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ABSTRACT

The objective of this program is to develop a
solid propellant rocket motor case having the following
characteristics:

1. A minimum diameter of 40 inches and a length

to diameter ratio of Z:1.

2. An overall strength to weight ratio of 1 X 106

inch or more.

3., Utilize sheet or strip metal in condition of
maximum usable strength requiring a minimum of

post fabrication heat treatment.

The design objective is being attained through
the following program:

1. Material investigation, evaluation and selection.

2. Weld joint evaluation of selected alloys.

3. Design, manufacture and hydrotest of 20 inch

diameter chambers.

4, Design, manufacture and hydrotest of 40 inch

diameter prototype chambers.



Evaluation of twelve alloys has been completed.
The following alloys were selected for the 20 inch diameter
chambers based on the data obtained:
1. Ti 13V-11Cr-3Al alloy, cold rolled and aged to a

minimum yield strength of 210,000 psi.

2. 20% nickel steel of a special analysis having 1.7
titanium and 0.5 aluminum in the composition.
This material is cold rolled and aged to attain a

minimum yield strength of 310,000 psi.

Both alloys are currently in process at the mills.
An additional evaluation is being conducted on the 20%
nickel steel to determine the combination of cold reduc-
tion, aging temperature and aging time that will yield
optimum tensile and fracture toughness values. Evaluation
of the Ti 13V-11Cr-3Al alloy has been limited, due to the

availability of data obtained from other contractors.

The 20 inch diameter chamber design uses 12 inch
wide strip material; single thickness, butt weided, with
the weld angle oriented 1l degrees to the direction of
maximum hoop stress. The resultant normal stress in the
weld; due to pressurization of the cylinder, will be lower

than the as welded or as welded and aged strength of the



base metal.

The cylinder is helical butt welded in a fixture
designed for this program. Strip is fed continuously
through drive rells at the proper helix angle. The TIG
weld is made at the point where the incoming strip joins
the adjacent wrapped section of the cylinder. Elliptical
heads are cold formed using a newly developed proprietary

sandwich draw technique.

Delivery of strip for the 20 inch diameter cham-
ber 1s anticipated during the first quarter 1962, Based on
these deliveries; burst tests of the 20 inch titanium and

nickel steel chambers are scheduled for the same quarter.



CONTENT SUMMARY

This is the eighteenth progress report covering
the work being conducted under Contract DA-36-034-0RD-3296RD
by The Budd Company. The report includes the work accom-
plished during the quarterly period October 1, 1961 to
December 31, 1961 and will serve as the monthly progress

report for December, 1961.

Work during the quarterly period was primarily
directed toward the manufacture of four 20 inch diameter
tecst chambers. A modified analysis of International Nickel
Company®*s 20% nickel steel will be used on two test chambers
and two will be fabricated from the Ti 13V-11Cr-3Al alloy.
Design drawings were completed during the period and are

included in this report.

Tooling for the 20 inch diameter test chamber is
approximately 80% complete. The special fixture for weld-
ing the belical butt weld in the cylindrical section is

undergoing tryout,

Additional evaluation of the 20% nickel steel of
modified higher titarium analysis was initiated during the
quarter., Using material available from the initial procure-

ment, we are studying the effect on tensile and fracture



toughness of aging at temperatures ranging from 750°F to
1000°F in 50°F increments at 3 hours. Using the optimum
aging temperatures, tensile and frac ture toughness speci-
mens will be aged at times of 1, 2 and 4 hours to determine
the effect of aging time on properties. Available data are

included in this report.

As a second phase of the 20% nickel evaluation,
it is planned to determine the effect on mechanical proper-
ties and fracture toughness of various amounts of cold
reduction. Approximately 90 pounds of material ordered for
the 20 inch diameter chambers will be diverted and will be
processed to the .040 inch thickness from .160 inch thick
bot band in reductions of 30%, 40%, 50%, 60%, 70% and 75%
to final thickness. Aging temperatures from 800°F to
1000°F will be used on material from each reduction and the

effect on properties will be determined.

Ti 13V-11Cr-3A1 and 20% nickel steel have been
ordered for the four 20 inch diameter test chambers.
Process delays at the mills have set back delivery estimates

on these materials until late January or early February,

1962,

The research work at Massachusetts Institute of



Technology on controlled ingot solidification continued
during the period. M.I.T. report numbers 3, &4 and 5, cover-
ing work accomplished during October,; November and December,

1961, are included herein.

MATERIAL EVALUATION

General Discussion of 20% and 25% Nickel Steels,
High Titanium Composition

The basic characteristics of the 20% and 25%
nickel steels were discussed in Report No. 4, issued
in November, 1960, The compositions of these materials
are shown in Table 1. At that time, these analyses
were considered to be "standard' and compared reason-
ably well with the compositions of most of the high

nickel steels being evaluated by other investigators.

Additional discussion and test data of these
two grades may be found in subsequent reports. The
25% nickel alloy was covered in Report No. 9, April,
1961 and discussion of the 20% nickel and 25% nickel

steels may be found in Report No. 11, June, 1961.

As our own test results became available, as
well as test data from other investigators, it became

apparent that the '"standard" analysis would not be



adequate for the strength level required by our design
concept. Therefore, after consultation with The
International Nickel Company, we adopted, at their
suggestion, a modified composition of both the 20% and
25% nickel grades which they felt could be processed
to the required st~ength levels. The modification of
the analyses consisted primarily of an increase in the
bhardener element content. These elements are titanium,
aluminum and columbium., In addition, elements known
to have adverse effects, such as silicon and manganese,
were reduced to lower allowable percentages. Boran
and zirconium in small amounts were added for other
effects, The compositions of the modified grades are
also shown in Table 1, where comparison with the

"standard" analyses can be made.

Material of each grade was purchased from
Allegheny-Ludlum Corporation as the product of 2000
pound ingots. Both the 207% and 25% nickel heats were
vacuum induction primary melted and vacuum consumable
electrode re-melted. Approximstely 1200 pounds of

finished product were realized from each heat.
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The materials were received in various gages and con-

ditions, as shown below:

Thickness - Inches 20% Ni 20% Ni
0,125 Annealed Annealed
0.075 Annealed Annealed
0.075 Cold Rolled* Cold Rolled*
0.032 Cold Rolled* Cold Rolled*

*Cold rolled to 65% reduction.

All the stock was rolled to 19 inch wide
strip and supplied in approximately 100 inch cut

lengths.

The properties of each grade and the test
data will be separately discussed in the following

sections.

20% Nickel Steel,HighiTitanium Modification

The 0.125 inch thick 20% nickel sheet stock
was initially used to establish heat treating proce-=
dures, Two treatments were developed, based on
procedures used for other analyses of the basic 20%
nickel alloy. In an attempt to develop maximum

strength, the following treatments were used:



A - 1. Material in the 1500°F annealed condition,
2, Cool at mIOOOFs 16 hours minimum; air warm,

3. Mar-age at 850°F, 1 hour; air cool.

B - 1. Re-anneal at 1500°F9 15 minutes; cool in furnace
to llOOOF9 8 hours; air cool,
2. Cool at elOOOFg 16 hours minimum; air warm,

3. Mar-age at 850°F, 1 hour; air cool.

Tensile test results of the 0,125 inch thick
sheet stock after receiving the above treatments showed
that the material was in an extremely high strength
condition, but possessing low toughness. Difficulty
was experienced in the handling of test specimens,

The 0.125 inch thick material sheared gripping pins
and failed in areas other than in the gage length.
Specimens that did fail in the gage length exhibited

no ylelding prior to fracture,

The heat treatments were altered to reduce
the hardening response and to develop tensile yield
strengths in the vicinity of 300,000 to 310,000 psi.
Another group of 0.125 inch thick tensile specimens
were heat treated, according to the following proce-

dures:



- 1. Material in the lSOOoF annealed condition.,
2, Cool at DIOOOF, 16 hours minimum; air warm.,

3. Mar-age at 900°F, 1 hour; air cool.

- 1. Re-anneal at 15000F, 15 minutes, cool in fur-
nace to llSOOF, 8 hours; air cool.
2. Cool at -IOOOF, 16 hours minimum; air warm.

3. Mar-age at 9SO°F, 2 bours; air cool.

The response to these heat treatments was
much more satisfactory, with the isothermal treatment
(Type R), developing significantly better ductility at
a higher strength. These data may be seen in Table 2,
The mill annealed properties of the 0.125 inch and

0,075 inch material are shown in Table 3.

After processing the 0.125 inch material,
the heat treatments; which had been found acceptable,
were applied to the 0.075 inch annealed 20% nickel.
Tensile specimens and center notched fracture energy
sprcimens were made and tested. The heat treatments
used are shown above on this page. Table 4 shows the
tensile properties and Tables 5 and 6 show the fracture

energy data of the 0.075 inch thick specimens.
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The tensile strengths of the 0,075 inch
material are higher than the similarly treated 0.125
inch stock, Both the straight aging process and the
isothemal treatment developed yield strengths in ex-

cess of 300,000 psi.

The fracture toughness as indicated by KCl
values indicates that the isothermally treated speci-
mens exhibit from 32% to 44% better toughness than the
straight aged material. However, the straight aged
material was at a greater strength level. The apparent
improvement obtained with the isothermal aging treat.
ment will be more fully investigated in the next

quarter.

We had also ordered and received 20% nickel
steel (bigh Ti composition) in the cold rolled condi-
tion, Limited mill tensile testing of cold rolled
sheet stock had indicated that a 65% reduction was the
most suitable for both the 20% and 25% nickel alloys.
Therefore; we requested 0,075 inch and 0.032 inch
material cold reduced to that amount, Final heat
treated properties obtained by the mwmill were based on

aging at 850°F for 2 hours.

14



The cold rolled material was aged in our own
plant at 850%F for 3 hours. Both tensile specimens
and center notched fracture energy specimens were
tested. The tensile properties and hardness are shown
in Table 7, and the fracture energy data of similarly

treated material are shown in Tables 8 and 9.

The lighter gage sheet exhibited higher
tensile strength in both the longitudinal and trans-
verse directions., The fracture toughness and ductil-

ity of the heavier material was greater.

In order to more fully understand the effect
of aging time and temperatures, a testing program was
set up using tensile and fracture energy specimens.
The specimens were made from the 0.032 inch thick cold
rolled material and were aged in fifty degree incre-
ments from 750°F to IOOOOF9 for 3 hours. Specimens
were also aged at 950°F for 1, 2 and & hours to
evaluate the effect of aging time, at a given tempera-
ture. The tensile test data are shown in Tables 10
and 11, and are graphically shown in Figure Numbers 1
and 2. The KCl values; representing fracture tough-

ness will be found in Tables 12 and 13,and plotted

versus aging temperatures in Figure No., 3.

15
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The data show that when aged at 950°F for 3
bours, the longitudinal yield strength is at the level
we expect to use for rocket motor case construction.
Therefore;, additional tests were made to evaluate the
effects of time at this particular temperature. The
results of this work are shown in the tensile data in
Table 14, repeated graphically in Figure No. 4 and by
the fracture energy values shown in Table 15 and in

Figure No, 5.

With the limited test values it appears that
the most favorable aging temperature is 950°F (or
slightly higher) for material which has been cold
reduced 65%. After aging at this temperature, the
tensile yield strength is at the design level of
between 305,000 and 315,000 psi, and the minimum
toughness condition of both the longitudinal and

transverse specimens is avoided.

Figure No. 4 shows that the maximum strength
is reached after aging one hour or less, but in this
condition the ductility and toughness are much reduced.
The longer aging times of 3 and 4 hours reduces the
strength but markedly improves the ductility and

moderately improves the fracture toughness. During the
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next quarter we will investigate the effect of aging

at longer times.

25% Nickel Steel - High Titanium Modification

The heat treating procedures for the modi-

fied 25% nickel steel were determined by the process-

ing and testing of the 0.125 inch thick material. The

two heat treatments that were initially used for

tensile specimens only are as follows:

A -1,

B - 1,

Material in the 1500°F annealed condition.
Aus-age at 1lOO°F9 16 bours; air cool.
Cool at eIOOOFg 16 hours minimum; air warm,

Mar-age at 800°F9 1 hour; air cool,

Material in the 1500°F annealed condition.
Aus-age at 120001“9 8 bours; air cool.

Cool at «IOOOFB 16 hours minimum; air warm.
Mar-age at 800°Fv 1 hour; air cool.

Cool at -100°F, 16 hours minimum; air warm.

Mar-age at 850°F, 1 hour; air cool.

The first treatment is similar to the double

age used for "standard" analysis material. The second

treatment uses a double sub-zero cool and age in an

attempt to lessen the chance of retained austenite.

31



In previous work with material of the more "standard"
analysis, difficulty was encountered in bringing about
a complete transformation of the austenite to marten-
site, The properties of material mill annealed at
1500°F are shown in Table 16, The results of the

above heat treatments are shown in Table 17.

The first heat treatment did not properly
prepare the material for transformation. Very little
martensite was formed after aus-aging at 1100°F for 16
hours. On the other hand, the 1200°F aus-age followed
by a double sub-zero cool and double mar-age resulted
in very high hardness and an embrittled condition.

The tensile specimens from the second heat treatment
fractured without showing any measurable yield point

elongation.

The beat treatments were modified and new
0.125 inch thick specimens were prepared and tested.
The adjusted heat treatments were as follows:
A - 1, Material in the 1500°F annealed condition.
2. Aus-age at 1200°F9 8 hours; &air cool.
3. Cool at -100°F, 16 hours minimum; air warm,

4, Mar-age at 900°F, 2 hours; air cool.
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B -~ 1, Anneal at 16OO°F9 15 minutes; air cool.
2, Aus-age at 1150°F; 8 hours; air cool.
3. Cool at mlOOOF9 16 hours minimum; air warm,

4, Mar-age at 850°F, 2 hours; air cool.

The tensile properties obtained from these
treatments are shown in Table 18. The high aus-aging
temperature of 1200°F developed uniformly high strength

despite the use of a higher mar-aging temperature.

The second treatment produced low strength,
caused by the excess retention of austenite, Complete
transformation may have been hampered by the 1600°F
anneal or by the failure of the 1150°F aus-age to
properly unstabilize the austenite in the 8 hours

allowed,

The 0.075 inch sheet stock was then used in
making tensile and fracture energy specimens. We
expected that the previous heat treating work would
indicate the most suitable schedules. The revised

heat treatments for the 0.075 inch material are shown

as follows:

()
wn



o1

*0p pOTG U 81 ¥4Vl
- 082 06T I 4=IVSD
¢°g goc 881 h 9-IVSH
g°¢ 962 #6T & S-IVSD
*saf g °*d.088
- - 18T T L-TI¥SD *8IH 9T °‘d.00T-
Z 98¢ 281 T o~TV¥8H  °SIH 8°do04TT
oG 0¥ g*e S6¢ +#8T T &~TySH  Teeuuy Ho0091
2 94¢ Xe14 L 8-LV1ID
g 1 oG¢ c0¢ I L=TVTID
g°1 95¢ 90¢ A S~LVID
a1 #59¢ 91¢ I S-IVId
Z ot¢ 26e T g-TVID
G°1 (03714 768 T L-TVIHD  °SIH 2 *do006
2 26¢ woe T o=-TVIH °SaH 9T°d.00T-
09-6% 04 - e 162 T G~TyTH °SIH 8 *do00CT
sayoul g 1S 18X
ssoupIzH ut y3dusias 995330 %°0 *oN
TToMH o0y -Quolt 9  oTISUeL°3TA  UaBUSIIS PIOTX  "A98II( °*podg TOT}TPUOD

I~H9G¢e JIdqunN 3€3H

NOILISOAWOD T HOIH

TERIS TEIDIN %G 40 SHILYEJOdd TYOINVHOEW

b r—————

#3ey ,421°0

36



A - 1, Material in the 1500°F anrealed condition,
2. Aus-age at 1200°F3 8 hours; air cool,
3. Cool at n100°, 16 hours minimum; air warm.

4, Mar-age at 900°F9 2 hours: air cool.

B - 1. Material in the 1500°F annealed condition.
2. Aus-age at ].ZOOOF9 8 hours; air cool.
3. Cool at wLOOOF, 16 hours minimum; air warm,
4, Mar-age at 900°F9 2 hours; air cool,
5, Cool at =-I.OOOFQ 16 hours minimum; air warm.

6. Mar-age at 950°F, 2 hours; air cool.

The tensile properties of the 0.075 inch
material are shown in Table 19, The KCl values,
measuring the fracture toughness; of identically

heat treated specimens are shown in Table 20,

Although the same heat treatments had
developed satisfactory properties in the 0.125 inch
material, tbe properties of the 0.075 inch specimens
were much lower than had been anticipated. All the
material is of the same heat and had been similarly
mill processed. The double sub-zero cool and age
improved the properties slightly but did not develop

the strength capability of this composition. Again,
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this is a case of retained austenite as is evidenced
by the large spread between the yield and ultimate
tensile strengths., Also, the load-deformation dia-
grams shown on Figures Numbers 6 and 7, indicate the
presence of austenite by the shape of the curves. The
GLAL-8 and GLAT-8 specimens are properly transformed
(see Table 18 for properties), whereas the GLAL-3 and
GLAT-2 have a significant amount of austenite in the
microstructure. This is indicated by the shape of the
curve from the proportional limit to beyond the yield
point., In this particular instance the indication is

not very distinct,

Based on the work done to date, the most
reliable heat treatment for this particular analysis
of the 25% nickel steel would be as follows:

1. Material in the 1500°F annealed condition.
2, Aus-age at 1250°FD 8 bours; air cool,
3. Cool at ==100°F9 16 bours minimum; air waxrm.

4, Mar-age at 900°F, 2 hours, air cool.

The 0,075 inch material was also purchased
in the cold rolled condition. The strip had been 65%
cold reduced by the mill and was shipped in the "as-

rolled condition. Tensile and center notched fracture
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energy specimens were prepared, and after sub-zero
cooling, were aged at 850°F for 3 bours. The cold
rolled and aged tensile properties and fracture tough-

ness are shown in Tables 21 and 22, respectively.

Experience has shown that cold reduction
causes the metastable austenite to transform to
martensite, and a gain in properties and hardness is
realized, However, this alloy does not exhibit much
work or strain hardening, and therefore, cold reduc-
tion in excess of what is needed for relatively
complete transformation adds little to the strength,
The sub-zero cool at -100°F is used to guarantee
complete transformation in preparation for final mar-

aging.

The tensile properties of the cold rolled
and aged 25% nickei steel are considerably lower than
the similarly treated 20% nickel alloy. This is
attributed to the fact that the 20% nickel steel is
martensitic as amnealed and the cold reduction work
bardens the martensite., The entire 65% reduction is
used in this effort, whereas with the 25% nickel grade
part of the reduction is consumed in inducing trans-

formation, with the remainder used to strain barden
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the martensite.

No additional testing was done with the 25%
nickel material. In the interim we had made a decision
to concentrate our efforts on the evaluation of the 20%
nickel steel. Therefore; although limited work with
the 25% alloy leaves a number of unanswered questions,
we do not intend to do any additional testing at this

time.
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JLS 300 Fracture Toughness

The fracture toughness data on the cold
rolled JLS 300 alloy were inadvertently omitted when
the results of the testing of that alloy were published.
These values are shown in this report in Table 23.

The fracture toughness, as indicated by KC values,; 1is
exceptionally high in the longitudinal direction for
material at a 344,000 psi yield strength. The tough-
ness of the lower strength transverse direction is
less. However, these values are reasonably high, as

compared with other alloys at an equivalent strength

level,

In a design where low strength annealed

welds could be tolerated; the JLS 300 stainless steel
could prove highly desirable, The weld nugget and

heat affected zones develop properties similar to
annealed Type 301 stainless steel. In our present
rccket motor case design we require welds which possess
yleld strengths equal to from 60 to 75% of the base
metal yield strength, For this reason, the JLS 300

alloy was not selected for further consideration.
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WELDING OF 20% NICKEL STEEL

Ap extensive study has been initiated to evaluate
the welding characteristics of the high Ti modification of
the 20% nickel alloy. Tungsten inert gas (TIG) arc welding
has been used to weld material in the following conditions:

0,032 inch . . ., . cold rolled 65%
0.032 inch . . . . cold reolled and aged
0,075 inth . . . . annealed

0.075 inch ., . . . annealed and aged

Tensile testing will be done with specimens in
the "as-welded" condition and in various post welding heat
treated conditions, The specimen will be made with the
weld perpendicular to the direction of tensile loading.
This specimen, similar to the base metal tensile specimen,
is shown in drawing No. 2434-0003, previously published in
Report No. 6, issved in January, 1961, In addition, we
plan to design and use center notched specimens to measure

the fracture toughness of various regions of the weld zone,

Automatic welding has been done using 6 inch X
13 inch test sections with the weld along the long edge. A
square-edge butt joint was used with both the 0,032 inch

and 0.075 inch material. The cold rolled material was
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degreased with acetone before welding. The area to be weld.-
ed of the anneasled and aged material was wire brushed to
remove the oxidized surface, This was followed by polishing
with 120 grit and 400 grit emery papers., The surfaces were

finally cleaned with acetone,

At this time we have only used a matching analysis
filler wire. We expect delivery of two modified composi-
tions in early February. The modified types will have
lower percentages of the hardening elements, Ti and Al. 1In
addition, one type will contain 1.5% Mo. The International
Nickel Company bhas also promised to send us a small quant-

ity of the 18% nickel, 8% <wobalt, 5% molybdenum wire for

our evaluatiom.

The welding schedules found to be optimum for the
0,032 inch and 0.075 inch material are shown in Figure No.
8. When this material is welded in other conditions and
gages, the changes, if any, in the basic schedules will be

reported.,

The arc welding study bhas shown that the variables
which are most important are heat input, restraint, and
shielding., The thermal conditions, produced by weld cur=-

rent and location of chill bars is critical, with weld bead
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cracking occurring if the heat is too high and the chilling
too drastic. This was overcome by careful selection of
welding current, widening of the backup groove, and wide
spacing of the copper hold-down bars. It was also found
that rigid restraint made the weld more sensitive to center-

line cracking.

Adequate shielding with argon or helium is most
important because of the high titanium and aluminum con-
tent of the alloy. Figure No., 9 is a photograph of a weld
in the 0.032 inch material which shows the presence of
oxide patches on the surface of the weld. With an extreme-
ly careful setup to insure the elimination of air from the
surface of the molten metal, we have produced welds with
less oxide than is shown on this sample. A trail cup is

essential, in the welding of this material, to minimize the

oxidation of the semi-molten and solidifying deposit.

Dye-penetrant and radiographic inspection showed
the final welds to be free from internal defects, Gas
porosity was not seen in any of the radiographs. Scattered
tungsten inclusions of very small size were the only defects,
Crater cracks were found at the end of the welds, but these

were removed from the test section.
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The microhardness variation across the weld zone
of 0,075 ionch thick annealed and welded material is shown
in Figure No. 10. Figure No. 11 shows the microhardness
traverse after sub-zero cooling and aging at 950°F follow-
ing the welding., It is significant to note that the vast
differences in hardness in the annealed and welded condition
are largely eliminated after the moderate heat treatment.
A complete survey of the relationships of pre-weld and post-
weld treatments;, and the effect of these treatments on
microstructure and tensile properties is now being made,

This work will be fully discussed in the next quarterly

report.

20 INCH DIAMETER TEST CHAMBERS

Design drawings have been prepared for the 20 inch
diameter test chambers, Figure No, 12, drawing B2434.0169,
shows the design employing 207% nickel steel, and having one
elliptical head and one flat test plate., Figure No. 13,
drawing B2434.0165, shows the design using Ti 13V-11Cr-3Al
alloy and having one elliptical head and one flat test
plate. The elliptical heads will be over-strength with the
cylindrical section tapered to match the chamber cylinder

thickness. Since the primary purpose of these first tests
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is to prove the cylinder design concept, we are providing,
as a backup; an alternate 20 inch test unit in the event of
a serious delay in the procurement of elliptical heads,
Figure No. 14, drawiag B2434-0207, shows the flat end test
for 20% nickel chambers and Figure No, 15, drawing B2434.

0208, is the design for the Ti 13V.-11Cr-3Al chambers.

Strip materials on order for the 20 inch diameter
test chambers have been delayed in shipment due to diffi-
culties encountered during processing at the mill. The
Ti 13V-11Cr-3Al alloy ordered from Titanium Metals Corpora-
tion is presently expected in late January, 1962, The 20%
nickel steel on order with Allegheny-Ludlum is expected by

mid February, 1962,

The helical butt welding of the cylindrical sec-
tion will be accomplished in a specially designed fixture.
Figure No. 16 is a photograph of this fixture, The tryout
of this fixture was basically complete during the quarter
using the T,.1.G, welding process. Figure No. 17 is a
photograph of a 20 inch diameter AM355 steel cylinder made
during tryout in which eleven inch wide strip was used,
Continued work with the selected 20% nickel and Ti 13V-11Cr-
3A1 alloys will be done upon receipt of these materials

from the mills,
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Post-weld sizing of the cylindrical section will
be done on a Grotuves h&draulic expander instead of employ-
ing a sizing plug, as reported in Report No. 15. The
decision to make this change was based on availability of
existing sizing shoes plus the greater dimensional control

possible using the hydraulic expander.

The Ti 13V-11Cr-3Al elliptical heads for the 20
inch diameter chamber were formed in a double action
hydraulic press employing a proprietary sandwich method
developed by The Budd Company. Figure No, 18 is a pboto-
graph of this head and cover sheets after forming and
separation, A 36" diameter thin wall Type 321 S.S.
hemisphere, formed in a similar maoner for an atmospheric
Satellite application, is shown in the center background,

The manufacture of the 20% nickel steel heads is delayed

pending receipt of material.

The head will be joined to the c¢ylindrical sec-
tion using the TIG welding process and employing a fixture
shown in Figure No, 19, drawing T2434-0217. This fixture
is designed to insure alignment of the head and shell,
mipnimum possible mismatch at the weld joint, and adequate

gas backup and chill for the welding. Inspection of weld
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mismatch in the helical butt weld of the cylindrical sec-
tion and in the head to shell joint will be accomplished

using the gage shown in Figure No, 20, drawing D2434.-0213.

ANALYSIS OF 20 INCH DIAMFTER TEST CHAMBERS

For purposes of analysis;, the test chamber may be
divided into three principal sections - they are:
1. Cylindrical section - helical butt welded single
thickness,
2. Short tapered cylinder - at end of the cylindrical
section,

3, Elliptical head,

Figure Numbers 21 and 22 are charts showing the
locaticen and magnitude of the principal stresses calculated
for the 20 inch diameter test chamber. Figure No. 21 shows
values for the Ti 13V-11Cr-3Al alloy chamber having a wall
thickness of .062, and a material yield strength of 210,000
psi. Pressure to attain a hoop stress in the cylinder
equal to the yield strength is 1260 psi. Figure No, 22
shows values for the 20% nickel steel chamber, with a yield
strength of 310,000 psi. Pressure to develop a hoop stress
equal to the yield strength is 1240 psi. In each case the

material thicknesses and strength levels are equivalent to
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20" DIAMETER TEST CHAMBER
T:13V-1ICR-3AL-ALLOY
SUMMARY OF PRINCIPAL CALCULATED STRESSES AND MAT PROPERTIES

DISCCNTINUITY STRESSES iN
TAPERED  CYLINDER
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FIGURE 21| DWG NO 2434-0222
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20 DIAMETER TEST CHAMBER
20% NiCKEL STEEL
SUMMARY OF PRINCIPAL CALCULATED STRESSES AND MATL PROPERTIES

DISCONTINGITY STRESSES IN
JAPCRED CYLINDER
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the prototype 40 inch diameter chamber.

The cylindrical section is subjected primarily to
membrane stress, except near the ends of the cylinder where
secondary stresses due to discontinuities are present. A
gradual taper is introduced at the cylinder ends to relieve
these discontinuity effects. The stresses in the tapered

section are discussed later in this section.

Symbols used in this discussion are shown in

Figure Numbers 23 and 24.

For a specific material in the "as-welded"
condition the yield theory which most closely approximates
actual behavior was chosen as follows: A group of speci-
mens were tested uniaxially at different ratios of normal
to shear stresses (different weld line angles). A plot of
the data results in a curve shown in Figure No. 25. The
coefficient (a) in the following expressions is determined

from this curve,
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The mathematical theory used is as follows:

Stress orientation in uniaxial

tensile test

Use of stress theories

At equilibrium:

. 2
T, =0 SIN(
a
T =3 SIN2()

g
The maximum shear stress theory 1s given by:

m o_>-+--4------ =1

and the distortion energy theory is represented by:

(2 (g;)ZJrs(;o)zﬂ

or by substituting a coefficient (a), both equations

2

-

0'>=1
[}

A plot of equations (1) and (2) yields the following

can be written as

©)

type curves:

~4

‘QSTORTION ENERGY THEORY

Z
o—O

A
MAX.SHEAR STRESS
THEORY
2+
O T T A T T T T ~T T my
0] 2 4 o 6 .8 O



Applied to Cylinder Design:

let:

U, = hoop stress

0, = yield strength of parent metal
then

where at equilibrium:
- Je 2
g, = —-2—-(i+SIN 8)

T = fz—;— (sin2f)

and the assumed yield criteria is:

® UN) +a(cro) -1

where (a) is adjusted to fit the data.

In terms of the hoop stress and helix angle, equa-

tion (4) may be rewritten as follows:
To
2(&

0, B 2 !
i J(1+SIN2@) + 258 29

Ifgi:L exceeds (1), the parent metal will yield.
p
Where_g_:n. and (a) are material properties, and § is
p

geometry dependent, they are quantatively related as

shown in Figure 25,
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The short, tapered cylinder is the transition
zone between the uniform cylinder and the elliptical head.
Since the cylinder and head are of different thickness and
therefore experience different membrane deflections, the
discontinuity is quite severe. However, the addition of
the tapered section results in total stresses which are
within the required limits. Application of the theory upon
which the discontinuity stresses are found is discussed in

the following pages.



OISCONTIIUITY STRESSES In SHOLT | TAPERED CcYLINOERS

FOR A SHOLT, TAPERED cyYLIMDER SED AS
THE TRANSITION JOINNT ZSETWEEN A CYLINORICAL
PRESSIUIRE VESSEL AND AN ELLIRPTICA! HEAOD.
THE MEMBRANE STRLESSES ARE *

T = P/
a
T = P22t
X
Tt Ls
ﬁw—j
£
cROSS SETION
oE dond;‘
&y 97/<‘A L UleaQ
HEADE‘Q <yl wafa
TARERED
EYLINnDER.

7o THESE AMEIMEBRANE STRESSES MUIST B& ALOED
THE DISCONTINUITY STRESSES OUE 70 BEANDING
AND  SHEAR. /n] THE SOty

COMPATABILITY CONLITIONS REQUIRE THE
OEFLECTION ANDO SLOPE AT EITHER END oF
THE TAPERED <YIINDER B8 EQuUAL To THOSE
OF THE HEADER ANDO UNIFORM cYilmiDER,
PESPECTIVEL,

THE  DI1SCONSTIANTYS EDGE SHEARS AA/D

BEMDINIG MOMENTS ARE = or
‘x~——j

/j; 5 ai'DMs NEF =
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M IBRANE SOLUTION W UNIFORM CyLimnDER

w = (/=Y2) par w! =o
” E -t ™~

MEMBRANE SolUTioN N ELLIRTICAL HEAD:!

w;, = 2-v-(%) -
- .?Et[ F] Wm =0
W g
MEMBRANE Sotu7ioa) AN TAPERED CYLINDER :
wmz (/-—V/'L> sz
E x>
w/! = -0-VA) pa?
€ XX

DISCONTINUITY SOLUTION n (UNIFORAM CYLIAMOER
AND ELLIPTICAL HEAOER ™

w = gap[ PR
or ' = Qﬁzo [QﬁM+QJ

% ¥
DISCON TIaAtUITY Solurront /A TAPERED CYLINDER :

o Loy g b g ad'y )

/ - / . »
wr = Q,:lﬁ[cl(zb”b+gbe‘g)+ Cz{lb%’g—y be*.g)

1 (2kery+y bely)+ g, (24kel’y- y kery))

X IMOSHENKO, S. 1 THEORY oF PLATES & SHELLS,
Mc&GRAW-HILL BoOK CO. /990

¥¥  FIUGGE, W.: STRESSES SHELLS SPRINGER-VERLAG, 1960
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THE OSTEESSES N THE TAPERED CYLINDER MAY
BE DETERQMINED AFTER THE EOGE SHEARS AND

MO ENT T, AND COASTAANTS & 70 < ARE SOLVED
FoR,

(<, ) O
cl
M ‘

5
&= | T |$B

€a

My
\Ql../ \

THE ToTAl STRESSES ARE THEN

A

= z*
oM
t'l.

oN THE rFDlLLOWING PAGES /S THE coatPUTER
PROGRArI, WRITTEN N FORTRAN (ANGUAGE, 7O

D THE STRESSES . THE ONEy INPUT INFORMATIOAS
'S THE bATA 2 (Lt K, 2, E, p .

£
= 22 #
AT
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AFlow/ CHART :

PROGRAM TO COMPUTE STLESSES ) SHORT, rTAPERED cylnJOER

START

AccEPT
OAT O

FiInAL COBEE, FOL & AMATRIX
1

o lzcray=o0

2(/,1)Y=~-r0

R

AT = O

(=)

r)’ < Qﬁ v "s/A

L.l
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L
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6€Q1 eT(
ERZ eTe

L e WSRO

coEEFr. FOR TAPERED <VYL. (Xs)
i

CorMPUTE :
™, -~ 0‘4
Mg~y
STORE I~ :

for :r«’OMpurs :
O(:- Q(/G

STORE /N
N~ Kyy

—

1
COEEF. FOR TAPERED <CvL. (7’1)

|

104 | XP=xs
XS= WL

w5} STORE

o, -0, S
PROLE R
LtocaTIONn]

Go TOI IOSD

COEER. FOR UMEORM vt (%)

1
L COMPUTE
™, B el
STORE /n/*

rg, et

coerF. FoR HEARER (%)
|
/oy [ TS =TL
STORE :
X, 3, ele
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wO0 X

¥

STRESSES /N TAPECED CYL.

f=o
J>/
K=S

XS= x P

T= (%)
F=T+/

]

503 5)(5;- 6”}/

]

AS = MS+AX

.,—___“1
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1600010000005

LOAD SOURCE DECK

THEN PUSH START
600L2100100RS
7176

Loo0402

o PROGRAM TO COMPUTE STRESSES IN SHORT TAPERED CYLINDER
DIMENSION  Z(8,8),B(8)

1 ACCEPT, TS,TL,XLEN,A,E,P
XS={XLENY 7ECTL/TS)=1. 08
XL=XS+XLEN
ALPHA=TS/XS
DELTX=XLEN/30.0
R40=SQR{SQR((10.92) /(ALPHA**2)})

c FINAL COEFF. FOR MATRIX Z
DO 100 1=1,8
DO 100 J=1,8

100 Z(1,4)=0.0
D0 102 1=3,8
102 2(1,1)=-1.0
MAY=0
103 Y=(2.0*RHO)*({SQR(XS/A))

c THOMSON FUNCTIONS
X=(EXP(Y/1.414214) ) /(SQR(6,2831853*Y
BER=(X)*{COS{(Y/1.41L4214)}~,5926991))
BEI=(X )*(SIN({Y/1.k1421k)-,3926991)
BERD:{X ;*§COS((Y/1;h1h21 ;+.3926991
BEID=(X )*(SIN({Y/1.41L21L4)+.3926991
X (EXP(-Y/1.414214 )*(SQR(1.570796§/
CER=(X)*(COS{(Y/1.41L4214)+.3526991))
CEl=-(X ;*(51N§(Y/1.h1421h)+.3926991
CERD=~{X)*(COS (Y/l;h1h21h;-.3926991
CE1D=(X Y*(SINC(Y/1.41421L4)~-.3926991

¢ COEFF, FOR TAPERED CYL., ORIGIN

X=1.0/SQR(XS)

B(1)=X*BERD

B(2)=X*BEID

B{3)=X*CERD

B{L)=X*CEID

Xe=E*{ ( (ALPHA) **3)*(SQR(XS)) ) /(43.68)

YS=Y®%2

B 5; uX*(-(YS)*BE ID+k, 0*Y*BE | +8, 0*BERD)

6) =X*((YS)*BERD-kL,O*Y*BER+8,0*BEID)

B(7) =X*(-(YS)*CE|D+h,  OXY*CE|1+8,0*CERD)

=X*((YS)*CERD~4.0*Y*CER+8.0*CE(D)

MAY-1) 101,9,101

1)=B(1)

592803

688?}

1)=B(5

2)=B(6

5

6

1

2

5

T SMALL END (XS)

101

=B

e
1.0)/(2,0%XS*SQR(XS))
}=X1*(2 O*BERD+Y*BE!}
;-X1*52.0*BEID-Y*BER;
=X1%(2, 0*CERD+Y*CE|



1

1

1

1

1
1
1

oL

05

06

07

08
09
10

210

1

1

114

oud wumi
LK ]

1

13

99

7(6,6)=X1%(2,0%CE | D-Y*CER)
Xe (E/X1) *({ { ALPHA)#%2) *(SQR(XS))) / (A%6,60908L6)
2(8,1)=(2(6,2)%X)
Z(8,2)=-(2(4,1)%X)
z(8,5;=(2(6 6)*X)
7(8.8)=-(2(5,5)*X)
IF {xS-xL) 10L,106,104
COEFF, FOR TAPERED CYL., ORIGIN AT LARGE END (XL)
XP=XS
XS=XL
DO 105 im1,bL
J=1+4
Z(1,1)=2(J,1)
Z(|,2§=Z(J,2)

2(1,5)=2(J,5)
2(1,6)=2(4,6)
GO TO 103
COEFF, FOR UNIFORM CYL., ORIGIN AT SMALL END (XS§)
D= (E*{TS)**3)/(10.92)
BETA=SQR(SQR((2.73) J((A**2)*(TS**2))))
2(5,7)=(-1.0)/(2.0%(BETA**2)*D)
2(6,7)=-2{5,7)*(2,0*BETA)
2(6,8)=-1(5,7)
IF {T8-TL) 107,108,107
. COEFF. FOR HEADER, ORIGIN AT LARGE END (XL)
TS=TL
2(1;3331(5’7)
2(1,"} 3”2(5’8)
Z(zra)ﬂ-Z(é 7)
2(2.5)=2(6,8)
GO TO 106
SELECTIVE PRINT OF COEFFICIENT MATRIX
IF (SENSE SWITCH 1) 109,111
DO 110 !=1,8
PRINT, Z(1,1),2(1,2),2(1,3),2(1,L4)
DO 210 =1,8
PRINT, Z(1,5),Z(1,6),2(!,7},2(1,8)
MATRIX THVERSTON (z}-1
DO 115 Ke1,8
C=2(K,K)
7(K,K}=1.0
DO 113 J=1,8
(K, N=2(K,J)/C
DO 115 i=1,8
IFCI-K) 11k, 118,118
C=Z(1,K)
2(1,k}=0.0
D0 116 J=1,8
Z(1,)=2(1,J)-C*2(K,J)
CONT I NUE
COEFF, FOR B MATRIX
TSmAL PHAXXP
00 99 1=1,8
B{1)=0.0
B(2)=(0.85%(A**2)*p) /{ TS*XP*E)
B(S)=((P*{A**2) ) /(E*TL))*(-0,98)
B(6)m(B(2))*((TS*XP)/(TL* Xi))

MATRIX MULT,
CC 117 I=1,8
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€=0.0
00 217 K=1,8
7 c=2(1,K)*B{K)+C
7 2(1,1)=C
DO 317 I=1,8
7 8(1)=2(1,13}
SELECTIVE PRINT OF ANSWERS
'F (SENSE SWITCH 1) 118,2
118 PRINT, B(1),8(2),8(5),8{6)
PRINT, B(3),8(4),8(7),B(8)
unOp FORCE AND BENDING MOMENT M TAPERED CYLINDER
2 XS=XP
=0
J=1

K=5
C1=B(1)
cz=s(2;
C3=8(5
Ch=B(6)
MAY= 1
GO TO 103
9 l=l+1
zcn Jg %(E*ALPHA*xs)/Ag*(c1*B(1)+c2*3 z;+c3*a(3)+cu*a(u))
2{1,K 1*B(5)+C2*B(6)+C3*B(7)+CL*B(8)
PRINT OF HOOP FORCE AND BENDING MOMENT
PRINT, XS,Z(1,J),2(1,K)
tF(1-7) 501 501 500
500 =0
J=J+1
K=K-+1
501 XS=XS+DELTX
IF {XS-XL) 103,103,5
TOTAL STRESSES IN TAPERED CYLINDER
5 XS=XP
i=Q
J=1
K=5
3 TwALPHA*XS
!-l*’
\F (1-8) 503,503,502
502 =i
J=J+1
Ke K41
503 SXBm{(6,0%Z(1,K))/{T**2)
IF (MAY-2) Soh 505,504
504 FNT:Z(! J)+P*A
sro-(FNT/T3 (0.3)*SXB
sr.-510+éz L0%0, 3%SXB)
0 TO 50
505 STO=((P*A)7(2.0*T))~SXB
ST1=STO+{2.0%5XB)
: PRINT STRESSES
506 PRINT, X§,ST0,STI
XS=XS+DELTX
iF (XS-XL) 3,3,507



507 MAY=MAY+1
60 TO (1,5,119),MAY
C PRINT OF PARAMETERS
119 PRINT, RHO,ALPHA
PRINT, XP,XL,DELTX
GO TO 1
END

END OF COMPILATION
LOAD SUBROUTINE DECK
THEN PUSH START
PROCESSING COMPLETE
T0 EXECUTE PROGRAM
LOAD OBJECT DECK
THEN PUSH START
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This head is purposely designed overstrength, so
that the cylinder is the main object of test. The maximum
stresses occur in the crown of the head and are found from
membrane theory. The discontinuity stresses near the head
~- cylinder joint were discussed previously, and are not

critical in the design of the head.

The actual stresses for both the 20% nickel steel
and the titanium test chamber may be found in the following

pages.

89



EGre THE BUDD COMPANY

FREPARTID BY:

B PRODUCT DEVELOPMENT Rt

or

PHILADELPHIA, PA.
CHECKED BY:

REPORT NO.

DATE:

I JAAS 62

PROJECT NO.

yr 4= — =

20" D/IA. TirAsSIUal TESY CHANASER

STRESSES AT HEL/cAL WELD *©
PRIAIC: PLE STEESSES

v -5)2_’—_"-; /26000)/060 = o000 PSS/

o“ = - /OSIOOO s/
bY

ol
mY

HEt.rye AelOLE -

o = /e
NO R L t‘/ SHEAR STRESSES @ wELO :
- /G—*Jx) (Cr )oroZ'G
= 5(3/5,000 - /05 000 (o '2?.")

= JORB, o PS/

( Oé_;.@) G 2O

]

:.'; (105, oo ot 22°

- 187, 70> PS/

MAX IMUA] A EMMBRANE S7ESSES 1A 1.4~ 10O
ELLIRPTICAL HEADER =<

% = -G = Par _ .4 (1260)/0 _
26 ¢ £ L0777

orceulRS Ay Tor O HEANDLDER.

/24, 000 PSS/

90




COEFFICIENT MATRIX,

C1

~1.1820332E+21
5.0411356€E+21
7.08L5768E+24
1.505L30LE+25
-7.9775554E+23
-1.9600179E+26
1.285195LE+27

COEFFICIENT MATRIX,

C3

8.0013036E-26
-2.1186494E-~25
8.6130592E-23
9.7346311E~23
3.6786681E~28
3.0278018E~28
-1.5291113E~24

3.5977510E-24

0
1
6
7
6

CONSTANTS C1 TO Ch

C1
1.1723669E-25

€2

~-L.1763329E+21
-8.6367336E+21

8.7869781E+24

©.8008123E+22
~5.2655513E+23
-1.0450713E+27
-1.9472392E+27

ch

-4, 4711969E-26
~5,58L48091E-26
1.416273LE-22
-3.6929231€-22
5.7879988E-28
-1.4740282E-27
7.3901415E-25

C2

-2,4857781E-26

EDGE BEMDIHG MOMENTS AND SHEARS

M(S)
~.94212480

Q(s)
1.4918470

COLUMNS 1 TO L4

COLUMuS 5 TO 8

M(S)

-5.737054L2E-04L
-1.90L0745E-03
-1.0000000

. 00600000

. 00000000

.00000000

. 00000000

. 00000000

M(L)

. 00000000

. 00000000

. 00000000

.00000000
~4,0970821E-04

1.2500176E-03
-1.,0000000

. 00000000

C3
~1.L875195E+22

M(L)
3.0165041

Q(s)

3.5571957E-0L

. 00000000
-1.0000000

.00000000

00000000

. 00000000

. 00000000

QL)

.0000Q000

. 00000000

. 00000000

. 00000000
-2.6857352E-04

.00000000
-1.0000000

Ch
-3.7732181E+21

Q(L)
199.01586
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TAPERED CYLINDER HOOP FORCE AND BENDING MOMENT

>

.363639
.L463639
.563639
.663639
.763639
.863639
.963639
.06363%
.163639
.263639
.363639
63639
63639
.663639
.763639
.863639
63639
636139
.163639
63639
.3563639
.1463639
.563639
.663639
.763639
63639
63639
.063639
.163639
63639
63639

\I\I\IO\O\O\O\O\O\O\
-J:‘\»N—*O\DCDHIO\U!-:’W

[ 3 L

.;:-\.»m-o\ooowmm

* -

o o v wlh el culh nf cnd avh i 2md ed el v mh vl ol ol el mh sl s il ek ik el e s and b

\O\D\D\Q oocoooooooooooooooooqsl\l\zwﬂ\l

- L]

um—owm\am\n

HOOP FORCE

-101.40141
~26.895357
8. 4493996
L3.594217
79.329745

320.88394
359,05588
390.96346
h12.64L241
L19.16962
LOL,625L8
362.10420
283.77597
161.01950
~15.381966
-254,88982
-566.83734
-2014.8874
-2683.2292
-ﬁhh2.6971
-428L4,0385
-6135.7189

BENDING MOMENT

94211674
. 74963466
.49374701
.21087809

LI T

6.35526L0E-02

.29434898
44571192
.148063395
.3604683L

L, 4836126E-02

-.50798983
~1.3402697
-4, 0046303
-5.9061954
~10,949783
~14,082757
-21,347396
-25,276690
-32.833703
-35.908576
-38.016734
-38.676586
-37.314091
-33.261098
-13.967708
3.0171222
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.363639
163639
.563639
.663639
.763639
.863639
. 963639
.063639
.163639
.263639
.363639
. 163639
63639
63639
. 763639
.863639
.963639
63639
.163639
.263639
.363639
.b63639
.563639
.663639
.763639
.863639
.963639
.063639
.163639
63639
63639

il il pmh rd wd d el s e el ek orlh il ol mh i ol it o h — rh o vk o oo ol ik ook w—d P
\DLD\D&D oaoooooooooooooooooo\l\s\l\su\l\l\:\lw U\O\O\O\G’\O\O\

\uN-—lO\Dm\IO\\n-F*\MN—'OkO(I)\JG\mPWN*‘O\O(D\JO\U'! F‘UJ

HOOP STRESSES IN TAPERED CYLINDER

STRESS (0)

208781.03
208046, 79
207262.43
206459, 26
205668, 11
204917.96
204234, 88
203640.76
203152.09
202778.57
202521.45
202372.07
202309,61
202299.43
202290.63
20221L4,38
201981.68
201482.03
200582, 21
199126.18
196935.63
93812.26

ek o ol b ced

7589.92
156510.77
143259.11
127739.35
109941.72
89968.900

STRESS (1)

207838.92
207306,24
206780,54L
206255,91
205728.66
205195, 11
2046L49,62
204082.76
203479.73
202818,85
202070.29
201195.33
200145,51
198862,57
197278.72

170888, 21
164028,70
156293.96
147739.88
138485.64
128727.12
118752,42
108957.85
99862,940
92123,559
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.363639
. 163639
.563639
663639
.763639
.863633
.963639
.063639
. 163639
.263639
.363639
.463639
.563639
.663639
.763639
63639
63639
.063639
.163639
63639
.363639
463639

U-‘M-‘O\Dm\lo\\n -S’:'WN—‘O\OOO
L2 )Y ¢))
L L
NGO
W
0\

63639
63639

.063633
163639

.363639

s s @
()
AV
3
W
0

\.O\OLD\.D oocooooooooooocooooo\t\s\l\lsl\:\l\l\lu RO ONOND
o
w
o
w
\0

o o b v ok woh o meah ol i wrh g ol md ke b ok et i et od A ek eh ek ed ok ek DK

PARAMETERS

RHO

30.020635
16.363639

X(S)

STRESS (0)

106570.19
105596. 48
104535, 31
103L448,57
102393.65
101424, 87
100594, 94
99955.910
99559.850
99458 ,928
99704,820
100347.50
101432.92
103000. 36
105077 86

o ol wsh weh el el el e mh el el —

85141, 301

ALPHA

3.6666660E~-03

19.363639
X{L)

LONGITUDINAL STRESS N TAPERED CYLINDER

STRESS (1)

103429, 81
103127.97
102929,00
102770.73
102595. 50
102348.71
101977.40
101429,27
100652.01
99593, 205
98200, 9bk
96425,020
94219,240
81541160
88371 . 480
84588390
80504.300
75856960
70820 820
65515, 300
60113,190
54850, 860
0035. 450
605k . 450
L3380.630
h2577.120
14257.9L0
4928k 270
58355. 940
72395040
92323.500

» 10000000
DELTA X
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ARt/ P& STRELEES *
U; = f_f‘ - /zao(/o)/cwro T3/0,000 gy
£

(/_- = f._': ® ’r’s
> 37 5,000 P/

AE LI ANGLE *
© = /0
AORAIAL 5/ SHEAR STRESSLES & wELH

[}

A _9..:,?) ( \/X)wlg

p
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COEFFICIENT MATRIX,

c1

-1.0908724E+08
-58581871.
9,1926871E+10
L ,4303162E+11
-2.0543814E+10
-L,06814L62E+10
-1,2277150E+13
7.45724L2LE+13

COEFFICIENT MATRIX,

€3

2.2010439E-11
-3,913L4262E-11
-3.7814552E-09
6.2338193E-08
.44 5008%E-14
.0865005E~14
-1.9293679E-10
L,9827058E-10

CONSTANTS C1 TO CL

C1
1.6828611E~12

M(S)
~2.8017330

COLUMNS 1 TO &4

c2

~-70L4230696.
-3.5192712E+08
-1.1766374LE+11
-7.3747147E+10
5.864889LE+09
~5.8823816E+13
-1.230387LE+14L

COLUMNS 5 TO 8

Ch

k. 7407521E-12
~5.5238L41E~11
3.079h682E~08
-L.9265074E-08
6.1978780E~14
-1,6474791E~-13
1.2630724E-10
1.2359386E~10

C2

-4,54243205E~13

EDGE BENDING MOMENTS AND SHEARS
Q(s)

.50837288

M(S)

-7.9L36130E-04L
~3.2269305E-03
-1,0000000
.00000000
.00000000
. 00000000
.00000000
. 00000000

M(L)

. 00000000

.00000000

. 00000000

. 00000000
~3,30639L0E-O4L

1.0795168E-03
-1.0000000

.00000000

c3
-80057963.

M(L)
5.3688994

e(s)

3.9084760E-04

7.9436130E-04

. 00000000
-1.0000000

. 00000000

. 00000000

. 00000000

. 00000000

Q(L)

. 00000000

. 00000000

. 00000000

. 00000000
-2.0253952E-0L

3.306394L0E-0OL

. 00000000
-1.0000000

c4 .
~1.0752595E+08

Q(L) -
179.87794
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TAPERED CYLINDER HOOP FORCE AND BENDING MOMENT

X

5
5
5
5
5
5
6
6
6
6
6
6
€
6
6
6
7
7
7
7
7
7
7
7
7
7
8
8
8
8
8

ChshgLgh
.55L545
.65L5L5L
. 7545450,
8545454
. 9545454
0545450
. 154545,
. 2545450
. 3545450
LLs45hsl
5545454
.6545L5L
. 7545454
osshshsh
.954L5L5L
. 0545454
. 154545,
. 2545454
.35h454854
LashsL5k
.55L54L54
.65L5L5L
.754548L
.85hL54L5L
.954545L
.054L54L5L
. 1545454
. 2545454
.35454L5,
LL545L5,

HOOP FORCE

-252.12573
-170.65615
-103.71163
-49,243589
-4, 6094537
33.053762
66.548882
98. 406507
130.71485
164.97777
201.98209
241.67L28
283.02955
323.93026
361.04400
389.71885
403,90611
396.12688
357.50272
277.87174
146.01356
-49,983708
-322,20808
-682,21494L
-1140.0968
~1703.3822
-2375.6487
-315L4,9156
-L031.8787
—h98708920
-5992.8715

BEND!NG MOMENT

-2.8017335
-2,6475k425
-2.3216780
-1.8912325
"10#10860]
~.92539065
-. 47268279

-8.6L02020€E-02

. 20144674

. 35845478

.35030414

. 13999257
-.31209632
"1.0“717&0
-2,1059227
“305251“52
-5.3330953
~-7.5434858
—10.1h7912
‘130107076
~16,340613
"19-715813
-23:035906
-26.027922
-280 31122
-29.487187
-28.932578
~25.995174
-19.896371
-9.7604802

5.3666688
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500P STRESSES IN TAPERED CYL!NDER

X

LuohLshLgh
.554545L
6545454
. 754545k
.8shL548L
.95L5L5L
. 0545454
. 154545,
. 2545454
. 354L5L5L
. L5L5L5L

O\O\O\O\O\O\O\mmmm\nm
. o

G
g,
g. 545451

STRESS (0)

306848,82
303101.59
29896L4,68
29L583,54
290090, 25
285599.96
281209.69
276998.18
273026.34
269337.57
265957.62
262893.86
260134,02
257644, 3L
255367.13
253218,32
221085.01
248823,.19
246256.61
243176.39
239 uz.go
235487,
228321.96
220544, 79
210855.05
198968.71
18L639.57
167684.75
148013.55
125661.61
100827.79

STRESS (1)

300544,92
297357.18
294103.90
290760.38
28733L.78
283852.83
280246.51
276845, 49
273371.06
269931.81
266520,49
263111,99
259662.23
256107.87
252366.70
248339,23
243911,35
238957.96
233348,70
226954,79
219657.95
211361.,5

202003.1

191569.59
180113.82
167772.47
154785,43
141515, 41
128466,24
116300.55
105853.80
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LONGITUDINAL STRESS IN TAPERED CYLINDER
-STRESS (1)

X

Lshohgl
55450560k
68L5LEL
L 7548480
35hLohol
.o5Lgkgl,
LO5L5hLEL
1545450
L25L5L8h
.35L54L5L,
LLshghol
.55L5L5],
664L54LEL
. 7545454
. 854540,
.o5hL5hal
.osLsLch
.15LghL5,
. 2545484
. 354545,
LLshsLgl
. 554545,
654545,
. 7545451
9545454
. 0545454
. 16L54L54
. 2545454
. 354545
. L4shghol

OO ONU AU

COCOCI Y I NI IS TP

PARAMETERS

RHO
21.227796

X(s)
5.454L54L5,

STRESS (0)

165506,50
161783.50
157616.98
153291.36
146002, 39
14L896,62
14107¢.27
137625,24
34599.88
2056, 81
00L7.79
8623.96
7835.50
8342.90
970C. 4k
1801. 45
4612.33
8054,53
1982.73

1
1
1
L
1
1
1
1
1
1
-1
1
146222, 22
1
1
1
1
1
1
1

SUITUTWVIUVTUIT VT B Wl W RO R R R Wy

91623, 310

ALPHA

7.333333LE-03

X(L)
8, LsL5LEL

144493 50
142635.47
141116,36
140547,50
139817.46
139072.83
13£200.98
137116.25
135748,95
13#037 62

113436.80
107889, 25
101728,20
95028.170
87920.720
80607.030
73370.270
66586.630
6073L.960
56403,490
54291.970
55209.220
60063.350
69844,030
85595,180
108376.69

DELTA X
. 10000000

.
——
_—
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CONTROLLED INGOT SOLIDIFICATION

The research work at Massachusetts Institute of
Technology on controlled ingot solidification continued
during the quarter. Air melted ingots of AISI 4340 steel
were forwarded to U. S. Steel Corporation Research Labora-

tory, Monroeville, Pa. for conversion into sheet product.

Copies of M.I.T. progress reports Nos. 3, 4 and
5, covering the work accomplished during the quarter, are

included on the following pages.
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(copy)
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Cambridge 39, Massachusetts

7 November, 1961

MONTHLY PROGRESS REPORT NUMBER 3
PERIOD COVERED: 1 October to 1 November

FROM: Massachusetts Institute of Technology
Division of Sponsored Research
Cambridge, Massachusetts
TO: The Budd Company
Product Development Department
Philadelphia 32, Pennsylvania
ATTN: Mr. R. C. Dethloff
CONTRACT NO.: Budd Order GHP-3912 under Prime Contract

DA-36-034-0RD=3296RD

TITAL: Solidification Control of Premium Quality Castings

WORK_COMPLETED THIS PERIQOD:

1. All air melted 4340 steel ingots have now been
cast. Complete chemical analyses are being obtained and
evaluation studies are being conducted on small sections
cut from the ingots. The ingots will be shipped for forg-

ing within the next week.

2. A second unidirectional ingot was produced in the

vacuum furnace. The heat was entirely successful.
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Apparatus for producing unidirectional ingots in vacuum 1is
now in complete working order and is fully satisfactory for

production of ingots for shipment.

3. Melting stock originally procured for casting 25
per cent nickel-steel 1ngots wlill not be used. Budd Company
bas arranged for other material to be shipped to M.I.T.

When this is received, ingots of the alloy will be produced.

4. The 4340 steel melting stock prepared for use in
the vacuum furnace has not proven satisfactory. New melt-
ing stock 1s being prepared and production of these ingots

1s expected to begin within the next two weeks.

WORK TO BE CONDUCTED DURING THE NEXT PERIQOD:

1. Evaluation will be continued on the ingots pro-

duced to date.
2., 4340 air cast ingots will be shipped for forging.

3. Another heat of 4340 wmelting stock for the vacuum

furnaces will be prepared.

4. Heats of 4340 steel and/or 25 per cent nickel-steel

will be vacuum melted and cast.

(Signed) M. C. Flemings
Associate Professor of Metallurgy
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(COPY)
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Cambridge 39, Massachusetts

8 December, 1961

MONTHLY PROGRESS REPORT NUMBER 4

PERIOD COVERED: 1 November to 1 December

FROM: Massachusetts Institute of Technology
Division of Sponsored Research
Cambridge, Massachusetts

TO: The Budd Company
Product Development Department
Philadelpbia 32, Pennsylvania
ATTN: Mr. R. C. Detbloff

CONTRACT NO.: Budd QCrder GHP-3912 under Prime Contract

DA-36-034-0RD-3296RD

TITLE: Solidification Control of Premium Quality Castings

WORK COMPLETED THIS PERIOD:

1, All air melted 4340 steel ingots have been shipped

to United States Steel Corporation for forging and rolling.

2. Meltirg stock for the 25 per cent nickel-steel,
including the master alloys;, was received this period. The
complete chemical analysis of the iron-nickel base material

ingots has not yet been received.

3. Vacuum cast melting stock for the 4340 steel vacuum
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ingots has been prepared. Further ingot casting has been
prepared. Further ingot casting has been delayed pending

results of chemical analyses.

4. Macrostructures of all air melted 4340 steel ingots
have been examined; photographs of all structures have been
taken. All "unidirectional" ingots were composed entirely
of columnar grain extending from the bottom to the top of

the ingot (as anticipated).

5. A visit was made to United States Steel Research
Laboratories to discuss and establish procedures for
processing controlled solidification ingots produced at
Massachusetts Institute of Technology. The attached memo-

randum outlines conclusions of that conference.

WORK TO BE CONDUCTED DURING THE NEXT PERIOQOD:

1. Evaluation will be continued of ingots produced to

date,

2. Additional bheats will be vacuum melted and cast.

(Signed) Merton C. Flemings
Associate Professor of Metallurgy

104



(COPY)
MASSACHUSETTS INSTITUTE OF TECHNCLOGY
Cambridge 39, Massachusetts

5 January, 1962

MONTHLY PROGRESS REPORT NUMBER 5
PERIOD COVERED: 1 December 1961 to 1 January 1962
FROM: Massachusetts Institute of Technology
Division of Sponsored Research
Cambridge, Massachusetts
TO: The Budd Company
Product Development Department
Philadelphia 32, Pennsylvania
ATTN: Mr, R. C. Dethloff
CONTRACT NO.: Budd Order GHP-3912 under Prime Contract
DA-36-034-0RD-3296RD

TITLE: Solidification Control of Premium Quality Castings

WORK COMPLETED THIS PERIQD:

1. Tbree heats of the 25 per cent nickel-steel were vacuum
melted and cast. Two of these were "non-unidirectional"
ingots; to be rolled and tested for comparison purposes.
One was cast in the special ingot mold for "unidirec-

tional" solidification.

2. The above ingots are being analyzed chemically and

metallographically.
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3. Study has been continued on the ingots produced to
date. Measurements are being taken of the microstruc-
tures of the 4340 air melted ingots to determine
dendrite arm spacing. Procedures have been established

to evaluate the inclusion content of all ingots made.

WURK TQO BE CONDUCTED DURING THE NEXT PERIOD:

1. Evaluation will be continued of ingots produced to

date.

2. Additional heats will be vacuum melted and cast.

(Signed) Merton C, Flemings
Assoclate Professor of Metallurgy
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WORK_CONTEMPLATED_FOR THE NEXT PERIOD

Fabrication and burst test of the 20" diameter
test chambers is expected to be completed during the unext
quarter. This estimate is based on present delivery
promises for the titanmium and 207% nickel steel strip, on

order with prime producers.

The program being conducted jointly with
Allegheny-Ludlum on evaluation of the 20% nickel steel to
determine the optimum combination of cold reduction and
aging temperature to yield the best mechanical properties
and toughness, will be completed during the quarter,
Material for this evaluation will be taken from the hot
rolled band, which is in process for the 20 inch test
chambers at Allegheny-~Ludlum Steel Corporation. Cold
reduction processing of the strip material for the 20 inch

chamber will be based on results of the evaluation.
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