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Introduction

P

This report 1s a review of cryogenic welding metallurgy for the 30" Bubble
Chamber Magnet. Fracture mechanics is the primary emphasis. Only 316L welding

is discussed. An example of high cycle fatigue loading more applicable to Energy

Doubler problems is given.

BRIEF OVERVIEW OF FRACTURE MECHANICS

o

Fatigue failure 1is a three-step process of crack initiation, crack
propagation, and fracture. Often wused fatigue life curves can be misleading
since the crack initiation phase may account for as much as 90% of the total
fatigue Jlife., In large structures and welds, cracks may exist or may be assumed

to exist. VFor these cases fatigue life is determined completely by crack growth

rates.

The ba of linear elastic fracture mechanics is from Griffith’'s work, He

demongstrated that the strain energy released upon crack extension is the driving

force for fractu Tt is found thalt the crack

5 fleld is given by the

0,, = K f {(position)

=

ed stress o, crack

where |

s the stress intensity factor, is dependent upon appl

length a, and a geometry factor Y(a),

K o= Y((3>(’i]?1)1/P o



Values of K for various geometries and boundary conditions are published in
handbooks and textbooks. It has been demonstrated that the strain energy release

rate G and the stress intensity K approaches to fracture mechanics are related by

where E' = E for plane stress and E' = E/(1mv2) for plane strain, Fracture

P

Lhe

[

occurs when K = Kog the critical stress intensity. K, is also referred to a

fracture toughness and is an experimentally determined value. Now 1t can be seen

that the critical flaw size 1s given by

Critical flaw size is extremely dependent wupon the applied stress, Highl
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stressed materials reqguire much grea

er fracture toughness,

-

Whnen physi 2d Tor fracture toughn

cal samples are I«

the plastic zone

ahead of the crack must be considered. The

Sie zone does not carry 1ts

J

of an incremental load, thus the crack appears longer in an

This

plastic region 1is geometry dependent especially in the thickness direction. As

the sample is made large In comparison to the plastic gzone at the c¢rack, a

E .

minimum  constant value KTC known as the plane strain fracture toughness is
obtained. The standard test specimen for plane straln fracture toughness 1is
specified by ASTM E399 and is shown in Fig. 1. 0Often these samples become

2

test, usually the

prohibitively large, and an elastic-plastic fracture toughness

J integral test, is made instead. Correlation to KTC is made with the expression



KI C( J) = i\ S

g2

Suberitical crack growth is given by the Paris equation

da AN
T C(AK)

1

where C and n are emperical constants and da/dN is the crack growth per cycle.

4
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Ak = K = K being the maximum and minimum stress

max with K and K

min max min

intensity factors per c¢ycle, The fatigue life ¢ then be estimated by

integrating between an assumed Initial flaw size and the critical flaw size,

da

Fracture toughn

is not always avallable., Impact tests such as the

2

Charpy VvV (CUN) and notched tensile tests give a general ides of a materials
relative fracture toughness but should not be relied upon for design of a highly

P!

tressed cyclically loaded structure. Large differences in fracture toughness

)

are possible among samples that have only si differences in yvield strength and

impact strength. Correlation is good, however, between 77 K Charpy V impact
energy and critical J integral values, JT ¢ o If the ASME pressure vessel code is

to be followed, Charpy impact tests (CUN) samples should show 0.015" lateral

expansion.



Stainless Steel Cryogenic Welding Metallurgy

This section reviews the cryogenic properties of 316L shielded metal arc
(SMAW) and gas tungsten arc (GTAW) welds. References 2~7 and phone conversations
with some of these authors are the sources for the following information.

The cryogenic properties of 316L welds have been investigated fairly well
over the past few years. Much of this effort has been to characterize welds used
in the Mirror Fusion Test Facility Magnet. Some of these welds reach peak stress
levels of 90 ksi,

Stainless 316 is normally considered to be an austenitic stainless steel.

e
<3
fa

is, however, metastable and is partially able to transform to a martensitic

1

phase under str at low 5. The martensitic phase most probably

u;
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increases the fatigue crack growth rate, but its exact effect is difficult to

characterize.

Carbon, nitrogen, and ferrite all dramatically affect fracture toughne
and/or  fatigue crack growth resistance. Use of Tiller metal with carbon and

contents le

than 0.02% is desirable for maximum fracture toughne

ye

substantial loss of

fracture toughness occurs when the carbon content reaches
0.06% (e.g., 3316 88). See figures 11 and 13. This is the reason for selecting
the I grade electrode or rod. Chromium carbide and probably carbonitride

precipltates at the grain boundaries are a major embrittlement mechanism, Carbon
and especially nitrogen, however, provide increased strength. Flgures 2 and 3
show the dramatic effect of high nitrogen levels on weld metal impact resistance
and ductility at 77 K. Only low nitrogen welds can be expected to meet the ASME

0.015% lateral expansion criterion. Helium temperature data 15 not avallable

although a 10% to 30% decrease may be expected by assuming test data on plate
i <

0

material is applicable to weld metal [8]. For SMA welding it is lmportant to



weld in the down flat position and to use good technigue to avoid nitrogen pickup
(i.e., weaving should be avoided). With TIG welding a ~ 0.02% nitrogen pickup
may be assumed,

Ferrite a body centered cubic (b.c.c.) phase is a potentially serious
problem in austenitic stainless steel welds, B.C.C. metals (e.g., steel) are
notorious for thelr low temperature brittleness, Ferrite wunlike the b.c.c.
martensite can be controlled by small changes in chemical composition of the weld
filler. Ferrite can be measured with a Magne-Gage or can be estimated from the
modified Delong diagram, Fig. 5. Calculated values usually give a reasonable
estimate of the ferrite fraction. It is clearly seen that carbon and nitrogen
are very strong "austentizers®.

Ferrite in austenitic welds 1s both an advantage and disadvantage for

cryogenic applications. Ferrite 18 beneficial in eliminating hot cracking,

A

microfissuring, and increasing the weld strength. Both yield sitrength and

3, ¢

ultimate strength increase with increasing ferrite content as shown in Fig, 6,

-

affect on lmpact stre

have a very lar and

g
fracture toughness. In general, fracture toughness decreases as yield strength
increases, Fig., 7. Fatigue crack growth rates are relatively independent of the
ferrite content.

Figures 8 to 11 clearly demonstrate the adverse role that ferrite plays in
reducing low temperature impact strengths and ductility (CVN tests). Fracture
toughness vs. % ferrite is plotted in Fig., 12. Superior ductility of 3160
electrode over the more common 308L filler typically used with 304 stainless
steel i1s shown in Fig. 13, Lime-covered electrode (~15) are preferred over the

titanium-covered electrodes (~16).



Unfortunately these charts don't give a complete picture of the effect of
ferrite 1in austenitic stainless welds. Microfissuring and variatlon in welding
parameters must also be considered. Microfissuring can occur when a low melting
temperature grain boundary component 1s remelted by a subsequent welding pass.
Microfissuring can be completely eliminated by adjusting the weld composition for
5% to 10% ferrite. The ferrite morphology changes from isolated patches to a
continuous network at a ferrite number of approximately 7. 1t was suggested
during phone conversations that 316L 4 K welds should definitely be lower than
1%-8% ferrite. Figure 11 shows a typical microfissure. Both microfissuring and
hot cracking are most likely to occur in fully constrained welds. Unfortunately
cryeostat/structure closure welds for large superconducting magnets are typlcaly
fully constrained. Although microfissures are undesirable 1t 1s found that they

-

have little effect on fracture toughness, impact or tens

le strength [3].  The

¥

can influence fatigue crack growth rat somewhat. Microfissures generally

appear transverse to the weld

and consequently have the most pronounced

longitudinal direction of the weld.

effect when loading is in the

crack growth rate curve.

Since fracture toughness is a maximam in ferrite free welds and possible
microfissures don't appear to seriously affect weld integrity, one would assume
that 0% ferrite in 316L SMA welds 1s the composition by cholce. Changes in
welding parameters can have a Jarge influence on fracture toughness of 4K
ferrite-free welds, however, as shown in Fig. 16,

Lawrence Livermore Lab is presently bullding a large superconducting magnet,
the MFTF. Their closure welds are up to 6" thick, fully constrained, stressed as
high as 90 ksi in some local areas, and subject to low cycle fatigue. For all

welds made in the downflat position, they are using Kryokay 316L electrode. LLL



has had problems with cracking when using this electrode for vertical welds.
Teledyne McKay is currently manufacturing a special 5% ferrite 316L SMA
electrode, Ferrite #5, for these welds. No 4K data currently exists for this
electrode when used in the downflat position. Dalder and Witherell at Livermore
recommend using small electrodes, less than 5/32", Although no published data
exists, 316L rod for GTAW is equal to or superior to SMAW since the welds are
cleaner, Remember that fracture strength « 1/va where a is the crack length.

The problem with GTAW rod is that its ferrite content normally varies from
0% to 12%. Special handpicked lots must be used although a higher ferrite level

can be tolerated in GTAW as compared to SMAW.

Welds Tor the 307 Bubble Chamber Magnet Cryostat

Kryokay 3161l SMAW was selected for the c¢losure welds and all major

structural welds In the 30" cryostat. The root pass and top

&

pass of the closure

welds were specified to be 316L GTAW (TIG). 1/16" rod was used for the root pa
and  1/8" was used for the cover pass. The bottom side of the cryostat had two

4

TIG root passes to prevent burn through to the ¢ the stick

with

P

total of six SMA weld Dpasses were made, three with 1/8Y and three with 5/327

electrode. All SMA welds start and stops were staggered. Bach of these weld

o

passes developed & c¢rater crack at the end of the weld. AlL of these were
completely ground out before the next pass was made, After the first cover TIG

g

pass  was made on coil #1, it was discovered that 316LHF had been used instead of

316L. HF refers to an extra high ferrite content (FN « 11), No heat numbers

[o

could Dbe TFfound for the rod used to make the root pass., The cover pass rod heat
number was 30896. Teledyne McKay informed me that this material has a calculated

ferrite number of 12.5 FN. The cover pass was completely ground off. Thus the
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root passes on the number 1 cryostat can be assumed to have a ferrite number of
approximately 12. Specially picked rod of 3% to 6% ferrite will be used for all
cover passes and the two root passes on coil #2.

Support structure weldments on the outer cryostat rings were all made Dby
Youngstown Welding with Kryokay 316L. Undoubtedly some of these were made in the
vertical position. All welds appear to be free of cracks (dye penetrant) except
for the tack welds on the back of the axial support structure pads. Large cracks
appeared here as the closure welds were completed. These will be ground out and
filled in with the special ferrite GIA rod. Any other dublous welds will be
repaired in the same manner. The tack welds are not required for structural
integrity. The closure welds on cryostat #1 were tested ultrasonically and
appear sound. The test report will be attached as an appendix.

Stresses  In the c¢losure welds are approximately 15,000 psi, Stress
concentration should also be taken into account. This is very difficult to

4

estimate since this particular case does not appear in the us

a1l handbooks, and

the rounding of the corners OO is  unknown. A ostr

COT

entration of four (60,000 psi) is arbitrarily chosen for the root
Extrapolating figure 16 to 12% ferrite gives a plane strain fracture

toughness of « 90 MPaym = 82 ksi/in. Assume a possible defect to be equivalent to

a halrline crack on the edge of the plate with width W. Then from Reference 1,
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Rate E W

S

- f L
(82,0000 = (60,0002 x 0.675 x (1-0.32) Tan (- >
%
Critical Flaw Size = L = 0.27"

This says that a 1/4" deep crack would be required for catastrophic failure

3

upon  the application of the first pressure cycle. This crack would also have to
extend around the complete circumference of the cryostatl.

Assume a 0.025" deep crack, then

Elliptical surface and buried cracks have been extenslvely studied.

a short summary.,

where a 15 the flaw depth and Q is the flaw shape parameter which is a function

of G/Oy% and the aspect ratio of the flow. Assume a length/depth ratio of 5 to 1

i
N
~
w
o
oy
o
o

for a surface crack and o/@ym = 1,2. For 60,000 psi stress
52 B

a .. . . = 0.50u
doritical = 0:59

. . = .
or for a 0.025" flaw, o = 2,9 x 10° psi.

critical
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Subcritical crack growth must also be considered., This will determine the

number of cycles before a subcritical crack grows to a critical crack size.

Arbitrarily assume a 0.025" surface crack again, Our loading is
et . . Y s /s .
non-reversing so KT nax = AK., AK = 1.6 % 10 psivin = 18 MPav/m. Since the crack
e ey s

is small in comparison to the plate width, both previous formulas give the same
result. From Fig. 15 da/dN ~ 2 x 107° mm/cycle = 7.9 x 1077 inen/eyele. The 30"
magnet will experience less than 1000 cycles in its lifetime. The crack will
grow ~ 0.8 mil. This small growth permitted the use of da/dN as a constant.
Conclusion: Although impact strength is very low for high ferrite rode, both
fracture toughness and subceritical crack growth rate is more than adequate for
the 30" magnet closure welds, This 1s not necessarily true for very thin

material, or highly stressed material subject to millions of cycles.

ple of High Ferrite Rod Used in Other Applications

Fracture strength « (KTF)//H where a, is the critical

¢

Ho
(kﬁp“)/agﬁ
& L



4K Comparison
316L HF rod 316L rod (typical) 304 plate
)
Goritical 1 4 11,0

2.0
‘eritical 1 2 3.0

From Fig. 15 we may approximate the fatigue crack growth rate by

da 55y 10710 p3.5 M55y 10713 pg3:5 Zeter

o cyele 777 7 o GyeTe

Again use the elliptical crack formula, Assume o = 90,000 psi (621 MPa),

= 1.1,

Ky o= 11507/a (MPavm)

This stress level

5

SLress

concentrations are considered. For 90,000 g

Integration of the Parils equation

gives the cycle

L

.. = 0,2U" = 00,0007

L could easily appear in relatively low stressed materials vwhen

meter.,
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da \ da
Yoo ) (5.5 x 10713)(1158)3:5 2175

3

N = = Up, U gw ! o ! %E
L (0.0061)0-75 a;0.75"

N e 0 - 2126

Fatigue Cycles Initial Flew Depth
N 1073 meters (inches)
9,470 0.64 (0.025)
20,940 0.25 (0.010)
127,000 0.025 (0.001)
727,000 0.0025 (0.0001)

1.0 % 706 0.025 {0.001) 5,000 psi

ress level

ations O

For low cycle app. weture Loughn

property of

most  concern. For million cyvele applications fati

sue crack growth rate, initial

flaw sizes, and stress level are the parameters to be c¢losely watched. Fracture
£

toughness is  only of secondary importance at least in materials with only small

defects.
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