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FOREWOR D
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Division of the Boeing Aerospace Company, Seattle, Washington under USAF
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in g all effort discussed in this report, is being funded by the -Metals

Branch of the Manufacturing Technology Division of the Air Force Materials
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mics Laboratories (AFFDL/FBA).
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The contractor ’s report number is D180-24610-l. This report covers
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SECTION I

INTRODUCTION

The purpose of this program is to demonstrate that the use of castings

in airframe construction can be extended to prima ry structural components.

The program goa l is to achieve the above with no weight penalty and with a 
—

minimum of 30% cost savings. Specific objectives of the program are to

establish necessary structura l and manufacturing technologies and to demon-

strate improved integrity , reliability , and reproducibility of cast aluminum

airframe components. The baseline component selected to demonstrate struc- -:

tural casting capability is the YC-14 body bulkhead at body station 170.

This is the body nose bulkhead that provides forward support for the nose

lan ding gear and nose gear door. The cast version of the bulkhead weighs

185 pounds and measures 90 x 53 inches. Much of it is only 0.10 inch

thick.

The CAST program is a six-phase effort. The six phases include the

follow ing spec i fic activit ies:

Phase I: Prel iminary Design

Phase II: Manufacturing Methods

Phase III: Detail Design

Phase IV: Fabrication of Demonstration Component

Phase V: Structural Test and Verification

Phase VI: Technology Transfer

1
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The objective of Phase II , Development of Manufacturing Methods , is to

establish necessary casting foundry practices and related manufact uring

technologies to support all design and fabrication efforts. In accomplish-

ing this objective , the trial-and-error methods of casting were minimized

and a more scientific approach was taken. This will ensure high and more

consistent mechanical properties . This effort i nvolved extensive charac-

terization of each step of the casting process to define acceptable limits

of process parameters. This technology will then be used during the fabri-

cation of the demonstration component durin g Phase IV.

_ _ _ _  ~~~~~~~~~~~1±I 
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SECTION II

ALLOY SELECTION

The age-hardenable aluminum-silicon-magnesium alloy A357 was selected

for the CAST program. This alloy is characterized by excellent castability ,

good res ponse to heat treatment , hi gh resistance to corrosion , and good

weldability .

A357 is similar to A356, but has a sl ightly higher magnes ium content

and controlled amounts of titanium and beryllium added to increase the

strength. Table 1 shows the chemical composition limits established by the

preliminary material and process specification , M-XXXX , “Aluminum Al loy

A357 Cast ings , Primary Ai rcraft Structure.”

A357 is used in the solution-heat-treated and aged condition . Table 2 
-

~

presents the nominal heat treatment specified in M-XXXX .

A typical microstructure of heat-treated A357 shows that solid solu-

tion dendrites of primary aluminum form the matrix, wi th an interdendritic

eutectic network of alpha aluminum and silicon particles (Fig. 1). Ex-

tremely fine particles of the intermetallic phase , Mg2Si , precipitate out

of solid solution during aging; however, these are not v i s ib le at the

magni f i cation of Figure 1 .

__  1_I _ _ _ _  _-- -



TABLE 1. A357 CHEMICAL COMPOSITION

Percent , Percent ,
Elements Minimum Maximum

Copper -- 0.20

Silicon 6.5 7.5

Iron -- 0.10

Manganese -- 0.10

Zinc -- 0.10

Magnesium 0.55 0.65

Titanium 0.10 0.20

Beryllium 0.04 0.07

Others , each -- 0.05

Others , total -- 0.15

Aluminum Remainder

4
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TABLE 2. A357 HEAT TREATMENT

Solution PrecipitationHeat Quench Natural Heat TreatmentTreatment Delay Quenchant Aging (Aging)

1010°F + 10°F 8 sec. 170°F + 30°F Room temp. 325°F ± 10°Ffor max. water for for16~~,rs . mj n. 16-24 hrs . 8 hrs.±1 hr.

For cast ings wi th 1 inch maximum thickness. Add 2 hours soakfor each addit ional 1/2 inch thickness.

5
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Figure 1. Typical Microstructure of A357-T6
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SECTION III
METAL MELTING AND POURING TECHNIQUES

1. BASELINE DATA FOR SPECTROGRAPHIC ANALYSIS

Close control of alloy composition throughout the casting process is

critical if mechanical properties are to be optimized . This can he accom-

plished only if the means of determining alloy compo:ition are reliable.

Durin g this program , vacuum emission spectrographic analysis was used for

determining alloy composition. The removal of a spectrographic analysis

sample from a melt is shown in Figure 2. This analysis method Is fast ,

conven ient, and can produce rel iable results . Its accuracy was compared

with the more acc urate wet chemical analysis at the beginning of this pro-

gram. The results of analyzing an A357 aluminum alloy sample by the two

methods indicate that the silicon and magnesium content differed by only 3% -

and 7% , respectively. Based upon this comparison , it is concluded that

vacuum spectrographic analysis does produce reliable results .

2. FLUIDITY TEST

Fluidity may be described as being the property of molten metal that

allows it to flow through the mold gating system and ultimately fill the

mold cavity to produce a casting . The amount of fluidity a given metal

will display in casting operations is generally measured with standard

fluidity test molds. Figures 3 and 4 show two configurations of the fluid-

i ty test molds used -in this investigation. Figure 3 shows a single spiral-

type fluidity test pattern in which the width of the part decreases as the

length of the spiral increases. It was bel ieved that this design would

7 
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display the fluidity characteristics of molten metal flowing from a thick

to a thin section. Due to the constant velocity of the metal entering the

mold through the sprue, the molten flow appeared to accelerate as the

spiral section narrowed. Although this test significantly shows the effect

of nonuniform section thickness in molds on the fluidity characteristics of

the molten metal , -it does not provide reliable data for estimating the

fluidity of mol ten metal in a mold of uniform section thickness. The

determination of the amount of fluidity obtained in molds of uniform sec-

tion thickness was made by casting parts in the form of a double-spiral , as

shown in Figure 4.

The double-spiral fluidity test pattern described above was evaluated

in molds made with AFS 53, 70, and 140 silIca sand. The molds made with

AFS 53 and 70 silica sand were bonded with 4% sodium slllcate—C02, and

those made with AFS 140 silica sand were bonded with 6% sodium silicate -

CO2. The l arger amount of binder required for AFS 140 silica sand was due

to the greater total surface area of the finer sand grains with respect to

the surface area displayed by the AFS 53 and 70 grains . In addition to the

silica sand fluidity test molds , tests were also conducted with molds made

of zircLn and chromi-t e sands bonded with 4% sodium silicate-CO2. Amorphous

carbon and hexachloroethane mold coatings were tested to determine their

effect on metal fluidity, and the effect of alloy composition on the fluid-

ity characteristics of molten aluminum was also evaluated . Each of the

test castings was poured with A357 at 1400°F at a height of 11 inches above

the sprue. To eliminate problems resulting from pressure or gas generated

in the molds, a 0.25—inch—diameter vent was placed at the end of each

spiral. The amount of fluidity displayed by each condition using the

spiral molds was determined by weighing and measuring each cast and trimed

spiral .

L
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The results of fluidity tests using AFS 53, 70, and 140 s i l ica  sand

are shown in Figure 5. These results Indicate that the fluidity of AFS 70

sand was better than AFS 140 or 53. Visual examination of the spiral cast-

• ings shows that the cast surface f inish obtained with AFS 140 silica sand

was better than AFS 70, which was superior to AFS 53. A typical example of

a cast double spiral is shown in Figure 6.

The effect of z i rcon and chrom i te sand on the flu idi ty of molten A357

aluminum alloy is shown in Figure 7. These sands are typi cally used in

molding and cas ti ng operat ions for their light ch ill ing effect on the mol-

ten aluminum . This chilling effect is due to the higher thermal diffusivity

of the two sands with respect to sil ica sand. These sands were tested with

the double-spiral fluidity pattern. The results of these tests show that

these sands reduce the fluidity by about 9% and 29% , respectively, when

compared to AFS 70 silica sand .

The effect of amorphous carbon and hexachloroethane mold coatings was

evaluated on parts cast in the configuration of Figure 8 (T = 0.100 inch).

The amorphous cabon was applied with an acetylene flame torch (Fig. 9) to a

thickness of 0.001-0.003 inch and the hexachloroethane was mixed with alco-

hol (1:1) and sprayed on the molds to a thickness of about 0.003 inch. The

molds were made with AFS 70 silica sand bonded with 4% sodium silicate-CO2

and poured at 1400°F. The results of this evaluation are shown in Figure

10. These results show the effect of mold coatings on metal fluidity with

respect to uncoated molds. Examination of the parts cast in this evaluation

show that significantly greater fluidity is obtained by coating the m o d

12
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wi th amorphous carbon than with hexachloroethane, and 40% more fluidity is

obtained than with uncoated molds. In addition , the hexachloroethane

presents a health hazard to the foundrymass and requires special precautions

for use as a molding material . Castings produced from molds coated wi th

hexachloroethane also displayed surface discoloration. This discoloration

is believed to be an aluminum-chloride oxide or residue that resulted from

contact between the molten aluminum and the mold coating.

An additional test was conducted to compare the relative effects of

amorphous carbon mol d coating and no mold coating. Double fluidity spirals

were coated with amorphous carbon or l eft uncoated , then poured at various

temperatures. The results are shown in Figure 11. It is rea4ily apparent

that amorphous carbon does enhance the fluidity of A357.

The effect of alloy composition on the fluidity of molten aluminum was

evaluated by modifying the silicon , magnesium , and beryllium contents of

A357 within its given alloy range. The results of this evaluation displayed

no significant difference in fluidity resulting -from chemistry variation .

It is not practical to use the results of the fluidity tests to define

the foundry variables necessary to cast a part. These data offer a compar-

ison of the relative effects that some of the foundry parameters have on

fluidity . However, some general conclusions can be drawn:

o Amorphous carbon mold coating is needed to enhance the fluidity

of thin-wall casti ngs.

o AFS 70 sand offers improved fluidity over AFS 53 sand.

o Variation in the chemistry of A357 does not affect fluidity .

19 
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3. HOLDING TEMPERATURE

When a charge of metal is completely molten , It is typically held at a

temperature between the melting point and the pouring temperature until

preparations for pouring and degassing operations are complete. For alum-

inum alloys , this temperature is generally between 1300 and 1400°F. The

length of time that the metal remains at the holding temperature depends

upon the time required for degassing operations and/or mold and pouring

preparations.

The effect of melt holding temperature and time on the stability of

A357 aluminum alloy was evaluated at 1250, 1300, 1350, and 1450°F for

holding times ranging from 0 to 24 hours . At each of the prescribed test

temperatures , the alloy composition (Si, Mg, and Be) was adjusted to the

max imum allowable for the A357 alloy range (7.5, 0.70 , and 0.070% , respec-

tively). The charges were melted in production-type gas-fired furnaces

equipped with 350-pound capacity silicon carbide crucibles . When the tern-

perature of the melt had stabilized at the desired holding temperature and

correct chemistry was obtained , metallurgical and gas test samp les were

taken at prescribed intervals up to and includ Ing 24 hours . The metallur-

gical samples were subjected to spectrographic analysis and the gas samples

were evaluated by solidifying a molten specimen in a vacuum chamber , sec-

tioning , and observing gas hole formation at the interior surfaces of each

specimen .

The design of the melting furnace used in this evaluation was such

that a minimum amount of surface area was exposed to the atmosphere at the

top of the melt. It Is believed that minimizing the molten surface area in

contact with the air will reduce the amount of hydrogen contamination by

this atmosphere.

21
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The effect of holding temperature on alloy stability as a function of

time is shown in Figures 12—15. The results show that the amount of time

the melt is held at temperature has relatively little effect on the sili-

con, magnesium , and beryllium content.

Visual examination of the gas test specimens revealed that the amount

of hydrogen gas present in the melt increased as the holding temperature

was increased. This increase in hydrogen present at the higher hol di ng

temperature is due to the increased solu bi lity of hydrogen at elevate d tem-

peratures.

The effect of holding time on the amount of hydrogen present in the

melt at 1300°F is shown in Figure 16. In this evaluation , the char ge was

degassed with a 95% nitrogen/5% chlorine gas mixture at 1300°F for 20

minutes and then held for a period of 2 hours. Measurements of the hydro-

gen present in the melt after degassing were taken with an Alcoa “Telegas ”

hydrogen analyzer. The data show a constant decrease in the amount of

hydrogen present in the melt from 0 to 60 minutes , and then an increase in

gas content from 1 to 2 hours at the holdin g temperature. The initial

decrease in hydrogen content is believed to be due to residual nitrogen-

chlorine gas still in the mel t, acting as a deoxidizing agent.

Based on the results of this investigation , the holding temperature

for A357 aluminum prior to degassing operations may be considerea arbi-

trary, but should be between 1250 and 1325°F. The holding temperature of

the mel t for degassing operations is discussed in Section 111.6.

22 
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4. POURING TEMPERATURE

The pouring temperature of aluminum alloys is generally dependent upon

the size and configuration of the casting to be poured. Aluminum castings

consisting of heavy sectio .. may be poured at lower temperatures than cast-

ings with thin sections. Ihe pouring temperature range for aluminum cast-

ings is usually between 1325 and 1450°F. As the pouring temperature is

increased to the upper part of the pour ing range, the molten metal becomes

more flu id and will flow more readily into thin sections of the mold cavi-

ty. Other variables that determine the pouring temperature for aluminum

castings include alloy composition , molding materials , and type and ratio

of the gating system. Each of these variables is discussed at length in

other sections of this report. In general , these variables are predeter-

m ined during casting and mold design and taken into consideration when

determining optimum pouring temperature. The pouring temperature for

large , thin-wall aluminum castings is considered a critical item in casting

production since (1) if the pouring temperature is too low , defects such as

misruns , cold shuts , and shrinka ge are likely to result , and (2) if the

pouring temperature is too high, defects such as coarse grain structure ,

porosity, shrinkage , and oxide formation may occur. These casting defects

will typically lower the mechanica l properties of a part and result in

final part rejection or excessive rework.

28
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When the optimum pouring temperature for a casting is established , It

is controlled by monitoring the molten bath with inunersion-type pyrometers

at frequent intervals. Pyrometric control of the mol ten aluminum is manda-

tory in the production of quality aluminum castings , since temperature

determination by observation is considered no better than a guess. Tem-

perature determination by methods such as observing bubbling action , oxide

skim formation , or melt color are considered poor foundry practice.

In addition to the tests conducted to determine the effect of pouring

temperature on metal fluidity discussed earlier in this section , parts were

cast in the configuration of Figure 8 (T = 0.500 inch) and specimens were

taken to evaluate the effect of pouring temperature on the mechanical prop-

erties of cast A357. A 6- x 3- x 3-inch aluminum chill was placed in the

position shown in the figure and test panels were poured at 1350, 1400, and

1430°F. Tensile specimens were fabricated from the test panels at 1- , 4-,

8-, and 11-inch distances from the chilled end. Each of the test panels —

was subjected to radiographic inspection prior to specimen fabrication .

This inspection revealed that sponge shrinkage occurred in most of the test

panels about midway between the chill and riser ends of the panels. This

shrinkage defect is due to the directional solidification that was promoted

by the chill with respect to the maximum feeding distance of the riser

during solidificat ion. As the metal solidified from the chilled end toward

the riser , it solidified faster than the riser could feed. This condition

produced castings with sound metal at areas near the chill and near the

riser, but unsound at the center.

29 
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Tests to determine the optimum pouring temperature range for large ,

thin-wall aluminum castings were also conducted on parts of the configura- 
-

tion shown in Figures 18 and 19. These test parts were evaluated by radio-

graphic and penetrant techniques .

The results of tes ts performed on spec imens descr ibed in the preced ing

paragraph are shown in Fi gure 1 7. The resul ts show that highest mechanical

properties in terms of ultimate tensile strength , yield strength , and per-

cent elongat ion are develo ped at the ch i lled end by pouring at 1350°F. ~1t

is believed that the higher mechanical properties displayed by specimens

poured at the lower pouring temperature are due to the length of time

required for the molten metal to solidify . Specifically, it took less time

for the metal to cool from 1350°F than from 1400 or 1450°F. This faster

cooling rate resulted in a finer grain structure , and subsequent hi gher

mechanical properties than obta ined w i th the higher pour ing tempera tures .

At the riser end of the casting, highest mechanical properties were obta in-

ed by pouring the metal at 1450°F. Since the higher pouring temperature

provided more adequate riser feeding than at 1350 or 1400°F, a more equiaxed

grain structure was obtained. In general , the pouring temperature of the

metal should be kept as low as possibl e with respect to section thickness ,

alloy composition , required mechanical properties , and chill-to-riser

distances. The optimum distance between chill and riser is discussed in

section VI.

~~~~~~~- - -~~~~~~~~ - - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



n

Ull 
~~~~~~ 

-5 - -5- .-  — -5 - -—---5-  :-
~~~~ 

—
~~~

-- - ~~~~~~~~~ — - — -5— - - -  - - .— --- --5—-- .5-- — 
-_____ .__ .r_____ - .1lu.uIIl

N
IC)
C~)

II-
C
U)

~~ ~*. ~~ 

..
0 0  0 _ o o ~~

— — — -— — — C
CI

I,’ ii
II 

U
I —a

I 
Z5~~~~~ J

ii 1 ~~~~~~~~~~~ z
‘1 1 ~~~~~C

I
1 - 

~~~~ ~E

(ISM) HI9N3IIIS (is i) HLON3IIIS 0131A NOI1V~JNO1] %
311SN3.L ILVWIL1fl

I’

31 

-5- -5--- -5 ~~~~~~~~~~~~~~ - - -5-



r - -- - - ,_,. - .5-- =- -—--
~~_:-~=;: .::::: 5--- —: —w-—-----—- —

-

~~~

Ku 11¼L( - ‘1
‘
p..

I
-i

FIGURE 18 PART UAI TEST SECTION OF YC-14 STATION 170 BODY BULKHEA D

32



_______________________________ — — _ _
~~~

_
‘ 5-.5-_ _ - _ , _ .

~~~
_
~~~~~~~~~~ —.- _ - _ - ,—,- - _ _. _ . .  —— —----5---

10

5- -

$ I

-?~ 
‘;
~
‘

I /

FIGURE 19 PART “ B” TEST SECTION OF YC-14 STATION 170 BODY
BULKH EAD

33 
-

L _ _  ________ 
_  _



- . — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -

To determine the optimum pouring temperature for large , thin-wall

aluminum castings , parts were cast of the configuration shown in Figure 18.

Section thicknesses on the casting ranaed from 0.100 to 1.500 inches and

included both copper and aluminum chills. Parts were cast with A357 alum-

inum alloy at 1425 and 1450°F and evaluated for casting defects by radio-

graphic techniques. Radiographi c examination of test parts cast at 1450°F

displayed shrinkage defects. Castings poured at 1425°F displayed fewer

shr i n kage defects than cast ings poured at 1450°F .

In sumary, the results of this investigation show that the pouring

temperature for large , thin—wall aluminum castings must be (1) high enough

to provide sufficient fluidity for complete filling of the mold cavity and

to avo id casting defects such as misruns , cold shuts , and shr i nka ge , and

(2) low enough to minimize coarse grain structure, porosity , shrinkage , and

oxide formation. From the test procedures described in this section , we

can conclu de that the op timum pourin g temperature range for large, thin-

wall alum inum castings should be between 1400 and 1450°F.

5. MELTING AND POURING TECHNIQUES

Contamination of the melt via iron and hydrogen pickup and oxide for-

mation is generally control led by good shop practices. Cleaning and pre—

heating the charge , use of clean, nonferrous handling equipment, and proper

stirring and skiming techniques are all considered standard foundry prac-

ti ce.
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a. Material Control

Good shop practice begins with the control of materials to be used in

the production of quality aluminum castings. Virgin materials should be

stored under dry and clean conditions to minimize contamination by moisture

or possible mixing of alloys . The latter item may be controlled by labeling

each individual lot of material placed in storage. Areas in which virgin

materials are stored should be separate from areas provided for remelted

scrap storage, and records of the chemical composition for each lot of

virgin or scrap should be maintained . Distinction between scrap and virgin

lots should be maintained by l abeling each lot of scrap with its respective

heat number and alloy designation to maintain material traceability .

Prehea tin g of a metal char ge prior to melt ing is often necessary if

the material has not been stored under dry conditions . Aluminum alloys are

very susceptible to hydrogen contamination , and moisture on the material to

be mel ted may result i n contaminat ion of the melt. If scrap material is to

be remel-ted and cast, preheatin g of the scra p charge to 500°F for 2 to 4

hours should remove any oils or moisture present on the surface of the

material . In general , preheating of the charge will shorten the amount of

time required for mel ting in the furnace, and el im inate surface contam inan ts

such as moi sture or oi ls. Preheat in g operations were not evalua ted in th is

investigation , due to lack of facilities .
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b. Metal Handling

Use of clean , nonferrous handling equipment is essential in the melting

of aluminum alloys to avoid contamination by iron, oxides, and hydrogen.

If steel or iron tools are used to control the mel t or contact the molten

charge in any way, they must be coated with a protective material to insu-

late the melt from contamination . The protective coating used on ferrous

equipment in this investigation is a water-based graphite solution . The

coating was applied either by dipping or by brushing the solution onto the

tool and then baking the coated tool at about 1700°F for 30 mInutes (mini-

mum). This baking operation removes moisture present on the tool , leaving

the graphite coating. Direct contact of steel or iron handling equipment

with the melt should be avoided in melting and pouring operations. When-

ever possible , nonferrous equipment (such as graphite) should be used.

Oxides and slag, which tend to float to the top of the furnace charge

or pouring ladle , are removed by skiniiiing . The removal of impurities from

the melt surface is mandatory, since they may cause inclusion , dross , or

slag defects In the casting. Skinining operations were performed in this

investigation with a graphite block suspended on a steel shaft. The gra-

phite was located on the shaft so as to avoid contact between the steel

shaft and the molten aluminum .

c. Process Control s

Prior to tapping the molten charge from the furnaces, the pouring

ladles should be thoroughly cleaned and preheated. If metal ladles wit h

refractory linings are used , the lining should be inspected and kept in

36
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good repair. In addition to cleaning , the ladles should receive a coating

of graphite wash to avoid contamination of the melt by ladle materials or

refractories. The ladles should be preheated to a temperature above that

at which the metal is to be poured and positioned so that easy travel

between the ladles and the furnace is permitted . In this investigation ,

silicon carbide ladles were used to transport the molten metal. These

ladles were coated with graphite wash and preheated to about 1700°F for

about 2 hours pr ior to furnace tapp ing.

When the molten char ge has been degassed , chemically balanced , and

skimmed , the melt is transferred to the pouring ladle. This is accomplished

by pl acing the preheated ladle approximately 4 inches below the pouring lip

of the furnace and adjust ing the an gle of the ladle to match that of the

metal flow. The angle of the metal flow into the pouring ladle is adjusted

to minimize the turbulence of the molten metal as it fills the ladle.

Dross or slag that forms on the surface of the metal in the ladle is removed

by skimming.

Proper control of metal temperature in the furnace and in the pouring

ladle is essential in the production of sound aluminum castings. Means of

controlling the temperature of the melt was discussed in preceding sections.

Typically, the temperature of the molten aluminum is controlled by taking

frequent measurements of the melt temperature with an immersion-type pyro-

meter. When the pyrometer indicates that the pouring temperature has

cooled from the furnace tapping temperature to the pouring temperature, the

ladle Is moved to the mold pouring basin.
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d. Pouring Techniques

The mol d pouring basin is described as being a cavity on top of the

cope section of the mold into which metal is poured before it enters the

sprue. The design of the pouring basin may range from a tapered , cone-

shaped cavity located directly over the sprue to an offset basin with a dam

or eleva ti on between it an d the sprue. Each pour i ng bas i n desi gn offers

distinct advantages. A tapered , cone-shaped pouring basin is easy to con-

struct and is satisfactory for molds requiring relatively small amounts of

metal . A dam—type pouring basin is preferred for molds that require large

amounts of metal and is efficient in separating any slag that enters the

pouring basin from entering the sprue. With any type of pouring basin , the

most importan t factor i s to keep the bas i n fu l l  of metal so that the sla g

or dross on the surface of the metal w i l l  not enter the sprue an d conta mi n-

ate the casting. The size of the pouring basin is typically regulated by

the si ze of the sprue it must feed . In cases where the metal fl ows into

the sprue faster than the pouring basin can fi ll , measures can be taken to

restrict the flow into the sprue until filling of the basin is complete . A

typical method of stopping off the flow into the sprue is by using a gra-

phite or bonded sand plug at the sprue opening. When the level of the

meta l in the pouring basin has reached the desired height , the plug is

removed and the metal is allowed to enter the sprue. The pouring of molten

metal into the basin continues until the mold cavity and risers are full

and then the pouring ladle is removed. During the transfer of metal from

the ladle to the pouring basin , it is important that the height between the

two be kept to a minimum to minimize turbulence.
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e. Screenlng

Oxides , slag , dirt , or dross that enter the mold gating system may be

kept from entering the mold cavity by using strainer screens at ingate and

riser openings . Screening and filtering techniques were evaluated on parts

cast in the configuration of Figures 18 and 19. Screening materials that

were evaluated include perforated tin-p lated steel , fiberglass cloth , and

steel wool . Iron contamination of the mol ten aluminum by steel wool screen-

in g material is not considered to be a problem since (1) the mass of the

steel wool with respect to the mass of molten aluminum is negligible , and

(2) the steel wool is in contact with the molten aluminum for a short time .

The tin- plated steel screens and the fiberglass cloth screens were position-

ed at the entrance of the mold runner an d the s teel wool was locate d i n the

pouring well. The positioning of the screens and the steel wool is depicted

in Figure 7. The design of the screens was such that 50% of the metal flow

was restricted . Parts were cast with and wi thout screens and steel wool in

the ga ti n g sys tem and were inspected by ra di ogra ph ic techn iques .

Inspection of the cast parts disclosed a reduction in oxide , slag,

dirt , and dross inclusions in the molds using screens and steel wool. No

significant difference was noted between the fi l tering effects of tin-plated

steel screen and f iber glass cloth . However , due to the cos t of mater i al

and ease of fabrication , the f iberglass cloth screens are preferred .

The effect of screening the molten metal prior to entering the mold

cavity was also evaluated . Mechanical property specimens were made from

the parts cast of the configurations shown in Figure 8 with various screen-

ing materials. However, because of shrinkage defects in the castings due

to a large riser-to-chill distance , accurate mechanical property data could

not be obta ined.
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f. Sumary

In summary, we can conclude from this investigation that good melting

and pouring techniques must Include (1) good material control and storage

procedures , (2) use of handling and skimming equipment that will not con-

taminate the melt , (3) proper control of metal temperature in the furnace

and pouring ladle , (4) good pouring basin design to permit only clean metal

to enter the sprue an d mold gatin g system , (5) good pouring techniques , and

(6) the use of screens and/or filters in the gating system to minimize

dross or sla g defects in the casting.

6. DEGASSING

-----5

Hydrogen dissolution and oxide formation in molten aluminum alloys can

cause degradation of mechanical properties of the casting. As shown in

Figure 20 , temperature exerts a profound effect on the solubility of hydro-

gen in aluminum. When the melt cools to the melting point , a rapid decrease

i n solu bi l ity occurs that su bsequently wi l l  cause porosity defects in the

castin g. It is therefore essential to have low hydrogen content metal

before pouring to avoid an undesirable high casting rejection rate. Some

foun dr ies , however , del iberately leave some hydrogen in the metal to dis-

perse shrinkage In the castings. This is not recommended because the best

remedy for a shrinkage problem is a properly designed gating and risering

system.
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In this evaluation , three different degassing media , including nitro-

gen gas, 95% nitrogen/5% chlorine gas mixture , and solid hexachloroethane

tablets (C2C12), were evaluated for their ability to remove hydrogen and

ox ides from molten aluminum. The gaseous media were examined by varying

the flow rate , flow time , and melt temperature. The solid hexachloroethane

was exam ined by var yi ng the amoun t an d mel t temperature.

a. Analyzing Equipment

The amoun t of hydrogen in the mel t was determ ined by one or a comb ina-

tion of three d i fferen t methods: standard vacuum freeze test , carr ier gas

analyzer developed by Boeing , and an Alcoa Telegas hydrogen analyzer.

The standard vacuum freeze test consists of solidify ing a mol ten sam-

ple of metal under a vacuum of 27 inches of mercury for 7 minutes as shown

i n F igure 21 . The samp le is v i sual ly observe d dur i ng sol id if ica tion an d is

sectioned after cooling. Careful observation during the solidification is

necessary to determi ne if any hydrogen or oxides are present in the melt.

Bu bbles tha t break the surface dur i ng the i ni ti al sta ges are a resul t of

ox ides present in the mel t, whereas bubbles dur in g the la tter stage of

sol idi f ica ti on are cause d by hydrogen. Th i s metho d is economical and can 
- 

-

be performed rapidly and conveniently. - -
-

A carrier gas analyzer was used in the initial stages of the program.

This method consisted of heating a solid sample of metal under an argon

atmosphere to the melting point. The gas that came out of solution was

then quantitativel y analyzed. Due to its low sensitivity to dispersed

hydrogen (1.0 ml/l00 gm of aluminum) , this method was determined to be

inadequate for examining high—quality casting metal .
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The third method, which employed the Al coa Telegas hydrogen analyzer,

proved to be very sensitive to foundry conditions. The operation of this

equipment Is illustrated in Figure 22. As described by the manufacturer,

this analyzer consists of a millivolt meter, a 12-volt power supply, a cyl-

inder of high-puri ty nitrogen , and a special probe. The principle behind

the operation of this equipment is as follows.

The amount of dissolved hydrogen present in a melt at a known tempera-

ture can be determined by creating a free surface with the use of nitrogen .

The equilibri um pressure of the hydrogen that collects at the free surface

of the nitrogen can be measured. The amount of hydrogen in the melt is

expressed as a mi llivolt reading. The actual amount , in milliliters/ lOO

grams of aluminum , is found from the chart shown in Figure 23. This chart

is based on pure aluminum only, since the partial pressure of gas in a melt

is a function of the solubility of hydrogen , which varies with alloy . It

is therefore necessary to apply a correction factor. The correction factor

for A375 is 0.83, which is the ratio of the hydrogen solubility in A357 to

that of pure aluminum.

Due to the sensitive nature of this instrument, frequent maintenance

checks and calibration exercises are essentialy to ensure accurate results .

If care is taken , this instrument provides useful quantitative data not

otherwise obtainable. However, due to the inherent conditions in most

foun dries , it is our experience that equipment such as the Telegas hydrogen

analyzer will not stand up in a production environment. However , we feel

that the analyzer is useful as laboratory equipment.
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b. Degassing Media

Nitrogen gas , a commonl y used degass i n g medi um , was evalua ted for its

ability to remove hydrogen from the melt. Nitrogen , being relatively

inert , ac ts only as a mechan ical degass i ng agent. N i tro gen bu bb les com in g

up through the melt bring with them hydrogen and oxides . These are removed

from the surface by skimming.

The effect of nitrogen on the removal of hydrogen from A357 was exam-

m e d  by varying the fl ow rate , flow t ime , an d melt  tempera ture . The method

of determ i n i ng the hydrogen level wa s the stan dar d vacuum freeze tes t,

which implies that the results are quantitative.

In all degassing tests , except those noted , the gaseous medi a were

introduced into the melt with a graphite degassing lance. This was a 2—

inch 0.D. graphite tube , with one end plugged . Several 1/16-inch holes

were drilled at the plugged end to allow the gas to escape into the melt.

Tests were conducted varying the flow rate of nitrogen from 10 cfh to

30 cfh . The 10 cfh was equivalent to a gentle rolling action of the melt

surface , an d 30 cfh corres pon ded to a tur bulen t ac ti on of the mel t surface. —

The r~su1ts show that degassing at 1250°F and 10 cfh decreased the amount

of bubbles and porosity in the vacuum gas samples , whereas at 30 cfh the

amount of gas porosity increase d . Since the actual flow ra te depends on

the degassing temperature and quantity of melt being degassed , it is not

practical to specify an optimum flow rate. A general rule that should be

followed is to maintain the flow of gas so that a gentle rolling action is

observed at the melt surface. If the melt is violently agitated , the ex-

posed metal surface will form oxides and hydrogen gas will go into solution .
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The effect of nitrogen degassing temperatures was evaluated at 1200,

1250, 1300, and 1350°F with a flow rate of 10 cfh. Again , the rela ti ve

hydrogen conten t was determine d by the stan dar d vacuum gas techn iq ue. The

results indicate that degassing between 1250 and 1 300°F was most effective .

Representative test results from degassing at 1300°F are shown in Figure

24. These results were obtained with the Telegas hydrogen analyzer.

Spectrographic anal ys i s was con duc ted on sam p les remove d from the mel t

at the same time as the gas sam p les . Ty pi cal resul ts are shown i n F ig ure

25. There did not appear to be any appreciable variation in alloy content

when degassing with nitrogen . The reason for the variation in beryllium

content was attributed to the experimental error in the spectrographic

an alyzer.

The effect of a NaC1/KC1 overfl ux was evaluated for the prevention of

hyd rogen absor pt i on i nto the melt an d the removal of ox id es from the melt .

This evaluation was conducted with a nitrogen degassing medium. The cover

flux mel ts at 1280°F, so it was necessary to degas at 1300—1325°F. A 0.25-

inch l ayer of flux was placed on the melt surface. Initial ly, the hydrogen

content increased due to the hydroscopic nature of the cover flux. Subse-

quent degassing removed the hydrogen , but the end resul t was the same as

degassing without a cover flux. The cover flux was preheated in an attempt

to drive off the hydrogen , prior to placing in the melt surface. The

results were the same : the flux caused an initial increase in hydrogen

con tent. The use of a cover f lux was di scontinue d .
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The next degassing medium evaluated was hexachloroethane, which is a

chlorinated hydrocarbon in solid form. This degassing agent comes in 4-

ounce tablets and is submerged to the bottom of the melt. I t reacts wi th

the aluminum , causing a bubble action. The degassing mechanism is discus-

sed later.

Tests were conducted to determine the effect of 2 and 4 ounces of

hexachloroethane on a 350-pound melt of A357 at the manufacturer’s recom-

mended degassing temperature of 1300-1350°F. Results of the vacuum gas

samples show in most cases an increasi~ in hydrogen with either quantity of

hexachloroethane . The reason for th’s can be explained by the action of

the metal after immersing the tablet in the melt. The metal “boiled”

violently unti l the tablet had completely dissolved , which contributed to

the ineffective degassing action . A graph illustrating the effect of chem-

istry variation after degassing wi th this medium is shown in Figure 26.

There was no apparent loss of any major alloying element.

The final degassing medium evaluated was a gaseou s mi xture of n it rogen

and chlorine. tb-is type of degass-ing medium -is both a mechanica l and a

chemical degasser. The action of the nitrogen bubbles is the same as

descri bed earlier , whereas the chlorine reacts chemically with the hydrogen

and oxides. The chlorine ~1 so reacts wi th alum inum to form an al um i num

chlori de that comes off in the form of a white vapor if too much chlorine

is being put into the melt. Despite the advantageous chemical effect,

chlorine has its limitations . Besides its toxic nature, it will chemi cally

remove magnes ium (M gCl 2) and beryllium (BeCl 2). Because of these reasons ,

chlorine is usually used with a mixture of nitrogen to reduce its toxicity.
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Degassing tests were conducted with a mixture of 95% nltrogen/10%

chlorine at temperatures of 1250, 1300, and 1400°F. In each test, hydrogen

was added to the melt In order to learn the relative effectiveness of the

degassing medium. The melt was degassed at 30-minute intervals with a flow

rate of 10 cfh. The amount of hydrogen was determined With the Telegas

hydrogen analyzer. The results are shown in Figure 27. It Is evident that

a lower hydrogen content was obtained when degassing at 1300°F. When de-

gassing at 1250°F, the hydrogen does not come out of the melt as readily,

even though its solubility is lower relative to 1300°F. The reason is that

the viscosity of the melt is much higher at reduced temperatures, which

provides more resistance to the gas bubbles. On the other hand , degassing

at a higher temperature introduces as much hydrogen as it removes because

of the higher solubility of hydrogen in aluminum.

The results of the spectrographic chemical analysis of samples taken

during the above degassing tests are shown in Figures 28-30. At degassing

temperatures of 1250 and 1300°F, there was no apparent loss of major alloy- 
- 

-

ing consitutents. When degassing at 1400°F, there was a loss of magnesium

and beryllium . This trend for loss of magnesium and beryllium , as temper-

ature increases, is a result of the increased reactivity of aluminum with

increased temperature. The loss of chemistry during degassing can be

predicted and a higher amount of magnesium and beryllium can be added to

compensate for this alloy loss.

When degassing with chlorine in any form or mixture, it is very impor-

tant to preheat all degassing tools (i.e., graphite lances , hoses , etc.)

prior to immersing in the molten aluminum. It is speculated that chlori ne

at room temperature will form a hydride and when rapidly heated in the

molten aluminum will dissociate into chlorine and water. From our exper-

ience, this can easily result in an explosion .

~ 
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An attempt was made in this investigation to establish visual gas

samples that would tell the foundryman the approximate amount of gas pres-

ent in the melt. Vacuum gas samples were removed from the melt at the same

time a hydrogen measurement was made wi th the Telegas hydrogen analyzer.

The density of the porosity on the surface of the sectioned vacuum sample

was compared with the hydrogen content. At the lower limits of the hydro-

gen range (0.05-1.5 ml/lOO gm of aluminum) , the visual differences between

porosity densities were neglig ible. It was concluded that visual standards

coul d not be satisfactor i ly establ i shed.

The minimum hydrogen level tha t cou l d be obta i ne d , as measure d by the

Telegas hydrogen analyzer, was 0.09 ml /l 00 gm of alum i num . However , sam p les

produced below 0.15 ml/100 gm of aluminum had no visible hydrogen , i.e., no

bubbles broke the surface during solidification of a vacuum gas sample and

there was no gas porosity in the sectioned sample. It was concluded that

the hydrogen level must be maintained below 0.15 ml/l00 gm of aluminum to

avoid gas porosity. During this investigation , the hy d rogen con ten t after

degassing increased above 0.15 ml f 100 gm of aluminum when held for more

than 2 hours . Based on this observation , if the metal was not poured after

2 hours of degassi ng, it was degassed and checked again.

Based upon the above test results , the follow ing degassing recommenda-

tions can be made for the casting of high-quality aluminum castings:

‘D The hydrogen content of the melt must be held to a minimum and in

no case should be greater than 0.15 ml/ 100 gm of aluminum.

o The hydrogen content of a melt should be determined by observing

a solIdifying sample of degassed melt under a vacuum of 27 inches

of mercury. If no bubbles break the surface during the latter

stages of solidification , the metal can be considered hydrogen

“free.”
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o The maximum holding time between degassing and pouring should be

2 hours, after which the metal should be rechecked.

— o Of the gases analyzed, the optimum degassing conditions are a

mixture of 90-95% nitrogen/5-lO% chlorine at a melt temperature

of 1300—1325°F. Degassing Intervals should be at least 30 min-

utes apart.

o A holding time of 15-20 minutes between degassing and taking a

vacuum gas sample should be observed to be assured of an accurate

determination.

7. GRAIN REFINING AND MODIFICATION

To achieve good mechanical properties in a casting , close control of

the grain size and shape of the silicon constituents must be exercised.

This is accomplished with the use of grain refiners, grain modifiers , and

controlled solidification of the casting.

Grain size control of A357 castings is accomplished by the addition of

titanium , a grain growth inhibitor , which is an alloying constituent of

A357. Replenishment of the melt with titanium was done wi th an A l-5Ti- lBe

master alloy . The effects of titanium on the resultant mechanical and

metallurgical properties of A357 were not evaluated because, as shown in

Table I , it is an element of A357 and its range is limited.

Modification of the silicon particles is necessary to achieve good

mechanical strength and ductility. The two grain modifiers investigated

were sodium and strontium. Sodium Is the most commonly used modifier ;

however, recent literature Indicates that strontium is as effective a modi-

fier as sodium , but with some distinct advantages. The loss of strontium ,
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In mol ten aluminum , is much ‘less than with sodium. The reactivity of

sodium at molten aluminum temperatures is very high and will burn off when

in contact with oxygen. Strontium, however, is a relatively stable element

with a minimum loss on addition and subsequent melting . Another reported

advantage of strontium is its ability to modify the iron-rich intermetallic

compounds, which should reduce the detrimental effect iron has on the prop-

erties of A357.

The test procedure used for the evaluation of sodium grain modifica-

tion involved the addition of pure sodium (0.02-0.05%), vacuum sealed in

aluminum bags , into a 350-pound melt of A357. The sodium was submerged in

the melt to prevent contact with oxygen. When the sodium came in contact

wi th the mol ten metal , a reaction occurred, causing the molten aluminum to

bubb le. Th is resulted in an increase in the hydrogen gas content of the

melt. Subsequent degassing removed the hydrogen gas. Atomic absorption

analysis of the melt indicated that the sodium content had dropped from

0.043 to 0.003%, wel l below the range required for sodium modification .

Additional tests yielded the same results: sodium modification introduced

hydrogen into the mel t. Degassing removed both the hydrogen and sodium

The more stable strontium modifier was evaluated in a similar manner.

Strontium in the form of an Al-l5Si-lOSr master alloy was added to a 350-

pound melt of A357 in a gas-fired crucible. The amount of strontium re-

quired for modification was 0.010%. There did not appear to be any reac-

tion wi th the melt , but as with sodium , the hydrogen content of the melt

increased wIth the addition of strontium. Degassing with a mixture of

nitrogen/chlorine removed both the gas and strontium. Several approaches

were taken to determine the cause for the increase in gas with the addition
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of strontium. It was first thought that surface moisture on the strontium

Ingot may be a so~irce of hydrogen. Preheated strontium ingot was added to

several melts of A357. In most cases, the hydrogen content increased. The

next approach was related to the quality of the master alloy. Metallurgical

examination of the master ingot revealed a large amount of gas porosity .

The ingot was mel ted under an argon atmosphere and solidified in a water-

cooled copper mold to drive out any hydrogen. The strontium remelt was

added to several melts of A357 with the same results as before.

After degassing the strontium-modified melt with nitrogen/chlorine ,

the slag on the surface of the melt was analyzed and showed a high concen-

tration of strontium , whereas the strontium content of the melt was deplet-

ed. It appeared from these tests that the hydroscopic nature of strontium

caused it to act as a hydrogen getter when added to the melt , forming a

strontium hydride. This increased the hydrogen content. When degassed

with nitrogen/chlorine , the chlorine reacted with the strontium hydride ,

thereby removing both the hydrogen and strontium. However, this does not

mean that strontium does not make a good modifier. Some foundries have

successfully developed techniques for strontium modification.

Test specimens for mechanical property evaluation of the modified

material were tested. However, no conclusions could be made because of the

excessive hydrogen content of the material.

Considering the problems experienced with sodium and strontium modi-

fication , the decision was made to use unmodified A357. When casting thin

sections and heavily chilled sections, the solidification rate ‘Is fast

enough that the silicon constituents showed good modification wi thout the

use of grain modifiers as illustrated in Figure 1.
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SECTION IV

MOLD AND CORE MAKING

Boeing ’s experience in making molds for large , high-strength aluminum

castings dictates that to consistently maintain cl ose dimensional toler-

ances , sound cast ings, and good surface f in ishes , It is necessary to use a

dry (moisture free), chemically bonded sand. In addition , close control

over the design and fabri cation of molds for large castings is essential if

the aforementioned characteristics are to be achieved . Since all molding

variables are interdependent , an extensive testing program was conducted .

Variables that were investigated in this program include the effects of

sand types and sizes, binder types, mixing times, and storage times and

temperatures on the mech anical and physical propert ies of mol di ng san d .

AFS standard tensile and compression specimens were used ‘In this investi-

gat ion.

1 . SAND TYPES

The sand types and sizes that were evaluated in this investigation

were AFS numbers 70 and 53 silica sand , and AFS number 120 ol i v ine sand .

These sands were selected for evaluation because they are the most commonly

used sands in the alumi num casting industry. Silica sands with AFS numbers

greater than 70 were given a summary evaluation and considered to be too

fine for the subject casting applications.

Sil ica sand grains may be round , an gular , subangular , or compound.

Olivine sand grains are typically angular in shape. Round sand grains are

described as being fully spherical; angular sand grains are split particles

~~ th sharp edges and corners; subangular grains are a combination of round
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and angular grains having somewhat rounded corners; and compound grains

consist of two or more grains joined in such a way that binder remova l or

sieve analysis will not break them apart. Typically, an gu la r  grains wi l l

not compact or accept binder coating as readily as round grains . Angular

grains have a greater amount of surface area in comparison to round grains

an d requ i re more bi nder for complete coat i n g of the gra ins. Also , due to

the i rre gu l ar i t iy of an gu l a r  grain surfaces , they w i l l  not com pact as

un i forml y as roun d grains.  As a result , com pac ti on of an gular  gra ins

provides high permeability values but less flowability (free movement of

the sand during m olding) and lower quality cast surface finish than is

obtained with round grains. Based on this evaluation , s i l ica sands havin g

spherical (round) grains were chosen for use in this investigation .

The effects of sand type on mold properties are shown in Figures 31-

33. These figures display the results of testing AFS 70 silica sand and

AFS 120 o l iv ine san d to determine sand tens i le stren gth , compress ive

stren gth , and permeability after specified storage times . Delta 475-X

Ester Set with Delta 2l7-6X co—reactant (synthetic resin binder) was chosen

to bond the sand test specimens. The selection of binders to be used with

ol ivine sand was based on vendor literature. According to the reviewed

l i terature , the synthetic resin binder would provide the base bonding char-

acteristics of the binders under evaluation . Due to the high acid demand

of ol i v i ne , few binders are compatible. The binder quantity in the sands

was 1.5% for the silica sand and 2.0% for the olivine sand.

Resul ts of tests conducted on specimens made under the described con-

ditions showed significantly higher strength and permeability values for

specimens made wi th AFS 70 silIca sand than with AFS 120 olivine sand .

Al though the olivine sand is composed of angular grains and would normally

express higher permeability val ues than the round silica grains , the l ower
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values displayed In these tests are attributed to the finer grain size of

the olivine. The AFS 70 grains represent a greater proportion of large

sand grains and larger voids between the grains than found with the AFS 120

grains. The presence of the larger voids between the grains in AFS 70

permits the passage of gas through the sand more readily than with AFS 120

sand .

2. BINDER TYPES AND PROPERTIES

In addition to the synthetic resin binder discussed in the preceding

para gra phs , tests were also conducted with silica sand using (1) sodium

silicate cured wi th C02, (2) sodium silicate no—bake , and (3) oil—ureth ane

no-bake systems. These binders were chosen for evaluation because they

represent the spectrum of binder types currently in use in the aluminum

casting industry . Cold box processes that invol ve the coating of sand with

a phenolic resin and a urethane polymer and curing with a vaporized amine

were not evalua ted due to the fac i l i ty requirements for us ing amine gases.

The Delta 475-X Ester Set binder noted in the preced i ng paragraphs is

a synthetic resin binder that forms an insoluble polymer when reacted with

polyisocyanate (Delta 2l7—6X). This type of binder system is relatively

insensi tive to sand chemistry , with respect to acid—catalyzed resins

(phenol -i c resins , urea formaldehyde resins), an d is compati ble with s i l ica ,

z i rcon , chromate , an d ol iv ine san ds. San ds bonded wi th synthetic resin may

be mixed in either conventional or continuous mixers . Although sand mixes

using this type of binder are generally flowable, some form of compaction

is usua lly necessary, as with most no-bake binder systems . The work time

of sand bonded with synthetic resin is approximately one-half the strip

time . The work and strip time for the Delta synthetic resin binders is

67



-5 - 
-

~~~ — 
-5

~~
-—-

~~~~ 
-5

Incorporated into the resin by the manufacturer. This is accomplished by

adding specified quantities of catalyst to the resin to obtain a desired

work and strip time. The synthetic resin (Delta 475—X) used ‘In this inves-

tigation had a work time 0f 40 minutes and a strip time of 75 minutes .

This particular combination of resin and catalyst was chosen because long

work times are required when molding large complex castings.

Steinex “Super C” sodium silicate was used to evaluate sodium silicate-

CO2 bonded sand. This type of sand is made by mixing silica sand with

sodium silicate and hardening the mixture by gassing it with carbon dioxide

for a specified amount of time. When carbon dioxide is passed through the

mixed sand under designated pressure, the sodium silicate binder thickens

to such a degree that the sand grains are bound together, making the sand

mass rigid. This results from the chemical r action between the sodium

silicate binder and the CO2 gas which forms sodium carbonate and silica .

Since both sodium carbonate and silica are solids, a part of the liquid

binder is converted to a solid material that stiffens the binder and pro-

vides strength to the sand. Sodium silicate binder has a relatively low

acid content (low pH) and will not bond with olivine sands due to its high

acid demand . For this reason, olivine sand was not evaluated with the

chemically basic sodium silicate binder.

Delta 24l-7X with Delta 192-7X co-reactant was used to evaluate sodium

silicate no-bake binders. Sodium silicate no-bake binder systems are

basically sodium silicate binders that are catalyzed with proprietary

materials to produce rigid bonds at room temperature. The catalyst used in

these no-bake systems servces a dual purpose. The first purpose is to

cause the silicate to form a rigid silica gel , and secondly, it controls

the set time of the sand mix. As with sodium silicate-CO2 san d mi xes ,

these binders have insufficient acid content to be used with olivine sands. 

~~~~~~ —-—~~~~~~~~~~
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To evaluate oil-urethane no-bake systems, the Ashland 3 part Linocure

(Aw, part C, BW—3) system was used. This binder system offers maximum

flexibility ‘In terms of work and strip times and obtainable mold proper-

ties. Oil-urethane binder systems may be mixed with sand in either conven-

tional or continuous mixers, and are extremely flowable. This flowability

allows the sand to compact uniformly around the contour of the part to be

cast, which provides excellent dimensional control and surface finish

characteristics of the casting. The properties of mold sand bonded with

oil-urethane no-bake binders proved to be of special interest in this in-

vestigation , and are discussed at greater length later in this section.

Generally, when mold fabrication is complete, the mold is stored and!

or allowed to set for a period of time before pouring. This storage inter-

val may range from a few minutes to a number of hours, depending on several —

factors. These factors include mold temperature, production flow time ,

amount of time required for metal preparation, etc. In addition to storage

time , the temperature at which molds are stored may also vary. To evaluate

the effects of storage time and temperature on mold properties, tests were

conducted using each of the aforementioned binder systems, after being held

at various temperatures for predetermined periods of time. The storage

temperatures used in this evaluation ran ged from room temperature (70—78°F)

to temperatures typical of dry-room conditions (about 98°F). Specimens

were tested to determine the effect of these storage variables on mold

tensile and compressive strengths and permeability. All tests were per-

formed with AFS 70 silica sand.

The effects of storage temperatures and t imes on the tensile strength

of molding sand bonded with 4% sodIum silicate cured with C02, 4% Delta

24l-7X sodium silicate airset and ‘1 .5% Delta 475-X Ester Set are shown In
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Figures 34-37, respectively. Results of these tests show that higher ten-

sile strengths are obtained from molding sand stored at room temperature

than at 98°F, regardless of binder type. Maximum tensile strength was

displ ayed from the sand bonded with sodium silicate airset after 48 hours

at room temperature (357.5 psi average). Molding sands bonded with sodium

silicate-CO2 and synthetic resin displ ayed the same maximum tensile devel-

opments (160-180 psi). However, the sand bonded with 4% sodium silicate-

CO2 developed maximum tensile strength after only 8 hours in stora ge at

room temperature, wfr~reas the sand bonded with 1.5% ester set required 24

hours under the same conditions. It was noted from the test data tha t

sands bonded with sodium silicate airset and synthetic resin displayed a

gradual decrease in strength after reaching their maximum. Sand bonded

with sodium silicate-CO2 showed an abru pt decrease i n stren gth after 8

hours in storage at room temperature.

The results of tensile tests performed on the oil—urethane no-bake

binder (Linocure) are shown in Figures 38—41 . Tests were conducted with

sands bonded with 0.90, 1.00, 1.25, and 1.50% Linocure . In addi t ion to the

AFS 70 silica sand used in tests on the other binder systems, tests using

AFS 53 silica sand were also performed. In contrast to tensile strengths

developed by sands bonded wi th sodium silicate-C02, airset , or synthe tic

resin, sands bonded wi th Linocure developed maximum strengths when stored

at 98°F rather than at room temperature. This reversal in tensile strength

development characteristics is due to the effect of temperature on the

chemical bonding reaction of oil-urethane binders . The bonding reaction of

the Linocure binder is extremely temperature-sensitive. According to in-

formation obtained from vendors of oil-urethane binder systems, the temper-

ature of sand used wi th this type of no-bake binder should never be bel ow

65—70°F. As the temperature of the sand increases above 70°F, the speed

70
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and efficiency of the bonding reaction increases proportionately. Optimum

temperature for sand used with oil-urethane binders has been determined to

be 80-90°F. This temperature control can be accomplished by storing the

unbonded sand in dry room conditions (85—98°F) if mixing is to be done with

conventional mullers , or by usin g comercial sand heater if continuous

mixers are used. Since some of the test specimens bonded with various

percentages of Linocure were stored under dry room conditions at 98°F, the

chemical bonding reaction continued to take place in those specimens while

in storage. As a result , higher ultimate tens i le properties were developed

in specimens stored at 98°F than at room temperature.

Results of tests performed on specimens prepared with Linocure binder

also show higher tensile strengths for AFS 53 sand than for AFS 70 sand for

binder percentages of 0.90 and 1.00%. This is due to the insufficient

coating of sand grains wi th binder in the AFS 70 silica sand . As the

binder percentage was increased beyond 1.00%, a more uni form coatin g of the

grains was obtained , and tensile properties increased beyond those obtain-

ab le w ith AFS 53 s i lica sand.

Since storage under dry room conditions proved detrimental to molding

sand bonded with sodium silicate—C02, sodium silicate airset , or synthetic

resin with regard to sand tensile strength , specimens used to determ ine the

compress i ve strength of san d using these bi nders were stored at room tem-

pera ture. The resul ts of the tests performed on these spec imens i s s hown

in Figure 42. Examination of the test results shows that, like the resul t~,

of tens i le tes ts on these b inders , the highest degree of compress ive

strength i s obtaine d w i th the AFS 70 silica sand bonded w i th 4% sodi um

silicate airset. However, it was noted that maximum compressive strength

was developed after 40 hours in storage in comparison to the 48-hour stor-

age time required for maximum tensile development.
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Compress ive strength development for sands bonded w i th the prev iously

ment ioned percentages of L inocure as a function of stora ge time and temper-

ature is shown in Figures 38-41 . As in the results of the tensile tests

performed on sands bonded with Linocure , the data from the compress ion

tests show that the strength of AFS 53 bonded bond continues to surpass

strengths obtained with AFS 70 bonded silica until the binder percentage

increases beyond 1.00%. However , i t was noted from the resul ts of tes ts

performed on sand bonded w ith 1 .00% Linocure that the compress i ve strength

of mixed sand stored at room temperature continued to increase steadily

after 50 hours in stora ge, wh ile sand with the same amount of binder (both

AFS 70 and AES 53) stored at 90—98°F displayed gradual decreases in strength

af ter about 25 hours .

The permeability of molding sand depends upon four factors: shape of

the sand gra ins , fineness of the sand gra ins , type and amount of binder ,

and moisture content. In this investigation , spher ical gra ins of AFS 70

grain fineness were bonded with sodium silicate-C02, sodium silicate air-

set , and synthetic resin binders . For the evaluation of mold permeability

for sands bonded with Linocure , spherical grains of AES 53 and AFS 70 were

used. The decision to evaluate both AFS 53 and AFS 70 silica sands was

based on examinations of cast surface finishes obtained on parts cast in

the configuration of Figure 18. Parts cast in molds made with AFS 53

silica sand displayed metal penetration defects in heavy sections and a

generally rough surface finish. Identical parts cast in molds made in AFS

70 silica sand displayed greater resistance to metal penetration and a

smoother surface finish. In essence, even though molds made with AFS 53

silica sand displayed higher permeability readings than found with AFS 70

silica sand , the AFS 70 silica sand produced castings with negligible metal

penetration defects and good surface finish.
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The effect of binder type and amount on mold permeability is shown in

Figures 43-45 for sodium silicate—C02, sod ium s ilicate a i rset , and synthe-

tic resin binder , and in Figures 46—49 for oil-urethane binder. As shown

in these f ig ures , highest permeability values were obtained from AFS 70

silica sand bonded with 4% sodium silica te airset (Delta 241-7X with Del ta

1 92-7X co-reactant).

The effect of mulling (mixing) time on mold properties was evaluated

w ith sand bonded w ith sodium s i licate cured with CO2 and sodi um s i l icate

airset. Molding sand was prepared using each of the binders in quantities

of 4% with AFS 70 silica sand. Each sand mix was mulled from I to 6 minutes

and tested for tensile and compressive strengths and mold permeability .

The effect of mulling time on mold properties is significant only to sands

mixed in batch-type mullers , s ince the mull ing time in cont i nuous mixers i s

automatically controlled.

The effect of mulling t ime on mold properti es i s shown in Figures 50

and 51 . In general , the tensile and compressive strengths of sand bonded

with sodium silicate and cured with CO2 increase d w ith increase d mull ing

time . Permeability of sand bonded with sodium silicate-CO 2 decrease d

stea di ly for mull ing t imes between 1 and 3 minutes , then increase d for

mullin g times greater than 3 minutes. Sand bonded with sodium silicate

airset showed increases in tensile and compressive strengths for mull ing

ti ies between 1 and 3 minutes , then decreased gradually as mulling time

increased . The permeability of sand bonded with this binder was relatively

constant (80-85) for mulling times between 1 and 3 minutes , then increase d

gradually as mull ing t ime increased.

In addi tion to mulling time , sodium silicate-CO2 moldin g sand is

affected by the pressure and length of time with which the CO2 is passed

through the sand mass . Tests were conducted to illustrate the effect of

/
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gassing pressure and ttme on the mold properties of sand bonded with sodium

silicate and gassed from 30 to 120 seconds with 14 to 80 psi CO2 gas pres-

sure. The effect of CO2 gassing pressure and time on the sand tensile

strength is shown in Figure 52. The results of these tests show that as

the duration of gassing increases, tensile strength also increases. How-

ever , as the pressure with which the sand was being gassed exceeded about

70 psi , the tens i le strength decreased.

The colla psibility of molding sand is important in that it is the

characteristic that allow s ease in shake—out. The strength of molding sand

after i t has been heated by the molten metal and then allowed to cool to

room temperature is called retained strength. Hot strength is the strength

that a molding sand has when it is in contact with the molten metal in the

mold. In essence, hot strength and retained strength are both characteris-

tics of collapsibility. A good molding sand should have high hot strength

to resist erosion and deterioration by the molten al uminum , and low retain-

ed strength to provide ease in shake-out.

Tests were conducted to determine the amount of retained tensile and

compressive strength of sands bonded with sodium silicate-CO2 and sodium

silicate airset binders. Test specimens were heated to 1300, 1400, and

1500°F for periods of 20 mi nutes, then allowed to air cool . The results of

tests conducted on these specimens are shown in Figures 53 and 54. These

results show that lower retained tensile and compressive strengths are

obtained with sodium silicate-CO2 bonded sand than with sand bonded with

sodium silica te airset.

Thermal expansion of molding sand at elevated temperatures was also

evaluated . If the thermal expansion of the sand is high , difficul ties may

occur in ma intaining dimensional tolerances in the casting.
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Silica sand (AFS 70) was mixed with 1.5% synthetIc resin , 4% sodIum

silicate-CC2, and 4% sodium silicate airset and specimens were made to

determine the amount of thermal expansion present at elevated temperatures.

In addition to the sil ica sand specimens, test samples were made from AFS

120 olivlne sand bonded with 2% synthetic resin. The specimens were all

heated to 1500°F and measurements of thermal expans ion taken.

Table 3 shows the results of tests conducted to determine the thermal

expansion of molding sands bonded with the aforementioned binders at

1 500°F. The results show that the minimum amount of expansion occurs in

AFS 120 olivine sand bonded with 2% synthetic resin , and the maximum occurs

in AFS 70 sand bonded with 1.5% of the same binder. The lower thermal

expansion measured in the olivine specimen was due to its low difference in

coefficient of thermal conductivity at elevated temperatures with respect

to sil ica sands.

3. VENTING

Small amounts of gas, which are generated when molten metal comes in

contac t with mold ing sand , are allowed to escape through good permeability

characteristics of the molding sand. However, larger amounts of gas are

removed through vents that are positioned at areas susceptible to excessive

gas generation . These areas are typical of thick casting sections , chilled

sec tions , and/or areas where turbulence in the metal flow occurs . The need

for venting molds was evaluated by heating AFS 70 silica sand specimens

bonded with 1.5% synthetic resin , 4% sodium silicate-CO2, 4% sodium s i lica te

a i rset , and AFS 120 ollvine sand bonded with 2% synthetic resin to 1500°F

in a vacuum and measuring the evolved gas.
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TA BLE 3

THERMAL EXPANSION OF MOLD SAND AT ELEVATED TEMPERATURES

2 
CONFIGURATION OF TEST SPECIMEN

SAND TYPE AFS NUMBER BINDER TYPE THERMAL EXPANSION

SILICA 70 1.5% DELTA 475-X ESTER SET WITH a. 9.2 x 10’ IN/IN/°F
DELTA 217-6X CO-REACTANT Ii. 7.9 x 10’ IN/IN/°F

SILICA 70 4.0% SODIUM SILICATE CO2 a. 4.3 x 10~ IN/IN/°F

b. 4.5 x 10-’ IN/IN/°F

SILICA 70 4.0% DELTA 241-7X WITH DELTA a. 1.6 x 10’ IN/IN/°F
192-7X CO-REACTANT 

b. 3.6 x 10’ IN/IN/°F

OLIVINE 120 2.0% DELTA 475-I ESTER SET WITH 1 1.4 x 10’ IN/IN/°F
DELTA 217-6X CO-REACTANT b. 2.8 x 10-’ IN/IN/°F

NOTE: ALL TESTS PERFORMED AT 15OO~F
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Table 4 shows the amount of gas generated by the specimens described

in the preceding paragraph. The results of these tests show that the mini-

mum amount of gas is generated by AFS 70 silica sand bonded with 4% sodium

silicate airset , and the maximum amount is generated in AFS 120 olivine

sand with 2% synthetic resin binder.

4. PARTING AGENTS

Other i tems that were g iven sumary evaluat ions in this investi gati on

include parting agents, methods of mold leveling, and methods of shakin g

out molds bonded with no-bake binders. Each of these items was considered ,

since they each represent significant variables of good molding practice .

Parting agents may be described as being fine , bond less compounds that

are appl ied to mold joints to prevent contacting surfaces from adhering.

In general , parting compounds are used to keep the molding sand from stick-

ing to the pattern or at mold section interfaces. Various pa rting compounds

are recommended by manufacturers of the binders evaluated in this investi-

gation for use with the respective binder system or clas~ (i.e., synthetic

resin , oil-urethane , sodium silicate , etc.). These recommended parting

agents were each used in conjunction with the respective binder system.

With the Linocure binder system, and Ashland parting agents LP-l5 and LP-76

“Zip-Slip ” were evaluated. The LP—l 6 parting agent displayed superior

parting characteristics , provided fine detail pickup, and lasted longer

than the LP-1 5 agent. Although the composition of the LP-16 parting agent

is unknown , it appears to be an aluminum-alcohol based solution. The part-

ing agents evaluated in this investigation were all spray or brush applied .
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TABLE 4

GAS EVOLUTION OF MOLD SAND ELEVATED TEMPERATURES

2”

1
SAND TYPE AFS NUMBER BINDER TYPE EVOLVED GAS

SIUCA 70 1.5% DELTA 475-I ESTER SET WITH DELTA 10.41./kg
217-SI CO-REACTANT

SILICA 70 4.0% SODIUM-SILICATE-CO 10.21./kg

SILICA 70 4.0% DELTA 241-71 WITH DELTA 192-71 6.8 1./kg
CO-REACTANT

OLIVINE 120 2.0% DELTA 475-I ESTER SET WITH 17.6L/kg
DELTA 217-SI CO-REACTANT

NOTE: ALL TESTS PERFORMED AT 1500°F UNDER VACUUM.
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5. MOLD LEVELING

The leveling of small molds cons isting of two or three sections is

typically not a problem. However, when molds using multiple flasks are

made for large castings , the level of the mold may prove critical . If the

flasks are not level with respect to each other, improper al ignment and

casting mismatch defects may result. Depending upon the sizes and number

of fl asks used , level ing techniques may vary from visual to using mechan-

ical devi ces such as “bubbl e level s” or “leveling telesco pes. ”

Level ing techniques were evaluated on molds made for parts of the

confi guration shown in Figure 18. The molds were leveled visuall y and with

the aid of bubble levels , and then checked with a leveling telescope .

Results of the observations proved that linear deviations as great as 0.250

inch were present when leveling was accomp lished with the bubble level , but

could be corrected to within 0.001 inch with optical level ing equipment.

6. SHAKE-OUT

Mol ds made with no-bake binders present considerable probl ems to

shake—out operations. These molds typically retain most of their strength

after pouring and resist conventional methods of shaking out. Under pro-

duction situations , the sand may be separated from the casting by vibrating

or mechan ical ly break ing the sand free or by p lac ing the ent i re mol d in a

furnace at about 850°F for 24 hours and allowing the binder to burn out.

However, for large, thin—wall aluminum castings , removal of the sand by

v ib ration severe enough to break the sand away from the cas ting may also
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result in damage to the part. In addition , thermal break—down of the mold

sand would require a furnace capable of maintaining the entire mold (less

flasks) at the given temperature and time.

Althou gh shake-out of the casting under thermal conditions is a fea-

sible method for no—bake sand removal , it is cons idered a method conce iv-

able only for high production rate castings. Consequently, since the

aforementioned shake—out methods are considered unfavorable or impractical ,

casting shake-out is restricted to manually removing the sand from the

cas ti ng. Th is can be accompl ished by physically breaking the sand free of

the casting with chisel s, hammers , and/or pneumatic equipment especially

designed for casting shake-out purposes. However, extreme caution must be

exercised during sand removal by this method to protect the cast part from

damage. Th is method of sa~J removal shoul d be used to remove the bulk of

the sand , so that the sand remaining on the part is about 1 to 2 inches

thick. This thickness can be approximated by physically removing the sand

until the vertical runners (discussed in a later section) are exposed. At

this point , the remainder of the sand adhering to the casting may be re-

moved by sand or grit blasting.

A means of reducing the time required for casting shake-out is by

establishing a minimu m sand—to—metal ratio. In aluminum casting, common

sand-to-metal ratios are 10 to 1 for large, thin—wall castings and 6 to 1

for small , thick—section castings. The large, thin—wall castings require a

h igher sand-to-metal ratio since they represent greater total surface area

than small , thick—section castings.
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7. SUMMARY

Examination of the results and data discussed in this section show

that moldi ng sand to be used for producing large aluminum cast ings shoul d

have specific characteristics. These characteristics Include good flow-

ability , permeability , tensile strength, and compressive strength. The

sand should also have high hot strength, low retained strength , and low

thermal expansion and gas evolution characteristics. In general , good mold

and core sand shoul d be strong enough to withstand handling and resist

deterioration by the molten metal at elevated temperatures; have good per-

meability to allow the passa ge of gas ; be flowable and di sp lay good corn-

paction and surface finish characteristics; and hold dimensional tolerances

at elevated temperatures and provide ease in shake-out after cooling to

room temperature .

In general , the results of this investigation show that after sand

type and method of mixing have been established , the required properties of

a mold ing sand depend upon binder type and percentage. The cho i ce of

binder type depends upon (1) obtainable mold properties, (2) applicability

to required molding procedures, and (3) availability . In summarizing the

results of tests conducted to determine the effect of storage time on mold

properties with respect to binder type, the following conclusions were

drawn:
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1. Al though sands bonded with sodium silicate—CO2 and sodium sili-

cate airset binders displayed good mold properties , the strengths

obtained showed rapid deterioration after relatively short storage

i ntervals. Th i s decrease in strength is due to the hygrosco pi c

nature of the binders (moisture pickup from humidity).

2. Mol di ng sands bonded w i th synthe ti c res in binder di sp layed gener-

ally lower mold propert ies than obta ined w ith all other bi nder

types. In addition , the short work and strip times of molding

san d us ing thi s type of bi nder are consi dered unfavora b le for the

• production of molds for large aluminum castings.

3. Sands bonded with oil-urethane binders continued to display good

mold properties after prolonged storage intervals and offered

flex ib le wor k and str ip t imes .

Due to the length of time requi red to cons truct a mol d for a large

alum i num cast ing, a binder that displays good mold properties after pro-

longed storage and provides flexible work and strip times is required .

These characteristics were displayed by the oil-urethane binder (Linocure).

The Linocure binder met each of the aforementioned criteria for binder

selection and displ ayed favorable results in each of the tests described in

this sec ti on.

In conclus ion, the results of this investigatior . show that optimum

mol d properties for the examined systems were obtained from a molding sand

consisting of AFS 53 or AFS 70 (depending upon application ) s lica sand

bonded wi th about 1.10% Linocure when l arge, thin—wall aluminum parts are

to be cast.
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SECTION V

CHILLING AND/OR INSULATION REQUIREMENT S

1. CHILL MATERIAL , SIZE , AND LOCATION

The function of chills in a iiiold is to promote directional solidific~-

tion and produce a microstructure with fine dendrit ic ~rm spacing (DAS).

Directional solidification is the control imposed upon the liquid -to-s olid

transition from a solidify ing section toward a mol ten metal reservoir

(riser). The optimum distance between the chill and the riser is deter-

mined during the design of the mold gating system , and is discussed in

sect ion VI . In general , this distance is limited by the maximum area that

the riser will feed to avoid shrinkage defects. The influence of the chill

on cool ing rate i s related to the volumetr i c heat ca pac ity of the chi ll

material . Fine DAS is dependent upon rapid solidification of the cast

material and is typically finest at the areas adjacent to the chill.

Ch ill mater ials that were evaluate d in th i s invest igat ion include

copper , i ron , alum inum, and graphite. Tests were conducted on parts cast

• in the configuration of Figure 8 (1 = 0.500 inch) and specimens were re-

moved to evaluate the effec ts of the ch i ll mater ials on the mec han i ca l

properties of cast A357 aluminum alloy . In addition , the effect of chill-

in g with respect to casting thickness was also evaluated by casting and

testing parts of the same configuration as above. The effect of chill size

on mechanical properties was evaluated using aluminum chills with dimen-

F sions of 6 x 2 x 2 inches and 6 x 1 x 1 inches . The effect of chill shape

was evalua ted by casting parts using rectangular and trapezoidal aluminum

ch i lls of equal mass.
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The mechanical properties obtained from the use of different chill

materials and sizes were determined by taking standard round tensile speci-

mens from the test panels at locations 1 , 4, 8, and 11 inches from the

chilled end. The results of the chill material tests are shown in Figures

55 and 56, chill size In Figure 57, and chill shape in Figure 58. The

results show that highest mechanical properties in terms of ultimate ten-

sile strength , yield strength , and percent elongation occurred in test

panels chilled wi th copper. The higher mechanical properties obtained with

the copper chill were due to the higher thermal conductivity of copper

relative to i ron , aluminum , and graphite. In essence, the copper chill was

able to transmit the heat of the molten metal away faster than with the

other materials and caused a more rapid transition from liquid to solid.

The result was finer dendritic arm spacing (DAS) and subsequent higher

mechanical properties . The effect of DAS on the mechanical properties of

cast A357 is discussed in detail in section XIII.

The results of tests to determine the effects of chill size on mechan-

ical properties are shown in Figure 57. As chill size increases , mechanical

properties increase. The reason for the higher mechanical properties dis-

played by the parts cast with the larger chill is that the volumetric

thermal capacity is higher in the larger chill. However, it can be seen

that there is a limit to the size of chill beyond which mechanical proper-

ties do not increase. In general , the mass of the chill should equal 1 to

2 times the mass of the section being chilled.

As shown in Figure 58, the difference in mechanical property develop-

ment between parts cast wi th rectangular and trapezoidal aluminum chills of

equal volume was neglig ible. The two shapes that were evaluated represented

different surface areas in contact with the mol ten aluminum. The contact

surface areas of the trapezoidal and rectangular chills were 6 (6 x 1) and
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12 (6x 2) square inches , respectively. These results are significant in

that they show that the degree of ch ill ing i s more dependent upon ch i ll

volume than chill shape and/or contact area. In casting large , thin-wall

alum inum parts of complex configuration , it is conceivable that areas of

the part may not be accessible to heavy chills with large surface areas.

The resul ts of this evaluation show that chills wi th smaller contact areas

can be used if they maintain an appropriate volume .

Althou gh the results of this investigation show that mechanical prop-

erties in localized areas may be enhanced through the use of chills , the

primary function of chills is to promote directional solidification. In

molds for large , thin-wall aluminum castings that incorporate complex

gati n g systems an d numerous r i sers , chills should be used extensively to

ensure proper control of metal solidification . Proper use and positioning

of chills in the mold will reduce the possibility of casting defects such

as shrinkage , mi sruns , and col d shuts.

In summary , the resul ts of the tests described in this section show

that the use of chills in casting large, thin—wall alumi num parts requiring

good “as-cast” propert i es i s essen tial . To obta i n max imum properties in a

cast part , a rapid solidification rate is required. This is best achieved

with copper chills because of copper ’s high thermal conductivity . However ,

costs associated with copper make it economically impractical to make all

ch i l l s  from copper . Hence , a combination of copper chills in the heavy

(greater than 1.0 inch) sections and aluminum chills in lighter sections

(0.20-1.0 inch) may be used to reduce costs. Both types of chills will

promote directional solidification and enhance the mechanical properties of

the cast ing.



The configuration of the chills will be dictated by the shape of the

area to be chilled . Based on our experience and that of other foundries ,

the total thickness of the chill should equal 1 to 2 times the thickness of

the sect ion being ch i lled.

2. INSULATION MATERIAL , SIZE , AND LOCATION

Insulatin g materials such as plaster , ceram ic , and f ib rous mater i al

are used by the casting industry to provide improved fluidity and/or de-

crease the sol ification rate of molten aluminum. These materials are

commonly used to insulate ri sers or thin sec ti ons of aluminum cas tings ,

wh i ch are susce ptib le to col d shut or mi srun defects .

Ri sers , wh i ch are mol ten reservo i rs of metal , play an important role

during metal solidification . The transition from the molten metal to the

solidified casting takes place in three steps: (1) the molten metal cools

from the pouring temperature to the solidifica tion temperature , (2) the

metal cools through the temperature range at which it solidifies , and (3)

the solidified metal cools to room temperature . As the metal cools to room

tempera ture , con trac ti on takes pl ace . The contrac tion that occu rs as ~~e

metal cools to the solidification temperature is known as liq uid contrac-

tion. The contraction related to the second step in cooling is called

solidification contraction , and through the third step solid-state contrac-

tion occurs . These latter forms of contraction are compensated for during

pattern desi gn by us i ng an es tabli shed shr i nk rule. To compensa te for

contraction occurring during the transition from the pouring temperature

through the solidification range, ri sers are used . Typi cally, a lum i num

castings will display a decrease in volume during the solidification range

of about 6.5%. This decrease in volume (due to liquid and sol idifi cat i on
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contraction ) may be described as metal shrinkage and Is controlled by

proper use and location of risers. Risers feed molten metal to the casting

as it solidifies and minimize the occurrence of shrinkage porosity defects.

To ensure proper feeding , the riser must remain in the molten state until

the casting passes through the solidification range and becomes solid.

This molten state of the metal in the risers may be controlled by insulat-

ing the riser cavity from the molding sand.

Preformed riser sleeves consisting of a fibrous material composite and

cast plaster risers were evaluated in this investigation. Parts were cast

in the configuration shown in Figure 59 wi th composite and plaster ri ser

sleeves and the cooling rate of each monitored with thermocouples attached

to a multipoint reader. The results of this evaluation are shown in Figure

60. The data from this evaluation show that there is negligible difference

between the insula ting character istics of the composit e sleeve and the

plaster riser. However, due to the inherent hydroscopic nature of the

plaster sleeve even after prolonged drying , gas defects were noted in areas

of the part fed by that riser.

Since insulation of mold sections results in a reduct ion in the sol i-

dification rate, insulation materials may be used to induce the feeding of

sections that are susceptible to misrun or cold shut defects. This theory

was evaluated by casting parts in the configuration shown in Figure 61 and

placing plaster or ceramic foam block pads at the middle of each test

plate . The dimensions of the insulating pads used in this investigation

are 6 x 2 x 0.5 inches an4 6 x 2 x 1 inches. Thermocouples connected to a

multipo in t recorder were located above and on either side of the insulating

pads and used to determine the metal cooling rate. The results of these

tests are shown in Figures 62-65. These parts were poured at 1400°F and ,
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FIB ROUS INSULATION RISER

FIBERGLASS SCREEN

,
,

~/ TYPICAL 907)1 SIDES)

WEB PA TTERN CASTING
(.100 IN. THICK)

HYOROPERM RISER

FIGURE 59 TEST CONFIGURATION FOR THE EVAL UATION OF VERTICAL
RUNNER INSULATION MATERIAL

113



.—~~~~~~~ w
-__

_ __
~~~

___

~~~~~~~~~~
• . ,  — ~~~~~~~~~~~~~~~ 

-
~ 

, - -

N

0
I-

—
I-

4 0
‘I-
S

V U.
0

0
U)

m
I-

0
I-

z
\‘1

-J E
—I”I- N —

o I-
— .

-I3
U)z
II.
0

I-
UI
U.
U.

C

10 ‘3NflIYIII JW3 I

114

~IIL. .~~ _ _ .— _ _  _ .~~~— - • —— ~~~~~~~~~~ ~-
---.-— - -——-—- - .—

~~~~~~~~~~~~~ 
‘

~~



- - —~ •~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•• ..,- ,

C

/\
-q~~~~~~~~~

_

h /g~~’ /‘~\\5(11/ \\\

~f \~ \
\ 

X ~f,
f~f

/ ‘ ‘‘‘/ 1 /I ‘ )-- .W I / IA-

‘- I

115 
-

~~~~~~~ ~~~~-— - • - -  .- ~~— — ~~
— •-— —

~~~~.— - - - ——
~~ 

—
~~~~~

- - 

~~~~~~~~~~ -

• •



—
~- r  . .. .~~i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—- .~~~ . •::. ~~~~~~~~~~~~~~~~~~ ~~~~~

0

U.
0
UI
I-
4

h i  C

III 
• 0 z

B
I-
4

I- . 0 IA.
F- —

U, — 0
C,)

- UI
. 0

CD

U. 0

C U’
— IAI 0

E u ~~~~C U’ z Z
— I&& — _I
U. 3
U’ ~~ — U’ (I)
UI — UI Z

UI —
F- I.. .0 5

U’ UI

4

— . 0
N

I-—
CD U)

— . 0 sr~~~0 •

I-.

=
U’Z U I .
- 2

c~IC0
I I I I I I UI

8 8 8 8 8 8
N 0 (0 N

U.

1~ ‘]Ufl 1VN~dW31

116

--~~~~~~~ — — -• — —--- - ~~~~~~~~~~~~~~~~~~~~~~~~~~



. 0-

I
~~~~~~~~~~~~~~~~~

/

/ 0 IA.
0
UI
I-
4

S z
4 0
UI —

— I-.
4 4

C

4 0
-a

0U)
UI

CD =UI I-

UI 0
U. z

. 0 ~~ 0
It,

o U 0 4UI Z C.)
U. UI UI

U’
U’ t)

3
LI F- 4z -J
— I-

=C.)
Z j Ul

- C
U, 4

N
‘C(0

‘- U)
o UI

-~~~~~ S

4
-I

S

U’

LU.

2

UII I I I I I —

§ § C

10

111



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

. 0
0

z
0

I z
UI 0
(0

8
C

3
4 

U)
-a — z—
U’ — a‘ F-

‘ 8
U’ ° U

o U’
— C.) . 0 0
U. It)

U’ - C.)
UI ~~ ~~~ UIz U’
C.) U .

z UI

(0 0..,.
I-

4

U
I’-

0 = .0
N

~ —
-I

UI 11~

0 ~~~ UI—
UI~~~

I I I
o o 0 0 0 

- UI

0 0 0 0 o 0
N 0 (0 CD N 3—

l~ ‘3IIflIVLI3dIiIIL 
II.

118

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~



z8 a
z
0CD —UI

4 a
UI

UI UI

UI C
U)— U.
(0 1’-

— UI
UI UI

—
o U’ a . 0 Ifl ft.
= UI ,..

U. C.) ~~ U)
~~ UI
UI —

F-
U

C U ,
— (I) 

~~ 
—

z
0 4 1-

C.)
U UI

S .

(0 .C~~~~ 2 ’
4

0

ZU .  UI

C’4~~ ‘ U,

N

U.

.0 11.0
N

‘-aC.) U)
UI

UI

1 I I I I 
— 3

8 8 8 8 $ 8 B
N 0 (0 U.

1~

119

_ _ _ _  _ _ _ _ _ _  —• --~~~~~~~~
-
~~~~~~



.~ • --- •---•-~ -. - 

as illustrated in these figures , the parts cooled rapid ly when the metal

came in contact with the mold. Th i s initi al drop in tempera ture , not de-

• tected by the temperature recorder, was caused by the chilling effect of

t he sand. To further i llus trate the effec ts of insula ti on mater ial s on the

metal solidifcation rate, Fi gure 66 shows the cool ing rate of a part cas t

without insulation and may be used for comparison .

The results i ndi ca te that there i s not much di fference between the

insula tion characteristics of ceramic foam block and plaster. However, due

to the hyd roscop i c nature of plas ter , the 1.0-inch-thick plaster insulation

outgassed when molten metal contacted it. This resulted in localized warp-

age of the casting. This characteristic was displayed to a lesser extent

with the 0.50—inch—thick plaster insulating pad.

Dendritic arm spacing (DAS) measurements were taken to establish the

effect of insulating materials on the metallic grain structure of parts

cast under the conditions described in the preceding paragraphs. DAS mea-

surements were taken at various distances from the riser. The data obtain-

ed are given in Table 5. The effect of solidification rate on DAS is of

considerable interest wi th respect to mechanical properties , and is dis-

cussed in section XIII.

In general , the smaller the measured DAS, the higher the mechanical

properties of a cast part. In the earlier discussion on chills , it was

mentioned that fine DAS is developed through rapid cooling of the molten

metal. The tests conducted on parts using plaster and ceramic foam block

insulating material show that the temperature decreases more rapidly with

plaster insulation. The DAS measurements taken on the insulation materials

tested show negligible difference in DAS with respect to insulating mater-

lal .
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TABLE 5

EF FECT OF INSULATION ON MS MEASUREMEN TS AT VARIOUS LOCATIONS
ONA.101N. CAST PLATE

Insulation Material DAS
and Size DAS location (inch)

None A (4” from riser) 0.0011
None B (7” from rIser - 0.0009

Insulated area )
None c ( io N from riser) 0.0009
None A 0.0011
6 x 2 x 1/2” plaster B 0.0012
None C 0.0009

None A 0.0011
6 x 2 x 1” plaster B 0.0011
None c 0.0011

None A 0.0012
6 x 2 X 1 /r , 25 1b/cu ft B 0.0013ceramic foam block
None c 0.0010

None A 0.0012
6 x 2 x 1” , 25 lb/cu ft B 0.0012
ceramic foam block

None c 0.0009
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In sumary, we can conclude that plaster displayed unfavorable results

when used as a riser sleeve material and as an insulating material for thin

sections. When used as a riser material , it showed no significant improve-.

ment over the paper-fiberglass composite material tested and also caused

gas defects in the cast test part. As an insulating material for thin-sec.-

tion castings , plaster displayed the same insulating properties as ceramic

foam block, and outgassed when contacted with molten aluminum. Based on

the results of this investigation , the optimum material for riser sleeve is

paper-fiberglass composite and the best insulating material for casting

thin sections is ceramic foam block. The thickness of the insulating

material used should be held to the minimum required to obtain good feeding

characteristics.
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SECTION VI

GATING AND RISERING TECHNIQUES

1. GATING TECHNIQUES

The gating technique used to get metal into the mold cavity is one of

the most important contributors to the production of sound castings.

Improper gating practice can result in a wide variety of casting defects.

Various gating techniques were analyzed to consistently ensure the promo-

tion of directional solidification , adequate mold filling , proper riser

feeding, and minimum turbulence. The gating parameters considered in this

investigation were gating ratio , sprue height and shape , straining mater-

ials , and riser size and location. It was not the purpose of th i s inves ti-

gation to develop data on the flow characteristics of metal in the gating

system, but rather to evaluate different gating systems and assess their

effectiveness to consistently produce high-quality aluminum castings .

a. Pouring Pos it ion

One of the first concerns in designing a gating system is to determine

if the part should be cast vertically or horizontally. Horizontal gating H

is the most comonly used technique because it generally is less compli-

cated to mold , has less hydrostatic pressure, and produces less metal

turbulence. However, large, thin-wall castings are impractical to cast in

a horizontal position because of nonuniform directional solidification and

the potential for mold saq.
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Cas ti ngs hor izonta l ly cas t are usua l l y f i l l e d from the bottom of the

mold through the mold cavity and then into the risers . This means that all

the metal must pass through the casting before solidification can begin.

This gives rise to nonuniform directional solidification which , as discus-

sed earl ier , leads to l ower mechanical properties. On the other hand , when

parts are cast in the vertical position , directional solidification is

promoted because the metal i s gated into the cas ti ng only when and where

metal is required . Solidification can then be controlled by judicious

placement of chills , thus allowing the metal to solidify toward each riser!

ingate combination. However , the main disadvantage of vertical gating

lar ge , thin—wall castings is a large sprue height that , if not properly

des i gned , w ill cause metal turbulence.

Two test s~ctions were selected for evaluation of gating techniques.

These sections , shown in Figures 18 and 19 , represent portions of the YC-l4

station 170 body bulkhead . For the reasons explained above , a vert ical

gating system was selected for evalua tion during th i s phase .

b. Gating Ratio

The next deci sion to be made in desi gning a gating system for large ,

thin-wall casting applications is to select a gating ratio. An unpressur-

ized gating system should be used. This is one where the cross—sectional

area at the base of the sprue is less than the total area of the runner and

the total area of the ingates. The flow rate in this type of system is

controlled at the sprue. The advantage of the unpressurized system is a

slow metal flow in relatively large runners and ingates. A slow metal flow

minim izes metal turbulence and prevents a rapid surge of metal entering the

mold cavity.

125



~ 

- 
—-

~~
-

At the start of this investigation , a 1:4:4 gating ratio was used when

designing the gating system for the part shown in Figures 18 and 19. Sche-

matic diagrams of the gating systems are shown in Figures 67 and 68. The

meta l flow in a vertical gating system such as shown in these figures is

down the sprue into the horizontal runner , through the ingates to one of

any number of vert ical runners , and into the casting through a series of

step gates. The gating ratio does not take into account cross-sectional

areas of the vertical runner and step gates. It was determined from this

investigation that as long as the cross-sectional area of the vertical

runner was larger than the area of an ingate and the total areas of two

step gates were larger than the area of an ingate , metal flow would not be

restr icted.

The size of the down sprue was determined from the standard flow rate

equation (ref. 1):

A W ~~~ -1/2
B

where AB = area at base of sprue (in.2)

W flow rate (lb/sec)

= density of alum inum (0.086 lb/in. 3)

g = gravitational acceleration (386 in./sec2)

h = total height (in.)

= frictional factor (1.3 for round sprues)

( 1 ) Kura , John G., “Gating Calculations ,” American Foundryman, May 1955 ,
pp. 123-124.
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FIGURE 67 PART “A” CONFIGURATION WITH GATING SYSTEM ATTACHED
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FIGURE 68 PART “ B” CONFIGURATION WITH GATING SYSTEM ATTACHED
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In order to arrive at the proper sprue size , a flow ra te of 7 l b/sec

was chosen . It was felt that this flow ra te woul d fi ll  the mold i n the

shortest amount of time while still maintaining laminar flow. From these

calcula ti ons , two sprues , each 0.75 inch diameter x 52.5 inches high , were

initially selected for the configuration shown in Figure 18. After pouring

the part at 1450°F, radiographic inspection revealed the presence of dross

anu porosity throughout the part. The poor quality of this part was attri-

buted to the 1:4:4 gating ratio. It was suspected that this gating ratio ,

cou p led with a large sprue he igh t, resulted in a h ig h metal veloc ity at the

irigates , causing turbulent flow 0f metal into the mold. To overcome this

problem , a 1:8:8 gating ratio was evaluated.

Using the larger gating ratio with the same sprue sizes, the metal

velocity from the runner to the ingates would be lower due to the larger

runner and ingate area. This lower veloci ty should result in less turbu-

lence and thus better radiographic quality . Another casting of the same

configuration was cast under similar circumstances except wi th the larger

gating ratio. The internal quality of this casting was indeed better than

previously experienced , but unacceptable gas porosity, dross, an d small

misruns still persisted.

The gating ratio was then changed to 1:6:8. The advantage of having

the ingate area larger than the runner area is to maintain the metal tem-

perature by filling the runners at the same rate as with the 1:6:6 ratio

while maintaining a low metal velocity in the ingates. Again , the cast ing,

as illustrated in Figure 18, was cast under similar conditions. The overall

radiographic quality of this part was better than any of those previously

cast. However, some gas porosity was present in the part. The origin of

the gas porosity was found not to be attributed to the gating system, but

rather to the strontium modifier used in the A357. (A discussion on the
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effect of strontium in A357 was given in an earlier section.) It was con-

cluded from these castings that a 1:6:8 gating ratio provided optimum metal

flow characteristics . When selecting the gating ratio for large , thin-wall

• struc tural parts, wh ich are best cast in the vertical position , it is

recomended from the results of the foregoing work that a 1:6:8 gating

ratio be used.

Further evaluat ion of gating techniques was conducted using the same

part configuration and gating ratio as above. The parts were gated in the

inverted position as shown in Figure 69 to simulate a possible method of

pouring the full—scale station 170 body bulkhead. Pouring the part in the

inverted position will allow the thin areas to fill first since the hydro-

static head pressure is greatest and provides better feeding of the thick

sections that are in the upper portion of the part.

c. Sprue Des ign

The key to a good gating system is to have a properl y designed sprue

system. The important aspects of sprue design that affect metal turbulence

are sprue he ight and sha pe an d the base d iameter of the sp rue wh ich con trols

the flow ra te.

The first consideration in the design of a sprue system is to determine

the height of the sprue. It is generally known that large sprue heights

cause metal turbulence . During this investigation , test parts of the

configuration shown in Figures 18 and 19 were poured with sprue heights of

30 and 52 inches . Parts cast with sprue heights greater than 30 inches had

poor radiographic quality thought to be caused by increased turbulence .
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FIGURE 69 PART “ A” CONFIGURATION CAST IN INVERTED POSITION WITH GAl 1MG
SYSTEM ATTACHED
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As shown in Figure 70, the sprue system used for these parts was a

cascading sprue design. The purpose of this system is to eliminate metal

turbulence while maintaining the hydrostatic head. The advantage is that

the metal does not make a continuous drop from the pouring basin to the

pourin g well , but a series of smaller drops. This will reduce the metal

turbulence and should improve the radiographic quality of the casting.

When designing the cascading sprue system, attention must be gi ven to

the area at the base of all  the sprues in the casca de. If the area at the

base of the up per sprues is smaller than the sprues in the bottom, the

bottom sprue will never fill completely. The reason for this is simple:

the flow of metal out of the bottom sprue is larger than the flow of metal

comin g out of the upper sprue going into the top of the lower sprues . Th is

will result in air entrainment in the metal as it attempts to fill the

bottom sprue . If the areas at the base of all sprues are the same, the

bottom sprue will still not fill completely because of the effect of hydro-

sta tic pressure. Since flow rate is proportional to the hydrostatic head ,

the flow rate out of the bottom sprue (larger head) will be faster than the

flow out of the upper sprue with the same base areas . To ensure adequa te

sprue f i ll ing in the casca de sprue system , the base area of the u pper

sprues should be approximately 50% greater than the base area of the lower

sprues .

The height of each cascade step was 30 inches. A sprue with a 0.50-

inch base diameter was used for the bottom sprue to lower the flow rate

into the mold cavity to 3 lb/sec. The top sprue had a base diameter of

0.70 i nch , or 4 l b/sec of metal flow. This lower flow rate should cause

less metal turbulence than the previously used 7 lb/sec. Several castings

were poured wi th this gating system. The radiographic quality of the

castings was better than those cast with a single sprue. However, there
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was still a small amount of gas porosity dispersed through the casting .

Since the metal quality was satisfactory prior to pouring, the dispersed

gas porosity was assumed to be caused by the gating system.

Consideration was then given to the sprue shape. All sprues were

tapered to prevent entrapment of air in the metal as it flows down the

sprue. The two sprue shapes evaluated In this investigation were conical

(round) and rectangular. Conical sprues are the most coni~on1y used in the

aluminum foundry industry because of the relative ease üf fabrication and

molding. However, rectangular sprues will reduce metal swirling and mini-

mi ze the formation of a vortex at the top of the sprue. The configuration

shown in Figure 18 was cast wi th both conical and rectangular sprues. The

cascading sprue system was used in both cases. The relative radiographic

results of those parts poured using the rectangular sprues was better than

those poured with the conical sprues. The rectangular sprues produced less

dispersed gas porosity in the casting , which ind icated that less metal tur-

bulence was present. In addition to these advantages , rectan gular  sprues

are more su i ta b le to the casca d ing sprue systems than conical sp rues . In

order to increase the area at the base of the upper sprues , it is eas ier to

use mult iple rectangular sprues rather than multiple conical sprues .

d. Runner and Ingate Configuration

Another important consideration in the design of a gating system is

the runner and ingate configuration. A typical configuration is shown in

Figure 71. The optimum runner shape was found to be square. The reason

for this is simple. Square runners provide the least amount of metal

surface area exposed to the runner walls. This will result in a minimum

amoun t of hea t loss , a critical factor in the casting of thin -wall parts .
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The shape of the pouring well , which is located under the base of the

sprue , is important to control metal flow enter ing the runner . The metal

passing out of the sprue is traveling at its greatest velocity . The pur-

pose of the pouring well is to reduce the metal velocity by absorbing some

of the energy of the fa l l i ng metal . The opt imum shape of the pour i ng wel l

was foun d to be cyl i ndrical with a f la t bottom rather t han cy l i n dr i cal with

a round bottom. It is thought that a round bottom pouring well tends to

swirl the metal , caus i ng tur bulence .

The ingate configuration found most suitable was that shown in Figure

71. There should be a generous radius in the transition from the runner to

the ingate . Abrupt changes in metal direction will cause turbulence. The

location of the ingate relative to the runner was found to be best placed

on top of the runner. This facilitates mold fabrication and , most impor-

tantly, prevents dross from entering the mold cavity . With the ingates on

top of the runner , the metal will fill the runner before it enters the mold

cavity and the dross that has formed will rise to the surface and adhere to

the sand.

2. STRAINING MATERIALS

As discussed in an earlier section, strainina materials in the hori-

zontal runner are used to fil ter out dross that forms as the metal comes

down the sprue. The use of straining material such as fiberglass screen in

the vertical runners provides another means of assuring metal quality . As

shown in Figure 72, a fiberglass or metal screen can be placed between the

vertical runner and the step gates. The advantage of screening the metal

at this location in the mold Is that the lower metal velocity in the verti-

cal runners permits a more uniform filtering. Dross that is trapped in the
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screen will not break l oose as readily when the metal velocity is low.

This advantage can also cause problems. Metal velocity in the vertical

runners is continually decreasing because the hydrostatic head pressure

decreases as the mold fills. The combination of the reduced hydrostatic

head pressure and the resistance of the screen to meta l flow may cause the

part to rnisrun . A means of overcoming this problem is to place screening

material above the step gates, normal to the vertical runner , at the loca-

tion where the problem occurs . This technique is illustrated in Figure 72B.

One important consideration that must be given in the design of gating

sys tems in which screen i ng mater ials are used i s the percent open area of

the screen . Screen ing mater ials w i ll  reduce effect ive runner or i ngate

areas . The fi berglass screen used durin g th is inves t iga ti on had a 50% open

area , wh i ch means that the runner area was reduced by half . Th i s prob lem

can be easily overcome by enlarging the area of the runner by the amount

the screen will reduce it. An additional factor that must be considered is

the amount of area reduc tion that wi ll occur as a result of the screen

becoming filled with dross. A 25% increase in area , in addition to the

increase due to the open area, was used during this investigation .

3. RISER I NG TECHNIQUES

Design techniques for feeding high-strength aluminum castings must

permi t the solidifying metal to be continuously fed by a reservoir of

molten metal. This promotion of directional solidification is the key to

obtaining high-strength castings. To design such a risering system, infor-

mation must be known about the effect of riser size, the d istance metal

will feed from a riser , and knowledge about the feeding paths that trans-

port metal through the casting .
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During this investi gation , plates of the configuration shown in Figure

8 were used to determine the effect of riser size and the distance metal

will feed from a riser. Since the demonstration component is a large,

thin-wall casting , 0.10- and 0.50-inch-thick plates were tested. Risers

with base diameters of 1 , 2, and 3 inches (each 6 inches high) were eval-

uate d on the two test plates. The riser volumes were 11.0, 29.8, and 58.1

in.3, respectively. Tests were conducted to determine the effect of chill

size on the ability of these risers to feed the plates.

The effect of distance from an unch i l l e d en d an d an en d ch i l l e d wi th a

6- x 2- x 2-inch aluminum chill on the mechanical properties of a 0.10-

inch-thick cast A357 plate is shown in Figures 73 and 74, respec ti vel y.

The risers used in this evaluation had base diameters of 1 and 2 inches.

It is readily seen that chilling a 0.10-inch—thick p late has l i t tle effect

on the resultant mechan ical properties . The reason for this is simple.

The rate of soli dification of thin sections is so rapid that the additional

chill ing effect from the chill is negligible. The effect of riser size on

the 0.10-inch-thick plate is negligible adjacent to the riser. However, at

di stances away from the r i ser , the 2-inch-di ameter feeder produces better

properties . The decrease in properties between 4 and 6 inches from the

r iser is a resul t of mass ive shr ink porosity , as verified by radiographic

examination . Since the plate was gated from the riser end , the metal began

to solidify as soon as it filled the mold cavity . Neither of the risers

was sufficient to fill the solidification shrinkage beyond 4 inches.

The effect of distance from a 6- x 2- x 2-inch and 6- x 3- x 3-inch

aluminum chill on the mechanical properties of a 0.50—inch-thick cast A357

plate are shown in Figures 75 and 76, respectively. The risers evaluated

wi th these test plates have base diameters of 2 and 3 inches. The mechani-

cal properties at the chilled end of the plates are not affected by the
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chill masses used in this evaluation . Also , the riser size does not affect

the mechanical properties at the chilled end. However, the mechanical

p roper ties near the r iser are affected by r i ser size. The lar ger r i ser

su pp l ies the feed metal for a grea ter time because i t w i ll  reta in hea t

lon ger. Thi s conclus i on was su bstantiate d by ra d iogra phy. The p lates cas t

with the 2-inch-diameter riser showed more shrink porosity in the middle of

the plate than those cast with the 3-inch-diameter riser. It is also evi-

dent from these figures that a larger feed path was present in the 0.50-

inch-thick plate than in the 0.10-inch-thick plate. It is therefore impor-

tant , when desi gn i n~ a risering system for a thin-wall casting , to use a

large number of closely spaced risers to ensure adequate feeding of the

th in sections. The lar ger , heavy wall sections do not require as many

r isers , but they do need to be larger. Another conclusion that can be

d rawn from these data is the di stance from the ch i l l  to the r i ser that w i ll

affect mechanical properties . The shorter the distance between the chill

and riser , the more uniform the mechanical properties will be. The reason

for th i s i s s imp le. The mechanical propert ies of a cas ti ng increase to a

maximum and then level off as the solidification rate is increased . The

chill/riser distance will affect the solidification rate. As discussed in

sec ti on V , there i s a l im i t to the size of chill beyond which the solidifi-

cation rate remains constant. Therefore, the only way to increase the

soli dification rate is to decrease the chill/riser distance.

The feeding distance should not exceed 6 inches in section thicknesses

less than 0.25 inch. In section thicknesses greater than 0.25 inch , a

ch ill should be placed at the maximum distance from the riser. In order to

consistently produce uniform properties, the chill-to-riser distance should

be minimi zed.
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Plaster and fibrous materials were evaluated for application as insu-

lating riser sleeves . To minimize the heat loss of the metal an d to ensure

that the vertical runners provide adequate feeding , insula tion of the ver-

tical runners is necessary. As described earlier , the part configuration

shown in Figure 59 was used to compare the insulating characteristics of

these mater ials .

Semicircular risers , 2.5 inches in diameter, were thermocoupled at

four locations and then coupled to a temperature recorder. The part was

poured at 1435°F. The results shown in Figure 60 indicate that there were

no appreciable differences in the insulating characteristics of these

ma ter i als . However , the plaster riser sleeves are more expensive and will

generate gas when placed in contact with molten alum inum . For these rea-

sons , the fibrous insulating riser sleeves are suggested for use where

insulating requirements are needed.

The information gained from these tests was applied to the design of

the risering system for the parts shown in Figures 18 an d 19. As di scusse d

previously, the vertical runners and ingates act as ri sers to feed the

sol idification shrinkage. The riser size selected for the vertical runner

was 2.5 inches in diameter , semicircular , and made of fibrous insulation.

The size of the step gate feed ing the r ibs was di ctated by the rib wid th

and length. In order to eliminate as much clean-up after casting as pos-

sible , the step gate width was three times the width of the rib. The step

gate covering the rib was 1/3 to 1/2 the height of the ribs . Tapered step

gates were used to prevent the casting from feeding the vertica l runners.

In order to provide adequate feeding of the various section thicknesses ,

the large vertical runner was required. If a reverse feeding path between

-



the casting and the vertical runners was established , the heavy sections of

the casting could act as ri sers to feed the vertical runners . However ,

when the molten metal comes in contact with the heavy sections , it will

begin to solidify back to the step gate. The tapered step gates, after

they have fed the shrinkage of the heavy sections, will freeze off at

reduced areas (tapers), thus eliminating a reverse feeding path between the

casting and vertical runner.

A simple method used during this investigation to determine if the

step gates were of the proper size and providing adequate feed to the

casting was radiography . In areas that were suspected of inadequate feed-

ing , step gates were removed and radiographed. If shrink porosity was

evident in step gates near the casting , ver ti cal runners were no t p rov idi ng

enou gh feed metal . The size of the vertical runner in this area was in-

creased.

The techniques for designing a gating and risering system are not cut

an d dr ied . There are no magi c formulas tha t, when applied , w i ll  tell the

riser placement and size, gating configuration , etc. The gating and riser-

i ng for eac h cas ti ng are un iq ue . However , from the tests con ducted in th i s

invest i gat i on , a lot of the guesswork can be eliminated from the gating and

r i ser i ng des i gn , and a more sophisticated , scientific approach can be

taken .
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SECTION VII

CROSS-SECTION , OVERALL DIMENSIONAL TOLERANCES ,

AND STRAIGHTENING REQUIREMENTS

This purpose of this section of the investigation was to define the

d imens ional toleran ce requireme nts that could be cost ef fecti vel y ach ieved

by sand casting. Based on this information , shrinkage allowances were

establishe d . Also , straightening requirements and techniques for large ,

thin-wall castings made from aluminum alloy A357 were developed .

1. DIMENSIONAL REQUIREMENT S

The test parts shown in F ig ures 8, 18, and 19 were used to define the

dimensional tolerance requirements attainable in the fabrication of thin-

wall  a lum inum cas ti n gs. Par ts use d for prev iou c tests were dimens ional ly

checked and compared with the pattern to determine the amount of shrinkage .

Test resu l ts are shown i n Ta ble 6.

A draft angle of 1/2 degree per side could be readily achieved with

flanges up to 11 inches in height. These small draft angles , however , must

be used with a rigid pattern . It is reconriended that the sections with

small draf t an gles be ma de of meta l .  Also , it is necessary to use a good

parting agent on the pattern prior to ramming the mold. Next , the method

of stripping the pattern from the mold is important. The mold or pattern ,

whichever the case may be, must be removed normal to each other or pattern

damage will result. This can be done by placing a level on the mold or

pattern surface and observing alignment. The minimum section thickness in

an A357 sand casting that can be consistently and economically achieved by

L ~~~ . ~~~~~ .



TABLE 6 DIMENSIONAL TOLERANCES - A357 SAND CASTING

DIMENSION MINIMUM DIMENSION & TOLERANCE . IN.
DRAFT ANGLE Y2°

SECTION THICKNESS .100 ± .010
OVERALL DIMENSION , IN. (GENERAL)

0-1.0 t .01O
1.1-10.0 ± .030
10.1-20.0 ± .050

20.1-40.0 t .1O
40.1-60.0 ±.15

60.1-100.0 t .25
MACHINING ALLOWANCE UP TO 100 IN. + .250

SHRINKAGE ALLOWANCE (GENERAL) .125 IN./FT.
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conventional means is 0.100 + 0.010 inch. The area that can be cast with

this section thickness is limited. Based on the ability of a riser to

adequately feed a thin section and the fluidity of the metal , the maximum

distance from the center of the thin section to a riser is approximately 5

inches. This l imits the dimensions of any one thin area to about 10 x 10

inches.

The average dimensional requirements given in Table 6 are very general

in nature. The overall dimensional requirements are controlled by the

shrinkage characteristics of the metal and part geometry . The degree of

success in achieving the dimensional requirements is dictated by the

shrinkage allowance . In comparing the shrinkage of unrestrained plates

with the pattern dimensions , a shrinkage factor of 0.125 inch per foot was

selected . However , shrinkage of parts with a complex geometry does not

always occur uniformly. Therefore , the shrinkage allowances must be deter-

mined differently for each part confi guration.

One possible method of determining the shrinkage allowances for a part

is to graphically section the part into discrete sections. Each section is

then treated as either an unrestrained or partially restrained plate . Whe-

ther or not a discrete section should be treated as an unrestrained or par-

tially restrained plate is dependent on the mold and part characteristics.

If the retained strength of the mold is high , the part will experience

resistance on solidification , rendering it partially restrained. Also , the

larger the mass undergoing solidification , the more force that will be

exerted during contraction , which approaches an unrestrained part .

After the shrinkage analysis of the entire part has been made , each

discrete shrinkage allowance should be sununed, giving the total shrinkage

allowance of the casting.
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2. STRAIGHTENING REQUIREMENTS

Experience indicates that straightening of aluminum alloy A357 is best

accomplished after heat treatment, in the solution treated (NW”) con di t ion.

Alloy A357, as with all heat-treatable aluminum alloys , begins to naturally

age after quench i ng if it is not maintained at a temperature of -10°F or

less. Since it is almost im poss ib le to strai ghten a lar ge, comp lex cas ti ng

while maintaining it at —10°F, it was necessary to determine how long a

part could be held at room temperature after quenching and still have

enough ductility to straighten.

AFS standard cast tensile bars were made from A357. They were chilled

in the drag and poured at 1325°F. These test specimens were then solu ti on

heat treated , quenched , and immed ia tel y pl aced on dry ice. The temperature

was ma intained at below -10°F for 20 hours. The specimens were removed

from the dry ice and allowed to reach room temperature prior to testing.

It is apparent from Figure 77 that the duct i l i ty of A357 is not affected by

naturally aging up to 8 hours at room temperature. These results were sub-

stantiated by heat treating the part A section of the demonstration compon-

ent an d then strai ghtenin g.

The tools required for straightening consisted of various sizes of

ru bber mallets , clam ps for stra ightenin g r ibs and f lan ges , an d backin g

bl ocks. As discussed in the next section , very l i ttle di stor tion was

observed and all distortion except for oil-canning was removed. Oil can-

n ing generally occurs in thin sections as the result of a severe quench.

It is almost impossible to remove oil-canning , once it has formed. Careful

design of the part is required to assure that it does not occur.
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Another means of straightening that was Investigated was age straight-

ening. This is a process where a solution heat-treated part is clamped to

the desired configuration and then artificially aged. This is basically a

stress—rel ief operation that, if successful , would eliminate the possibility

of part damage during manual straightening.

The tests were conducted by placing small plates of solution heat-

treated A357 into the fixture shown in Figure 78. These plates were

stressed to 80% of the yield strength and aged . If specimens retained the

“stressed configuration ,” this woul d indicate that the parts were complete-

ly stress relieved and would be straightened during aging. However, the

results of this test indicated that the specimens were not stress relieved

and retained their original shape. It was concluded that the aging temper-

atures were not high enough to stress relieve the part. Therefore, age

straightening would not be feasible for this application .

3. SUMMARY

In sumary , the dimensional requirements of aluminum sand casting can

be closely control l ed if the shrinkage allowances are carefully selected .

One possible means of selecting the proper shrinkage allowance is to sec-

tion the part into small sections and determine the shrinkage characteris-

tics of each section. Straightening of parts cast from alloy A357 can

easily be accom pl ished in the “W” condition up to 8 hours af ter quench in g .

Standard foundry straightening tools are all that is necessary. Careful

design of the part is necessary to prevent the formation of “oil cans ”

during quenching. Straightening of A357 parts during the artificial aging

cycle does not appear to be feasible.
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SECTION V I I I

DISTORTION

1. DESIGN-RELATED DISTORTION

One of the major causes of distortion in castings is that resulting

from improperly designed parts and/or molds. Nonuniform section thick-

nesses and sol idification rates cause a buildup of stresses that act to

distort the part. Distortion due to these inherent stresses is minim ized

by altering the mold design. Two methods of controlling this type of dis-

tortion include (1) cast-on additions to the parts (to balance sections)

that w ill be cut off followin g heat treatment , and (2) extra runners and

gates placed so as to provide symmetry of mass to the feeding system. The

cast-on additions are normally in the form of ribs , and feeding system

alterations are in the form of cast links between risers.

To evaluate th is type of distortion and generate data that would allow

rel iable pred ict ions of d istort ion , parts were cast in the configuration of

Fi gure 8 (T = 0.100 and 0.500 inch) and Figures 18 and 19. Measurements

for di fferences in reference point di sp lacemen t from pattern or ientation

were taken from the above configurations. The castings examined in these

tests displayed negligibl e distortion. Additional control for distortion

due to metal solidification stresses was considered unnecessary .
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2. HEAT-TREAT DISTORTION

The second major cause of distortion is heat treatment. Heat-treat

distortion results when the parts are rapidly quenched from the solution

heat treatment temperature . Variations in the cooling rate throughout the

part result in a buildup of stresses that , if large enough , wil l  warp the

part.

To determine the amount of distortion resulting from heat-treat oper-

ations , parts of the configuration shown in Figure 8 (1 0.100 and 0.500

inch) were cast , solution heat treated at 1010 + 5°F , and quenched in

either ag itated (1) water at 160°F , (2 ) 20% glycol solution at 120°F , or

(3) 28% glycol solution at 120°F. To simulate production heat-treat oper-

ations , a 10-second delay was allowed between heat treat and quenching.

This 10-second quench delay was based on delay times measured during heat-

treat operations of production furnaces used by Boeing . The specimens used

in these tests were suspended with Ni-Cr wire in standard wire mesh heat-

treat baskets during both solution heat-treat and quenching operations.

This suspension allowed the entire surfaces of the parts to be uniformly

heat treated in the furnace and quenched in the res pect i ve solu tions . In

addition to evaluating the effects of the aforementioned quenchants on

distortion of cast parts , mechan i cal properti es as a funct ion of sec tion

thickness when quenched in the three different quench media were also

evaluated. Parts of the configuration shown in Fi gure 8 (T = 0.100 inch)

and Figure 79 were used to determine mechanical properties . Upon comple-

tion of heat—treat operations , test parts were dimensionally checked and

inspected by penetrant and radiographic techniques to ensure casting inte-

gr I ty.
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The glycol solut ions chosen for evaluation in this investigation were

used because they represent quenching media less severe than water. Theor-

etically, the greater the severity of the quenching media , the more distor-

tion will occur. In addition , the faster the heat-treated part is cooled ,

the higher the mechanical properties of the part. The 160°F quench water

was used because i t is a standar d quenchan t u sed i n hea t treatmen t of cast

alum inum parts. The 120°F glycol solutions were used to show a comparison

between water and less severe quenchants with respect to distortion and

mec~anica1 properties .

The amount of di stort ion that occurred in the parts quenched in the

di fferent solu tions is shown in Figure 80. It was noted from the quenched

parts that (1) maximum distortion occurred in the parts quenched in 160°F

water (A), (2) distortion in parts quenched in 20% glycol solution at 120°F

(B) was less than observed in the water-quenched parts , and (3) parts

quenche d in 28% glycol solution at 120°F (C) displayed the least amount of

di stort ion with respect to all other parts tested. In essence , the parts

quenched in water contained a far greater buildup of stresses than found in

parts quenched in the less severe media.

The tes t spec imens used to determine mechanical properties of cast

A357 quenched under the described conditions were also subjected to produc-

tion-oriented handling procedures. Typically, when precipitation-hardening

alloys l ike A357 complete solution heat—treat and quenching operations ,

they are placed in cold storage at subzero temperatures to inhibit natural

aging of the material . This storage can be accomplished by either placing

the parts in a commercial grade freezer capable of subzero temperatures or

by completely packing the parts in dry ice (C02), which has a melting point

of -78.2 °C (—1 09°F) at 1 a tmosphere pressure. The parts are typically held
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in storage until preparations for working (straightening , etc.) of the

parts are complete. The parts are then removed from storage and more

easily worked in the “W ” condition.

The mechanical test specimens used in this investigation were packed

in dry ice and held for a period of 33 hours. The parts were then taken

from cold storage, strai ghtened, and artif icially aged at 325°F for 9 hours

and subsequently allowed to air cool . Tensile specimens were then machined

from the test parts and used to determine ultimate tensile strength , yield

strength, and percent elongation in a 2-inch gage length. Results of these

tests showed that optimum mechanical properties are obtained by quenching

in water at 160°F. The data in Ta ble 7 show that parts quenched in water

display average strength values of round specimens to be (1) about 3.0%

hig her in yiel d strength and 7.5% higher in tensile strength than round

specimens taken from parts quenched in 20% glycol solution at 120°F, and

(2) slightly higher in yield strength (about 0.5%) but 5.0% higher in ten-

s i le strength than round spec imens taken from parts quenched in 28% glycol

solution at 120°F. Resul ts of mechan ical tes ts conducted on flat sp~-:imens

showed that parts quenched in 160°F water were (1) about 1.0% higher in

yield strength but about 3.0% lower in tensile strength than specimens

quenched in 20% glycol solution at 120°F , and (2 ) about 4.0% higher in

yield strength but about 3.5% l ower in tensile strength than specimens

quenched in 28% glycol solution at 120°F. The higher mechanical properties

displayed by the water-quenched thick specimens are explained by the theory

that intermetal lics in the A357 alloy remain in solution with more rap id

quench rates and tend to migrate out of solution in the form of precipi-

tates at slower cooling rates. In the flat specimens (Fig. 8 where T =

0.100 inch), the l ower tensile properties of the water-quenched specimens
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TABLE 7 EFFECT OF VARIOUS QUENCHING MEDIUMS ON THE MECHANICAL
PROPERTIES OF CAST A357

SPECIMEN NO. QUENCHANT SPECIMEN YIELD (KSI) TENSILE (KSI) % ELONGATION*
CONFIGURATION

560-i WATER 160°F ROUND 42.4 50.9 7.0

560-2 42.4 51.6 8.0

560-3 41.4 52.3 10.0

495- 1 FLAT 39.8 46.6 4.5

495-2 40.4 43.7 2.0

495-3 39.4 47.0 5.0

562.1 20% GLYCOL 120°F ROUND 40.1 47.0 4.0

562-2 41.8 48.3 4.0

562-3 40.7 47.9 4.5

498-1 FLAT 39.3 48.7 5.5

498-2 39.3 46.2 3.5

498-3 39.7 47.0 4.0

564-1 28% GLYCOL 120°F ROUND 41.2 48.4 4.0

564-2 42.8 49.6 5.0

564-3 41.5 49.2 5.0

502-1 FLAT 39.8 48.1 7.0

- 502.2 37.3 46.0 4.0

502.3 37.9 48.3 5.0

% ELONGATION COMPUTED IN A 2 INCH GAGE LENGTH
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wi th respect to the glycol-quenched specimens is also attributed to section

thickness and cooling rate. The section thickness of the specimens was

constant (i.e., 0.100 inch) and the quenchant temperatures were 160°F for

the water and 120°F for the glycol quenchants. Even though water is con-

sidered a more severe quenchant than the glycol solutions , the determining

factor is ~~ temperature of each bath and the cooling mechanism of glycol

quenchants . As parts are submersed in agitated water after solution heat

treatment, bubbl es form on the surface of the part and tend to insulate the

part and cause nonuniform cooling. However , the ag i ta t ion  of the bath

breaks up the bubbles and allows the part to cool more uniformly. With

glycol quenchants , the glycol tends to separate from solution at tempera-

tures exceeding about 160°F (the surface of the part is above 160°F) and

form a film on the part surface. This film inhibits bubble formation and

allow s uniform coolin g of the part. In thick parts , the cooling rate is

slow enough for the quench agitation to remove the bubbles and provide more

uniform cooling. In thin parts , the cooling rate is so rapid that the

glycol f i lm is formed qu icker than the bubbles are removed .

Significant differences in the percent elongation of the test speci-

mens were also noted. Round test specimens quenched in 160°F water dis-

played average avalues about 50% hi gher than wi th 20% glycol solution at

120°F and about 44% hi gher than with 28% glycol solution . However, due to

the reasons discussed in the preceding paragraph , flat specimens quenched

in 160°F water displayed values about 12% lower than with 120°F-20% glycol

solution and about 28% lower than wi th l20°F-28% glycol solution .
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As shown in Figure 80, considerable distortion was obtained in thin

sections from quenching in each of the three quenching media. Although the

distortion observed on the specimens quenched in 28% glycol solution at

120°F was significantly less than that observed on specimens quenched in

160°F water or l20°F-20% glycol solution , the distortion present In these

specimens merits concern with respect to dimensional control problems . In

large aluminum castings of complex configurations (i.e., Fig. 18), distor-

tion in thin sections between ribs or thicker sections may result in

“buckling” or “oil-canning ” defects. These distortion defects are very

difficult and often impossible to correct when close dimensional control is

requ ired . However , this type of distortion may be avoided by minimizing

the size of the thin section (with respect to distance between ribs ) or

adding additional ribs or supports to the thin sections.

During quenching operations , heat-treated parts tend to move about in

the quench tank due to agitation of the quenching bath. This movement may

result in nonuniform cooling of the part and/or damage to the part if it

collides with other quenched parts , quench tank walls , etc. To avoid

problems that may result from part movement while quenching large aluminum

castings , a fixture should be used to restrict movement during this opera-

tion . Design of such a fixture should include provisions for holding the

casting in place to minimi ze movement during quenching , but also allow

expansion/contraction of the part during heat treatment and cooling to room

temperature .
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Although water-quenched specimens displayed elongations higher than

glycol-quenched specimens , the glycol-quenched specimens displayed far less

distortion . It is evident from these observations that a trade-off between

distortion and elongation must be made. The decision for choice of quench-

ing media must be based on properties required of the part with respect to

maximum allowa b le distort ion.

3. SUMMARY

To sumarize the results of this investigation , we can conclude that:

1. The amount of distortion resulting from solidification stresses

was found to be negligible in the parts that were cast for eval-

uation. However, if distortion due to these stresses should

occur in large aluminum castings , it could be controlled by

i ncorporating cast-on additions for part balance or using extra

runners and gates to provide symmetry .

2. Water quenching yields high mechanical properties but poor dis-

tortion characteristics. However, if care is taken during design

and heat treatment , distort ion can be minimized and mechanical

propert ies ma intained .

3. A heat-treat fixture for controlling distortion during quenching

of large aluminum castings is necessary.

p9”
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SECTION IX

NDE PROCEDURES AND VERIFICATION OF RESULTS

Each NDE (nondestructive evaluation ) method has unique capabilities

and limi tations , and no sing le method can be applied wi th complete assurance

of detecting all conditions that may be detrimental. Inspection methods

may be broadly categorized as applicabl eT to surface or to internal quality

determinations . Thorough i ns pection of cast ings requ i res that suff icient

methods be applied to reliably detect both surface and subsurface discon-

tinui ti es. However , many of the comonly appl ied methods or tests in one

category will have some limited capability in the other. For example ,

cracks detectable by surface inspection methods may also be revealed by

radiography during evaluation of internal soundness. Some redundancy is

therefore afforded by the multiple inspections normally applied to high-

integr i ty products.

The prima ry NDE methods evaluated and employed in Phase II were fluor-

escent penetrant for surface discontinuities and X-radiography for internal

soundness. These two methods are most commonly used in the casting industry

for inspection of nonferromagnetic castings. Other methods were considered

that have some useful capabil i ties , but none were judged equal to penetrant

and radiography for overall inspections. However , ultrasonic techniques

demonstrated a potential capability to reveal fine porosity in heavy sec-

tions where the ability of radiography appears to be deficient. This

capability will be under further investigation and development during Phase

IV.
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1. SURFACE INSPECTION METHODS

Initi al inspect ion for surface irregular i ties , discontinu ities , and

finish was accomplished visual ly. Surface irregularities below drawing

tolerances , such as underfiush par ting lines , core or ch ill impressions,

pits , inclus ions , and open gas holes , were sought. Di scont i nui t i es such as

cracks , misruns, cold shu ts, and other l inear, propagating-type flaws were

also noted . Surface finish was compared with NAS 823, “Cas t Sur face Com-

parison Standards,” after f inal cl eanup of the cas ti ngs.

Fluorescent penetrant i nspection procedures were evaluated and mater-

ials  and techniques considered optimum were designated . Water—washable and

PE (post—emulsifiable) penetrant systems were investigated . Significant

parameters included penetrant dwell time, method of removing excess pene-

trant, type of developer (dry, water soluble , water suspension , nona queous ,

or none), and development time. The investi gation of these various tech-

niques was conducted in a l aboratory on relatively small cast panels, and

it was necessary to consider some practical aspects of inspecting the full-

size casting in a production facility . For example, the emulsification

step of the PE system requires close and uniform control of the dwel l time.

This can be difficult or impossible to achieve on large and complex-shaped

parts that require crane—handling. In addition, aluminum sand castings

present some rather unique surface conditions and defect characteristics ,

as compared to wrought material , that need consideration in arriving at the

optimum penetrant inspection procedure.

Cast surface textures frequently are such that they retain sufficient

penetrant for developers (particularly the more sensitive nonaqueous types)

to bring out a high level of background fluorescence. This background can
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reduce inspection sensitivity and reliab ility by reducing the visual con-

trast of defect indications. Also , many casting defects are relatively

open and retain a large volume of penetrant. The applica tion of most

developers and the use of high-sensit ivity penetrants will result in

extensive “bleed—out” that can interfere with critical interpretation of

discontinuities . Wide-spreading indications from groupings of small pores ,

as shown in Figure 81 , may obscure the presence of a small crack in such

locations. Laboratory tests showed that this spreading of indications is

substantially curtailed by the use of dry powder developer , as is i l lus-

trated in Figure 82. However, facilities for proper application of dry

developer to the full—size casting were not available.

Based on the laboratory tests, available facilities , and other prac-

tical considerations , a penetrant system using a highly self-developing,

water-washable penetrant with no developer was selected for the program.

This system is considered to have a sensitivity equivalent to Group V

materials per MIL-I-25135, “Inspection Materials , Penetrant. ” Threshol d

indi cations of surface pores on cast test panels were obta ined from open-

ings less than 0.001 inch in diameter . Other studies have shown capabili-

t ies of reveal ing linear defects w i th open ing w id ths less than 1 mi cron .

More important to penetrarit inspection reliabil ity or effectiveness than

sens i t i v ity of the materi als , however , is proper preparation of the parts

prior to inspection. Sawing, grinding , and sand blasting, extensively used

i n cle anu p of cast in gs, are known to exert a smear ing act ion that can com-

pletely close tight defects to the entry of the most sensitive penetrants .

To alleviate this adverse effect, a requirement was imposed on the program

castings that 0.0002 to 0.0004 inch be chemically removed from all surfaces .

Figure 83 shows the marked improvement gained by etching a segment of

casting that had been abras i vely ground.
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Fi~jre5)—Penetrant Indications Obtained with Water
Suspension Developer on a Cost Panel
Exhibiting Excessive Surface Porosity

Figug 82-Penetrant Indications Obtained pith Dry
Powder Developer on the Pane! of Figure 1
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Figure 83-Penetrant Inspection Results Before and A fter
Etching a Casting Section Which had Been
AOrasively Ground
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2. DETERMINATION OF DENDRITE ARM SPACING (DAS)

Dendritic arm spacing (DAS) measurements provide nondestructive means

of determ i ning mechan ical properties likely to be att6ined in local areas

of a casting. It was necessary to develop suitable methods for the micro-

scopic measurement of DAS on designated areas of the full-size castings , as

well as on the mechan ical test specimens for the design allowables study ,

and to aid in the creation of D-XXXX , “Alum inum Alloy A357 Castings , Den-

dri te Arm Spacing , Process for Determination of.” The local measuremen t

area of the casting surface may be metallographically polished by either

electrochemical or mechanical methods. The mechanical method was chosen

f-or development. The resulting technique proved to be simple and rapid. A

flex ible shaft motor-tool was used for rough and fine grinding with three

grades of rubber bonded abrasive wheels. Polishing was accomplished with

cotton laps and both 6- and 1/2-micron diamond paste. After polishing , the

surface was etched with 0.5% HF solution . At this point, di rec t examinat ion

wi th a portable microscope niay be performed. However, it was found to be

easier to prepare a plastic replica of the etched surface , which could be

better examined in the laboratory . Al so, the replica may be retained as a

permanent record .

Eddy current conductivity measurements were made in conjunction with

the DAS measurements for a period of time to determine if differences in

the morphology and distribution of the interdendritic eutectic associated

wi th different DAS values might effect the bulk conductivity . Such a

correlation was not demonstrable.
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3. CASTIN G SOUNDNESS

A uniformly sound cast ing is cr i tical to the ach i evemen t of cons is-

tently high mechanical properties. Internal soundness of light alloy

castings is conventionally evaluated by X—radiography , and this was the

primary internal inspection method for the program. Radiographic inspec-

tion techniquesniques were refined during foundry control development to

provide consistently high-quality radiographic practices , assuring the B

and C quality grades designated for the castings. However , the app l icat ion

of the ASTM El 55-76 radiographic standards is definitely subjective and

requi res experienced , skilled film interpreters. This is particularly true

for those conditions such as porosity and shrinkage that are acceptable in

amounts or degrees up to that conta ined in the speci fied rad i ographic

reference standards. The task of film interpretation becomes more diff I-

cult and less accurate if the thickness of the mater ia l being evaluate d

d i ffers significantly from that of the reference standard . A high propor-

t ion of the program castin g des ign cons i sts of thi cknesses of 0.100 to

0.125 inch , and the lesser proport ion contains cr i tica l areas w i th sec tions

several inches thick. These must be radiographically compared with stan-

dards representing 0.25- and 0.75-inch thicknesses , respectively.

Althou gh the existing radiographic standards and the levels specified

for the quality grades have been in use for many years , thei r adequacy for

assur ing a newer , hi gher level of integrity and strength might be question-

ed. Certainly there is a need for more study of the influence of internal

soundness on mechanica l p ropert ies of higher than cus tomary streng th cast-

ings. Two limited studies were initiated to provide additional insight

In to this matter.
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Special radiographic reference standards were developed for seven

levels of fine , dispersed porosity in 0.125-inch-thick material . All

design allowable test specimens were radiographed after machining and rated

accord ing to these seven standards. The original ratings were from 0.250-

inch standards and spanned only three levels (B or better, C or better, or

worse than C). Th i s expanded “Poros i ty Index ” is being applied to all

further mechanical property determinations and correlative results will be

inclu ded in a later report.

Di spersions of very fine porosity become increasingly difficult to

detect radiographically as section thickness increases. The maximum thick-

ness of the program casting is 6 inches. In an attempt to improve inspec-

tion capabilities in this and other heavy sections of the casting , ul tra-

sonic methods were examined . Ultrasonic comparison tests were made on 5-

and 6-inch-thick cast material with and wi thout porosity (equivalent to

radiographic quality . grades A and C). Three approaches to porosity estima-

tion were evaluated :

o Pulse—echo mult iple back reflecti-on loss

o Pulse—echo direct porosity detection

o Through—tran smission

All three methods were successful with direct contact coupling and a

promis ing ab i lity of ultrasound to detect porosity in aluminum castings was

demonstrated. The pulse-echo (contact method) direct porosity detection is

the more practica l approach , as the inspection can be conducted from one
surface and the back surface need not be parallel . Figures 84 and 85 show

comparative fluorescent penetrant indication photographs and ultrasonic

porosity indication recordings obtained from the two cast blocks. Further

development effort is being directed to obtainitig quantitative ultrasonic

porosity measurements, correlating these with radiographic quality grade ,

and applying the method to rating of mechanical property test material.
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SECTION X

WELD CORRECTION OF CASTING IMPERFECTIONS

Imperfections In A357 sand castings can frequently be corrected by

fusion welding as an alternative to scrapping a casting or reducing its

performance expectations. Al though typical casting imperfections, such as

porosity, shrink , misruns , and cracks, can usually be corrected, each

casting must be evaluated on its own merit.

Due consideration must be given to such factors as the number , size,

and location of individual imperfections, working access, distortion pro-

duced by weld shrinkage , weld restraint conditions , rework and re-inspec-

tion costs, and monetary investment in the subject casting.

1. WELDING PROCESS SELECTION

Weld correction of casting imperfections can be successfully accom-

plished by Gas Tungsten Arc Welding (GTAW) in the Alternating Current (AC)

or Direct Current (DC) modes or by the Gas Metal Arc Welding (GMAW) pro-

cess. The process selection is dependent upon such factors as material

thickness , available welding equipment, and availability of suitable weld

filler material .

GTAW-AC is usually used for single-side corrections in materials up to

1/8 inch thick without a prepared weld cavity and up to 1/4 inch with a

cavity. Thicknesses up to 3/8 inch can be welded successfully using GTAW-AC

by grooving and welding both sides. The GTAW-AC mode provides excellent

cathodic surface cleaning and good visibilit y due to the high arc intensity .

However, the weld penetration tends to be wide and shallow .
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The GTAW-DC mode is used for heavier material sections and produces

deep , narrow weld penetration. Because the DC mode produces a small , con-

centrated arc, the weld ing visibility is limited and is further restricted

by the presence of soot-like surface deposits commonly encountered when

using helium-rich gas mixtures.

2. WELD TESTS

During this program , tests were conducted to evaluate the relative

suitability of various welding processes and to determine the mechanical

properties of the weld deposits and adjacent base metal . Cast A357 test

panels , configured as shown in Figure 86, were used in the evaluation .

Simulated weld corrections were made using the GTAW-DC and GTAW-AC modes,

A356 and A357 filler material s, and preheat and no preheat, on 1/8- and

5/8-inch-thick test panel s in the as—cast and heat-treated conditions.

Al though originally planned , simulated weld corrections could not be

produced with the GMAW process due to lack of suitable weld filler material .

Durin g procurement of test materials, A357 filler material was only avail-

able in 36—inch straight l engths for manual welding.

3. WELDING EQUIPMENT

Al though many conventional , commercially available, manual AC/DC GTAW

power sources can be used to produce acceptabl e quality weld corrections,

consistently better results were obtained using solid-state , square-wave ,

variable-polari ty duty cycle equipment.

175

4 __._____._. —.~~~~~~~ —.—-.— —- — —— . - — -  —‘—- ——— -—- . - - . — - - , -.-— — 
.• . — .k. _ ~& . . _ _ . . . _ .  — .  — - —

~~~~~
— - “-—

~~~~~~ 
.— . . —



~
—

~~-------~~~~ - - —,~ . — -——- ~ — . ..,

/
/>\ /  h

/

V

176 

~~~~~~~~~~.



- — -  - .-‘----— - --~~~ ~~~~~~~~~~~~~~~~~~ ._ ~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-..

During test welding In the AC mode, such a power source completely

eliminated the problem of tungsten spitting and produced a substantial

reduction in the incidence of porosity in the weld deposit. This equipment

also provides excellent arc stability and smooth weld tailouts in the DC

mode.

The power source was operated in the maximum unbalanced-polarity duty

cycle condition , which provided approximately 70% of the time in the

straight-pol arity (electrode negative) mode. This mode produced increased

weld penetration while retaining the AC cathodic cleaning benefits.

4. MECHANICAL PROPERTIES

The mechanical properties of welded test specimens taken from the cast

A357 panels are shown in Tables 8—13. ExamInation of the test data m di-

cates that the various combinations of AC and DC weldin g modes, A356 and

A357 filler materials, and preweld temperature produced no significant

differences in mechanical properties of test specimens welded in the as-

cast condition and heat-treated after weldin g. There was also no signi-

ficant difference between the mechanical properties of the welded and base

metal specimens in the as-cast condition .

However, as predicted , there was a substantial reduction in the tensile

and yield strengths of welded specimens that had been heat-treated prior to

the simulated weld corrections and not re—heat-treated after welding.
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5. WELD CORRECTION PROCEDURES

In general , the procedures and techniques required to accomplish weld

correction of A357 aluminum sand castings are identical to those commonly

employed for weldable wrought alloys. The experience gained during this

test program has demonstrated that high-quality weld corrections can be

consistently produced by employing reasonable care and standard industry

prac tices. The deta il procedures required to accomplish wel d correction of

typical casting imperfections has been documented in Appendix A.

Specific standards and limi ts for weld correction of casting imperfec-

tions will be controlled by the detail casting material and process speci-

ficat ions. These specif i cations esta bli sh the type, size, and location of

imperfect ions that are permitted to be corrected by weld ing, and also es ta-

blish what requi rements app ly to the completed wel d correc tion zone.

184 

‘..~~~



r~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -  _ _

SECTIOII XI

SURFACE FINISHING

The effects of surface finish on the fatigue properties of cast A357

were evaluated during this phase. The results will be reported at a later

date, in the Phase V Full Scale Test Report.
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SECTION XII

PRELIMINARY MATER IA L AND PROCESS SPECIFICATION

A preliminary material and process specification , covering A357 -

alum inum alloy castings produced for use as primary aircraft structural

components , was prepared and transmitted to the Air Force. This prelimin-

ary specification , M—XXXX , “Al uminum Allo y A357 Castings , Primary A i rcraft

Structure ,” wi ll form the basis for the final material and process specifi-

cation that will be completed in Phase VI of the program.
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SECTION XIII

ALLOWABLES TEST CASTINGS DATA

1. TEST CONFIGURATIONS AND TEST PLAN

Two test configurations were established , each representing a full-

scale region of the station 170 bulkhead. The configurations , designated

allowables parts A and B, are shown in Figures 87 and 88, respectively.

The approximate locations of test coupons are also shown. A test plan for

the generation and analysis of allowables data was prepared and submitted

to the Air Force. -

2. TEST CASTINGS

Fourteen test castings were produced during Phase II , and specimens

were fabricated and tested in accordance with the test plan. Four allow-

ables parts A and five allowables parts B were produced by the Boeing

foundry, and five allowables parts A were produced by Hitchcock Industries ,

Inc., Minneapolis , Minnesota.

The details of the molds including locations of ingates, risers ,

chills , and insulation are shown in Figures 89—93. Figures 89 and 90 show

these details for the Hitchcock parts A , Figures 91 and 92 for the Boeing

parts A , and Figure 93 for the Boeing parts B. The Boeing parts were cast

in the vertical position , while the Hitchcock parts were cast hori zontally.

This difference in casting techniques was utilized to provide a basic

comparison between the two orientations , recognizing that the vertical

position would be used for the full-scale casting as discussed previously

in Section VI. All test parts were heat treated to the -T6 condition .
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3. TEST DATA

The tension , compression, shear , and bearing test data are presented

in Tables 14, 15, and 16 for the Hitchcock part A , Boe ing part A, and

Boeing part B castin gs , respectively. These data are in the process of

being analyzed in order to arrive at final structural design allowables.

The result ing design allowables document will be released at the end of

Phase V , Structural Test and Evalua tion.

Also shown in these tables, for all tens ion spec imens , are (1) den-

drite arm spacing (DAS) on the specimen and on the casting surface at that

loca tion, where applicable , (2) porosity index , and (3) the tensile yield

strength/tensile ultimate strength (TY S/TUS) ratio. The porosity i ndexes

are numbers from 1 through 7 representing increasing amounts of porosity as

determined from radiographs of the specimens. X-ray grade B falls between

porosity indexes 1 and 2, while X-ray grade C falls between porosity in-

dexes 3 and 4.

a. Tensile Ultimate Strength versus Dendri te Arm Spacing

Figures 94-96 present plots of TLJS versus DAS. Although the scatter

in data is rather large, the trend to lower TUS wi th increasing DAS can be

seen , especially for the Boeing parts B. This trend cannot readily be seen

for the Hi tchcock parts A because of a narrower spread in DAS values and

because nearly all of the specimens had a porosity index of 1.
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b. Tensile Yield Strength versus Dendrite Arm Spacing

Analysis of TYS versus DAS showed no particular variation in TYS with

increasing DAS . This finding is consistent wi th Information reported In

the literature.

c. Elongation versus Dendrite Arm Spacing

Figures 97-99 present plots of elongation versus DAS. Here again ,

there is large data scatter, but the trend to lower elongation with in-

creasing DAS can be observed, especially for the Boeing parts B and the
Hi tchcock parts A.

d. Tensile Ultimate Strength versus Elongation

Figures 100-102 present plots of TUS versus elon~ation. Although the
data scatter is rather large, there is a definite trend to higher TUS wth

increasing elongation .

e. Tensile Yield Strength versus Elongation

Fi gures 103-105 present plots of TYS versus elongation. For the

Hi tchcock parts A, the trend shows TYS increasing up to about 3% elongation

and decreasing between 3 and 8% elongation. There is a somewhat similar

trend for the Boeing parts A and parts B; however, the scatter in data is

large .
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f. Tensile Ultimate Strength versus Porosity Index

Figures 106 and 107 present plots of TUS versus porosity -Index for the

Boeing parts A and B. The trend to l ower TUS with increasing amounts of

porosity can be seen, even though the data scatter Is rather large. The

data for the Hitchcock parts A were not plotted , because nearly all of the

specimens had a porosity index of 1.

g. Elongation versus Porosity Index

Figures 108 and 109 present plots of elongation versus porosity Index

for the Boeing parts A and B. It should be noted that all of the data
I

points clustered about any particular intersection of elongation and por-

osity index , say 5% elongation and porosity index 3 in Fi gure 108, belong

right at that intersection; they are plotted as shown in order to indicate

the number of data points at a particular intersection . Although the data

scatter is rather l arge, the trend to l ower elongation with increasing

amounts of porosity is evident.

h. Integrally Cast Test Bars

The general lack of close correlation of mechanical properties and DAS

between integrally cast test bars and the related areas in the allowables

parts rules out their use for production quality control , other than for

verification of heat treatment.
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4. DISCUSSION OF DATA

The tension test data provide the base from which design al l owables

w i ll be established . Such allowables should be directly related to mater-

ial and process speci fication minimum acceptance levels. It is desirable

to base these acceptance l evels on the physical variables that cause the

resultin g mechanica l behaviors. It is therefore important to identify the

prominent physical variables and to provide methods by which they can be

measured accurately. It is believed that both allowables and specific

tensile minimums should be categorized by DAS and soundness. Current ASIM

E1 55 standards for radiographic inspection have been found to lack accuracy —

in establishing soundness in thick sections. Efforts are currently under

way to develop ultrasonic inspection techniques from which soundness can be

established with improved accuracy. For this reason , the mater ial and

process specification will be revised , and design allowables will be com-

pleted in Phase V , at which time the methodology for soundness determina-

tions will have been establish-ed and verified with future full-size cast-

ings in Phase IV .

The trends for both increasing TUS and elongation with decreasing DAS

and porosity and the general constancy of TYS with decreasing DAS are in

agreement with other investigations of A357 and similar casting alloys .

The relative scatter in results prevents development of unique relation-

shi ps between mechanical properties and DAS or porosity at this time . DAS

alone cannot be used as a reliable nondestructive Inspection measurement

for the prediction of either strength or elongation. There are obviously

other physical variables represented in these data that must be accurately

measured and quanti fied in order to provide an adequate understanding of

materIal behavior .
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SECTION X IV

METALLURGICAL STUDIES

Metallurgica l investigations were conducted on several lugs and fit-

tings from various allowables test castings . The purpose of these analyses

was to obtain data on the effects of chilling , including dendrite arm spac-

ing (DAS), and on the extent of porosity in these heavier portions of the

castings .

Lugs and fittings from the following castings were investigated : (1)

Boeing allowables part B preproduction casting S/N 369, (2) Hitchcock

allowables part A production casting S/N 9, and (3) Boeing allowables part

A preproduction casting S/N 578. Casting S/N’s 369 and 9 had been heat

treated to the -T6 condition ; casting S/N 578 was -in the as-cast condition .

1. BOEING ALLOWABLES PART B -- CASTING S/N 369

Both the integral cast fitting and fitting no. 2 from this preproduc-

tion part were investigated (see Figure 110).

a. Integral Cast Fittin g

Figure 111 shows the integral cast fitting and locations of the step-

gate, copper chills , and section cut for investigation. This figure also

shows grid lines (A-A, B-B , C-C, D-D, X-X , Y-Y , and Z-Z) along which DAS

measurements were made on the longitudinal section on piece B. DAS mea-

surements were made at approximately 1/8—inch intervals along each of the

seven grid lines .
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These data are plotted in Figures 112 and 113. Shown are average DAS

curves and upper and lower limit curves. Points were taken from the aver—

age DAS curves and plotted on the cut section in order to construct the

“con tour map” of Figure 114A showing lines 0-f constant average DAS. This

map thus gives a picture of how solidification progressed from chills to

step-gate during cooling.

Also shown in Figure 114A -is the extent of visua l porosity. Heavy

porosity indicates large numbers of coarse -interdendritic pores (maximum

pore size approximately 0.015 x 0.050 inch), while light porosity indicates

small amounts of fine interdendritic pores (approximately 0.005 x 0.010

inch maximum). The quantity of interdendritic porosity present appeared to

be indicative of a gas problem rather than a feeding problem.

Tensile specimens from the comparable fitting -from casting S/N 330

yielded average mechanical properties of 45/41/2 (i.e., UTS, ksi/YS, ksi/

elongation , %) .

b. Fittin g No. 2

Figure 115 shows two views of the fitting and the locations of the

step-gate, copper chills , and section cut for investigation. DAS measure-

ments were made on the longitudinal section on piece B, and lines of

constant average DAS were drawn on the section shown in Figure ll4B.

Again , the amount and extent of visual porosity are shown. Pore sizes were

similar to those in the integral cast fitting.

Tensile specimens from the comparable fitting from casting S/N 330

yielded average mechanical properties of 44/40/2.
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2. HITCHCOCK ALLOWABLES PART A -- CASTING S/N 9

Both the integral cast lug and lug B were investigated. Figure 116

shows the aft/cope side of the casting , Including locations of the lugs and

chills. This part was cast In the horizontal position .

a. Integral Cast Lug

DAS measurements were made on plane 1-2-3-4 shown in Figure 116. The

riser extended vertically from the top of this lug. Measurements were made

along grid lines (1-1 , 2—2, 3—3 , A-A , B-B , C-C), in a manner similar to

that for the Boeing casting S/N 369 integral cast fitting. These data are

plotted in Figures 117 and 118, and the grid lines used are illustrated in

Figure 119. Figure 119 also presents the map showing lines of constant

average DAS. No evidence of visual porosity was seen in this section

through the lug. At b OX, several gas pores were found (maximum diameter

approximately 0.002 inch).

b. Lug B

Figure 12OA shows the section (plane 2—3—4-5) that was investigated . - -

Line 3-4 is in the central portion 0-f the riser that extended vertically

-from the bevel ed area of the lug. Figure l2OB shows the lines of constant

average DAS in the lug. As In the section from the integral cast lug,

there was no evidence of visual porosity in this section. At IQOX , severa l

gas pores were found (maximum diameter approximately 0.004 inch).
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3. BOEING ALLOWABLES PART A -- CASTING S/N 578

The integral cast lug from this preproduction part was located in

approximately the same location as that for the Hitchcock integral cast lug

shc~ n -In Figure 116. The Boeing part, however , was cast in the vertical

position with the bottom end up, and the lug was shaped like lug B , with a

step-gate entering the beveled area (see Figure 121). Al though this par-

ticular “integral” lug was not actually attached to the casting , valid data

on DAS and porosity were obtained.

Figure 121 shows the lug and locations of step-gate, copper chills ,

and sections cut for investigation (planes B, C, and D). DAS measurements

were made along grid lines (1—1 , 2-2, 3-3, A-A , B-B , and C-C) as shown in

Figures 122-128. Figure 128 also shows the lines of constant average DAS

and the extent of visual porosity for each of the three planes. The DAS

plots in Figure 128 were used to construct Figures 129 and 130, which give

some idea of the internal structure indicated at two different vertical

planes illustrated by E and F in Figure 121. Figures 129 and 130 also show

the location of the hole that would be bored through the bugs -In the actual

bulkhead casting.

The porosity in this lug was mainly interdendri tic. Maximum pore

dimension was measured at approximately 1/8-inch intervals along grid line

2-2 on each of the three planes B, C, and D. These data are plotted in

Figure 131 . Maximum pore dimensions were 0.018 inch for the area of “heavy”

porosity in plane B, 0.015 inch for the area of “medium ” porosity in plane

C, and 0.011 inch for the area of “light” porosity in plane D. Both Figures

128 dnd 131 show the Increase in the amount of porosity and maximum pore

size from chill to step-gate.
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Data taken from Figures 128 and 131 are plotted in Figure 132 as

average maximum pore dimension versus average DAS, and show the trend to

larger pore size with increasing DAS.

On the basis of this investigation , wi th the discovery that the lar-

gest dendri te arm spacings and the worst porosity occurred in the critical

ligament between the hole and the beveled surface, the step-gate for each

of the lugs on the full-size bulkhead was relocated from the beveled sur-

face to the opposite (forward) side of the lug. Also , a chill was then

located at the beveled surface.

4. SUMMA R~ OF FINDINGS

This method of metallograph ically examining sections through a casting ,

involving measurement of DAS along specific grid lines and construction of

maps having contour lines of constant average DAS , provides an extremely

useful tool for studying the progression of solidification and other metal-

lurgical factors concerning casting development. It will also be benef i-

ical for production control .

A direct relationship between porosity and DAS was found; i .e., both

the amount of porosity and pore size increase as DAS becomes larger .
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SECTION XV

MANUFACTURING PLAN

At the conclusion of this phase, a manufacturing process plan was

prepared for the fabrication of the YC-l4 station 170 body bulkhead . The

manufacturing concepts used in this plan were based on the results of the

work conducted during this phase. The process plan includes the manufac-

turing concepts and major tool requirements needed to cast the bulkhead .

It will be used by the foundry in Phase IV to fabricate the bulkhead cast-

ings .
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SECTION XVI

FOUNDRY CONTROL PROCEDURES

Castings have failed to achieve widespread use in primary structural

airframe applications. This has been due mainly to lack of designer con-

fidence in the casting process control , mechanical property reproducibility ,

and quality assurance techniques. This lack of confidence has resulted in

either complete elimi nation from consideration during the aircraft design

phase or the imposition of a casting factor that results in a signifi cant

weight penalty.

In order to extend the use a-f aluminum castings to large prima ry air-

frame structures, close control of the foundry process must be exercised .

The purpose of this section is to outline an approach to foundry process

control that will assure the consistent, reproducible fabrication of large

primary airframe structural castings . Foundry process control is divided

into four categories: personnel qual ification, cr i t ical operat ions within

the casti ng process, process pl ans , and record keeping .

These Foundry Control Procedures are intended to be used for the

casting a-f large primary airframe structural alumi num castings.

1 . PERSONNEL QUALIFICATIONS AND CRITICAL SKILLS

The use of properly trained people for a specific operation is vital

— to achieve consistency in the foundry process. Since the production of

castings is a very labor-intensive process, the skill level of the foundry
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r
personnel will determine the quality of castings produced. Personnel

should have experience in their specific job descriptions. This experience ,

depending on the sophistication of the job and employee, may be a short,

on—the-job training program or an intensive apprentice program.

During this phase of the program , several operations in the foundry

process were identified as requiring the attention of skilled personnel .

The foundry operations judged critical and level of personnel qualification

required are described below :

a Metal Preparation —- This operation Includes metal melting and

alloying, degassing , checkin g the gas conten t, and preparing the

pouring ladles for use. Metal preparation is a very important

step in the casting process, since the metal qual ity depends on

the degree of care taken in preparing the metal. The personnel

responsib le for this task should be familiar with the operation

of the furnace equipment. They should be able to demonstrate

their ab ility to precisely control the temperature of a melt.

Knowl edge of the problems associated with superheated metal

shoul d be understood. Persons responsible for metal preparation

shoul d be able to interpret spectrograph ic results and adjust the

chemistry of the metal as requ ired. The degass ing operation is a

critica l step in the casting operation . If it is not done

properly, the casting could be scrapped . The degassing operator

shoul d be able to demonstrate his knowledge of the effects that

var ious degassin g media have on the hydrogen content of the metal

and their impact on metal chemistry. The effect of degassing

time and flow rate must also be known. 
;

I
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o Pouring -- Metal pouring is an operati on normally left to the
experienced foundryman. For obvious reasons , If the pouri ng

operation is not conducted properly, the part will be rejected .

The person responsible for pouring should have an understanding

of the importance of maintaining a choke on the sprue and/or

pouring basin and the correct ladle-to—pouring basin distance.

He should be able to demonstrate his working knowledge of these

points.

o Mol d and Core Making -- This is probably the most important step
in the successful casting of a part. The mold and core makin g

operations are ones that require a hi gh degree of ski ll and

knowl edge of the foundry process. During these operations , per-

sonnel must be able to foresee problems that, if not corrected in

time , may cause casting defects. Personnel involved in the mold

and core makin g must be experienced foundrymen capable of demon-

stratin g thei r ski lls. The level of an in d iv id ual ’s ski ll shoul d

determine the degree of responsib i lit y given him.

o Heat Treat and Straightening -- Mechan ical properties , to some

extent, can be manipulated with heat treatment. Personnel

responsible for heat treatment should have a basic understanding

of heat-treat principles , inc lud in g the effect of solu tion t ime

and temperature, quench delay , and natural and artificial agin g,

‘ on the resultan t mechanical properties of aluminum casting alloys .

A knowledge of straightening characteristics is necessary to

assure that the casting will meet the dimensional tolerances

specifi ed on the casting drawing. To accomplish this task ,

personnel responsible for straightening must have a working
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knowl edge of the straightening characteristics of the metal. In

add iti cn , they must be proficient in the use of appropriate

straightening tools and aids. Personnel should demonstrate their

proven ability to straigh,ten parts per a casti ng drawin g.

Other foundry operations require semi-skilled labor. No prior foundry

experience is necessary. However, it is the responsibility of every foundry

supervisor or foundry engineer that all foundry personnel understand their

job functions as they relate to the overall casting process. If these

steps in the foundry personnel qualification procedures are practiced ,

consistency of the casting process will follow .

2. CRITICAL OPERATIONS

Critical operations are those steps of the casting process that , if

done improperly, will cause rejection of the casting. Large primary

airframe structural castings are generally complex in nature and costly to

produce. The rejection of one casting, due to an oversight , can be very

costly. To keep costs down and to ensure consistent , reproducib le castings,

control over the critical operations is mandatory . As a result of the work - -

conducted during this phase, the following operations were judged as being

critical to the casting process:

Metal Preparation

o Chemical analysis

o Hydrogen content of the melt

o Pouring temperature
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Mold Fabrication

o Sand fineness and type

o Binder quantity and type

o Chill /insulation locations

o Riser locations

o Core ali gnment

o Mold al ignment

Heat Treatment/Straightening

o Flxturin g techniques

o Dimensional accuracy after straightening

Each of the above operations should be approved by the foundry super-

visor , engineer , or ins pector prior to the start of the next sequential

operation. If this procedure is meticulously followed , the result will be

a reproducible casting process.

3. PROCESS PLANS

Each primary airframe structural casting should have a manufacturin g

plan that includes the manufacturing steps and major tool requirements

necessary to fabricate a particular casting. The purpose of this plan is

to provide the foundry personnel with detailed instructions on how to

fabricate the casting in question. This plan should be initially formulated

usin g the information contained in this report. Substituting the trial and

error method of foundry tool design with a scientific approach will reduce

the number of tool tryout castings and provide for a more consistent casting

process. Constant updating of the plan must be accomplished , as required ,

during fabrication of the tool tryout castings. When the casting process
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has been perfected, the plan Is then released to the foundry for the prod-

uction phase of the casting process.

In add ition to the manufacturing plan , each specific job should have

supplemental shop aids. These aids should describe in detail the specific —

tasks to be performed -a id provide a checklist to assure completion of the

task. Supplemental shop aids would typically include instructions to the

metal preparation personnel outlining what metal to use, chemistry lim its,

degassing media and time , pouring temperature, etc. The mold and core

makin g personnel require diagrams specifying the chill/insulation and riser

locations , and instruction sheets outl inin g sand type and fineness , binder

type, and quantity required . Heat—treat personnel need to have instructions

on how to fixture the part and sketches showing l ocations where straighten-

ing will be required.

These are just a few examples of what supplemental shop aids should

conta in. Their use will provide foundry personnel with descriptions of

their task assignments so that no costly misunders tandings may occur.

4. RECORD KEEPI NG

An important aspect of the casting process is what was done in the

past. Record keepi ng is necessary to be assured of a repeatable process. —

If the foundryman does not know what he did in the past , he will not know

what to do in the future. An unrecorded casting process wi ll provide for —

inconsis tent and nonreproducibl e results.
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Detailed records shoul d be kept on all aspects of the casting process.

Typical record forms are shown in Figures 133-141. The use of photographs

to record what has been done is a useful technique. The information must

be recorded as soon as it is available so it will not be lost in the con-

fusion of generatin g more data. It should be the responsibility of every

-foundry supervisor or engineer to record all pertinent data and be respon-

sibl e for its retention .

Widespread use of castings for primary airframe structures will only

come about when foundry control procedures, like those outl ined above, are

followed. It is the use of control procedures that will assist in regaining

designers ’ confidence -in the use of castings without a casting factor.
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C A S T I N G  P A R A M E T E R S  — C A S T  P R O G R A M  PAC I 1 OP 3
CASTING SERIAL HO. ____________________________ DATE _______________________________

PART NAME ___________________________________ PANT MO. ____________________________

ENCINEIR —

CHEMICAL ANALYSES
INGOT SUPPLIER ________________________________ INGOT HEAT MO. ______________________________________

A L L O Y  C H E M I S T R Y
SI F. Cv MI t MII Z. TI I N. 5, I.

REQUIRED

MELT

CASTING

FOUNDRY TEMPERATURE FOUNDRY NU410(TY ___________________________________
PAR T WEIGH T _______________________________

MELTING PRACTICES
FURNAC E NO _____________________ INGOT HEAT NO. ______________ WEIGHT OP CHARGE __________________

MAX MELT TEMPERATURE _______________________ TIME MELT IS 14 MOLTEN STATE

HOLDING TEMPERATURE _________________________ POURING TEMPERATURE (EACH LADLE) __________________

NO OF LADLES USED ___________________________

DEGASSING T ECHN IQU ES
FLUXING MEDIUM _____________________________ AMOUNT OF FLOW RATE ______________________________

FLUXIN G TIME _______________________________ UEAI4S OP MEASURING GAS CONTENT _____________________

GAS C ON rENT BEFOR E FLUXING __________________ GAS CONTENT AFTER FLUXING _________________________

TIME BETWEEN FLUXING S POURING ________________

TOPPING FLUX
TYP E ___________________________________________ AMOUNT_________________________ _____________________

GRAIN REFINER
TYPE AMOUNT ____________________ NEAT NO. ________________________

GRAIN MODIFIER
TYPE ___________________________ AMOUNT ____________________ NEAT NO. _________________________

COMM2NTS:

FIGURE 133 TYPICAL CASTING RECORD FORM
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C A S T I N G  P A R A M E T E R S  — C A S T P R O G R A M  PAGE 2 OP J

CASTING SERIAL MO. DAT! ________________________________

PART NAME ______________________________ PART NO. ________________________

ING4NUR ____________________________

MO LDS
SAND TYPE

SIEVE SIZE

AMOUNT OF SAND ____________________________________________________________________________________

SODIUM SILICATE TYPE ____________________________________________________________________________

SODNJM SILICATE AMOUNT

ADDITIONS TO SODIUM SILICATE _____________________________________________________________

MULLING TIME __________________________________________________________________________________________________

MULLING SPEED ________________________________________________________________________________

MOISTURE CONTENT

PERMEABILITY . GREEN ________________________________________________________________________________

PERMEABILITY . HARDENED _____________________________________________________________________________

HARDNESS

CO2 GASSING FLOW RATE ______________________________________________________________________________

CO 2 GASSING TIME ____________________________________________________________________________________

CORES
SAND TYPE

SIE -E SIZE -

A~~O 1N7 OF SAND ____________________________________________________________________________________

~eDIUM SILICATE TYPE ________________________________________________________________________________

SODIUM SILICATE AMOUNT _________________________________________________________________________

ADDITIONS TO SODIUM SIUCATE

MULLING TIME __________________________________________________________________________________

MULLING SPEED ________________________________________________________________________

MOISTURE CONTENT

PERMEABIL)T~. GREEN ___________________________________________________________________________

PERMEABILITY. HARDENED __________________________________________________________________________________

HARDNESS

C02 GASSING FLOW RATE __________________________________________________________________________

C0 2 GASSING TIME ___________________________________________________________________________________

GATING SYSTEM (SEE ATTACHED POURING SYSTEM SKETCH)

PATTERN NO. — - SPRUE AREA: RI**IEN AREA~ GATE Afl EA RATIO ______ ______ ______

NO OF SPRUES __________________________________ SPRUE CONFIGURATION ________________________________

COMMENTS

FIGURE 134 TYPICAL CASTING RECORD FORM
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C A S T I N G  P A R A M E T E R S  — C A S T  P R O G R A M  PAGE 3 OP 3

CASTING SERIAL NO. ______________________________ DATE _______________________________

PART HAME , P ART NO.
ENGINE ER ________________________________

RISERS (SEE ATTACHED POURING SYSTEM SKETCH)

NO. OF RISERS ________________________________ TYPE ____________________________________________

CHILLS (SEE ATTACHED POURING SYSTEM SKETCH )

NO. OP CHILLS TYPE ______________________________________________

HEAT TREATMENT

SOLUTION NATURAL ARTIFICIAL
TREATMENT AGING (—14) AGING

FURNACE NO

LOAD NO.

TEMPERATURE

HEAT—UP TIME ______

TIME AT TEMPERA11JRE

QUENCH MED IUM _____ _____

QUENCH MEDIUM TEMPERATURE

QUENCH DELAY TIME _____

TIME

TEMPERATURE (AMBIENT)

COMMENTS

FIGURE 135 TYPICAL CASTING RECORD FORM
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339 BOEING AEROSPACE CO SEATTLE WASH F/G life
CAST ALUMINUM STRUCTURES TECHNOLOGY (CAST) MANUFACTURING METHOD——ETC (U)
MAY 78 R G CHRISTNER, 0 0 GOEHLER F33615—76—C—3111
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Ft DUL.
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Fou,idrv Grain In ~ot In’ jot Chor ies (No.)Alloy Dote Shift Furnace -Heat No. R finer Heat Specif y if other than
Additions No, 30 Pound ln~jot

FIGURE 140 TYPICAL CASTING RECORD FORM
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APPENDIX A

WELD CORRECTION OF IMPERFECTIONS;

PROCEDURES FOR A357 ALUMINUM SAND CASTINGS

1. APPLICATION NOTE

The information contained herein is intended to provide a general

guidel ine for shop personnel performing weld correction of typica l aluminum

sand casting imperfections. However, in practice, each casting imperfection

must be evaluated separately and the detail welding procedures altered to

suit the specific application.

In addition , the practicality of restoring any given casting by weld

correction requires the careful consideration of such factors as the number ,

s ize, and location of individual imperfections, working access, distortion

produced by weld shrinkage, weld restraint conditions, and the rework and

inspection costs associated with weld correction.

In general , the welding procedures and techniques required to perform

weld correction of A357 aluminum sand castings are identical to those

cotmionly employed for weldable wrought alloys. Experience has demonstrated

that high-quality weld corrections can be consistently produced by employing

reasonable care and standard industry practices (Figure 142).
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2. TYPICAL CASTING IMPERFECTIONS

a. Surface Imperfections

Typical surface imperfections include porosity , voids , tears, cold

shuts , and sand entrapment. To correct surface imperfections , it is

usually advisable to mechanically remove the imperfection and a minima l

amount of surrounding material to produce a smooth , shallow cavity in sound

base metal . The cavity is subsequently filled wi th A357 filler metal

during a follow-on welding operation .

b. Internal Imperfections

Internal casting imperfections , such as porosity, voids , and inclu-

sions , are usually detected by radiographic and/or ultrasonic inspection

methods. The a rea conta ining the imperfection is usually denoted on the

part or the X-ray film by the Quality Control technician. Internal imper-

fections are corrected by mechanically removing the imperfection and enough

surrounding material to provide adequate welding access and a groove con-

figuration that will produce adequate sidewall fusion. In some cases, it

may be advisable to accomplish the correction from both sides of the part.

The welding groove configuration , produced in one or both sides of the

part, is filled wi th A357 filler material in one or more passes during a

subsequent welding operation.

_ _ _ _ _ _ _ _ _ _  j



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- -~----~-‘~---‘-‘~—--- f l— —  
_ _ _ _ _ _ _ _ _

c. Misruns

Misruns usually appear as holes or voids completely through the part.

These imperfections may occur at a part edge inside the part peri phery.

Correction of a misrun is accomplished by backing up the void area with a

copper plate and filling the void area with A357 filler metal during a

subsequent welding operation. The edges of the weld deposit are usually

remelted from the reverse side of the part to complete the correction.

d. Cracks

Cracks, detected by penetrant, radiographic, or ultrasonic inspecti on

methods , are also correctable casting imperfections. The corrective proce-

dure usually involves drilling a small “crack stopper” hole through the

part at each end of the crack, grooving the part from one side , and fill ing

with A357 weld filler metal . The part is subsequently grooved frc~i the

reverse side into sound weld metal and welded again with the addition of

P357 filler material.

3. PREWELD PREPARATION

a. Equipment

Preweld preparation for weld correction is usually accomplished using

manually held , air—driven equipment. Although both are used , the in-line

type of air grinder is smaller , lighter, and more maneuverable than a

pistol-grip-type drill motor. The air grinder rotational speed is also

better suited to the cutters used for preweld metal removal. With either

type, exercise care so that lubricating oil from the motor geartrain or air

exhaust does not contaminate the weld area.
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b. Cutters

A multi-toothed, full radius , Woodruff keyseat cutter is best suited

for removal of casting imperfections prior to weld correction. Cutter

sizes from 1 to 1-1/2 inches in diameter and widths of 3/16 and 1/4 inch

are the most useful for general-purpose work. For best results , use only

sharp cutters.

For cutter sharpening or regrinding , specify the following information:

Land width - 0.015 inch

Positive rake angle - 3 degrees

Clearance angle - 8 degrees

c. Groove Preparation

Carefully examine the area to be prepared for weld correction an~ the

X-ray film. Correct orientation and alignment of the X-ray film is

especially important. Be particularly cautious if the imperfection is not

visible on the surface.

Select a sharp cutter suited to the size and location of the area

containing the imperfection. Use a shallow , conventional cut to rough out

the cavity . This technique provides good control and minimizes the chance

of cutter skidding. Work siowly and carefully. Never remove more material

than is necessary to remove the imperfection .

To prevent the adherence and build-up of aluminum material on the face

of the cutter teeth , pass the cutter lightly across a block of clean

paraffin prior to making the cut. Experience has demonstrated that no weld

apparent contamination results if the paraffin is used very sparingly.

2.77
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The ends and sides of the cavity must be sloped outwards to prevent

premature mel t-down during welding . From a line perpendicular to the part

sur face , the cavity walls should slope approximately 15 degrees; the cavity

en ds ~hould slope at least 45 degrees, Figure 143.

To complete the cavity and provide a suitable surface finish for

welding , use a li ght, clim b cut wi th the drive motor firmly held. The

cavity smoothness should be from 32 to 64 RHR with no sharp ridges or tool

marks evi dent.

Cavity depth should be limited to approximately 50% of the part thick-

ness . If the imperfection extends into the lower half of the material

thickness , groove out and weld from one side and then turn the part over

and repeat the operations on the opposite side . When preparing the second

si de, remove sufficient material so that the bottom of the cavity is located

in sound wel d metal.

4. PREWELD CLEANING

The qual ity of weld correc tions i s lar gely depen den t upon the cleanl i-

ness of the area of the part to be welded. The part surfaces to be melted

and the adjacent base metal must be free of inclusions , entrapped sand ,

dirt , oil , grease and other contaminants , if high-quality weld corrections

are to be produced consistently.

Solven t cleaning with acetone or methyl ethyl ketone (MEK) is an

effective means of removing oily surface contaminants prior to welding .

Ti l t the part to promote drainage and flush the wel d area wi th a small

quantity of either solvent, preferably dispensed from a squirt bottle.
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Unless absolutely necessary, avoid wiping the weld area after solvent

cleaning. The roughness of the casting surface may cause fuzz, lint, or

other particles from the wiper to be deposited In the weld area.

Blow off the weld area with clean, dry filtered air or inert gas to

remove metal chips, dust, etc. and evaporate excess solvent. Do not use

unfiltered shop air.

5. WELDING CONSIDERATIONS

a. Welding Process Selection

Weld correction of casting imperfections can be successfully accom-

plished by Gas Tungsten Arc Welding (GTAW) in the Al ternating Current (AC)

or Di rect Current (DC) modes or by the Gas Metal Arc Weld ing (GMAW ) process.

The process selection is dependent upon such factors as material thickness ,

available welding equipment, and availability of suitable weld filler

mater al . However, for general usage, the GTAW process in the AC and DC

modes is reconinended.

GTAW-AC is usually used for single-side corrections in materials up to

1/8 inch thick without a prepared weld cavity and up to 1/4 inch with a

cavity. Thicknesses up to 3/8 inch can be welded successfully using GTAW-AC

by grooving and welding both sides. The GTAW-AC mode provides excellent

cathodic surface cleaning and good visibilit y due to the high arc intensity .

However , the weld penetration tends to be wide and shallow.

The GTAW-DC mode is used for heavier material sections and produces

deep, narrow weld penetration. Because the DC mode produces a small ,

concentrated arc , the welding visibility Is limited and further restricted

by the presence of soot-like surface deposits coninonly encountered when

using helium-rich gas mixtures. 230 
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b. Welding Equipment

Al though many conventional, conmiercially available, manual AC/DC GTAW

power sources can be used to produce acceptable quality weld corrections,

consistently better results can be obtained using solid state, square wave,

variable polarity duty cycle equipment, such as the Syncrowave 300, built

by the Miller Electric Company, Appleton, WI.

During test welding in the AC mode , such a power source completely

eliminated the problem of tungsten spitting and produced a substantial

reduction In the incidence of porosity in the weld deposit. This equipment

also performed wel l in the DC mode, providing excellent arc stability and

smooth weld tailouts.

The power source was operated in the maximum unba lanced polari ty duty

cycle condition which provided approximately 70% of the time in the straight

polarity (electrode negative ) mode. This mode promotes increased weld

penetration while retaining the AC cathodic cleaning benefits.

c. Preheating

Preheating the casting prior to performing a weld correction Is some-

times used to minimize the local thermal gradients and thermal stresses

produced by welding. This technique is also used to minimi ze the effect of

different material thicknesses and locally thickened areas such as pad-ups,

busses, stiffeners , etc. However, since A357 does not appear to be a

crack -prone material , preheating will probably not be required, except

under unusual circumstances.
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If employed, preheat the casting as uniformly as possible using a heat

source that does not contaminate the weld area. Oven heating is the most

desi rable method because the whole part becomes uniformly heated ; however,

some parts may be too large for available ovens.

Flame heating is an acceptable preheating method , providing that a

soot-free flame is used and the heat is not concentrated in a small local

area. Although hydrocarbon fuel gases can be used, a more efficient and

contaminant-free heat source is provided by an oxy-hydrogen flame.

Regardless of the heating method employed , the casting should be

preheated in the range of 250-300°F, to prevent moisture condensation. The

casting temperature can be checked with a contact pyrometer, temperature-

indicating crayon, or other su itable means.

Under normal circumstances, controlled or artificial cooling of weld-

corrected A357 castings is not required. Natural cooling in still air is

usual ly adequate. Cooling of the base metal between multiple weld passes

is not usually required unless the base metal temperature exceeds 500°F.

d. Shielding Gases

The tungsten electrode, weld puddle , and adjacent base metal are

protected from atmospheric contamination during and ininediately after

welding by providing a uniform flow of high-purity inert gas through the

welding torch. Where space permits, the welding torch should be equipped

with a gas lens accessory to collimate the gas flow and minimize turbulence.

Underbead shielding of welds in A357 aluminum castings is not required.

For GTAW-AC weld ing of A357 aluminum , inert gas mix tures containing

10-15 cfh argon + 4-5 cfh helium provide adequate shielding and arc stabi-

l i zation. GTA welding in the DC mode is done using pure helium gas at

40-60 cfh. 
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e. Tungsten Elec trodes

Two percent thoriated tungsten electrodes are reconinended for GTAW-DC

welding. GTAW-AC welding can be accomplished wi th either 2% thoriated or

zi rconium tungsten. For general-purpose use, a 3/32-inch-diameter electrode

is preferred. If a stable, molten ball cannot be maintained on the elec-

trode tip during AC welding because the current is too low , taper the

electrode tip over a 1/2-inch length to 3/4 of its original diameter and

reform the ball. For GTAW-DC welding , grind the electrode tip to a smooth ,

uniform , 20-30° included-angle taper.

f. Fi ller Material

Only A357 aluminum filler metal should be used for weld correction of

A357 sand castings. For general-purpose use, 3/32-inch-diameter filler rod

produces the best results.

Prior to each weld pass , cut approximately 1/4 inch from the end of

the filler wi re to be introduced into the weld puddle. During welding ,

exercise care to keep the tip of the filler metal rod within the inert gas

envelope at all times. This will prevent the formation of oxides on the

heated portion of the rod.

If impurities appear in or on top of the weld puddle after the addition

of filler metal , the filler rod may be contaminated. Occasionally, laps ,

fol ds , inclus ions , and other discontinuit ies are produced in the filler

metal rods during manufacturing. If the contaminants are on or near the

surface of the wi re, pickling the wire in acid solutions used for deoxidiz-

ing aluminum prior to weld ing may el iminate the contamination.
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g. Edge Wetting and Laps

Exercise care during welding to ensure that the edges of the weld

deposit are fused to the walls of the weld groove and not just cast in

against them. Avoid an excessively large weld puddle. Deposit the weld in

multiple passes if necessary, to keep the size of each weld pass in a

controllable range.

Torch manipulation and thorough melting of each portion of filler rod

added to the puddle will minimize premature sidewall melting and eliminate

the occurrence of laps and folds .

h. Interpass Clean ing

In multiple-pass welding , it may be necessary to clean the surface of

the weld deposit between passes to improve visibility. Al though not usually

required when welding in the AC mode, interpass cleaning is particularly

necessary when welding in the DC mode wi th helium shielding gas. Although

the soot-like “smut” that occurs on the surface of the weld bead and

adjacent weld metal is not detrimental to weld quality, it obscures the

weld area and particularly the edges of the deposit.

For interpass cleaning, use a hand held wire brush having 0.010-0.013-

inch-diameter AISI 300 series stainless steel bristles . Use only light

pressure when brushing the completed wel d to prevent smear ing the metal

surface and interfering with subsequent penetrant inspection.
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1. Tai louts

Tallout areas are frequent sources of defects in aluminum welds. The

rapid solidification rate of aluminum requires that the size of the puddle

be minimi zed when the arc is extinguished to minimize shrinkage pipes and

prevent crater cracks.

Frequently, defective or maladjusted foot controls prevent the welder

from reducing the welding current to a sufficiently low level to prevent

craters. If such a condition exists , refer the problem to qualified welding

equipment maintenance personnel for correc tion.
With many GTAW power sources, the current waveform becomes very dis-

torted at low current levels , increasing puddle rectification and arc

rei gnition problems and producing a very erratic arc. The solid state,

square wave , variable polarity duty cycle equipment discussed in Section 5b

provides good arc stability and minimizes tailout problems.

As a general multipass welding technique, carefully remelt the tailout

area of the previous pass before adding more filler metal and tailing out

the current pass. For the final pass, add excessive filler metal after the

metal deposit is completed to build up a beehive-shaped cone well above the

top surface of the weld reinforcement. Reduce the current to minimi ze the

puddle size while holding the torch stationary above the top of the cone.

Surface contaminants that may have floated along on the puddle will usually

become entrapped in the cone and can be removed. Also , if the welding arc

becomes extinguished prematurely, the resultant weld crater and/or cracks

should be restricted to the area of the cone. The cone, along with any

tailout weld imperfections , will be removed during a subsequent bead shaving

operation.
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6. WELD BEAD REINFORCEMENT REMOVAL

a. Weld Bead ShavJ~~

The engineering drawing or other controlling documentation may require

the removal of weld bead face and/or root reinforcement after weld correc-

tion . The most efficient means of weld reinforcement removal is by bead

shaving. Other methods can be used , but care must be exercised to prevent

metal smearing that will interfere wi th subsequent penetrant inspection

operations.

b. Bead Shaving Equipment

Bead shaving can be accomplished satisfactorily using hand-i~eld , air-

driven equipment. Suitable bead shaving equipment may be purchased com-

mercial ly from manufacturers such as Zephyr Manufacturing Co., Inglewood ,

Calif. or can be built by the user, Figure 144.

c. Bead Shaving Techniques

It is mandatory that the bead shaver cutters be sharp to prevent metal

smearing. Use light, smooth strokes to produce a uniform surface. To

prevent the adherence of aluminum to the face of the cutter teeth , carefully

pass a bar of clean paraffin lightly across the cutter prior to shaving.

In confined areas that do not have sufficient access for a bead shaver ,

a sharp , fine-toothed rotary file can be used for weld bead reinforcement

removal, Figure 145. A climb cut with a firmly held tool and light , smooth

strokes will produce the best results. Paraffin can also be used to mini-

mi ze aluminum pickup wi th this technique.
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7. WELD CORRECTION PROCEDURES

a. Weld Correcti on of Surface Imperfections

Use the following sequence of operations for correcting typical surface

Imperfections on A357 aluminum sand castings :

1. Determine the location and extent of the imperfections.

2. Determine the type of metal removal equipment and cutters to be

used.

3. Remove the surface imperfections to sound base metal using the

equipment and techniques descri bed in Section 3.

4. If necessary, sol vent clean the weld area as described in Section

4.

5. Weld the prepared area using the equipment and techniques described

in Section 5. Add A357 filler rod as required to fill the weld

cavity and build-up the weld reinforcement at least 1/16 inch . 

-

above the surface. Tailout carefully on a cone-shaped build-up.

6. Remove the weld bead reinforcement as required to meet the

engineering drawing or weld correction instructions using the

equipment and techniques described in Sectior 6.

7. Submit castinq for nondestructive inspection .

8. As required, correct by welding any rejectable imperfecti ons occurring

in the corrected area. Process such weld imperfections in the

same manner as casting imperfections.
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b. Weld Correction of Internal Imperfections

Use the following sequence of operations for correcting typical inter-

nal imperfections in A357 aluminum sand castings :

1. Determine the location and extent of the imperfections .

2. Exercise particular care when locating imperfection detected by

radiography. Make sure that the X-ray film and casting bear the

same X-ray reference number and that the view markers are identi-

cal.

3. Inspect the X-ray film in a viewer to verify the location and

extent of the imperfections marked on the X-ray film.

4. Carefully transfer the location of the imperfection from the film

to the part, using dividers or other suitable means to ensure

accuracy. Mark the area to be corrected wi th a red marking

pencil , General No. 1818, or equivalent. Do not use a comon

graphite (lead) pencil , fel t-tipped pen , or layout fluid because

these materials leave a residue which may contaminate the weld.

5. Prepare a weld cavity just large enough to remove the imperfection

using the equipment and techniques described in Section 3.

6. If necessary , solvent clean the weld area as described in Section

4.

7. Weld the prepared area using the equipment and techniques de-

scribed in Section 5. Add A357 filler rod during welding to fill

the weld cavity and build -up the weld reinforcement at least 1/16

inch above the casting surface. Tailout carefully on a cone-

shaped build -up.
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8. If the imperfection extended into the lower half of the original

casting thickness, repeat steps 4 through 7 on the reverse side

of the part. Make sure that the second side cavity extends into

sound weld metal .

9. Remove the weld bead reinforcement as required to meet the

engineering drawing requirements or weld correction instructions ,

using the equipment and techniques described in Section 6.

10. Submit the casting for nondestructive inspection .

11. As required , correct by welding any rejectable imperfections occurring

in the corrected area. Process such weld imperfections in the

same manner as casting imperfections.

c. Weld Correction of Misruns

Use the fol lowing sequence of operations for correcting typical misruns

in A357 aluminum sand castings :

1. Closely examine the misrun area for surface contamination , sand

entrapment , laps and folds , etc., and rework as required . If the

edges of the misrun area are smooth , preweld preparation is

usually not required .

2. If necessary, solvent clean the weld area as described ~~ Section

4.

3. Prior to weldi ng , clamp a 1/4-inch-thick copper backup plate

underneath the misrun area. Al though not required , the copper

plate should be chrome plated to minimi ze the chance of copper

pickup in the weld and improve the durability of the copper

plate . The copper plate must be clean and free of contaminants

that could produce imperfections in the weld.

291



r 
- - --. - ._.- -- -- - - .. - . --

~~~~~~~~~ 

..—

4. Weld the misrun area using the equipment and techniques described

In Section 5. Since misruns more coninonly occur in material

thicknesses of 1/2 inch and less, GTAW-AC is the preferred welding

mode. Add A357 filler rod during welding to fill the misrun

area . Weld around the periphery of the misrun , exercising care

to ensure good fusion with the base metal at the edges of the

weld deposit. Fill the misrun area in a uniform thickness layer

from the outside toward the center in a continuous pass , casting

the weld metal against the copper backup plate. Add sufficient

filler rod to buildup the weld reinforcement at least 1/16 inch

above the casting surface. Tailout carefully on a cone-shaped

buildup .

5. Turn the casting over and closely examine the reverse side of the

misrun area. If only shallow surface imperfections are visible

in the weld , remelt the surface in those areas , adding a minimal

amount of fi ller material . If deep crev ices , l aps, or folds are

present, remove them to sound metal using the equipment and

techniques described in Section 3, and fill with weld metal.

6. Remove the weld bead reinforcement as required to meet the

engineering drawing requirements or weld correction instructions ,

using the equipment and techniques described in Section 6.

7. Submit the casting for nondestructive inspection.

8. As required, correct by welding any rejectable imperfections occurring

in the corrected area. Process such weld imperfections in the

same manner as cas ting imperfect ions.
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d. Weld Correction of Cracks

Use the following sequence of operations for correcting cracks in A357

aluminum sand castings:

1. Determine the location and extent of the imperfections.

2. Exercise particular care when locating imperfections detected by

radiography. Make sure that the X—ray film and casting bear the

same X-ray reference number and that the view markers are identi-

cal.

3. Inspect the X—ray film in a viewer to verify the location and

extent of the imperfections marked on the X—ray film.

4. Carefully transfer the location of the imperfection from the film

to the part , using dividers or other suitable means to ensure

accuracy. Mark the area to be corrected with a red marking

pencil , General No. 1818, or equivalent. Do not use a comon

graphite (lead) pencil , felt—tipped pen , or layout fluid because - -

these materials leave a residue that may contaminate the weld.

5. Drill a 1/8- to 3/16-inch-diameter “crack stopper” hole at each

end of the crack to prevent propagation during weldin g. The

holes shouid pass through the part , if possible.

6. Prepare a weld cavity just large enough to remove the imperfec-

tion using the equipment and techniques described in Section 3.

7. Weld the prepared area using the equipment and techniques describ—

ed in Section 5, exercising particular care to fill the holes.

Add A357 filler rod during welding to fill the weld cavity and

build up the weld reinforcement at least 1/16 inch above the

casting surface. Tailout ca refully on a cone-shaped buildup.
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8. Turn the part over and repeat steps 4 through 7 on the reverse

side of the part. Make sure that the second side cavity extends

into sound weld metal.

9. Remove the wel d bead re inforcement as required to meet the

engi neer ing draw ing requirements or weld correct i on instruc tions ,
using the equir~ment and techniques described in Section 6.

10. Submi t the casting for nofidestructive inspection .

11 . As required , correct by welding any rejectable imperfections

occurri ng in the corrected area. Process such weld imperfect ions
i n the same manner as cast ing imperfections.
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