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I

Previous work with 354-T61, an aluminum-silicon-copper-magnesium casting

I alloy, had demonstrated a mechanical property advantage over the 356

variant-T6 aluminum alloy currently used in Douglas production. This

advantage was confirmed. Optimumly heat treated, 354-T6 aluminum alloy

If showed a five to ten percent advantage in iron chill-cast ultimate and

yield strength and a 20 to 35 percent advantage in part strength.

The part strength levels achieved were comparable to the identicalZ'ee-

- shaped configuration machined from wrought 1.5 inch thick 7075-T6

I aluminum alloy plate and considerably in excess of values obtained with

2014-T6.

I

I
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1NTRODUCT I ON

Since the description, in 1956 by Lemon and Hunsicker(I), of A356 as a

commercially available aluminum casting alloy there has been, in the aero-

space industry, a growing trend toward the use of high strength, light

metal alloy castings. The majority of these castings have usually been

poured in various combinations of a "high purity" aluminum-silicon-

Smagnesium silicide system which may or may not contain a small beryllium

addition. While the production use of this class of alloys (0.2 to 0.8

weight percent magnesium and 6.5 to 10.0 weight percent silicon) has grown

progressively common for casting designs requiring maximum mechanical

properties, the strength levels produced in 1958(2) have not since been

significantly improved by foundry experience.

This observation, made initially at a production level, has been confirmed

experimentally. In an investigation now being prepared for publication(3)(4)

it has been demonstrated that variation in thermal treatment and minor

can not increase either part strength or tensile strength beyond the optimum

values previously reported. 5 . From this work it has been concluded, that

while refinement of casting techniques can usually increase soundness and the

structural strength of any given functional configuration, the aluminum-

silicon-magnesium alloy, as currently used, has been developed to almost the

full extent of its practical strength capability. Future significant in-

creases in the mechanical properties of aluminum castings must be achieved

using other alloying components.
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INTRODUCTION (Cont'd.)

Previous work with 354-T61 aluminum alloy (aluminum-silicon-copper-magnesium,

(6)formerly M517) has evidenced some potential in this direction). This

study, of similarly rigged, ring-type castings, demonstrated two strength

advantages for 354 over the 356 variant aluminum alloy currently used in

Douglas production. First, 354 showed markedly higher mechanical properties

than did the 356 variant, whose compositional range appears in Table I.

Second, the integral test bars fixed to the 354-T61 aluminum alloy castings

appeared to reflect more accurately the actual strength of the matrix of the

casting than did the production control integral bars of the 356 variant-T6

castings. These limited results, as well as data reported elsewhere

while promising, required confirmation of the mechanical properties obtainable

with the new alloy. Also needed was direct comparative information on

relative part strength, where a given configuration, optimumly cast and heat

treated in both 354 and the 356 variant aluminum alloys, is static tested to

failure in its entirety under simulated functional load. The present report

describes an attempt to supply such information.

2 •XPERIMENTAL PROCEDURE AND RESULTS

2.1 Test Configuration

The configuration chosen for this study was the "Tee" bar casting, diagramed

in Figure I. The part is one of two test configurations currently used by

Douglas in foundry and light metal alloy investigations. While the casting

is uncored, and suggests little necessity to vary gating and chilling tech-

niques, it does permit a simple, inexpensive and direct strength evaluation

of a standard configuration in its entirety. This test casting, which is

reasonably reproducible dimensionally, is poured and heat treated as an 'W'.

Ii
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2.1 Test Confiouration (Cont'd.)

The "H" is then bisected across the center arm into two identical "Tee" -

shaped pieces. Each of these "Teels" is individually fixed in a standard

I jig and bend loaded to failure with a tensile testing machine. The load,

simulating a typical design stress, is applied to the cantilever in the

I position shown in Figure 2. The specific numerical value obtained, pounds

load to part failure, can be correlated with the mechanical property results

derived from coupons subsequently excised from that specific, broken test

I part.

2.2 Casting Production

Two series of ten IH" castings were produced. Each individual series was

poured from a single melt of 354 aluminum alloy. Using iron chills, one

series of castings was cooled from the molten state at a relatively rapid

I rate. As shown in Figure I, these parts were essentially permanent mold

cast. The other series was sand cast, cooling at a considerably slower

rate. Each individual "N" thus produced, l y either technique, represented

two interconnected, similarly gated "Tee" bar test parts.

Three IN" castings of each series, three sand cast and three chill cast,

were heat treated together by the producing foundry to the following schedule-

solution heat treat II hours at 980°F (527 0 C) and one hour at 990°F (5320C),

rapidly quench into 1500F (660c) water, room temperature age 24 hours,

artificial age six hours at 340°F (171°C) and air cool.

The remainder of the test parts, seven chill cast "H"'-s and seven sand

cast "H"'s.were submitted for thermal treatment and subsequent strength

Sevaluation to Douglas in the 'F" or s.-cast temper.

I

I.
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2.3 louglas Heat Treatment

The seven as-cast permanent mold "H"'s and the seven as-cast, sand cast

"I"'s were bisected into 28 "Tee"-shaped test parts. These were divided

I into two groups, "A" and "B", one "ree"-shaped half of each "H" in each

j group. Group A castings were simultaneously solution heat treated for II

"hours at 980 t5OF (527°C) and were immediately quenched into 120°F (49°C)

I water. Group B castings were solution heat treated for 12 hours at 1000
0o

L5 F (5380C) and were also immediately quenched into 1200F (490C) water.

I Approximately a three second time delay existed between the opening of the

j furnace door and the entrance of the castings into the water. A twenty

four hour age interval was scheduled between the quench and the subsequent

J artificial aging of all castings.

"The "Tee" bar castings of both solution heat treat groups were aged together

for various times at 350 j5 0 F (1770C). Castings were fixed [n the aging:

load so that after each of seven time intervals (1,2,3,4,5,7 and 14 hours)

a permanent mold and a sand cast representative of each solution heat treat

group could be simultaneously removed. With this technique the furnace door

could be quickly closed and no appreciable heat loss occurred. The castings

were then air cooled.

S2.4 Inspection

1.. The chemical compositions of the castings were determined spectrographically

using well established standards. These results, as well as the compositional

limits imposed by specification, appear in Table I.

X-ray examination demonstrated that all permanent mold cast parts were of

comparable quality and were essentially free of radiographically visible

I discontinuities. Each of the sand cast parts showed round gas porosity

I
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2.4 Inspection.(Cont'd.)

approximately equal to 1.21 02 of ASTM Radiographs E155-60T. All parts

were also judged sound on fluorescent penetrant inspection.I
2.5 Jesting

I As described previously, each variously heat treated "Tee" bar was bend-

loaded to failure as shown irn Figure 2. The cantilever fractured cleanly

at the juncture of the two arms. The results of these part strength tests

for permanent mold cast "Tee"'s are tabulated in Table II and for sand cast

"Tee"s in Table Ill. These data are also graphically represented in

Figure 3, where comparative part strength for 354 aluminum alloy is plotted

as a function of aging time at 3500 F, (177°C).

Two standard, cylindrical, subsize, tensile test coupons, 0.25 inches in

Sdiameter, one inch gage length, were taken from each previously broken "Tee",

- one coupon machined from the I x I x 4 inch post section and one coupon

machined from the edge of the 1.5 inch wide, 0.5 inch thick arm. The center

of the gage length of this latter coupon, as shown in Figure 2, was then

two inches from the point of fracture of the original "Tee". These coupons

I were tested in tension at a loading rate of 1200 pounds per minute on a

Baldwin-Southwark Tate-Emery testing machine, 5000 pounds capacity. The

tensile results for these coupons are reported in Table II for coupons

cut from permanent mold cast "Tee"'s and in. Table III for sand cast "Tee"'s.

These data are also graphicall'y shown in Figure 4 for chill cast material

I and in Figure 5 for sand cast material where tensile strength for 354-T6

aluminum alloy is plotted as a function of aging time at 350&F (177°C).

I Yield strengths were measured at 0.2 percent offset. Elongations were

j measured by "fit-back" in a one inch gage length. The mechanical pro-
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I
2.5 I (Cont'd.)

perties reported for a given sand cast or chill cast "Tee", representing a

given solution heat treatment and aging time~are given as the average of

I the two tensile coupons taken from it.

Also machined from all 354-T6 aluminum alloy castings, in the locations shown

in Figure 2, were two 1/4 x 3/8 x 4 inch bending modulus specimens. These were

tested in three point loading as has been previously described in the litera-

ture.(6) The results of these tests appear in Table II for the variously

heat treated permanent mold castings and in Table III for the sand cast '"ee"

1 bars.

2.6 Addi:tional Data

Plotted in Figure 3 are similar part strength data for the 356 variant

II aluminum alloy' currently used in Douglas production. These results are

shown for both a series of "Tee" bars cast using the iron chills supplied

with the pattern equipment and another series cast using aluminum chills.

J• Tensile data for this 356 variant-T6 aluminum alloy appear in Figure 4 and

5 and in Table IV.

For comparison with the results obtained using 354-T6 aluminum alloy,

typical "Tee" bar part strengths of other light metal alloys are shown in

Figure 6. The tensile results obtained :from, these parts are tabulated in

Table V. The static test results for the '"ee" bars heat treated to the

T-6 condition by the producing foundry are plotted as individual points

in Figure 3. Also appearing In Figure 3 are several individual test results

I for the "Tee" confitguration machined from wrought 7075-T6 and 2014-T6 aluminum

alloy 1.5 inch thick plate In both the transverse and longitudinal directions.I
[T
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3 DISCUSSION

As can be seen in Figures 3 to 5 and in Tables II and IV, both sand cast

and chill cast 354-T6 aluminum alloy consistently produced higher strength

levels than does the 356 variant-T6 aluminum alloy currently used at Douglas

j and elsewhere. This was especially true in regard to chill cast part strength.

The aluminum chilled 356 variant-T6 "Tee" bar properties, reported in

Figure 3 and in Table IV for comparison, represent the highest strength

levels ever obtained for this configuration cast in the aluminum-silicon-

magnesium system. The values were selected from a considerable history of the

comparative testing of "Tee" bars obtained from many sources, in many composi-

tional variations of the 356 family and in many heat treat combinations.

Compared to these.maximum data, the 354-T6 aluminum alloy castings, poured

I using iron chills and subsequently solution heat treated by Douglas for 12

hours at IO00°F (53800), show an advantage in part strength of approximately

1 25 percent. Compared to the 356 variant-T6 aluminum alloy cast using the

slower heat conduction iron chills, the part strength advantage for 354-T6

increased to approximately 35 percent. Advantage for 354 in ultimate and

V yield strength, obtained from coupons excised from the chill cast material,

was less pronounced but still averaged approximately five to ten percent.

This advantage in yield strength, determined at 0.2 percent offset, was more

pronounced at aging times in excess of six hours. At aging times less than

six hours, elongation, as measured by "fit back" within a one inch gage

length, was somewhat lower for 354 than for the 356 variant. This

apparently does not obtain at aging times beyond six hours when the ductility

of the two alloys, at least in chill cast material, appeared to be equivalent.

I Sand cast 354-T6 aluminum alloy also showed an advantage over sand cast 356

!I
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3 DISCUSSION (cont'd.)

variant-T6 aluminum alloy in part strength (Figure 3) and in tensile ultimate

and in tensile yield (Figure 5). Only in elongation did the 356 variant

appear superior.

I It is interesting to note that in chill cast 354-T6 aluminum alloy, with

'increase in aging time, the progressive decrease in elongation from eight

percent at one hour age at 3500F (1770C) to four percent at a fourteen hour

age does not effect the corresponding increase in part strength. Apparently

four percent elongation is adequate ductility to allow the "Tee" bar con-

J figuration under overload to deform sufficiently to redistribute bending

stress before fracture. This observation does not hold with the more slowly

cooled sand cast "Tee" bars containing relatively larger dendrite cell sizes.

1 Here, as aging times increase from one to fourteen hours, ductility progress-

ively decreases from approximately four percent elongation to less than one

1 percent. While tensile ultimate and tensile yield vary directly with increase

in artifical aging time up to fourteen hours, part strength decreases with

aging times beyond six hours at 350°F (1770C). Expressed differently, the

degradation of part strength appeared to occur when elongation had decreased

to approximately one percent. Tentatively, ignoring the slight heterogeneity

caused by gas porosity, at this point ductility is, perhaps, inadequate to

redistribute the bending stress. It would follow thendthat a six hour age

at 3500F (1770C) could be safely selected for almost any configuration,

Ii provided that the cooling rate of the molten metal in critical areas of the

hypothetical configuration is at least as rapid as the cooling rate at the

ji intersection of the sand cast "Tee".

t The 354-T6 aluminum alloy sand cast and chill cast part strength advantage

I
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3 DISCUSSION (Cont'd.)

shown by the Douglas heat treated "Tee" bars over "ree" bars heated to an

identical, schedule by the producing foundry and the slight additional

Odvantage shown for the 100°0F (538 C)solution treatment over a 980F (5270C)

solution temperature can be explained on essentially the same basis. The

increased solution temperature, a more rapid water quench used in the Douglas

heat treatmeni; as well as a 100 (5.50 increase in aging temperature,

apparently combined to produce a more optimum solid solution dispersion of

I finely divided magnesium silicide and copper-aluminum. As can be seen from

I the mechanical property data presented in Table V and the part strength data

summarized in Figure 6, 354-T6 aluminum alloy, properly cast and heat treated,

produced strength levels in excess of those produced by any other light

metal alloy previously studied in this configuration. The port strengths

achieved with 354-T6 also appear to compare favorably with wrought aluminum

[i alloys. Plotted in Figure 3 are several individual part strength tests of

the "ree" bar configuration machined, in both the longitudinal and transverse

direction, from 1.5 inch thick wrought plate. It should be noted that the

numerical values obtained from optimumly heat treated, chill cast 354-T6

aluminum alloy are of the same order as those obtained from 7075-T6 plate

and considerably in excess of those obtained from 2014-T6 aluminum alloy.

While the results as reported are promising, it should be remembered that

I the 354 permanent mold "Tee" bars investigated in this study were cast

¶ using the iron chills supplied with the pattern equipment. It has been

previously demonstrated, using 356 variant aluminum alloys, that the dendrite

cell size of aluminum chill cast "Tee" bars is, in general, smaller than the

dendrite cells of iron chill cast "Tee" bars. Time for dendrite and con-

I stituent growth is limited by the greater heat conductivity of aluminum chills.

!
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3 QDISCUSSION (Cont'd.)

The advantage of the more rapid chill is reflected by consistently higher

mechanical properties, including elongation, and. by consistently higher

part strcngths.(3)(4) It is currently planned to apply this information to

j the aluminum-silicon-copper-magnesium system of 354 in an attempt to further

improve the strength level of this promising alloy.

I
I1I. Sand cast "Tee" bar part strengths obtained using 354-T6 aluminum alloy

were slightly greater than produced by any sand cast, light metal alloy

previously tested.

2. Chill cast "Tee" bar part strengths were produced using iron chilled

I 354-T6 aluminum alloy that were considerably in excess of any value

previously obtained using any other cast light metal alloy.V
3. Optimumly heat treated chill cast 354-T6 aluminum alloy showed a 20 to

f 35 percent part strength advantage over the 356 variant-T6 aluminum

alloy currently used in Douglas production. The degree of this advantage

depended upon whether iron or aluminum chills were used in casting the

356 variant, aluminum chills producing slightly higher part strengths.

4. The optimumly heat treated chill cast 354-T6 aluminum alloy part strengths

I approximately equaled values obtained using the identical configuration

ir machined from wrought 1.5 inch thick 7075-T6 aluminum alloy plate and

were considerab-ly in. excess of those machined from 2014-T6 plate.

S5. Optimumly heat treated chill cast 354-T6 aluminum alloy also showed a

I five to ten percent advantage in tensile yielld and ultimate over the

356 variant-T6 aluminum alloy. Elongations were slightly less IhI
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4 CONCLUSIONS (Cont'd)

354 than in the 356 variant.

1 6. Solution heat treatment of 354 aluminum &lloy for 12 hours at IO000 F

produced slightly higher mechanical properties and considerably greater

1 part strengths than did II hours at 980*F plus one hour at 990*F.

7. A six hour artificial age at 350OF for the 354-T4 aluminum alloy

provided optimum properties.I
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I FIGURE 2

"TEE" BAR TEST CASTING AND TECHNIQUE USEDI IN BEND LOADING IT TO FAILURE

I "I

1 4.0
I

TEN~SILE TEST COUPON

BENDING MODULUS COUPONI

1. CASTING MIDLINE

~I'

II

I IO

•"TENSILE TEST COUPON BNIGMDLSCUO

4.o ARRANGEMENT
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FIGURE 6

REPRESENTATIVE LOAD TO FAILURE DATA FOR "TEE" BAR CASTING:
POURED IN VARIOUS ALLOYS

BARS INDICATE SoCATTER BAND OF TEST RESULTS

OPEN BARS INDICATE SAND CAST SAMPLES.
CLOSED BARS INDICATE CHILL CAST SAMPLES
HORIZONTAL LINE THROUGH' EACH BAR INDICATES MEAN OF RESULTS

PARENTHETICAL NUMBERS CORRESPOND TO SPECIFIC TEST SERIES. THE

TENSILE PROPERTIES OF WHICH ARE REPORTED IN TABLE IV
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