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THE VFLDABILITT OF LUCT ILE IRON 

INTROIVCT ION 

Ductile iron is a cast ferrous product quite similar to grey 

cast iron in composition, yet. possessing the strength and ductility of 

steel. This material, developed by the International Nickel Compar 

at Bayonne, New Jersey in l9I8, has received wide acclaim as being one 

of the most important engineering materials developed in recent years. 

Greater tonnages of grey cast iron have been produced in cast 

forni than all other metals combined, since its discovery by the 

Western civilized world in Germany early in the fourteenth century. 

The first use of this material was for cannon and other implements of 

war. At the present day, it is not only widely used throughout all 

industry, but is also found in every household and on every farm in 

marty forms. 

Grey cast iron is regarded by the metallurgist as an iron based 

alloy with 2.0 to t.O per cent carbon, having a steel matrix contain- 

ing from 0.10 to 0.90 per cent carbon in the form of cementite or iron 

carbide and with the remaining carbon in the form of flake graphite. 

The tensile strength of grey iron, which ranges from 20,000 to 60,000 

psi, is far less than that of steel with a similar matrix. This is 

attributed to the content of platelets of flake graphite that produce 

internal weakness by interfering with the grain structure. 

Metallurgists have long been well aware of the fact that if the 

free carbon in cast iron could be caused to form into nodules instead 



of flakes, that the mechanical properties of the material would be 

vastly improved. This would be due to the greatly decreased surface 

area of the free carbon particles, ar the strength and ductility of 

the matrix would not be impaired by the internal notching effect of 

the graphite flakes. 

The International Nickel Gomparr discovery consisted of a means 

of nodulizing the free carbon in cast iron by means of the ladle addi- 

tion of a small amount of magnesium. It is believed that very minute 

particles of magnesium oxide act as nuclei of crystallization for 

free carbon, causing it to form as hexagonal crystalline apheroids 

(ls, p.17). . 
material of great economic importance was thus produced 

that combined the strength and ductilIty of a cast steel with the 

reduced cost, wear resistance and damping characteristics of cast 

iron. This material, ductile cast iron, is also known as nodular or 

spheroidal iron. 

One of the foremost problems concerning this new engineering 

material is its integration with steel or other aLloys into machinery 

construction by means of welding. Other problems consist of production 

of built-up castings from simple cast component parts, that would be 

dificult or perhaps impossible, to cast as a whole, and the repair of 

broken castings or of foursiry defects by means of welding. 

The problems of welding ductile iron are quite complex, for it is 

actually a family of materials rather than a single material. Its 

nodules of graphite can exist in ferritic, pearlitic, austenitic, 

martensitic or acicular matrixes respectively, depending upon heat 
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treatment and composition. The heat of welding causes a rapid 

diffusion of carbon from the nodule into the surrounding steel matrix 

where it remains due to the chilling effect of heat transfer by the 

base metal. kil possible structures found in high carbon and low 

alloy steels thus exist simultaneously with the nodules of graphite. 

The problems of welding ductile iron are then beset with the combined 

difficulties of weldi.ng both alloy steel and cast iron. 

This investigation was initiated because of the very meager in- 

formation available regarding the welding of ductile iron. Only one 

article had been published on this subject and it concerned the weld- 

ing of a single specialized product, ductile iron pipe, and the use 

of but one electrode having a nickel-iron coro wire. Practically no 

information was thus available that would permit the engineer to 

incorporate ductile iron into welded design, or that would provide 

knowledge regarding industrial repairs of the material. It was, 

therefore, felt that comparative information concerning all feasible 

processes of welding ductile iron would be of material economic 

importance. The object of this Study is to provide such information. 



REVfl OF LITERATURE ON ELDING OF IÀJCTILE IRON 

The paucity of inforniation regarding welding of ductile iron was 

one of the factors that led to the selection of tus subject for in- 

vestigation. The continued increase in production of ductile iron 

and its constantly improved status as an economic engineering material 

have rendered its integration into fabrication by welding to be 

mandatory. There is, therefore, an immediate and urgent demand on the 

part of the engineer for specific information on this subject that 

will assist in practical application of design. 

At the time of initiation of this project, only one article had 

been published on the welding of ductile Iron. This article (2t, 

pp.1-5L) was based on experiences of the Lynchburg Foundry Comparr 

in welding ductile iron. Ali of the work was accomplished with 60 per 

cent nickel, 1.O per cent iron electrodes (i-Rod 55). These tests 

were conducted on 6-inch, 8-inch and 12-inch diameter pipe, which was 

welded together using single veo butt joints and I\i-Rod electrodos. 

Bursting tests provided a maximum tensile strength of 58,900 psi and 

ranged driward to L7,250 psi. Recommendations for welding included 

the following: 

1. Annealing of castings prior to welding. 

2. Preheating to 600 F. 

3. Referritizing at 1675 F subsequent to welding. 

4. Use of intermittent welds if preheating is not used. 

5. Remove casting skin to 1/2-inch from the weld area 
(both face and root sides). 
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The tests described in the previous paragraph concerned but one 

type of electrode and one method of welding. They were, furthernore, 

of specialized rather than of general nature, and might not be valid 

for other conditions. The recommorriatioris for welding are considered 

quite practical. 

Since the inauguration of this study at Oregon State College, 

four articles have been published regarding the welding of ductile 

iron. This would indicate that at least four other groups are actively 

participating in work of this general nature, which is testimorzy of 

the increasing importance of the problem. The area embraced by the 

scope of this work is indeed large, arid much work remains to be 

accomplished. Although the primary nature of the investigation 

conducted br each group is different, the combined results fit into a 

broad pattern. Fortunately, there is sufficient correlation between 

the research programs here and elsewhere, notwithstanding the variance 

in objectives, that verification of results can be established in a 

few instances. Information is also further provided that is of 

assistance in interpretation of more remotely related data. 

The first of the four articles nntioned in the previous para- 

graph was published in the ugust l93 issue of the Welding Journal 

(16, pp.3?83-385S) and a digest of this article apçeared in the 

February l9L issue of Metal Progress. This article, 'We1ding 

Metallurgy of Nodular Cast Iron," was based on work at Massachusetts 

Institute of Technology-. The project included a metallographic study 

of single pass marial weld deposits on the surface of 6-inch x 8-inch 
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X 1/2-inch thick ductile iron plates. No gzoove welds were made arid 

no mecnani.cal tests ere conciueted In canjanction with the project. 

In preparation for the study, passes were ¡nade with the manual inert 

gas shielded arc without aso of filler rod. 3ead welds were aio made 

on ductile iron with both mud steel and 2-2O stainless steel 

electrodes using alternating current, and with 3.5 per cent nickel 

electrodes using direct current. Qxy--acetylene weld deposits were 

made with phosphor-bronze rod (Eutectic rod Ìo. l) and mild steel 

filler rod. In addition to these Armco Ingot Iron weld deposits were 

made with the atomic hydrogen process. 

In the metallographic study by hucke and Udin, four regions of 

interest ere noted in the typical cross section of an arc weld 

deposit. ìegion one consisted of the unaffected base metal. Region 

two consisted of carbon nodules surrounded by complex austeriite 

transformation products. In region three, liquid existed around each 

nodule but liquid interfaces ïrom adjacent nodules had not met. 

Complete fusion existed in region four, providing a structure of hypo 

or hypereutectic wuite cast iron, depending on the composition of the 

base material. 

tortions of the conclusions of hacke and Uciiri (16, p.38S) are 

quoted as follows: 

The results of the foregoing study have failed to sh 

the way toward a completely satisfactory structural joining 
method. 

thod which melts the base plate upon application 
of filler metal will cause a hard, continuous carbide zone 

and is, therefore, undesirable.- The type of filler rod 
has little el ect toward elimirting the carbide region 
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since part of the base plate becomes liquid after the 
filler metal has started to ±reeze. In addition, the 
problem will never be completely solved by use of pre- 
heat, posthead treatment or by juggling other welding 
variables such as welding speed and energy output.--- 

From a metallurgical poixxt of view, Lhe solution 
seems to lic with a brazing process.--- io material 
exists which fulfills all the qualifications, but 
alumirnmi bronze can qualify in every respect except 
cost. 

Preheating does not solve thìs problem, since, in 
order to obtain a reezing and subsequent cooling rate 
slow enough to allow graphitization, the preheat 
temperature would have to approach the melting tempera- 
turo. Such prehoats would be comnercially it of the 
question. The use of a ferritizing posthead treatment 
is not satisfactory either, since the carbide region 
graphitizes in very small nocules which have a dele- 
terous effect. 

The second of the previously-mentioned publications (314, 

pp.323-833), Tho Arc Welding of Ferritic and Austeriitic Nodular Cast 

Iron, " by Salin, Boam and Fisk concerns the research program at tne 

Curtiss-ìright Corporation, Wood Ridge, Iew Jersey. This problem 

eminated from the fabrication of the center main bearing support 

section through which the full thrust of the Wright J-65 turbojet 

engine is transmitted. Ductile iron wa selected as the most 

economical material that would provide the nigh temperature properties 

required for this purpose. An austenitic nodular cast iron containing 

20 to 2 per cent nickel was developed for this application, in 

collaboration with the American Brake Shoe Company, with a coefficient 

of expansion to match the austenitic stainless steel to which it was 

to be connected. 

The specific application of the austenitic nodular iron required 

a high strength fillet weld between the casting and 1-8 stainless 
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stsei 3heet. 'Ihe test welds cozsisted oJ stairiies3 steel sheet joined 

to ziodular iron with single pass fillet welds using non-grooved joints 

arid also oi 5/15-inch thick stiíLess steel butt welded to /16-inch 

thìck nodular iron, using aouble vee grooved joints. A preliminary 

study was made with the .Aircornatic inert gas-snielded arc, using 

o. 6i »ickei (97 per cent nickel, 2j per cent titanium), "A tickel 

(commercially pure nickel), Ni-Rod 5, Inconel t4o. 62, ALDI 307, 

Airco No. 100 (90 per cent copper, 10 per cent aimninum) and Ambraloy 

928 (92 per cent copper, 8 per cent aluminum electrodos) The 

alurninum bronze welds were the ony ones that did not develop cracks 

during the welding process. Globules of vihite iron trapned in these 

welds developed cracks v.hen heated to anticipated service conditions 

of 1,000 F. All Írther investigation was, therefore, conducted with 

the manual flux-coated metallic arc process. 

i1anual arc welded specimens prepared as previously described 

with Ai.1-3l0, 312, 316, 330, and 3h? sL.ainless steel electrodes 

developed welding cracks and were unsatisfactory. di;ilar tests made 

with Aìl-L30, Li31, )42, and LLL6 electrodes provided improved results. 

The best results obtained were with AISI-L3l electrodes (produced by 

coating AISI-L3O wire with flux containing 2.0 per cent nickel). 

Ultimate strengths up to 62,D0 psi obtained on l/t-inch diameter 

tensile test bars of butt welds were considered quite satisfactory, 

and the previously-mentioned bearing support sections are now in 

production. 



The welding study was continued with low alloy sheet steel weld- 

ed to ferritic nodular iron. The object in view was a possible 

material modification which would result in a saving of 3I pounds of 

nickel per finished part. The nodular iron was similar to that 

studied here and the alloy steel was MX, which has the following 

composition and properties: 

Composition and Properties of NAX Steel 

Carbon 
Manganese 
Silicon 
Chromium .................. ...... 
Zirconium 
Molybdenum 
Sulfur ........... ..... 
Phosphorus . . . . . . . . . . . . . . . . . . . . . . 

0.10 - 0.17 per cent 

0.50 - 0.80 per cent 

0.60 - 0.90 per cent 
0.50 - 0.75 per cent 
0.15 - 0.50 per cent 
0.15 max. 
0.0k max. 

max. 

Ultimate tensile strength, psi .... 79,700 
Yield strermth 0.2 offset, psi ... 59,500 
Per cent elongation in 2 inches ... 25 

Welds on the above materials with AISI-L31 electrodes, which 

provided excellent results with austenitic nodular iron, were not 

satisfactory. As a result, tests were made with AISI-310, I4S-70l6 

and Ni-Rod 55 electrodes. A post-weld stress-relieving heat treat- 

ment had been found necessarv on the austenitic nodular iron weld- 

ments and for this reason, all t:ìe n test specimens were heated 

from one to four hours at temperatures ranging between 850 F and 

1200 F. 

In the tests just described, welds with low hydrogen electrodes 

produced ultimate tensile stren:ths from 50,500 psi to 69,000 psi. 

The tests considered most satisf8ctory were made with AISI-310 

electrodes and provided from 57,300 psi to 67,000 psi. elds with 



Ni-Rod ranged from 36,200 psi to 61,000 psi and it was concluded 

that these electrodes would be satisfacty only- for repair of minor 

casting defects. 

The investigation by- Sohn, Boam and Fisk is of particular 

interest as it suplements the stur at this school. It indicates the 

results of welding ductile iron to steel with different types of 

electrodes and of welding austenitic ductile iron. hen ductile iron 

is welded to itself more complex metallurgical problems are involved 

than when ductile iron is e1ded to steel. It is logical to antici- 

pate higher physical values and more uniform results when welding 

relatively thin material than when welding thick material with multi- 

pass joints. 

The third article on welding ductile iron (18, pp.9I7-956), 

'tjoining of £ictile Iron by Several Arc Welding Methods," primarily 

concerned manual metallic arc welding with Ni-Rod 5 electrodes. Some 

information was provided about inert gas shielded metallic arc and 

inert gas shielded tungsten arc welding processes with nickel-iron 

filler rod, as well as submerged arc welding. Such factors as 

operating procedure, effect of preheat and postheat, position oper- 

ability, electrode manipulation, etc. viere also discussed. 

The project just mentioned is conducted by the International 

Nickel Compary under the direction of Kihigren and augh. Welds with 

Ni-Rod electrodes were made on both as-cast and annealed base metal 

and tests conducted both in the as-welded and post-weld heat-treated 

conditions produced values between 9,000 psi and 65,000 psi. 
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Both inert gas shielded arc processes produced results comparable 

with those reported in the previous paragraph, although greater in- 

terest was expressed in the consumable electrode type. The reason for 

this was not stated. i4o values were given for submged arc welds. 

The only welds of acceptable nature were ootained with type AiI-3].O 

electrodes when using this process. 

The most recent account of welding ductile iron (26, p.L9) was 

a brief one-page editorial concerning repair ol' blowholes cnd shrinkage 

cavities in defective castings. The welding technique was developed 

at North American Aviation, Inc., Los Angeles, and consisted of carbon 

arc welding. Toe carbon electrode was substituted for a tungsten 

electrode in a heliarc torch and an argon gas atmosphere was used. 

They reported nard deposits with use of heliarc welding and tungsten 

electrodes as the reason for using carbon electrodes. They use 

ductile iron filler rod with cast iron flux and a high degree of 

preheat. It was concluded that the carbon arc process is the most 

promising means of salvaging defective castings. 
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THE COMPO3ITIOÌ OF DUCTILE IR(Th 

One of the primary- considerations of ductile iron is its corn- 

position. Seemingly small changes in cOEnposition can result in a wiúe 

variation of stich properties as strength, structure, shock resistance, 

machinability, etc. The composition or the base metal was found to 

have a marked effect on its response to welding by different processes. 

Since the composition should be taken into account when considering 

the problems of welding, bhe discussion that follows is intended to 

provide specific information in this regard. 

The cheiica1 composllion limits of dacbile cast iron are given 

in Table 1 (II, p.l03). The essential difference in composition be- 

tween grey cast iron and ductile iron is the small amount of 

magnesium or cerium thab ductile iron contains. Although magrsium 

is more commonly used, cerium will also cause graphite to form in 

spheroids rather than in flakes as in grey cast iron. 

It is to be rioted that Table 1 does not ir1ude the austenitic 

ductile iron castings which are produced for use under conditiona of 

high temperature and corrosion. The problems concerned with welding 

high chromium-nickel austenitic castings are not necessarily common 

to those of ferritic-pearlitic stnicture, and they are, therefore, not 

included in the scope of this investigation. It would appear likely 

that in the rear future, many alloy grades of ductile cast iron will 

be developed which will compare with various grades of ahoy steel. 

In addition to the magnesium content, both carbon and silicon 

are slightly higher in ductile iron than in rey iron. The carbon 



TABLE i 

COMPOSITI0Ì RANGE OF DUCTILE IRON 

C Si Mn P(niax) i Mg 

Broad-range, per cent. 3.211e2 1.0-11.0 0.1L0.8 0.10 0 3.5 0.05-0.10 

Ferritic high-ductility, 
per cent 3.6-).i.2 1.25-2,0 0.35 0.05 0 -1.0 0.05-0.08 

Ferritic high-strength, 
per cent 3.li-3.6 2.25-3.25 0.35 0.10 0 -1.0 0.05-0.08 

Pearlitic high-strength, 
per cent 3.2-3.8 2.25-2.75 0.6-0.8 0.10 1.5-3.5 0.05-0.08 

I-J 
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equivalent in ductile iron (carbon plus 1/3 silicon) is normally 

between Lt.3 arid I.6 per cent. The silicon content of grey cast iron 

is limited due to its coarenin ei ect on flake graphite. On the 

other hand, no ei Lect of silicon was noted on the size or distribution 

of carbon nodules in the castings used in tLlS 5tudy, which ranged 

from 2.63 per cent silicon to over .22 per cent silicon. Table i 

indicates strengthening of ductile iron by solid solution of silicon 

in ferrite, which i accompanied by decreased ductillty and impict 

resistance. Tensile tests made during this stur of annealed ductile 

iron from various heats indicated an incroase in strength of over 

10,000 psi for each additional per cent oÍ silicon content. 

A 3/8-inch square bar was removed i:rom a 1/2-irch 'Y" block 

poured from heat No. 66 of the Holt quinerit Company, November 3, 

1953. The chemical analysis of this heat was 2.70 carbon, 2.98 

silicon, 0.02 sulfur, 0.05 phosphorus and 0.30 manganese. The end 

of this bar was hand forged at about 1800 F and then curled while hot 

as sìown in ?igure i. The center of the bar was then hot twisted as 

also shorn at about 1600 F. This is evidence of the good hot work- 

ability of the material. A bar of similar dimensions was obtained 

from heat D-).1102 produced by the Eagle Foundry Company, which co irtain- 

ed .22 silicon, 0.032 sulfur, 0.0.i8 per cent phosphorus and 0.39 

manganese. Although tnis bar could be hot twisted to the same extent 

as the one in Figure 1, it was quite hot short with regard to attempts 

to hot forge it. This characteristic was attributed to the increase 

of silicon content. 



'5: 

Castings obtained from the Holt Equipment Company during the 

swnmer and early fall of l93 contained less than 0.05 per cent 

phosphorus, as Swedish pi iron low in this element was used in the 

charge. The charge consisted of 10 per cent pig iron and the 

Figure 1. Thictile Cast Iron Bar that has been 
Forged and also Hot Twisted. 

remainder was steel scrap and foundrr returns. The use of domesti- 

cally produced pig iron later in the fall of 193, which had a high 

content of phosphorus (O.2i er cert phosphorus), ld to an increased 

amount of this e1eìent jn the ductile iron castings. Foundry returns 

caused a gradual increa3e in phorQhorus until it was well over the 

maximum allev:able of 0.10 per cent, nd in late February, l7i, it was 

necessary to lower the bottoiìì of the cupola in order to increase the 

slag level and provide more opportunity for removal of phosporus. 

In the basic process, such as used by the Holt Equipment Comparnr, 

phosphorus is oxIdized (2, p.72), formIng F2OS which reacts with the 

lime slag to form calcium phosphate. The phosphate thus produced 
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becones part of the slag and is poured off, 

Annealed castings which contained less than O.O per cent 

phosphorus produced an average tensile strength of 66,360 psi with 

21.7 per cent elongation. When the phosphorus was increasea to 

O.0fi6 per cent, ìth very little change in the remaining composition, 

strength decreased to b,9OO psi arri the dactiU.ty to 6.62 per cent 

elongation. This adverse effect on the mechanical properties ias 

attributed to a very fine network of iron phosphide eutectic and to 

the tendency of phosphorus to stabilize pearlite. 

Castings obtained from the ag1e ourry Comparr were ali from 

two heats, Iio. )-139O arid ]J-t1O2 respectively. Heat i)-LO9C, poured 

kebruary 25, 19L, consisted of 30 "' block castings that provided 

test sections 2- inches ide, inch thick and lì inches long. Heat 

D-LlO2 consisted of 52 castings of similar dimensions, which were 

poured March L, 19. The analysis of these two heats is given in 

Table 2. 

3uliur is always very low in iuct11a iron and the analysis given 

in Table 2 is quite typical regarding this eÏexrierxt. n &rey cast iron, 

suifÜr increases carbide stability and inhibits graphitiation if the 

manganese coktent is too low 
(2, 

p.365) . Manganese forms the 

relatively insoluble manganese suiphide and tuanganeso silicate that 

exist in the form of less harmful inclusions in the casting. hie to 

the low alfur content of ductile iron, the manganese is ç'oportionally 

ler. If the manganese content of ductile iron is above 0.50 per 

cent, it stabilizes pearlite to sucì an extent that a completely 
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ferritic structure cannot be obtained by heat treatment. 

TABLE 2 

INFORMATION REGARDING EAGLE FOUNDRY COMPANY CAST ING3 

Composition D-i409Ij D-L1O2 

Magnesium 0.0814 per cent 
Su]íur 0.018 
Manganese 0.141 

Phosphorus 0.0118 

Silicon 3.70 
Nickel 0.711 

Chromium 0.05 
Vanadium 0.12 

Mechanical Properties 

Yield strength at 
offset, psi 71,800 

Ultimate tensile 
strength, psi 811,750 

Per cent elongation in 
2 inches 13.0 

0.056 per cent 
0.03 2 

0.39 
O. 0118 

14.22 

O 79 
0.05 
O 16 

71,505 

15.5 

The chromium and vanadium content in Table 2 does not appear 

high. Hoever, these elements are such strong stabilizers that, when 

1oer silicon contents were used, the amounts indicated iere sufficient 

to cause retention of substantial amounts of massive carbides and fine 

pearlite, even after annealing five hours at 1650 F followed by 

cooling at a maximum rate of 110 F/hour from 1500 F through 1200 F. 

Castings provided by the Holt Equipment Comparr were samples 

from numerous heats representing several production. This 

company is not equipped for either physical or chemical analysis of 



their material; however, samples are occasionally sent out to 

commercial testing laboratories. Taule 3 is intended to provide in- 

formation ty-pical of the castings which they ovided. 

TABLE 3 

TYPICAL COMPOSITIONS OF HOLT EUIPME COMPANY CAflCS 

September 15, November 3, December 15, 
Element 1953 1953 1953 

Carbon 2.80 2.70 3.20 
Silicon 2.91 2.98 2.63 
Sulfur 0.017 0.02 0.02 

Phosphorus 0.078 0.05 0.086 
Manganese 0.38 0.30 
Magnesium O.0L19 --- 0,067 

It was previously stated that the carbon equivalent of ductile 

iron should be between L.3 arid L.6 per cent. The carbon equivalents of 

the typical heats in Table 3 are 3.77, 3.69 and t.08 per cent 

respectively. Carbon itself has very little efect on the mechanical 

properties of annealed ductile iron. Four&y characteristics such as 

chilling propensity, feeding requirements and fluidity are affected, 

however, and many of the Holt Equipment Comparer castings were rejected 

on the basis of radiographic examination as being unfit for use in this 

investigation. 

The as-cast ductility is reduced when the carbon equivalent is 

low, as evidenced by an average elongation of 1,2 per cent for the 

castings in Table 3 compared with 3.1 per cent for those in Table 2. 

It was also noted that the machinability of the castings in Table 2 

was much superior to that of the castings in Table 3. Lowering the 
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furnace bottom at the Holt Equipment Gompartjr adjusted the carbon 

equivalent to its proper condition in addition to reducing the 

phosphorus content as was previously mentioned. 



PkOWCTIO OF LUTILE IRON 

The overall foundry procedure is perhaps one of equal importance 

to composition if satisfactory quality of ductile iron is obtained. 

The weldability of the material Is directly related to its quality. 

After the composition has been established by means of the charge, the 

next consideration is the selection of the most suitable foundry 

tchnique. 

The foundry procedure for producing nodular graphite in cast 

Iron involves two steps. The first step consists of a ladle addition 

of magnesium in such a manner that a small but effective portion is 

retained in the iron. The second step consists of innoculating with a 

strong graphitizing agent such as ferro-silicon. The first effect of 

the magnesium addition is to reduce the sulfur content of the iron to 

0.02 per certh or less, and magnesium cannot be retained in the iron 

until the sulfur is at LtLs level. agnesium volatilizes at about 

2100 F, so a sufficient amount must be added to allow for sulfur 

removal, volatilization and oxidation, and yet permit retention of 

O.O1 to 0.10 per cent magnesium in the iron. 

Several alloys are available for this purpose (22, p.1), the 

compositions of which are given in Table I. 

An exceedingly violent reaction takes place when pure magnesium 

encounters molten iron. For this reason, an alloy containing not over 

20 per cent magnesIum is used as an additive, for protection of the 

foundry personnel. A sheet iron shield is used by the Holt Equipment 

Company, as shown in Figure 2, to surround the ladle during the 



Figure 2. Two Views of Magnesium Addition to Ductile 
Iron. 
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magnesium addition in order to protect the workmen from the violent 

reaction that takes place. 

TABLE b 

COMPOSITION OF MAGNESIUM ALLOY 

Mg Ni Si Cu Fe 

irico Lo. 1 15-20 75-80 -- - Balance 

Inco No. 2 15-20 LO-5O 25-30 -- 
Theo No. 3 15-20 - 60-65 - 
Vanadium No. 12 12 --- bO 3.6 

Electro-Met 6 --- -- n 

Elect.ro-Met alloy is used by the Holt Equipment Comparar to pro- 

vide nanesium a'J1tion in the ratio of 15 pounds per 500-pound ladle 

of nolteri iron. This three per cent addition provides a magnesium 

recovezy in the iron of 25 to bO per cent of the amount added at 

2500 P. Foundries that tap cupola iron at ììgher temperatures are 

inclined to ue meo No. i or No. 2 or Vanadium No. 12 as their 

greater density provides higher recovery of magnesium at more elevated 

temperatures. The cast iron is first tapped into a holding ladle 

which is attached to a scale as shown in Figure 3 inì order to provide 

an accurately krown weight of molten metal. The magnesium al icy is 

then placed in a secor ladle and the cast iron is poured on top of it 

to provide bottom introduction of alloy, as shown in Figure b, which 

prevents undue volti1iztiort of vnagnesium. An alloy particle sire of 

about 3/h-inch diameter has been found most suitable for treatment of 

iron in this amount, whii.e for )arger ladle additions of 1,000 pounds 

or more, particle size of one to three inches provides better 

magnesium recovery. 



Figure 3. Tapping of Thìctile Iron from Cupola. 



Figure . Bottom Introduction of Magnesium Alloy into Ductile Iron. 
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The magnesium adc.ition provides a strong chilling action on the 

molten iron hich vil1 produce free carbides in the structure of light 

section unless care arid precision are exercised in the subsequent 

innoculation. Ferro-.silicon containing at least 72 per cent silicon 

with a particle size of about 3/8-inch diameter is added to the molten 

stream of iron during reladling to provide uniform innoculation. The 

ferro-silicon which jg being dissolved increases the silicon content 

to such an extent that a super-saturated condition is provided with 

respect to carbon. An advantage of using the Flectro-Met alloy is 

that reladling innoculation is not required due to its silicon 

content.. 

A strong graphitizing condition thus exists which czuses 

precipitation of small nucleating particles of graphite. The örk of 

Gries and Marishake (is, p.16) substantiates the theory that spheroidal 

nucleation of carbon is initiated about sub-microscopic particles of 

magnesium oxide and that the carbon nodules gr chiefly above the 

main stems of, and within, the interstices of primary iron dendrites 

during solidification. 

Spheroidal graphite in ductile iron has a radial polycrystalline 

appearance, and can be readily distinguished from the flake graphite 

aggregate intermixed with iron particles that exist as nodules in 

Mnerican blackheart malleable cast iron. The latter are more irregular 

in shape and a crystalline structure c&nrot be distinguished under the 

microscope. According to M. tacken and E. Fiwowarsky (2g, p.7), 

Debye-Scherrer patterns indicate a hexagonal crystal structure for the 
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carbon spheroids in magnesium treated cast iron. 

Certain elements have a detrimental efiect on the magnesium 

addition and tend to prevent formation of nodular graphite. Lead is 

particularly damaging in this regard, and 0.302 per cent is the maxi- 

mum amount that can be permitted in ductile iron. k-osibLe sources 

of leed would oe baboit bearings in scrap engine blocks or fluorspar 

w.ich is irequently used as a flux in the basic cupola or electric 

furnace. Other elements that 'oduce a similar effect include 

aluminum, antimony, arsenic, bismuth, selenium, tellurium, tin, 

titanium and copper. Aluminum and titanium have a stronger effect on 

producing flake graphite in thick sections than in thin sections. The 

amount of each of the aoove elements that can be sa!el.y tolerated, of 

course, varies. 

There are a total of 90 companies licensed to produce ductile 

Iron in the United States arid Canada, of which six produce complex 

castings that are radiographically sound. In addition, there are an 

equivalent number of licensed foundries distributed throughout the 

rest of the world. The Holt Equipment Company Is one of 23 ductile 

iron foundries in the United States and Canada that operate a basic 

cupola, and is also one of the iL basic cupolas that employ the use of 

rear slagging. The Holt Equipment Company charge consists of 30 per 

cent steel scrap, ).&O per cent foundry returns and 10 per cent high 

phosphorus pig iron (0.2L per cent P.). A workman is shown in 

.gure 5 loading this charge into the basic cupola skip hoist at the 

Holt Equipment Company-. Figure 6 shows the pouring of ductile iron 
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castings, and Figure 7 is a view of the foundry immediately following 

the pouring of the castings at the holt Equipment Company. 

Figure . Charging the Basic Cupola. 

The basic cupola is ideal for production of low sulfur, low 

silicon, high carbon iron. Iron is not oxidized by this process, and 

the low sulfur content requires use of less magnesium alloy for tro2t- 

ment. The Electro-Met Allo'r is ideìl for use in basic practice and 

provides good as-cast properties. The metal is normally about 100 

degrees hotter when tapped from the basic cupola than from the acid 

cupola. It is very Importent that a good grade of limestone be used 

to flux out dirt, sand and other impurities and to reduce the sulfur 

arid phosphorus content. 
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Figure 6. Pouring Icti1e Iron Castings. 

Figurs 7 Th. Holt Equipment Company Foundry. 
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The Eagle Foundry Company uses an acid-lined cupola and, there- 

fore, must be quite careful in selecting the materials that compose 

the charge. The charge consists of 3) per cent steel scrap and the 

remainder is Chilean pig iron and foindry returns. The Chilean pig 

iron contains 0.03 to 0.OL per cent phosphorus, 0.023 per cent sulfur, 

0.37 per cent manganese, 1.30 per cent silicon and 0.23 per cent 

chromium. Sulfur and phosphorus cannot be removed in the acid process 

and, therefore, must be kept low in the charge. 

The Oregon State College Foundry poured their initiai heat of 

ductile iron iay 16, 195li, which was produced in the Green electric 

furnace that was recently installed. This furnace, manufactured by 

the Green Electric Furnace Company of Seattle, Vashington, is a three- 

phase, 300 KVA direct arc furnace with a rated capacity of !jOO pounds 

per hour. The charge for this het was 100 per cent steel plate 

scrap, consisting of I00 pounds of steel, 17 pounds of No. L mesh 

Mexican graphite, 8 pounds of silicon bricuettes, 2 pounds of 

zirconium-iron-silicon and 8 pounds of iimetone. Liquid iron was 

tapped nt 2925 F and the reldling treatment was made with 12 pounds 

of Electro-Met magnesium alloy. Iron was poured into the molds at 

2L00 F, producing gear blanks, caps for a hydraulic cylinder and 

1/2-inch uY blocks. Two of the 7-inch diameter caps, showing 

foundry defects repaired by carbon arc welding are in Figure 8. One 

of the 8-inch diameter gear blanks is shown in Figure 9. 

Other types of furnaces used to produce ductile iron include 

indirect arc furnacee, induction furnaces, crucibles, air furnaces and 
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Figure 8. Ductile Iron Caps for Fjdraulic Cylinder. Repair 
of Foundry Defects by Carbon Arc YeIding is Shown. 

Figure 9. Ductile Iron Gear Blanks, 8 inches in Diameter. 
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oil nd coal fired rotary furnaces. The type of melting unit appears 

to have little effect on the quality of ductile iron that is produced. 

3atch-type furnaces such as used at Oregon State College have a 

tendency to carburize poorly. The fracture of a chill block during the 

heat indicated that there was not 3uCiicient carbon provided by the 

16 pounds of graphite in the initial charge, so the additional l 

pounds were then added. A subsequent chill test, with a chill about 

3/8-inch deep, was considered adequate. The initial carbon and 

silicon was placed in the bottom of the furnace, underneath the steel, 

to assure complete solution in the iron. ny undissolved graphite In 

magnesium-treated iron will develop a mixed graphite structure 

consisting of flakes and spheroIds. 
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THE PROPEhTIFS AND 1ES OF IXJCTILE IRON 

In order to determine the weldability of any metal or alloy, it 

is first necessary to be thoroughly versed in a knowledge of the 

properties of the material itself. Thile it is always desired to 

produce a deid vïith properties that match the parent metal as closely 

as possible, the end uso of the article must also be considered. 

Cost may be of little consequence for one oduct that requires the 

highest physical oroperties, while the requirements of another product 

might be such that lower mechanical properties are adequate, and a 

less expensive welding process would suJice. 

Although several specifications have been used for the purchase 

of ductile iron castings, only two are included in the A3TI Specifica- 

tions for Nodular Iron Castings. These are contained in ASTM 

Designation A339-51T (3, p.1276) and are given in Table 5. The intent 

of these specifications is to subordinate cheica]. composition to 

physical properties; however, composition can be also specified if so 

desired. In addition to tensile properties, the ASTM specifications 

include both keel olock and IyU block test coupons, type of tensile 

specimens, number of tests, heat treatment, workmanship arid finish, 

inspection and certification. 

In making a study of the machinability of various grades of 

ductile iron, compared with various grades of grey cast iron, Metcut 

Research Associate (12, pp.108-.11b) found the tensile properties of 

the weakest ductile iron to be far superior to the best grade of grey 

iron, as shown in Table 6. The rey iron test coupons were taken 
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TABLE 

TESSILE REQUIREME)11S FOR DUCTILE IRON 

Grade Grade 

(do-60-03) (6o-L5-lo) 

Tensile trength, min., psi. 80,000 60,000 

Yield strength, min., psi. 60,000 L5,000 
Flongation in 2 inch, min., 2. 3.0 10 

from 1.2-inch arbitration bars. The ductile iron coupons were one- 

inch keel bars cast in dry- sand. ill coupons ere machined to 

standard round AS?? E-8 test specimens with 2-inch gage lengths, and 

yield strength was measured at 0.2 per cent otJset. it is of interest 

to note that the values for elongation and reduction of area are 

essentially the same in all cases. 

TABLE 6 

PROPERTIES 0F IRONS TFTFD 

Tensile Properties 

Ultimate Yield 
Brindi Strength Strength Elongation R. of A. 

Mark Hardness (in psi) (in psi) ( in 2 in.) (in ) 

Flake Graphite Cast Iron 

!cicular 263 59,700 
Fine 225 1,00O 
Coarse 195 35,000 
Ferrite 100 15,700 

Snheroidal GraDhite Cast Iron 

2 265 97,2S0 78,000 2.0 1.5 

14 215 93,000 72,000 I.O 3.5 
17% 207 8i,700 69,800 17.5 16.5 

20% 183 77,100 62,000 20.0 21.0 

22% 170 70,000 6,0OO 22.0 22.0 
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The compressive strength of ductile iron appears to vary directly 

with hardness. The yield strength ranges from 57,000 psi at a hardness 

of 219 Brindi to 9,000 psi at a hardness of 321 Brinell. It is the 

opinion of the International Nickel Company that the iríormation pro- 

vided by their tests (12, p.110), Table 7, is low for the specimens 

bowed alter reaching the yield point and eventually failed in shear. 

TABLE 7 

COMPRFSSIVE PROPFRTIFS OF fUCTILE IRON 

Yield* Compressive Tensile 
Strength Strength Brinell Strength 

Mark Condition psi psi Hardness psi 

It as-cast 9)4,000 198,000 3)47 77,600 
B as-cast 88,h0O 193,000 306 92,300 
C as-cast 76,600 17)4,000 277 108,700 
D as-cast 7,hO0 12g, 600 219 8O,0O 
E as-cast 95,600 l7,80O 321 123,000 
F annealed 66,000 122,800 19 72,300 

*Off set not stated. 

The Cooper-Bessemer Company investigated the impact properties 

of ductile iron, using the 0.795-inch diameter Izod test bar which is 

used extensively- in Erland (8, pp.72-82). Annealed ductile iron 

absorbed over 120 foot-pounds compared with 50 to 90 foot-pounds for 

the as-cast corxiition. These values are comparatively quite high as 

highly alloyed acicular iron absorbed 20-30 foot-pounds and class 30 

grey iron absorbed only from 10 to 1)4 foot-pounds of energy. 

Fatigue resistance of ductile iron is similar to that of 

ordinary grades of steel in both the notched arid unnotched condition 

(lo, pp.128-132). This property combined with a relatively high 



3:i 

constant modulus of 2 million psi and excellent wear resistance makes 

it an excellent material for crank snafts, cain shafts, connecting rods 

and other parts subject to stress reversel and wear. The good modulus 

of elasticity and relative low cost makes ductile iron a choice 

material for rolls !or the paper, vrought metal and rubber industries. 

One of the out3tanding operties of ductile iron is its 

resistance to wear. A ductile iron rack and a forged manganese steel 

rack were examined after lOO hours' service at 50 per cent overload 

(lo, pp.12ö-131). The steel rack was pitted and badly vorn, wlile the 

ductile iron rack was only burnished and in excellent condition. In a 

gear application involving shock loading, the teeth of rrey iron gears 

broke after two eeks' service. After four months, steel gears were 

worn out, while ductile iron gears were still providing good service 

after 8 months of usage. Lkictile iron bearings provided five times 

the service life of expensive bronze bearings for the rollout table of 

a steel mill (10, pp.128-131). 

A surface hardness of ip to 600 Brinell can be obtained by 

either flame or induction hardening of ductile iron. In this condition 

its resistance to wear and seizing are superior to any other material 

used for certain die applications (ii, pp.101-106). One objection to 

marty abrasion materials is their shock sensitivity. A carbidic surface 

chilled ductile iron with shock resistant core is now extensively used 

for earth-digging equipment, ore-chute liners and sand and gravel 

e4uipmerrt. Scarifier teeth for earth rooting operations are currently 

being produced y the riolt quipmont Company. Ductile iron is now 
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used for many parts requiring a high degree of heat resistance such as 

furnace parts and pot liners. The Holt Equipment Company- recently 

produced a number of flat 3/8-inch thick ductile cast iron plates, 

6 feet long and 3 feet wide, that mere rolled irto cylinders by a 

Portland firm for ue as furnace liners. 

n intercting application of ductile iron where severe shock 

coritions are encountered is shown in Figure 10. The ductile iron 

nower arms that connect the hydraulic pistons with the grader blade 

are no replacing more expensive steel castings. The tr&ctor operator 

has lifted the front end of the tractor i'ree of the ground b means 

of the gr3der blade, which is indicatii.e of the terrific strain im- 

posed on the power arms in service. 

Figure 11 shows a ductile cast iron fitting for irrigation 

equipment produced by the Holt Equipment Company. This casting is 

used to replace aluminum castings at a reduced cost, and ductile iron 

was selected because of its property of corrosion recistance nd 

ability to withstand impact. 

A grader blade connection bracket is now used by the Uoit Equi 

ment Company, PjRure 12, to replace a bracket fabricated of welded 

steel which is also shown. The compary records indicate a substantial 

savings in coat effected by use of the ductile iron bracket, nd field 

service tests show that iti performing in a commendable manner. 

There is apparently no limit regarding the size of ductile iron 

castings that can be produced. The Acme Shear Company of Bridgeport, 

Connecticut, is prod.icing ductile iron electrical hardwere fittings 
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Figure lO. Ductile Gast Iron Power Írm in Operation. 
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Figure 11. Ductile Iron Irrigation Fitting. 
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íijur 12. .Dcti1e Iron Grader Blade Connection ßracket, 
Left and Center. 
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weighing less than 1/3-ounce each, in production runs of hundreds of 

thousands of castings (23, pp.79-b2). In coribrast with these castings, 

the Chambersburg Engineering Compaziy has produced forging hammer 

anvils of cast ductile iron, weighing 60,330 pours each. 
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MATERIAL USED IN THE STUDY 

The preceding discussion was of rather a genera]. nature, irrtend- 

ed to provide background information that would be of material 

assistance in conducting the investigation. The following sections 

pertain directly to the study itself, and will enable those who are 

interested in a continuation of this iork to proceed in an efficient 

manner without duplication of effort. 

The initial castings used for tensile tests consisted of ductile 

iron bars 114 inches long, 2 inches wide and 3/8-inch thick. These 

bars had a reduced section 1-1/2 inches wide, and 3 inches long at the 

center in order to provide a minimum of machining operations on the 

welds. The shape of these bars was such that adequate feeding did not 

take place during solidification, and as a result, extensive micro- 

scopic porosity occurred. This porosity, laìown as center-line or 

interdendritic shrinkage, is also prevalent if lower pouring tempera- 

tures are used. 

Although the tensile bars just described were used in a pre- 

limina.ry study of ductile iron welded to steel ith nickel-iron 

electrodes, the test results were of such variable nature, that it was 

deemed necessary to utilize material of greater uniformity in order to 

obtain higher physical values, and more consistent results. It was 

felt that these qualities might be found in flat rectangular plates of 

larger area, and without any restricted sections. Plates having 

dimensions of 8 inches by lii inches were then cast in thicknesses of 

1/2 inch, 3/14 inch and 1 inch as shown in Figure 13. These plates 



FIgure 13. Ductile Iron Plates 1 in. Long and 8 in. ide. 
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were radiographed to determine the condition of sindness and all were 

found to contain extensive aras of interdendritic shrinkage. In ad- 

dition, the thinner plates contained numerous areas of closely spaced 

gas pockets close to the surface of the casting, known as pinholes. 

Â section was removed from one of the 1/2-inch plates in an area 

of excessive pinholing for microscopic and macroscopic examination. 

Pinholes can be observed in a portion of this section, Figure 1h, 

which also shows the surface of a ductile iron washer produced by the 

Holt Equipment Compary. The surface of the washer was ground to a 

sufficient depth adjecent to the hole ori one side to disclose pinholes 

which were detected by radiography. Due to a dLïerence in light 

reflection, the pinholes in the washer appear white, while those in 

the section of 1/2-inch thick plate appeer dark. 

Pinholes all appear to have small openings to the surface. In 

many instances, they can be detected by careful visual inspection of 

the surface. As a rule, the pinholes were detected at the most remote 

distances from the ingates of commercial cestings; however, in the 

case of the flat plate5, they were adjacent to the ingates. Ioulding 

sand having less moisture content and greater permeability tonds to 

produce a minimum of pinholes. 

If pinholes of as-cast ductile iron are carefully examined, 

they appear to have a high carbon coating. thd.dation of this carbon 

during the annealing process produced an enlargement ol' the holes. It 

was noted that castings produced by the Eagle founzy Company contain- 

ed less pinholes than similar castings of the Holt Equipment Comparer. 



Figure Th. Pinholes in Surface of Duct lie Iron 
Vasher (white) and Section of 1/2-inch Plate 

(clark). 

The agle Foundry Comparr uses largor amounts of graphiti7ing agents 

and produces a minimum of carbidic structure in the as-cast condition 

in comparison with the Holt Equipment Company. i\lthough there is no 

published information regrthng the cause of pinholes, it would appear 

likely that complex iron-magnesium carbides in the molten iron might 

react with moisture in the sand to produce acetylene gas which is 

entrapped in the iron as it approaches solidification. The reasons 

for this belief are as follows: 

1. The odor of 3cetylene gas can be readily detected in all 
freshly machined or fractured ductile iron castings. 

2. Pinholing is less prevalent in sands of 10 noisture content. 



3. Pinholing is les' prevalent in molds of more permeable 

sand that provides for escape of gases. 

14. ?inholes are connected with the surface of the castings. 

5. Jn increased amount of free carbides in the as-cast 
structure appears to be &sociated with pinholing. 

The Holt Equipuent Company received information from the 

International Nickel Company to the effect that additions of either 

tellurium or alumtnum will counteract pinholing. This company ha8 

been able to virtully eliminate pinholes by addition of tellurium, 

which was purchased in pellet form from the American Smelting and 

Refining Company. The required amount of tellurium is about one gram 

per loo pounds of ductile iron. Increased quantities of tellurium 

promote surface roughness and also retard the formation of spheroidal 

carbon. There is some industrial hazard involved in the use of 

tellurium, as the fumes are harmful to the workmen, and it should be 

used only when adequate ventilation is provided. 

From the examination of the cast plates, it appeared very doubt- 

ful if their quality was sufficiently good to produce valid test 

results. This possibility had been foreseen, however, in working with 

the previous test bars, and as a consequence, patterns had also been 

made for c,est "Y" blocks that would provide both 1-inch and 1/2-inch 

thick test sections. These blocks, shown in Figure 1, provided test 

sections 114 inches long ar 2-1/2 inches wide with a continuous feed- 

Ing reservoir or riser above the casting that could be r&'oved br 

cutting with a power band saw. 

Both tensile and flexure tests were made of the plate material 

and of the "Y't block test sections in order to determine the effect of 



Figure 15. thcti1e Iron "Y' Blocks. 

o' 
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the shape of the casting on physical properties. Spec1ens numbered 

b-11 nd B-12, Fiure 16, were from the 1/2-inch plate and 8-3 was 

from a 1/2-inch "Yr' block, al]. of which viere poured from the seme heat 

and were in the ainealed corition. Specimen B-11 failed at li2,000 

psi ultimate strength with an elongation of 1. per cent, while B-12 

failed in the grips rather than in the reduced section. Specimen U-3 

f4led at 68,000 psi ultimate strength with 17 per cent elongation, 

1?igure 17, which shows the fractured ends of these bars indicates a 

more homogenous structure for specimen B-3. 

1exuro tests were made on rectangulsr bars 1-1/2 inches wide 

and 3/14 inch thick in the annealed condition. Third point loading was 

applied between knife edges spaced 12 inches apart. Specimen B-52 was 

from an area with excessive centerline hrinage of the 1-inch thick 

plate, according to the radiograph, while specimen B-5]. was selected 

from the section of plate with maximum soundness. The results of 

these tests are shown in Figure 15 together with specen B-6 from a 

1-inch y! o].ock trom the same heat. The fractured ends ol' the 

flexure test bars, Figure 19, show the dark area of centerline shrink- 

age in. specimens B-s]. and B-2 to be ç'edominate1y in the cope side of 

the plate, which is the last portion to solidify. The dark areas in 

these speciens should not be coifusod with the :krk area ïn specimen 

B-6, which is finer gramad and lighter in color, and does not 

represent centerlir shrinkage. Metallographic specimens of B-6, 

Figure 20, disclosed no dirference in micro-structure between the dark 

and light areas. The difference is due to light reflection. The side 



Figure 16. Tensile Tests, 13-3 of ItH Block, B-11 and B-12 of in. tiate. 
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Fiire 17. Fractured nds of Bars Shon in Figure 16. 



Figure 18. Results of Flexure Test. Ler "Y" alock, Upper Two Plate Waterial. 



Figure 19. 'ractured Ende of Specimens Shown in F'igure 16. 

I-J 



in tension provided a rough surface with more light sbsorption while 

the compression side provided a 1035 ductile type of fracture which 

crossed several grains at a time without chsnge of direction, thereby 

providing good light reflection. The etched section from specimen 

B-2 clearly shows that the centerline shrinkage in this case is of 

macroscopic magnitude. 

Figure 20. Metallographic Specimens Centerline 
:shrinkage Shown in Figure s-52. 

The evidence provided by the tests just decribed indicatec that 

"Y,, block -. ere necessary in order to produce the required quality of 

material. This was a disadvantage in that the plate material could 

be processed far more rapidly and permit a broader scope of testing 

program. 

Several castings produced drossy or sooty areas in the fractures 

as a result of graphite stringers associated with oxy-sulfide and 

suicide slag, caused by oxidation of iron and magnesium sulfide. 

It was necessary to reject a large percentage of the earlier test 



53 

castings produced, due to this condition which ias ascertained by 

X-ray examination. Defectivo area5, white, are shown in the print of 

a radiograph, Figure 21, of a rejected "Yr' block casting. This condi- 

tion was somewhat mitigated by use of higher pouring temperatures. 

Iron from the fourth tap of the day's heat and from the first to be 

poured from the ladle was considered to be best from this standpoint. 

Aore careful skimming of slag, and u3e of ladles constructed to provide 

bottom pour of iron also helped to produce improved quality of castings. 

Four castings wore produced per mold, the gatiz- system of which 

is shown in Figure 22. A system involving use o a pouring basin with 

skim gate would be far superior to pouring directly into the sprue as 

shown. The use of bottom gating with slag traps would also produce 

castings of greater soundness. These practices did not appear to be 

feasible under the production set-up of the Holt Equipment Company; 

however, due to a continued high rate of rejected castings, slag traps 

were eventually used in the inlet between gate and casting, which 

greatly improved the general quality of the castings. 

sheave housing, Figure 23, was fractured in the as-cast condi- 

tion to determine if any defects could be detected. One would judge 

from the appearance of the fracture that the casting was perfect. 

However, a subseqwnt radiograph, a portion of which is shown in 

Figure 2h, discloses numerous slag inclusions and gas pockets which 

are white in the print. 

Tee beams having a 2-inch flange and 2inch web, each 3/8-inch 

thick were cast in 16-inch lengths for ue in flexure tests. All of 

these bars had extensive centerline shrinkage at the intersection of 



iigure 21. Print of kadiograph of Defective Block. 



Figure 22. Qating Sy3tem for Ductile Iron 
Blocks. 



Figure 23. Section of Ductile Iron Sheave 
Housing and Ductile Iron itashers. 



Figure 2I. Radiograph of Portion of Casting rtown in 1.gure 23. 

'n 



web and flange, iith random areas of shrinkage in the flange that 

interfered with good correlation of test results. This is illustrated 

by the dark areas in Figure 2 of a broken tee beam. As a consequence, 

these bars were used to but a minor extent in the program. 

Figure 2. Fractured Tee Hewn, Showing Lreas 
of Centerline Shrinkage (dark). 



THE PREPARTION OF TEST SPECIMENS 

Experience has indicated that due to the high carbon content of 

ductile iron it Is desirable to use e minimum preheat of DO F when it 

is to be welded, to avoid fusion-zone cracking. While this is not 

mandatory Lor simple shapes with single-pass welds, complicated cast- 

ings and multiple-pass welds £requently require preheats well in 

excess of OO F. This is particularly true when iron base electrodes 

are used or when using electrodes of large diameters that require 

higher current settings. 

A simple and expedient method of preheating castings was afford- 

ed by means of a preheating table with a firebrick top 32 inches 

square. This table, shown in Figure 26, as fabricated of welded 

steel pipe and engie iron and located immediately adjacent to the 

welding booth in order that the effect of preheat would not be lot 

during transfer of specimens. The table, mounted on heavy industrial 

casters for portability, had a convenient working heighth of 32 inches. 

The preheat burner is shown in operation at tìe right in Figure 

26. Air and gas can be regulated to provide flame of any- type or 

intensity that may be desired. Loose firebrick can be arranged around 

arq size or shape of casting that tne table top will accomrriodate to 

provide a furnace to suit each individual job. 

An alignment and positioning fixture for the specimens to be 

welded, shown in Figure 27, was fabricated of 6-inch channel iron. 

This fixture, Th inches long and 8 inches wide, provided a fast and 

positive alignment of pieces to be welded and also provided a support 



Figure ¿. Tib1e and Burner for kreheating Castings. 
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with ready accessibility during welding operations. The rigidity of 

the fixture was such that no warpage was experienced during any of the 

extensive welding operations. The test section on the fixture that has 

just been welded is as-cast ductile iron, welded with the carbon arc, 

using ductile iron filler rod. 

Firure 27. Positioning Fixture for VVelding 
Blocks. 

All castir«s used in the testing program were first radiographed 

in order that only those completely sound and free of defects would be 

utilized. A mechanically rectified 200 kilovolt Victor X-ray machine 

equipped with a General Electric Coolidge oil-cooled tube, type 

SRT-L-IND, was used for the radiographic work. This equipment was 

operated at the maximum setting that would permit continuous operation, 

which was 17L kilovolts and a tube current of 26 milliamperes. The 
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gana ray, consisting of a -milligram capsule of radium, ws 

initially used for one-inch thick castings. ever, the X-ray equip- 

ment provided more satisfactory results, so the use of gamma ray was 

discontinued. 

Both Fstman type X and type A. film were used for radiographing 

the 1/2-inch thick sections. Type K film has the greatest speed of 

any X-ray fi1rr, and 1-minute exposures were required for 1/2-inch thick 

ductile iron when using lead foil screens. Lead foil screens diminish 

the effect of scattered radiation and, therefore, produce greater 

contrast and clarity of image. They also slightly reduce the exposure 

time for material of this thic!uìess and density. The relative speed 

of type X film is four times greater than that of type A, so calcium 

tungstate intensifying screens were necessary when using type filin 

in order to reduce exposure time. It was found that 1-1/b-minute 

exposures with type A film and calcium tungstate screen were equivalent 

to r-minute exposures with type K film and lead foil screens. X-rays 

cause calcium tungstate to fluoresce and the light thus emitted in- 

tensifies the exposure of the film. It was estimated that only 1/13 

of the normal exposure time was required when using intensi±ythg 

screens with type A film. Intensifying screens produce graininess in 

the developed film, which interferes somewhat with detection of minute 

defects; however, the Improved contrast of the slower type A over type 

K film more than compensated for tiii and consequently produced 

superior negatives. 

It was found that ls-minute exposures were required when using 

type K film with c1cium tungstate intensifying screens lor 1-inch 
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thick ductile iron. It was also discovered that very careful blocking 

is required over all portions of the cassette not covered by trie cast- 

Ing to be radlographed, as a very small area of free radiation on one 

portion of the intensifying screen would fog the entire filin. ¿J.- 

though blocking is desired in all cases, it was not found essential 

when using lead foil screens. Although special X-ray film developer 

is recomiended, it was found that D-19 developer provided quite 

gratifying results if the time of development as increased by about 

one-half over that recommended for ordinary film. 

A frequent industrial fabrication requirement 01' ductile iron 

castings is that they can be integrated with wrought steel shapes in 

the production of machinery parts. A minor portion of this study, 

therefore, consisted of the properties of welds connecting ductile 

iron with steel. 

The 3/8-inch thick reduced section tensile bars described in the 

previous chapter were sectioned at the center and each piece welded 

to 3/8-inch thick by 2-inch wide steel bar stock to provide rectangular 

reduced section tensile test bars lI inches in length. In preparation 

for welding, the ends of both pieces were ground to form a double vee 

butt joint with a 60-degree included angle. ?1i surface skin and 

scale was removed by grinding adjacent to the weld to prevent contain!- 

nation of the weld, These welds were all made with Ni-Rod 5 

electrodes using direct current with the electrode positive. A 

minimum preheat of 500 F was maintained during the welding process. 

Slag was thoroughly removed from each pass prior to subsequent 
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deposit of weld metal. 

Flexure test specimens were a10 prepered of ductile iron welded 

to steel, u8ing the tee beam sections described ira the previous 

chapter. 3toel tee beams 8 inches in length, were fabricated by weld- 

ing 2-inch by- 3/6-inch mild steel bar stock together with fillet welds, 

using 3/16-inch diameter F-6012 electrodes with direct current straight 

polarity, and a current etting of 16 amperes. The ductile iron tee 

beams were fractured in flexure to determine the property of the parent 

metal. The ends of the broken bars arid the ends of the fabricated 

steel bars were then beveled by grinding to form double vee butt 

joints with a 60-degree included angle for welding. All scale was 

removed adjacent to the weld which was to be Tnade and the bars were 

preheated to 600 F prior to welding. These tee-beam sections, shown 

in Figure 28, were ali welded with Li-Rod S.5 electrodes in the saiiie 

manner as was described for the tensile test bars. 

In continuation of the study of the weldability of ductile iron, 

using various types of welding processes, fiLter rods and techniques 

of welding, it was iecided to discontinue use of the shapes just 

described in favor of "Yr' block material, for the reasons stated in 

the previous chapter. The International Nickel Company, which has 

conducted some exploratory ork in this field, was consulted regardir 

the most desirable program arid their recomiendetions were followed, 

together with other reasonable possibilities. 

In the Pacific Northwest, virtually all ductile iron is used in 

the annealed ccndition at the present time. For this reason, it was 

decided that testing of welded as-cast material would be of minor 
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economic importance. Emphasis was, therefore, placed on testing of 

castings that nad been annea1ed prior to we1dirg rx1 also on castings 

that had been rearAnealed subsequent to the welding operation, to 

determine if this ouid provide material advantages. %elding of 

material in the as-cast condition followed by annealing was also in- 

eluded in th6 program as this would provide eco nonic advantages in 

the foundry repair of defectivo castings. 

The scope of investigation included netalhic arc e1ding with 

both ferrous and non-ferrous electrodes, inert gas-shielded arc weld- 

ing and carbon arc welding. It also included oxy-acetylene fusion, 

welding and brazing. The complete schedule of welding and heat- 

treating operations, together with the specimen designations, is given 

in Table 8. 

The original schedule of operations for ireparation of castings 

for welding was as follows: 

1. Anneal castings hours at 16fD F, followed by furnace 
cooling through 1250 F at a rate not to exceed 35 degrees 
pox hour. 

2. Clean castings by tumbling to remove scale, &nd or other 
foreign material adhering to bhe surface. 

3. Radiograph to determine quality of casting. 

I. Cut test section from feeder s'Y" section by means of a 
power band saw. 

5. Bevel casting as required for welding. 

The operation of sawing was very time-consuming, and the ex- 

penditure of band saw blades was quite expensive. The schedule of 

operations was, therefore, revised in due time to the extent of 



Fgure 28. Two-Inch Tee-Beam Flexure Test Specimen, Consisting of 
Thictile Cast Iron e1ded to Steel. 
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TABLE 8 

SCH1WJLE OF FLDING í Ni) hEAT TRKATMENT OF DUCTILE IION 

Specimen 
Designation Welding Process and Electrode Heat Treatment 

A-1 
B-1 
B-2 
C-1 Arc, 18-8 Cr-Ni stainless steel 

C-2 Arc, 18-8 Cr-hi stainless steel 

D-1 Arc, F6015, low hydrogen mild steel 
L-2 Arc, F6015, low hydrogen mild steel 

D-3 Arc, F6015, low hydrogen mild steel 
D-LL Arc, F8015, low hydrogen 

E-]. Arc, 25-20 Cr-Ni stainless steel 

E-2 Arc, 25-20 Cr-Ni stainless steel 

E-3 Arc, 25-20 Cr-Ni stainless steel 

F-1 Oxy-acetylene welded, parent metal 

filler rod 
F-2 r-acetylene welded, parent retal 

filler rod 

G-1 Heliarc welded, parent metal 

filler rod 

G-2 Heliarc welded, parent metal 
filler rod 

As cast 
Normalized 
Normalized 
Annealed, not preheated 
As cast, preheated, welded, then annealed 

Annealed, not preheated 
Annealed, preheated 
As cast, prehested, ìe1ded, then annealed 

Annealed, we1ded, then reannealed 

Annealed, not preheated 
Annealed, preheated 
As cast, preheated, e1ded, then annealed 

Anneaied, preheated 

As cast, preheated, then annealed 

Annealed, preheated, welded, then annealed 

As cast, preheated, welded, then annealed 

o.' 



TABLE 6 (coNTIuED) 

Specimen 
Designation 4ielding Process and Electrode Heat Treatment 

H-1 Arc, Ni-rod 55 
H-2 Arc, Ni-rod 5 
H-3 Arc, Ni-rod 55 

I-1 Arc, E6013, mild steel 
I-2 Arc, E6013, mild steel 

Arc, E6013, nild 

J-1 (zxy-acetylene brazed manganese 
bronze filler rod 

K-1 Carbon arc, parent metal filler rod 

Aníiealed, not preheated 
Annealed, preheated 
As cast, preheated, welded, then annealed 

? nnealed, not preheated 
Annealed, preheated 
Ar cast, preheated, welded, then aruiesled 

rnealed, brazed, rio preheat 

Annealed, preheated, velded, then re- 
annealed 



notching the casting in the as-cast condition to a depth of 1/8 inch 

on each side, on a shaper, with a sharp pointed, high speed cutting 

tool. The test section was then broken off by means of a 30-ton 

hydraulic press. If the ratio of rejected defective castings was 

high, the castings were radiographed prior to being notched. hen the 

rejection ratio was running low, the castings were radiographed after 

severence of the test section. This provided for availability of 

castings to be welded in the as-cast condition when desired, since the 

carbidic condition rendered the castings too hard to be cut by means 

of a band saw until after they were annealed. 

Parent metal tensile test specimens were prepared from numerous 

heats in order to obtain correlation with welded specimens of similar 

composition. Test bars viere machined on the shaper from the 1/2-inch 

thick ttyl! blocks to cross-sections of 1-1/2-inch in width and 3/8-inch 

or greater In thickness, with the machining marks parallel to the 

length. A reduced section i-i/h inch wide was then milled with a 

2-1/2-inch diameter milling cutter, which provided sufficient radius 

to prevent stress concentration, of sufficient length to permit a 

2-inch gage length. These specimens were prepared both in the as-cast 

and annealed condition. Rectangular tensile test bars having approxi- 

mately the same area, and also standard 0.505-inch diameter test bars 

with 2-inch gage lengths were also prepared from representative 

samples of one-inch thick tIyf blocks in boti the as-cast and annealed 

conditions. 
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All specimens to be fusion welded were beveled at trie cerít.er by- 

means of a shaper, to form double vee butt joints with included angles 

of 60 degrees. Although a greater included angle, usualy 90 degrees, 

is frequently used for oxy--acety-lene welding, the thickness was not 

sufJcient In this case to make an appreciable difference, so the 60- 

degree angle was likewise used for this process. An exception in 

joint preparation was made in the case of the bars to be brazed, where 

a shear vee joint was prepared to provide additional surface. Brazing 

consi.ts of a surface bond between the parent metal and deposited 

metal, and strength can be obtained only by means of special joirrt 

preparation. All surface scale was removed by grinding for a distance 

of about 1/2 inch from the prepared joint to prevent contamination of 

the weld deposit. 

Lincoln arc welding machines with dual control of current and 

voltage were used for all metallic and carbon arc welding operations. 

The first ferrous welding electrodes used were type 308-15 stain- 

less steel, containing 18 per cent chromium and 8 per cent nickel. 

The brs to be welded were preheated to 800 F and the heat of welding 

was sufficient thereafter to maintain this temperature in the joint 

area of the base metal. 3eads nere successively deposited on alter- 

nate sides of the joint, with sufficient weaving to permit flow of 

weld metal to each side of the joint in each pass. Electrodes 1/8 

inch in diameter were used for the root beads with a current setting 

of 90 amperes, and /32-inch diameter electrodes were used for the 

remaining passes with a current setting of 1)40 amperes. Complete slag 
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removal was effected on each pass prior to deposit of subsequent weld 

metal. The flow of weld ital was smooth, providing even deposit of 

metal ar ease of manip.ilation of electrode. Specimens were prepared 

of both annealed ductile iron as welded and with a reanneal following 

the welding operation. 

Flexure test $pecimens here prepared for welding from one-inch 

"It' block material in the same manner as described for tensile tests 

of 1/2-inch thick material. These bars were also welded with type 

3 338-1g stainless electrodes, using the same procedure as for the 

tensile test bars. The results of the3e tests, which will be discussed 

later, were of such nature that it was decided to discontinue fùrther 

flexure tests until the entire tensile testing program was completed. 

Low hydrogen mild steel electrodes of the E-6Ol type were then 

used in preparation of test specimens. Some of these specimens were 

e1ded without benefit of preheat, while others were preheated as 

previously described. Electrodes 1/8 inch in diameter were used for 

the rcot beads and 5/32-inch diameter electrodes were used for the 

remaining passes. Each size of electrode reqjiired about 10 amperes 

more current than was required for the type 308 stainless electroues 

of corresponding size. This created a problem of greater admixture 

of weld and base metal, so care was taken to permit the weld metal to 

roll against the sides of the vee during the weaving manipulation 

rather than to permit direct contact between the arc and parent metal. 

The current setting for this type of electrode was quite critical for 

although a minimum current is definitely preferred, there was a 
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reater tendency for slag entrapment at lower amperage values. Welds 

with this type of electrode were made in the as-cast condition follow- 

ed by annealing; in te annealed condition as welded; and in the 

annealed condition followed by a roanneal. Vvrelds bere also made on 

material containing less than 3 per cent silicon and over )4 per cent 

silicon in order to determine the effect of this element on fusinn- 

zone cracking. 

Stainless steel electrodes of the A type 3lO-l!, containing 

2S per cent chromium and 20 per cent nickel, were used in preparation 

of test specimens in order to determine the advantage, if any, of 

increased alloy content of weld metal. The vvelding procedure and 

current settings were similar to thoe for tye 308-lS electrodes. 

These electrodes provided the greatest ease of man1pultion and 

smoothness of transfer of weld metal of ny type used either earlier 

or later in the program. Specimens were prepared for test purposes 

both in the annealed as welded and also in the annealed, welded and 

then reannealed conditions. 

The final type of ferrous ei cetrodes used in welding ductile 

iron for test purposes were the AWS class E-6013. These are straight 

polarity mild steel electrodes with shallow penetration into base 

metal due to a Oi't, non-digging type of arc. This characteristic Is 

provided by a high ratio of potassium silicate to sodium silicate In 

the coating. Among the mild steel electrodes with coatings that 

contain orgnic materials, this type was selected as lt would provide 

a minimum of carbon pickup from the base metal. In addition, the high 
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titnis-potas3iurn i1icate cortent of the coatirg, with a correspond- 

ing reduction of cellulose, provides less hydrogen to react 'pith the 

i'e metal than AWS type F6OiO or F-6011 e1ectrode. The chercter- 

istics of weld rneti1 transfer for this type of electrode re of euch 

nature that lower current settings can be USd than for the previou8ly 

discussed types. A current setting of 80 arnçeres was used for 1/8- 

inch diarreter electrodes and 110 amperes for /32-inch diameter 

electrodes. P. noticeable boiling reaction took place a the weld 

metal W25 deposited. T"is ws attributed to the probable forrration 

of acetylene gc duo to reaction beteen moisture which t;is type of 

coating contains nd crbides in the weld metal due to the sudden 

carbon pick-up from the base metal. When the s]g wac removed from 

the ïe1d metal, the deposit was porous and rough. Pven before test- 

irLg, it was readily apparent that the weldabU.ity of ductile iron with 

this type of electrode was ver poor. 

P number of test bars were welded with Ni-Rod 5, an electrode 

consitirig of core wire contai ring 60 per cent nickel and !iO per cent 

irons with an extruded carbouiiferous limespzir cotirg. This electrode 

Ic particularly recomnended by the manufacturer for elding of ductile 

iron castings. Root passes vaere deposited with 1/8-inch diameter 

electrodes at 8 amperes and intermediate open line voltage and the 

remaining pasees were made with /32-inch diameter electrodes at 105 

amperes. All passes, with the exception of the root beads, were made 

by weaving to the fill extent of the width of the joint rather than by 

deposit of stringer beads. This electrode has excellent operating 
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characteristics, and the base metal responded well to its application. 

The low current setting provided a minimum of alloying between the 

parent metal arid the weld. The material was welded in the ennealed 

condition without benefit of preheat and also in the preheated as-cast 

condition followed by an anneal. 

For heliarc welding, a 600 ampere alternating current welding 

machine was used with a super-imposed high frequency current of 10,000 

cycles for stabilization of arc, and ease of striking and maintaining 

an arc without touching the electrode to the parent metal. 1/8-inch 

diameter thoriated tungsten electrode, contained within a cermnic cup 

size No. 8, provided the arc for the heat for .e1ding. Argon, an in- 

ert gas, passed through the cup at a rate of 22 cubic feet ocr hour to 

surround the veld deposit and protect it from atmospheric contamination. 

The electrode holder was protected by water cooling. The gas was 

regulated by means of a flow meter. Filler rod from parent metal of 

composition similar to that to be welded was cut into apfroximate)y 

l/)4-inch square bars by means of a band saw. The parent metal was 

preheated to 1000 F and welded on the preheating table in order to 

maintain a high temperature in the base metal during the we1dir 

operation. A rather high current of 200 amperes was used in order to 

efCect a rapid deposit oí weld metal. All specimens were reheated to 

1000 F iniediate1y following the welding for five minutes to eliminate 

a condition of stress, Excellent weldability was experienced by this 

process and the welds vere completed at a more rapid rate than by any 

other means. Flux was not required as oxides were readily floated to 

the surface due to the fluid condition provided by the high welding 
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temperature. Specimens were welded both in the as-cast nd annealed 

condition and all welded specimens were given a full posteld anneal. 

The microstructure of the heliarc eided specimens disclosed a 

partial reversion to a quasi-flake graphite, that reduced the 

mechanical properties. This was attributed to the high temperature 

involved in the welding process, so it was accordingly determined to 

use a minimum of current during the operation of carbon arc welding. 

Gored carbon electrodes, 1/h inch in diameter were used with electrode 

negative, direct current, at 120 amperes and high open line voltage. 

Flux was not required, as the fluidity of the welding puddle was such 

that oxides were readily floated to the surface. Parent metal filler 

rod W33 used, and the welding technique was similar to that of oxy- 

acetylene welding, with the exception that the speed of carbon arc 

welding was much greater. Even wnen high preheats i ere maintained, it 

was found that if the layer of deposited metal was too thick, there was 

a tendency for hot cracks to form in the center of the weld. This was 

easily avoided, however, by depositing less metal per pass. special 

carbon electrode holder was not available, and it was, therefore, found 

necessary- to periodically immerse the conventional type of electrode 

holder in water to prevent overheating. The material welded was 

annealed ductile iron, whic' was reanriesled after welding. 

Parent metal filler rod was also used with the oxy-acetylene 

gelding process. An Aireo style 800 welding blowpipe was used, with 

o. 10 tip. both Oxweld Ferro-Flux and Smith cast iron welding flux 

were used; however, neither was very- effective in removal of oxides 
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formed during the welding process. The best technique under the 

circiunstnces was to use sufficient heFt to enb1e the rod to be 

retained in the molten pool, maintaining a puddling action, without 

disturbance of the surface Lilni of oxide. The high carbon content of 

the weld produced a relatively low niting condition, near the eutec- 

tic, and the oxides formed had a higher melting point. The faihire of 

the flux to 3dequately ler the melting point provided a viscous 

surfce condition that prevented complete gas escapement. As a result, 

gas pockets existed in the surface layers of the weld, and to some ex- 

tent, deeper within the weld. It is recommended that further experi- 

mentation be conducted regarding the correct flux to use if extensive 

oxy-acetylene welding is to be done on ductile iron. All oxy-acetylene 

welding was done on annealed ductile iron, and some of the specimens 

were given a reanneal prior to testing. 

The ductile iron test bars that were 'epared with a shear vee 

joint, were brazed or bronze welded with Oxweld No. manganese 

bronze filler rod. An Airco style 800 torch was used with a No. 8 

tip. The oxy-acetylere flame was adjusted until it ws slightly 

oxidizing. Molten bronze readily absorbs hydrogen and carbon monoxide 

gas, wklich forms porosity upon solidification due to decreased solu- 

bility. The sightly oxidizing flame assured that these gases were 

not present. No preheat was used or considered necessary, as this 

function autommtically took piace by means of the torch while bring- 

ing the pieces up to the tinning temperature. The joint was tinned 

with 1/8-inch diameter rod, using Smith's Amalgam high temperature 
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brazing flux. The weld was then completed with 3/16-inch diameter rod 

and Oxweld Brazo flux. All specimens were annealed prior to brazing 

and no subsequent heat treatment was given. 

All welded tensile test bars ere mocLlined to rectangular cross 

sections of about l-S/8-inch wide by 3/b-inch thick. A reduced test 

section was then milled or shaped to a 1-3/8-inch idth with a l-l/L- 

inch radius to provide a 2-inch gage lenth on each bar. Those 

specimens that were readily machinable had the reduced section milled, 

mnd those that required carbide tools for machining were shaped to 

provide the reduced section. The flexure test bars, with exception of 

the tee beams, were machined to a rectangular cross section of 1-1/2 

inches wide and 3/4-inch thick. The composite welded tee beams were 

not mchined. 

Both the fusion zone and weld zone of the specimens welded with 

mild steel and stainless steel electrodes were exceedingly hard. 

Carbide tools were required to satisfactorily machine these bars, and 

even then, periodic sharpening of the tools was necessary. Carbide 

tools were also required for oçy-acetylene welded material that was 

not subsequently anneled. 

All ductile iron that was welded by the carbon arc, inert gas 

shielded arc or the oxy--acetylene flame, using parent metal filler 

rod, was readily machinable with high-speed cutting tools, provided a 

post-weld anneal was applied. Ail material that as brazed was like- 

wise readily machinable with high-speed steel bits. The castings 

welded with Ni-Rod 5 could be machined with dificulty with high- 

speed tools; however, carbide tools were much preferred. 



After the test specimens were machined, the test sections were 

sanded on a belt sander and draw filed longitudinsily to remove arr 

tool marks remaining rrom the nachining process. The corners were 

slightly rounded and 2-inch gage marks were applied to the test 

sections. The specimens were then ready for mechanical te'ting. 
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ThE MALLOGRAPHY OF 'JELDED LUCT ILE IRON 

Numerous advantages are offered by a meta11ogrphic study of 

welds. An examination of the structure enables one to understand the 

extent to which integration has taken place between the weld and base 

metal. The effect of welding heat upon the base metal, the alteration 

products that exist in the fusion zone, the nature of defects and in- 

eLisions, and many other problems are solved by microscopic examina- 

tion. It assists in interpretation of test results and enables one to 

predict many physical properties with reasonable accuracy prior to 

testing. 

Specimens were prepared for meta].iographic study from welds made 

with each process, type of filler rod and condition of heat treatment. 

Many welds were too hard to be cut with a hacksaw and these were 

sectioned by means of an abrasive cut-off nchine. The specimens were 

mounted in bakelite by means of a mounting pres; to facilitate polish- 

ing and handling. 

The procedure for dry polishing consisted of first surfacing the 

specimen on a belt sander equipped with a 2ti0 grit belt. The specimen 

was then rotated 90 degrees arid hand polished on emory paper with 

o. i grit until all scratches were removed from the precedin opera- 

tiori. It was then polished on No. 1/O, 2/O and 3/O emery pager in 

succession, with rotation between each. Graphite was apolied to the 

3/O paper to help prevent, removal of the graphite nodules in the 

specimen. 



Very little trouble was experienced in retaining the carbon 

nodules prior to the wet polishing operations. The íirst attempt at 

polishing wa with a canvas-covered wheel with 600X alundum abrasive 

which was followed by a oroadcioth wheel with levigated alumina. 

Carbon nodules were completely removed by this method, and a waX- 

covered lap wa prepared as a replacement for the canvas-covered 

wheel. The situation was improved, but the nap on the broadcloth 

wheel aleo removed particles so it ws then replaced with a silk- 

covered wheel. It was eventually found that trie best procedure was 

to go from the 3/) emery paper directly to he silk-covered wheel and 

etching and repolishinr several times until ail scratches ere removed. 

The nodules were ret3iried in this manner, but they were slightly 

depressed at the center and their structure was obscured. 

In view of the fact trat the resuls of the wet polishing 

operations were not entirely satisfactory, a very fast-cutting 

abrasive might prove more suitable. For this purpose, the i3uehler 

Diamet-flyprez diamond dust compound ofiers good possibilities. The 

procedure would be to follow the 3/O emery polishing paper with use of 

600X alunduin on waxed billiard cloth. The final polishing operation 

would consist of the use of i/b micron diamond dust on microcloth. 

i Buehler Model o. 1700 Electro Polisher was used to prepare the 

stainless steel weld deposits for microscopic examination. This 

eliminated the time-consuming fine polishing operations and provided a 

surface free of disturbed metal, for stainless steel is perticularly 

susceptible to cold working. A non-explosive electrolyte was used, 



consisting of 750 cc of 95 per cent ethyl alcohol, lijO c of distilled 

water nd cc of perchloric acid. The sawe solution was used for 

the electrolytic etch, without removing the specimen from the polisher, 

by merely reducing the current density. 

Attempts to ue an electrolytic polish on the bco metal were 

not successful, as tho c1ctrolyte produced a strong galvanic action 

between the nodules and the surrounding matrix that renoved the 

graphite and enlarged the holes where it had been. The dissimilar 

met]s of the fusion zone also oduced a corrosive ¡alvaruic nction, 

and it was concluded that the electrolytic polish would be of advantage 

only for weld depoit. The soecimens that, were prepared by means of 

the polishing wheels were etched with 2 per cent riltal. 

An examination was made of the parent metal, Figure 29, in the 

as-cast condition at a magnification of 100X. As cooling progresed 

from the liquid melt, gamma iron saturated with carbon was the first 

to solidify. As cooling continued, silicon lso dissolved in the 

auterite caused a reduced solubility for carbon, which, nucleated by 

minute particles of magnesium oxide, formed graphite nodu1e in the 

gamma iron areas. The last portion to solidify formed a network of 

eiltectic, consisting of cementite and gamma iron, around the primary- 

au stenite. 

L'win nodules of graphite in as-cast ductile iron are shown in 

Figure 30 at a higher ma;nification of 500X. The gamma iron with which 

they were surrounded formed coarse pearlite upon cooling to below the 

transformation temperature. Examination of a broad area disclosed 



that as the material cooled fro'n the solidus and the solubility of 

carbon in auetenite decreased, stringers of iron carbide 'ecipitated 

out In the austenite areas to form a Vidiunsttten pattern. The 

section of casting that was exanined was relatively thin and the cool- 

ing rate was sufficiently rapid to prevent the excess carbon from 

rnirating to the nodules. This represents a very brittle condition 

wruich can be eliminated by annealing. 

The standard procedure for annealing consisted of heating for 

five hours at l6 F, followed by very slow cooling through the trans- 

formation temperature. During the 16S0 F treatment, all of the excess 

carbon which was siown as carbides in Figure 30, had time to sdgrate 

to the nodules, which were surrounded by gamma iron saturated with 

carbon. As cooling took place, arid the solubility of carbon in gamma 

iron decreased, it migrated to the nodules when given time by slow 
cooling, and with very slo cooling during trnsforrnation, all of the 

remaining carbon in the gimma iron moved to the nodules. In this 

manner, a completely ferritic matrix was provided that was quite soft 

and ductile, as shown in Figure 31 at 100X. 

A piece of ductile iron was removed .irozn the farnace and air 

cooled, after it had been held at 1650 I or five hours. The normal- 

ized structure thus obtained is shown in Figure 32 at 1OWL Very 

little time was afforded for migration of carbon to the nodules from 

any distance during cooling. Some carbon-free ferrite existed around 

almost all of the nodules. The matrix was fine pearlite, some of 

which was well resolved at 500X, as shown in Figure 33. Carbon 

appeared to migrate uite rapidly along grain boundaries ar. to a 



lesser extent along certain preferred planes within the grain itse]í. 

It may be noted that the small amount of free ferrite present in 

Figure 33 had a tenden to exist in grain biniries, from whence 

the carbon has moved to nearby nodules. 

The use of mild steel electrodes in ductile iron will now be 

used to illustrate the nature of some of the more serious problems 

that can exist. At the riht of Figure 3L, the parent metal was not 

heated above the critical temperature by the welding process. At the 

left in the same figure, the base metal was heated to just above the 

critical temperature and carbon started to diffuse from the nodule 

into the surrounding austenite. Transformation products resulted when 

heat was rapidly conducted away by the baso metal. 

As the weld is approached, Figure 3, the tnoerature has been 

increasingly higher and more transformation products surround the 

nodules in areas where carbon has diffused. At the left sufficient 

carbon diLfused to saturate the austenite adjacent to the nodules, 

now represented by extremely fine pearlite. In the upper left portion, 

nodules are surrounded by a white area. The temnerature here was just 

above the solidus, and the carbon saturated area surrounding the nodule 

melted as it was of eutectic composition. Upon cooling, iron carbide 

surrounded by austenite transformation products including martensite 

exi st ed. 

At the extreme upper left of Figure 35 and at the right of 

Figure 36, the liquid surrounding the nodules met and they had 

completely dissolved. A hypereutectic condition existed in the area 



of the nodule, which was surrounded by metal of hypo-eutectic composi- 

tion. Carbon migrated rapidly from this area into the low caroon 

steel weld deposit at the left, increasing it to a eutectoid composi- 

tion. At the upper left, farther into the weld, the carbon content is 

slightly less and a small amount of ferrite exists around the high 

carbon pearlitic areas. 

An extensivo crack exists in the parent metal just beneath the 

weld deposit, Figure 36. The coating of the E-6013 electrodos, used 

in making the weld, contained cellulose, which a'othced hydrogen gas 

during the welding process. buch of the hydrogen, in atomic form due 

to the heat of the arc, dissolved in the molten iron. then the weld 

solidified, the solubility for hydrogen decreased. The hydrogen 

removed from solution was quite free to move around in the iron in 

atomic form. When it reached a void, it combined with other atoms of 

hydrogen to form molecular hydrogen. As this process continued, a 

tremendous pressure was buIlt up in the void, which, in many cases, 

wa.s sufficient to cause extensive cracking which extended from the 

void. The material welded in Figure 36 also contined )j.22 per cent 

silicon, which was high enough to make it prone to fusion-zone crack- 

ing. These cracks were extended by the hydrogen gas to the magnitude 

indicated in the photomicrograph. 

An area farther into the weld-zone is represented by Figure 37. 

1(Jith progression to the left, increasing amounts of ferrite exist 

around the grain boundaries. At the upper left, much ferrite is 

precipitated out wìthin the prior austenite grains, forming a 



Widiiwnsttten pattern. A considerable carbon pick-up ja noted, even 

in the center of the weld. 

The effect of aniealing a weld made on p.rent metal in the as- 

ca3t condition with the same electrode will now be discussed. Pigure 

38 extends from the parent metal wìere no liquid existed around the 

nodules to the arca where a completely liquid area existed. The area 

that formerly consisted of free carbides, martensite and very fine 

pearlite, now consists of a ferrite matrix with nodules of graphite. 

These nodules, formed well below instead of above the solidus, are 

very small and placed quite close together. (h'oups of these small 

nodules form a pattern providing a straight line continuity that lowers 

the strength and ductility to sorne extent. 

The area immediately to the left of the renodulated area, Figure 

39, is parent metal that was in contact with the weld. Carbon trans- 

ferred from this region to the weld to such an extent that an in- 

sufL'icient amount remains to provide renodulizat.ion. A hypereutectoid 

condition then exists with some free carbides present. 

The next region to the left appearn to ue very fine-grained in 

Figure 39. This same region at higher magnification, EOOX, Figure ).O, 

shows that it had suficient carbon so that it was at least of 

eutectoid composition. The rapid cooling effect of the b se metal 

that adjoined this region to the right produced a martensitic or at 

least a very fine pearlitic condition. The subsequent anneal pro- 

duced a partial spheroidizing effect on this very fine-grained area, 

and massive carbides enibdded in ferrite m6trix are rioted in co- 

existence with clearly resolved pearlite. 



The area to the left of the particlly spheroidized area, Figire 

ta., is farther into the weld. When this area Is magnified at OOX, 

Figure L2, it is found to be 103 per cent coarse pearlite as a rosult 

of the arnea1. The fact thnt this region is of eutectoid composition 

leads to the conclusion that the region closer to the parent metal is 

of nypereutcctoid composition. 

Iom the fully pearlitic area, proíresion to the left, Figure 

.3, shoves first a f ernte network surrour.ing pearlite. Farther into 

the weld to the left, increasing anounts of ferrite appear. agrii- 

fication of this region to OX, Figure )4, shs areas of ferrite 

(white) and pearlite. 

The low cost of mild steel electrodes make them quite attractive 

to the consumer. From the foregoing discussion, it is apa rent that 

severe proL1ems exist regarding both the complex structures produced 

arid the content of hydrogen gas, that renders their use undesirable. 

This situation might be somewhat mitigated by the use of low hydrogen 

electrodes tnat ao not contain either moisture or organic material in 

the coating. The gas-forming ingredient of the coatiug that functions 

for exclusion of air from the molten metal, consists of inorganic 

material. The electrodes are baked at 1100 F to remove moisture and 

then sealed in airtight containers, in which condition they are avail- 

able to the consumer. They should not be exposed to normal atmospheric 

conditions for more than a few hours prior to use. The nature of the 

coating is such that higher currents are required during welding and 

the integration between weld metal and parent metal is accordingly 



increased. 

Deposited weld metal from EO1S low hydrogen electrodes, in n 

area close to the parent ductile iron which was not preheated, Is shown 

in Figure ). The prior aust9nite grains are surrounded by a cementite 

network. Th are much larger then the corresponding grains in a 

deposit from F-6013 electrodes, due to the higher tipersture of ap- 

plication. The carbide network caused fractures of a brittle nature. 

A 'vIei of the heat-affected zore of the parent metal, which is 

very wide, is shown in Figtire 1j6. The heat of welding produced a 

eutectic condition around the nodules in areas that almost joined. 

The chilling effect of the bjse metal, which was not treheated, pro- 

duced martensite (white) with embedded stringers of carbide (1so 

white) surrounded wIth an area of very fine, hard pearlite. 

Then the annealed base metal was preheated to temperatures of 

above 300 F rIor to welding, the heat-affected zone Is much more 

narrow, Figure W7. Free carbide stringers still exist, although to a 

lesser extent, ani the exceedingly hard martensitic matrix Is riot in 

evidence. This is indicative of the beneficial effect of preheating. 

Some underbead cracking was found in as-cast ductile iron welded with 

low hydrogen electrodes, Figure L8. One of the functions of annealing 

is to degasify the metal. Hydrocarbon gas existing in the as-cast 

base metal is believed to have been decomposed by the welding arc, 

producing sorno atomic hydrogen. This condition can, therefore, be ex- 

pected when welding the casting prior to annealing. In this case, 

an:ealing subsequent to welding, has eliminated both martenoite and 

carbide stringers. 



Erom the preceding discussion, it was anticipated that a solu- 

tion to the problem might lie with welding of annealed ductile iron 

followed oy a reanneal. digher strength, low-hydrogen electrodes of 

the E-3Ol type were used, and the fusion zone is shown in Figure I9. 

The change of electrodes was probably a disadvantage. These electrodes 

had apparently been in storage too long and the moisture content of 

the coating caused some underbead cracking. 

portion of the weld zone is shown in Figure 93 at 930X, in 

order to resolve the pearlite ar disclose a slightly hyper-eutectoid 

condition. This condition was found to a greater extent closer to 

tno parent metal, and the carbide network provided by the anneal 

caused brittle frctures. 

The International Nickel Coiops encouraged experimentation with 

stainless steel electrodes. The first used were type AS 3O8-1, 

austenitic lb-8 stainless steel electrodos. A very brittle martensi- 

tic heat-affected zone resulted with excess carbide flash, as shown 

in Figure 51. The weld metal with its high carbon pick-up solidified 

into .istenite dendrites as shown in Figure 2. The center of the 

dendrites, lower In carbon were first to solidify from the liquid 

melt. The edges of dendrites, richer in carbon solidified last. The 

electrolytic etch attacked the high carbon areas, permitting the 

centers of the dendrites to stard in relief. 

When the same electrodes were used on as-cast ductile iron, 

with ancealing subsequent to welding, the martensite in the fusion 

zone was converted to veiy fine pearlite with some embedded carbides, 



as shown in Figure 53. This structure was stabilized by chromium 

carbide. Chromium was evidently imparted to this region of the base 

metal by the electrode. Carbon that remained in solution due to the 

fast rate of cool of' the as-welded specimens was precipitated in the 

dendrite boundaries as chromium carbide upon annealing. These 

carbides, Figure 5L, formed a very brittle network that resulted in 

weld failures at low physical vclues. 

Welds were made with electrodes of the Ah-3lO-1 type, contain- 

ing 25 per cent chromium and 20 per cent nickel, to determine if any 

advantages would be derived from the increased alloy content. Ficure 

55 is of the fusion zone without use of preheat, and Fi:ure 56 is of 

te fusion zone with use of preheat. The heat-affected zone is more 

narrow when the base metal is :ot preheated. It would apear from 

this that preheating might not be of advantage in some instances, such 

as for single-pass velds. The austenite dendrites of the weld metal 

deposit, Figure 57, are somewhat shorter and wider than those of type 

308 welds. 

Ductile iron welded in the as-cast condition with tye 310 

electrodes and subsequently annealed, was studied. The fusion zone, 

Figure 58, shows renodulation in the portion of the base metal th 

was alored by the heat of welding. With progression toward the weld 

area, appreciable amounts of chromium diffused into the parent metal. 

The chromium carbides formed were so stblo that the anneal had very 

little effect on them. Fine pearlite was stabilized with many carbide 

striners throughout, particularly in the boundaries of prior 

austenite grains. Carbides also precipitated out in the weld to form 



a continuous network around the austenite dendrites. 

Oxy-acetylene fusion welds were made on annealed ductile iron, 

with filler rod similar to the parent metal. In the as-welded condi- 

tion, the weld metal upon solidification consisted of primary 

austenite dendrites with a substantial network of ledeburite. In 

Figure 59, the austenite with embedded nodules was converted into 

fino pearlite surrounded by a heavy network of cementite, upon cooling 

to below the critical temperature. The sustained high heat of the 

welding process converted the adjacent parent metal into fine pearlite 

with some ferrite present, Figure 60. Although the weld possessed 

relatively high strength, both it and the adjacent pearlltic parent 

metal were hard and dif±icult to machine. 

hen oxy-acet.ylene welds were annealed, their structure was 

quite similar to that of annealed parent metal. Figure 61 shows this 

condition with the nodules slightly smaller than those in the base 

metal. This method of welding is metallurgically more promising than 

any other. 

Welds made with the inert gas-shielded tungsten arc process had 

an appearance in the annealed condition, very mich like the oxy- 

acetylene ve1ds, as shown in Figure 62. The high temperature involved 

converted some of the graphite to a quasi-flake form as shown in 

Figure 63. These semi-flake graphitic areas, that tend to exist in 

the outer layers of the veld, produced lower strength than that of the 

oxy-acetylerie welds. 

Lower currents were used for welding with the carbon arc process 

than with the heliarc, in order to prevent conversion to the 



seni-f1ake graphite form. The carbon arc welds had the highest 

physical values te$ted, but the nodules of graphite were 9nlaller arid 

spaced closer together than those in the oxr-acotylene ' heliare 

welded specimens. This was due to the lower welding current and 

maintenance of a smaller puddle, which resulted in rapid solidifica- 

tion. 

The fusion zone of the specimens welded with Ni-1od 5 nickel- 

iron electrodes was fairly hard and difficult to machine with tool 

steel bits. The fusion zone at the root of the weld was partially 

nartensitic with carbide stringers, Figure 6L. When the weld was 

annealed after welding, all trace of martensite and carbide flash 

was removed as shown in Figure 6S. >rirnrry cored dendrites of weld 

metal, Figure 66, were somewhat homogenized in the as-welded condition 

by the anneal, as shown in Figure 67. 

The micro-hardness of the weld zones of the mild steel weld 

deposits was greater than that of any other as-v'elded specimens, with 

the exception of the as-welded oxy-acetylene weld. Knoop hardness of 

¿52 for the low hydrogen weld zone was greater than that of 352 for 

the E-6013 weld. The o-acetylene weld was intermediate between the 

two (t32). when annealed, the Knoop hardness was reduced to 332 for 

the low hydrogen weld and to 108 for the E-6013 weld deposit. 

The hardness of the stainless steel weld deposit, Knoop Th2, was 

lower than that of Knoop 192 for the Ni-hod 55 weld in the as-welded 

condition. The hardness of the annealed heliarc weld, Knoop 167, was 

a little more than that of the parent metal. The softest weld 
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deposit was the manganese bronze, Figure 68, with a Knoop hardness of 

108. The deposit of bronze had no effect on the structure of the 

parent metal to which it was bonded, i1gure 69. 
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rigure 29. Lìcti1e Iron As Cast. bOX. 

Figure 30. icti1e Iron As Cast. OX. 
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Figure 31. Annealed Ductile Iron. ÌOOX. 

Figure 32. Normalized Ductile Iron. 100X. 



9S 

Figure 33. Normalized .kictle Iron. OOX. 
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Figure 35. Heat Affected cne (right) and Fortion of Fusion Zone (left). 130X. 
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Figure 36. Fusion ¿ono (right) and Ve1d (left). 1001. 
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Figure 37. Farther into Weld Zone than Fiire 36. iOO. 
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Figure 39. F\ision Zone of Specimen in Figure 38. 100X. 
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Figure lO. Fine Grained Region of Figure 39. OOX. 

Figure ).l. Farther into the Weld. 100X. 
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Figure t2. Coaree Graines Region of Figure Lii. 930X. 

Figure 13. Farther into the Sane e1d. Ferrite (white) 
arid peariite (dark). bOX. 



L' 

'wur- . 

j\ 

: ' 
- -,., , ... 

4 ,J I . -1t , 

k 

:Á: 

. 

m . . . -. 

.uI ._ .. .. . .-'. 

tt- . 

. . .. .' . . . .. .. 

I, q 
-a 

J 

. 

: - I 

, 
-: : 

- 

1 - 
' :- ' : 

' '. 
.4 e ) 

. ' 
. ' 

. . . 

l. ? . -. %. 

;'. 

'. '1- 
' 

t*, .- t \1 !, r:iv, *a. 

:. - " h . \ 
#A' 

I, 

\ 
1 

ç" 
Ç 

':L:.. .:;2;:b r,T: 

\ty: )' sE'9 



Figure ¿6. F&ent etal Heat Affected Zone 
of Weld In Figure L5. bOX. 

Figure L7. Heat Affected Zone hen Base Metal 
is Preheated. 100X. 
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Figure )8. Weld on As-Cast Ductile 'ron with 1-6Ol5 
Electrodes. F\sion Zone. bOX. 
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Figure )9. Fusion Zone, using E-BOlS 
Electrodes. bOX. 
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Figure ). 1e1d in Figure ì9. SOOXS 

Figure !1. Heat Affected Zone. AS 3O8-1 
11ectrode. 100X. 



Figure 52. e1d Metal of Specimen in Figure 51. bOX. 

. .. 

Figure 53. \ision Zone of Licti1e Iron as Cast, 
Welded, then Annealed. 308-15 Electrodes. bOX. 
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Figure 5L. Carbide Network in Annealed Weld 
with 3O8-1 lectrodes. bOX. 

Figure 5. P\ision Zone of weld with 310-lS 
Electrodes, without Preheating. bOX. 
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Figure S6. Preheated Fusion Zone. 1OO. 

Figure 57. e1d Deposit of Type 31O-1. lectrode. 
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with 31O-1 Electrodes, 100X. 

Figure 59. Oxy-Acetvlene e1d eta1 as e1ded. 1OO.. 
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Figure 60. erert Metal Heat AL'fcted Zone of Weld 
in F'tgure 9. bOX. 
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Figure 61. Annealed Oxy-Acetylene e1d. bOX. 
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i'igre 62. Annoa1d heiiarc held Deposit. 100X. 

.tigure 63. Sanie as Figure 62, in Area of 
rtial uraphitization. 100X. 
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I.gure F'jon Zone. iqi-iod 5 
E1etrodes, SOOX. 
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Figure 6. Weld Deposit. hi-Rod 5 as welded. OX. 
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Figure 67. 'e1d Deposit. I'i-Rod inneûed. 100X. 

11h 



ils 

Figure 68. nganese rone old Deposit. 100X. 
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Figure 69. Ductile Iron (above) and .anganese 
Bronze e1d (below). bOx. 
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EVALUATION OF KECHANICAL TFSTS 

A very- close correlation exists between the mechanical testing 

and metallography in this study. It would be vrtual1y imposib1e to 

correctly interpret test results without the benefit of microscopic 

examination. Rather accurate predictions can frequently be made 

regarding the outcome of mechanical tests on the basis of a metallo- 

graphic study. 

A 60,000-pound Southwark-Eniery hydraulic testing machine was 

used in making both tensile and flexure tests. All welded specimens 

were rachined to rectangulr cross sections for tensile tests while 

some parent metal specimens were of rectangular cross section and 

others vere in the form of O.O-inch diameter test bars. The pre- 

paration of all test bars was described in a previous section of this 

report. 

The "te&' beam transverse flexure test bars :ere loaded by 

pincing them on knife edges, flange down on 12-inch centers, and 

exerting a downward force on the stem at the center of the bar by 

means of a third knife edge. The load required to break these beams 

ranged from 20,000 pounds to 21,300 pounds, with an verage of 20,770 

pounds. The average deflection at frcture was 0.L8 inch and the 

average outer fiber elongation was Li.0 per cent in two inches. How- 

ever, due to the shape of the section being tested, this should 

represent a higher value in simple tension. 

All of the ductile cast iron uteeTI beams had a dark, brittle 

area of centerline shrinkage in the i'racture, at the intersection of 
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the leg ar flange. 3orne cope defects were also found in the bottom 

of the flange in the nature of drossy, sooty areas. Internal crack- 

Ing in ciefectiv-e areas produced lower values than would have been 

obtained with perfect castinas. 

The reverse ers of the fractured parent metal "tee" beam bars 

were used to produce the composite ductile iron and mild steel "tee" 

beams. The average load supported by these beins was l8,l2 pounds, 

which represented 8b per cent of the strength of the parent metal. 

Although failures were in the e1d, this should be expected as the 

weld itself was t the point of highest applied stress. The center 

of the fracture was in the fusion zone of the root of the weld ìhich 

was identified as a white carbidic area. 

Cast reduced section tensile test bars in the annealed condition 

produced a maximum ultimate strength of 6S, 100 psi, a yield strength 

of iO,O00 psi based on 0.1 per cent offset and 1.S per cent elongation 

In two inches. The modulus of elasticity was 23 x io6 psi. Other 

specimens failed at lower values due to centerline shrinkage, slag 

inclusions and gas pockets as shown in Figure 70, with I8,0 psi 

ultimate strength being the lowest recorded value. Although these 

values compare favorably with those of mild steel, they would have 

been higher had it not been for defects in the castings. 

The composite ductile iron and rild steel test bars produced a 

maximum ultimate tensile strength of 2,000 psi. Failures were 

primarily in the weld and carbidic fusion zones, although parent metal 

failures were obtained. The quality of the castings was such that the 



Figure 70. Defects in Broken rarnt Metal Reduced Tensile Tost ear. 
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use of this type was discontinued. 

The problem of welding ductile iron to steel is not so complex 

as that of welding ductile iron to itself. For this reason, su- 

sequent testing was limited to ductile iron only, and more suitable 

nyu block castings were produced for this purpose. The Y" block 

castings produced ultimate tensile strengths of from 68,000 psi to 

86,000 pi in the as-cast condition, with Rockwell C hardness values 

from 20 to 25. ¶Irpical test specimens are shown in Figures 71 and 

72. Ultimate strength values from 55,000 psi to 8t,0O0 psi were 

obtained for annealed castings, with Rockwell B hardness values from 

80 to 90. These values depered on composition, which was discussed 

in dc:tail in an earlier section of this report. 

Parent metal f leoire test specimens from one-inch "Y' block 

material and also from one-inch thick plate material, having rectangu- 

lar cross sections ol l-1/2 inch x 3/Li inch were tested on 12-inch 

centers with third point loading applied to the width. The plate 

material was not homo:enous and fractures occurred with little 

permanent set during the test. The uY block material had a yield 

tres of 23,900 psi in the outer fibers, and withstood a maximum 

applied load of 6, SbO pounds at tne maximum bending capacity of the 

equipment without fracture. 

Flexure test specimens welded with tainweld A-5 1-8 stainless 

steel electrodes failed with deflections of but 0.060 inch to 0.070 

inch and with a maximum applied load of 3,300 pounds. J?ailures were 

in the carbidic fusion zone and are shown in Figure 73. The dark 



Figure 71. Parent Metal As-Cast "Y" Block Tensile Test Bars. 

Figure 72. Ends of Bars in Figure 71. 
Few Defects are Loted. 
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areas represent surface fuin-11ne hot cracks. Rigidity afforded by 

t!e first weld p&ses which had contr&cted upon cooling prevented 

contr.ction of the hot outer weld 1ayer arid the cracks reuited. 

This condïtion, not experienced in the thinner sections, could be 

prevented by maintaining a higher preht durinr the entire welding 

operation. The 3urface hot crack can be seen In flexure test sped- 

men C.3 prior tn the tot, Figure 7, and i not present in the thinner 

tensile test spedi»ien Eh. Due to the poor results obtained, it was 

decided, to discontinue further flexure tests until the tensile testing 

program was completed, in order that nore irîorìnation would be avail- 

able regarding the nature of the weldability. 

ccording to the results of the tensile tests, the most promis- 

Ing methods of welding were fusion processes, using filler rod of 

composition that matched the parent metal. Welds made with the heu- 

arc process produced an average ultimate tensile strength of 36,000 

psi for those welded in the as-cast condition followed by annealing, 

compared with t7,000 psi for those welded after annealing and sub- 

sequently reanrea1ed. It was assumed th8t the arc decomposed hydro- 

carbon gas in the as-cast parent metal, during the welding operation, 

and provided hydrogen for underbead cracking to a minor extent. These 

gases were rernoved to such ari extent during the annealing operation 

that this dift'iculty was rot experienced in the welding of the anneal- 

ed castings. Examples of hellarc elded specimens, Figures 7 and 76, 

show how readily they were machined with high-speed steel milling 

cutters. The hardness of the weld, fusion zone and parent xnetal were 

all the same, Rockwell B-85. 



F1ire 73. Flexure Test Bars Íftor Fracture. 

Figure 7. flexure Test Bar (upper) and Tensile 
Test Bar (lower), before Fracture. 
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Figure 7. ractured Holiarc Welded Test Specimen. 

Figure 76. Ends of Test Bars Shown in Figure 75. 



Specimens welded with te oV_acetrlene process and parent nieta]. 

filler rod provided an average ultimate tensile strength of 56,000 psi 

in the as-welded condition and 6t,OOO psi after reannealing. Thcse 

results are compared with tho3e of the other processes in Figure 77. 

Annealed parent metal only was used in making the tests due to the 

experience w1t heliarc welding. The higher values for the reannealed 

specimens could be due to tue higher content or silicon In both the 

i)ase rnetl nd filler rod. ßlowholes present, particularly in the 

ou1er weld zone, were attributed to the flux used, which did not 

provide adequate fluidity of weld metal. The hardne of the weld, 

fusion zone and parent metal after annealing was Rockwell B-9g, 96 and 

90 respectively. The weld urd iusion zone ei' the a-velded material 

was ich harder, with respective values of C-3L and C-31. 

The material that was carbon arc velded was of the same corposi- 

tion as the ductile iron that was oxy-acetylene welded and rearinealed. 

An average ultimate strength of 67,00 psi, with a naximum value of 

72,000 psi was the highest obtained with any process. The hardness of 

the veld anI fusion zone was B-9g. Some reversion to quasi-flake 

graphite during the heliarc welding process, which was not experienced 

with oxy-acetylene welding, led to the conclusion that this was a 

result of the high temperature of the welding process. As a result, 

lower current values were used Cor carbon arc welding and no graphite 

reversion vas experienced. 

The best reu1ts obtained with metallic electrodes were with 

i-Rod , Iiyjrg a nickel-iron core wire. Failure in the heat- 

affected zones was experienced with annealed ductile iron welded 
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Figure 77. Results of Mechanical Tests of e1ded Ductile Iron. 
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without preheat. The relatively low ultimate strength of slightly 

over O,OOO psi was attributed to the high phosphorus content of the 

base metal. Ductile iron of lower phosphorus content provided an 

average ultimate tensile strength of S8,000 psi when welded in the as- 

cast condition, followed by annealing. The hard narrow fusion zone 

(Rockwell C-hO) of the as-welded material completely disappeared after 

annealing arid had the same hardness as the base metal, Rockwell B-8g. 

Annealing had no effect on the hardness of the deposited metal, which 

was Fùckwell B-8g both before and after. 

In general, the best results obtained with steel electrodes were 

with the low hydrogen mild steel electrodes of the E-6O1 type. 

Ductile iron with increased silicon content did not respond as well to 

the welding process as that with lower silicon content. Welding of 

the as-cast material follced by annealing was comparable in results 

with welding of annealed material without reannealing. The highest 

values obtained were with annealed ductile iron that was not preheated 

prior to welding. 

The ultimate tensile strengths of all low hydrogen welds ranged 

between 26,000 psi and 56,000 psi with a general average of h,OOO psi. 

The hardness of the fusion zone, Rockwell C-Its, was very- high in the 

as-welded condition. After annealing, the fusion zone hardness drop- 

ped to Etockwell B-86. The average Rockwell C hardness of 3S to 39 for 

the as-welded deposited metal dropped to Rockwell C-2S after annealing. 

There was a strong tendency toward fusion zone failures in the as- 

welded condition, and weld failures after annealing. This was 
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attributed to the as-welded carbidic fusion zone, and to the carbide 

network in the hyper-eutectoid region of the annealed weld deposits. 

The average ultimate strerth value of L8,OOO psi for welds 

vith 18-8 stainles steel electrodes in the as-iielded condition was 

slightly iFher thin the general average for low hydrogen mild steel 

weld deposits. This average fell to 23,000 psi when the welds bere 

annealed, due to the chromium carbide network that precipitated in 

the weld zone. The ve1d deposit prior to annealing was relatively 

soft, Rockwell B-99. tfter annealing the weld was harder, Rockwell 

C-L8, than the weld or Thsion zone from arr other process or heat 

treatment. The hardness of the fusion zone was Rockwell C-30 both 

before and after annealing. Fai1ure ere in the crbidic fusion 

zcme in the as-welded condition and in the weld in the annealed 

condition. 

e1ds with 25-20 stainless steel electrodes provided lower 

ultimate strength than those made with low hydrogen electrodes or with 

18-8 stainless electrodes in the annealed condition. All failures 

were in the fusion zone as shown in Figures 77 and nd annealing 

hd little effect on the physical reults. nnealed ductile iron 

welds in the as-welded condition had an average ultimate strength of 

!jJ-,000 psi and those that were reannealed failed at L3,000 psi. 

Annealing had very little effect on removing the stable chromium 

carbides in the fusion zone, but it did reduce the Rockwell C hardrss 

from 35 to 25. A network of chromium carbide resulted from the anneal, 

out the increase in hardness was very slight, from Rockwell C-23 to 26. 
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Figure 78. Fusion Zone Failure of Welds 
Made With 25-20 i1ectrodes. 

Figure 79. Ends of Fractured Bars Shown in Figure 73. 

ue 
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Weld8 with E-6013 e1ectrode were all very poor. A reaction 

took place between the base metal sind electrode coating that resulted 

in entrapped slag in the fusion zone and also in underbead cracking. 

Welding was unsatisfactory on both annealed and as-cast material. Base 

metal with a high silicon content was much more difficult to weld than 

that of lower silicon content. The average ultimate strength of the 

low silicon base metal of 27OOO psi dropoed to 16,000 psi. when the 

9lUcon was increased one per cent. nnealin had no effect on 

reducing the hardness of the deposited weld metal, which was Rockwell 

C-20 both before and after heat trentment. The fusion gone, with a 

Rockwell C hardness of 28, was of the sane hardness as the base metal, 

Rockwell B-8g, sfter ine1in. 

The advantage of the increased weld surface area for the bronze 

welded specimens provided by the shear vee 1oint, was lost when too 

much metal was removed during' the riachining operations. The average 

ultimate strength of only 3h,000 psi was considered quite low for this 

process under normal conditions, particularly when the reinforcing 

bead is not to be removed. The ininganese bronze weld deposit wss very 

soft with a [ockwell B hardness of 6. No heat et''ect was noted in 

the bond area between the weld and hase metal, which hd a hardness 

value of Rockwell B-88. 

The stress-strain recorder was used only on annealed parent 

metal specimens, as premsture weld fail.ures could damage the equip- 

ment. The yield point of welded specimens, observed by a reduction 

in the rate of applied load, corresponded in general with the yield 

values obtained for the parent metal. 
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RMMENDTI0NS ND CONCLUSIONS 

The conclusions that are derived from the results of this in- 

vestigation are threefold in nature. The scope of the tur is very 

broad and years may be required to determine all of the answers to the 

problems involved. The tempo of research work in this field is in- 

creasing due to the demands of industry. The first conc1u:ions then 

are in the form of recommendations for continuation of the program 

with the view of solving the remaining problems in a most efLicient. 

manner. The second conclusions are in the form of correlation between 

the ork here and elsewhere. The remaining conclusions are in the 

form of recommended practices for welding of ductile iron. 

iìth regard to the future program of investigation, the proper- 

ties of Cusion welding with ductile iron filler rod appear very good. 

Oxy-acetylene welding is perhaps best from a metallurgical standpoint, 

even if it is more expensive. One problem is to develop a flux suit- 

able for this method of welding. The effect of adding silicon to the 

weld metal should be investigated. Response in general to other types 

of welding in the as-cast coriition is poor. The oxy-acetylene 

process should be investigated in this regard. 

The best test results were obtained with carbon arc welds. The 

heliarc welding procehs, although more expensive, should be as good as 

the carbon arc process. Some silicon may be lost during remelting of 

the ductile iron filler rod, and the effect of silicon additions to 

the weld should be studied. Additional tests should be made to either 

prove or disprove these items. 
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An anneal is needed to soften the fusion zone of welds made ith 

iron base electrodes. The cementite retvork rcund 'rain boundaries 

resulting from a fii1 anneal could perhaps ba removed by a 9pheroidi- 

sing heat treatment. T1eating for at 1eat an icur t ternperaturs 

below the critical might suffice, or a prior normalizing heat treat- 

ment night he required. Low hydrogen electrodes produced by different 

manufacturers should be irivetigated to determino which i3 be3t 

adapted to ductile iron. The extent to which ehet is required 

hnuld he udied. 

The response of the bese metal to welding with type 3lO-15 

gti.nle's steel electroÌes was particularly good. Although higher 

test vlues were obtained when using low hydrogen mild steel and type 

3O8-1 stainless steel electrodes, under certain conditions of heat 

treatment not included in this investigation the type 31O-1 stainless 

steel electrodes might compare more favorably. It is recoimnended that 

phero1dizing heat treatments be included in a continuation of work 

with these electrodes. 

The fact that no metallurgical changes vvere noted in the base 

Tfletal es a result of brazing operations would warrant additional study 

for this technique. The use of diferent filler rods, particularly 

the pluminum bronzes, nd use of difLerent types of flux should be 

irivestigeted. The type of joint and it method of preparation are 

other variebles that could have a pronounced effect on the results 

obtel ned. 

Use of non-ferrous electrodes other than the high nickel type 

was not included in the stucr. The aluminum bronzes have high 
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strength with good ductility and their use should be investigated. 

The reaction between the electrode coating and base metal is very im- 

portant, therefore, the results of using aluminum bronze electrodes 

roduced by different companies should be compared. In addition to 

metallic electrodes, non-ferrous filler rods applied with the double 

carbon arc process and alternating current should be investigated. 

The microscope Is one of the most valuable tools in stud7ing 

the dierent techniques mentioned above. Much valuable time will oe 

saved if a careful metallographic study is made prior to the con- 

ducting of time-consuming mechanical tests. A thorough investigation 

should be made of one process prior to proceeding to another. The 

variables of changing composition should be eliminated by obtaining 

a sufficient number of castings from one heat to conduct a large 

number of tests. 

Mechanical properties other than tensile and hardness should be 

investigated. Foremost anong these are ipact, flexure and fatigue. 

Types of welded joints other than butt joints should be Included in 

the study; for example, "tee" joints of ductiìe iron to ductile iron 

and of other metals to ductile iron. Tests of assemblies commonly used 

in fabrication, such as ductile iron fittings welded to steel tubing, 

would provide very practical information. 

Some correlation ha been obtained between the results of this 

study and other published results, although the scope of the work in 

general is different. The earliest published information (2h, 

pp. t-)4) concerned ductile iron pipe welded with NI-Rod 55. 
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Ultimate strengths of L47,250 psi to 58,900 psi obtained on oursting 

tests correspond with tensile strengths of butt joints obtained here 

of L19,000 psi to 62,9O psi. 

In the second article published (16, pp.378-38!$), the problem 

of Hucke and Udin was not complicated by heat transfer by the walls of 

grooved joints or by ethensive heat-treating operations. V.hile their 

observations regarding the undesirability of preheating operations 

could apply to their study of single-pass welds, the work at Oregon 

State College would indicate that for multi-pass welds preheatirig is 

not only desirable but In marty instances it is esentia1. Their 

prediction that satisfactory fusion welding processes cannot be 

developed for ductile iron, which was quoted in section two of this 

report, has been proved erroneous by the results obtained here. 

The investigation by Sohn, Boam and Fisk (3I, pp.823-833) is of 

particular interest as it supplements this stur. It indicates the 

results of welding ductile iron to steel with d.iferent types of 

electrodes, and of welding austenitic nodular iron. It is logical to 

anticipate higher physical values and more uniform results 'when weld- 

ing relatively thin material, such as was used in their study, than 

when welding thick nterial with nulti-pass joints such as were used 

here. The metallic electrodes that provided the most interesting 

results in their study, namely, type 310 stainless steel, low hydrogen 

mild steel and Ni-Rod %, also produced promising results here. The 

post-weld heating of their welds to simulate operating conditions of 

jet engine parts would correspond to the spheroidizing heat treatment 

recommended in this study. 
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The only phases common between the International Nickel Company 

and Oregon State College programs concern the use of NI-Rod 55 and 

low hydrogen mild steel electrodes. Their testing program (18, 

pp.967-956) was largely built around the use of Ni-Rod 55 electrodes, 

which Is their product. Their work in this reg&rd was more extensive 

than that done at Oregon State College; however, the results are 

comparable. Their use of low hydrogen electrodes ws very limited and 

the values reported were higher than those obtained here. The reason 

for this is probably due to a difference In electrodes used or in 

post-weld heat treatment. 

The most recent publication, May l95) (26, p.9), was with regard 

to salvage of defective caetins by means of the carbon arc, The 

Iorth American Aviation Compar substitute a carbon electrode for the 

tungsten electrode in a hellarc torch. The work here was performed 

with the carbon electrode in a metallic electrode holder and without 

the use of inert gas atiposphere. They report the use of cast iron 

welding flux; hever, its use was not considered essential here. 

They reported hard deposits in the weld with use of heliare welding 

with turig9ten electrodes, while identical conditions here produced 

soft machinable welds. hIle several differences in techrÀique exist 

between the two programs, and the North AmerIcan Aviation Company have 

a:parently made no mechanical tests of their welds, the conclusions of 

both parties are that the carbon arc is the rnost promising means of 

salvage of defective castings. 
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It is concluded from the results of the tests that fusion weld- 

irlE; processes with ductile iroii filler rod provide the most promising 

mean8 of salvage of defective ductile iron castings, repair of broken 

castings or of welding simple component castings together to produce 

complicated built-up cast sapes. Of these processes, the hiest 

rate of production can be obtained with t.he carbon arc. It i eav to 

manipulate and is also the least expensive. The best test results 

obtained ero with th use of the carbon arc. It is recommended that 

preheat on the order of 1000 F be used with these fision processes 

nd that welding e done only on annealed castings. The castings 

should re reannealed subsejuent to welding. 

The use of Ni-Rod 5 electrodes is recommended for the purposes 

mentioned in the preceding paragraph, if it is desired to eliminate 

preheating and postheatirig operations. These are the only electrodes 

that can be reconended for use on ductile iron in the as-cast condi- 

tiori according to the findings in this investigation. Prchecting is 

desirable for multi-pass welds and post-weld heat treatment hou1d be 

used if possible when these electrodes are used. 

Steel electrodes that contain cellulose or moisture in the coat- 

Ing should not be used for welding ductile iron under any circum- 

stance. Ductile iron that is to be welded siould contain less than 

0.05 per cent phosphorus and less than 3. per cent silicon. 

Metallic electrodes aro recommended for integration of ductile 

iron with wrought steel. The best general choice for this purpose 

would be Ni-Rod 55 electrodes. If the high cost of these electrodes 

is objectionable, the low hydrogen mild steel electrodes are 
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recommended. Sorne sacriftce of strength and shock resistance rray be 

encountered with the use of eeI electrodes, 1thigh spheroidizing 

he.t treatments were not used in this investiatjon, they would 

probb1y be the best form of postweld heat treatment. If ductile 

iron is to be welded to stainless steel, A'N type 310-15 electrodes 

apar to he a good choice. Ni-Rod 55 electrodes are also suitable 

for this purpose ar they would be preferred for welding ductile iron 

to non-ferrous metals. 
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TEE BEAJL FLEXU1iE TEST DATA 

13e 2x2x3/8 in., 16 in. long, 12 in. sparì, sirç1e support 
center point loading. 

Parent Metal 

Heat 7 Heat 8 Heat 9 
Load Deflection Load Lf1ectiori Load Deflection 
lb in. lb In. lb in. 

o o.000 o o.000 o o.000 
1000 0.027 1000 0.018 1000 0.017 
2000 0.03L 2003 0.02 2000 0.02L 
3000 0.038 3000 0.030 3000 0.030 
!j.000 0.013 I00o 0.036 )0OO 0.036 
;000 0.017 oo o.ob]. 500° O.0L2 
6000 0.O]. 0.07 6000 0.018 
7000 0.0S6 7000 0.053 7000 0.0SL 
8000 0.062 8000 0.059 8000 0.060 
9000 0.070 9000 0.066 9000 0.067 

10000 0.079 10000 0.0Th 10000 0.07I 
11000 0.092 11000 0.083 11000 0.082 
12000 0.109 12Ó00 0.09t 12000 0.092 

Facture 21,300 Fracture 21,000 Fracture 20,800 
Defl. Dell. 0.63 Defi. 0.L70 

d,elded Specimens 
Heat 9 Heat 7 Heat 7 

Load Deflection Load Deflection Load Deflection 
lb in. lb in. lb in. 

o o.000 o o.000 o o.000 
1000 0.020 1000 0.023 1000 0.026 
2000 0.029 2000 0.031 2000 0.036 
3000 0.036 3000 0.039 3000 0.0W 
to0o 0.0)43 l00O O.0L7 )4000 o.0]. 
5000 0.00 !000 O.0 000 0.058 
6000 0.056 6000 0.062 6000 0.066 
7000 0.062 7000 0.070 7000 0.0Th 
8000 0.068 8000 0.078 8000 0.083 
9000 0.075 9000 0.088 9000 0.093 

10000 0.082 10000 0102 10000 0.106 
11000 0.090 
12000 0.100 Fracture 18,000 Fracture 16,L00 
13000 0.111 

Fracture 20 000 
Defi. 



TEE BEAM FLEXURE TEST DATA (coNrINuED) 

We1d2irnen 

Load Deflection 
1h in. 

0 0.000 
1000 0.015 
2000 0.023 
3000 0.031 
L000 0.038 
5000 o.ot6 
6000 0.05J4 

7000 0.062 
8000 0.072 
9000 0.0W4 

Fracture 18,250 

TWSThE TEST DATA 

Parent Metal 

Ultimate Stren!'th Elongation 
psi %in2in. 

63,000 14.0 

148,200 1.0 

Welded Soecimens 

Ultimate Strength 
psi 

52,000 
145,000 

146,1400 

37,700 

Elongation 
% in 2 in. 

14.0 

3.5 
5.0 

Broke outside gage 

ml 



ROCKVELL HAR1ESS DATA 

Specimen: Thict1ie iron welded to mild steel with Ni-Rod 5 

Procedure: Readings taken at intervals of 1/16 in. running completely 
across the weld. 

Recdings: .ockwe11 C scalo 

Set i 
Read. 

No. Rockwell C 

i 13 

3 12 

4 1L 

5 15 
6 1L 

7 15 
8 15 
9 15 

10 17 
U 20 
12 2I 

13 21 

1h 2]. 

15 20 

16 21 

17 20 
18 21 

19 2i 

20 3)4 

2]. 16 
22 29 
23 25 
2)4 3h 

25 25 
26 16 

27 18 
23 18 

29 18 

30 18 

Set 2 

Read. 

No. Rockwell C 

i 18 
2 18 

3 21. 

h 26 

S 26 

6 25 
7 25 
j 23 

9 23 

10 26 

11 30 
12 26 

13 29 
1)4 31 
is 3s 
16 27 

17 23 
16 21 

12 23 

20 23 
21 23 
22 22 

Set 3 
Read. 
No. Rockwell C 

1 19 
2 18 

3 26 
14 

33 
6 36 
7 20 

8 21 

9 18 

10 18 
11 16 
12 13 
13 16 

1)4 1? 
15 18 
16 15 
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ROCKWELL HARDNESS DATA (cowrIMmD) 

Set 14 

Read. 

No. Rockwell C 

Set S 
Read. 

No. Rockwell C 

1 22 1 30 
2 26 2 32 
3 28 3 29 
)4 29 14 30 
S 29 5 32 
6 33 6 32 
7 142 7 32 
8 28 6 37 
9 27 9 14)4 

lo 27 10 37 
11 26 U 28 

12 26 12 28 

13 27 13 28 

1)4 26 114 29 
15 31 15 28 
16 28 16 28 
17 27 17 2 

18 26 18 26 

19 26 19 26 

20 26 20 214 

21 26 2]. 26 
22 26 22 26 
23 25 23 26 

214 26 
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KNOOP MICR.O-HARDNESS DATA 

General data: Knoop Indentor, 1.000 kg load, 16 mm objective, 
multiplication factor 0.699 

Distance Reading Length of Indentation Knoop 
mm/lOO Initial Final Net Microns mm Hard. No. 

o 313 692 379 26 0.26 202.6 

0 303 687 3814 268 0.268 198.1 
100 268 709 714]. 309 0.309 1li9.0 

iso 267 702 143g 30t 0.30L 1sL.0 
200 289 681 393 27S 0.27 188.2 
2D 282 683 I01 280 0.280 18l. 

300 2% 706 1S1 31S 0.31S 1143.14 

350 203 757 52 386 0.386 

1300 219 696 1477 333 0.333 167.0 
14J 197 706 09 3 0.3 1146.3 

500 2145 693 14148 3114 0.3114 188.0 
s: 236 689 143 318 0.318 183.0 
600 217 7114 1497 3148 0.3148 l3.O 
6o 217 614g 1428 299 0.299 207.0 
700 2014 7146 142 372 0.372 1314.0 

70 2014 712 8 0.3% 1147.1 

800 1914 7214 530 370 0.370 
8o 2148 6814 1436 3014 0.3014 201.0 
900 197 7214 27 368 0.368 136.9 
90 21h 713 1496 3149 0.3149 

1000 233 699 1466 319 0.319 182.0 
1050 197 7114 S17 314 0.314 1148.0 

1100 2714 691 1417 29]. 0.291 219.0 

o 2 6714 1419 293 0.293 16.7 
is 253 69 1406 2814 0.2814 176.14 

30 31414 S63 219 13 0.1S3 607.8 
318 89 27]. 189 0.189 398.3 

60 280 630 3S0 21414 0.21414 239.0 
290 617 327 228 0.228 273.7 

90 2914 600 306 2114 0.2114 313.6 
10 281 61414 363 2514 0.2514 220.5 
120 281 6146 365 2 0.2f5 217.1 



FLEXURE TEST DATA* 

Specimen B5-1 l.LL9O in. x 0.730 in. 

Total 
Load in Deflection 

lb in inches 

500 0.022 
1000 0.03)4 

1500 o.06 
2000 0.057 
2500 0.070 
3000 0.082 

3500 0.09)4 

)4000 0.107 
)4500 0.12)4 

5000 0.1)48 

5500 0.192 
5600 0.20)4 

5800 0.2)4)4 

6000 0.30)4 

7)450-maximum load. 

U nit 
Deflection 
in inches 

0.022 
0.012 
0.012 
0.011 
0.013 
0,012 

0.012 
O 013 
0.017-yield point 
0.02)4 

0.0)4)4 

0.012 
o 0)40 

0.060 

Remarks 

Specimen from left side 
of plate in good area, 
away from ingate. Did 
not fail, but bent to 
m8xiinum capacity of 
equipment. 

3pecimen B5-2 1.50 in. x 0.750 in. 

500 0.015 
1000 0.030 
1500 0.0)42 

2000 0.057 
2500 0.070 
3000 0.08)4 

3500 0.100 
)4000 0.117 
)4500 0.1)47 

5000 0.230 
5200 0.320 
5400 
5600 0.600 
6230-maximum load. 

0.015 
o 015 
o 012 

0.015 
0.013 
o .01)4 

o 016 
0.017-yield point 
0.030 
0.083 

Specimen from right side 
of plate in area ol center 
line shrinkage. Specimen 
failed during test. 

* All tests were made betveen knife edges on 12 in. centers and using 
third point loading. Pressure was applied to the wïdth of the bars. 



FLEXURE TEST DATA (corINuED) 

Specimen B6 l.L8 in. x 0.737 in. 

Tot al 

Load in Deflection 
lb in inches 

500 0.022 
1000 0.035 
1500 o.OL8 
2000 0.OoO 
2500 0.072 
3000 0.085 
3500 0.097 
L000 0.109 
Lj500 0.122 

5000 0.136 
5500 o.i5I 

65Li0-nìximuni load. 

500 O.01h 
1000 0.026 

1500 0.038 
2000 0.050 
2500 0.062 
3000 0.070 
3300-maximum load. 

Unit 
Sef le cti on 

in inches 

0.022 
0.013 
o 013 
0.012 
0.012 
O 013 
0.012 
o 012 

0.013 
0. 01h 

0.018-yield point 

Specimen B? 

0.Olh 
o 012 
0.012 

0.012 
0.012 
o 008 

Remark s 

Specimen from i lfl. 

block. 12 in. knife edges 
slipped L in. apart 
during test. Specimen 
did not fail. 

e1ded with Stainweld A-5, 
tested as-e1ded. Brittle 

failure in fusion zone. 

Specimen C3 l.L88 in. x 0.775 in. 

500 0.012 
1000 0.025 
1500 0.037 
2000 o.0h8 
2500 0.060 
2950-maximum load. 

Sp 

0.012 Same as B?. 
0.013 
0.012 
0.011 
O .012 

ecimen CL 1.1i85 in. x 0.768 in. 

1000 0.025 0.025 Saiie as 137. 

2000 o.oh8 0.023 

2500 0.059 0.011 

2600-maximum load. 



RADIOGRAPHIC IA)G 

Radiograph Specimen I'ype of 
No. No. Casting Film 

i A]. 1" plate-Halt No screen 
2 A2 3/1k" " Blue Brand 
3 Bi-1 " " Type K 
b Bi-2 ' " 

5 B2 't U 

6 A6 
f' 

"Y" Bik-Holt Type K 
7 B3 -" 

8 Bb ft 

}31k-Holt Type K 
10 A? " 

u 

11 B5 1" plate-Holt Type K 
12 ALi 

-kIt tt(It 131k-Holt Type K 
13 135 1" plate-Hoit No screen 
lb 136 1" "Y" 131k-Holt 

15 B7 i" 11 

16 1' Type F 
17 B12,13 1" ' 
18 1320,21,22 lU ti 

19 C3 1" 
20 B31-1 to 6 1" 

Eixposure Screen 

(6 hr with gaimna ray) 
16 min. CaV 

3-3/!, min. lead foil 

ti 

L min. lead foil 
3-3/ti min. 

b min. lead fou 
t, t, 

16 min. CaW 
Li min. lead foil 
(6 hr with gamma ray) 

t, 

11 sec. C&i 
Il 

t, It 

It II 

It ti 

Remarks 

Fxtensive shrinkage 
Shrinkage & minor porosity 
Pinholes, shrinkage 

n ti it 

it ti t, 

Small 1ag inclusions 
Good 
Some slag 
Good 
(;ood 

Center line sririnkage 
Good 
(Same as No. n) 
Good 
Good 
Inclusions-rej ect 
Small inclusions 
Good 
Small inclusions 
Good 

21 Cb lii "Y" 131k-Holt Type i' 11 sec. Ca Good 
22 1" 1 t, it t' Remove section 
23 lii 

1 't i, Ii Fair 
2Li 1" Il ,, ii Fair 
25 B28,29,30 l' ,, ,, Very good 



RADIOGRAPHIC LOG (cowrINuEu) 

Radiograph Specimen Type of 
No. t1o. Casting Film Exposure Screen 

26 D " "Y" Elk-Holt Type K t c. lead foil 
27 D6 " I 

28 D7 ' u 

29 D8 " I, r ti 

3 0 Il t I, It II n 

3 1 12 -' 
Pt ti u ti 

3 2 13 ti u It ti 

33 114 II! ii il u u 

314 1" Bik-Holt Type F 10 sec. CaW 
3 31? Ii ii li ii 

36 ii lt 

37 311 It ti ti ft 

38 1" ii ti it 

39 10. 11 Type K 14 min. lead foil 
140 .tt it ii it ii 

131 fl ti ti ii U 

142 .It il it l ti 

143 _iI it Ti Il II 

1414 
-u n ii n i, 

14 Hl4 iI 
I,, 

ti i, i, ii 

146 Ii il H 

147 
ii ii ti il ti 

148 
tI li it it ti 

149 *1* Type P nun. 

ill 
il n lmin. it 

Remar k 

Fair - sorne inclusions 
Good 
Remove center secticn 
Good 
Good 

Good 
Fair 
Good 
Fair 
Slag-discard 
Fnir 
Remove section 
Pooi. but ussble 
Good 
Good 

Cut for welding rod 
Sieg-rej ict 
:aagrej ect 
Poor but usable 
F'oor but usable 
Poor but usable 
Slag-rej ct 
Poor but usable 
Slag-rej ect 
Slag-rej oct 



Radiograph Specimen Type of 
No. No. Casting 

5]. "Y" B].k-Holt 
52 Ji ' "Y" 31k-Holt 
53 J2 4" u 

5)4 J3 ti 

55 J)4 ,, H 

56 

57 J5 .'t I 

58 ,i u 

59 II I? 

60 " n 

61 " "Y" Bik-Holt 
62 
63 " 

6)4 " n 

65 ' 

66 E6 " 

67 *1$ 

68 E7 *" 
69 " 'i 

70 Ed ' 

71 D9 ' "Y" Bik-Holt 
72 DiO " " 

73 " 

7)4 't 

75 
#" 

76 " 

77 DU F' 

RADIOGRAPHIC LOG (coÌ4rnwED) 

Film Exposure Screen Remarks 

Type J' 1 min. CaW Slag-reject 
I; tt tt Fair 
u ti I, Fair 
II ti tt Fair 
t' 'I ti Poor but usable 
'i 't t' Slag-di s card 
I' Ii ti Poor but usable 
'I 't 't Slag-discard 
ti 't t' Slag-discard 
t t t Slag-discard 

Type A min. CaW Slag-discard 
n 'i ¡t Slag-discard 
H t' It Slag-discard 
'i t, t, Slag-discard 
t, t, It Good 
li n It 

't 'i It Slag-discard 
't t' 't Poor but usable 
t, 1 min. 't Slag-cu scard 
'I t, t Poor but usable 

Type M l-L iflifl. Ca Poor but usable 
H t' 'i Poor but usable 

Type 1 min. " Good-slag traps used 
Good-slag traps used 

i' ti " Good-slag traps used 
Good-slag traps used 

H Good-slag traps used 



RADIOGRAPHIC LOG (coNrINuED) 

Radiograph Specimen Type of 
No. No. Casting Film Exposure Screen 

78 ,l "r' Bik-Holt Type M t min. CaW 
7 9 -.tt ti ti II U 

80 D12 :vI It Type A 1 min. 
a i ..tt t, at it ti 

8 2 tt It ti il ti 

8 3 tI ti ti it ti 

8 1. tt t. ti t, n 

8 ,t iv ii it ii 

8t ti tt , 

s 7 H? 4n ti n n t, 

68 ,t u ti ci ti 

89 F18 it it tt ti 

90 F19 ti ti n it 

91 *1? Ytt Bik-Holt Type A 1, min. CaW 
92 H1O ti ti Il it 

93 -ti ti it ti ti 

91 1" Type F 10 sec. 
95 lt ti ti ii it 

lit ti Type A ié min. 
97 .it it ti it ti 

98 Mli it ti It it 

99 lt ti ti it 

li 

ti 

ti 100 1 ti 

101 tiit Bik-Holt Type A ]. min. CaVi 

102 .ti it il ti Ii 

103 It Il ti it ti 

ioL Type F 12 sec. 

Remarks 

Slag-keep for spare 
Slag-reject 
Poor but usable 
Slag-discard 
Poor 
Poor-metalog. spec. 
Fair 
Poor-metalog. spec. 
Excellent 
Good 
Remove slag section 
Fair 
Good 

Very good 
Fair 
Poor-spare 
Good 
Good 
Fair 
Remove slag section 
Poor 
Fair 
Very good 

Fair 
Fair 
Fair 
Good I-J 



RADIOGRAPHIC LOG (coNTINUED) 

Radiograph Specimen Type of 
No. No. Casting Film Exposure Screen 

loS r "i" }31k-Eagle Type A 1 min. Ca 
i 06 A8 2Ttt I It U fi 

107 A9 il Ti it 

t, 

f? 

il 108 U is it 

i 09 tf f? ft fi lt 

i lo .,t il li I, If 

111 AlO "Y" 131k-Eagle Type A 14, min. CaW 

112 All t, If li II 

113 B17 ti ti lt 

114 t, ti ft H 

115 81t ti H 

116 815 VI II li 

117 B16 u n 

118 F9 ti II ti Vt 

119 D13 t' ti 

120 n n u 

121 Ii U H II 

122 DiS n u u u 

123 D16 ti i, 

12I F5 II 

125 F6 II II 

126 "T" Bik-Eagie Type A ik ntln. CaW 

127 -Il ti ti lt I 

128 F8 I" 
It Ii 

129 ' Ii ti il 

130 f, Ii n ti ti 

Remarks 

Very good-Mar. 3 heat 
Small slag inclusions 
Small sùg inclusions 
Very good 
Very good 
Very good 

Small slag inclusions 
Pinholes and some slag 
Some pinholes 
Very good 
Some slag arid pinholes 
Small slag inclusione 
Good 
Fair-pinholes and slag 
Fair-pinholes and slag 
Fair 
Very od 
Fair-small inclusions 
Fair-small inclusions 
Fair-small slag incls. 
Fair-small slag incls. 

Excellent 
Good 
Remove slag at center 
Fair-pinholes 
Fair-pinholes 



IADIOGRAPHIC LOO (CONPIMitD) 

Radiograph Specimen Type of 
No. No. Casting FilIn Fxpo8ure Screen Remarks 

131 *tt Ityti Bik-Eagle ype Â i:- min. CaV Excellent 
132 u ti u ti u Excellent 
133 .tt It n 'I II pair-cut for welding arc 
l3I ,I' 

n u t, ti Excellent 
135 r "i" Blk-Holt ' 

'I High P content 
136 -u a 't I, High P content 
137 lI 

t n n t, High P content 
138 *a 

n tt u vs High P content 
139 *15 tI is is it jgh P content 
mo *15 ft is t, it High P content 

1141 .is riyn Bik-Holt Type A l min. CY High P content 

1L2 .ts is it 't ti High P content 

113 1" ' Type F 12 sec. " Good. High P 

11th n s, is u High P 

]J4 :r 131k-Eagle iype A i min. Excellent-r. 1, 19 heat 

1)46 16 -" it si u st Excellent-Mar . 1, 19SL 
1147 I? " 

" " lt ti Excellent-Mar. ¿, l9L 
lL8 18 

#' 

is u n si Excellent-Mar. ), l9 " 

1149 Dl? r ti t, li il Excellent-Mar. L, l9t 
150 .D18 " ri u ti t, ), l951 heat 

l!1 D19 --tt 'Y" Blk-agle Type A i min. Ca1 Excellent-ILar. L, 195L 
l2 D20 ti it ti lt Excellent-Mar. 1., l9h " 

l3 C it H 11 Excellent-Mar. I, l9 
15I ,t n 

U Fair-Mar. I, l9h heat 
C? " ' " Fair-Mar. 1., 195L heat 
C8 U 11 1 Excellent-Mar. t, l9Sli " 

157 E9 " " " Excellent-Mar. ¿i, l95l ' 

\rt 
1\) 



RADIOGRAPHIC LOG (corrIwjD) 

Radiograph Specimen Type of 
No. No. Cst1ng Film Exposure Screen Remarks 

i;a ElO i-" UyU Bik-Fagle Type A i min. CaW Excellent-Mar. 1, 19 heat 
19 Eli " " " 'I Excellent-Mar. It, 19t " 

160 F12 " " " H U Excellent-Mar. t, 19 " 

161 10. " ' " " " Excellent-Mar. 1., 195L 
162 K2 " L 't 

t, It J ce11ent 
163 1(3 

n I, t xceuent 
161. 1(14 " 

n Good-some slag 
l6 Lii ti t' n i Excellent 
166 Li " I' " ' Fair-some slag 
167 L2 " " " Fair-some slag 
168 L3 " " " " " 

169 U4 ." Y, fl u ti Fair-rough surface 
170 L5 " " " " " Excellent 

171 fl "Y,, Bik-Eagle Type A i min. CaW Remove slag section 
172 E13 " 

JI i i ii Excellent 

173 i,, t I t, u Poor-cut up for rod 
1Th FJJ. 4" I, ti It U Excellent 
175 fl u 

ti ,, , Exceuent 
176 E16 U U U U Excellent 

177 021 " " ' " Excellent 

178 D22 ' " 
ti ti Excellent 

179 D23 il ti it ti Excellent 
180 ii lt t' ii Good 

181 tm-It ti It ti ti Fair-cut up for rod (Eagle 
182 ilt it ii ti il Fair-rough surface Mar.14) 

183 J6 ti ti it it Excellent 
it 

18h J? Good 

laS J8 If it il Good 



RADIORAPHTC LOG (corrNuED) 

Radiograph Specimen Type of 
No. No. Casting Film 'xposure Fcreen Remarks 

186 J9 .I, tttt 31k-Fa1e 'jpe A i min. CaW Fair (Eagle Mar. t) 

187 I.6 " H it fi 

18 L? " " " " " Fxc1ient 
189 L8 " ii it U H Good 
190 L9 " " " 

U U Good 
191 *1$ 

It ti n ti U 

192 H ft U te U Good I' 

J_93 *11 tI II II H xce11ent. 

19i :" " , 

't t, xee11ent 
19 ;I1 

II ti ti u Rough-remove section (Eagle 
196 tt U l r, tt Fair Mar.14) 

197 B18 "Y" Bik-Holt " " 
U Good - Holt kar. 17 

193 1319 s-» 'I " ' Good - 
192 rt It U II Fait' - 
200 n n ii ti Fair - 

201 B26 " "Y" 81k-Holt Type A i nin. CaW Good 
202 B27 *" n ti n ti 

it 
Good 

203 ii it it Good 
2014 n n r' it ti 

20 B23,21t,25 1" " Type F 12 sec. Good 
Dl tt il Blue Brand 14 min. lead foil Good 
ii2 

ti ti ti Good 
1)3 

tt it it ti Good 
1)14 

tI ti it It U 

B8 " " Type K ) min. Good 
39 r' r' Good 
310 " r' ' " GOOd 
311 .tI it ft It It Qj 

Vt 



RADIOGRAPHIC LOG (c0NTmUED) 

Radiograph Specimen Type of 
No, No. Casting Film Exposure Screen 

El " "Y" )31k-Holt Type K lj min. lead foil Good 
E2 It It It U 

E3 ti ti Il U 

ft Good 

fi VI lt TI It Good 
F2 II ti It tI 

F3 Tt It Vt II t Good 
F14 ft II ft Ii Good 

Gi It Vt ti 

G2 It It it Good 
G3 Vt Good 

II II " Good 
G5 " Good 

06 ti tt tI It Good 
07 II ti ta it Good 
08 lt tI II tt Good 
G9 It lt II It Good 

Rern;rks 

V' V' 



Specimen No. 

A3 to A? 
A8 to All 
Al2 to Alb 
A15 to A17 

Bi-1 and Bi-2 
B2 and B3 
BLL 

BS-1, BS-2, B6 
B7 
B8 to B13 
Bib to Bi? 
B18 and B19 
B20 to k322 
B23 to B27 
B31 #1 to #6 

SCHEWLE OF OPERATIONS 

.ielding fi.-cess & Electrode 

None 
None 
None 
None 

None 
None 
tainweld A 

None 
Stainweld A5 
None 
None 
None 
None 
None 
None 

Heat Treatment 

Parent metEl, as cast - Holt 
Parent metal, as cast - Eagle 
O3C Ht. No. 17, As cast 
OSC Ht. No. 20, As cast 

Parent metal, annealed 
Parent metal, annealed 
Annealed, preheated to 
Parent metal, anrieaieci 

Annealed, preheated to 
Parent metal, annealed 
Parent metal, annealed 
Parent metal, annealed 
Parent metal, annealed 
Parent metal, annealed 
Parent metal, annealed 

- Holt 
- Holt 

5O F, as welded 
- dolt 

550 F, as welded 
- Holt 
- Eagle 
- Holt 
- Holt - gar. 17 heat 
- 05C - Mar. 17 heat 
- Holt 

cl to Cb Stainweld AS Annealed, preheat to F, as elded 
C5 to CB Stainweld A Annealed, preheat, weld, reanneied 

La to Db E-6O]. Annealed, preheat to 600 F, as elded 
D5 to D6 E-60i As cast, preheat to 600 F, weld, anneal at l6O F 
D9 to D12 L-8015 Annealed, prehoat to bOO Ei', .e1d, reanre]. 
D].3 to D16 E-6O1 Annealed, no preheat, as welded 
f17 to D20 E-6O1 . onealed, preheat to 800 2, as welded 
D21 to D2b E-6015 Annealed, preheat to 803 F, reheat 2 hr at 1200 P 

El to Eb Stainweld D, type bio Aniealcd, prehoat t o 800 F, reheat min. 1000 F 
E to E12 Stainweld D, type LilO Annealed, preheat to 800 F, reannealed 
E13 to E16 Stainweld D, type biO Annealed, preheat to 800 F, reheat 2 hr at 1200 F 



Specimen No. 

Fi to F)4 

F to F9 

G]. to G5 
06 to G9 

Hl to H 
H7 to Hi]. 

SCHEDJLE OF OPERATIONS (coNTINuED) 

elding Process & Electrode 

Oxy-acetylane, parent metal rod 
Oxy-acetylene, parent metal rod 

Heliarc, parent metal rod 
Heliarc, parent natal rod 

Ni-Rod 55 
Ni-Rod 

U to It E-6013, rdld steel 
15 to IB E-6013, mild steel 
19 to 112 E-6013, nild steel 

Ji to J5 8raze with Aireo 22 
J6 to J9 Braze with 0xe1d 25M 

IL to 1(14 Carbon arc, parent metal rod 
KS to 1(9 Carbon arc, parent metal rod 
KlO to 10.2 Carbon arc, oarent metal rod 

Li to LS iUu.minum bronze electrode 
£6 to L9 Aluminui bronze electrode 

Heat Theatent 

Preheat to 1000 F, reheat 5 min. to 1030 F 
Annealed, preheated to 1000 F, reannealed 

Annealed, preheat to 1000 F, weld, reannealed 
As cast, preheat to 1000 F, weld, anneal 

Annealed, riot preheated, as welded 
AS cast, preheated, weld, anneal 

As cast, preheated, weld, anril 
Annealed, preheated, weld, as elded 
Annealed, preheated, reheat 2 hr at 1233 F 

Annealed, not preheated, as welled 
Annealed, not preheated, as welled 

Annealed, preheated, reannealed 
As cast, preheated, annealed 
Annealed, preheated, roannealed 

Annealed, preheated, as welded 
Annealed, reheated, reheat 2 ìì' at 1200 F 

I-J 



RESULTS OF TENSILE TESTS 

Yield 
Yield Ultimate Strength Ultimate 

Specimen Area Strength Strength in psi Strength Elongation 
No. Sq.in. in lb In lb O.2 offset in psi in per cent Remarks 

A3 O.17 3O,2 66,200 O. Small slag pocket 
AL O.OL 39,300 73,000 O.S o defects 

O.h71 3S,Li: 7,OOO 1.0 No defects 
A6 0.5Th l4t,IOO 77,LOO 2.S 3/32" slag pocket 

Al O.l3 39,8O 77,700 i.S No defects 
AB 0.625 147,;Oo 53,300 76,000 85,hOO ).O No defects 

A9 0.5314 )4l5OO U,8O 77,800 ¿31,2OO 3.0 No defects 

AlO O.76 t3,9OO 14,8OO 76,200 77,800 2.0 No defects 

All O.59 Li3,900 1,2O 78,600 81,000 2. No defects 
Al2 O.7O 29,600 U,800 0.5 Slag pockets 

P13 O.7E0 36,700 I8,9OO l. Surface slag pockets 

Al)4 O.761 I3,OOO I3,8 6,3OO 7,5OO l. No defects 

AlS 0.772 22,050 28,600 0.0 Medium grey fracture 
A16 0.739 19,100 25,8O 0.0 Medium grey fracture 

Al? O.71S 2l,O 30,100 0.0 Medium grey fracture 

131-1 O.h02 16,900 Li2,000 l.! Dark fracture 
Bi-2 O,1O1 2i,I2O - - Failed in grips 
B3 O.IO3 27,LOO 68,000 17.0 No defects 
BL O.h92 2t,2OO 28,000 )9,2OO %,800 2.0 Fract. in fusion zone 
B8 O.56 29,900 35,73 Sl,200 61,200 6. No defects 

B9 O.63S 30,700 37,LOO t8,1oo 58,900 No defects 
810 0.313]. 16,900 20,600 139,600 6O,00 7.0 No defects 
Bi]. O.86 27,700 32,200 137,300 ,O0O 7. No defects 

B12 0.796 35,00 139,O0 ).Oj,600 62,200 11.0 No defects 

Bl3 0.811 39,OO Sl,)O 138,700 62,800 9.0 No defects 

8113 0.600 I7,300 68,1300 78,800 SO No defects t.-J 

'-n 
co 



RESULTS OF TENSILE TESTS (co1zrINuED) 

Yield 
Yield Ultimate Strergth Ultimate 

Specimen Area Strength Strength in psi Strength Elongation 
No. sq.in. in lb in lb O.2 offset in psi in per cent 

Bl O.51 13,O 70,200 79,800 5.0 
B16 0.585 19,tO0 71,000 8h,!iOO 8.0 
Bi? 0.538 1,8OO 71,!iOO 83,tOO 7.5 
B18 0.595 2J.,!OO 36,900 1l,OOO 62,000 13.5 
B19 0.632 26,7w 39,550 )2,IOO 62,250 13.0 
B20 9,1400 l5,O ).7,0OO 77,500 10.0 
B21 10,150 15,750 50,700 78,600 7.5 
B22 9,000 fl47S 15,OOo 72,L0O 12.5 
B23 9,000 13,830 LL5,000 69,200 12.5 
B2L 8,550 13,620 ¿.2,75O 68,200 13.0 
B25 8,700 13,250 13,5O0 66,200 13.0 
B26 o.59 18,000 2,20O 39,200 61,O 11.5 
B27 0.606 2L,25O 36,700 10,0OO 60,600 11.0 
1331-1 l3,tOO 67,000 22.0 
B31-2 9,500 13,03 L7,D0 66,500 22.0 
B31-3 9,600 13,150 I8,0OO 65,750 21.0 
B31-Ij 9,900 13,350 h9,500 66,500 23.5 
B31-5 10,100 13,175 50,500 66,000 20.0 
B31-6 9,950 13,300 L9,750 66,500 22.0 
B28 8,900 13,250 b,50o 66,250 21.0 
B29 9,000 13,500 L5,0OO 67,500 21.5 
B30 9,200 13,900 t6,0OO 69,9)0 19.0 
Cl O.L77 25,300 53,200 1.5 
C2 O.1L71 21,500 L5,6o0 1.0 
CS 0.650 15,200 23,)OO 0.5 

Remarks 

No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 

No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
No defects 
Fusion zone failure 
Fusion zone failure 
Slight underbead cracking 



RESULTS OF TENSILE TESTS (G0NTmUED) 

Yield 
Yield Ultimate Strength Uitiriate 

Specimen Area Strength Strength in psi Strength Elongation 
No. Sq.in. in lb in lb O.2 orrset in psi in per cent 

co O.6tO l3,2 20,700 1. Fail 
C? OJ6l 1S,900 3).,OO 1. FaiL 
CB O.72 7,800 13,óO O. Fail 
Dl O.LO6 20,300 21,000 J,OOO 51,700 Fract 
D2 0.367 1O,LOO 28,1OO Fract 
D3 0.14141 21,800 22,iOO !9,tOO Sl,79 Fract 
D14 O,).69 15,000 32,000 Fract 
D 0.690 32,800 I7,o 2. Fract 
I O.6 36,050 55,O 3. Fract 
Dl O.7l 3O,lO S2,800 3.0 Fract 
D8 0.635 21,100 33,300 l.! Fract 
D9 0.708 33,700 la,600 l.! Eract 
010 0.790 39,SOO 9D,000 1. Fract 
Dli 0.7Th 38,950 O,LOO 2.0 fract 
D12 0.698 32,OO !6,OOO 2.0 Fract 
D13 O.6tO 26,600 Ll,OO l. Fract 
DTh O.579 3I,2OO 9,OOO 1.5 Fract 
Dl O.95 30,&OO 1,8OO 2.5 Fract 
D16 0.663 3h,1OO 51,900 l.! Fract 
Dl? 0.606 2b,lOO t6,Ioo 0.5 Fract 
D18 0.657 26,000 39,óOO 1.0 Fract 
D19 0.635 17,900 2b,200 l. Fract 

Reinirks 

center of weld 
center of weld 
center of weld 
. in weld, brittle 
. fus. zone, gas pocket 
. in weld, gas pocket 
. weld, no defects 
. in weld and fus. zone 
. In weld 
. in fus. zone, dark root 
. in center of weld area 
. in weld, dark area 
. in weld, no defects 
. in weld, dark areas 
. in weld, clark areas 
. heat aff. zone, surf. crks. 

. heat alf. zone 

. heat aff. zone, surf. crics. 

. heat aff. zone, surf.crks. 
. fus. zone, no defects 
. fus. zone, surf. hot crks. 
. center of weld, am. gas 

D20 0.680 23,tO 3I,)O O. fract. fus. 
D21 0.739 28,3S0 38,LOO l. Brittle fus. 
022 O.73I l3,9O 19,000 1.0 Brittle fus. 

pockets 
zone, some porosity 
zone fract. 
zone fract. Soxpe 

porosity 
o 



Specimen Area 
No., Sq.in. 

D23 0.723 
D2L 0.712 
El oJ.6li 
F2 0.S17 
F3 0.D1 
EJ3 

ES 0.73L 
E6 0.797 
F7 0.769 
F8 0.7J3]. 
F9 0.566 
ElO 0.58)4 
Fil 0.5)48 
F12 0.603 
F13 0.825 
E1)4 0.820 
EiS 0.735 
F16 0.800 
F1 0.389 
F2 0.332 
F3 0.)478 o.8 
F5 0.666 
F6 0.77)4 

RESULTS OF TFNSILE TTSTS (cow.rmijED) 

Yield 
Yield Ultimate Strength 

Strength Strength in psi 
in lb in lb 0.2% offset 

19, )400 
2S,100 

2)4,500 

26,050 
22,750 
16,600 
22,300 

35,200 
31,150 
33,000 
33, )4oO 

19,200 
23,750 
2)4,500 
18,750 
22,600 
2S,000 
10,200 
13,650 
21,000 
20,100 
27,700 
25,350 
140,600 
53,600 

F7 0.767 145,350 

52,500 

Ultimate 
Strength Elongation 
in psi in per cent Remarks 

33,900 1.5 }3rittle fus. zone fract. 
36,700 1.5 Brittle fus. zone fract. 
149,000 Fract. in fus. zone 
32,200 Fract. in fus. zone 
1414,500 Ñact. in fus. zone 
35,700 Pact. in fus. zone 
148,000 1.5 sus. zone fract., surf. hot crks. 
39,500 1.5 Fus. zone fract., surf. hot crks. 
142,900 1.5 Fus. zone fract., surf. hot crics. 

145,000 1.0 Fus. zone fract., surf. hot crics. 

33,900 1.0 Fus. zone fract., surf. hot crks. 
140,700 2.0 Fùs. zone fract., surf. hot crks. 
JJ3,6o0 1.0 lAis. zone fract., surf. hot crks. 
31,200 1.5 Fui. zone fract. 
27,1400 2.0 Fract. in fus. & heat alf. zones 
30,500 1.5 Fract. in fus. & heat aff. zones 
13,850 0.5 Eract. in fus. & heat aif. zones 
17,100 1.5 Fract. in fus. & heat ali, zones 
514,000 Fract. fus. zone arid yield 
60,500 Fract. weld, gas pockets 
57,900 fract in parent metal 
149,800 Fract. in weld, some blc*vholes 
614,000 3.0 Fract. in weld, small porosity 
69,1400 14.0 Fract. in weld, slight porosity 

at root 
59,200 3.0 Fract. in weld, slight porosity 

atroot 
-J 



FSULT3 OF PENSILE TESTS (CONTINUED) 

Yield 
Yield Ultimate Strength U1tinate 

Specimen Area Strength St.rength in pQi Streugth Elongation 
No. bq.in. In lb in lb 0.2% offset in psi in per cent Remarks 

F8 0.722 149,OO 68,600 3.0 Fract, in weld, bad porosity 
F9 0.682 h1,2OO 6,3oo 3.0 Fract. in weld, sorno porosity 
Gi 0.515 2,2OO h9,000 L.O Failed in weld, no defects 
G2 O.!5). 2,tOO L6,OoO ¿.O Failed in weld, dark area in cen. 
03 Ruined while being machined. 
GL 22,800 W.,LOO 3.S Failed in weld, nc defects 
G O.27 2,2OO L9,7Oo Failed in weld, small porosity 
06 o.59) 17,900 30,200 3.0 Failed in weld, no defects 
G7 O.6o 28,300 29,300 L6,8OO L8,OO )..O Failed in vteld, no defects 
G8 0.580 17,000 29,300 2. Failed in e1d, no defects 
G9 o.6oL 21,tjOO 3S,ÌOO 3.0 Failed in weld, saine porosity 
Hl 0.782 38,OO 1O,7OO L9,6OO 2,OOO 3.0 FaIled in heat-affected zone 
H2 0.702 3,2O O,3OO 3.0 Failed in heat-affected zone 
ff3 0.679 33,750 )i9,300 3.0 Failed in heat-affected zone 
HL O.7) 37,200 O,OOO 3.0 Failed in heat-affected zone 
H6 0.670 3U,1OO 51,)oo 3.0 Failed in heat-affected zone 
H7 0.702 3,OOO L2,1OO L9,9CO 60,100 7.0 Failed in center of weld 
H8 0.613 30,900 32,900 5O,LOO 3,7OO 6.0 Failed in fusion zone 
1:19 0.712 36,300 hl,O5O 51,000 7,8OO 6. Failed in center of weld 
filO 0.689 3L,i5O L3,OSO 5),IAOO 62,600 8.0 Failed in parent metal 
ini O.6L0 33,O0 33,100 1,700 5l,O0 .5 Failed in weld, i/8 dia, slag 

pocket 
Il 0.920 214,750 26,900 3.0 Failed in fus. zone, slag and 

gas pockets 
12 0.852 17,800 20,900 2.5 Failed in fus. zone, slag and 

gas pockets 
I-J 

r') 



Specimen 
No. 

13 

1)3 

'5 
16 

I? 

18 

19 

110 

Ill 

112 

Ji 
J2 

J3 
J)4 

J6 
J? 
J8 
.19 

RESULTS 0F TENSILE TESTS (coNrINuED) 

Yield 
Yield Ultimate Strength Ultimate 

Area Strength Strength in psi Strength Elongation 
Sq.in. in lb in lb 0.2% offset in psi in per cent 

0.860 20,600 

0.920 29,500 

Ruined while being machined. 
Ruined while being machined. 
0.956 16,750 

1.010 13,000 

0.716 27,)400 

0.88)4 25,600 

0.856 19,700 

0.777 32,500 

0.71)4 

0.756 
0.767 
0.675 
0.8Th 
0.705 
0.835 
o 820 

0.685 

27,700 
2)4,600 

20,800 
13,100 
33,050 
12,150 
1)4,600 

27,700 

15,250 

2)4,000 2.0 

32,100 2.5 

17,500 

12,900 

38,200 

29,000 

23,000 

)41,800 

38,800 
32,550 
27,150 
19,)30O 

37,900 
17,250 
17,500 
33,800 
22,300 

)4.o 

)4.0 

Remarks 

Failed in fus. zone, slag and 
gas pockets 

Failed in fus. zone, slag arI 
gas pockets 

Failed in fus. zone, slag and 
gas pockets 

Failed in fus. zone, slag and 
gas pockets 

Failed in fus. zone, slag and 
gas pockets 

Failed in fus. zone, slag arsi 

gas pockets 

Failed in fus. zone, slag and 
gas pockets 

Failed in fus. zone, slag and 
gas pockets 

Fract. along bond area 
Fract. along bond area 
Fract. along bond area 
Fract. along bond area 
Fract. along bond area 
Fract. along bond area 
Fract. along bond area 
Fract. along bond area 
Fract. along bond area 



RESULTS OF TENSILE TFSTS (cotirINuED) 

Yield 
Yield Ultimate Strength Ultimate 

Specimen Area strength 3trength in psi Strength Elongation 
No. Sq.in. in lb in lb O.2 offset in psi in per cent Ramarks 

Ici 0.69]. 36,000 3,9O 2,OOO 63,000 3. Fact. in center of weld 
K2 0.637 3t,5OO .i3,3SO ,2OO 68,00 3.0 Fract. in center of weld 
K3 O.;7 29,tOO Ll,2O 51,200 71,800 3.5 Fract. in center of weld 
Ku O.691 hl,OO 1.6,9OO 9,8OO 67,700 3.0 Fract. in center of weld 
K O.!S2 2,2O 1i6,200 3.0 Fract. in Lus. zone, dark 
K6 O.%9 27,200 29,600 ).th,600 2,OOO 3.0 Fract. in fus. Zone, dark 
K? 0.536 30,750 57,000 Li.S Fract. in weld zone, dark 
K8 0.630 31i,500 3. F1act. in fus. zone, dark 
K9 0.608 28,000 37,000 L6,OOO 60,800 S.O fract. in fus. zone, dark 
Klo 0.691 23,200 33,600 2.0 act. in weld, dark areas 
Kil 0.830 12,300 lL,8OO i.S Fract. in iíeld, dark areas 
K12 0.830 29,900 36,000 2.0 Fract. in weld, dark areas 
Li 0.693 17,300 2,OOO Fract. in carbidic fusion 
£2 0.712 19,LiOO 27,2D Fract. in carbidic fusion 
L3 0.725 18,700 25,800 Fract. in carbidic fusion 
Lt 0.615 13,700 22,300 Fract. in carbidic fusion 
LS 0.695 iS,IÑO 22,200 fract. in carbidic fusion 
1.6 0.823 2O,LOO 2,8O0 Failed in fusion zone 
L? 0.9]]. 25,000 27,1) Failed in fusion zone 
L8 0.6 13,000 20,200 Failed in fusion zone 
L9 0.681 l6,5D 214,t0O Failed in fusion zone 

areas 
areas 
areas 
areas 
areas 

zone 
zone 
zone 
zone 
zone 


