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FORHIWaD

This is the second quarterly progress report prepared in conjunction

with Contract AT(30-3)-325. It covers the work done by the Nuclear

Division of The Martin Campany fran March 1 through May 31, 1958.
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SUMMARY

Iron-aluminum base alloys have been considered for use in gas-cooled

reactor applications because of their relatively low thermal neutron cap-

ture cross-sections and excellent oxidation resistance. In general, they

are lacking in strength at high temperatures. With suitable alloying, sat-

isfactory strength for reactor fuel element applications is conceivable.

A program was undertaken to develop an iron-aluminum base alloy for

service approaching 1600 degrees Fahrenheit. The program includes devel-

opment of an alloy, development of techniques for fabricating fuel ele-

ments, reprocessing investigations and irradiation testing of iron-aluminum

base alloys.

The Martin-Nuclear alloy, referred to as DB-2, was used as a starting

point in determining the effects of aluminum, chromium, titanium, niobium,

zirconium and nickel on the properties. Specifically, the effects on the

maximum ductility and shape of the ductility versus annealing temperature

curves were determined. Zirconium was found to be most effective in elim-

inating sharp peaking of the ductility curve thus permitting the use of

high annealing temperatures. The other elements generally tended to in-

crease the tendency toward peaking of the ductility curve and/or produced

shifts of the peak toward lower annealing temperatures. Stress rupture

and oxidation data for these alloys are reported.

Heat treatment studies were conducted on the DB-2 alloy to deter-

mine the aging temperatures and precipitate relationships, the effect of

precipitation on the ductility of the embrittled condition and the duc-

tility changes associated with long time aging. Microstructure versus

ductility comparisons were made.

Two statistically designed experiments were carried out to determine

the effects of several elements on the properties of iron-aluminum base

alloys while in the presence of one another. An exact balance experiment

was used involving additions of zirconium, niobium and molybdenum to a
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base alloy of iron-aluminum-chromium. Analyses are made of the tensile,

stress rupture and oxidation data. Zirconium produced the greatest im-

provement in stress rupture life and the greatest reduction in ductility

and oxidation resistance. The effect on oxidation resistance decreased

at a rapidly increasing rate with additions above about two per cent.

Niobium produced the next greatest effect in a similar manner in these

properties except for the effect on oxidation resistance. The oxidation

resistance improves with addition of niobium but becomes saturated re-

sulting in only slight improvement in oxidation resistance with additions

above about the two per cent level. Molybdenum produced a lesser but

significant effect in increasing the stress rupture life and oxidation

resistance. It produces a beneficial effect on the ductility with ad-

ditions up to one per cent and decreases the ductility with greater ad-

ditions.

A multiple-balance experiment was used to determine the effects of

six elements in a group of 25 alloy combinations. The elements involved

in this experiment were aluminum, chromium, titanium, niobium, molybdenum

and silicon. The experiment was modified after an evaluation of a pre-

liminary group of ten of the alloys. Changes were made in some ranges

of the additions and zirconium was added to the experiment. Analyses

are made of the tensile and stress rupture data of the complete group

of 25 alloys. The important findings include:

1. Aluminum reduces the ductility and stress rupture life with

increasing additions above seven per cent;

2. Niobium and silicon interact to form a second phase. This re-

sults in a loss of the beneficial effects of niobium with ad-

ditions of silicon;

3. Molybdenum produces a slight reduction in ductility in the

range of one to two per cent addition. An improvement in

stress rupture life is shown for the same range of additions;
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I4. Titanium and zirconium, when their amounts were summed, pro-

duced an improvement in stress rupture life and a reduction in

ductility. The trend for either element alone could not be

determined;

5. Chromium produced a slight reduction in ductility in the range

of five to eight per cent additions. No effect on stress rup-

ture life could be determined.

Several comparisons are made between carbon-containing alloys and

alloys of similar composition prepared without carbon additions. Im-

provements in ductility and stress rupture life attributable to carbon

are shown.

Results of pressing, sintering and rolling studies related to iron-

aluminum alloy powder product fabrication are described. Powder products

produced from elemental, pre-alloyed and combined master alloy powders

were considered. Small additions of tin to elemental powder mixtures

were used and found to promote sintering to form a more dense product.

The poorest results were obtained with pre-alloyed powder material used

without other additions.

Determinations were made of reaction rates in solutions of acids

used in reprocessing fuel elements. Results are given for alloys se-

lected from the many prepared in the development program.

Tensile test samples of two iron-aluminum base alloys were inserted

in the Materials Testing Reactor, Arco, Idaho for irradiation effects

determination. The alloys consisted of a binary iron-aluminum alloy and

one of the DB-2 alloy compositions. The first loading consisted of two

groups of samples for three and nine month periods of irradiation.
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I. INTRODUCTION

Iron-aluminum base alloys have been considered for use in gas-cooled

reactor environments because of their relatively low thermal neutron cap-

ture cross-sections and excellent oxidation resistance. However, alloys

of this type generally possess either low ductility or poor strength at

elevated temperatures. Since certain reactor components such as fuel ele-

ments operate at relatively low stress levels, it is conceivable that by

suitable alloying the iron-aluminum base alloys could be strengthened to

meet the relatively low stress applications while maintaining acceptable

ductility and oxidation resistance. Little has been done to date in de-

veloping alloys containing more than five to seven per cent aluminum for

service above about 1200 degrees Fahrenheit.

A program was recently undertaken to develop an iron-aluminum base

alloy for application as a fuel element cladding material for service in

a gas environment with temperatures approaching 1600 degrees Fahrenheit.

The program includes: Development of a serviceable alloy, development

of core material fabrication and clad to core bonding techniques, repro-

cessing investigations and testing of alloys under irradiation.

An iron-aluminum base alloy recently developed by Martin-Nuclear,

(7 w/o Al, 5 w/o Cr, 1/2 w/o Ti, 1 w/o Nb and remainder Fe) and referred

to as DB-2, was used as a starting point in this work. The DB-2 composi-

tion was used as an alloy base which was modified in determining the ef-

fects of various alloying elements. Two statistically designed experi-

ments were also initiated to determine the effects of several elements

while in the presence of one another. The tests used primarily in eval-

uating the various alloys consist of room temperature tensile tests, ox-

idation tests conducted at 1650 degrees Fahrenheit and stress rupture

tests conducted at 1650 degrees Fahrenheit and a 2000 psi stress level.

Other tests are being conducted to provide additional data.
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Three approaches were considered for the development of an iron-

aluminum powder product for fuel element core applications. Powder pro-

ducts were prepared from pre-alloyed, combined elemental and combined

master alloy powders. The pressing, sintering and rolling and annealing

schedules necessary in producing a material of high density and accept-

able ductility are being established. The bonding studies consist of

joining cladding to cladding and cladding to powder product core mate-

rial.

Irradiation tests are being conducted on alloys of three compositions

to determine the effects of irradiation on the ductility. Tensile tests

will be performed before and after annealing at temperatures to 1600 de-

grees Fahrenheit.

Since such a large number of alloys are presented in this report,

Appendix A containing a listing of the alloys, their compositions and

significant properties is included. This Appendix will provide other

test data for alloys which are discussed in relation to certain proper-

ties only. The compositions and test data for alloys referenced by melt

number can also be obtained from Appendix A.
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II. EFFECT OF ALUMINUM CONTENT ON AN FE-AL-CR BASE ALLOY

An alloy composed of 7 w/o Al, 5 w/o Cr, 1/2 w/o Ti and 1 w/o Nb

(referred to as the DB-2 composition) was used as a base in determining

the effect of aluminum content on the properties of an Fe-Al-Cr alloy.

Alloys with this base composition were prepared with aluminum in varied

amounts over the range of 5 to 13 per cent. The alloys were fabricated

into sheets and the following test data were obtained:

1. Room temperature tensile elongation versus annealing temperature;

2. Stress rupture life at 1650 degrees Fahrenheit and a 2000 psi

stress level;

3. Weight changes obtained by exposure to four different atmos-

pheres at 1650 degrees Fahrenheit.

The elongation curves for the data are given in Fig. 1. The stress

rupture and corrosion data are given in Table 1.

The following generalizations can be made upon a review of the data:

1. The maximum ductility decreases with increasing aluminum content;

2. The points at which the peak ductility and the drop-off in the

ductility curve occur move to lower annealing temperatures with

increasing aluminum content;

3. The stress rupture strength at a temperature of 1650 degrees

Fahrenheit decreases with increasing aluminum content;

i+. The oxidation resistance of the alloys increases with increasing

aluminum content;

5. The lowest weight gains occurred in the nitrogen atmosphere al-

though the values for all of the gases are quite close.

The unusual drop-off in the ductility curves with relatively high

annealing temperatures was investigated to some extent.
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Fig. 1. Effects of Aluminum Content on the Ductility versus Annealing Temperature
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TABLE 1

Stress Rupture and Gas Corrosion Data for DB-2 Alloys

DB-2 Alloy*
Per Cent
Aluminum

5

7

9

11

13

Stress Rupture
Life*

16500 F-2000 psi

8.4

8.0

5.9

6.5

3.2

Weight

Helium

0.069

0.049

0.014

0.030

Changes - (mg/cm2 /week) - 600 Hours at 1650F

Nitrogen Carbon Dioxide Air

0.041

0.042

0.026

o.ol4

0.073

0.062

0.037

0.037

0.068

0.064

0.026

-0.055

* Average of two or more values

* Aluminum content in a base alloy containing 5 w/o Cr, 1/2 w/o Ti, 1 w/o Nb and remainder Fe

Melt
No.

032

001

003

oo4

006
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Based on these data, a ductility versus aluminum content curve was

established and is shown in Fig. 2a. The curve represents the maximum

ductility obtainable with a one-hour anneal as a function of aluminum

content in the DB-2 composition alloy. The curve was derived from the

data plotted in Fig. 2b. Figure 2b shows the plot of ductility versus

aluminum content for the various annealing temperatures for a one hour

anneal. The elongation obtained after a one hour anneal at 1600 degrees

Fahrenheit provides the closest approach to the maximum ductility curve.
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III. DUCTILITY INVESTIGATIONS

The unusually sharp reduction in ductility which occurs when the

DB-2 composition alloy is annealed in the range of 1800 to 2000F was

investigated to determine the possible cause. Having the ductility drop

off to a low level is considered objectionable from the standpoint of

fuel element fabrication and limiting the maximum service temperature.

In regard to flat plate-type fuel element fabrication, heat treating

temperatures much in excess of 2000 F may be required to produce sat-

isfactory bonds by the hot roll bonding process. Only limited amounts

of low temperature reductions are permissible thus limiting the amount

of working which can be performed to restore ductility. Diffusion bond-

ing processes which require treatments at temperatures much in excess of

2000 F would be extremely restrictive.

A. HEAT TREATMENT

The most significant changes in grain size in the seven per cent alu-

minum alloy occur between the 1800 and 2000F annealing temperatures. A

large grain size cannot, however, be expected to account for such a gross

change in ductility. This is to some extent confirmed by the fact that a

seven per cent aluminum binary alloy with iron which grows much larger

grains at the high temperature does not lose but a small percentage of its

peak ductility. A comparison of these alloys is made in Table 2.

TABLE 2

Comparison of DB-2 and a Binary Fe-Al Alloy

Melt 002 7 Per Cent Al, Melt 008 7 Per Cent Al,
DB-2 Alloy Binary Alloy

Annealing*
Temprature Elongation AST4 Elongation ASI

( )(per cent **) Grain Size (per cent**) Grain Size

1400 12 1/2 PR*** 25 1/2 5

1600 20 1/2 7-8 25 1/2 2-4

1800 19 5-7 22 1-3

2000 1 1/2 4 18 1/2 1-2

* One hour anneal
** Average of two values
M Partially recrystallized
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In conducting early heat treatment studies on the DB-2 alloys with

varied aluminum contents, a precipitate was found when samples were fur-

nace cooled from 2000 F. This was not the case for samples which were

allowed to cool rapidly from the same temperature. It was felt that there

might possibly be an association between the solution of precipitate at

high annealing temperatures and the drop in ductility which had been en-

countered. The amount of precipitate was found to vary with the aluminum

content; the amount present decreased with increasing aluminum content.

The shift in the temperature of the drop-off point with increasing alumi-

num content (Fig. 1) could possibly be associated with the change in the

temperature required to take the particles into solution. An effort was

made to determine whether a relationship between the precipitate and the

ductility drop existed for complete solution of the precipitate.

Figure 3a shows the amount of precipitate present in the 7 and 13 per

cent aluminum containing DB-2 alloys after the furnace-cooling treatment.

The amounts present in the alloys containing 9 and 11 per cent aluminum

were less than that present in the seven per cent alloy and more than that

in the 13 per cent alloy. Also, more of the fine precipitate was present

in the 9 than the 11 per cent aluminum alloy.

The temperature at which the precipitate forms most rapidly and in

the largest amount was established by performing solution and aging treat-

ments on a seven per cent aluminum alloy. Samples were solution treated

at 1800 F for -one hour and were water quenched. The 18000F annealing tem-

perature was chosen because high values of ductility are obtained and no

definite precipitate is present in the structure. The solution treated

samples were aged for one hour at 1000, 1200, 1400 and 1600 0 F and were

water quenched. The alloy structures obtained are shown in Fig. 3b.

The 1400 F aging treatment produced the greatest amount of precipi-

tate. Some precipitate is present in the 1600 0 F aged sample and very

little in the 12000F sample and no precipitate is apparent in the 1000 F

sample.
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Tensile specimens of the same alloy were treated to determine the

effects of precipitate formation on the ductility of the material which

was embrittled. The specimens were given one hour anneals at 2000 and

22000F to produce the desired embrittled condition. This was followed

by a water quench and subsequent aging for four hours at 1400F. No

change in the ductility was obtained as indicated in Table 3.

TABLE 3

Effect of Precipitation on An Embrittled Alloy

Alloy 7 Per Cent, DB-2 (Melt 002)

Elongation*

Condition Ultimate Strength* (per cent)

Annealed 1 hour at 2000 F 104,000 2.0

Annealed 1 hour at 2000 F
and water quenched

Aged 4 hours at 1400 F 78,900 1.5

Aged 4 hours at 2200 F 68,600 1.0

* Average of two values

The tensile specimens were subsequently sectioned and examined to

verify the presence of precipitate. The structure contained a signifi-

cant amount as shown in Fig. 3c. From these results it was concluded

that the precipitate has no particular relationship with the unusual

ductility drop in these alloys. However, the decrease in the stress

rupture life with increasing aluminum content may possibly be related

to the presence of the precipitate.

Long time aging at an elevated temperature on a DB-2 alloy contain-

ing seven per cent aluminum was performed to determine whether any sig-

nificant change in ductility occurred. A temperature of 1600F, which

is the assumed service temperature for this program, was used in the

aging experiment. The peak in the ductility curve for a one hour anneal

also occurs at about 1600 F. Aging times of 2 1/2 hours and 75 hours

were given following a one hour anneal at 16000F. The results of these

tests are given in Table 4.
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TABLE 4

Effect of Aging on the Room Temperature Ductility

Alloy 7 w/o Al, DB-2 (Melt 002)

Ultimate Tensile
Strength Elongation

Condition (psi) (per cent)

1 hour anneal at 1600 F 101,900 19.5

100,600 22.0

1 hour anneal at 1600 F 10,020 18.0
plus 2 1/2 hours at 1600 F 103,020 17.0

1 hour anneal at 1600 F 97,260 20.0
plus 65 hours at 1600OF 98980 20.5

A slight reduction in elongation and a slight increase in the ul-

timate tensile strength accompanied the 2 1/2 hour aging treatment. The

65-hour aging treatment produced a slight reduction in the ultimate

strength and little or no change in the elongation. The small changes

accompanying the 2 1/2 hour aging treatment might be related to a pre-

cipitation strengthening phenomena whereas with longer times of aging

overaging occurs. The differences discussed, although being small, were

considered, because in this work the elongation values for any one con-

dition were generally quite consistent. The two aging tests were con-

ducted at the same time and any difference in groups of readings which

are consistent would be expected to result from property differences.

B. VARIATIONS OF THE DB-2 COMPOSITION

Variations were made in the DB-2 composition (7 w/o Al, 5 w/o Cr,

1/2 w/o Ti, 1 w/o Nb, remainder Fe) by either making an addition, sub-

stitution or elimination of elements to determine the effects on the

ductility curves. This was done primarily to correlate the effects of

the elements on the ductility drop-off phenomena.
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The alloys prepared for these investigations are being stress rup-

ture and corrosion tested to provide additional information in these

areas. The data which have been obtained for these alloys are reported

in Appendix A.

The elements considered in these investigations were zirconium,

chromium, niobium, titanium and nickel. The results obtained are dis-

cussed here.

1. Zirconium

Zirconium was used as a substitute for titanium because it is in

the same family as titanium in the periodic chart and has a significantly

lower thermal neutron cross-section. The alloy to be compared was pre-

pared as one of a statistically designed group. The compositions of the

two alloys to be compared are:

Weight Per Cent

DB-2 (Melt 002) 7.3 Al 5.5 Cr 1.0 Nb 0.6 Ti

Zr DB-2 (Melt 020) 7.1 Al 6.2 Cr 1.1 Nb 0.5 Zr

The elongation versus annealing temperature curves are compared in

Fig. ,a.

The zirconium-containing alloy exhibits a much less peaked ductility

curve with an improved elongation at the 2000 F annealing temperature.

The maximum ductility for the alloy is slightly lower.

A second alloy of the DB-2 composition but with a nine per cent alu-

minum content was made with zirconium replacing the titanium. This alloy

is compared with the equivalent titanium-containing alloy to determine

whether similar improvements in the shape of the ductility curve would

be obtained. The compositions of these alloys are:

Weight Per Cent

9 Al, DB-2 (Melt 003) 9.0 Al 6.1 Cr 1.0 Nb 0.6 Ti

9 Al, Zr DB-2 (Melt 037) 9.1 Al 5.1 Cr 1.1 Nb 0.1 Zr
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The elongation versus annealing temperature curves are compared in

Fig. 4b.

A higher maximum value of elongation was obtained with the zirconium

addition, and the ductility curve remains at a higher level at annealing

temperatures approaching the 2000 F temperature. The ductility at the

2000 F annealing temperature is, however, at the same low value as that

of the titanium-containing alloy.

Two other alloys were prepared where zirconium was added with tita-

nium additions to determine whether zirconium in the presence of titanium

would exhibit a similar influence on the ductility curves. The alloys

contained 1/2 per cent Ti and 1/2 per cent and 1 per cent Zr additions

respectively. The compositions of these alloys are:

Weight Per Cent

DB-2 (Melt 002) 7.3 Al 5.5 Cr 1.0 Nb 0.6 Ti

DB-2 + 1/2 Zr 7.1Al 5.2 Cr 1.1Nb 0.7 Ti 0.5 Zr
(Melt 036)

DB-2 + 1 Zr 7.3 Al 4.9 Cr 1.2Nb 0.61lTi 1.0OZr
(Melt 065)

The elongation versus annealing temperature curves for these alloys

are compared in Fig. 4c.

Both zirconium-containing alloys show less peaked ductility curves,

and the elongation values at the 2000F annealing temperature are cor-

respondingly increased with increases in zirconium content. The maximum

ductility obtained is again decreased with increased zirconium content.

2. Niobium and Titanium

Niobium and titanium were eliminated individually and simultaneously

from the DB-2 composition to determine their effects on the shape of the

ductility curves. The compositions of three alloys which were prepared

are: Weight Per Cent

DB-2 (Melt 002) 7.3 Al 5.5 Cr 1.0 Nb 0.6 Ti

DB-2 less Nb (Melt 067) 7.2 Al 4.9 Cr 1.0 Nb

DB-2 less Ti (Melt 038) 7.5 Al 4.8 Cr 0.6 Ti

DB-2 less Nb and Ti (Melt 061) 7.2 Al 5.0 Cr
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The ductility curves for these alloys are compared in Fig. ld.

The curves for the alloys with niobium and titanium removed inde-

pendently show the elements to produce very similar effects when either

is present without the other. The higher maximum ductility for the ti-

tanium containing alloy might be attributed to its being used in a lower

percentage . The elongation for the 2000 F annealing temperature is sig-

nificantly higher than that for the alloy containing both elements. When

the peak ductility values are compared with the alloy containing neither

niobium nor titanium, the beneficial effects of niobium and titanium in

relation to raising the maximum ductility are apparent. The alloy with

both elements missing, although having a lower maximum ductility, has a

much higher value of elongation at the 2000 F annealing temperature. Ad-

ditions of niobium and titanium appear to produce additive effects in re-

lation to lowering the ductility at this temperature.

An alloy containing a one per cent addition of titanium was pre-

pared for comparison with the alloys having zero and one half per cent

additions. The composition of this alloy is:

Weight Per Cent

DB-2 + 1/2 per cent Ti 7.5 Al 5.0 Cr 1.0 Nb 1.1 Ti
(Melt 066)

The ductility curve for this alloy is compared with those of Melts 038

and 002 in Fig. 5a.

The maximum ductility for these alloys decreases with increasing

titanium content. The annealing temperatures at which the peaks in the

curves occur are practically the same, approximately 16000F. The 1/2 per

cent Ti alloy shows improved ductility for the 1700 and 19000F annealing

temperature range over the alloys containing zero and one per cent ad-

ditions. At the 2000 F annealing temperature, the ductility decreases

with increasing titanium content.
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3. Chromium

Chromium was varied from the amount contained in the DB-2 composi-

tion to find the effect of a lesser and a much greater amount on all

three properties, ductility, oxidation resistance at 1650 F and stress

rupture life at 16500F. Alloys containing two and 11 nominal per cent

additions of chromium were prepared. The compositions of the three al-

loys compared in Fig. 5b are:

Weight Per Cent

DB-2 (Melt 002) 7.3 Al 5.6 Cr 1.0 Nb 0.6 Ti

DB-2, 2 per cent Cr (Melt 062) 7.3 Al 2.1 Cr 1.1 Nb 0.6 Ti

DB-2, 11 per cent Cr (Melt 063) 7.3 Al 11.3 Cr 1.0 Nb 0.6 Ti

The curves show a relatively uniform reduction in the maximum duc-

tility with increasing chromium content. Chromium content appears to

have a very strong effect on the ductility obtainable after a 2000 F

annealing treatment. The five per cent Cr addition brought the elonga-

tion to a 1-1/2 per cent level while the 11 per cent Cr addition re-

duced it still further and produced a marked shift of the drop-off point

to a lower annealing temperature.

4. Nickel

A small addition of nickel to the DB-2 composition was considered

as being a possible promoter of high temperature strength by precipitate

formation. The effects of one half per cent additions to the titanium

and zirconium containing alloys were determined. The compositions of

the alloys compared in Figs. 5c and 5d are:

Weight Per Cent

DB-2 (Melt 002) 7.3 Al 5.5 Cr 1.0 Nb 0.6 Ti

DB-2 + 1/2 Ni (Melt 043) 7.2 Al 4.9 Cr 1.0 Nb 0.7 Ti 0.6 Ni

Zr DB-2 (Melt 020) 7.5 Al 4.9 Cr 1.1 Nb 0.5 Zr

Zr DB-2 + 1/2 Ni (Melt 064) 7.2 Al 4.8 Cr 1.1 Nb 0.6 Zr 0.6 Ni
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The nickel addition in both the titanium- and zirconium-containing

DB-2 alloys exhibited its major effects in increasing the ductility at

the lower annealing temperatures and in lowering the ductility at the

higher annealing temperatures. In the zirconium-containing alloy, the

nickel imparted its greatest effect in the vicinity of the 2000F anneal-

ing temperature while the greatest effect in the other alloy is produced

at about a 200-300 F lower annealing temperature.

C. MICROSTRUCTURE VERSUS DUCTILITY

When the unusual drop-off phenomenon in the ductility curves of the

DB-2-type alloys was encountered, the structures of the alloys annealed

at various temperatures were compared. A grain size correlation was

made to determine whether there was any association between the grain

growth temperature and the ductility drop-off phenomenon. In Table 5

the temperatures of annealing and elongation and grain size data for

points on either side of the breaks in the ductility curves of three of

the alloys with varied aluminum contents are given.

TABLE 5

Structures versus Properties of DB-2 Alloys

Annealing
Al Content Temperature Elongation ASTM
(per cent) ( F/1 hour) (per cent) Grain Size

7.3 1800 19 5-7

2000 1.5 4

9.0 1600 14 6-8

1800 2 5-7

13.4 1600 3.0 6-7

1800 1.5 6

The data show clearly that the ductility drop is not associated

with an erratic grain size change. In addition to the grain size changes,

no other changes in the structure were apparent to account for the duc-

tility phenomenon.
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The first ten alloys which were prepared as part of a statistically-

designed group also showed prominent shifts to lower annealing tempera-

tures with increasing amounts of alloying additions. Metallographic ex-

amination of the alloys also showed no correlation between the grain

growth temperature and the ductility drop-off point. However, for these

alloys it was found that, in general, the ductility began to drop off

as recrystallization occurred. The ductility practically reached its

lowest point when a fully-annealed condition was obtained, and the peak

ductilities were associated with stress relieved cold worked structures.

Figure 6 shows some microstructure correlation with elongation versus

annealing temperature curves.

Metallographic examinations were performed on the fractured ends

of the tensile specimens of the same group of alloys. This was done to

determine whether the fractures were intergranular and possibly associ-

ated with an embrittling grain boundary phase. Examination disclosed

that this was not the case. All fractures for the low ductility state

were transgranular. Figure 7 shows examples of cracking in single and

two-phase alloys and an example of the fracture of a ductile alloy having

the cold worked structure.

The type of cracking obtained indicates a definitely embrittled

condition of the grain. The exact nature of the embrittlement has not

as yet been established. From a general survey of the data and compo-

sitions made, it appears that titanium and other elements examined have

pronounced affects on the annealing temperatures at which the rapid loss

of ductility occurs. In all cases, for alloys containing approximately

seven per cent aluminum, where titanium is omitted and zirconium sub-

stituted, the ductility curves assume non-peaked forms, but the maximum

ductility is generally reduced more. A comparison is made of the duc-

tilities of the more highly-alloyed titanium and zirconium-containing

alloys in Table 6. Some evidence of the favorable affect of zirconium

additions on the ductility curves of alloys containing titanium (similar

to the effect shown earlier on the DB-2 composition) are also given in

Table 6.
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TABLE 6

Ductility versus Titanium and Zirconium Content

Melt
Alloy No.

Composition
Al Cr Ti Zr Nb

Annealing
Temperature

Mo Si ( F/1 hour)
Elongation*
(per cent)

041 6.82 7.34 1.70 -- -- 1.13

047 7.02 7.84 1.32 -- -- 2.66

051 7.12 4.86 2.09 -- 1.09 2.88

056 7.31 4.82 -- 0.51 -- 1.89 --

058 7.73 4.68 -- 1.34 1.20 2.12 --

060 7.74 4.8o -- 2.80 2.13 1.97
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TABLE 6 (Cont'd)

Annealing
Melt Composition Temperature Elongation*

Alloy No. Al Cr Ti Zr Nb Mo Si ( F/1 hour) (per cent)

1400 14.5

% 040 7.31 7.79 1.75 0.40 -- 0.58 -- 1600 21.0

1800 7.5

2000 4.0
0

1400 14.0

+ 052 6.23 4.52 2.12 0.43 1.13 2.75 0.75 1600 15.0
1800 5.5

2000 1.0

* Average of two values

The recrystallization temperature of the zirconium-containing alloys

(those without titanium) occur at about 14000F and lower, significantly

lower than some of the titanium-containing alloys (those without zirco-

nium). High annealing temperatures on the other hand, promote little

grain coarsening of the two-phase zirconium-containing alloys. At a

2000 F annealing temperature, the zirconium-containing alloys will reach

grain sizes in the range of ASTM 5-7 whereas the titanium-containing al-

loys will have grain sizes in the range of ASTM 2-5. The smaller grain

sizes for the titanium-containing alloys are obtained where the second

phase, resulting from the probable Si-Nb combination, is present and re-

strains growth. No evidence, however, has been found to show that fine

grain size promotes better ductility in the alloys tested. Examples of

single-phase and two-phase alloys after an anneal for one hour at 2000OF

are shown in Fig. 8.
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The second phase in the zirconium-containing alloys has a lower melt-

ing temperature and forms a continuous interdendritic network in the cast

structure. The phase produces a hot short condition in the early stages

of the hot rolling operations and leads to considerable surface cracking.

Once the phase is sufficiently broken up, no further cracking occurs.

The structure of a cast alloy containing 2 1/2 per cent addition of zir-

conium is shown in Fig. 9a.

In some cases the second phase in the wrought alloys collects, as

dispersed particles, along the grain boundaries during 2000F annealing

treatments. No effect on the ductility from the grain boundary phase

has been found to date. Figure 9b shows an example of the grain boundary

phase in a 1 1/2 per cent zirconium alloy.

A marked difference was found to exist between the cast structures

of the alloys containing niobium and the alloy not containing niobium.

The structure of the alloys not containing, niobium additions consist of

equiaxed grains similar to those of cast binary iron aluminum alloys.

The cast grains of the niobium-containing alloys are generally very ir-

regular in shape with the grain boundaries being sometimes sawtooth-

shaped. Figures lOa and b shows typical microphotographs of the two al-

loy structures. For some time the reason for the irregular form of the

cast structure was not understood. But it was found that the grains con-

tained a very definite subgrain structure which could sometimes be ob-

served with oblique lighting. Figure lOc shows photomicrographs of the

cast structures of the two alloys and of the subgrain structure taken

with oblique lighting. It can be clearly seen how the subgrains meet

to form the sawtooth-shaped boundaries.
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a. As-Cast Structure - 2A Per Cent Zr Alloy

10OX Magnification

*

b. Grain Boundary Precipitate - l2 Per Cent Zr Alloy, 20000F Anneal

10OX Magnification

Fig. 9. Structures of Zirconium-Containing Alloys
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IV. STATISTICALLY DESIGNED EXPERIMENTS

Statistical methods were used to a large extent in this work to provide

a more economical approach to attaining the desired goal; that of developing

an optimized alloy composition. Experiments of the type used in the work

are designed to enable one to determine the effects of alloying elements

while in the presence of one another in alloy combinations. Having the

alloying elements in the presence of one another in varied amounts is of

particular importance because this permits determination of the effects of

interactions between the elements where such tendencies may exist. By

proper correlation of the data, the main and interaction effects of the

elements can readily be determined. With properly designed experiments,

the effects of several elements can be determined from a relatively small

number of alloy melts.

Two groups of designed experiments were carried out and have in part

been correlated on the basis of ductility and stress rupture life. The

analyses of the experimental results are presented so as to provide the

reader with an idea of the manner in which the correlations are carried

out.

For the purpose of convenience in the discussion, the test data

values used in the evaluation are referred to as outputs. As an example,

the stress rupture life values will be referred to as stress rupture out-

puts or output values.

A. EXACT BALANCE EXPERIMENT - NINE-ALLOY GROUP

The alloying elements, zirconium, niobium and molybdenum were evalu-

ated in an exact balance designed experiment. The diagram which follows

gives the percentages in which each element was used. Each block within

the diagram indicates the combination of the three elements in each alloy

by the number within and its position in a row and column. The number

in each block is the per cent addition of molybdenum. The alloy base con-

sisted of 72 w/o aluminum, 5 w/o chromium and the remainder iron, which was

maintained constant.
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Zr

} 1} 3

0 2 1 0

Nb 1 0 2 1*Mo

2 1 0 2

The compositions of the

Melt
Number

020

021

022

023

056

057

058

059

060

Al

7.48

7.55

7.63

6.29

7.31

7.50

7.73

7.44

7.74

Cr

x4.88

4.84

14.97

4.81

x4.82

14.76

14.68

J4.76

14.80

nine alloys which were prepared

Weight Per Cent

Zr Nb

0.50 1.05

2.50

2.63

1.55

0.51

0.l49

1.34

1.41

2.80

1.03

2.23

1.20

2.21

2.13

are as follows:

C

0.050

0.030

0.045

0.035

0.032

0.044

0.032

0.040

0.040

1.03

1.09

1.89

0.91

2..12

1.97

The tensile stress rupture and other data for these alloys are presented

in Table 7. Since a 160007 service temperature is being considered in this

development work, the elongation values for a 16000F annealing temperature

were used as the outputs in the ductility evaluation. The life values ob-

tained from a 16500F, 2000 psi stress rupture screening test and the 165007

oxidation data were used as outputs in the other evaluations.

Mo



TABLE 7

Properties of Exact Balance Alloys

Tensile Data*
Annealing Ultimate Stress ASTM

Melt Tgperature Strength Elongation Rupture Life* Hardness Grain
No. hour) (psi) (per cent) 1650 2000 psi) Ra* Size**

1400 101,490 17 602 Cw

020 1600 100,000 19 59 6 PR
1800 97,075 19 8.8 59 6
2000 97,875 12 584 5

1400 99,390 11 59 < 8

021 1600 96,460 124 584 7
1800 94,260 12 12.6 58 6-7

2000 91,630 14 58 6-7

1400 113,275 12 612 < 8

1600 111,875 13 61 < 8

1800 111,875 14 42.2 62 8

2000 111,280 u12 62 7-8

1400 98,460 18 59 < 8

023 1600 95,900 184 57 7-8
1800 94,250 162 9.0 58 7

2000 93,360 18 58 6-7

1400 95,360 18 58 8 PR

i600 90,980 20 564 6
056 1800 90,260 21} 4.7 55 5-6

2000 88,070 18 56 5

1400 105,700 17 59 < 8

057 1600 105,450 184 59 < 8

1800 106,400 15 13 594 7
2000 109,800 15 6o 6-7



TABLE 7 Cont'

Tens ile Data
Annealing Ultimate Stress ASTM

Melt Temperature Strength Elongation Rupure Life* Hardness Grain
No.( F/1 hour (psi) (per cent) (1650 F/2000 psi) Ra* Size**

1400 104,8oo 152 60 8

058 1600 104,550 151 60 8
1800 104,300 14 35.5 60 7-8

2000 104,100 15 60 6-7

1400 101,300 132 57 8

059 1600 101,050 14 59 8

1800 96,890 13 21.4 59 7

2000 101,500 14 58 6-7

1400 108,900 9 62 8

1600 109,550 72 62 8
1800 108,450 10 61 62 8

2000 108,350 8 61 7

* Average of two or more values

CW - cold worked structure, PR - partially recrystallized

1. Ductility Analysis

The ductility outputs were treated first, and the data were plotted

in three separate graphs. The outputs are plotted as a function of the

analyzed amount of each of the three alloying elements as shown in Fig. 1ha.

By visual observation, the most obvious trend i; found to be associated

with the values plotted as a function of zircoun content. This indicates

that zirconium imparts the greatest effect on the ductility of the alloys.

The array of points in the other diagrams are dispersed because the zirconium

content associated with the points varies at randan throughout the point plot.

If either nolybdaam or niobium produced greater effects, the points in the

zirconium plot would show a greater scatter. The parallel form of the band
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in the zirconium graph and the fact that it is quite narrow indicates

response from a main effect. If the strong effect of zirconium were

eliminated from the molybdenum and niobium point plots the effects pro-

duced by these elements would show up more clearly. This will be dis-

cussed in the following.

The first step in graphically correlating the point plots involves

correcting the outputs (test data) of the Nb and Mo graphs to eliminate

the effects of zirconium. To do this the average curve is drawn through

the zirconium point array, and the over-all average yield value of the

nine points is drawn horizontally through the graphs as shown in the Zr

plot of Fig. lla. The yield value of each point is corrected by the

amount that the average curve deviates from the over-all average output

value in a vertical path through each point. The corrected outputs are

then used in replotting the corresponding points in the Nb and Mo graphs.

The replotted arrays of points after being corrected for zirconium are

shown in Fig. llb.

The points in the Nb and Mo graphs are dispersed much less and now

show definite trends indicated by the parallel bands shown in Fig. llb.

The bands being narrow and parallel indicate the main effects of Nb and

Mo. An average line can be easily drawn in the Nb graph and a similar

correction made to eliminate the effects of Nb. Figure llc shows the Mo

curve after it was corrected for the effects of both Zr and Nb. The band

is less broad and indicates more definitely the effect of Mo on the duc-

tility. The outputs can in turn be corrected for the effect of Mo as done

with the other elements and the Zr graph can be redrawn to show its own

effect more accurately.

The final curves indicate straight line responses from Zr and Nb,

with Zr producing the greater decrease in ductility for the same per cent

addition. Molybdenum shows a variable response having a peak in the curve

at about a one weight per cent addition. These tendencies can be to some

extent deduced by simple inspection of the elongation values for the various

alloys of the group of nine prepared.
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When there are no strong interactions existing between the variables

in an exact balance experiment, as for the case at hand, another more

simple method of analysis can be used. The outputs (test data) can be

plotted within the experimental diagram and averages of the values taken

along the rows and columns as shown in Fig. 12. In this manner the

effects of one element in its three percentages are obtained while the

effects of the others are averaged out. To obtain the averages for Mo,

the outputs for the like percentages within the blocks are averaged. Each

like percentage falls in a different row and column thus averaging out of

the effects of Zr and Nb is obtained.

The average outputs obtained for each element are plotted in graphs

opposite the corresponding percentage of the element in the alloy. The

curves obtained for Zr, Nb and Mo by this method are shown in Fig. 12.

They are essentially identical with those obtained by the first method

used.

2. Stress Rupture Analysis

The stress rupture outputs were plotted as functions of the element

contents in the same manner as were the ductility outputs. The point

arrays which resulted exhibited definite non-parallel responses from the

elements. This could possibly indicate the presence of interactions but

cannot be considered conclusive evidence based on the number of alloys

involved in this experiment. An Analysis of Variance was used to verify

effects of interaction or source (main effects). The results of the

analyses are given.

The outputs were found to be influenced most significantly by the

main effects of the elements, (source) and that no possibly significant

interactions were involved. The elements produced improvements effect-

ively in the order given; zirconium, niobium and molybdenum. Because of

the number of alloys involved, these results also cannot be considered

completely conclusive. Additional tests will be performed to ascertain

the existence or non-existence of minor interactions.
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The analysis of variance indicated that the properties are influenced

by main effects, therefore it was permissible to employ the method of

averaging out the effects of the elements. The method was carried out as

shown earlier to disclose the independent effects of the three elements.

The plots showing the effects of the elements are shown in Fig. 13a.

The zirconium curve shows an increasing rate of strengthening with

increasing additions of zirconium up to the two and one half per cent

level. The niobium curve shows an increased strengthening effect tending

toward saturation in approaching the two per cent addition level. Molybde-

num shows a lesser but increasing strengthening effect with increasing

additions up to the two per cent addition level.

3. Oxidation Test Analysis

Oxidation weight change data from a 300-hour test at 1650F in still

air were available and were analyzed in the same manner as the other test

data. The oxidation outputs are reported in milligrams per square centi-

meter per 100 hours. The oxidation outputs were handled in the same manner

as were the stress rupture outputs and the effects of each element were

determined by averaging out the effects of the others. The plots of the

independent effects of the elements are shown in Fig. 13b.

Zirconium shows a very significant effect in reducing the oxidation

resistance of the alloys while molybdenum and niobium produce definite

improvement. Niobium produces a more significant increase in oxidation

resistance than molybdenum. The improvement produced by niobium and

molybdenum can be seen easily by observing the trend in the yield values

of the two and one half per cent Zr column of the alloy diagram. In this

column the amounts of the elements increase uniformly.

B. MULTIPLE BALANCE EXPERfI4MT

A multiple balance experiment was selected to determine the effects

of six elements simultaneously in a planned series of twenty-five alloys.

The experiment consisted of two exact balance diagrams similar to those

described earlier which were related by an array of random numbers. Table

8 shows the diagrams which indicate by the numbered areas, the first group
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TABLE 8

Compositions and Test Data of Ten Alloys, Multiple Balance Experiment

$ %b % Ti

*

**

Average

Average

of two or more values;

of two or more values;

1 hour anneal at 1600 F

test at 1650 F, 2000 psi

7

011
010

016

017

5

013
016

% Al
10

009

013

012

01
018

8

1

1

1

1

0

1

2

0

3/4

C ostion(iercentStress Rupture
Melt Composition (per cent) Tensile Elongation Life

No. Al Cr Ti Nb Mo Si (per cent)* (hours)**

009 9.88 7.87 1.26 - 2.70 1.55 1 6.8

010 6.87 7.80 1.28 - 2.56 0.81 5 9.2

011 7.10 8.01 0.68 - 1.76 0.81 6} 4.8

012 9.84 4.81 1.39 2.36 1.16 1.08 1 9.2

013 9.56 4.81 1.31 1.04 0.96 0.21 11 7.3

014 9.57 7.77 1.39 2.02 2.42 1.32 1 11.0

016 6.84 4.54 1.34 0.99 1.09 0.26 12* 30.7

017 6.71 4.63 0.86 0.82 2.38 1.74 li 7.1

018 9.57 5.03 1.38 2.40 0.42 0.87 8.2

019 8#20 6.19 1.06 1.18 1.17 0.97 2* 25.6

i i i

018

012

1

-1-4i

010
on1

0171

21 009
014 H



of nine alloys prepared. An array of this type permits determination of

the main effects of all of the elements associated with the same block.

Some efficiency is lost with this arrangement because of the large number

of elements considered and the relatively small number of melts involved.

It was intended that this group should disclose any major points of

importance in relation to combinations of any of the six elements.

The first group to ten alloys prepared consisted of the nine referred

to and one of average analysis. The data obtained from these alloys were

evaluated by means of a simple review of the data with little recourse

to statistical methods. The evaluation had its prime purpose in deter-

mining whether the selection of elements and ranges of composition were

satisfactory. The compositions of this group of alloys and the test

data used in the evaluation are listed in Table 8.

The composition ranges of several elements were changed for the

remaining fifteen alloy melts based on the review made of the test data.

One alloy was added to the planned group because of its desirable proper-

ties. The changes which were made in the alloy compositions are:

1. The ten per cent aluminum level was reduced to nine per cent.

In all cases, at the high level extremely low ductility values

were obtained;

2. Silicon was reduced from three to two levels, one at zero and

the other at one-half per cent. A second phase was produced

when silicon additions were made to alloys containing niobium.

No improvement in the properties was experienced as the result

of silicon additions. With low additions, appreciable reductions

in ductility resulted. The one-half per cent addition was re-

tained because same of the alloys with better high temperature

strength contained low percentage additions of silicon;

3. Zirconium was added to the scheduled melts to provide 0, 1/2 and

1 1/2 per cent addition levels. Zirconium was chosen because of

its beneficial affect in reducing peaking of the ductility versus

annealing temperature curves. This property had been established

in other experiments which are described in another section.
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The compositions of the remaining fifteen alloys which were prepared

and the test data used in evaluating them are given in Table 9.

TABLE 9

Compositions and Test Data of Fifteen Alloys,
Multiple Balance Experiment

Nb Zr Mo

- 0.61 0.74

- 0.40 0.58

- - 1.13

- 0.44 1.02

1.15 1.20 1.84

- - 2.60

- 1.10 2.20

- - 2.66

1.09 - 1.03

- 0.56 1.02

1.09 - 2.88

1.13 0.43 2.75

- 0.44 2.86

- 0.62 2.30

- 0.49 1.10

Si

0.60

0.59

0.57

0.79

0.75

0.56

Tensile
Elongation*
(per cent )

1

21

8

6j

71

8j

8

17

14

14

13

1

13

21

* Average of two values

M Average of two values, test conducted at 1650 F, 2000 psi

Melt
No.

039

040

041

042

044

045

046

047

048

050

051

052

053

054

055

Al

8.75

7.31

6.82

6.98

7.19

6.99

9.24

7.02

6.34

9.24

7.12

6.23

8.87

6.57

8.70

Cr

7.86

7.79

7.34

7.38

7.86

4.74

7.86

7.84

4.16

4.53

4.86

4.52

4.57

4.59

4.55

Ti

1.26

1.25

1.70

1.65

1.88

1.24

1.32

1.32

1.30

1.25

2.09

2.12

2.24J

1.46

1.x40

Stress
Rupture

Life
(hours)*

5.7

4.7

3.3

21.5

27.7

8.2

15.7

5.3

10.8

4.5

16.7

17.7

18.6

12.5

4.4
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The multiple balance design, as mentioned before, because of the

number of elements and relatively small number of melts involved does

not lend itself as readily to abstraction of information. For this

reason more empirical methods of analysis were used. An example of

one limitation lies in the fact that, should interaction occur between

the elements of the two blocks, this would most likely not be deter-

mined from the point plots. In such cases, data comparisons between

two or more alloys having single important element changes can provide

useful information. This and other methods were used in the analysis

which follows.

1. Stress Rupture Analysis

The stress rupture outputs were plotted as a function of the per

cent of each alloying element. The plotted curves were then reviewed

for strong trends. The point array for aluminum, shown in Fig. 14,

exhibited the most definite trend. With increasing aluminum content,

a trend indicating decreasing stress rupture values is apparent.

Practically no high stress rupture values are found in the range of

nine to ten per cent aluminum. This falls in line with the results

obtained in tests performed on the DB-2 composition with varied aluminum

content. A comparison between Melts 013 and 016 and Melts 039 and 042

in Table 10 provides additional confirmation of this trend.

TABLE 10

Alloy Compositions

Stress Rupture
Melt Alloy Composition ILife

No. Al Cr Ti Nb Zr Mo Si (hours)*

013 9.56 4.81 1.31 1.04 - 0.96 0.24 7.3

016 6.84 4.54 1.34 0.99 - 1.09 0.26 30.7

039 7.45 4.75 0.63 - - - - 5.7

042 6.98 7.38 1.65 - 0.44 l.02 - 21.5

017 6.71 4.63 o.86 0.82 - 2.38 1.74 7.1

048 6.34 4.16 1.30 1.09 - 1.03 0.79 10.8

* Average of two or more values; 16500F, 2000 psi
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The outputs were corrected for the main effect of aluminum and the

corrected values were used in replotting other curves.

The point plots of titanium and zirconium showed a large amount of

scatter over the full ranges of compositions. The spread at the zero

per cent zirconium level was very great. Based on the assumption that

titanium might produce an effect similar to that of zirconium, the

outputs were plotted against the sum of titanium and zirconium in each

alloy. The result obtained showed a much more defined trend, indicating

increasing stress rupture life with increasing total amounts of zirconium

and titanium. The point plot, corrected for the effect of aluminum and

indicating the same trend, is shown in Fig. 14.
The point plot for silicon content showed a trend of wide scatter

to high values at the zero per cent addition level (approximately one

quarter per cent Si impurity) and decreasing scatter reaching to less

high values with increasing silicon content. This trend can be attributed

to the interaction which occurs between silicon and niobium.

The interaction between silicon and niobium was determined by

correlating chemical analyses with the presence of a second phase which

was determined metallographically. All of the statistically planned

alloys excluding those containing zirconium, which forms a second phase,

were compared. The comparison showed, without exception, that alloys

containing both silicon and niobium contained a definite second phase

while the alloys containing only one of the two elements were of the

single phase type.

This interaction could not be determined from the point plots

because the elements involved appear in either diagram of the multiple

balance experiment. Metallographic examination provided a convenient

means for determining this high order interaction (the chemical combi-

nation of two elements).

The explanation for the trends of scatter encountered is based on

knowledge of the beneficial effect of niobium (determined earlier) and



47

the deleterious effect of aluminum at high levels. In example, the wide

scatter at the zero level of silicon can be attributed to the effects of

niobium and aluminum. The lowest outputs at the zero level of silicon

are associated with alloys containing no niobium and/or high levels of

aluminum. The high values are associated with alloys containing niobium

additions with either no silicon or a small amount of silicon with a large

niobium addition. The general decrease in the level of the higher values

with increasing silicon content can be attributed to the interaction with

niobium. When silicon is present, niobium is removed from solution,

either completely or in part, and is no longer available to act in its

high temperature strengthening capacity. A comparison of Melts 016, 017,

and 0+8 in Table 10 provides some verification of this.

The point plots or functions of the chromium and molybdenum contents

showed wide spread at both levels of each element. No definite trends

could be determined for these elements.

2. Ductility Analysis

The elongation values obtained from a 16000 F annealing treatment

were plotted as functions of the amounts of the various elements. The

aluminum plot shown in Fig. 15 showed a definite strong trend while

all of the remaining plots showed a large amount of scatter. The scatter

in the other plots was caused to a great extent by the strong influence

of aluminum. When the elongation values were corrected for the effect

of aluminum the scatter was greatly reduced. A good example of this is

shown in the comparison between the uncorrected plot of Ti plus Zr in

Fig. 15 and the same plot corrected for the effect of aluminum shown in

Fig. 16.

The individual plots of titanium and zirconium when corrected for

the effect of aluminum showed no definite trends. The elements were

therefore summed as in the stress rupture analysis. The plot of the

summed elements (Fig. 16) shows a trend indicating a slight decrease in

ductility with an increase in the total zirconium plus titanium content.

The circled points which deviate from the trend are associated with a

large addition of silicon with a small addition of niobium and additions

of silicon without niobium present. These combinations definitely reduce

the. ductility.
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The molybdenum plot, corrected for aluminum, is shown in Fig. 16.

The band which can be drawn is relatively wide, but it indicates a broad

band trend of decreasing ductility with increasing molybdenum content in

the range of one to three per cent. This curve would correspond to half

of the ductility curve obtained in the exact balance analysis described

earlier.

The plots for silicon and niobium showed no definite trends, probably

because of their interaction. The effect of niobium is known from the

exact balance experiment, and silicon is known to be a big factor in re-

ducing ductility.

The corrected chromium plot shows a slight decrease in ductility

with increasing chromium content.

C.e ALLOY OPTIMIZATION PROCEDURE

A program to optimize an alloy composition has tentatively been

established. The information available to date, was applied in select-

ing the elements and levels of concentration as a first attempt in

designing an optimum alloy. A procedure of optimization will be used

to arrive at the most desirable combination of the elements considered.

The procedure selected for optimization is similar in nature to the

designed experiments used in determining the effects of the elements.

The empirically established combination of elements is 7 w/o Al,

8 w/o Cr, 1 w/o Ti, 1l1/4 w/o Zr, 1 1/2 w/o Mo, 1 1/2 w/o Nb, remainder

Fe. The beneficial and deleterious effects produced by each element

were considered and empirically balanced to obtain the levels for each

in the alloy combination. Four of the six elements are to be varied in

the optimization experiment while the remaining two, aluminum and chromium,

are maintained constant in the iron base. High and low levels were chosen

for each of the four varied elements. These are given in the optimization

diagram. The base alloy consists of 7 w/o Al, 5 w/o Cr and remainder Fe.



Zr

1.0 2.0

1.0 2.0 1.0 2.0 Mo

1.0
0.75

2.0
Ti-

1.0

1.25 2.0

Nb

Optimization Diagram

The program involves a total of 17 melts, one of the average

composition (the empirically established alloy) and 16 melts described

by the diagram. The test data (or outputs) will be placed in the block

for each respective alloy and the array of values for each output of

interest will be reviewed. Trends will indicate the direction of either

high or low levels within the diagram. The direction of increasing

outputs will indicate the direction toward a peak in the three dimensioned

space curve for that property. The direction of improvement for each

property will be determined.

The space curves for all three properties can be coordinated in a

single diagram by establishing maximum or minimum acceptable levels

for each property output. Contour lines can be drawn by joining common

limiting values for each property output. The contour lines for each

property output will limit the areas of composition acceptable on the

basis of the established limits.

Since the selection of the alloy listed was based on the data

available to date, changes may be made in the alloy and the optimization

program in accordance with subsequent data.
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V. PROPERTIES OF CARBON CONTAINING ALLOYS

In general, in iron-aluminum alloy work, carbon is considered to

have a deleterious effect on oxidation resistance. Carbon additions

were, however, considered in this program because most of the alloys

contain strong carbide formers. The ferrite phase then would be

expected to contain little, if any, interstitial carbon to which the

loss of oxidation resistance is attributed. If the carbides formed

were sufficiently stable at elevated temperatures, improvement in the

strength and stability of the alloys at elevated temperatures would

be anticipated.

Carbon additions were made to base alloys of varied compositions,

selected from the many prepared. The alloys were selected on the basis

of their ductility curves or stress rupture values, and the effect of

carbon additions on these was determined. Comparisons between the

oxidation resistance of the carbon-containing and the carbon-free alloys

were obtained where possible. The alloys referred to as carbon-free

contain approximately 0.0 4 per cent carbon as an impurity element. The

available test data for these alloys are given in Table ll. Comparisons

of the ductility versus annealing temperature curves are given in Fig.

17.

In some cases marked improvement in the maximum ductility was ob-

tained while in other cases little change. or a reduction occurred.

The variations in aluminum content between alloys which were compared

can account for only a small part of the change which occurred. In

general, the grain size of the carbon-containing alloys was smaller for

most of the annealing temperatures.

The stress rupture life values for the carbon-containing alloys

are, in general, higher than those which are carbon-free. An interesting

comparison is found between Melt 030 containing 0.125 per cent and the

zirconium containing alloys in Table 10. The stress rupture life of

Melt 030 is two and one half times the highest value obtained in that

group.



TABLE 11

Properties of Carbon-Containing Alloys

Alloy Compositions Rupture Oxidation*

(weight per cent ) tr

_Afe C2Al Cr Ti Nb Zr Mo Si (hours) gcm /100 hours

.31 1.014

.34 1.16

- 1.03

- 1.10

.69 0.81

.69 0.88

Melt
No.

013

028

022

030

032

035

041

029

016

068

1.70

1.38

1.34

1.04

- 0.96 0.21 7.3

- 1.08 15.8

2.63 1.03 - 42.2

2.46 1.05 - 151

- - - 8.4

- - - 5.8

- 1.13 - 3.3

- 1.22 - 10.7

- 1.09 0.26 30.7

- 0.61 - 9.6

0.036

0.137*

0.3k0

0.187

0.190+

0.356**

0.164

0.163

0.050

* 1650F oxidation in still-air, 300 hours

* 130-hour test
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C

0.055

0.108

0.045

0.124

0.028

0.105

0.028

0.196

0.035

0.19k

1

1

0

0

0.99

1.05

9.56

9.19

7.63

7.15

5.0k

5.78

6.82

5.97

6.84

6.k

4.81

1.92

1.97

4.82

1.6k

4.69

7.3k

8.01

4.5k

1.79
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VI. FUEL ELEMENT CORE FABRICATION STUDIES

The problem of producing iron-aluminum base alloys by powder metal-

lurgy requires some technique or method other than the conventional.

This is because the aluminum particles are coated with aluminum oxide

which is very tenacious and not reducible in conventional sintering

atmospheres. The purpose of the program was to develop a way to

accomplish sintering of iron-aluminum base alloys using already exist-

ing equipment. Previous Martin experience has shown that wetting of

aluminum particles in compacts could be accomplished by using an

aluminum-silicon alloy, AlSi, having the eutectic composition (11.6

per cent silicon). A heat-treated compact results in a brazed pellet,

which is dense without attaining the usual high sintering temperatures,

and could be worked slightly. It should be noted that the brazing was

accomplished without using a flux. The present program started from

this point. Since sintering was desired, the temperature was raised

to 11000C after brazing at 6000C. After this treatment examination of

the compact indicated that it might be possible to obtain further

densification if higher temperatures were used. The same compact was

then heated at 1375 C. The compact warped but appeared to be well

sintered and gave a metallic ring when struck. This series was re-

peated proceeding to 1375 C directly from the brazing temperature with-

out the 11000C treatment. The resulting compact was badly laminated.

From these experiences it was decided to use the progressive sintering

of 600, 1100 and 1375 C.

The samples thus produced were cold-rolled to 0.015 inch and bent

to check ductility. Although the samples made using AlSi were satis-

factory, it was found that 0.05 w/o tin would improve the ductility of

the rolled compacts. From this background, the process for comparing

the methods of producing an iron-aluminum base was developed. Since

DB-2 was the starting point in the alloy development program, it was

decided to use this composition as a base for this investigation.
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It should be noted that this investigation is a comparison of the

variables. The operations were standardized for the entire group and

therefore are not optimum for any specific composition. There are six

powder variations, pressed at three pressures, sintered according to

three schedules and reduced in thickness by two techniques.

The six powder variations are:

1. DB-2 alloy powder made from vacuum melted ingot;

2. DB-2 composition using master alloys of iron to add the

minor constituents;

3. DB-2 composition by elemental powders;

4. DB-2 composition + 0.5 w/o Sn to increase sintering;

5. DB-2 composition without Nb and Ti to check base composition;

6. DB-2 composition without Nb and Ti but with 0.5 w/o Sn to

check the effect of Sn on base composition.

The powders were pressed at low, intermediate and high pressures of

10, 20, 30 tons per square inch. The compacts were approximately 1.250

x 4.50 x 0.125 inches.

The compacts were sintered in dry hydrogen, which had no apparent

cleaning action but did serve to prevent excess oxidation. The sinter-

ing was based on a progressive schedule of one hour at 6000C, two hours

at 11000C and one hour at 1375 C. The other schedules used consisted

of sintering for two hours at 1100 C and one hour at 1375 C with the
second sintered one hour at 1375 C. The as-sintered microstructures

are shown in Fig. 18.

After sintering and sampling for metallography, the remaining com-

pact was sectioned in three parts, one for cold rolling, one for cold

rolling with intermediate anneals and one for reference. All samples

were reduced to approximately 0.025 inch thickness.

The cold rolled samples were reduced from about 0.125 to 0.025 inch

in eight passes and annealed for 30 minutes at 1000 C. Photographs of

the as annealed specimens and photomicrographs of the structures are

shown in Fig. 19 and 20.
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The cold roll with intermediate anneal were reduced in the same

manner, from about 0.125 to 0.025 inch in eight steps, except they

were given 15 minute anneals at 1000 C between each step. Photographs

of the as annealed specimens and photomicrographs of the structures

are shown in Fig. 21 and 22.

Strips were cut from each specimen and given a bend test. None

of the specimens would bend through a radius of ten thicknesses.

Subsequent work has shown that the ductility can be improved by in-

creasing the sintering time at 1100 C.

As evidenced from the microstructure, the master alloy and ele-

mental powders with tin additions were the best methods of affecting

alloying. Of these, the latter is the better. In every instance, the

master alloy sample pressed at 30 tons per square inch and the elemental

powders with tin, sinteed at 600, 1100 and 1375 C, show good micro-

structure.

Generally speaking the cold-rolled microstructures are slightly

better than those that were cold rolled with intermediate anneals.
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VII. REPROCESSING INVESTIGATIONS

Samples of various alloys were treated in acid solutions similar

to those which might be used in reprocessing fuel elements. The re-

lative rates of solution if the alloys were established with these

tests. Treatments were given in boiling nitric acid and boiling nitric

and sulfuric acid solutions for various times. Sample coupons of

approximately one to two grams in size were used. The thin oxide film

which formed during the latter rolling operation was not removed before

treating.

The samples treated in the sulfuric acid solution were completely

dissolved in less than two hours, and the amount of residue remaining

after the treatment was determined. The percentage loss in weight of

the samples treated in the concentrated nitric acid and nitric acid

solutions were determined. These data are reported in Table 12.



TABLE 12

Results of Reprocessing Investigations

Weight Loss
Boiled 16 Hours

Alloy Composition 1:1 HNO 3
Cr Ti Nb Zr Mo Si C (per cent)

- 2

.05 0.50

- 2.50

.03 2.63

- 1.55

- 1.10 2.1

0.69 0.88 -

1

1

- 1

- 1

46 1

.56 o.81 0.o4o

.76 0.81 0.040

- - 0.050

- - 0.030

.03 - 0.045

.09 - 0.035

- - 0.064

.08 - 0.108

.22 - 0.196

.05 - 0.12k

- - 0.105

4.23

5.13

15.59

59.44

13.53

23.44

16.10

12.34

3.19

24.95

13.72

100% Solution -
(1-2 Gram Samples) % Residue
Boiled 8 Hours Boiled 2 Hours

1:4 HNO3 1:3 H2So

1.10

0.88

100

100

98.46

100

29.76

4.00

1.36

5.48

99.23

2.11

26.69

o.84

0,90

11.11

0.15

o.64

1.35

2.52

1.12

1.47

Melt
No.

010

011

020

021

022

023

026

028

029

030

035

Al

6.87

7.10

7.48

7.55

7.63
6.29

7.69

9.19

5.97

7.15

5.78

1

1

1.28

o.68

0.68

1.34

1.38

7.80

8.01

4.88

4.84

4.97
4.81

5. o4

4.92

8.01

4.82

4.69

O.93
1.16

1
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VIII. IRRADIATION TESTING

The effects of radiation exposure on iron-aluminum base alloys will

be determined in this program. At present, sheet tensile specimens of

two alloy compositions are being irradiated at low temperatures in the

Materials Testing Reactor. The two alloys have the following nominal

compositions.

Weight Per Cent

DB-2 Alloy 7 Al, 5 Cr, 1/2 Ti, 1 Nb remainder Fe (Melt 007)

Binary Alloy 7 Al, remainder Fe (Melt 008)

The tensile specimens are contained in groups of six each in test

bundles. Two bundles of each alloy were inserted in the first reactor

loading. One bundle of each alloy will be withdrawn after three months

of irradiation, and the remaining two bundles will be left in for a

total exposure of nine months duration. After withdrawal of the three-

month group two or more bundles will be inserted for a six-month period

of irradiation. One bundle will contain the DB-2 alloy and the other

a more highly alloyed material having the following nominal composition.

Weight Per Cent

7 1/2 Al, 5 Cr, 1 Nb, 2 Mo, 1 1/2 Zr (Melt 058)

The periods of irradiation to which each type of alloy will be

subjected are:

Alloy Period of Irradiation

DB-2 alloy (Melt 007) 3 months, 6 months, 9 months

Binary alloy (Melt 008) 3 months, 9 months

Highly alloyed material

(Melt 058) 6 months

The specimen positions in the Materials Testing Reactor are providing

an estimated integrated thermal neutron flux rate of 5.6 x 1020 nvt per

month. The fast neutron flux (above one MEV energy) for the same
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location will be approximately one tenth of the thermal flux or an inte-

grated flux rate of about 5.6 x 1o1 9 nvt per month. The specimens to be

irradiated for a nine-month period will therefore be exposed to a total

integrated flux of 5.05 x 1021 thermal neutrons and about 5.05 x 100

fast neutrons.

The tensile specimens are 5/8 inch wide, 4 inches long and 40 mils

thick with a gage section 3/8 inch wide and 2 inches long. The specimens

were encapsulated in 20-mil aluminum sheathings and were assembled into

bundles. Figure 23 shows a lay-out of the bundle components and an

assembled bundle.

The aluminum specimen capsules were prepared by flattening an

aluminum tube to provide a rectangular opening the size of the specimen.

The specimen was inserted and the tubing was pressed between rubber pads

to eliminate the major portion of the void volume. The ends were trimmed

to within a quarter inch of the specimen and were than seal welded. The

sealed capsule was pressed in a hydrostatic bath to bring the aluminum

in close contact with the specimen.

The thin shims used as cooling fins were inserted between the encap-

sulated specimens at the gage sections to aid in conducting the induced

heat from the radiation out of the specimens. All of the pieces were

brought into intimate contact in the assembly by means of the jam screws

and retaining collar. This insured good heat conductivity from the speci-

men to the outside cooling water. At the conclusion of the irradiation

period, the bundles will be subjected to a sodium hydroxide treatment to

dissolve the aluminum from the samples. The collars will also be removed

in this treatment.

The post irradiation testing will consist of tensile tests conducted

at room temperature on the specimens in the as-irradiated condition and

after being annealed at various temperatures. Samples of the unirradiated

material will be tested at the post-irradiation test site to provide com-

parable data for the unirradiated condition.
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IX. SUMMARY OF RESULTS

Variations made in the aluminum content of the DB-2 alloy (7% Al,

5% Cr, 1/2% Ti, 1% Nb, remainder Fe) showed that as the aluminum content

increases from 5 to 13 per cent;

1. The maximum ductility decreases and the points at which the

maximum ductility and sharp decrease in the ductility curve

occur move to lower annealing temperatures;

2. The stress rupture life at 1650 F and 2000 psi decreases;

3. The oxidation resistance increases.

A fine precipitate was obtained in DB-2 alloys with varied aluminum

content in furnace-cooled samples from 2000 F. The amount of precipitate

in the structure decreases with increasing aluminum content.

Samples of seven per cent aluminum DB-2 alloy solution treated one

hour at 1800 0F and aged one hour at various temperatures contained the

greatest amount of precipitate after a 1+00 F aging treatment.

DB-2 alloy which was embrittled by annealing one hour at 2000 F

showed no improvement in ductility after precipitation of the fine second

phase by annealing four hours at J)00 F.

Aging of the DB-2 alloy for 65 hours at 1600 F after a one hour

anneal at 1600F produced no detectable change in the ductility. A

slight reduction occurred after a 2 1/2 hour aging treatment at 16000 F.

Grain size correlations were made on DB-2 alloys and showed no

erratic change in grain size at the temperatures where sharp reduction

in ductility occurred at high annealing temperatures.

From microstructural correlations made of all the alloys prepared,

the following observations were made:

1. Alloys containing a pronounced second phase resist grain growth

to temperatures above 2000 F;
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2. Ductility versus annealing temperature curves for alloys

containing titanium (without zirconium present) are peaked.

Drop-off in the ductility curves are associated with anneal-

ing temperatures at which recrystallization occurs. The

lowest levels of ductility are generally associated with the

fully-annealed condition;

3. The tensile fractures of the alloys in the low ductility

states, referred to in 2, exhibited transgranular cracking

in all cases;

i. Alloys containing simultaneous additions of niobium and

silicon contain a pronounced second phase;

5. Alloys containing zirconium additions contain a second phase.

The second phase has a low melting point, being a interdentritic

phase in the cast alloy. The phase was found collected at grain

boundaries in wrought samples during 2000 F annealing treatments;

6. Alloys containing zirconium, in general, have recrystallization

occurring at lower annealing temperatures than for the titanium-

containing alloys;

7. The irregular cast grain structure of the DB-2 alloy was found

to be caused by a pronounced subgrain structure associated with

the niobium addition. The niobium-free alloy exhibits an

equiaxed cast structure.

In making modifications in the DB-2 composition (7% Al, 5% Cr, 1/2%

Ti, 1% Nb, remainder Fe) the following trends were observed in relation

to the effects of elements on the ductility versus annealing temperature

curves.

1. When zirconium replaces titanium in the seven per cent aluminum

alloy the ductility curve becomes less peaked and a lower maximum

ductility is obtained. The ductility after a 2000F anneal is

significantly higher. In a nine per cent aluminum alloy the

maximum ductility was increased with a slight shift in the

peaked curve to higher annealing temperatures;
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2. Additions of one half and one per cent of zirconium to the DB-2

composition produced corresponding decreases in the maximum

ductility curve;

3. In a base alloy containing 7% Al, 5% Cr, 1% Nb, remainder Fe

an addition of one half per cent titanium shifted the drop-

off point in the ductility curve to a higher annealing temper-

ture while a one per cent addition shifted it to a lower

temperature;

4. Eliminating the niobium addition caused a shift in the ductility

drop-off point to a lower annealing temperature;

5. Additions of 2, 5 and l per cent chromium to a base alloy con-

taining 7% Al, 1/2% Ti, 1% Nb, remainder Fe produced correspond-

ing decreases in maximum ductility and in the annealing temper-

ature at which the ductility drops off;

6. Additions of one half per cent nickel to the DB-2 composition

and to the DB-2 alloy with zirconium replacing titanium produced

reduction in the annealing temperature at which the ductility

drops off.

The following results were obtained from analyses of the exact

balance (nine alloy group) designed experiment:

1. Ductility - zirconium and niobium produce linear reduction in

the ductility with zirconium producing the greatest effect.

Molybdenum improved ductility with additions up to one per

cent;

2. Stress rupture life - zirconium, niobium and molybdenum increased

the stress rupture life with increasing additions of each. Zir-

conium produced the greatest effect, molybdenum the least and

niobium the second greatest effect but tending toward saturation

above about one per cent addition;
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3. Oxidation resistance - zirconium produces the greatest effect

in destroying the oxidation resistance while niobium and moly-

bdenum improved the oxidation resistance effectively in the

order given.

The following results were obtained from the multiple balance (25

alloy group) experiment :

1. Ductility - aluminum produced the greatest effect in reducing

the ductility. The summed zirconium and titanium contents

produced decreasing ductility with increasing total additions.

Molybdenum in the range of one and two and one half per cent

and chromium in the range of five and eight per cent produced

slight decreases with increasing amounts. Silicon and niobium

formed a second phase and their independent effects could not

be determined;

2. Stress rupture life - aluminum decreased the stress rupture

life with increasing amounts. Molybdenum and summed titanium

and zirconium additions produced increases in the stress

rupture life. The effects of silicon and niobium could not

be determined because of their interaction in forming a second

phase. No effect from chromium could be determined.

Additions of carbon to selected alloys, in some cases, produced

improvements in the ductility curves, stress rupture life and oxidation

resistance.

Four capsules containing sheet tensile specimens of two alloys

(DB-2 and binary Fe-Al) were inserted in the Materials Testing Reactor

for three- and nine-month periods of irradiation. Two capsules of two

alloys (DB-2 and a highly alloyed Fe-Al base alloy) were prepared for

insertion for a six-month period of irradiation.

Solution rates of selected alloys in solutions of acids used in

reprocessing fuel elements were determined.
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X. FUTURE WORK

The alloy optimization program will be initiated when certain test

data being collected are available. The program will be carried out as

described or in a modified form after review is made of the subsequent

data.

Creep, stress rupture and elevated temperature tensile tests of

selected alloys which are presently being conducted at 1200, 100 and

1600 0 F will be continued. Data in these areas will be included in the

next report. Stress versus rupture life curves will be determined for

some of the alloys. Oxidation tests in air and the three other gases

will be continued.

Alloys containing aluminum in the range of 20 per cent additions

will be prepared and evaluated.

Solution rates in reprocessing acid solutions will be determined

on more of the newly prepared alloys.

Fuel element core fabrication studies will be directed toward

optimization of materials and techniques. Clad-to-clad and clad-to-core

bonding studies will be carried out to aid in establishing suitable

fabrication schedules.

The second group of irradiation test specimens will be inserted

in the Materials Testing reactor for a six-month period of irradiation.

The post-irradiation test results for the first group of test samples

should be obtained during the next quarter.
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APPENDIX A

Melt
No. Al Cr Ti Nb Zr Mo Si

001 7.38 4.93 0.58 0.96 -- --

002 7.32 5.57 0.62 1.00 -- --

003 8.96 6.05 0.58 0.97 -- --

004 11.15 4.95 0.59 1.01 -- --

006 13.37 4.85 0.61 1.05 -- --

008 7.20 -- -- -- -- --

009 9.88 7.87 1.26 -- -- 2.70 1.55

010 6.87 7.80 1.28 -- -- 2.56 0.81

011 7.10 8.01 0.68 -- -- 1.76 0.81

012 9.84 4.81 1.39 2.36 -- 1.16 1.08

013 9.56 4.81 1.31 1.04 -- 0.96 0.21

014 9.57 7.77 1.39 1.39 -- 2.02 1.32

016 6.84 4.54 1.34 0.99 -- 1.09 0.26

017 6.71 4.63 0.86 0.82 -- 2.38 1.74

018 9.57 5.03 1.38 2.40 -- 0.42 0.87

019 8.20 6.19 1.06 1.18 -- 1.17 0.97

020 7.48 4.88 -- 1.05 0.50 -- --

021 7.55 4.84 -- -- 2.50 -- --

022 7.63 4.97 -- 1.03 2.63 1.03 --

023 6.29 4.81 -- -- 1.55 1.09 --

026 7.69 5.04 0.68 0.93 -- --

028 9.19 4.92 1.34 1.16 -- 1.08 --

029 5.97 8.o1 1.38 -- -- 1.22 --

030 7.15 4.82 -- 1.10 2.46 1.05 --

032 5.04 4.64 0.69 0.84 -- --

035 5.78 4.69 0.69 0.88 -- ----

036 7.13 5.19 0.68 1.06 0.46 -- --

037 9.09 5.09 -- 1.07 0.44 -- --

038 7.45 4.75 0.63 -- --

039 8.75 7.86 1.26 -- 0.61 0.74 0.60

o4o 7.31 7.79 1.25 -- 0.40 0.58 --

041 6.82 7.34 1.70 -- -- 1.13 --

042 6.98 7.38 1.65 -- 0.44 1.02 0.59

043 7.15 4.88 0.70 0.98 -- -- --

044 7.19 7.86 1.88 1.15 1.20 1.84 --

045 6.99 4.74 1.24 -- -- 2.60 0.51

046 9.24 7.86 1.32 -- 1.10 2.20 --

047 7.02 7.84 1.32 -- -- 2.66 --

048 6.34 4.16 1.30 1.09 -- 1.03 0.79

050 9.24 4.53 1.25 -- 0.56 1.02 --

051 7.12 4.86 2.09 1.09 -- 2.88 --

052 6.23 4.52 2.12 1.13 0.43 2.75 0.75

053 8.87 4.57 2.24 -- 0.44 2.86 0.56

054 6.57 4.59 1.46 -- 0.62 2.30 --

055 8.70 4.55 1.4 -- 0.49 1.10 --

056 7.31 4.82 -- -- 0.51 1.89 --

057 7.50 4.76 -- 2.33 0.49 0.91 --

058 7.73 4.68 -- 1.20 1.34 2.12 --

059 7.44 4.76 -- 2.21 1.41 -- --

060 7.74 4.80 -- 2.13 2.80 1.97 --

061 7.24 4.98 -- -- --

062 7.30 2.07 0.62 1.10 -- --

063 7.32 11.26 o.58 1.03 -- --

064 7.22 4.82 -- 1.06 0.59 -- --

065 7.31 4.93 0.61 1.18 0.96 -- --

066 7.47 4.97 1.11 1.03 --

067 7.20 4.90 -- 0.95 -- --

068 6.4 4.79 1.04 1.05 -- 0.61 --

* Average of two values

Tensile Elon- Oxidation
Eat n 0 * Weight Cbane* Stre ato Rupture

1600i Anneal 2 16508 ,2000 PSI
Ni C 1 Hour (mg/cm /100 hours) (hours)

-- 0.035 21

-- 0.030

-- 0.040

-- 0.030

-- 0.040

-- 0.020

-- 0.030

-- 0.040

-- 0.040

-- 0.050

-- 0.055

-- 0.035

-- 0.035
-- 0.040

-- 0.035

-- 0.035

-- 0.050

-- 0.030

-- 0.045

-- 0.035

-- 0.064

-- 0.108

-- 0.196

-- 0.124

-- 0.028

-- 0.105

-- 0.036

-- 0.036

-- 0.034

-- 0.036

-- 0.028

-- 0.042

o.61 --

-- 0.040

-- 0.032

-- 0.032

-- 0.036

-- 0.034

-- 0.026

-- 0.038

-- 0.038

-- 0.032

-- 0.028

-- 0.034

-- 0.032

-- 0.044

-- 0.032

-- 0.040

-- 0.040

-- 0.022

-- 0.060

-- 0.050

0.57 0.028

-- 0.036

-- 0.046

-- 0.038

-- 0.194

20 1/2

13 1/2

2 1/2

3
25 1/2

1

4

6

1/2

1 1/2

1/2

12

1 1/2

1/2

2

19

12 1/2

13

18 1/2

22

7

19 1/2

13

25

22

18 1/2

16 1/2

23

1

21

8

6 1/2

20

7 1/2

8 1/2

1 1/2

8

17

4

14

13

1

13

2 1/2

20

18 1/2

15 1/2

14

7 1/2

20

22

19

18 1/2

17 1/2

18 1/2

22

23 1/2

+ 0.12

+ 0.068

+ 0.047

+ 0.0029

- 0.065

+ 0.015

+ 0.197

+ 0.157

+ 0.090
+ 0.036

+ 0.036

+ 0.050

+ 0.097

+ 0.057

+ 0.082

+ 0.107

+ 0.628

+ 0.340

+ 0.304

+ 0.163

+ 0.187

+ 0.151

+ 0.201

+ 0.146

+ 0.144

+ 0.164

+ 0.144

+ 0.156

+ 0.154

+ 0.125

+ 0.139
+ 0.187

+ 0.021

+ 0.149

+ 0.072

+ o.080

+ 0.083

+ 0.115

+ 0.067

+ 0.139

+ 0.066

+ 0.131

+ 0.112
+ 0.175

8

12.2

5.9

6.5

3.2

6.8

9.2

4.8

9.2

7.3

11

30.7

7.1

8.2

25.6

8.8

12.6

42.2

9.0

9.3

15.8

10.7

151.0
8.4

5.8

11.6

7.3

2.6

5.7

4.7

3.3
21.5

7.9

27.7

8.2

15.7

5.3

10.8

4.5

16.7

17.7

18.6

12.5

4.4

4.7

13

35.5

21.6

61

0.9

9.1

13.0

9.9

20.9

22.4

8.5

9.6

** 300 hour corrosion test in still air, + indicates weight gin

Compositions and Properties






