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.ABSTRACT. 

A multi-pass gas tungsten arc welding (GTA~~) process has b,een developed 

for welding grain-refined Fe-12Ni-0.25Ti. steel with a matching ferritic 14% 

filler metal. The weldment is deposited as multi-pass weldment in a sinqle 

V joint at heat inputs from 7-17 kJ/cm. The ferritic \'.Jeldment 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 liquid helium temperature (4·.2K). The excellent toughness is a·ttributed 

to two factors: the chemical cleanliness of the GTAW deposit, and the re­

fined microstructure of the weldment and the retention of fine microstructure 

in the heat~affected zone. The grain refinement is accomplished by these­

quential rapid thermal cycles experienced by the material durinq multi-pass 

GTAl1! welding. 



INTRODUCTION 

Previous research {1-3) in this laboratory has demonstrated that the 

ductile-brittle transition temperature of Fe-~~2)%Ni ferritic cryogenic 

steels can be suppressed to below 4.2K by applying heat treatme'nts which 

establish an ultra-fine effective grain size. In particular, a labor~tory 

Fe-12Ni-0.25Ti alloy has been grain-refined by a four-step (28) thermal cy­

cling treatment and a commercial Fe-?Ni alloy has been processed through a 

five-step (2BT) treatment to achieve excellent combinations of strength and 

toughness at 4.2K. These alloys have potential applications in the struc­

tures of high field superconducting magnets. Since the structures of such 

magnets are almost invariably welded, their applicability requires the de­

velopment of weld \\fire chemistries and welding procedures t'lhich preserve good 

4K properties. 

The welding problem is, at least superficially, a formidable one. The 

good cryogenic properties of the base alloys are achieved through the use 

of heat treatments Hhich establish a rather precise control over the alloy 

microstructure. Subsequent welding introduces the simultaneous problems 

of establishing a suitable microstructure in the weld deposit and retaining 

an appropriate microstructure in the heat-affected zone. 

Initial research on the welding of this (4) and similar alloys (5) for 

4.K service employed high-nickel Ihconel filler metals to avoid the problem 

of brittleness in the weld deposit. However, the GMA welding of Fe-l2Ni-

0.25Ti with Inconel 92 filler (4) was oartly successful. The 

Inconel 92 filler was inferior to the ferritic base metal over the whole 

temperature range, not only in its yield strength but also in its notch 

toughness. In addition the Inconel 92 weldment exhibited a fusion zone 
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brittleness.which is familiar from other research (6) on the welding of 

Fe-9%Ni steel with non-matching austenitic fillers; cracks starting in the 

heat-affected zone tend to propagate along the fusion line. 

Recently, however, researchers at Nippon Kokan K.K. and Kobe steel (7) 

have jointly developed an automatic GT,l\t·J orocess vJhich uses a matching fer­

ritic filler wire to weld quench and tempered 9Ni steel for service at 77K. 

The success of this procedure is largely due to t\110 advantages of the r.lUlti­

pass GTAW welding process: the low level of air contamination in the weld 

deposit and the cyclic heat treatment of the VJeld deposit by subsequent 

oasses, which is at least partly .controllable through independent variation 

of the heat input and wire feed rate. It is, as a result, possible to ob­

tain a ferritic weld deposit which is both clean and relatively fine-grained 

and \'Jhich, consequently, has good toughness at 77K. · Preliminary vvork at the 

NASA Lewis Research Laboratory (8) suggests that Fe-12Ni-0.25Ti may also be 

GTAW welded with matching filler for 77K service. 

The microstructural constraints which must be satisfied to achieve good 

toughness at 4K are much more stringent than those reauired for toughness at 

77K. Nonetheless. the meta 11 urgi ca 1 approach of the multi -pass GTJlJI process 

as a means of controlling the microstructure of weldments together with the 

success which has already been ~chieved at 77K suggest that this orocess may 

be successful for joining ferritic cryogenic steels for 4!< service. In the 

followinq, we report some very promisinq initial results of research on the 

multi-pass GTA welding of Fe-l2Ni-0.25Ti steel with matching ferritic filler. 

ALLOY PREPARPTION /\ND EXPERIMENTAL PROCEDURE 

I. Alloy Prepar~tion. 

The compositions of the base alloy and \'Jeld filler metals ·used in this 

research are given in Table I. The base alloy has a nominal composition, in 
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\~eight percent, of Fe-12Ni-0.25Ti. The bJo filler metals (.L\ and B) have a 

slightly higher nickel content (14 wt.%) plus intentional additions of other 

alloying elements. The increase in nickel content was made in the hope of 

lowering the ductile-brittle transition temperature of the weld metal (9,10). 

Boron was added to filler metal B in the expectation that it would act as a 

grain boundary surfactant to promote grain refinement and inhibiit intergranu­

lar or intercellular fracture (11,12). The Mn and Si additions to filler 

metal A were made to expolore their effect on mechanical properties since 

these are common additions in commercial heats. 

Both the base'plates and weld filler alloys \!Jere cast in this laboratory 

after vacuum-induction melting from pure starting materials. The base alloy 

vJas cast as a 25 lb (9.425 kg) ingot, homogenized at 1200°C for 24 hours 

under inert atmosphere, and then u6set cross-forged at 1100°C into plates 

of 7 in width and 0.6 in thickness (178 x 15 mm). Each plate was then cut 

in half and heat treated through the 11 28 11 thermal-cycling treatment diagram­

med in Fig. 1. This treatment. which has been described elsewhere (1), es­

tablishes a fine microstructure of nearly equiaxed grains of -1 ~m mean 

diameter. ·The plates were then machined into the joint configurations des­

cribed belo~1. 

The \t.Jeld filler metal vJas cast into 5 lb (9.25 kq) 1 in (25 mm) dia­

meter ingots. After homogenization at 1200°C for 24 hours the ingots were 

hot rolled into 5/16 in (7.9 min) square bars at a starting temoerature of 

1100°C, then hot-swaged to 1/2 in (6.4 mm) diameter round bars and surface 

ground to remove any oxides. The ground bars were cold-swaged to l/16 or 

3/32 in (1 .. 59 or 2 .. 38 tnm) diameter bars, which were used as the filler rod 

for the manu~l GTA welding process. 
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II. Thermal Cycling Studies. 

Thermal cycling studies were conducted to gain insight into the res-

ponse of the alloy to the rapid heating and cooling cycles encountered dur­

ing welding. All thermal cycling studies \vere done on the base alloy, 
' Fe-12Ni-0.25Ti, in one of the two startinq conditions: the as-annealed 

condition, which was used as a crude representation of the initial condi-

tion of the weld deposit and the "28 11 condition, which represented the ini-

tial state of the heat-affected zone. 

The thermal cycles were imposed on slightly oversized Charpy impact 

specimens in an induction furnace~ The sample was suspended in the center 

of a 38 mm diameter quartz tube surrounded by the induction coil. For 

cycles having a peak temperature lower than 1200°C, the temperature was 

monitored by a chromel-alumel thermocouple connected both to a chart re-

corder and to a digital indicator. For cycles havinrJ peak temperature 

higher than 1200°C, an optical pyrometer was used. Once the selected ~eak 

temperature had been reached the sample was dropped into a ouenching bath 

of either water or oil. An examole temoerature-time orofile for a 1300°C 
' . I ' ' 

peak temoerature cycle v.Jith an oil quench is sketched in Fig. 2. 

III. Welding Procedure. 

The plates to be welded were machined into one of the two joint con-

figurations diagrammed in Fig. 3; a 45° single bevel or a 60° single V 

groove. The plates were welded with a multi-pass GT~H procedure using one 

of the two sets of welding conditions tabulated in Table 11. Completing 

the single V-joint in an 0.6 in (15 mm) plate required ~35 passes at a 

heat input of 7 kJ/cm Vers~s -12 passes at a heat input of 17 kJ/cm. 

Bead-on-plate t-!elds were also made under a variety of .conditions to 

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

The completed \11elded joint \lias examined non-destructively by x-ray 

radiography using a voltage of 250 kV and a 10 rnA current. No significant 

defects were found in· these weldments. 

The microstructures of the welded joints were studied by·optical metal-

1 ography. Po 1 i shed sections were ex ami ned after etching t,ri th one of two 

reagents: a 5% nital solution, which reveals the solidification structure, 

and an acidified FeC1 3 s.olution, 200 ml HCl + 200 ml H2o+ 20 gr Fec1 3, 

which brings out the columnar grain structure and details of the transforma­

tion structure. 

Bulk chemical analyses were made by .A.namet Laboratories, Inc., Berkeley, 

California, using standard quantitative chemical techniques. High resolution 

chemical analyses were performed in a scanning Auger electron microscope 

using a voltage of 5 kV and in a scanning electron microscope equipped with 

energy-dispersive x-ray analysis (EDAX). This scanning electron microscope 

was also used for fractographic analysis of broken fracture specimens. 

V. Mechanical Tests. 

The mechanical tests conducted included tensile, Charpy impact and 

fracture toughness tests. To prepare test specimens, the welded plates 

were sliced perpendicular to the joint and etched with 10% nital or 2% HF 

solutions to reveal the weld location on the sliced surface. The specimens 

were then machined to have a specified location and orientation with res­

pect to the welded joint. 

The tensile tests employed subsized specimens of 0.5 in (1.27 em) gage 

length and 0.125 in (0.3 em) ga0e diameters, which were machined so that the 

gage length included base metal, HAZ material, and weld metal. Testing at 

77K was done in an !nstron machine eouipped with a liquid nitrogen 9ewar 
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at a cross head. speed of 0. 05 cm/mi n. T11Jo specimens \'/ere tested for each 

condition. 

Charpy impact tests tttere performed at 300K (room temperature), 77K 

(liquid nitrogen temperature). and 4-5K (liquid helium temperature). The 

tests at 300K and 77K used AST~ standard Charpy impact specimens dimen­

sioned and notched.according to ASTM specifications Ol. The impact tests 

at 4-5K used subsized Charpy inpact specimens, 51 m~ in length, which were 

enclosed in insulating styrofoam boxes and bathed in liquid helium until 

struck by the impact hammer. 

The styrofoam box configuration is a sliqht modification of the 'lucite 

box' previously used in this laboratory 0~. Charpy impact specimens in­

tended to test the HAZ and fusion line toughness were notched parallel to 

the welding direction. Weld metal spetimens were prepared both with the 

notch parallel to the welding direction and with the notch parallel to the 

weld axis as shown in Fig. 11. 

Fracture toughness measuremen.ts v>~ere made on tiJ',ro types of specimens: 

pre-cracked Charpy specimens tested in three-point bending and compact ten­

sion specimens tested in tension according to ASTM specification 05). In 

order to minimize the deviation of the fatigue pre-crack from the desired 

location, the Charpy specimens \'Jere given an 8 mil saV·I cut of about·l mm 

depth at the root of the Charpy V-hotch. After fatigue pre-cracking to 

initial crack length to specimen width (a/w) of ~.o.5, these specimens \\lere 

tested in a three-point bending fixture immersed in a liquid nitrogen bath 

at a cross-head speed of 0.06 mm/min. The "compact tension" fracture tough­

ness specimens were used to test the toughness of the weld metal only; they 

were 1.3 em (0.51 in) 1n thickness and were fati~ue pre-cracked to a crack 

length ratio (a/w) of -0.5 in accordance with .A.STM E-399 05). These specimens 

-· 
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were broken at 77K under immersion in liquid nitrogen at a cross-head speed 

of 0.06 mm/min. 

Two compact tension fracture toughness specimens of the weld metal were 

also tested at 4-5K, again using a stvrofoam box modification of the lucite 

box technique reported previously (2). Space for the compact tension speci­

men \'/as hollowed out of a 25 mm thick styrofoam block and grooves \'Jere made 

on the inside surfaces to facilitate helium flow. The specimen assembly \vas 

wrapped and inlet ~oles were provided for liquid helium as described in 

ref. 2. The temperature during the sample cooling and testing was monitored 

by a Au + 0.07Fe-Chromel thermocouple embedded in the sample near the crack 

The fracture toughness test was conducted after the sample temperature 

had stabilized near 4K. 

None of the fracture toughness specimens tested met ASTM thickness re-

quirements for plain strain conditions. The plain strain toughness values 

were hence estimated from the 11 equivalent energy 11 criterion (lA. The rele-

vant equation is 

( 1 ) 

where a, w, B and S are respectively the crack length, specimen width, thick­

ness and span length, Pq is the maximum load on the linear portion of the 

load-displacement curve, f(a/l.v) is the geometric shape factor 05) and P.. 1 

and A2 are the areas under the load-displacement curve up to the maximum 

load (A 1 ) and the load Pq(A2 ). 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 weldments were made at heat inputs ranging from 7 kJ/cm 

to 70 kJ/cm. These had essentially similar microstructures, which consisted 

of columnar grains made up of bundles of narrow solidification cells growing 

in the same direction. The columnar grains are revealed by chloride etch-

ing, as in Fig. 4b. They appear to grow epitaxially from half-melted coar­

sened grains 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 these grains is revealed by a nital etch, as in Fig. 4a. 

Each columnar grain contains a bundle of cells. No dendritic substructure 

\'las observed .. 

An examination of partially overlapped bead-on-plate weld passes showed 

that the solidification structure is hardly affected by the subsequent passes 

but the columnar grains are destroyed. The result is a fine eouiaxed grain 

structure even at the fusion boundaries .. The columnar.grains or coarsened 

HAZ grains formed during the earlier pass did not coarsen further at the 

fusion boundaries of a latter pass. 

B. Full-thickness weldments. 

Figure 7 shows the macro- and microstructures of a completed weldment 

with a 7 kJ/cm heat input. The HAZ of each bead deposited reheats, recrys­

tallizes and breaks up the original cast columnar microstructure (Fig. Sa) 

Thus, the whole ~.Ateldment is repeatedly transfonned, re_fined and possibly 

tempered during fabrication. While a few isolated islands of partially­

refined structure remain (Fig. Sd), throughout the greater part of the weld 

volume both the coarsened HJl,Z and the large columnar grains are broken up 
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to produce a fine-grained structure. /J.. similar grain re"finement was attained 

with 17 kJ/cm heat input. The grain size of th~ irregular grains is in the 

range 5-10 ~m in the well-refined regions. 

II. Heat Simulation Results. 

Figure 6 shows the microstructural changes and Fi9. 7 the change in 

impact energy when as-annealed specimens are given rapid thermal cycles. 

The original as-annealed structure, Fig. 6a, has about 60~ grain size and 

fractures in a cleavage mode with an impact energy of -10 ft-lb at 77K. The 

specimens reheated to below the As temperature (678°C) retained the original 
; 

grain size, low toughness and brittle fracture mode. Cycling to near 880°C 

peak temperature destroys the original structure and creates non-uniform 

irregular grains (Fig. 6c). The grain size varies from 10 to 50~. The im~ 

pact toughness is dramatically improved, to ~150 ft-lb (Fig. 7), and a dimple­

rupture type fracture mode is established. \·!hen the cycie reaches a peak 

temperature >1200°C, however, grain growth takes place (Fig. 6d) and leads 

to low toughness in a brittle mode (15 ¥t-lb). It is interesting to note 

the wide range of peak temperatures over which the toughness is improved, in 

contrast to the narrow range for conventional heat treatment, as found by 

Yokota, et al. ( S) for the Fe-12Ni-0.5Ti alloy. 

The results of the HAZ simulation done on ~h~ 2B heat-treated specimens 

are shown in Figs. B and 9. The microstruct0res presented in Fig. 8 docu-

ment that fine grain size is retained u~t~l the peak temperature reaches about 

The Charpy impact energy is improved for peak temperatures 

in the range 700-1100°C, as shown in Fig. 9 , and is about 50 ft-lb higher 

in the case of the 700°C cycle. The microstructural source of this improve-

ment is not yet clear, but a similar beha~ior was found in the real HAZ 

Charpy impact test, as described below. 
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III. Mechanical Prooerties of the Weldments. 

The measured mechanical properties of the ferritic ~veldments are shown 

in Table III along with those of the base plate (1). 

A. Tensile properties. 

The results of tensile tests of joints welded with filler 8 are shown 

in Table Ill The tensile properties in the transverse direction compared 

closely with those of the base metal in the case of the 7 kJ/cm heat input 

but were slightly lower for the higher heat input, 17 kJ/cm. It was con­

firmed by etching the broken specimen that the fracture occurred outside the 

weld metal, perhaps near the base metal/HAZ boundary. Since the specimen 

was severely deformed in the fracture region, it was not possible to define 

an exact fracture site. The tensile data indicate that the yield strength 

of the weld metal is the same or higher than that of the base plate. Room 

temperature micro-hardness tests also give hi~her values in the 't!eld metal 
2 (Hv = 290 Kg/mm ) than in the H.I\Z (Hv = 280) or base metal (Hv = 260). 

B. Charpy_J!-notch impact toughness. 

Figure 10 shows the variation of impact touqh~ess with notch location 

at 77K and 4.2K in the single bevel joint welded with filler 8. The HAZ 

has the highest impact values and is about 50 ft-lb above the base plate at 

both 77K and 4.2K. as observed in the Hft.Z simulation. The weld metal also 

has higher impact energy than the base plate. It fractures 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 9roove was 

completely suppressed in the single V joint. As shm'ln in Fig. 11, filler B 

weld metal deposited in the V-joint with ~ither of the two levels of heat 

input maintained high impact values at liquid helium temoerature. SEM 

frattographs taken from broken specimens at 77K and 4.2K show a completely 
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ductile mode (Fig. 1~. The impact DBTT of filler B weld metal was, hence, 

successfully suppressed to below liquid helium temperature.· 

As shown in Table I~ the impact toughness of filler A was much lower 

than that of filler B, particularly at 4.2K. The lower toughness of the 

filler A weld metal is, apparently, a microstructural effect. Examination 

of low toughness filler A specimen -revealed t1"'o types of inclusion particles: 

a small sperical type often found inside fracture dimples in the ductile re­

gion, and a large, round or irregular typewhich was often observed in the 

brittle region. These two kinds of particles are shown in Fig. 13, with the 

EDAX ·analysis of each. The sf)lerical particles \'lithin dimples always regis­

tered Ti and S while the irregular particles in the brittle region showed 

Mn, Si and Ti without any trace of S. 

·Table IV also shows an effect of \•Jeld geometry: the DBTT of filler A is 

lower than 77K in the single V joint but higher in the single bevel joint. 

This behavior apparently reflects the influence of weld geometry on grain 

refinement; the single bevel joint has a lower potential for grain refinement 

along the fusion boundary during multi-pass welding. Optical examination of 

the single bevel joint·showed that the beads just beside the straight joint 

side retained the as-cast columnar structure, particularly near the root 

pass. 

C. Fracture Toughness. 

Since the filler A tended to become brittle at 4.2K in Charpy impact 

tests, further fracture toughnes~ tests were done only on joints welded with 

filler B. Figure 14 shows typical load-COD curves obtained from three-point 

bend tests at 77K with three different locations of the fatigue crack. All 

the specimens seemed immune to unstable crack propagation; the specimens 

were fully plastic and the pre-induced cracks ~rew slowly in a stable manner 
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A value of K -75 ksi m \'Jas computed from these c 

curves. The fracture toughness va l.ues. computed by the 1 equiva 1 ent energy 1 

method are presented in Table V. 
weld metal 

The results of the compact tension fracture toughness tests/at 77K and 

4-6K are also shown in Table V and Fig. 15. The crack in the compact ten-

sian specimen grew in a stable manner at 77K but at 4-6K gave a serrated 

load-deflection curve up to the maximum load, then propagated discontinu­

ously (Fig. 15). This behavior was also observed in the base metal, as re-

ported previously (2). The calculated K ·values \'/ere 138 ksi mat 77K 
q . 

and 115 ksi /in at 4-61<. Whatever the testi~g method at 77K, the estimated 

fracture toughness of the weld metal is comparable with the toughness of the 

base plate (307 ksi m) and that Of the HAZ is slightly higher. A lo\<ter 

boundary for the fracture toughness of the 4-61< specimens was calculated 

using equation 1. The area under curve, A1 , was taken to the maximum load 

point. The calculated K
1
c value was·~l60 ksi /lil, average of t\'10 tests. 

Examination of the fracture surface along 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 above establish that grain-refined 12Ni steel can 

be welded with ferritic filler metal so that both high yield strength and 

excellent toughness are retained in the base plate, heat-affected zone, and 

weld metal at temperatures as low as 41<. This success may make it possible 

to realize several advantages of ferritic weldments in cryogenic structures, 

including high strength, a complete joint at the fusion boundary, matching 

1 ow thenna 1 expansion, and the 1 ow cost of fe·rri tic consumab 1 es. The success 

of the \velding procedure seems attributable to a combination of microstructural 
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refinement through the multi-pass welding process and .the lm·1 interstitial 

weld deposit of the GTAW. 

The \•Jeldments used differ.from the base plate.in composition and ther­

ma 1 hi story: 

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 ~n 

and Si (filler A) and the addition of. boron (filler B). 

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

on the side of safety in achieving a l0\'1 OBTT in the weld metal. It is not 

clear that this increase is necessary. Hhile ·a satisfactory DBTT was ob­

tained, the trermal cycle simulation studies suggest that satisfactory pro­

perties might-also have resulted had the base·metal composition been used. 

Current meta 11 urgi ca 1 understanding does not permit an a priori choice 

of ·an optimum nitkel content for low te~peratu~e t~ughness. While an in­

crease in nickel content is often found to lead to a decrease in the DBTT 

(9,10), the mechanism.of the effect is uncertain, and it is likely that the 

primary benefit achie.ved from nickel is indirect, through the influence of 

nickel on the response of the microstructure to themal treatment. Previous 

research suggests~ however, that there is an 6ptimum nick~l content of the 

weld filler metal which lies somewhat above that of the base plate. In the 

GT.A. welding. of 9Ni steel an increase in nickel content from 5 to 11 \AJt.% 

gave a monotonic improvement in toughness at 77K (17), but tou9hness deteri­

orated when the nickel content was increased further to 17 wt.%. The prob­

lem at higher nickel content ma_y be associated with an unstable austenite 

retention in the weldment, as is arparently the case in 13%Ni (250 grade) 

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

Manganese and silicon are common deoxidizers which were added to filler 

metal 11 A11 in this research to detennine their effect on the final weldment 

properties. Their presence led to a deterioration in the weld metal tough­

ness, which seems to be clearly associated t'lith the formation of large (Mn-Si) 

oxides. These results are in general agreement ~«lith previous research. Sili­

con is often intentionally added to ferritic weldments for 9Ni steel (19) 

since 9Ni contains a significant 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 low carbon manganese steels (20), 

apparently because of insufficient deoxidation in the weld deposit. It has, 

however, been found that both Si and Mn decrease the low temperature tough­

ness of v.Jelded 9Ni steel (17). l~ith Si-containin9 lrJeld chemistries, large 

(Mn~Si) oxides have been found on the fracture surfaces of ferri.tic weldments 

in 9Ni steel (22), and apparently cause embrittlement by mechanisms similar 

to that noted in the present work. 

The results obtained 1rtith filler metal "B'' in the present 1r1ork show that 

manganese and silicon are not necessary alloy additions to the ~'Jeld metal. 

The 12~li base plate alloy contains no manganese, and ,deoxidation and scav­

enging is, ar-parently, efficiently accormlished by the alloy ad,dition of Ti, 

as was inferred by previous researchers (1,10). As shown in the Auger ana­

lysis of inclusion particles presented as Fig. 17, Ti acts as a deoxi~izer 

and combines with carbon and sulfur to getter 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 ~'las added to fi.ller metal 11 B11 in the expectation that it vmuld 

act as a strong surfactant in boundaries of the weld metal to improve grain 

refinement and prevent intergranular separation, as it does in other alloys 

( 11 , 12). Its actual ro 1 e in the we ldment has not been i dent i fi ed s i nee no 

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. 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 11 B11
, which contained 30 ppm boron, produced a more easily 

controlled weld puddle and better weld beads than did the boron-free filler 

II. Effect of Weld Thermal Cycles. 

The high impact toughness and the low ductile-brittle transition tempera­

ture of the v./eldment'is a consequence of the multi-pass GTA welding process, 
r 

which appears to refine the grain size of the ~eld de~osit and to r~tain 

fine grain size in the heat-affected zone. A detailed transmission electron 

microscopic analysis of the consequences of the multi -pass GTA process is no\I.J 

in progress. Some important aspects of the grain refinement are, however, 

clear from the evidence obtained in the \IJork reported here. 
Fe-Ni 

In the conventional treatment of ferritic-~ryogenic steels there are 

two mechanistic~lly different ways of establishing a fine effective grain 

size: the direct crystallographic refinement of the martensite or ferrite 

· struct~re, and the introduction of a fine distribution of orecipitated aus-

tenite which serves to break up the crystallographic alignment of the marten-

site or ferrite structure. In the present case it appears that the· grain re-

finement mechanism is direct crystallographic refinement of the deposit, 

since no measurable retained a~stenit~ is detected in the weldment or 
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heat-affected zone, even at room temperature. This result is in agreem~nt 

\vith 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 by Tamura, ,et al; (23), who reported a signi­

ficant amount of thermally stable austenite (approximately 6%) in the weld 

metal, and suggested a correspondence between this austenite and the im­

provement in impact toughness. The imorove~ent in toughness 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. 

There is a reasonable body of .Prior research showing that a rarid aus­

tenitizing cycle can accompli'sh a significant grain refinement of steel and 

improve its mechanical properties with respect to conventionally treated 

material. This research involved iron-carbon alloys (24,25) and HY-130 

steel (5Ni-Cr-~1o-B) (26). The research by Porter, et al. (26) on HY-130 

steel· is particularly relevant, since these wo~kers found that the degree 

of grain refinement increased with heating rate and also noted chanqes in 

dislocation substructure which were more pronounced in specimens given a 

rapid thennal cycle. The reheating rate in multi-pass GTA ~fielding is quite 

rapid and was shown above to lead to an apparent grain size in the 5-10 urn 

range. The substructural changes caused by the rapid thermal cycle must, 

however, also be important since the 5-10 urn apparent grain size of the 

weldment is considerably above that (less than 1 urn) which apoears to be 

necessary to lower the ductile-brittle transition of the base plate below 

4.2K in conventional heat treatments. 

III. Alternative Welding Processes. 

The GTA~! welding ftrocess t~tas 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 advantageous combination is not easily achieved in other welding 

processes such as,gas metal arc (GMA) or electron beam (E~welding. A con­

ventional electron beam welding has already been demonstrated (4) to be 

inappropri~te because of the coarse solidification structure established 

in the weld metal. The GMA process is also difficult to effect, but de­

serves further exploration because· of the economic benefits to be achieved 

from its higher deposition rate. 

The gas metal arc welding process suffers from two shortcomings: the 

localization 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 nitrogen, which arises from olasma jet instabilities in the 

consumable electrode process. Zanis, et al. (27) considered the problePl of 

achieving grain refinement in a high-rate deposition G~1Al,J process and have 

proposed reheatment treatments using heating sources such as autogeneous GTA~·! 

or lasers to refine the GMA deposit. Dolby (28) has also proposed in-process 

techniques to refine the microstructure of weld depo~its. But the contami­

nation problem must also be overcome. \!Jatanabe, et al. (29) investigated 

the notch toughness of ferritic SMAW weld metal and found that the toughness 

decreased dramatically when the oxy~en content rose above 100 ppm. Further 

research wi 11 be necessary before the G~1AH can be successfully used for weld­

ing ferritic steels 11ith ferritic consumables for deep cryogenic applications. 

CONCLUSION 

A. The GTA~·J process can be successfully used to \1/eld 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 is retained even at 4K 

in both the \:Je 1 d meta 1 and the heat-·affected zone. 

B. The promising properties obtained depend on two factors: the chemi­

cal cleanliness of the v/eldment achieved in the GTAl~ process, and the micro­

structural refinement of the weldment and retention of microstructural re­

finement in the heat-affected zone, due to 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 

Base Metal bal. 12.07 0.20 

Filler A bal. 14.04 0.21 

Metal B bal. 13.87 0.16 

Weld A bal. 13.98 ·o.2o 

Deposit 8 bal. 13.81 0.15 

"\ .-. 

Mn Si p s 
- - 0.001 0.002 

0.37 0.09 0.005 0.002 
I 

- - 0.001 0.002 . 

0.33 0.08 0.005 * 
- - * * 
* Not Analyzed 

Negligible 

0, N B c 
~0.001 <0.001 - 0.002 

0.005 ~0.001 - 0.006 

0.006 ~.001 0.003 0.003 

0.007 0.007 - 0.003 
. 

0.007 0.006 0.0027 0.003 

XBL808- 5755 

N 
N 
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TABLE II. Welding Conditions. 

Heat Input (kJ/cm) 7-8 17-18 

Arc Voltage (V) 14-18 18-20 

~~el ding Current (A) 150-180 250-300 

~le 1 ding Speed (em( sec) 0.4 0.4 

Shielding Gas Flow Rate Pure argon, 25 ft3/hr 

Root Gap.· Same as·rod diameter 

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

Specimen Heat Input Y.S. T.S. Elongation R.A. 
kJ/cm ksi ksi (%) (%) 

Fe-12tli-.J.25Ti 149 154 26.8 72. 1 
(Base ~-1eta 1 ) 

----
Helded Joint* 7 145 154 25.0 71.0 (Base/HAZ/WM) 

----·----
17 140 148 21.2 68.0 

* All specimens were fractured near Base/HAZ boundary. 
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TABLE IV. Charpy impact tou~hness (ft-lb) with different joint 

configurations. 

Weld Metal resting Temp. 

Filler A 77.0 

4.2 

Filler B 77.0 

4:2 

( K) Single Beve·l 

70 

27 

122 

97 

Single V 

123 

53 

135 

128 
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TABLE V. Fracture toughness at cryogenic temperatures. 

Al'l values were obtained by 11 Equivalent Energy 11 method. 

Testing Temp. Heat_ Input Three-point Bend Compact Tension 
( ksi m) (ksi m) 

~Je 1 d ~1eta l HAL Held Metal 

77K 7 324 

17 286 330 280 

4.2K 17 160 
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FIGURE CAPTIONS 

1. 2B heat treatment with Fe-Ni equilibrium phase diagram. 

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

3. Joint configurations. 

4. Microstructures of bead-on-plate welds etched with (a) 5% Nital, (b) 

acidified FeC1 3 solution. 

5. Macro- and microstructures of full thickness welded joint with heat input 

7 kJ/cm. 

6. Microstructural changes of annealed soecimen with various peak temperatures. 

7 .. Variation of Charpy impact energy at 77!< Vl/i th peak temperature of simulated 

weld cycle. 

8. Microstructural changes of 28 base metal with various peak temperatures. 

9. Charpy impact energy variation of simulated HAZ at 77K. 

10. Variation of impact toughness with notch location at 77 and 4.2K~ 

11. Variation of Charpy impact energy of filler B with testing temperature, 

heat input and notch orientation. 

12. SEt·1 fractographs: Charpy specimens broken at 77 and (b) 4.2K. 

13. SE~1 fractographs of filler A weld metal in (a) ductile and (b) brittle region 

with EDAX analysis of each particle. 

14. Load-COD curves for fracture toughness tests at 77K. 

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

16. SEM fractograph of compact tension specimen tested at 4.2K. 

17. Scanning Auger microprobe spectra of the narticles inside the fracture dimples in 

filler A weld metal. 



00 600 
ft ' 

LLJ 
a: 
:::> 
~ 
<( 400 a:: 
LLJ 
0.. 
::;E 
w 
~ 

Fe -Ni PHASE DIAGRAM 

y 

... ...... ...... 

HEAT TREATING CYCLES 

lA 2 A ---- 730°C/2 HRS (y RANGE) 
28, . o I -- -650 C 2 HRS (cr+y RANGE) 

2 5 .___........_---L-"---'----'--~-'----'--L--......1 - - - - ----ROOM TEMPERATURE 
Fe 20 40 60 80 Ni 

ATOMIC PERCENT NICKEL 

Figure 1 XBL 739-1884 

. ', 



,....._ 
u 
0 

1500 

~ 1000 
Q) 

'­
:::J ..... 
0 
'-

~ 500 
E 
{! 

0 

-28-

20 40 
Time {sec) 

Fi~ure 2 X BL 803-4799 



-29-' 

Included Angle 

~so·~ 
~~-------------------- r-------------------~-------T 

15mm 

L..-------' '--------JJ 
-.! !+-

Root Gap 2.4 mm 
a. Single -V Groove 

Included Angle 

r45oy 
~---------------------------- r----------------------------

-.Jr-
Root Gap 2.4 mm 

b. Sing I e- 8 eve I Groove 
Fi aure 3 XBL 808- 5754 

f 



-30-

·-

-.... ·-:z: 

N 
co 
co 
.-< 

I 
N 
0 
co 
co 
co 
>< 

o:;J· 

Q) 

S­
:::::1 
C'l .,.... 

I.J.... 



- 31-

c:x:: 
(\") 
........ 
o;::t 
l!) 

I 
l!) 

0 
co 
co 
co 
X 



PEAK TEMPERATURE vs. GRAIN S I ZE 

As - Annealed 900"C for 2 hrs . 

eoo·c 

Fi 9ure 6 

'! I I 

soo•c 

12oo·c 

XBB 799-12638 

I 
w 
£'\.) 

I 



-33- . 

200 

- Sim. Weld Cycle 

.c --- 2 hr Heat Treotm ent 
I 

M.J. Yokota et al. (J) -..... 150 .. 200 
>-
(!) 

a: 
w 
z ' w I 
I- 100 I 
u I <X I a.. 
:!: I 100 I 
>- ' a.. 

50 I a: 
<X ' ::z: \ u 

\. 

' 0 --- ...... ..... _ 
0 

700 900 1100 1300 1500 

PEAK 
0 

TEMPERATURE, C 

Figure 7 XB L 809..:597 9 

~' 



...... 
c 
:z: 

..... 
0 

= 0 ·-.... 
~ -::a 
E ·-U) 

.... 
cw ., 
= 

c.'l 

• 
"' .. 

p 
0 

"' .. 

~ • N 

.... • .... ... • ... ., 
• • 

-34-

c.'l -"' .., ... 

c.'l -... :::: 

c.'l 

0 --... 

...... 
·". . ' 
_._,-; .. ~· ....... •. (;,;.~ 

'~:·.;. j:: ~~~ . ;~: .. 
' " "' .· . . . - ..; '"' ~ ·~~. . •• ~··' •' ~ . ~ jOl •. 

V 
. r~~.~ ~r:.-' . fi:.~~~ 

-.- ' ., ... -~~· .., _ ~v.JO((:· ... • ·~ : ~. ( 
'L._' ~· ;~ ··\ ~. . 
·"iii!·:>> Jl ... ··: '·· 

;.. ... ... .._,. ,\ ·~ ·~-~ 
.,, •• • ' , • J 

~··· __,. ~! J .. a ,. 

o::t­,....... 
o::t-
1.0 

I 
1.0 
o 
co 
co 
co 
>< 

co 
Q) 
S-
::l 
c; , 

•r-
LL. 



-35-

. ~ 
Test at LNT 

200 • Water Quench 
0 0 Oil Quench 

-.c . 
I - 150 - 200 

......... 
>. 0 0' .... 
Q) 

c: 
w 0 J - 100 -0 
0 
0. 
E 

11--4 100 
>. 
0. .... 

50 0 
L:. 
u 

0 L-.....L--Jt-~~-7~0~0:-· ....---~900~--:-,-:-::, 0~0:----:-:-::.,3::":0:-:0:--­
Pea k Temperature (°C} 

Fiaure 9 XBL 805- 5189 



-36-

( r) C\J en 
0 rtl 

0 0 I() 
0 1.() 0 I 
C\J rtl 

CX) 

...1 
E m 
0 -X 

........ -'"";) Q) 
::s:: (/) 

0 ,.._ 
X CD ......... - _1 =s 

1.() a. 
c ..... -- E 0 
Q) 

E :c ......... 

~ c: 
0 -0 
u 
0 
..J 

0 C\J .c. 
u -0 
z 

..J 

I- u..: 
z .. ..J -0 

0 - ~ 
r-

(/) 0 
~ ~ 

QJ 
$... 
::l 
c:;, 

·...-
LL. 

0 0 
1.() 0 

( QI-U) ~6Jau3 ~~OdWI ~dJ04:) . 



-37-

• u 

' Heat Input 

W.M. (KJ/cm) 

6. 17 
oe 7 

200 
.0 

I --- • 
>- • 0' ... 200 
41 
c: 
w ----- --(,) 

0 
a. 100 
E 

..., -...... 
>- 100 a. ... 
0 

.J::. 
u 

R.T. 

100 200 300 
0 

Testing Tern perature (o K) 

Fi~ure 11 XBL 814-5458 



-38-

lt) 
lt) 

«T 
0 ...... 

I 
0'1 
0 
co 
a::l 
a::l 
>< 

..... 
z 
...I 

N 

Q) 

s.... 
::I 
C l 

L.1... 

...... = =-= -



-39-

(a) 

XBB 817-6675 

Fi gure 13 



3600 

_2400 
.&l --
"C 
0 
0 

...J 1200 

FRACTURE TOUGHNESS TEST AT 77 °K 
(I em thick 3- point bend test specimen) 

drz=J 
-+1 J..-1.5 mm 

WELD METAL HAZ 

oo~~~~------~------~------~----~------~------~---
o.o2 o.o4 o.oG o.os 0.10 0.12 o.l4 

Displacement (in.) 

F i 9ure 14 XBL81S-S690 

""' .. ' 

I 
-!==> 
0 



..... . ,. 

18,000 

12,000 

LOAD 

(I b) 

FRACTURE TOUGHNESS OF WELD METAL 

(1.3 em thick Compact Tension Specimen) 

<. 

• Test stopped 

0 ~--~--~~------~--------~--------~--------~------~ 
0 0.1 0.2 0.3 

COD (inches) 

Figure 16 XBL816-5854 

I 
~ 
---' 
I 



-42-

XBB 800- 11400 
Figure 16 

.. 



. .. 

.. ON 
DE 

ON 
DE 

0 

c 

200 

Figure 17 

-43-

MATRIX 

Fe 

Fe Fe 

PARTICLE 

Ti Ni 

0 
Fe 

Fe 
Fe 

400 600 800 1000 
ELECTRON ENERGY, eV 

XBL 805-5176A 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendl!tion of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



.::- ... 

TECHNICAL INFORMATION 'DEPARTMENT 
' • < (,~' ~·~r • 

LAWRENCE BERKELEY L1tBORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




