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ABSTRACT

A mﬁ]ti-pa;s gas tungsten érc welding (GTAW) process has been developed
for welding grain-refined Fe-12Ni-0.25Ti steel with a-matchiﬁg'ferritic 14%
filler metal. The weldment is deposited as multi-pass weldment in a sinale
V joint at heat inputs from 7-17 kJ/ém, The ferfiticvweldment has a strength
roughly matching that of the base plate, and exhibits excellent toughness
both in the weld metal and in the heat-affected zone at temperatures as low
as 1iquid helium temperature (4.2K). The excellent toughness is attributed
to two factors: the chemical cleanliness of‘the GTAW déposit, and-the re-
fined microstructure of the weldment and the retention of fine microstructure
in the:heateaffecfed zone. The grain réfinement is accomplished hy the se-
quential rapid thermal cycles experienced by the material durinq multi-pass

GTAW welding.



INTRODUCTION

Previous research (1-3) in this laboratory has demonstrated that the
ducti]e-britt]e transition temperature of Fe—C%JZ)%Ni ferritic cryogenic
steels can be suprressed to below 4.2K hy anplving heat treatments which
estab11sh an ultra- f1ne effect1ve gra1n s17e In narticular, a laboratory
Fe 12Ni-0.25Ti alloy has been gra1n ref1ned bv a four-step (28) thermal cy-
cling treatment and a commercial Fe-9Ni a]}oy has been processed through a
five-step-(?BT) treatment to achieve excellent coﬁbinations of strength and
| toughhess at'4.2kg These a11oys have potential app]ications in the struc-
fukes of high fie]d'superconductino magnets.; Since the structures of such
magnets are a]most invariahly we’ded their apolicabilitv reouires‘the de-
ve]opment of we]d wire chemistries and we1d1no procedures whlch preserve good
4K propert1es |

The welding prob]em‘fs; at 1east superficfa]]v,‘a forhidab]e one. The
good cryogen1c properties of tne base a]]ovs are achieved throuqh the use
of heat treatments wh1ch estab11sh a rather precise contro] over the alloy
microstructure. qubseouent we1d1ng 1ntroduces the simultaneous problems
of establishing a su1tab1e m1crostructure in the weld deposit and retaining
an approor1ate n1crostructure in the heat affected zone.

Initial research on the weldina of thjs (4) and similar alloys (5) for
4K service empioyed high-nickel Inconel filler meta]s.to ayoid the prohblem
of brittleness 15 the weld depositf However, the GMA welding of Fe-]12Mi-
0.25Ti with Inconel 92 fi]]er_(4). was oart1y successful. The
Inconel 92 filler was inferior tc the ferritic base metal over the whole
temperature range, not on]y in its vield Strehgth hut a1so in its notch

toughness. In addition the Inconel 92 weldment exhihited a fusion zcne
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brittleness.which 1s.familiar from other research (6) on the we]ding of
Fe-9%Ni steel with non;matching aQstenitic fillers; cracks starting in the
heat-affected zone tend to propagate‘alongAtHe fusion line. |

Recent]y, however, researchers at Nippon Kokan K.K. and Kobe steel (7)
have jointIy deve]oped én automatic.GTAw brocess which uses a matching fer-
ritic filler wire to weld guench ‘and tempered 9Mi steel for“serQice at 77K.
The sucéess of this proéedufe is largely due to two édvantages of the mu]tf—
pasé GTAW we1diﬁg process: the low 1éve1 of»air contaminatibn in the We1d
' deposif_and the'cyc]ic heat treatment of the weld deposit by subsequent
pasées, which is at least part1y~contro]1ab1e through independent variation
of the heat ihput and wire feed rate. It is, as.$-kesu1t, possible to ob-
tain a fekriﬁic weld deposit which is both clean and fe]ative1y fine-grained
‘and which, consequént]y,'has good toughness at 77K.' Preliminary work at the
NASA Lewis Research Laboratory‘(8) suggests that Fe-12Ni-0.25Ti méy'a]so be
GTAH welded with matching filler for 77K service; -

The microstructural constraints which must be satjsfied to achievevgood
toughness at 4K are much more stringent thén those reﬁuifsd for toughness at
77K. Nonetheless, the meta]l@rgica1'ggg£gggﬁ of fhe mu]tf-paSS'GTAH process
as a means of controlling the microétructure of weldments together-with the
~success which has already been achieved ét 77K suggest that thfs Drocess mayv
be successful for joinihg ferritfc cryOgenjc steeis for 4K service. In the

. followina, we report some verv promisinq initial resutts of research oh‘the

multi-pass GTA welding of Fe-12Ni-N.25Ti steel with matching ferritic filler.

ALLOY PREPAPATION AMND EXPERIMENTAL PROCEDURE

I. Alloy Preparation.

The compositions of the base alloy and weld filler metals used in this

research are given in Table I. The base alloy has a nominal composition, in
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| weight‘pércent, of Fe-12Ni-0.25Ti. The.two filler metals (A and B) have a
s1ightly higher nickel content (14 wt.%) plus intentional additions of other K
alloying elements. The increase in nickel content was made in the hope of
Towering the ductile-brittle transition temperature of the we]d metal (9,10).
Boron was added to fi]ler.meta1 B in the expectation that it would act as a r
grain boundary surfactant to promote grain refinement and inhibiit interaranu-
lar or intercellular fracture (11,12). The Mn‘and Si additions to filler |
metal A wére made to expolore their effect on mechanical properties since
these are common additions in commercial heats.

N Both the base plates and weld filler alloys viere cast in this laboratory
after vacuum-induétion melting from pure starting materials. The base alloy
was cast as a 25 1b (9.425 kg) ingot, homogenized at 1200°C for 24 hours
under inert atmosphere, and then upset cross-forged at 1100°C into plates
of 7 in width and 0.€ in thickness (178 x 15 mm). Eacﬁ nlate was then cut
in half and heai treated through the "2B" thermal-cvcling treatment diagram- -
med in Fig. 1. This treatment, which has been described elsewhere (1), es-
tablishes a fine microstructure of nearTy equiéxed grains of ~T'um mean
diameter. The plates were then machined into the joint configurations des-
cribed below. | | |

"The weld filler metal was cast into 5 1b (9.25 ka) 1 in (25 mm) dia-
meter ingots. After homogenization at 1200°C‘f0k 24 hours the ingots were
hot rolled into 5/16 in (7,9 mmn) square bhars at a starting temperature of
1100°C, then hot-swaged to 1/2 in (6.4 mm) diameter round bars and surface
ground to remove ény oxides. The gfound bars were cold-swaged to 1/16 or
3/32 in (1.59 or 2.38 mm) diémeter bars, which were used as the fi]]er rod

for the manual GTA welding process.



IT. Thermal Cycling Studies.

Thermal cycling studfes were'cbnductedvto gain insiaht into the res-
ponse of the alloy to the rapid heating and cooling cycles encountéred'dﬁr-
ing we]ding.‘ A11 thermal cycling studies were done on the base alloy,
Fe-12Ni-0.25Ti, in one of the two starting conditfons: fhe as-annealed
condition, which was used as a crude representation of‘the fnitia] condi-

- tion of fhe weld deposit and the "2B" condition, which represented thé ini-
tial state of the heat-affected zone.

The thermal tyc]es were imposed on slightly oversized:Chérpy'impact'
| specimens in an induction furnéceﬂ The sample wés suspended in the center

of a 38 mm diameter gquartz tube surrounded by the induction coi]} For
cvcles having a peak temperature 10wer than 1230°C, the temperature was
monitored by a chromel-alumel thermocouple Cdnnetted both to a chart re-
corder and to a digifa] indicator. For cycles having peak.temperature
'higher than 1280°C, an optical pykometer was used. Once the selected peak
temperature had been reached the samp]é was'dropped.ihto'a quenching béth
of either water or 0il. An example temperature-time profile for a 1300°C

peak temperature cycle with an oil auench is sketched in Fig. 2.

ITI. Welding Procedure.

The p]ates to be welded were machined fnto one of the two joint con-
figurations diagrammed in Fig. 3; a 45° single hevel or a 60° sihg]e v
groove. The plates were welded with é multi-pass GTAU procedure using one
of the two sets of welding conditiohs tabulated in Table IT. Completing
the single V-joint in an 0.6 in (15 mm)‘p1ate reaquired ~3S passes at a
heat input of 7 kd/cm versus ~12 passes at a heat input of 17 kJ/ém.

Bead-on-plate welds were also made under a variety of.;ohditions'to'

study deposition characteristics and ferritic weld structures.
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IV. Weld Characterization.

The completed Weldéd joint was éxamined non-destructively by x-ray
radidgraphy using a voltage of 250 kV and a_]O mA current. HNo significant
defects were found in these weldments. |

The microstructures of the welded joinfs vere studiea by optical metal-
1ography.: Polished sectioné were examined after etching.ﬁith one of two
reagents: a 5% nital solution, which revea]s the so1id1f%cation structure,
and an acidified FeC]3 go]ution, 200 ml HCi + 200 ml H,0 + 20 ar FeC13,
which brings out the columnar grain structure and detai]s of the transforma-
tion structure. |

Bulk chemical analyses were madevby Anamet Laboratories, fhcf, Berkeley,
Ca]%fornia, using standard quantitative chemical techniques. High reso]utfon
chemical ana]ysés wefe performed ih a scanning Auger electron microscope
vusing a vq1tage of 5 kV and in a scanning e}ectrdn microscore eauipped with
energy-dispersive x-ray ana]ysié (EDAX). This scanning electron microscope

was also used for fractographic analysis of broken fracture specimens.

V. Mechanical TestS{

The mechanical tests conducted included tehsi]e; Charpy impact and
- fracture toughness tests. To prepare test specimens, the'weldéd plates
were sliced perpendicular to the joint and'étched“wifh 10% nital or 2% HF
solutions to reveal the weld 1ocationjon thé sliced.sufface. .The specimens
were then machined to have a.specjfied location and orientatioﬁ With res-
pect to the welded joint. | |

The tensile tests employed subsized specimens of 0.5 in (1.27 cm) gage
length and 0.125 in (0.3 cm) gagevdiameters, which were machined so that the
gage 1ehgth included base metal, HAZ material, and weld metal. Testing at

77K was done in an Instror machire eauirped with a Tiquid nitrogen Dewar
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at a crosshead.speed of 0.05 cm/min. Two specimens were tested for each
condition.

Charpy impact tests were performed at 300K (room temperature), 77K
(1iquid nitrocen temperature), and 4-5K (liouid heljum temperature). The
tests at 300K ;nd 77K uged ASTM standard Charpyv impact specimeﬁéldimené
sioned and notched according to ASTM specifications (13. The impact tests
at 4-5K used subsized Charpy impact specimeﬁé, 51 mm in 1ength; which were
enclosed in insu]ating'styrofoam boxes and bathed in Tiquid hé]ium uﬁti]
struck by the 1mpact hammer, B

The styrofoam box configuration is a slight modification of the '1ucité
box' previously used in this 1aboratory 04). Charpy impact specimens in-
tehdéd to test the HAZ and fusion line toughness were notched péra11e1 tb
the wé]ding directioﬁ._ Weld méta1 specimens were prepared both with the
ndtch paraliel to the'wélding direction and with the notch parallel to the
we]d axis as shown in Fig. 11, ”

Fracture.tbughhess measureménts were made on two types of ‘specimens:
pre-cracked Charhy specimens tested in thrée-boint,bendingvand compact ten-
sion specimens tested in tension aécording to ASTM specificétion (5). In
order to minimize thé deviation of the fatiguerpre-crack.from the desired
location, the Charpy sbécimens were given an 8 mil saw cut of about 1 mm .
depth at the root of the Charpy V-hotch. After fatig&e pre-cracking to
initial crack 1ength to specimen width (a/w) of ~0.5, these specimens were
tested in a three-point bendina fixture immersed in a 1iquid nitrogen bath
at a cross-head speed of 0.06 mm/mfn. The "compact tension" fracture tough-
ness specimens were uséd to test the toughness of the weld metal only; they
were 1.3 cm (0.51 in) in thickness and were fatigue pre-cracked to a crack

Tength ratio (a/w) of ~0.5 in accordance with ASTM E-392 (I5). These specimens
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were broken at 77K under immersion in quuid.nitrogen at a cross-head speed
of 0.06 mm/min. |
| Two compact tension fracfure toughness specimens of fhe weld metal were
also tested at 455K, again_us1ng_§ stvrofoam box modiffcation o% the lucite
box techniqué reporteq pfevious]y.(z). Space for the compact tension speci-
men was hollowed out of a 25 mh thick styrofoam block and grooves were made
on the 1h§1de surfaces td chi]itate hejium flow. The specimen-assemb]y was
wrapped and inlet ‘oles were provided for 11quid,heiium as}described in
ref. 2. The temperature during thé sample cooling and testing was monitored
by a Au + 0.07Fe~Chrome1 thefmoqoup1e embeqded in the samp]e near the crack
tip. The fracture toughness_tgst Waéréonducted affer the sample temperatdre
had stabilized neaf aK. |
None of the fraéture toughness specimens tesfed met ASTM thickness re-
quirements for plain strain conditions. The plain strain toughness values
were hence estimated from‘the “eﬁdiva]énf enefgy".criterion (1. The rele-

vant equation is

K¢ = PoSFlarw) VAR, [B1/2] | (1)

where a, w, B and S are.respectiyely the crack ]ength,_épecimen width, thick-
ness and span 1ength,_Pq is'the maximum load onvthe 11neaf portion of the
load-displacement curve, f(a/w) is the geometric shapé faétor (5) and A,
and A, are the.areas‘under'the load-displacement curve up to the maximum

Toad (A;) and the load Pq(AZ). The fracture toughness values given in the

following are the averages of two or more test results.
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EXPERIMENTAL RESULTS

I. Weld Microstructures.

A. Bead-on-plate weldments.

A variety of test we]dhents-were made at heét inputs ranging from 7 kJ/cm
to 70 kJ/cm. These'had essentially similar microstrdctures, which consisted
of columnar gfains méde up of bundles of narrbw so]idifiéation cells growing
in the same direction. The columnar grains are revealed by ch]oride‘etch-
ing, as in'Fig. 4b. They appear to grow epitaxially froh'ha1f-me1ted coar-
sened gfains along the fusion line. The average lateral dimension‘of those
grains tends to increase near the center of the.bead. The cellular solidifi-
cation substructure of fhese graihs.is revealed by a nital etch, as in Fig. %a.
Each co]umnar grain contains a bund]e of cells. No.dendritic substructure
was observed. | |

| An examination of partially overlapped bead-on—p]ate weld passes showed
that the so]idificatioh structure fs hard]y affected by the subsequent passes
but the columnar grains are destréyed. Therresu1t'is a fine equiaxed grain
structure even at the fusion boundaries..‘Thevcblumnar;grains or coarsened
HAZ grains formed during thé earlier pass did not coarsen further at the
fusion.boundéries of a latter pass.

B. Full-thickness weldments.

Figure 7 shows the maéro- and microstfuctures of a completed weldment
with a 7 kd/cm heat input. The HAZ of éach bead deposited reheats, recrys-
tallizes énd breaks up the original cast columnar microstructure (Fig. 5a)
Thus, the whole weldment is rebeafedly thanSformed, réfined and possibly
tempered during fabricatibn. lhile a few isolated 1s1ands of partially-
refined structure remain (Fig. 5d), throughout the greater part of the weld

voTlume both the coarsened HAZ and the large columnar arains are broken up



-a-

to produce a fine-grained structure. A similar grain refinement was attained
with 17 kd/cm heat input. .The grain size of the irregular grains is in the

range 5-10 pm in the well-refined regions.

II. Heat Simulation Results.

Figure € shows the microstructural changes and Fia. 7 the change in
impact energy when as-annealed specimens are given rapid thermal cycles.

The original aS—ahnea]éd structure, Fig. 6a, has abouf 60u grain size and
fractures 1n‘a c]eavage mode with an impact energy of ~10 ft-1b at 77K. The
specimens Eeheeted to below the AS temperature (678°C) retained the original
grain Size,vlow toughness and brittle fracture mode. 'Cyc1ing to near 890°C
peek temperature destroys the origiha] structure and creates non-uniform
irregular grains (Fig{ 5c). The'grain size varies from 10 to 50u. The im-
pact toughnesé'is dramaticé]]y improved, to ~150 ft-1b (Fig. 7), and a dimp]é-
ruptu}e type fracture mede i§ estab]ished.‘ When the cycle reaches a peak
temperature >1200°C, however, grain grbwth takes p]ace.(Fig.IGd)'and lTeads
to Tow toughness in a brittle mode (15 ft-1b). It is 1nterest1ng to note
the wide range of peak temperatures over wHiCh the toughness is improved, in
contrast to the narfow range for conventional heat treatment, as found by
Yokota, et al. (&) for the Fe-12Ni-0.5Ti alloy.

The results of the HAZ simu1ati0n done on the 2B heat-treated specimens
are shown in Figs. 8 ahd 9. The microstructures presented in Fig. 8 docu-
ment that fine grain size is retained until the peak teﬁperatuhe reaches about
1000°C. - .The'Charpy impact eneray is improved for peak temperatures‘
1h the fange 700-1100°C, as shown in Fig. 9 , and is about 50 ft-1b higher
in the case of the 700°C cyc1e[ The-micrdstrdctUral source of this improve-
ment is not yet clear, but a similar behavior was found in the real HAZ

Charpy 1Mpact test, as described bé]ow‘
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iII; Mechanical Proberties of the Weldments.

The measured mechanical properties of the ferritic weldments are shown
in Table III along with those of the base plate (1).

A. Tensile properties.

The results of tensile tests of Jjoints welded with filler B are shown
in Table IIL The tensile properties in the transverse directior compared
closely with those of the base metal in the case of the 7 kd/cm heat input
but were slightly lower for the higher heat innut, 17 kd/cm. It was con-
firmed by etching the broken specimen that the fracture occurred outside fhe
weld metal, perhaps near thé base metal/HAZ bhoundary. Since_the specimen
was severely deformed ih_the fracture region, it was not possible to défine
an exact fracture site. The tensile data ihdicate that the vield strength
of the weld meta1 is the same or higher than that of the bhase plate. Room
temperature micrthardness tests also give highek values in the-weld metal
(Hv = 290 Kg/mmz) than in the HAZ (Hv = 280) or base metal (Hv = 260).

B. Charpy V-notch impact toughness.

Figure 10 shows the variatjoh of impact toﬁghhéss with notch location
at 77K and 4;2K in the single bevel joint wé]ded with ff11er B." The HAZ
has the highest impact values and is about 50 ft-1b above the base rlate at
both 77K and 4.2K, as observed in the HAZ simulation. The weld metal also
has higher impact energy than the base plate. Itvffactures in a ductile
mode at 77K but sustains some quasi-cleavage at 4.2K.

This slight brittleness at 4.2K in the single bevel joint aroove was
completely suppressed in the sinale V jointh As shown in Fig. 11, filler B
weld metal deposited in the V-joint with either of the two levels of heat
input maintained»high jmpact values at liquid helium temperature. SEM

fractographs taken from broken specimens at 77K and 4.2K show a completely
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ductile mode (Fig. 13. The impact DBTT of fi]]er!B weld metal was, hence,
successfu]]y(suppressed to below liguid helium temperature. |

As shown in Table IV, the impact toughness of filler A was much lower
than that of filler B, particularly at 4.2K. The 1owér toughness of the
filler A weld metal is, apparently, a microstructural effect. Examination
of low toughness filler A specimen revealed two tvpes of inclusion particles:
~a small sperical type often found inside fracture dimples in the ductile re-
gion, and a large, round or irregular type which was often observed in the
brittle region. These two kinas of particles are shown in Fig. 13, with the
EDAX -analysis of each. The spherical particles within dimples always regis-
tered Ti and S while the frregu]ar particles in the brittle reagion showed
Mn, Si and Ti without any trace of S.

" “ Table IValso shows an effect of weld geometryv: the DBTT of filler A is
lower than 77K in the single.V joint but higher in thé single bevel joint.
This behavior apbarent1y ref]ects thé influence of weld geometry on grain
refinemenrt; the single bevel joint has a Tower potential for grain refinement
along the fusion boundary during multi-pass welding. VOptica1 examination of
the singTé bevel joint showed that the heads just beside the straight joint
side retained the as-cast columnar structure, particu]ariy near the root

pass.

C. ' Fracture Toughness.

Since the filler A tended to becomé.bhitt1e at 4.2K in Charpy impact
tests, further fracture toughness tests were done only on joints welded with
filler B. Figure 14 shdws typ1ca1 load-COD curves obtained from thfee-point
bend tests at 77K with three different»locations of the fatique crack. All
the specimens seemed immune to unstab]evcrack prcpagation; the specimens

were fully plastic and ‘the pre-induced cracks grew slowly in a stable manner
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until the test stopped. A value of KG ~75 ksi /in was computed from these
curves. The fracture toughness values<computed by the 'equiva}ent energy'
method are presented in Table V.
, weld metal

Therresu1ts of the compact tension fracture toughness tests/at 77K and
4-6K are also shown in Table V and Fiaq. 15. The creek'in the compact ten-
sfoh specimen grew in a stable manner at 77K but at 4-6K gave a serrated
lToad-deflection curve up to the maximum load, then propagated discontinu-
ous]y'(Fig. 15). This behavior was also observed in the base metal, as re-
ported:previous1y (2). The ca]cu]ated”Kq'va1ues were 138 ksi Yin at 77K
and 115 ksi /in at 4-6K. Whatever the testfng method at 77K, the estimated
fracture toughness of the weld metal is comparable with the toughness of the
base plate (307 ksi /Tﬁ).and that of the HAZ'is s1lightly higher. }A Tower
boondary for the fracture toughness of the 4-6K specimens was calculated
using equation 1. The area under curve, A;, was taken to the maximum load
poinf. The calculated K value was ~169 ksi /Tﬁ, average of two tests.
Examination of the fracture surface a]ong the fatigue crack line revealed
that.the fracture mode was a mixture of dimple rupture and quasi-cleavage

as shown in Fig. 16.

" DISCUSSION

The results presented ahove establish that grain-refined 12Ni steel can
be welded with ferritic filler metal so that both high vield strength and
excellent toughness are retained in the base plate, heat-affected zone, and
weld metal at temperatures as low as 4K. This success may make it possible
to realize several'advantages of ferritic weldments in cryogenjc structures,
including high strength, a complete joint at the fusion boundary, matching
Tow thermal expansion, and the 1ow.cost of ferritic consumables. The success

of the welding procedure seems attributable to a combination of microstructural
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refinement through the multi-pass welding process and,the’lbw interstitial
weld deposit of -the GTAM. | |

The weldments used differ.from the base plate in composition and ther-
mal history:

I. Held metal chemistry.

The weld metal chemistry explored in this work differs from that of the
base plate in three respects: the increased Ni content, the addition of Mn
and Si (filler A) and the addition of boron (filler B).

~(a) Nickel content. The nickel content was increased to 14 wt.% to err

on the side of safety'in.achieving a low DBTT in the weld metal. It is not
clear that this increase is necessary. While a satisfactory DBTT was ob-
tained, the thermal cycle simulation studies -suggest that satisfactorv oro-
perties might-also have resulted had the base:meta] composition been used.
Current metallurgical understanding doés not permit an a priori choice
of ‘an optimum nickel content for low temperature toughness. While an in-
crease in nickel content is often found to lead to a decrease in the DBTT
(6,10), the mechanism of the effect is uncertain, and it is likely that the
primary benefit achieved from nickel is indirect; through the influence of
nickel on the response of the microstructure to théfﬁa] treatment. Previous
research suggests, however, that there is an optimum nickel content of the
weld filler metal which Ties somewhat above that of the base plate. In the
GTA welding. of 9Ni steel an increase in nickel content from 5 to 11 wt.%
' gave a monotonic improvement in toughness at 77K (17), but touchness deteri-
orated when the nickel content was increased further to 17 wt.%. The prob-
lem at ‘higher nickel content may be associated with an unstable austenite
retention in the weldment, as is apparently the case in T8%Ni {250 grade)

maraging steel (18).
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B. Manganese and silicon.

Manganese and silicon are common deoxidizers which were added tc filler
metal "A" in this research to determine their effect on the final weldment
properfies; Their presence led to a deterioration in the weld metal tough- .
ness, which seems to be clearly associated with the formation of large (Mn-Si)
oxides. Theée resuits ére in general agreemenf with prévious research. Sili-
con is often intentionally added to ferritic we]dmehts for 9Ni steel (19)
since 9Ni contains a signjficant alloying addition of manganese, and it is
known that a low Mn/Si ratio is needed to obtain efficient removal of de-
oxidation products to the weld surface (20). . Moreover, serious porosity
problems have been encountered in ferritic GMA welding of 9%Ni steel with
Si-free weld metal (21) and in the welding of Tow éarbon manaanese steels (20),
apparently because of_insbfficient deoxidation in the weld deposit. It has,
however, been found that both Si and Mn decrease the low temperature tough-
ness of welded 9Mi steel (17). With Si-containina weld chemistries, large
(Mn,Si) oxides have been found bh the fracture surfaces of ferritic weldments
in 9Ni steel (22), and apparenfly cause embritt]emeht by mechanisms similar
to that noted in the present work;

The results obtafned with filler metal "B" in the nresent work show that
manganese and si]icon‘are not necessary.alloy additions to the weld metal.

The 12Ni base plate alloy contains no manganese, and deoxidation and scav-
enging is, apparently, efficiently accomnlished by the a]ioy addition of Ti,
as was inferred by previous researchers (1,10). As shown in the Auger ana-
lysis of inclusion particles presented aé Fig. 17, Ti acts as a deoxidizer
and combines with carbon and sulfur to éetter other potentially deliterious
elements. Given the relative cleanliness of the GTA welding process, the
titanium content of the base alloy seems sufficient to ensure a clean and

well gettered weldment.
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C. Boron.

Boron was added to filler metal "B" in the expectation that it would
act as a strong surfactant in boundaries of -the we]d‘métal to improve grain
refinement and prevent 1ntergrand]ar separation, as it does in other alloys
(11,12). Its actual role in the weldment has not been identified since ho
trace of boron was detected by Auger analysis of the microstructure or frac-
ture surface.. Boron did, however, seem-to be beneficial to the welding pro-
ceSs.v The addition of a small amount of boron to the Fe-12Ni-0.25Ti base
plate improved weld metal fluidity in bead-on-plate welding, and it was
~ found that filler "B", which contained 30 ppm boron, produced a more easily
controlled weld puddle and better weld beads ‘than did the boron-free filler
“AT.

ITI. Effect of Weld Thermal Cycles.

'The‘high‘impact'toughness and the Tow duetiTe-brift1e transition tempera-
ture of the Weldment‘is a consequence of the mu]ti-pass GTA welding process,
which appears to refine the grain size of the weld deposit and to retain
fine grain size in the heat-affected zone. A detaiIed transmission electren
microscopic analysis of the consequences of the multi-pass GTA process is now
in progress. Some importaht aspects of the grain refinement are, however,
clear from the evidéence obtained in the work reporﬁed here.

In the conventional treafment of ferritigi%#l%ryogenic steels there are
two mechanistically different ways of establishing a fine éffe;tive grain
size: the direct crystalloagraphic refinement of the martensite or ferrite
* structure, and the introduction of a fine distribution of precipitated aus-
tenite which serves to break up the crystallographic alignment of the marten-
site or ferrite structure. In the present case it appears fhat the grain re-
finement mechanism is direct crystallographic refinement of the deposit, |

since no measurable retained austenite is detected in the weldment or
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heat-affected zone, even at room‘température.. This result is in agreement
with previous Lawrence Berkeley Laboratory-research on .the GMA welding of
9%Ni steel with ferritic filler metals (21), but is at variance with tHe
results of similar research bv Tamura, et al:. (23), who reported a signi-
ficant amount of thermally stable austenite (approximately 6%) in the weld
metal, and suggested a correSpondeﬁce between this austenite and the im-
provement in impact toughness. The imprbvement in1t009hness obtained in
the present work is associated with microstructural changes in the ferritic
deposit during the fast heating and cooling cycles associated with multi-
pass welding. |

‘ Thére is .a reasonabhle body of prior research showing that a rapid aus-
tenitizing cycle can accomp]iéh a significant grain:refiﬁement of steel and
improve its mechanical properties wifh respect to conventionally treated
material. This research iﬁvo]ved iron-carbon allovs (24,25) and HY-130
steel (5Ni-Cr-Mo-B) (26). The research by Porter, et al. (26) on HY-130
steel is particularly relevant, since these workers found that the degree
of grain refinement increased with heating rate and also noted changes in
dislocation substructure which Were more pronounced in specimens given a
rapid thermal cycle.. The reheating rate in multi-pass GTA welding is auite
rapid and was shéwn above to ]ead to an apbarent arain size in the 5-10 um
range.  The substructural changes caused by the rapid thermal cycle must,
however, also be‘important since the 5-10 um apparent grain size of the
weldment is considerab]y'above that (]ess‘than 1 um) which apnears to_be
necessary to iower the ductile-brittle transition of the base p]ate be1ow ;
4.2K in conventional heat treatments..

ITII. Alternative We1ding Processes.

The GTAK welding process was selected for the oresent research because

of its cleanliness and its controllability. In addition, the large, uniform
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heat-affected zone:of the GTA process is useful to.insure the cyclic heat
treatment of previously deposited material. . -

This advantageousrcombination is not,easi1y achieved in other welding
processes such as gas metal arc (GMA) or electron beam (E&\Ne1djng. A con-
ventional electron beam welding has already been demonstrated (4) to be
inapprooriate because of the coarse solidification structure established |
in the weld metal. The GMA process is also difficult to éffect,'but de-
serves further expioration because of the eccnomic benefits to be achieved
from its higher deposition rate.

The gas metal arc welding process suffers from two shortcomings: the
1ocalization of its heat-affected zone due to its high deposition rate and
its bell-like bead shape, and its relatively high contamination, particularly
by oxygen and nitrégen, whfch.arises from plasma jet instabilities in the
consumable electrode process. Zanis, et al. (27) considered the problem of
achieving grain refinement. in a high-rate deposition GMAW process and have
proposed reheatment treatments using heating sources such as autogeneous GTAV
or lasers to reffne the GMA deposit. Dolby (28) has also proposed in-process
techniques'to refine the microstructure of weld depo;its. Rut the contami-
nation problem must also be overcome. atanabe, et al. (29) investigated
the notch toughness of ferritic SMAM weld metal and found that the toughness
decreased dramaticé]]y when the oxyaen content rose above 100 ppm, bFurther
research will be necessary before the GMAW can Be successfully used for weld-

ing ferritic steels with ferritic consumables for deep cryogenic applications.
CONCLUSION

A. The GTAW process can be successfully used to weld grain-refined

Fe-12Ni-0.25Ti alloys with ferritic filler metal so that matching strength
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is obtained in the weldment and excellent toughness fs retained even afb4K'
in both the weld metal and the heat-affected zone. |

B. The promising properties obtained depend on two factors: the chemi-
cal cleanliness of the weldment achjeved.in.the GTAW process, and the micro-
structural refinement of the weldment and retention of microstructural re-
finement in the heat-affected zone, duevto rapid thermal.cycling‘of the weld

region by the multi-pass GTAW process.
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Table I. Compositions of base metal, filler metals and weld deposits.

Element | Fe | Ni | Ti Mn si | P | s 0 | N B C

Base Metal| bal. | 1207| 020 — | — |0.00I|0002KOOOI<KO00I — |0.002

Filler |A | bal. | 1404| 0.21| 0.37 | 0.09 |0005 0002 0.005kaool| — ooos

Metal |g | bal. |1387|0I6| — | — [0.001| 0O0Z0.006K0.00I| 0003|0003

Weid |A | bal {1398/ 020 033 |0.08 |0005| * |0o07|0007| — 0.003|

Deposit|g | pal |13.81] 0I5 | — — | * | * |ooO7 0006000270003
% Not Analyzed

Negligible

XBL 808— 5755

é¢
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TABLE I1I.

lelding Conditions.
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Heat Input (kd/cm)
Arc Voltage (V) |
Welding Current (A)

‘Welding Speed (cm/sec)

Shielding Gas Flow Rate
Root Gap -

Interpass Temperature

7-8 17-18
14-18 - 18-20 -

150-180 ~  250-300.
0.4 S04

Pure argon, 25 £t /hr

Same as rod diameter

50-150°C
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TABLE III. Results of tensile tests at 77K.

~

Specimen

Heat Input  Y.S. T.S. E]bngation R.A.
kd/cm ksi ksi (%) (%)
Fe-12Ni-2.25Ti 149 154 26.8 72.1
(Rase Metal)
Welded Joint* . e
(Base/HAZ/WM) 7 - 145 154 25.0 /1.0
68.0

17 - 140 148 21.2

* A1l specimens

were fractured near Base/HAZ boundary.



TABLE IV. Charpy 1mpéct toughneés (ft-1b) with different joint

confiqurations.

Weld Metal Testing Temp. (K).  Single Bevel Single V

Filler A 77.0 70 123

4.2 27 53
’ {
Filler B - 77.0 - 122 ' 135

4.2 - 97 128
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TABLE V. Fracture_toughness at cryogenic temperatures.

A11 values were obtained by "Equivalent Energy" method.

- Testing Temp. . Heat Input Three-point Bend Compact Tension
' (ksi vin) (ksi vin)
Weld Metal  HAZ Held Metal
77K g 324 _ _
17 286 330 280

4.2K 17 - - 160
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FIGURE CAPTIONS

2B heat tfeatment with Fe-Ni equilibrium phase diagram‘

Thermal cycle curve for the simulation of 1300°C peak temperature.

Joint configurations. |

Microstructures of bead-on-plate welds etched with (a) 5% Nital, (b)
acidified FeC13 solution. |

Ma;ro- and microstructures of full thickness welded Jjoint with heat input

7 kd/cm.

Microstructural changes of annealed specimen with various peak temperatures.

. Variation of Charpy impact energy at 77% with peak temperature of simulated

weld cycle. |

Microstructural changes of 2B basé metal with various peak temperaturés.
Charpy 1mpact enerqy Variation of simulated HAZ at 77K;

Variation of impact toughness with notch location ét 77 and 4.2K.
Variation of Charpy impact energy of filler B with testing temperature,

heat input and notch orientation.

SEM fractographs: Charpy specimens broken at 77 and (b) 4.2K.

SEM fréctographs of filler A weld metal in (a) ductile and (b) brittle reaion
with EDAX analysis of each particle.

Load-COD curves fmjfracture tpughness tests at 77K.

Load-COD curves of weld metal in compact tension tests at 77 and 4.2K.

SEM fractograph of compact tension specimén tested at 4.2K.

Scanning Auger microprobe spectra of the particles inside the fracture dimples in

filler A weld metal.
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