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ABSTRACT

Welding processes and metallurgical consid-
erations for beryllium welding are discussed
in this review. The primary difficulttes ot
welding beryllium are hot cracking, cracking
at defects, and ductiity himitation or ther-
malily induced crackirg. Solutions to these
welding problems inciude control ot the Fe/Al
ratio in the base metal to reduce hot crack-
ing, minimization of the BeO content and
starting grain size to limit cracking at de-
fects and ductility limitation cracking, and
optimization ot the welding process and pro-
cess varnables.

I. INTRODUCTION

Beryllium exhibits a unique combination of
low dansity, high specitic strength and sut!-
ness, and high specitic heat and thermal con-
ductivity. These charactens..cs make beryl-
fium an attractive engireering 1aterial for a
varnety of applications. However, beryilium
does hava sevaeral noteable drawbacks inclui-
ing toxicity, low fracture toughriess, and high
cost. As a result, the application of bery!'li-
um has been somewhat limited. Aerospace
applications include structurai comoonents
on the space shuttle (1), military aircraft
12,3) and other space vehicles (4).
Instrumentation apphcations of perylhum in-
clude gyroscopes iccelgtometers, optical

support benches, mirror substrates, itnertiai
guidance instrument housings, and x-ray win-
dows. The nuclear industry uses beryllium
for fue! element cladding, moderators, and
reflectors in compact high-tlux atomic reac-
tors and beryllium alicys for neutron sources
(5).

The application of beryllium as a struc-
tural material in many cases invoives weld-
ing. Berylium has baen successtully welded
by severa! processes, including gas tungsten
arc (GTA), gas metal arc (GMA), ar.ud electron
beam (EB) welding (6-8). Tha primary and
most severe rastriction on the weiding of be-
rytlium is its crack sensitivity. The types of
weld cracking that may be encountered in-
ciude hot cracking due to an aluminum-rich
grain ooundary film, cracking originating at
defects (oxide particles, voids, inclusions),
and sub-solidus cracking due to 1ts inherently
low ductility. Although this cracking is at-
fected by weld processes and parameters, It
is largely controlled by the maetatlurgical
characteristics of the beryllium itself.

This paper wili review the fusion welding
ot beryllium. This will be done by consider-
ing 1ndividually the ettects that severai met
allurgical tactors and process veriables have
on the structure, properties, and cracking
suscentibility ot beyyllium weldments,

M. Hil11, 8. Damkroger, R. Dixon. et



II. BERYLLIUM CHARACTERISTICS

THERMOPHYSICAL PROPERTIES - Several
thermophysical properties atfect the weld-
ability of a material. These include the coet-
ficient of thermal expansion, thermal conduc-
tivity, specific heat, meiting point, and den-
sity. The properties of beryllium are gtven in
Table 1 (9-11). The thermal conductivity of
beryllium is higher than most metals with
the exception of copper and aluminum. The
thermal ditfusivity (A pc) for beryllium is
also high. The thermal gradient is inversely
proportional to the thermal ditfusivity so the
thermal gradient abie to be sustained in be-
ryllium is relatively low. However, the ther-
mally induced stresses still play a signifi-
cant role in weld cracking due to the low duc-
tility ot beryllium. Additionally, the anisot-
ropy of the thermal conductivity (A} and spe-
citic heat (Cp) ot beryllium make it difticult

to accurately contrel welg cooiing rate and
pool shape.

CRYSTALLOGRAPHY - Beryllium h=as a hex-
agonal ciose packed (hcp) structure and the
smallest c/a ratio ot all hcp elements, 1.568,
as compared to the 1deatl ¢/a ratio of 1 633.
There are orly tnree primary ship systems in
beryilium, basal. prnismatic, and pyramidal,
all having a 1/3 <1120> burger's vector.
Although, 2nd order pyramigal systems,
which have a burger's vector of 1/3 <1123>,
can sometimes be activated at elevated tem-
peratures, there are no primary c+a modes ol
ship 1n berylium. As a result, berylhum has
very little ductility parallel to the ¢
direction. Because of this ductility
anisotropy and the large grain sizes produced
during weiding, beryllium welds can be brit-
t'e and prone to cracking in response to ther-
mal stresses.

STARTING MATERIAL - Beryllium 1s pro-
duced by both powder and ingot processes.
The two processes result in material with
ditferent '1mpurty i1evels, gran structures,
and textures, and which will respond difter-
antly to welding operations.

impunty Level and Method ot Proguction -
The impunty level of beryilium 1s essentially
dictated by 1S production method. Powder
products (hot pressed block ana wrcught pow-
der sheet) are the most commonly used forms
of beryitium.  All commercially available
grades of beryllium, structural, instrument,
and optical, are powder products. Table 2
contains the comoositions of several cocm-
mercially available grades of beryliium (12).

Beryllium powder is most commonly man-
utactured by comminuting vacuum cast ingots
tollowed by grinding or milling to produce
powder (12). A thin oxide layer forms around
the particles during comminution, resulting
in powder products having a high BeO content,
typically greater than 0.50 wt% BeO. Another
production technique currently being
developed is atomization. Vacuum hot press-
ing s the primary procedure tor consolidating
beryllium powder, although hot isostatic
pressing i1s used for some applications.

ingot beryllium is manutactured by the in-
duction meiting ot either beryilium scrap or
pebble, bottom pouring, and directionaily so-
liditying the ingot (13). The vacuum induc-
tion meiting significantly reduces the amount
of BeO in the ingot. ty ncally to approximate-
ly 0.05 wt%.

Elecirolytic beryllium is made by the
electrolysis of beryilium chiornide to form
tlake which i1s then vacuum melted into ingot.
Table 2 gives the compositions ot both ingot
and glectrolytic material.

Texture vs. Produgt Forms - Because ot
the severe ductility anisotropy of beryllium,
it i1s preferred to have a matenal with as

Table 1. Physical Properties ot Berylllum.

)
Thermai Expansion 115 x 10 /°C (0-50°C)

Thermai Conductivity | 175 W/m°K

1
Spacific Heat C-ds4s212x10T 3 1g734T
Melting Paint 1287t
Deansity 1 8477 qxcm’

MW, et al,



Table 2. Various berviiium grades.

L_E.'eme"' S-65B | 5-200E|S-200F|1-70A(1-2208|1-400A{ 0-50 |ingot |Electrolvtic”
Be. min % 99.0 { 98.0 |98.5 |99.0 | 98.0 | 84.0 | 99.0}99.3 39.7
2]

BeO, max % 1.0 2.0 1.5 0.7 2.2 425 | 0.50{0.05| o0.005
Al, max ppm| 600 | 1600 |1000 | 700 | 1000 {1600 | 700 |725 100
C.maxppm | 1000 | 1500 |1500 | 700 | 1500|2500 | 700 |700 300
Fe. max ppm | 800 1800 | 1300 [1000 | 1500 | 2500 1000 {1400 560
Mg, max ppm | 600 goo| 800 | 700 | 800 800 | 700 |" "~ 10
Si. max ppm| 600 800 | 600 | 700 | 800 800 | 700 |400 29
Other,each

max ppm | 400 400| 400 | 400 | 400 {1000 | 400 |200| 200
Attritioneg Powder S-200E
(mpact ground powder S-65B, S-200F, 1-70A. 1-2208

Ball miled powder (-400A
a. BeO is a minimum n this case

b. Typical values based upon recent chemical anaiysis at Brush Weliman
¢. Typical values based upon Rocky Flats chemical analysis

Little texture as possible.
achieved 1n hot isostatically pressed (HIP)
powder products. Hot pressed powder 1S also
a relatively 1sotropic form ot beryllium hav-
ing a less than 2X random basal plane texture.
By companson, the basal texture ot wrougnt
powder sheet betylhum 1s 10-20X random.
As a rosult, ductility in the plane of the sheet
for wrougnt powder sheet 1S 10%. but through
thickness ductility 1s nil. fngot sheet be-
rylhum has substantially less texture than
does powder sheet, 2-4X random. Figure 1
shows the texture of rolled ingot sheet beryl-
lum.  Accordingly. the ductility ot wrought
ingot sheatl in the plane of the sheet is lower,
5.7%. but the ngot sheet dones have
measurable through thickness ductility.

The ditterent leveis of anisotropy In the
two types of beryliium sheet can be traced to
the BeO contant of the matenal. During roil-
\ng., grame having basal planes aligned with

This can be

the plane of the sheet are deformed less than
randomly onented grains. The sheet is re-
heated between passes which causes, in the
case of tha ingot product, the growth ot the
more heavily detormed, randomly oriented
grains. In ccntrast, the BeO network in pow-
der sheet prevents gra:n boundary motion and
thus 1lliminates the mechanism for obtaining
a random grain structure (14).

Grain Size Eftects - Because of the an-
isotropy of beryllium, grain size becomes an
important factor 1n determining the ductility
and weldability of the various product forms,
The average grain size of the powder products
can be quite small, ranging from 4-5 microns
(1-400) to 20 microns (S-65). A representa-
tive microstructure of S-65 beryllium s
shown in tigure 2. This 1s a result nt the BeO
N powdser products pinmng grain boundaries
and thus raetarding grain growth. Signiticant
grain qrowth does not generally nccur in pow-

MoAD HIYY, et al.
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) o
ger prodgucis until *100°C. so a fine grain
size can De retainea by vacuum hct pressing

at 1060°C.  Without the BeQ network, grain
growth occurs at a much lower temperature.

aoproximately 800°C. As a result, the as-
cast grain structure 1n ingot source beryllium
Is not signiticantly attected by hot working.
Warm working reduces the grain size
somewhat. but grain sizes routinely achieved
in powder berylhum have not yet been ob-
tained in ingot products. For example. 1.4 mm
(55 mul) thick ingot sheet berylhum has a
grain size of approximately 45 microns.
Figures 3 and 4 show the grain size for 3.2
mm thick berytlium powder (SR200E) sheet
and ingot sheet. respectivaly.

random= 1.22

6.00
3.0 K
2.45 P8
1.87
1.00
0.64
0.41
0.26
0.17

Figure 1.

Basal Texture of 1.4 mm thick
rcross-rollea ingot sheet,

Fiqure 2 microstructure of S-65

hervilium

Typical

iil. DIFFICULTIES IN WELCING BERYLLIUM

Weld cracking 's the prnincipal aitficulty
encountered n welding beryllium. Three
types of cracking commonly occur, hot crack-
ing. cracking originating at detects, and
cracking due to the nherently brittle
matenal beina unabie to accomodate the
thermaily induced stress.

HOT CRACKING - The incidence ot hot
cracking 1n ingot sheet beryllium is well doc-
umented (15-18). The hot cracking 1s at-
tributed to an aluminum-rich grain boundary
film which results from the rejection ot alu-
minum during soiidification. Figure 5 shows
the phase diagram for Al-Be (19}). The parti-
tioning coetficient (k) ot aluminum in beryi-

Figure 3. Micrograph of 3.2 rmm thick SR200E
beryllium.

Figure 4 Micrograph of 3.2 mm thick ingot
shaet berylhium

S TE T SR R
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perytlium (128900). The problem i1s accentu-
ated at the weld centerhine qaue to the
rncreased concentration of aluminum, grain
poungary ofn€ntation, and hign ensile
stresses perpendicular to the weld. A typical
micrograph ot hot cracking in an ingot sheet
Deryliium welid 1s snown in Figure 6. Figure 7.
a scanning eiectron micrograpnh ot the crack
surtface, shows duclile spikes typical ot a
‘racture surtace resuiting from hot ciacking.
CRACKING ORIGINATING AT DEFECTS - It
has been noted (20) that with increases In
oxide content of the pbase metal. there are
corresponding increases In the occurrence of
poth undercutting and weid porosity. These
weld getects limit ductlity and are caused
by a BeO film wnicnh forms on the surtace of
‘he weid pool (20). This {ilm. whicn has the
appearance ot a flux on the molten metal sur-
face. interferes with the weiding process and
causes increased turbulence in the weld pooi.
Because of this turbulence, the base metal Is
unevenly erroged and the oxige fiim 1s mixed
'nto the weld pool. The weld pool turbulence
also contributes t¢ greater weld surface
roughness :han that achievable with lower
oxide matenal. Other detfects, such as voids
and inclusiors, may act as crack nucieation
sites as well
SUBSOLIDUS CRACKING DUE TO LOW

! ]
] 1
-l Ay g g

#r"—T_.“« ——

fqure 5 Al-Be phase diagram.

~ . Y

‘NHESENT CUCTILITY - The ;ow (nerent guc-
Lty ¢t oreryviitum cerpendicular 1o the ¢ ai-
cacl'sn, SOMDINEQ Wwitn tne texture present in
most proauct forms. results 1n very low base
metal cuctinty. Durning welding, large and
crientea grains are formed in the heat aftect-
ed ana ‘usion zones. further increasing the
propiem. As a result, beryllium weldments
may oe subject !0 3ub-s504dus cracking when
thermai slresses crealeg auring welding er-
ceed the matena!'s fracture strength i1n a di-
rection associated with low ductihty. This
type ot cracking could be at grain boundaries
where the long suip paths result 1n large dis-
location pile ups. stress concentrations, and
microvoid nucleation.

Figure 6. icrograp displaying centerline
crack in ingot sheet beryllium.

-

Figure 7

Fractograph of centerline crack in
ingot sheet beryllium.

oL o et 1l



Berylhum 1s also prone to twinning during
macnining oecause ot the small number of
primary ship systems. The twins may act as
crack nuclieation sites during weliding, so it is
best to remove 0.10 mm (0.004 inches) from
the surface of beryllium pans t0 be welded.

IV. SOLUTIONS TO WELDING PROBLEMS

With careful control of material and pro-
cess variables, the cracking susceptibility of
beryllium can be overcome and sound welds
produced. Discussing first the factors which
must be controlled in the starting materiai:

CONTROL OF THE Fe/Al RATIO - The ad-
verse eftect of aluminum on baryllium weld-
apility can be reduced if the aluminum is
present as the ordered compound AIFeBe4.

Due to the stoichiometry of this compound, it
is important to have at least twice as much
iron by weight as aluminum in the starting
matenal. On the other hand, if there is insuf-
tictent ajuminum to tform the ternary. the
Iron may remain in solution or precipitate out
as FeBe”. The optimum ductility of berylli-

um occurs at an iron/aluminum ratio of 2.4
{16). Also, high concentrations of AIFeBe4 or

iron in solhd solution, can !ead to increased
cracking tendencies (21). Tnerefore, the toial
amount of iron and aluminum should be limit-
ed. Figure 8 shows the range of Fe and Al
contents that have been shown to produce
good welds (21). Figure 9 shows the cracking
tendency of beryllium as a function of
Impurity content (21).

Fiqure. Range of Fe and Al contents n
berylium shown to produce good weids.

RECUCTION OF THE BEO CONTENT - By re-
ducing the BeO content of the base metal, po-
rosity, weld undercutting, and the associated
cracking can be reduced. Single pass electron
beam welds have been made successiully in
1.6 mm (0.n63 in) and 3.2 mm (0.125 in) thick
beryllium containing 1.7-1.84 wt% BeO
(16,20). Commercially availabie grades now
available have oxide contents as low as 0.5
wt% BeO (0-50), and the BeO content of ingot
and electrolytic beryllium are much lower
still. Fowever, the maximum permissable
BeO content for single-pass, full-penetration
welds in beryllium decreases with increasing
thickness of the material due to the in-
creased weld pool agitation and more severe
stress gradients associated with the higher
heat inputs. Therefore. BeO content must be
kept as low as possible when welding thick
sections.

REDUCTION OF THE BASE METAL GRAIN SIZE
- As discussed earlier, the anisotropy of be-
ryllium makes grain size a concern when
welding. The grain size of powder sheet be-
ryllium is tine (20 um), so the main limita-
tions to its weldability are Fe/Al ratio and
BeO content. However, the grain sizes of
ingot material are typically large (50-100
um), but the BeO content is quite Iaw. This
suggests that the ductility and weldability ot
the ingot sheet may be improved by a reduc-
tion in grain size. There are two methnds
th. .an be used to reduce the grain size: 1)
redundant working and 2) rolt bonding. The
redundant working involvas i1terations of ex-
trusion and compression (22). Grain sizes as

Al Si Ti
€
a
-y
- 1.
Crack Tendency
7 ~—— High
© A Med
v A
i, — Low Fe/AI*100
Z M _
A e
RIS Ty e 3
o SR SR TR 2 IR N B S U
e B VG o R WL 0% "-;:.L\.

Figure 9. Cracking tendency of beryllium as a
function of impunty content.

".OAD HIND, et o,
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‘ne as 2.3 um have been reported in high pu-
©ty beryllium using redundant working. By
aiffusion bonding 10 layers of 0.64 mm (25
mii thick) ingot sheet beryllium, Heiple was
able to achieve a grain size ot 16 um n a 6.4
mm (0.25 inch) thick sheet (23).

SELECTION OF WELDING PROCESS AND
PROCESS VARIABLES - The selection of weid
orocess and process parameters have a sig-
nificant effect on the weld composition and
structure, and the thermal stresses devei-
oped. Thus, proper control of process vari-
ables can be used to reduce weld cracking. In
general, welding operations should be de-
signed to minimize heat input and grain
growth, minimize thermal stresses, and re-
auce the concentration of weld detects.
Beryllium is most commonly welded using gas
tungsten ar¢ (GTA) and electron beam (EB)
processes. The electron beam technique has
the advantage of producing welds with a hign
gepth to width ratio and a narrow heat at-
fected zone. The narrow fusion zone and
lower heat inputl reduce the thermal stress
and distortion thus reducing the tencency for
cracking. The high depth/width ratio of elec-
tron beam welds aiso makes single pass
welding possible in many cases. thereby re-
ducing overall heat aftected zone size.

Although the heat inputs are higher. beryl-
lum can also be weided by pressurized gas
metal arc {PGMA) and gas metal arc (GMA)
processes. Of these PGMA 1s the preferred
option. The benefits of the pressure are {wo-
‘old: reduction of porosity and reduction of
the arc column diameter.

Grain Structure - Solidifciation during
welding occurs primarily by epitaxial growth,
resulting 1n large, highly oriented, columnar

grains. In addition to heat input. the grain
structure of the lusion zone 1s influencaed by

the weld speed. As the travel spaed increas-
es. the weid ponl tends 10 become more eion-
gated and grain growth stops abruptiy at the
centerline of the weid with h*tle change 'n
direction. These welds have been found to
nave tne poorest resistance to hot cracking
24),

Ihermal Stresses - Because of the crack-
'ng propensity of berylhium, 1t 1s important to

control the thermal stresses. Thermally In-
auced stresses are related to the local cool-
ing rates and temperature gradients devel-
oped during welding. Both the cooling rates
and stress gradients can be reduced by the
application of preheat. Preheating also in-
creases the ductility so that thermal stress-
es result in plastic flow rather than cracking.
Crack-free full penetration welds have been
achieved 1n 1ngot sheet beryltium up to 1.5
mm (0.060 inches) thick using a preheat of

400°C (21). Low oxide powder source beryl-
lium (0.5% BeQO) has been welded in thickness
up 10 2.5 mm (0.100 inches) with preheats of

340°C. In general. preheat shouid be used for
autogeneous welding of beryllium in sections
thicker than approximately 0.2 mm (18).

The thermal stresses developed during
weliding are also affected by the design of the
weld joint and fixturing. Whenever possible,
joint designs shouid be selected 10 minimize
the restraint of the part. Various joint de-
signs have been used in 1/8" thick beryllium
sheet including lap joints, tee joints, corner
lap joints, corner butt joints, and butt joints
between sheets of unequal thickness (16).
However, in lap, corner lap, and tee welds, a
sharp notch is present at the inte'face and
will limit the use of these siructures to ap-
plications with low service stresses. Crack-
free full penetration butt welds have also
baen made in ingot sheet beryliium up to 3.8
mm (0.15 inches) in thickness (21).

Filler Metal Additions - In situations
where weld cracking cannot be avoided, alu-
minum .lloys can be added as filler metal.
This creites an aluminum-rich fusion zone
with a sufficiently low maiting point to re-
main liquid and backtill cracks. The alumi-
num content of the fusion zone cantrois tha
microstructure and the tendency of the weid
to crack. A fusion zone content of 30% alu-
minum 1s recommended to avoid micrccrack-
ing (25). The Al-12% Si alloy is most com-
monly used because It is close to the autectic
compos:ttion and thus provides the low meit-
ing point and adequate fluidity (25). The
drawbacks ot adding an aluminum alloy hller
metal include a reduction in service tempera-

MoA Hill. et af.



" ture and a lowering of the tensile strength of
the weld.

V. CONCLUSION

Beryllium, both ingot and powder source,
can be successtully welded using gas tung-
sten arc and electron beam welding tech-
niques. The primary obstacles to weiding be-
ryllium are hot cracking, cracking at defects,
and ductility limitation or thermally induced
cracking. Hot cracking can be reduced by con-
trolling the chemistry of the beryilium to be
welded so that an Fe:Al ratio of 2.4 is
achieved and the amount of iron and aluminum
is minimized. Cracking at defects and ductil-
ity limitation cracking can be reduced by
lowering the amount of BeO content and grain
size of the starting maternai. Beryllium
weldability can also be improved by process-
es using a slow welding speed, moderate heat
input, minimum weld restraint and an appro-
priate preheat. In some cases, weld cracks
can be successfully repaired in situ by the
addition of an aluminum ailoy tiller metal.
However, using a tiller metal may reduce the
service temperature and tensile strength of
the welided joInt.

VI. ACKNOWLEDGEMENTS

The authors thank Alan Patterson for guid-
ance wnting the paper, Larry Roe and Fred
Flick far the electron beam welding, and
Joanr Montnya. Don Marts. Harold Davis. and
Ann Kelly tor the metallography.

Relerences:

1. L. B. Norwood, SAMPE Journal, p. 7 -15,
May/June. (1984).

2. J. M. Finn, et. al., Tech. Repcrt AFFDL-TR-
67-68. April (1967).

3. R. C. Fullerton-Batten and J. A. Hawk, "A
Review of Present and Futlure Applications of

Beryhiium,” Metals Society Conterence
Proceedings, “Beryllium 1977, London,
Engiand.

4. "Designing with Beryllium." Brush-

Weliman pamphlet. {1987).

5. R. D. Watson and J. B. Whitley, Nuclear
Engineering and Design, Fusion 4, 49-60,
(1986).

6 Richard J. Merlini and Walter L. Bush, “Gas-
Metal Arc Braze Welding of Ingot Sheet
Beryllium.,” RFP-1333, Rockwell
Internationai. Rocky Flats Plant, Golden. CO
(1978).

7. R. G. Gillland and G. M. Slaughter, Welding
Journai, 42, p. 29-36 (1963).

8. S. S. White, H. .. Lander, W. T. Hess, and R.
Bakish. Welding Journal, 41, p. 279s-288s
(1962).

9. Beryilium Scierce and Technology, vol. 2,
ed. Lowe and Floyd, Pleaum Press, New York,
(1979).

10. W. F. Brown. Jr. and Bryce King, Aerospace
Structural Materials Handbook, Code 5100,
Mechanical Properties Data Center Report No.
AFML-TR-68-115, (1974).

11. J. M. Marder, Journal ot Materials for
Energy Systems 8, no. 1, American Society for
Metals. {1986).

12. A. James Stonehouse, J. Vac. Sci. Technol.
A, 4(3), p. 1163, (1986) .

13. D. P. Floyd. “A Review of the Properties
and Characteristics of Ingot Sheet
Beryllium,” MSC R.2port, (1389).

14. C. R. Heiple, Met. Trans. ZA, p. 1887-1889
(1976).

15. E. M. Passmore, Weiding Journal, 43, p.
116s-1255 (1964).

16. D. Hauser and R. E. Monroe, Waeiding
Journal, 47 (11), p. 497s-514s, (1968).

17. F. J. Fraikor, G. K. Hicken, and V. K.
Grotzky, Welding Journal 52, p. 204s-211s,
(1968).

18. R. P, Campbell, R. D. Dixon, and A.L. Liby,
“Electron Beam Fusion Welding of Beryliium",
RFP-2621, Rockwell International, Rocky
Flats Plant, Golden, CO (1978).

19. Binary Alloy Phase Diagrams. Thaddeus B.
Massalski. ed.. American Society for Matals,
Metals Park, Ohio, p. 94, (1986).

20. D. Hauser. H. W. Mishler, R. E. Monroe, and
D. C. Martin, Welding Journal, 43 (12), p.
525s-540s, (1967).

M.oAL 1IN

]



21. C. R. Hewple and R. D. Dixon. "Beryllium:
problems of cracking and of environment.’
Weld. Met. Fabr., 47 (5). 309, (1979).

22. Fiz. Metal. metalloved. 47, no.2. p.420,
(1979).

23. C. R. Heiple. Met. Trans. 3, p. 807, (1972).
24. Metals Handbook. 9th ed.. vol. 6. American
Society for Metals., Metals Park, Ohio. p. 29.
25. G. K. Hicken and 'W. B. Sample. Jr.. Welding
Journal 46, p. 541s5-550s (1967).

M.

r,

Hill, et. al,



