibmmn chemustry, much of the pathway is in the realm of nonm
cquilibrrum chermistry. That 15 because of the ability of on mplantation tg produce the
metastable starting stafe, a umformly muxed B-Be composition which in equmbbrium,
wold be 2 two-phased allay  Vanons effects are possible

Work and Results to Date:

= Samples: Sample procuremeni. characicnealivn selection apd preparation
Characterization mcludes profilametry, optical —microscopy,| mechanical
measurements and weight for depsity, and Rutherford backscaffering (RBS)
analysis for pumity.

= fon Implanitation:_lon mmplentation and post 1on fmplantation chatacterizations
Work consists of ion mplantion of four samples with boron and ene{with nitrogen
jons  Past implantation characierization comsisted of oplical| mcroscopy,
profilometty and RBS.

= Heating: Post implantation heating Heating bas been camed by two
approaches. The first zitempt was tq wtilize encapsulation i quartz i
conpumetion with ap IR fumace This approach was done at Oals Rudge Nanonal
Labotatory, The STTR partmer, The 1dea was to carry out the hearing in 2
stepwise fashion because of the possibility of wnpredicted effects | The niirogen
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Figure 11: Profilometry frace for the boron implanied sample after heating tp 300 C. The
R, value i3 165 nm. This is a portion of 2 1 mm trace, Compare with Figurs 3 for as
machined material.
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Figure 8: RBS histogram of sample successfully implanted with boron without undus
contamination. Thres such samples have been produced.

Heating

The heating procedures proposed and developed at Oak Ridge Natiomal Laboratery
{ORNL} have been subjected to rigorols examination both by ORNL safery and
environmental management and by Bromtek alse, which has considerabls expertise.
While fragmentaien is not expected, possible evaporation and contamination of
equipment 8 of concern. That issue was a design concem of Brontck anyway from the
outset, because of a different issue, that of possible evaporation of the treated surface.
This i not expected to happen because there is always some oxide passiv:in even at the
best vacna. The vapor pressure of BeO at 12000 is some 1072 atmospheres. But even if
the Be ware bare, the short hold times we expect at-temperature ere nat expected to
produce evaporahon before melting. Nevertheless, the qualitative issug of sefefy at
ORNE trapscends the Issuc of whether or not the experiment is a success| Therefore a
policy of shsolute containment has thus far been followed,
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Figure § Photograph of the sampie manlpulator with the dual purpose shropd,
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Figura 6: Photograph of lon Implantation Chamber and Instrumentation Installed at the
Center for Imadiation of Materfals, part of Alabama A & M Research Institute at Normal, AL,
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Figure 13: Profilometer trace of ths nitrogen implantad sample. The Ry value |s 71 nm.
The full trace lengths were 1 mm.

Heating has been done for each capsule at 600, 700 and 800 C thus far by the “ORNL"
scheme. The fumace was an infrared radiation famace. Temperature measurement was
by means of a thermocouple pot welded to 2 dummy sample near the capsule. Ramp
times were 3.5 m and spak times were 1 m at each temperatore. After cach heating, the
capsule was cooled and the samnple was inspected through the quartz tube. The reason for
the stepwise approach is because of the possible unpredictable effects.

There was litdle difference in the appearance of the two control samples due to the
presence of Os in one and the absence 1n the other. However, by 800  there was some
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filiering of exhaust becanse of the Be. The system worked well. A photograph is shown
in Figure L4.

Four samples were heat treated in the system
1. A virgin comrel, 1083 C, 1 atm of forming as

2. Sample 5-2, (the nitrogen mplanted sample previously heated to (800 C in &
capsule), heated oo 1122 C in an atmosphere of 13 mTotr of forming gas.

3. Sample 53, ( the borop implanted sample, containing carbon and previonsly
reported on, and also heated o 800 C as described above in a capsule), heated 1o
1130 C in 13 mToerr of forming gas.

4. Sample 5-4, a “clean” boron jraplanted sample, not previonsly heat treated, heated
to 1160 C at 13 mTorm.

We had auly eight samples, which is more than we planned to preduce i the Phase [
work plan, Of these, 5 were ion implanted and 3 were used as controls for the heating
DTOCESS.

The disposition of the eight samples was as follows.

Sample # Tmplanted/Contrpl Heated Atmosphere
5-1 control A0 C f1.1 atm argon/ pyrex
5-2 I (nitrogen/carbon) 1122C 13 mTory forming gas
5-3 I (horon/carbon) 1170 C 13 mTor forming gas
5-4 1 (borom) 1160 C 13 mTor forming gas
41 I {(baron} Li's}
4-2 1 (boront) no
4-3 corrrol 200 C VACUNM/PYTEX.

4-4 control 1083 C 1 aim foymimg gas




