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ABSTRACT 

This report documents the design, fabrication, and testing of the 
AppZications Technology Satellite apogee motor chamber. On firing, 
the apogee motor provides the necessary impulse to place the satellite 
in near synchronous orbit. Details of the materials selection, design, 
fabrication, and testing of the motor chambers are discussed herein. 
The choice for the chamber material was Ti-fiAl-LiV alloy. An optimum 
design was achieved by a team effort among materials, structures 
fabrication, propulsion, and design personnel. Certain tradeoffs that 
were required are discussed in detail. The chamber consists of three 
components: two half shells and a mounting ring. Fabrication was 
accomplished by forging to shape, machining to the desired thickness, 
and welding of the components. Verification of chamber design was 
determined from hydroburst tests, vibration tests, and acceleration 
tests. 

1. INTRODUCTION 

A. Program History 
In January of 1963, a program was initiated by Jet 

Propulsion Laboratory to provide a solid-propellant 
apogee motor for the Advanced SYNCOM satellite. This 
satellite, being produced by Hughes Aircraft Company 
under the management of the National Aeronautics and 
Space Administration’s Goddard Space Flight Center, 
was designed to operate at synchronous altitude and to 
serve a communications function for voice, teletype, and 
television. 

The Advanced SYNCOM program was expanded in 
January of 1964 to include experimental instrumentation 

meteorology, communications, radiation, navigation, 
vity gradient stabilization, and various engineering 

experiments. This redirected program was designated the 
Applications Technology Satellite (ATS). 

The Jet Propulsion Laboratory was assigned responsi- 
bility for the design and fabrication of this solid- 
propellant apogee motor, whioh on firing, provides the 
necessary impulse to achieve synchronous orbit of 
the ATS satellite. In all, twenty-three 6A1-4V titanium 
alloy chambers have been fabricated for use in develop- 
mental tests and as qualification units, as well as for 
flight units. This report describes the various phases of 
the design, fabrication, and testing of the motor chamber. 

6. Technical Aspects of Expanded Program 
Many of the technical requirements for this task date 

back to the original SYNCOM satellite and its associated 
apogee motor chamber. Some of the decisions made on 
the ATS chamber were predicated on approaches taken 
during the programs for the SYNCOM and Advanced 

1 
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SYNCOM chambers. A brief history of these programs 
shows their interrelationships, 

The original SYNCOM, designed to serve a communi- 
cations function only, had a 12-in.-diam type 410 chro- 
mium steel chamber. Chamber material selection was 
based simply on a performance vs cost relationship, 
while construction was accomplished by welding formed 
sheet metal. 

With the initiation of the Advanced SYNCOM, essen- 
tially the same requirements existed, except that the 
chamber was scaled up to a diameter of 28 in. The 
Advanced SYNCOM, again, was to serve a communica- 
tions function that would handle voice communication, 
teletype, and television signals. As it was with SYNCOM, 
materials selection for the chamber was based on a per- 
formance vs cost relationship. Since the requirements 
were essentially identical, it was decided the same mate- 
rial and similar fabrication procedures would be used. 

After fabrication had commenced, the pu~pose of the 
satellite was changed to include other experimental mis- 
sions, in addition to communications. This expanded pro- 
gram, designated the Applications Technology Satellite, 
was designed to carry instrumentation for experimentation 
in the areas of meteorology, communications, radiation, 
navigation, gravity-gradient stabilization, and others. 
The added experiments imposed new requirements 
on the chamber-specifically, that it be nonmagnetic and, 
since there would be added payload while the size was 
to remain the same (28-in. diam), that it be of higher 
efficiency. Consequently, another selection phase was 
necessary to determine the material to be used in fabri- 
cating the chamber; that chosen was Ti-6A1-4V in the 
solution-treated and aged condition. 

A detailed discussion of alloy selection .for all three 
chambers appears in the following section of this report. 
The design, fabrication, and testing of the titanium alloy 
chambers are described in subsequent sections. 

II. MATERIAL SELECTION 

Material selection for the chamber structure was an 
important phase in the apogee motor development. Cri- 
teria and methods of material selection will be discussed 
chronologically for the three motor chambers, illustra- 
ting original requirements and subsequent changes in 
requirements. 

A. SYNCOM Motor Material Selection 

Specific important criteria used to screen materials for 
use on the original le-in.-diam SYNCOM chamber were 
the following: 

1. High specific-yield strength ( Ft,/density) 

2. Strength-retaining capability to 200" F 

3. Reliability and reproducibility of performance at 
the selected working stress 

4. Nominal material and fabrication costs 

5. Achievement of high strength without great dis- 
tortion 

6. Ease in fabrication 

7 .  High weld-joint efficiency 

8. Short fabrication time 

Candidate materials, with their respective characteris- 
tics, are included in Table 1. All exhibit the basic re- 
quirements listed above. As is evidenced by the data 
in Table 1, heat-treated Ti-6A1-4V appears to be the 
most outstanding of the materials considered for this 
application. It possesses ,a specific yield strength of 
920,000 in., far superior to all other alloys listed. It is 
a readily fabricated material and provides adequate 
toughness and ductility at the strength level selected. 
The one great disadvantage of this alloy is its higher 
cost. For the SYNCOM program, cost was a prime con- 
sideration; and since such high performance character- 
istics were not required, Ti-6Al-4V was not selected. 
Instead, a less costly material was chosen-specifically 
type 410 chromium steel; although its specific yiel 
strength is considerably lower than that of most of the 
other alloys screened, it was adequate for the program. 

2 
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4340 174PH 

Property 

A M  350 410 17-7PH PH 15-7Mo Ti-6A14V Ti-6AI4V B12OVCA 2014 

Ft,, kpsin 

F:,, kpsi 

e, % 

FtJp,  10' in. 

Weld efficiency, % 

Relative costb 

Method of 
construction 

Reliabilityb 

Table 1.  Materials comparison for SYNCOM chamber 

leot treal 
to 200 

200 

176 

13.5 

620 

95 

3 

3 

H 900 

190 

170 

10 

600 

95 

3 

e 

2 

SCT 

185 

150 

9 

530 

90 

1 

d 

2 

Heat 
treated 

180 

150 

10 

540 

95 

1 

d 

3 

RH 950 

210 

190 

3 

690 

94 

1 

d 

1 

TH 1050 

190 

170 

4 

610 

80 

1 

d 

1 

Annealed 

135 

125 

12 

770 

100 

2 

d 

3 

STA 

160 

150 

10  

920 

85 

3 

e 

3 

Annealed 

130 

125 

10 

710 

100 

2 

d 

1 

*Strength levels shown are considered maximum for adequote toughness and ductility. 

bA value of 3 is maximum. 

CForged, mochined, and welded. 

dFormed from sheet and welded. 
I 

On the basis of cost vs performance, the 410 chromium 
steel exhibits the best combination of those criteria con- 
sidered, as can be seen very readily by examining spe- 
cific yield strength, relative cost, and reliability entries 
in Table 1. Data for each of the other alloys in the table 
compared with that for 410 chromium steel are sum- 
marized below. It should be noted that this summary 
characterizes each material at the time of the SYNCOM 
materials selection in 1961. Except for 2014, the lower 
reliability factors resulted from lack of prior experience 
in applying the material to such structures. 

4340 Higher construction cost, specifically be- 
cause of unavailability of thin sheets of 
this material 

Higher cost, and lower reliability 

Lower specific yield strength and lower 
reliability 

17-4PH 

AM 350 

17-7PH Lower reliability 

15-7Mo Lower reliability 

i-6A1-4V Higher cost 

Bl2OVCA Higher cost and lower reliability 

2014 Higher cost and lower reliability because 
of a lack of margin in case of insulation 
failure where temperatures would exceed 
the useful limit of this material 

Consequently, 410 chromium steel was selected, and it 
proved to be successful. 

6. Advanced SYNCOM Motor Material Selection 

With the design of the 28-in.-diam chamber for the 
Advanced SY NCOM, these alloys were again reviewed. 
Essentially, the same conclusions were drawn, resulting 
in the selection of 410. Here again, high reliability and 
low cost were of greatest importance, and the chromium 
steel met design demands. 

C. ATS Motor Material Selection 

Redirection of the Advanced SYNCOM program to 
provide an Applications Technology Satellite with addi- 
tional instrumentation imposed greater demands on the 
material to be used for the chamber. Specific onboard 
experiments required that the material be nonmagnetic, 
in addition to meeting the previously cited criteria; this 

3 
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Property 

Ft, ,  kpsi 

FI,, kpsi 

FrJp, 10’ in. 

requirement precluded the selection of 410. Further, the 
increased payload weight required a higher efficiency 
material than the 410 chromium steel used on the earlier 
chambers. 

Material 

61 2OVCA Ti-5AI-2.5% Ti-6AI-4V Ti-6AI-4V 201 4 221 9 6061 Inconel 71 8 

Condition 

Annealed Annealed Annealed STA -T6 -T8 1 -T6 Heat treated 

130 115 135 160 70 60 42 185 

125 110 125 150 60 42 35 150 

710 684 770 920 600 412 357 51 0 

Of the materials listed in Table 1, only the titanium 
alloys and 2014 aluminum alloy meet the nonmagnetic 
requirement. These alloys and other nonmagnetic alloys, 
some of which had become prominent between the time 
of the SYNCOM materials selection and the ATS selec- 
tion, were reviewed and compared. The basic information 
used for this comparison-specifically, mechanical proper- 
ties and density-appear in Table 2. Cost, although im- 
portant, was not as great a consideration in this selection 
as it was for SYNCOM, since the nonmagnetic plus 
higher efficiency requirements reflect higher costs. 

The selection of material can be focused on the tita- 
nium alloys because (1) they are the most efficient, 
(2) the aluminum alloys were ruled out because they do 
not provide as great a margin in case of insulation fail- 
ure, and (3) the Inconel 718, at that time, had not been 

utilized to any great extent for pressure vessel or cham- 
ber applications and, thus, reliability was in question. 
The superiority of Ti-6A1-4V solution-treated and aged 
(STA) over the annealed Ti-6Al-4V and B120VCA was 
demonstrated previously in Table 1. The Ti-SAl-2.5Sn is 
much less efficient, exhibiting the lowest specific yield 
strength of the titanium alloys listed in Table 2. Conse- 
quently, Ti-6A1-4V (STA) was the ultimate choice of 
those alloys considered for the ATS motor chamber. 

At the time of the redirection of the Advanced 
SYNCOM to the Applications Technology Satellite, fab- 
rication of the 410 chromium steel chambers was already 
started. Thirty such chambers were produced for the 
program and were used in the developmental testing 
required. Such areas as hydrotest, static firings, static 
acceleration, vibration, firing under simulated high alti- 
tude, and storage were covered in developmental testing 
of the 410 chromium steel chambers. These were supple- 
mented by tests on the Ti-6A1-4V chambers. Actual 
qualification and flight units were fabricated from 
Ti-6A1-4V. 
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111. DESIGN 

Optimum design and development of the titanium 
chamber was accomplished by a team that combined 
the talents of engineering specialists in materials, struc- 
tures, fabrication, and propulsion as well as the design 
specialist. The very successful component was the result. 
This section reports highlights of the chamber design 
including configuration, special design features, and 
structural considerations. Primary emphasis is given the 
titanium alloy chambers, although most of the structural 
considerations also apply to the steel chambers. 

A. Configuration 
During the preliminary design phase of the propulsion 

system, the general configuration of the motor chamber 
was developed. Many factors were considered in arriving 
at the chamber’s final form. To reach, as nearly as pos- 
sible, an optimum propulsion system, compromises be- 
tween the shape of the propellant grain, the nozzle, and 
the chamber were necessary. 

The chamber evolved as a short cylinder with ellip- 
soidal end closures, as shown in Fig. 1. Bosses in each 
end accommodate the igniter and the nozzle assemblies, 
and a cylindrical skirt provides a means for mounting 
the motor to the spacecraft. This shape was primarily 
selected to accommodate a cylindrically shaped propel- 
lant grain with an internal cylindrical bore. The grain 
was designed to allow changing the propellant charge 
by simply machining the bore to a larger diameter, A 
2:l ratio was selected for the curvature of the ellipsoidal 
closure to provide for a propellant grain with nearly flat 

FORWARD AFT END 4 CIOSUR _ _ _ _ _  E 

VIEW A 

NOZZLE 
Boss 

EW B 

CROSS-SECTIONAL 

Fig. 1. Chamber configuration, side view 

ends, which is optimum, while not substantially reducing 
the efficiency of the chamber. The overall chamber di- 
mensions are 28.78 in. long by 28.13 in. diam. This size 
was dictated by the amount of propellant required, 
760 lb. 

The configuration of the nozzle boss was chosen pri- 
marily to allow submerging the nozzle approximately 
8% in. into the chamber, thus accommodating a fully 
expanded nozzle without unduly increasing the length 
of the motor. If the nozzle were not submerged, the 
moment of inertia of the spacecraft in the pitch direction 
would be so increased as to cause a greater demand on 
its attitude control system. Enlarging the nozzle boss to 
accept a submerged nozzle increases the weight of the 
chamber; however, the overall result is a saving in total 
spacecraft weight. 

From Fig. 1, it can be noted that the nozzle is attached 
by bolts to a flange turned outward from the centerline 
of the chamber. This was done to allow through holes 
for accepting the nozzle bolts. Holes passing entirely 
through the boss were used for two reasons: first, blind 
holes can trap propellant during processing which, if not 
properly removed, can explode when a bolt is tightened 
into the hole; and second, it is very difficult to tap blind 
holes in titanium and achieve a precision thread. Alter- 
nate means, such as through holes on a flange turned 
inward, would require the hole to be sealed-a difficult 
problem in a rocket motor. Thirty-six 10-32 bolts hold 
the nozzle to the chamber. The large number of rela- 
tively small sized bolts are used to keep the nozzle boss 
flange narrow and thin and, thereby, minimize weight. 

Location of the igniter boss in the head end of the 
chamber is required because the propellant grain can 
best be ignited from that end. It can be noted from Fig. 1 
that the size of this boss is fairly large, thus allowing 
assembly of the igniter unit into the motor through this 
opening. The boss was externally threaded in this appli- 
cation because it provided the simplest and lightest- 
weight design. 

The concept of a skirt for mounting the motor to the 
spacecraft was evolved in cooperation with the space- 
craft contractor, Hughes Aircraft Company. From a 
chamber-efficiency standpoint, this is the best way to 
mount the motor, since the major structural loads are, 
thereby, transmitted directly to the spacecraft. The skirt 

5 
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is precision machined to mate into a precision collar on 
the spacecraft and is held in place by sixteen %-in.-diam 
bolts arranged in 8 pairs equally spaced around the cir- 
cumference (the spacing being dictated by the structural 
design of the spacecraft). To aid in achieving precision 
roundness in the skirt, a thin flange was added to stiffen 
it in the radial direction. This proved very successful as 
the maximum out-of-roundness was held to less than 
0.001-in. total indicator reading (TIR). Floating nut 
plates were riveted to the skirt at each hole location to 
make assembly to the spacecraft as simple as possible. 

0. Design Features 

Basically, the cham,ber is designed to be machined 
from a pair of bell-shaped closed-die forgings, each com- 
prising half of the chamber shell. A third forging is used 
for the mounting skirt. This method of construction was 
selected to minimize the amount of welding required for 
assembly. 

By using closed die forgings, it was possible to ma- 
chine both the igniter and nozzle bosses integral to the 

forging. In addition, it was possible to machine a small 
lip onto the forward closure on which the mounting 
skirt could be welded, thereby isolating this weld from 
a highly stressed area of the chamber. Thus, only two 
welds were required to assemble the chamber-one in 
the center of the cylindrical section and the other attach- 
ing the mounting skirt. Conversely, chambers made from 
sheet metal, as were the 410 chromium steel chambers, 
required six welds, five of which were located in highly 
stressed areas. 

Associated with welds in titanium are problems of dis- 
tortion, cracks, porosity, inclusions, and generally poor 
properties. In addition, welds in Ti-6A1-4V alloy suffer 
from low-fracture toughness, meaning they have little 
resistance to the propagation of cracks or crack-like de- 
fects. Needless to say, minimum welding promotes higher 
reliability. 

In addition to fewer welds, another advantage gained 
in using forgings is the ability to tailor the thickness of 
the shell to the stress at any given point. Weight is saved 
by making the shell thicker in highly stressed areas and 

0.028 0.040 r r0.036 
-0.02% 70.028 

t t t t  t 
2.0 1.50 1.50 o n  

0.033 

'd \r 
u 
u .. 
v 

" 
u 

u .. I 

I 

= 

v .. 

2.0 ' 
0.140 

.. 
I: 

t I 0.060 

b 

~ \ I 
- 

Fig. 2. Cross-sectional view of chamber showing variation in thickness required to  
optimumly match thickness to membrane stresses in typical areas 

T 
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thinner where stress is less, instead of using sheet metal 
construction, in which thickness is nominally constant 
throughout. To gain the greatest advantage in weight 
saving, the chamber thickness is varied as shown in 
Fig. 2. Further discussion of the thickness variation ap- 
pears under the heading, Structural Considerations. 

Varying the thickness of a shell machined from a forg- 
ing is no special production problem because the contour 
machining methods used for shaping the part easily ac- 
commodate thickness control. The equipment needed to 
accomplish the required machining is standard and 
readily available. Any lathe or vertical boring mill, 
equipped with precision tracer control that will accom- 
modate a forging of this size, can machine the shell. 
Special holding fixtures are required to position the 
forging on the machine, but are of conventional design. 

The configuration of the joint used to attach the 
mounting skirt (as shown in Fig. 1) locates the weld 
0.43 in. away from the point of tangency with the 
forward-end closure. The tangency point is a highly 
stressed area; thus, to locate a weld at this point, with 
its associated poor properties and distortion, would be 
dangerous. Therefore, the weld was moved far enough 
to isolate the heat-affected zone (of the weld) and its 
associated poor properties from the highly stressed shell 
membr ane . 

To minimize weight and to meet the propulsion sys- 
tem alignment requirements, very tight dimensional 
tolerances were necessary. The weight of the shell is 
significantly affected by the machining tolerances placed 
on the thickness. The selected tolerance of t0.0025 in. 
is about ~ 8 %  of the average shell thickness. Assuming 
the chamber is machined to the middle of the tolerance, 
this corresponds to an additional weight of 2 lb caused 
by the tolerance. Tighter tolerances have been attempted 
to further reduce weight but are beyond the state of the 
art using existing machine tools. 

Close tolerance was also required on alignment be- 
tween the nozzle boss and the mounting skirt to assure 
proper positioning of the motor thrust axis with the 
spacecraft. Figure 3 shows the alignment dimensions. 
The actual production units were machined on the crit- 
ical surfaces as a final operation to ensure meeting these 
dimensions. 

third area where unusual dimensional control was 
required is in the roundness of the cylindrical section of 
the shell. Because the motor is required to be dynam- 

TSURFACE A-I 

SURFACE A-2 

SURFACE 8-2 

SURFACE 8-2 

SURFACE A-2 

ALIGNMENT REQUIREMENTS 

I. SURFACE A-I ROUND TO WITHIN 0.005 in. 
2. SURFACE B-2 PERPENDICULAR TO SURFACE A-I 

WITHIN 0.003 in. 

WITHIN 0.003 in. 

WITHIN 0.003 in. 

3. SURFACE 8-2 PARALLEL TO SURFACE B-I 

4. SURFACE A-2 CONCENTRJC TO SURFACE A-I 

Fig. 3. Critical dimensions required for proper 
thrust alignment 

ically balanced about its axis, it was necessary to hold 
the cylindrical section round to within 0.060 in. Since the 
propellant is cast to the shape of the chamber, any out- 
of-roundness causes an associated shift of propellant, 
which results in considerable out-of-balance. The only 
means of correcting for out-of-balance is to add weights 
to counteract the unsymmetrical condition. Since this 
increases the total weight of the motor, it must be 
minimized. 

C .  Structural Considerations 
Prior to the structural design and analysis of the 

chamber, a set of structural design criteria was estab- 
lished. Most criteria were established by the motor 
characteristics and spacecraft requirements; however, 
tradeoffs between other criteria were required to obtain 
an optimum motor. The motor ellipsoidal ends were 
allowed to reach 200°F because the insulation required 
to reduce the temperature would weigh more than the 
additional titanium alloy required to provide structural 
integrity at 200°F. The design criteria for the chamber 
are stated below: 

Operating pressure 270 psig 
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Proof pressure at operating 
temperature 285 psig 

Minimum 0.2% offset yield pressure 
at temperature 300 psig 

Minimum buckling pressure 340 psig 

Maximum temperature (at maximum 
pressure) of ellipsoidal domes 

Maximum temperature (at maximum 
pressure) of cylinder 110°F 

Minimum yield strength (0.2% offset) 
at ambient temperature 150 kpsi 
at 110°F 144 kpsi 
at 200°F 129 kpsi 

Minimum weld strength 140 kpsi 

Modulus of elasticity at 200°F 

200 ' F 

14.6 X loG psi 

The dynamic and static environments of the motor are 
covered in the section of this report on testing. To prevent 
dynamic coupling with the spacecraft, it was required 
that the motor have a resonant frequency greater than 
50 cps in the lateral direction and 130 cps in the axial 
direction. The critical design criteria for the chamber 
shell is the internal pressure, while for the skirt it is the 
resonant-frequency requirement. All handling loads were 
insignificant. 

The structural considerations in the design of the for- 
ward half of the chamber are similar to the aft half of 
the chamber, The membrane load in the chamber is 
obtained from the chamber geometry and internal pres- 
sure; consequently, the chamber thickness required for 
membrane load is easily obtained. Additional chamber 
thickness is required for bending loads caused by varia- 
tion in shell thickness, compatibility requirements at 
ellipsoid-cylinder interface, high compressive hoop loads 
that may cause buckling, and reduced material properties 
in the heat-affected zone near the welds. To minimize 
bending stresses, the wall thickness is tapered over the 
approximate length 2 m  where 

R = radius of curvature of the chamber 

to,. = average thickness in tapered region 

The bending load caused by the igniter boss in the 
forward ellipsoid increased the chamber thickness to 
0.060 in. at the boss (position a of Fig. 2) which tapers 
to 0.033 in. (position b of Fig. 2). The thickness of 
0.033 in. is required for the membrane load, plus the 

small bending load caused by the linear taper. The thick- 
ness is increased to 0.048 in. (position d of Fig. 2) to 
prevent buckling caused by large compressive hoop 
loads. To obtain the required thickness to prevent buck- 
ling the following described method was used. 

The governing equation predicting buckling stress is 
assumed to be of a form equivalent to buckling of a cyl- 
inder under axial load or of a sphere under external pres- 
sure. The equation is: 

kEt 
Ob = - 

R [3 (1 - pL2)]1/2 

where 

Q = buckling stress 

E = modulus of elasticity at operating temperature 

t = thickness 

p = Poisson's ratio 

k = experimental factor 

The maximum compressive hoop stress exists in the 
ellipsoid at a position 1.50 in. from the ellipsoid-cylinder 
junction, where the pressure-stress relation can be ap- 
proximated by: 

ut 

p=-0.7r  

where 

r = major radius of ellipsoid = 14.0 in. 

p = internal pressure 

By equating the stress values of the two equations and 
defining R' = R/k, 

Et? 
= 0.7R'r [3 (1 - p*)11/2 

Hydrotest of geometrically identical stainless steel 
chambers resulted in a minimum buckling pressure of 
329 psig. Other pertinent data of this test are: 

E = 30 X 10 psi 

p = 0.3 

t = 0.033 in. 
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From the data obtained from the stainless steel cham- 
bers, it was determined that R’ = 6.1 in. for this 2:l 
ellipsoidal geometry. If R’ = 6.1 in., the E of titanium 
at 200°F (14.6 X loR psi), and the buckling pressure 
criteria of 340 psig are used, the required thickness deter- 
mined for the chamber is 0.048 in. The buckling stress at 
room temperature for t = 0.048 in. is -74 kpsi. 

The chamber thickness at the supporting ring inter- 
section was approximately the same thickness as the sup- 
porting ring to maintain approximately the same stiffness 
in all segments. The supporting ring is tangential to the 
chamber to minimize bending caused by the vibration 
and static loads, while the chamber thickness is gradu- 
ally tapered to minimize bending stresses caused by 
loads through the ring and internal pressure in the cham- 
ber. The thickness of 0.033 in. is required (position f of 
Fig. 2) because of bending loads created by displacement 
compatibility between the ellipsoid and the cylinder. The 
chamber is tapered to 0.028 in. in the cylindrical section 
(position g of Fig. 2), the minimum thickness required 
for the membrane loads. The higher bending stresses 
created by the taper are accounted for by the Von Mises 
yield criteria for a 2:l stress field which indicates an in- 
crease in yield strength of about 14%. The thickness is 
increased from 0.028 to 0.036 in. (position i of Fig. 2) to 
account for the decrease in material properties in the 

heat-affected zone and the additional bending load 
caused by the variation in shell thickness. 

The weld joint was made in the supporting ring be- 
cause the governing design criteria for the ring is stiff- 
ness, or the minimum resonant frequency. Thus, lower 
material properties are acceptable. The ring had to be 
long enough for flexibility to minimize bending loads 
caused by possible radial loads at the bolt circle, suffi- 
ciently short to minimize weight and to prevent buckling 
due to axial compressive loads and to increase the first 
resonant frequency. The skirt was thickened at the bolt 
circle to obtain more bearing area for the transfer of 
loads through the bolts. 

Other areas requiring structural consideration are the 
igniter boss threads and the bolts in the nozzle boss. 
Little difficulty existed in obtaining adequate strength 
in the igniter boss, but structural tradeoffs were neces- 
sary in the nozzle boss. The axial loads in the bolts are 
fixed, but the bending loads in the bolts can be de- 
creased by increasing the distance from the centerline of 
the bolt to the outer diameter of the boss. Larger bolts 
can be used to provide additional strength. Both increas- 
ing the distance from the bolt to the outer edge of the 
boss and increasing bolt size directly increase the weight 
of the motor assembly. Thirty-six high-strength 10-32 
bolts were placed closely together around the boss. 

IV. FABRICATION 

Fabrication of the ATS chamber was accomplished 
under a fixed-price contract with Pressure Systems, In- 
corporated, of Los Angeles. Twenty-three chambers were 
produced in accordance with the requirements set forth 
in JPL Specification GOM-50369-DTL (see Appendix A) 
and according to JPL Drawings J 3901790, J 3901791, 
J3901792, and J3901793 (Appendix B). The contract 
schedule called for delivery of one chamber every 
15 days after receipt of the first one in May 1965, thus 
resulting in a completion date in April 1966. It is note- 
worthy to mention the high degree of success achieved 
in the fabrication of these chambers as illustrated by the 

lowing facts regarding the program: 

1. Delivery of the last unit occurred in December 
1965, four months ahead of schedule. 

2. Only three chambers were accepted with noted 
minor discrepancies to the above mentioned speci- 
fications and drawings; these were assigned to spe- 
cific developmental tests. 

3. The remaining 20 chambers were acceptable for 
flight use. 

4. The last 18 of the 20 nondiscrepant chambers were 
produced in succession. 

A flow chart of the steps used in fabricating the cham- 
bers appears in Fig. 4. For simplicity, specific details 
regarding fabrication and inspection of the chambers 
have been excluded from the figure, but are covered in 
the text. 
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AGE 

+ 
t 

I 
FINAL MACHINE 

PROOF TEST 

Fig. 4. General fabrication procedure for ATS 
chamber 

A. Materials 
. The starting material for forgings was required to 
meet the chemical composition shown in Table 3 and 
was required to have an upper beta transus in excess of 
1810°F. Table 3 also shows the properties required of 
the material after forging and heat treatment. In addi- 
tion, the material was required to pass ultrasonic and 
penetrant inspection per MIL-STD-271. Shown in 
Table 4 are the properties and composition of heats used 
in fabricating the chambers, 

Table 3. Requirements for the Ti-6AI-4V used for the 
ATS apogee motor chamber 

I Chemical composition 

Aluminum 

Vanadium 

Iron 

Carbon 

Nitrogen 

Oxygen 

Hydrogen 

Other elements, Total 

5.50 - 6.50% 

3.50 - 4.50% 

0.2WA max 

0.1W0 max 

0.05% max 

0.15% max 

0.0125% max 

0.040% max 

Mechanical properties (After forging and heat treatment) 

Ultimate strength, kpsi 160 - 175 

Yield strength (0.2% offset), kpsi 150 min 

Elongation (gage length = 4 diam), % 10 min 

Reduction in area, % 30 min 

I F O R W A R D  DOME ONLY 

Fig. 5. Forging configuration showing location of aft and 
forward domes on machining 

5. Dome Forgings 

The dome forgings were produced by Arcturus Manu- 
facturing Company to the configuration shown in Fig. 5, 
using the closed-die technique. The starting material for 
each dome has a mult weighing approximately 350 Ib 
which had been saw-cut from a l$-in.-diam octagonal bar. 
Each mult was serialized with respect to heat, ingot, and 

location in the ingot, allowing traceability of a specific 
dome back to original stock. The material was forged 
after heating to 1725 +25"F, requiring eight to nin 
draws to produce a dome. Figures 6, 7, and 8 show ste 
in the forging process. Subsequent to forging, the domes 
were cleaned to remove scale and surface defects. 
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Chemical 
composition 

Aluminum 

Vanadium 

I ran 

Carbon 

Nitrogen 

Oxygen 

Table 4. Properties and composition of Ti-6AI-4V used in fabrication of motor chambers 

Heat No. 

I 

8904 

6.3 

4.1 

0.10 

0.023 

0.014 

0.15 

0.005 

8903 

6.4 

4.2 

0.1 1 

0.022 

0.014 

0.13 

0.006 - 0.007 0.007 - 0.008 0.010 - 0.01 1 Hydrogen 0.005 - 0.006 

lechanical properties (after heat treatment) 

0.007 - 0.009 

Ft,, Top, radiusa 

tangent 

Bottom, radius 

tangent 

F t , ,  Top, radius 

tangent 

Bottom, radius 

tangent 

e, Top, radius 

tangent 

Bottom, radius 

tangent 

RA Top, radius 

tangent 

Bottom, radius 

tangent 

pper beta transus 

9568 

178.9 

179.3 

175.4 

i 7 i . a  

164.4 

166.0 

162.5 

158.4 

13.0 

10.0 

11.5 

10.0 

30.5 

25.1 

27.5 

42.5 

974b 

176.6 

172.6 

171.0 

174.1 

162.5 

157.6 

159.7 

162.2 

10.0 

13.0 

11.5 

10.0 

25.9 

37.7 

50.3 

27.8 

Used for dome 

8819 

6.4 

4.3 

0.10 

0.023 

0.01 3 

0.14 

6.4 

4.2 

0.15 

0.023 

0.013 

0.14 

6.2 

4.1 

0.12 

0.022 

0.014 

0.14 

For 
rings 

8202 

6.2 

4.1 

0.12 

0.023 

0.017 

0.15 

172.8 

177.0 

- 
- 

158.4 

165.7 

- 
- 

14.0 

10.0 

- 
- 

26.5 

29.3 

- 
- 

174.2 

174.8 

173.3 

177.7 

157.3 

157.3 

156.8 

162.0 

13.0 

12.0 

14.0 

10.0 

28.1 

28.1 

35.7 

27.2 

170.8 

175.1 

169.3 

171.2 

157.4 

160.6 

154.4 

156.3 

12.5 

11.0 

14.0 

11.0 

32.5 

33.8 

38.7 

34.2 

- 
174.8 

- 

169.4 

- 

160.2 

- 
163.4 

- 

16 

- 

14.5 

- 

50.7 

- 

38.2 

Temp Top 181 5-1825 1810-1 820 1820-1830 1835-1 845 1810-1820 - 
- 181 0-1 820 1810-1 81 5 - Bottom 1810-1 820 18 10-1 825 

ocations apply only to domes. 
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ome, after heating, for additional working 

orging operation in progress 
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Fig. 8. Finished forging on removing from die 

Qualification of forgings was required before and dur- 
ing further processing. Specifically there were three 
types of qualifications: (1) forging flow, (2) heat qualifi- 
cation, and (3) individual forging qualification. 

qualification tests are shown in Table 5. Included are 
qualification data for the heat used in fabricating the 
ring forging. 

The first forging produced was sectioned on a plane 
through the axis of revolution and etched to show the 
forging flow lines. It was required that all flow lines be 
parallel to the outside surface of the forging. Qualifica- 
tion with respect to heat and for individual forgings was 
accomplished during processing of the domes. 

Heat qualification, which was required on each new 
ingot used in forging the domes, consisted of metallo- 
graphic examination and tensile testing of samples taken 
from the center and two end forgings of each bar. The 
microstructure was required to be equiaxed, fine-grained 
alpha-beta with a maximum of 30% primary alpha 
(maximum grain size = 6). The tensile specimens were 
sectioned from the forgings after solution treatment and 
stress relieving. Domes selected for heat qualification 
were sectioned according to Figs. 9 and 10. The center 
forging was destroyed by sectioning; however, the selec- 
tive manner in which specimens were taken from the 
end forgings permitted them to be used as aft domes. 
The specimens were required to meet the properties 
specified in Table 3 after aging. The results of all heat 

Individual qualification consisted of dimensional and 
ultrasonic inspection, microstructural examination and 
evaluation of tensile properties during the processing of 
the domes. The microstructural requirements for each 
dome were as described above for the domes used in 
heat qualification. One tensile specimen was taken from 
the prolongation at the open end of the forging and 
accompanied the forging through the stress-relieving 
and aging cycles, after which it was tested and required 
to meet the properties in Table 3. In addition, aft dome 
forgings had a tensile specimen taken from the area 
of the nozzle boss for qualification. The results of 
individual-forging qualification appear in Table 6. 

After microstructural analysis, the domes were rough 
machined, leaving 0.150 in. per side (ID and OD). Ma- 
chining sources used during the fabrication were Juhl 
Manufacturing and Manlove Manufacturing. Rough ma- 
chining was followed by dimensional inspection and 
ultrasonic inspection per MIL-STD-271 and JPL Specifi- 
cation GOM-50369-DTL. The diameter of the dome was 
then measured and recorded prior to solution treatment. 
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NUMBERS SHOW POINTS 
FROM WHICH TENSILE 
SPECIMENS WERE TAKEN 

SECTION VIEW 

2 
111;;81 f’ 

U 

Fig. 9. Center qualification forging 

NUMBERS SHOW POINTS 
FROM WHICH TENSILE 
SPECIMENS WERE TAKEN 

SECTION VIEW 

Fig. 10. End qualification forging 
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Frm 
kpsi 

156.7 

152.3 

154.3 

159.0 

152.7 

150.3 

161.4 

155.9 

153.5 

152.7 

152.7 

156.3 

159.1 

158.3 

155.1 

152.4 

158.5 

161.3 

164.1 

157.8 

157.8 

163.9 

161.0 

161.3 

167.6 

156.3 

161.0 

159.0 

156.0 

157.6 

Table 5. Results of heat qualification tests 

FC., 
kpsi 

167.0 

163.2 

166.2 

167.2 

164.0 

161.4 

168.6 

164.5 

163.2 

163.4 

164.4 

163.9 

166.7 

167.1 

164.2 

164.1 

170.7 

172.7 

173.1 

170.7 

170.9 

174.9 

172.4 

171.5 

168.7 

167.3 

170.4 

168.1 

166.1 

169.9 

- 
e, 
% 

14 

15 

14 

14 

13 

14 

14 

- 

1 

1 

- 
e, 
YO 

13 

14 

13 

13 

12 

12 

14 

11 

10 

11 

12 

12 

11 

10 

12 

13 

12 

1 1  

1 1  

1 1  

1 1  

1 1  

13.5 

13.5 

12 

12 

13 

12 

10 

10 

- 

- 

- 

- 

- 

- 

- 
RAr 
% 

46.5 

47.1 

45.9 

44.7 

38.8 

40.0 

41.2 

37.1 

40.6 

32.4 

38.8 

- 
FIV, 
kpsi 

156.4 

158.4 

165.4 

165.1 

160.8 

158.3 

163.5 

159.8 

160.6 

154.3 

156.3 

161.4 

161.9 

162.2 

163.5 

168.3 

167.1 

163.5 

166.1 

166.7 

164.7 

163.5 

165.9 

167.1 

156.3 

157.5 

Heat 
No. 

Forging 
Location" 

Center 

(8) 

I 
Forging 

Locationn 

Center 

(33) 

I 
End 

(31) + 
End 

(35) 

RA, 
% 

38.5 

48.1 

47.1 

40.5 

33.3 

41.2 

46.7 

37.0 

33.8 

35.1 

41.2 

48.9 

33.8 

33.8 

32.5 

Heat 
No. 

F t w  
kpsi 

166.0 

167.9 

174.8 

173.7 

171.3 

167.8 

173.7 

170.0 

169.8 

166.7 

167.4 

170.4 

169.5 

172.6 

173.5 

13 

14 

12 

12 

13 

13 

13 

1 1  

43.7 

37.1 

37.7 

36.4 

13 

12 

12 

1 1  

12 

1 1  

10 

13 

10 

12 

1 1  

12 

12 

13 

12 

- 

- 

- 

46.6 

34.8 

37.5 

35.1 

31.9 

33.9 

36.1 

41.9 

38.9 

35.9 

39.0 

30.7 

30.7 

35.9 

46.7 

45.5 

41.3 

35.6 

Center 

(43) 

177.4 

176.4 

178.0 

174.8 

176.0 

174.8 

177.4 

173.9 

174.7 

166.5 

166.4 

172.8 

174.5 

170.8 

171.0 

45.3 

37.9 

36.0 

35.9 

End 

(36) + 
End 

(30) 

End 

(44) 

163.0 

165.8 

158.6 

159.8 

43.5 

38.7 

34.5 

43.2 

48.3 

39.4 

30.8 

30.5 

.Numbers in parentheses refer to ID numbers of forging mults for dome forgings. 

bHeat treatment for 8904: 
Forgings (8) & (1) solution treat @ 1675"F, age 2 hr Q 1050°F 
Forging (15) solution treat @ 1725"F, age 4 hr@ @ 1050°F 

eHeat treatment for 8903, 8819, 9568 and 9746: . Solution treat @ 1675°F. age 4 hr @ 1050°F 

"eat treatment for 8902: 
Solution treat @ 1725"F, (a) Age 2 hr @ 1050°F 

(b) Age 3 hr @ 1050°F 
(c) Age 4 hr @ 1050°F 

eThe 4-hr aging treatment consisted of 2-hr stress relief, 
plus 2-hr aging cycle. 
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Heat 
No. 

9746' 

Table 5. (Cont'd) 

Forging 
Location" 

Center 

(53) 

I 
End 

(45) 

t 
End 

(54) 

e, 
% 

1 1  

14 

14 

13 

1 1  

12 

1 1  

12 

10.5 

10 

12 

12 

10 

1 1  

10 

- 
F t m  
kpsi 

164.0 

158.7 

156.4 

156.1 

156.3 

157.6 

165.8 

RA, 
% 

37.2 

51.7 

50.3 

43.5 

31.9 

37.8 

38.9 

42.5 

30.4 

36.5 

36.5 

40.1 

30.1 

33.9 

30.1 

167.9 

164.2 

160.3 

161.1 

F t w  e, RA, Chamber Heat Forging F t , ,  F t w  Chamber Heat Forging F l y ,  

No. No. ID" kpsi kpsi % % No. No. ID" kpsi kpsi 

1 8904 13 156.3 169.3 12 37.1 4 8904 6 163.5 173.5 
5 159.7 169.9 

58 158.7 170.1 

5 9 156.0 164.8 

7 162.8 172.5 t 78 158.7 168.9 

6 8903 10 157.5 165.8 

1 1  156.2 164.5 

1 170.6 

1 !  

1 158.3 169.3 15 40.1 f 
2 12 151.9 163.1 14 40.1 

14 156.3 166.7 14 39.5 + 148 155.1 166.1 12 38.3 

3 4 161.0 170.4 12 42.9 

3 160.7 171.3 12 38.9 4 38 161.0 172.6 1 1  39.4 4 4 11B 160.9 

159.9 

163.6 

157.6 

157.2 

e, RA, 
% % 

10 36.5 

12 43.4 

10 33.3 

14 52.7 

15 46.9 

12 34.5 

14 53.3 

15 47.5 

12 31 .O 

F t w  
kpsi 

171.9 

166.9 

171.1 

168.8 

167.3 

167.1 

173.8 

176.4 

172.4 

168.9 

169.7 

168.3 

173.5 

169.1 

168.1 

nNumbers in parentheses refer to ID numbers of forging mults for dome forgings. 

bHeat treatment for 8904: 
Forgings (8) & (1) solution treat @ 1675"F, age 2 hr @ 1050°F 
Forging (15) solution treat @ 1725'F, age 4 hre @ 1050°F 

=Heat treatment for 8903, 8819, 9568 and 9746: 
Solution treat @ 1675"F, age 4 hr @ 1050°F 

&Heat treatment for 8902: 
Solution treat @ 1725"F, (a) Age 2 hr @ 1050°F 

(b) Age 3 hr @ 1050°F 
(c) Age 4 hr @ 1050°F 

eThe 4-hr aging treatment consisted of 2-hr stress relief, plus 2-hr aging cycle. 

Table 6. Results of individual forging qualification tests 
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Ftvc 
kpsi 

163.6 

162.4 

158.7 

160.7 

158.7 

155.1 

157.1 

158.0 

159.1 

158.9 

159.5 

158.6 

Ftw 
kpsi 

172.5 

170.7 

168.7 

171.1 

168.7 

164.5 

168.7 

166.7 

168.7 

169.7 

170.3 

167.6 

8903 

t 

160.0 

160.3 

158.5 

160.0 

166.9 

158.7 

157.1 

159.9 

156.7 

158.7 

161.7 

160.6 

163.6 

162.7 

1 60.1 

170.7 

171.7 

169.5 

169.7 

174.5 

167.7 

165.7 

168.3 

167.4 

166.5 

170.3 

168.4 

172.3 

173.1 

169.5 

Chamber No. Solution treatment Stress relieve Age 

Table 6. (Cont'd) 
- 
hambe 

No. 

7 
- 

- 
8 

- 
9 

- 
:hambe1 

No. 

16 

17 

18 

19 

20 

21 

- 
Heat 
No. 

9568 
- 

v 
- 
9746 

v 
- 
9746 

B 

8904 

e, 
Yo 

1 1  

12 

12 

1 1  

13 

14 

1 1  

1 1  

1 1  

- 

- 

- 

RA, 
YO 

41.4 

36.0 

36.5 

Forging 
ID'' 

17 

16 

168 

29 

30 

308 

Forging 
ID'' 

42 

44 

448 

37 

36 

368 

39 

38 

388 

41 

40 

408 

49 

45 

458 

50 

54 

548 

51 

47 

478 

55 

15 

158 

Flu, 
kpsi 

164.8 

161.1 

158.4 

162.4 

166.5 

157.6 

Flu, 
kpsi 

173.3 

170.3 

168.1 

173.7 

174.8 

169.1 

RA, 
% 

39.6 

35.1 

33.9 

42.6 

41 .O 

39.6 

e, 
YO 

12 

12 

12 

12 

13 

13 

38.9 

50.1 

42.5 

19 

18 

188 

38.9 

43.8 

34.5 

164.8 

168.3 

163.6 

173.5 

174.7 

173.7 

13 

13 

12 

39.0 

47.9 

35.4 

30.8 

42.0 

31.3 

37.2 

37.2 

38.3 

13 

13 

12 

15 

13 

1 1  

10 

13 

13 

- 

- 

10 20 

21 

218 

40.3 

31.9 

44.7 

50.9 

37.1 

39.1 

31.3 

42.0 

41.9 

163.3 

162.4 

164.0 

161.2 

163.2 

163.5 

158.9 

162.5 

158.5 

173.1 

171.9 

174.7 

1 70.1 

172.9 

173.9 

12 

1 1  

10 

1 1  

12 

1 1  

1 1  22 

24 

248 

12 

- 
13 

26 

25 

258 13 

13 

12 

12 

12 

12 

13 

13 

1 1  

167.8 

172.3 

170.3 

170.7 

173.9 

170.1 

174.3 

168.5 

171.1 

48.7 

36.7 

32.8 

43.1 

40.7 

42.0 

39.5 

44.4 

33.9 

28 

27 

278 

1 1  

13 

12 

33.3 

42.5 

34.4 
22 163.5 

164.1 

160.0 

167.1 

160.0 

161.1 

14 

- 
15 

- 

881 9 

- I 
32 

31 

31 8 

12 

10 

1 1  

13 

12 

12 

- 

- 

43.7 

30.1 

41.2 

45.5 

43.7 

40.9 

34 

35 

358 

23 

*IB indicates o specimen taken from nozzle boss. 

Others ore token from prolongation ot girth. 

The solution-treatment range permitted was 1600 to 
1750°F for 1 hr, followed by water quenching. Actual 
solution treat temperatures appear in Table 7. The speci- 
fic temperatures were determined to meet the required 

sile properties. Figures 11 and 12 depict a typical forg- 
entering the heat-treat furnace and a forging on the 

quench rack, respectively. After solution treatment, 
the diameter at marked areas was again measured to 

0001 and 0002 2 hr at 1050"F, 
water quenched air cooled 

17 
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Fig. 11. Forging ready to be inserted into the heat treat furnace 

orging on quench rack 

18 
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*I, 

etermine the amount of distortion developed. Follow- 
ing inspection, stress-relieving was carried out, the range 
permitted being 950-1150°F for 2 hr followed by air 
cooling. See Table 7 for actual stress-relieving cycle. It 
was at this point in processing that tensile specimens 
were sectioned for qualification. 

As stated previously, the ingot end qualification forg- 
ings were designated aft domes. Where possible, forward 
and aft domes for a given chamber were taken from the 
same ingot. In those cases where this could not be done, 
the forgings from different heats were matched as closely 
as possible on the basis of chemistry and mechanical 
properties. 

Subsequent to stress relieving, the domes were finish 
machined to the configuration shown in Figs. 13 and 14. 
This was done by first removing about 0.050 in. on the 
OD, followed by finish machining the contour of the ID, 
then finishing the OD by locating from the ID. The fin- 
ished domes were then dimensionally inspected to meet 

I / 

I I 

Fig. 14. Configuration of aft dome prior to welding 

JPL Drawings J 3901791 and J 3901792 for forward and 
aft domes, respectively. 

Following dimensional inspection, the domes were in- 
spected by fluorescent penetrant per MIL-STD-271 and 
cleaned to remove all hydrocarbons or other foreign mat- 
ter prior to welding. The cleaned weld edges were pro- 
tected by aluminum foil until ready for assembly, at 
which time the domes were handled with lint-free white 
gloves. 

C. Ring Forgings 

The ring forgings for the mounting ring were pro- 
duced by Carlton Forge with the ring-rolling technique. 
From an @h-in.-diam octagonal bar, 13-in.-long mults 
were saw-cut, each weighing about 112 lb. The mults were 
ring-rolled at a temperature of 1725 *25"F, requiring 
18 to 19 forging cycles to produce the ring. Each forging 
thus produced was cut in half, resulting in two rings per 
forging produced. Microstructural qualification was car- 
ried out just prior to splitting, the requirements being 
the same as for the dome forgings. Subsequent fabrica- 
tion and inspection steps, which were generally the same 
as for the dome forgings, were as follows: 

1. Rough machined 

2. Ultrasonic inspection per MIL-STD-271 

3. Solution treated at 1600 to 1750°F for 1 hr 

4. Stress relieved at 950 to 1150°F for 2 hr 

Fig. 13. Configuration of forward dome prior to welding 5. Forging qualification by tensile test 

1 9  
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were tested and required to meet the properties liste 
Table 3. 

. 
\ I 

Fig. 15. Configuration of mounting ring prior to welding 

6. Finish machined per drawing J 3901793 (see Fig, 15) 

7. Dimensional inspection to drawing J 3901793 

8. Fluorescent penetrant per MIL-STD-271 

9. Cleaned and protected weld edges 

Ring forgings were also qualified according to heat. 
One longitudinal specimen and one transverse specimen 
were machined from two diametrically opposed locations 
on a randomly selected ring. After aging, the specimens 

D. Welding 

Two circumferential welds were used in constructing 
the chamber, one to join the mounting ring to the for- 
ward dome and the other to join the two domes. All 
welding was done by the semiautomatic tungsten inert 
gas (TIG) process and was accomplished in a rigid cham- 
ber capable of maintaining a 99.9% pure inert atmo- 
sphere. The chamber used for all welding appears in 
Figs. 16 and 17. No filler wire was used, since the joints 
were machined to provide their own filler. Repair weld- 
ing was not permitted. 

Prior to welding any chambers, weld qualification was 
required. With Ti-6A1-4V sheet stock formed to the 
28-in. diam, preliminary tests were conducted to deter- 
mine a weld schedule for qualification. These settings 
were then used on the simulated production welds to 
meet qualification requirements. Both the ring-mounting 
weld and the chamber-girth weld were simulated, two 

Fig. 16. Weld chamber, observer side 

20 

Fig. 17. Weld chamber, operator side 
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cation welds being produced for each. The quali- 
fication welds were then subjected to radiographic in- 
spection, aging, and penetrant inspection. Following 
inspection, one tensile specimen was sectioned for each 
weld made and was subjected to test to see that it met 
a required minimum weld strength of 140,000 psi. In 
addition, a microhardness traverse was conducted on 
samples prepared from each qualification weld. Impres- 
sions were made at 0.005-in. intervals across the weld. 
Hardness of the weld was to be no greater than 30 
diamond-hardness numbers above that of the parent metal. 

On compliance with weld qualification requirements, 
production welding was permitted. The first weld per- 
formed was that of joining the mounting ring to the for- 
ward dome. With precise tooling, the mounting ring 
was matched to the forward dome in the weld fixture. 
This was enclosed in the welding chamber, which was 
then pumped out and back-filled with argon. In the fix- 
ture, the dome and ring were rotated, the speed of which 
was closely controlled. All predetermined settings were 
made, and the arc was struck and the joint made. The 
tooling used was disassembled and removed through 
the nozzle opening. Subsequent to joining, the weld 
was radiographically and penetrant inspected per 
MIL-STD-271 and JPL Specification GOM-50369-DTL. 
The process was then repeated for the chamber-girth 
weld. 

E. Finishing a n d  Final Inspection 

After welding and its associated inspection steps had 
been completed, the chamber assembly was ready for 
the final steps of the fabrication procedure. The chamber 
was prepared for aging by spraying a protective coating 
of Turco Pretreat XH-184W on the inside and outside 
surfaces. The aging range permitted was 950 to 1150°F 
for 2 hr, followed by air cooling. The actual tempera- 
tures used for aging appear in Table 7. Individual tensile 
specimens for forging qualification accompanied the 
chamber through the aging cycle and were subsequently 
tested. 

The chamber assembly was then electrochemically 
etched to remove 0.0002 to 0.0003 in. of material. Sur- 
faces which would provide the critical alignments dis- 
cussed earlier were then machined. This provided for 
proper mating of the motor to the spacecraft, as well 

oper mating of the nozzle to the chamber. (The 
a1 alignment positions on the chamber are shown 

in Fig. 18.) The holes for fasteners in both bosses were 
then drilled and tapped, where necessary. In addition, 

B 2  

SECTION A 

~ 

A I  

B I  

7B---A3 
SECTION c 

ROTATING TABLE 

Fig. 18. Chamber alignment inspection positions 

Fig. 19. Chamber after welding and finish machining 
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A 3  
Offset from 

A-1, in. 

32 holes were drilled on the mounting ring to accept the The units were proof tested at room temperature to 
rivets (MS20427-F3-5) and anchor nuts (MF1001-4), 302 psig, held for 5 min, and depressurized. Final dimen- 
which were installed. The compIete assembly was then sional inspection was then carried out. Data from align- 
fluorescent-penetrant inspected to MIL-STD-271. The ment inspection of critical surfaces are shown in Table 8, 
chambers were then glass-bead blasted to prepare illustrating the precise alignment achieved. The final 
the surface for bonding of the rubber insulation. configuration of the chamber appears in Fig. 19. 

B-1 
Flatness, 

in. 

Table 8. Chamber alignment summary 

Chamber 
S/N 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Chamber 
weight, Ib 

25.23 

25.00 

25.34 

24.70 

24.55 

24.35 

23.84 

24.40 

24.13 

24.40 

24.74 

24.56 

24.47 

24.13 

23.92 

23.71 

23.83 

24.09 

23.74 

24.10 

24.63 

24.34 

24.20 

A-1 
Out of 

round, in. 

0.0004 

0.0002 

0.0005 

0.0008 

0.0003 

0.0003 

0.0004 

0.0003 

0.0004 

0.0004 

0.0002 

0.0004 

0.0003 

0.0004 

0.0005 

0.0006 

0.0007 

0.0006 

0.0005 

0.0005 

0.0003 

0.0002 

0.0004 

Surface and inspection descriptiona 

0.0020 

0.001 1 

0.0007 

0.00 1 2 

0.001 4 

0.0020 

0.001 2 

0.001 8 

0.001 5 

0.001 8 

0.0002 

0.0007 

0.001 0 

0.0008 

0.00 1 0 

0.0012 

0.0006 

0.001 3 

0.001 8 

0.0015 

0.0020 

0.001 0 

0.0008 

out of Offset from 

0.0017 

0.001 8 

0.0005 

0.0003 

0.0002 

0.0005 

0.0004 

0.0002 

0.0004 

0.0002 

0.0008 

0.0005 

0.0008 

0.001 0 

0.0004 

0.001 1 

0.0007 

0.0007 

0.0006 

0.001 1 

0.0007 

0.0015 

0.001 0 

A 3  
out of 

round, in. 

0.00 10 

0.0015 

0.0012 

0.0005 

0.0032 

0.0003 

0.0022 

0.001 5 

0.0020 

0.0010 

0.0015 

0.0010 

0.0005 

0.00 18 

0.001 6 

0.0010 

0.0014 

0.0012 

0.0025 

0.0022 

0.0007 

0.0007 

0.001 4 

I 

0.0015 

0.0020 

0.0009 

0.0008 

0.0008 

0.001 3 

0.0010 

0.0025 

0.0028 

0.0015 

0.0005 

0.0012 

0.0020 

0.001 8 

0.001 2 

0.0016 

0.001 0 

0.0018 

0.0020 

0.001 1 

0.0014 

0.0019 

0.0007 

0.0007 

no data 

0.0006 

0.0005 

0.0004 

0.0004 

0.0005 

0.0004 

0.0004 

0.0004 

0.0006 

0.0007 

0.0007 

0.0008 

0.0008 

0.0008 

0.0005 

0.0006 

0.0005 

0.0007 

0.0008 

0.0005 

0.0005 

B-2 
Flatness, 

in. 

0.0060 

0.0035 

0.00 1 6 

0.0010 

0.001 6 

0.0020 

0.0022 

0.001 6 

0.0025 

0.0026 

0.001 5 

0.001 3 
0.0021 

0.0028 

0.001 8 

0.0024 

0.0024 

0.0020 

0.001 6 

0.0023 

0.0022 

0.0029 

0.0029 

aFor definition of inspection surfaces, see Fig. 18. 
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V. TESTING 

A series of tests was conducted to verify the design 
and structural adequacy of the ATS chambers. Included 
were hydroburst tests, with subsequent metallurgical 
evaluation, vibration tests, and static acceleration tests. 
The results of these tests are discussed below. 

A. Hydroburst Tests 

Three ATS chambers were subjected to hydroburst 
tests to verify adequacy of the design, material, and 
processing. The first chamber, B-lT, was burst imme- 
diately after fabrication to provide early verification of 
the chamber’s capability to hold internal pressure. The 
second chamber, B-5T, was burst after being instru- 
mented with 18 strain gages for engineering data, and 
the third chamber, B6TF, was burst after being fired. 

The mounting ring of each chamber was rigidly at- 
tached to a handling ring that geometrically simulated 
the spacecraft interface. Both nozzle and igniter ends 
were capped prior to internal pressurization with water. 
At approximately every 20 psig, both the increment of 
additional water pumped into the chamber and the 
internal pressure were recorded. Since all tests were 
conducted at room temperature, the proof pressure re- 
quirements were raised to 302 psig from the design 

Fig. 21. Chamber B-51 after hydroburst 

Fig. 20. Chamber B-IT after hydroburst Fig. 22. Chamber B-6TF after hydroburst 
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Case No. 

8-1 T 

8-5T 

B-6TFb 

pressure of 285 psig at operating temperature. This 
adjusts for the decrease in material properties associated 
with the higher design temperature. Figures 20, 21, and 
22 show the chambers after hydroburst. Pressure-volume 
curves were plotted for each chamber (Figs. 23, 24, 
and 25), and all test values which were normalized to 
minimum thickness and minimum material properties 
are listed in Table 9. The actual chamber thicknesses 
were obtained from inspection reports, and material 

Bulk yield pressure, Gross yield pressure corresponding Burst pressure, 
proportional limit, psig to 0.2 Yo uniaxial strain, psig w ig  

Normalized Test value Normalized Test value Normalized Test value 

355 327 418 380 420 382 

375 31 1 430 355 440 363 

370 - - - 42 8 - 

property data were obtained from the certification re- 
ports accompanying each case on delivery from the 
vendor. Test results and explanation of the normalization 
of the test pressures are discussed below. 

VOLUME, ml 

Fig. 23. Pressure-volume curve, chamber B-IT 

VOLUME, ml 

Fig. 24. Pressure-volume curve, chamber B-5T 

Table 9. Results of hydroburst tests showing actual values obtained and normalized" values 

1 f (theoretical min.) 

t (actual thickness) 

bB-6TF was a fired chamber and the pressures were not normalized. 

uv (theoretical min.) 

uv (test coupon) 
z'p"",m = p , e * *  
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45c 

400 

350 

300 

m ._ 
250 

w” 
U 
3 
v) 

U 
Q 

z 200 

150 

100 

50 

0 

BURST AT 428 psig 

I I I I I I I 

VOLUME, ml 

1000 2000 3000 4000 5000 6000 7000800 

Fig. 25. Pressure-volume curve, chamber B-6TF 

The second hydroburst test, of chamber B-5T, is of 
interest because it was instrumented to obtain stress data 
at discrete locations. As shown in Fig. 26, three sets of 
two strain gages along the principal axis were bonded 
on the chamber-thickness-transition points on both the aft 
and forward ends; two sets were bonded on the knuckle 
area of the 2:l aft ellipsoid to measure the compressive 
stresses that could cause buckling; and one set was 
bonded on the thickness-transition points of the cylin- 
drical portion near the girth weld. Plots of strain vs pres- 
sure were linear at just above proof pressure (305.2 psig) 
and, thereby, show no yielding, except those in Fig. 27, 
which will be discussed later. The strain values corre- 
sponding to 305.2 psig at the various locations are listed 
in Table 10. To obtain an estimate of the stresses near 
the strain-gage location’, values of E = 16 X 10 psi and 

0.3 were used; the results are shown in Table 11. 

‘Only an estimate is possible because the gage is Ys-in. long and 
both gages are not recording data at one point. 

TWO UNIAXIAL GAGES PERPENDICULAR 
TO EACH OTHER AT EACH LOCATION 

E-L-H TYPE FA 12-12-56 
0 REPRESENTS CIRCUMFERENTIAL 

GAGE (EVEN NO.) 
-REPRESENTS AXIAL GAGE 

(ODD NO.) 

I 
WELD I 

b 
0 

!_L 

T 
1.00 

Fig. 26. Strain-gage locations on chamber B-5T 

The values in Table 10 indicate that the Iargest stresses 
are in the cylindrical section and that failure is initiated 
in that region. Because stresses were highest in the cylin- 
drical section, actual-thickness to design-thickness ratios 
of that section of the chamber were used for normaliza- 
tions of pressure and to estimate the 0.25% offset yield 
pressure. The chambers did not buckle in the aft ellip- 
soidal end; however, the strain gages in that area pro- 
vided data to help confirm the method for predicting 
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Axial stress, kpsi 

50.7 

62.0 

66.0 

38.0 

20.0 

65.0 

110.0 

86.0 

-11.4 

45c 

4% 

300 

0 ._ 
3. 
G a 
3 8 2oc 
a 

100 

0 

Circumferential stress, kpsi 

87.0 

66.0 

37.3 

- 47.0 

- 49.0 

121.0 

98.5 

92.5 

76.0 

STRAIN, pin./in. (MINUS FOR SG 8 AND IO) 

Fig. 27. Pressure-strain curves from chamber B-5T 

Table 10. Strain values of hydrotest at 305.2 psig, 
chamber B-5T 

Position 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Strain, 
p in./in. 

1530 

4480 

2650 

2950 

3420 

1090 

3250 

- 3650 

2160 

- 3440 

1780 

6320 

5040 

4080 

3650 

4150 

-2150 

4980 

deasured case thicknes! 
in. 

0.095 

0.082 

0.050 

0.042 

0.0375 

0.038 

0.053 

0.0525 

0.053 

0.051 5 

0.032 

0.0335 

0.0365 

0.0385 

0.0445 

0.047 

0.0535 

0.0565 

Table 11. Approximate stress values of hydrotest 
at 305.2 psig, chamber B-5T 

Position 

1,2 

3,4 

5 ,6  

7.8 

9, 10 

11,12 

13,14 

15,16 

17,18 

the buckling pressure or stress. The compressive hoop 
stress in the knuckle region of the aft ellipsoid was ap- 
proximately 58 kpsi (63 kpsi when normalized to 0.048-in. 
wall thickness) at 438 psig internal pressure, which is less 
than the predicted buckling stress of 74 kpsi. As pre- 
dicted, the chamber did not buckle. The non-linear be- 
havior of the pressure-strain curve of gages 7 to 10 
(Fig. 27) shows that an assumption of linear pressure- 
strain relation will result in a conservative design of the 
ellipsoid for compressive hoop stresses. 

An estimation of the pressures corresponding to a 
0.2% uniaxial yield stress is of interest because the cham- 
ber design criteria are referred to this pressure, not to 
the bulk yield pressure obtained from the pressure- 
volume curves. The pressure corresponding to a 0.2% 
uniaxial yield stress can be estimated if the yielding of 
the ellipsoidal ends at room temperature is considered 
insignificant compared to the cylindrical section. By use 
of the effective strain relationship and assumption of 
incompressibility in the plastic range, the following equa- 
tion is obtained: 

where € Z f f  is effective strain in plastic range and e\ is 
plastic strain in ith direction. The stress-strain relation 
in the plastic range (Hencky’s Theory of Small Plastic 
Deformation) is: 
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b y  equating 

P P P- P 
(TI = os; o2 = orp; 0 3  = 0; E 1  = E @ )  &a - E'P 

where ge = 2 6  the following equation is obtained 
from the above relationships: 

Thus a circumferential strain 
axial 0.2% yield strain is 

corresponding to a uni- 

E P  = 2 (0.002) = 0.00173 in./in. 
@ 2  

The change in internal volume corresponding to 0.2% 
uniaxial yield strain is approximated by: 

where 

AV = change in internal volume 

V = internal volume of chamber = 240,000 ml 

The AV corresponding to 0.2% gross uniaxial yield strain 
is 

AV = 2(240,000 ml) (0.00173) = 830 ml 

The pressures at AV = 830 ml obtained from the 
pressure-volume curves are the estimates of the 0.2% 
yield pressure. 

From the three hydroburst chambers, tensile and 
metallographic samples were sectioned for evaluation. 
The tensile specimens were selected from areas to repre- 
sent welds and parent metal-the latter being represented 
by two sets of specimens, one circumferential and the 
other axial. All tensile samples were taken from the 
cylindrical section of the chambers. Metallographic sam- 
ples were taken from both welds, the mounting ring, and 
each half shell. The specimens from the half shells repre- 
sented both cylinder and dome areas. The general loca- 
tions from which the test specimens were sectioned 
appear in Fig. 28. 

For comparison, the results of the post-burst tensile 
tests, minimum design strength, and tensile tests per- 

d during fabrication are shown in Table 12. Gen- 
the data from production and post-burst tests 

agree for ultimate strength; however, as expected, they 
vary somewhat for yield strength. Information obtained 

A -  

0 -  
C -  

E -  
F -  
I -  

2J- 
4 -  

5 -  

6 -  

7 -  

6 
8 

WELD TENSILE SPECIMENS 

CIRCUMFERENTIAL TENSILE SPECIMENS, FORWARD HALF-SHELL 
CIRCUMFERENTIAL TENSILE SPECIMENS, AFT HALF-SHELL 

LONGITUDINAL TENSILE SPECIMENS, FORWARD HALF- SHELL 
LONGITUDINAL TENSILE SPECIMENS, AFT HALF-SHELL 
METALLURGICAL EXAMINATION, DOME SECTION OF 

METALLURGICAL EXAMINATION, MOUNTING RING 

METALLURGICAL EXAMINATION, CYLINDRICAL SECTION OF 

METALLURGICAL EXAMINATION, WELD 

METALLURGICAL EXAMINATION, CYLINDRICAL SECTION OF 

METALLURGICAL EXAMINATION, DOME SECTION OF AFT 
HALF-SHELL 

FORWARD HALF-SHELL 

FORWARD HALF-SHELL 

AFT HALF-SHELL 

Fig. 28. General locations of tensile and metallographic 
samples sectioned from hydroburst chambers 

from the post-burst tests is not fully conclusive for a 
number of reasons. Most obvious is the possibility that 
the material was damaged during hydroburst. In addi- 
tion, the specimens taken from the chambers were 
curved, thus did not exemplify standard tensile speci- 
mens. Also, the material has been subjected to stresses 
exceeding its proportional limit and, therefore, does not 
represent the material before hydroburst. 

Typical metallurgical structures corresponding to the 
code numbers of Fig. 28 are illustrated in Figs. 29 
through 42. These photomicrographs represent the struc- 
ture found in all three of the chambers examined. The 
etchant used was HF-HN0,-H,O. In addition, micro- 
hardness tests were conducted on samples from each 
chamber. The values obtained appear in Table 13. Values 
obtained from the girth weld-hardness traverse reveal a 
maximum variation of 32 across the weld in chamber 
B-1T. Chambers B-5T and B-6T exhibited a maximum 
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Gen. 
area 

Table 12. Results of post-burst tensile tests as compared with production tests and design requirements 

Chamber 6-11 Chamber 6-51 Chamber BQTF 
Design 

requirements 
Production Post-burst" Production Post-burst" Post-burst" Production 

I I I 

I 

Property 

I I I I I 

I dome 

165 

169 
172 

8 1 67 
162 

E 164 
165 

B 163 

E 
170 165 
- 
- 

C 171 
171 1 65 

F 168 171 
170 

8 171 
170 

E 165 
169 

Fwd 
dome 

8 152 
149 

E 142 
142 

169 

A 159 
160 

Weld strength 
- A 160 - A 154 - 

140 min. 155 153 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

1 

6-11 6-51 

384.6 384.6 

379.0 384.6 

379.0 368.2 

384.6 384.6 

396.4 373.6 

368.2 373.6 

379.0 358.0 

379.0 384.6 

373.6 377.3 

363.6 368.2 

373.6 384.6 

B-61F 5-1 1 

396.4 390.4 

384.6 384.6 

390.4 - 
384.6 - 
390.4 - 
390.4 - 
390.4 - 
390.4 - 
390.4 - 
384.6 - 
384.6 - 

6-1 1 

390.4 

379.0 

390.4 

390.4 

384.6 

396.4 
- 
- 
- 
- 
- 

6-51 

377.3 

384.6 

384.6 

390.4 

390.4 

377.3 
- 

B 4 1 F  8-11 

384.6 368.2 

396.4 384.6 

396.4 384.6 

384.6 379.0 

390.4 384.6 

- 379.0 
- - 

C 161 
165 

F 168 
168 

C 177 
173 

F 175 
175 

169 

B 161 
164 

E 151 
155 

158 156 158 

~ dome 

150 min. 
C 1 70 

165 
F 161 

161 

164 

154 
156 

159 
163 

156 
161 

156 

I I I 

*Code letters preceding strength values correspond to those of Fig. 27. 

Table 13. Microhardness data obtained from hydroburst chambers 

lest specimen position and location key 

Mounting Forward cylindrical Aft cylindrical Forward At t 
ring section section dome dome Girth-weld traverse 

3. . 3  
.4 .4 4. 
.5 .5 5. 

.6 6. 8 

Hardness for chamber No., Knoop hardness using 500 g load - 
6-51 

384.6 

390.4 

390.4 

390.4 

390.4 

390.4 

- 

- 
- 

B 4 l F  B-11 6-5T 

396.4 379.0 376.3 

384.6 384.6 376.3 

390.4 396.4 379.0 

384.6 384.6 379.0 

384.6 402.4 379.0 t 396.4 379.0 

B-5T 

377.3 

377.3 

384.6 

390.4 

390.4 

384.6 
- 
- 
- 
- 
- 

6-1 T 

390.4 

373.6 

379.0 

402.4 

402.4 

384.6 
- 
- 
- 
- 
- 
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Fig. 29. Microstructureof forward dome, location 1 (1OOX) 

variation in hardness of 28 and 6 hardness numbers, 
respectively. Consequently, the welds appear to have 
met the contamination limits called out in the specifica- 
tion. The remainder of the hardness tests indicate little 
variation in parent material hardness, even between dif- 
ferent chambers. 

From the above data, it appears the chambers were 
produced within the requirements of JPL Specification 
CMO-50369-DTL and were fabricated by accepted 
techniques. 

Table 14. Sinusoidal vibration test environments 

Fig. 30. Microstructure of forward dome, location 1 (500 X ) 

B. Vibration Test 

Two ATS motors, one inert motor, D2T, and one live 
motor, D9T, each weighing about 839 lb, were vibrated 
to 1.5 X the levels expected during the launch phase of 
the mission. The motor was attached to a rigid fixture 
at the skirt attachment plane and was vibrated in three 
orthogonal axes. The qualification vibration levels are 
listed in Tables 14 and 15. 

Table 15. Random vibration test environments 

PSD, 

20 to 80 

Perpendicular to Increasing from 0.04 to 0.07 
thrust axis 

1280 to 2000 

1 0.1 I 9.9 I 20 to 1000 
Parallel to 

thrust axis 

I Duration = 6 min in ea& axis. I 
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Fig. 31. Microstructure of mounting ring, 
location 2 (1 00 X ) 

Fig. 32. Microstructure of mounting ring, 
location 2 (500 X )  
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Fig. 33. Microstructure of cylindrical skirt of forward 
dome, location 4 (1OOX) 

Fig. 34. Microstructure of cylindrical skirt of forward 
dome, location 4 (500 X ) 
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Fig. 35. Macrostructure of welds, location 5 ( 9 X )  

Fig. 36. Microstructure of weld center, location 5 (50 X ) 
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Fig. 37. Microstructure of weld root, location 5 (50 X ) 

Fig. 38. Microstructure showing limit of HAZ, 
location 5 (50 X ) 

33 



J P L  TECHNICAL MEMORANDUM NO. 33-309 

Fig. 39. Microstructure of cylindrical skirt of aft dome, 
location 6 (1 00 X ) 

Fig. 40. Microstructure of cylindrical skirt of aft dome, 
location 6 (500 X)  
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Fig. 41. Microstructure of aft dome, location 7 (1OOX) 

Fig. 42. Microstructure of aft dome, location 7 (500 X )  
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Accelerometer location 

XMX 

-XM-X 

XM-Z 

-XM-Z 

YMY 
-YM-Y 

YM-2 

-YM-Z 

YAX 
YAY 

YAZ 

XBY 

Y BX 

XB-Z 

xcx 
xc-z 
YCY 

YC-z 

XDX 

XD-Z 

YDY 

YD-Z 

*Control accelerometers. 

In addition to the qualification levels, 1 g rms sine 
sweeps from 15 to 2000 cps at 2 octave/min were run 
prior to each test in each axis to verify the adequacy of 
the motor and test system. 

X axis 

X 

X 

X 

X 

Xa 

X a  

- 
- 
X 

- 
X 

- 
X 

X 

X 

X 

- 
- 
X 

X 

- 
- 

During each test, 16 accelerometers were mounted on 
the vibration fixture and motor, as shown in Fig. 43 and 
detailed by location in Table 16. All data were recorded 
on magnetic tape and a selective sample observed on 
the oscillograph. 

Y axis 

X a  

X a  

- 
- 
X 

X 

X 

X 

- 
X 

X 

X 

- 
X 

- 
- 
X 

X 

- 
- 
X 

X 

The resonant frequencies and amplifications of all the 
inert motors and of the first live motor are listed in Table 
17. The resonant frequency was determined by investi- 
gating the two input control accelerometers, the response 
at station C, and the armature current. The response of 
the accelerometer at station C was chosen to exhibit the 
behavior of the overall motor. The input was controlled 
by a root-mean-square average acceleration of the two 
control accelerometers at station M. As usual, the filtered 
input acceleration was not equal to the specification 
values as noted in Table 17. 

Z axis 

X 

X 

X" 

X a  

X 

X 

- 
- 
X 

- 
X 

- 
X 

X 

X 

X 

- 
- 
X 

X 

- 
- The data show the symmetry of both the inert and live 

motor about the x and y axes; however, differences in 
the dynamic characteristics of the live vs the inert motor 

M 

+ Y  

EXAMPLE: 
BLOCK AXIS POSITION x 
BLOCK FLANE POSITION - A 
DIRECTION OF ACCELEROMETER- -I 

Table 16. Vibration test instrumentation 

B C 

Fig. 43. Accelerometer location and plane identification for vibration test 
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Test position 

Perpendicular to thrust axis 

Parallel to thrust axis with skirt in tension 

Parallel to thrust axis with skirt in compression 

- 
Motor 

level, Duration, 
min 9 

2.3 10 

12.0 10 

12.0 10 

D2T 

:Inert) 

D9T 

(Live) 

- 

- 
&xis 

- 
X 

X 

X 

Y 

Y 

Y 

z 

X 

X 

X 

Y 

Y 

Y 

2 

- 

Table 17. Vibration test results 

Resonant 
requencies, 

CPS 

63 

112 

250 

64 

114 

250 

1 65 

75 

110 

230 

75 

115 

240 

163 

esponse al 
location C, 

9 

11.2 

9.6 

14.0 

10.0 

6.8 

12.0 

15.0 

13.5 

7.0 

10.0 

13.0 

9.0 

9.5 

15.3 

Average 
input 

icceleration, 
9 

2.8 

2.5 

3.0 

2.6 

2.5 

3.0 

2.0 

1.55 

2.3 

3.0 

1.5 

2.45 

3.0 

2 .o 

ransmissibility, 
Q 

4.0 

3.8 

4.7 

3.9 

2.7 

4.0 

7.5 

8.7 

3.1 

3.3 

8.7 

3.7 

3.2 

7.7 

exist in the first resonant frequency; the transmissibility 
is about twice as high. The dynamic characteristics of 
the other modes and axis are similar for the live and 
inert motors. 

Strain gages were not recorded during the test be- 
cause small strains were anticipated as a result of the 
low transmissibility that, in turn, was caused by high 
damping. The test data substantiate the assumption. 
Another critical requirement was to limit the lowest 

resonant frequency of the motor to preclude dynamic 
coupling with the spacecraft. The resonant frequency 
of both motors exceeded the design minimum values of 
50 cps in the lateral direction and 130 cps in the axial 
direction. 

The use of sixteen y4-28 bolt-anchor nut combinations 
to mount the motor to the spacecraft was found to be 
adequate for its most severe loading-that is, for the 
vibration loads. The bolts were torqued to 125 r+5 in.-lb; 
there was no evidence of loosening. 

6. Static Acceleration Test 

Several ATS motor chambers loaded with live propel- 
lant were subjected to the static acceleration loads that 
simulated those expected during launch and apogee 
motor-burn phases of the mission. The loads imposed on 
the motor skirt attachment plane are listed in Table 18. 

A 20-ft-radius centrifuge was used to accelerate the 
motor to the required levels. The motor was bolted to a 
rigid fixture at the skirt attachment plane. Engineering 
data were not obtained during the test because of the 
low stress levels expected in the chamber. No motor fail- 
ures were observed during post-test inspection. 

Table 18. Static acceleration test environments 
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APPENDIX A 

Detail Specification, Titanium 
Rocket Motor Case 
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JPL Spec GOM-50369-DTL-B 

1. SCOPE 

1. 1 This specification covers  the detail requirements for mater ia ls ,  

fabrication and pressure- tes t ing of the JPL-SR-28-3, T i  6A1 4V Titanium 

Rocket Motor Case. 

2. APPLICABLE DOCUMENTS 

2. 1 The following documents, of the issue in effect on the date of pur -  

chase form a par t  of this specification to the extent specified herein: 

SPECIFICATIONS 

Jet Propulsion Laboratory 

ZPO-20002-PRS P r o c e s s  Specification, Identification 

20064 General Specification for Packing 

Requirements, Parts and Assemblies 

Flight Equipment for Shipment within 
the Continental United States 

STANDARDS 

Federal  

FED- STD- 15 1 

Mili tary 

MIL-STD-271 

Metals, Tes t  Methods 

Nondestructive Testing Requirement 
for Metals 

DRAWINGS 

Jet Propulsion Laboratory 

3 390 1790 Chamber Weldment 

J 390 1791 Forward Dome 

J 390 1792 Aft Dome 

J 390 1793 Mounting Ring 

J 390 1794 Dome Forging 

2 
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PUBLICATIONS 

American Society for Testing and Materials 

ASTM Standards 

3. REQUIREMENTS 

3. 1 Conflicting requirements.  Any conflicting requirements ar is ing 

between this specification and any other document l isted herein shall be 

r e f e r r e d  in writing to the Je t  Propulsion Laboratory ( JPL)  for interpretation 

and clarification. 

3.  2 Requests for deviation. Any deviation from the requirements of 

this specification or f rom the drawings, specifications, publications, mater ia ls  

and p rocesses  specified herein shall be considered a change or  deviation and 

shall not be allowed except by writ ten authorization from JPL .  

3. 3 P a r t s ,  mater ia ls  and processes .  P a r t s ,  mater ia ls  and processes  

employed shall conform to the applicable documents specified herein. Where 

a definite material ,  par t ,  or process  i s  not specified, the selection for each 

application shall  be suitable for the use intended, and in accordance with the 

requirements of JPL .  

3. 3. 1 Quality and condition of par ts  and mater ia ls .  All pa r t s  and 

ma te r i a l s  shall be sound, of uniform quality and condition, and shall be f r ee  

from seams,  cracks,  and other defects which might harmfully affect the 

strength, e n d n a n c e ,  o r  wear of the equipment. Any par t  o r  mater ia l  ham- 

mered,  filed, o r  t reated in any other manner to conceal defects herein, shall 

be subject to immediate rejection. 

mater ia ls  shall  not be performed unless specifically authorized by JPL .  

Welding to repair  defects in any par t  o r  

3. 3. 2 Contractor processes .  To enable J P L  to broaden the scope 

of th:s specification by taking advantage of the contractor 's  experience, the 

contractor shall be required to submit to J P L  one copy of his  processing 

3 
I 
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specification covering mater ia ls ,  cleaning, forging, welding, machining, heat 

treating and inspection methods to be approved by J P L  and thereafter to become 

a par t  of this specification. 

3. 4 Materials. Ti 6A1 4 V  titanium alloy shall  be used for all com- 

ponents except nut plates  and r ivets .  

be defined as  the amount of mater ia l  needed to produce al l  components of that 

type for any procurement. 

A lot of mater ia l  for any component shall  

3 . 4 .  1 Chemical composition. The chemical composition of the 

mater ia l  shall  conform to the following: 

Chemical Element 

Aluminum 

Vanadium 

Iron 

Carbon 

Nitrogen 

Oxygen 
Hydrogen 

Other elements, total 

Percent  by Weight 

Min Max 

5. 50 6. 50 

3. 50 4. 50 

0 . 2 0  

0. 10 

0.05 

0. 15 

0 . 0  125 

0.040 

- 

3. 4 . 2  Mechanical propert ies .  All mater ia l  shall  conform to the 

following propert ies  af ter  forging and heat treatment: 

a. Yield strength (0. 2% offset) 150,000 ps i  min  

b. Ultimate strength 160,000 ps i  min  

175,000 ps i  max 

c. Elongation (4D) 10% m i n  

d. Reduction in  Area  30% min 

3 . 4 .  3 Transformation temperature .  The upper beta t ransus  

temperature  for mater ia l  shall  be not l e s s  than 1810°F. 
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3 .4 .  4 Additional requirements.  Dome forgings shall be manu- 

factured f rom the minimum possible number of mater ia l  heats to complete the 

order .  The chemical composition of a l l  heats used shall be carefully selected 

to minimize the total variation in  composition of the entire lot of material .  

The forward and aft dome forging of each chamber shall b e  f rom the same heat 

of mater ia l  to the maximum possible extent. 

to another f rom the same heat shall  be matched as closely a s  possible on the 

basis  of chemical composition and mechanical propert ies .  

i t  is processed from ingot to bar shall be identified so that ba r s  used for dome 

forgings can be placed end to end as the mater ia l  was once located in the ingot. 

Forgings which cannot be mated 

The mater ia l  a s  

3. 4. 5 Ultrasonic quality. All mater ia l  shall be ultrasonically 

inspected a s  specified in MIL-STD-271. Any folds, laps,  voids, inclusions, 

cracks,  segregation, coar  se-grained s t ructure  o r  other defects, which can be 

positively identified, shall  be cause for rejection. 

3. 4. 6. Penetrant  inspection. All mater ia l  shall be penetrant 

inspected a s  described in MIL-STD-271 for Type 111 or  IV. 

flaws shall be cause for rejection. 
Any detectable 

3. 5 Forgings. Dome forgings shall  be made by the closed die method -- 
only. Mounting ring forgings shall  be made by the ring rolling method only. 

3. 5. 1 Material  traceabili ty.  Material  for each dome forging shall 

be ser ia l ized progressively f rom one end of a heat to the other so that the 

relat ive position of each forging in the ingot can  be traced. 

shall be made up of a heat, bar  and mult  designation with increasing numbers  

f rom the top to the bottom of the ingot. 

to the forging when produc'ed. 

The ser ia l  number 

The numbers shall then be t ransfer red  

3. 5.2 Forging operations. The mater ia l  for  forging shall  be heated 

to 1725 &25"F for a sufficient length of time to heat i t  throughout. 

shall not be allowed to remain  a t  forging temperature  longer than 4 hours. 

forging operations shall  be a t  such a r a t e  that thesenergy imparted to form the 

pa r t  does not r a i se  the temperature  appreciably causing the microstructure  of 

the finished pa r t  to deviate f rom the requirements  of 3. 5. 4. 1. 

Mater ia l  

The 

5 
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3. 5. 2. 1 Furnace equipment. Furnaces for  heating mater ia l  to 

forging temperature  shall be surveyed and certified to have an  even temperature  

distribution throughout the heating zone of within &25"F of the temperature  

controller se t  point tempzrature .  All heating operations during forging shall 

be in a furnace with a clean hear th  and an  a i r  atmosphere in the heating zone. 

Combustion products f rom gas  f i red furnaces  shall not be allowed to enter  the 

heating zone of the furnace or  contact hot mater ia l  at any time. 

used during forging shall be equipped with recording temperature  measuring 

equipment. 

forging shall be identified and forwarded to JPL a s  a quality control record. 

Furnaces 

The records ,  o r  duplicates, f rom this equipment taken during 

3. 5. 3 Qualification - dome forgings. Each forging shall be qualified 

for further processing by dimensional inspection, ultrasonic inspection and 

micros t ruc tura l  examination. 

mater ia l  shall be qualified by destructively testing one forging taken from the 

center  of the heat and non-destructively testing two forgings taken from the 

ends of the heat. 

b a r s  of that heat a r e  placed end to end a s  originally located in the ingot. 

end forgings tested shall be assigned a s  aft dome units for further processing. 

In addition, the fQrgings from a given heat of 

The ends and center  of each heat shall be located when the 

The 

3. 5. 3. 1 Heat qualification. The two end and a center  (total of 3 
forgings) qualification forgings shall  be tested for  tensile propert ies  and 

examined for  microstructure .  

s t ruc ture ,  machined to a wall thickness not to exceed 0. 5 inch. 

tolerance shall be io. 030 inch. 

3.6.2. 1 and then aged by the same treatment a s  production forgings. 

tensile specimens shall then be prepared from the center  forging a s  shown in 

F igure  1. Four specimens f rom each end forging shall be prepared as shown 

in Figure  2. These specimens shall  be prepared and tested a s  described by 

FED-STD-151. 

s i ze  a s  permitted by the forging c ross  section, 

conform to the requirements  of 3 .4 .2  Any deviations from these requirements  

shall be cause for rejection of the ent i re  heat of forgings. 

The forgings shall be sampled for micro-  

The thickness 

The par t  shall be heat t reated a s  described in  

Seven 

The s ize  of each specimen shall be identical and of maximum 

The resul ts  of this test  shall 
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SECTION VIEW n SECTION VIEW 
un==m 

2 
r\ 

Figure 1. Qualification Forging, Middle 
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SECTION VIEW 

Figure 2. Qualification Forging, End 
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3. 5. 3. 1. 1 F i r s t  forging. The f i r s t  forging produced shall be sectioned 
on a plane through the axis of revolution and macro-etched for  forging flow. 

Examination shall reveal  all flow lines parallel to the outside surface of the 

forging. 

entire lot of forgings. 

boss and near  the open end for  hydrogen analysis. 

shall conform to the requirements of 3.4. 1. 

qualification forging of the fir s t  heat forged. 

Any evidence of non-parallel flow shall be cause for  rejection of the 

The f i r s t  end forging produced shall be sampled in the 

The resul ts  of this tes t  

This forging shal l  be  the center 

3. 5. 3. 1. 2 Microstructural  analysis. Microstructural  analysis of 

each qualification forging shall meet  the requirements of 3. 5. 3.2 or the 

tensile resul ts  of that forging shall be rejected and a new adjacent forging shall 

be qualified in i ts  place. 

3. 5. 3.2 Individual qualification. Each dome forging shal l  be sampled 

in the "as forged" condition from the open end of the forging fo r  metallographic 

examination. 

grain alpha beta micros t ruc ture  with a minimum of 30 percent pr imary  alpha 

phase in the alpha-beta matr ix .  

phase shall be no l a rge r  than 6 a s  measured by ASTM Method No. E19-46. 

Deviations from the forging requirements  shall be cause for  rejection of the 

forging. 

Examination of the prepared sample shall show an  equiaxed fine 

The maximum grain s ize  of the pr imary  alpha 

3. 5. 3. 2. 1 Ultrasonic inspection. Each forging shall  be prepared for 

ultrasonic inspection by contour machining the inside the outside surfaces ,  

except f o r  the boss  a r e a  and end prolongation, to the same wall thickness used 

for  heat qualification (3. 5. 3. 1). 

+O. 030 inch. 

tion shall be accomplished by the 45 degree shear  wave technique as descr ibed 

by MIL-STD-271 for  r ing forgings. 

surface notch 0 .010  inch deep, 0.020 inch wide and 1 . 0  inch long. Any defects 

which exceed one-half the calibration signal height shall be cause for  rejection. 

The maximum thickness tolerance shall be 

The surface finish shall be 125 rms or  bet ter .  Ultrasonic inspec- 

The tes t  unit shall be calibrated to a 

9 
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3. 5. 3.2. 2 Tensile test .  F rom the prolongation a t  the open end of 

each forging, one tensile tes t  specimen shall be prepared af ter  solution heat 

t reatment  of the forging has been accomplished as stated in 3.6. 2. 

specimen shall  be the same s ize  as those used for  forging lot qualification 

(3. 5. 3. 1).  The specimen shall be aged to the STA condition using the aging 

t reatment  determined to meet  the mechanical propert ies  specified in 3.4. 2. 

Tensile testing shall be done a s  described by FED-STD-151. Forgings with 

tensile propert ies  which deviate from 3. 4. 2 shall be subject to rejection. 

The 

3. 5 . 4  Qualification - mounting ring forging. Ring forgings shall 

be qualified as a lot (heat) by preparing four tensile tes t  specimens,  one 

longitudinal and one long t ransverse  f rom two diametrically opposing locations 

f rom a ring forging which has been selected a t  random. 

solution heat-treated and aged as stated in 3. 6.2. 

be the same as used for production units. 

tested a s  specified in FED-STD-151. 

the requirements stated in 3.4. 2 o r  the entire lot of forging shall be subject 

to rejection. 

The forging shall  be 

The aging t reatment  shall 

Specimens shall be prepared and 

The resu l t s  of these tes t s  shall  meet  

3.5.4. 1 Microstructural  inspection. Individual r ing forgings shall  

be qualified by microstructural  examination and ultrasonic inspection. 

forging shall  be sampled for microstructural  examination in the "as forged" 

condition. 

p r imary  alpha phase in an alpha-beta matr ix .  

mitted shall  be 6 a s  measured by ASTM Method No. E19-46. 

Each 

The micros t ruc ture  shall be equiaxed with a minimum of 30 percent 

The maximum grain s ize  per  - 

3. 5.4.2 Ultrasonic inspection. Each forging shall  be ultrasonically 

inspected for  defects by 45 degree shear  wave techniques as specified in 

MIL-STD-271. 

surfaces  smooth and parallel .  

shall  be removed. 

which exceed one-half the signal height produced by a calibration notch 

0.020 inch wide, 0.010 inch deep and 1.0 inch long shall  be cause for  

rejection. 

Forgings shall be prepared for inspection by machining all 

Only enough mater ia l  to clean up the surfaces  

The surface finish shall  not exceed 125 rms. Defects 

10 
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3. 6 Fabrication. The fabrication of the motor case  shall  be in 

accordance with the documents specified in Section 2 herein.  

3. 6. 1 Motor case processing. Processing methods and sequences 

not covered by this specification shall  be established by the contractor.  

Detailed planning sheets shall be submitted to the J P L  cognizant engineer for  

approval pr ior  to s t a r t  of manufacture. 

subject to spot-checking by J P L ,  to a s s u r e  that good engineering] manufactur - 
ing, and quality control pract ices  a r e  being used. 

In addition, the contractor shall be 

3.6.2 Heat treatment.  All forgings (ring and dome) shall be  

solution heat treated as stated in  3. 6. 2. 1 af ter  being machined to the thickness 

specified for ultrasonic inspection (3. 5. 3. 1 and 3. 5.4.2).  

ing and before machining to J P L  Drawings J 390 1790, J 390 1791, J 390 1792, 

J 390 1793 and J 390 1794, the pa r t s  shall  be straightened and stress relieved 

a s  stated in 3. 6. 2. 2. Aging shall  be accomplished af ter  the par t s  a r e  welded 

into the assembly and before final machining. 

(in addition to 3. 5. 3. 2. 2) tensile specimen shall be prepared f rom each dome 

forging and processed through s t r e s s  relieving and aging t reatments  with the 

par t  f rom which i t  was obtained. 

FED-STD-151. 

Any deviations shall be cause for  rejection of the unit. 

solvent degr eased pr ior  to  any heating operation. 

not be used for cleaning par t s  pr ior  to heat treatment.  

After solution t r ea t -  

After solution t reatment]  one 

These shall  be tested as described by 

The resu l t s  shall  conform to the propert ies  stated in 3.4. 2. 

All parts shall  be 

Chlorinated solvents shall  

3. 6.2.  1 Solution treatment.  All par t s  shall  be solution t reated at 
a temperature  between 1600 and 1750°F. 

determined to mee t  the tensile requirements  of 3. 4. 2. 

one hour a t  temperature  and quenched in water. 

t ransfer  between furnace and quench tank shall  be l e s s  than 6 seconds. 

temperature  of the quench water shall  not exceed l O O ' F  at the end of the 

quenching operation. 

minimum diameter. vent hole through the boss. 

The exact temperature  shall  be 

Parts shal l  be held for 

The quench delay t ime for  

The 

Domes shal l  be quenched open end down with a 2 inch 

11 
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3.6.2. 1. 1 Furnace e q u i p m e  Furnaces used for solution heat 

t reatment  shall  be certified to have a maximum temperature  variation in the 

heating zone of *lO"F f rom the se t  point temperature  of the furnace controller.  

Furnaces heated by combustion shall be so  designed that combustion products 

will not enter the heating zone of the furnace o r  a t  no t ime come in contact 

with hot titanium parts .  

ing equipment which provides a permanent record of the heating cycle. The 

temperature  record (or  a copy) of each cycle shall  be identified and supplied 

as a quality control record.  

The furnace shall  be equipped with temperature  record-  

3.6. 2. 2 Aging and s t r e s s  relieving. The aging t reatment  shall be 

determined by tes t  in  conjunction with the solution treating temperature  to 

obtain the propert ies  a s  described in 3.4. 2. 
between 950 and 1150°F. 

shall  be considered a s  par t  of the aging treatment.  

the aging temperature  determined to meet  the property requirements  of 

3 . 4 .  2 and for  one-half the t ime determined. 

temperature  shall be controlled to *1O0F. 

accomplished in an a i r  a tmosphere furnace certified to have a maximum 

temperature  variation in the heating zone of *lO"F f rom the se t  point tempera-  

tu re  of the furnace controller.  Temperature  recording equipment shall  be used 

to provide a permanent record of the temperature  cycle which shall be supplied 

a5 a quality control record.  

The aging temperature  shall  be 

Any s t r e s s  relief t reatment  af ter  solution treating 

S t r e s s  relief shall be a t  

The aging and s t r e s s  relieving 

St ress  relief and aging shall  be 

3. 6. 3 Machining. Planning and inspection procedures  shall  be 

developed for  machining of domes and mounting rings to a s s u r e  that a minimum 

of 0. 10 inch of mater ia l  is removed f rom all surfaces  af ter  solution heat  

treatment.  Machine finish of all pa r t s  shall be 64 r m s  or  better.  

3. 6.4 Welding: All  welding shall  be done by the automatic or 

semi-automatic TIG process  o r  by the electron beam method. 

shall  be done in a rigid chamber capable of maintaining a 99. 9 percent  pure  

iner t  a tmosphere with a dew point of l e s s  than -60°F o r  a vacuum of 10 

All welding 

-4 m m  

12 
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Hg for electron beam welding. 

liquid argon shall  be used. The welding technique shall be in conformance 

with the best  pract ice  used for titanium to avoid intersti t ial  contamination. 

P r i o r  to welding al l  weld tooling shall be approved by the J P L  cognizant 

engineer. 

F o r  a l l  TIC welding, reactor  grade helium or 

3. 6. 4. 1 Prewelding requirements.  P r i o r  to any welding, the 

following steps shall be taken to a s s u r e  conformity of the motor c a s e  welds 

to the requirements of this specification: 

a. The optimum ranges of all welding machine variables 

shall  be determined for each weld s e t  up and recorded. 

The settings will be used on al l  production units to 

maintain the required high standards of weld 

reproducibility . 
b. Employing the optimum setting determined in a. above, 

two simulated production welds for  each type of joint 

shall  be made for testing as described in 4. 3 .  3 .  The 

welds shall  be made  on rings of forged mater ia l  which 

have been machined to simulate the weld joint. 

3. 6.4. 2 Repair welding. Repair welds a r e  not permitted.  

3. 6.4. 3 WeM discontinuities. The mismatch of all mating p a r t s  shall  

be no greater  than 10 percent of the thickness after welding. 

side of the weld shall blend smoothly with the weld bead, without any visible 

contour change o r  m a r k s  f rom weld tooling. 

Material  on either 

3 .  6. 4. 4 Weld dressing. The chamber girth weld shall  have a 

reinforcement on both s ides ,  g rea te r  than 0. 003 inch but l e s s  than 0. 015 inch. 

The mounting ring weld shall have a reinforcement on both sides,  greater  

than 0.006 inch but l e s s  than 0. 030 inch. 

smooth, and of constant width. 

All weld beads shall  be  straight,  

13 
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3.6.4. 5 Cleaning pr ior  to weldinb. All par t s  and filler wire,  i f  used, 

shall  be cleaned by a suitable means to remove all t r aces  of hydrocarbons and 

other foreign mater ia ls .  

foil until assembly. 

white lint f r ee  gloves. 

The clean weld edges shall  be protected with aluminum 

During assembly,  par t s  will be handled only with clean 

3. 6. 5 Electro-chemical etching. After aging, each unit shall  be 

electroetched by the Ti  Bri te  process  to remove 0. 0002 to 0.0003 inch of 

mater ia l  f rom the inside and outside surfaces .  

using an  inside anode shaped to obtained even metal  removal. 

surface conditioning a s  cleaning (i. e. , glass  bead blasting) except for  solvent 

degreasing is required on the outside of the unit. 

Inside etching shall  be  done 

No additional 

3 . 6 .  6 Internal surface conditioning: The ent i re  inter ior  surface 

of each unit shall  be glass  bead blasted to prepare  the surface for  subsequent 

bonding-on of rubber insulation. Bead s ize  and impingement velocity shall  be 

such a s  to provide a mat te  surface texture with a surface finish not exceeding 

64 rms .  

3. 7 Identification. The identification of motor  cases  shal l  be  in 

accordance with J P L  Specification ZPO-20002 -PRS. 

shall  be electroetched on all piece pa r t s  and final assemblies .  

numbers  can be removed during assembly. 

Ser ia l  and pa r t  numbers  

P iece  pa r t  

3.8 Records.  It shal l  be the responsibility of the contractor to prepare  

and maintain all records  necessary  to a s su re  compliance with this specification 

and the applicable drawings. 

These records  shall  include, but shall  not be l imited to, the following: 

A copy of all records  shall  be presented to  JPL. 

a. Mater ia l  certif ications,  

b. Furnace  cycle records.  

c. Forging certifications. 

d. Weld sample qualification reports .  
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e. Fluorescent penetrant inspection reports.  

f. Radiographic inspection repoi ts .  

g. Engineering drawing compliance affidavit, including any 

approved deviations. 

All data obtained under the quality assurance  provisions 

herein.  

h. 

3. 9 Workmanship. Each unit shall be examined to  determine confor- 

mance with this specification, a s  well as the requirements of the applicable 

documents l isted in Section 2 herein,  and to verify that the mater ia ls ,  con- 

struction finish, marking, and identification, a r e  suitable for the purpose 

intended and completed in a thorough and workmanlike manner .  

4. QUALITY ASSURANCE PROVISIONS 

4. 1 Inspection. The inspection by the contractor shall  include such 

visual and mechanical examination and testing of mater ia ls ,  subassemblies,  

and par t s  during the process  of manufacture a s  may be required to a s s u r e  that 

the complete unit will meet  a l l  the requirements of this specification. 

par ts ,  subassemblies,  o r  assemblies  which deviate f rom the requirements of 

the applicable drawings o r  applicable specifications shall be submitted to JPL 

for  acceptance o r  rejection. 

All 

4. 2 Inspection provisions. Final inspection of each subassembly and 

each completed unit will be done in the presence of the JPL source inspector. 

Spot checks will a l so  be made during processing by the JPL source inspector,  

to verify that proper quality assurance  measures  a r e  being taken. 

4.2.1 Dimensidnal inspection records.  Dimensions measured 

during final inspection shall be recorded on the appropriate JPL inspection 

forms. 
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4 . 3  Test  methods and procedures.  

4 . 3 . 1  Fluorescent penetrant inspection. All surfaces  of machined 

par t s  shall  be fluorescent penetrant inspected per  MIL-STD-271, Type 111 or  

Type IV, pr ior  to welding into any assembly. 

a r e a  within two inches of each side of the weld shall  be inspected. 

penetrant inspection of the assembled unit shall be made af ter  heat treating and 

final machining. 

for  rejection. 

In addition, all welds and an  
Final 

Any cracks,  folds, laps ,  o r  seams detected shall  be cause 

4 . 3 . 2  Radiographic inspection. All welds shall be 100 percent  

inspected by radiographic methods in accordance with MIL-STD-27 1. 

ance c r i te r ia  of welds shall be as follows. 

Accept- 

.4. 3 .2 .  1 Chamber girth weld. Chamber girth weld shall  conform to 

the following: 

a. 

b. 

C. 

d. 

All weld defects other than spherical  porosity and 

spherical  inclusions shall  be cause for  rejection. 

Inclusions shall  be judged by the same standards 

as porosity. 

Porosi ty  in excess of 0.010 inch in diameter  shal l  be 

cause for rejection. 

Clusters of porosity, 2 o r  m o r e  pores  spaced closer  

than 4 t imes the maximum adjacent pore  diameter ,  

shall  be rejectable.  

More than 10 pores  in 1.0 inch of weld length shall  be 

rejectable. 

4. 3.2.  2 

the following: 

Mounting ring weld. Mounting ring weld shall  conform to 

a. All weld defects other than spherical  porosity and 

spherical  inclusions shall  be cause for rejection. 

Inclusions shall  be judged by the same standards a s  

porosity. 

I6  
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b. Porosi ty  in excess of 0. 030 inch in diameter  shall be 

cause for  rejection. 

Clusters  of porosity, 2 or m o r e  pores  spaced closer  

than 2 t imes the maximum adjacent pore  diameter  in 

the cluster ,  shall be cause for rejection. 

More than 10 pores  in 1 . 0  inch of weld length shall be 

rejectable. 

c. 

d. 

4 . 3 . 3  Weld qualification. Two (solution treated) weld specimens 
for each joint type shall be made as specified in 3.6.4. 1. 

shall be prepared a t  the beginning of *e production run. 

be aged per  3. 6. 2. 2 ,  radiographed, and penetrant inspected. 

specimen shall be prepared f rom each sample having a 2 inch long by 0 . 5  inch 

wide $age length. The ultimate strength shall  

not be l e s s  than 140,000 psi. Fa i lure  of coupons to meet  this requirement  will 

requi re  investigation to determine the cause and rerunning of the weld 

qualification. 

These specimens 

The specimens shall 

One tensile 

These samples  shall be tested. 

4. 3.3. 1 Micro-hardness  measurement.  A sample shall be prepared 

f rom each weld specimen for  micro-hardness  measurements .  

t r ave r se  with impressions a t  0. 005 inch interval a c r o s s  the weld shall be 

made. 

above the parent  meta l  hardness. 

A hardness  

The hardness  shall be not more  than 30 diamond hardness  numbers  

4 . 3 . 4  Proof testin% Hydrostatic p re s su re  testing shall consis t  

of raising the unit to the proof p re s su re  while simultaneously measuring the 

volume increase  of the unit. 

recording t ransducer  sys tem with an  overal l  system accuracy of 1 . 0  percent. 

Volumetric measurements  can be made  manually by measuring vesse l  d i s -  

placement or liquid pumped in. 

be  within 1.0 percent. 

graph, of p re s su re  versus  volume increase ,  with a t  l eas t  10 data points. 

proof pres su re  cycle shall r a i se  the internal p re s su re  of each motor  case  

P r e s s u r e  shall be measured  by a suitable 

Accuracy of volumetric measurements  shall  

Sufficient data shall be taken during the t e s t  to plot a 

The 
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to 302 *2 psi  and hold a t  p r e s s u r e  for 5 minutes. 

to only one proof t e s t  cycle. 

of pressure  versus  volume, shall be supplied to JPL as par t  of the quality 

control records.  

Each unit shall  be subjected 

A record of the pressure  tes t  cycle and the graph, 

5. PREPARATION FOR DELIVERY 

5. 1 Serializing. Each motor case shall  be assigned a se r i a l  number 

This number shall  be affixed to after being welded into a complete assembly. 

all records pertaining to the motor case.  

5. 2 Packaging. Each motor case shall  be sealed in a plastic bag, 

and packaged in a suitable container which is strong enough to preclude damage 

in  shipment, in accordance with JPL Specification 20064. 

6. NOTES 

6. 1 Intended use. This  motor case is intended for use  as p a r t  of the 

apogee rocket motor for the Advanced Teclinology Satellite. 
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QUALITY ASSURANCE INSTRUCTION 
SATS J P L  SR - 28-3 No. 

P a g e - o j P a g e s  INSPECTION REPORT 

Priirr Number Change Lett,er Description 

3390 1791 Dome, Forward 
?G Nimber Serial Nzmbcr- S u t d i e r  

14.64-91.005 Dim.  

0.Dia. 
1-1 

I 
I 
I- 
I 
I 

I 
I 

7. 4.250 Dia Gage 
Plane I 

8. 6.919f.010 D i m .  I 
Gage ?;me I 

--I- 
I 
I 

13. /1,502.030 D i m .  I 1 ;  1 (STATION #8) 
3.4. Liaez i -  Taper From I .04-&8&j to 

I 
I I !  

Ab\ Dia. Measurement 
Before Welding 

_5_ 

iEQ 

= 

15 .  - 

- - 
16 .  

17.  

18.  

19 .  

- 
- 

- 

20. 

21 I - 
22. 

- 
23. 

24. 

25. 

26. 

27. 

28. 
- 

29. 

30. 
- 

i.__ 

REQUIREMENT 

DETAIL fPW* 1 . 1 1 27 .a. 005 I . D i f  

.48f. 030 D i m .  I 

(STATION #9-#lo) 
Linear  Taper Fro 

I I :  
I . 0 7 2z:ig t h i  c h e  s s 

. 0723&8 th i ckness  I 

I I 
I - I 

.025 Rad. Min. I 
Tangent Poin t  
Blend Smooth 

--L 
I 

.4OOf.OlO Dim.  I 

.63*.030 D i m .  
(Blend any chang 
i n  0.Dia.) 

1 ;118f010 D i m .  

.030*. 003 D i m .  I 

Inspector Date 
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QUALITY ASSURANCE INSTRUCTION 
NO. SATS JPL SR - 28-3 

P a g e - f P a g e  s INSPECTION REPORT 

I I 32.1.033+:00: 'ihicknesls I 

I 33. !2.00*.030 D i m .  I 
I 

I 
I 
I 
I 
I 

(STATION #l3) 
34. L inea r  Taper Prom 

1.033;iii t o  I I 

.028,000 th i ckness  I 

I 
35. I .028+882 - t h i ckness  I 

I 
I36,lE3.'72'7*.005 Dim.  I I 

I 
I 

DETAIL fJC" 
(STATION # l 8 )  

I 37. /L inea r  Taper Fro4 I f  

138./1.50f.030 D i m .  I I ;  
I I 39.1 .12+.030 D i m .  I 

I 
40. .036+88$ t h i ckness  I 

I 
I 41. .030f003 Dim.  I 

I I I  

I 
42. .0572.003 t h i ckn&s  I I 43.~ .O60%010 RZ 

~ ~ 

44. Sharp Edge ( 2  P1 

45. ,Note #I- 

-.II 

NEQ 

==__ 

47. 

48. 

- 
49. 

50 

51 0 

- 

- 

- 
52. 

53. 

54. 
- 

- 

REQUIREMENT 

Contour Same as 
390 1792 

Note #5- 14.00 x 
28-00 e l l i p s e  

/G\ I d e n t i f i c a t i m  

,L&L Pi-Tape 0 .Dia. 
l e s s  th i ckness  

Note #% Contour 
o f  e l l i p s e  w i t h i n  
.010 of t r u e  
shape 

A- .003 l ismabch - 
A- .006 Misrnakch 

I 

;T; 
: I  
: I  

I 
I 
I 
I 
I 

T 
I 
I 
I 
I 
L 

I 
I 

-t- 
I 
I 
1 
4 

I 
I 
1 
I 
I 
I 

-I- 
I 
I 

-4- 
I 
I 

4 
I 
I 
I 

4- 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
A 

Inspector Date 
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CHANGE LETTER PRINT NO. 
J 390 1792 

P.O. NO. SERIAL NO.- 

BAR - 

i 

SUPPLIER: 
PRESSURE SYSTEMS INC. 

COGNIZANT ENGINEER: 
D. KOHORST 

-TAPERED 

-TAPERED 

REF. 

I 

[DATE: 

JP1236OAPR 65 
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-@k x,U L f  1011 l A B O R l l O l 7  

SATS J P L  S R - 2 8 - 3  
INSPECTION REPORT 

20. - 

21. 

9. .125f.010 Rcd. 

f 10. .280f.02.0 Rad. 
I I !  23. 

1 1 (STATION #2) 
k 14. Linear Taper Fro 

QUALITY ASSURANCE INSTRUCTION 
No. 

P a g e _ o f P a g e s  

Description 
I Aft Dome 
r s i p q i y  Pressure Systems., Inc. 

.94f.039 Dim. 

l i  

I 

I 

I 

.040:;883 thickness I 

2.00f.030 Dim. I 

I 

(STATION 7jf13) 
Linear Taper Fro 

4-005 .040,000 to 

I I I  

4- 
I 
I 
1 

Before Welding 
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JPL TECHNICAL MEMORANDUM NO. 33-309 

SATS J P L  SR - 28-3 
INSPECTION REPORT 

1 ~ r i r r r  Ntitnber Change Lef f,er 
; 5390 1792 
1 I 

P O  Number Serial Number 
I Bar- 
E l I I A I  R 
I S E Q  j REQUIREMENT 
i 

I 
1 2 9 .  .12*.030 D i m .  I 

I 

1 I 

130. .03Gf:QQ4 th ickness  I 

1 31.1 Sharp Edge ( 2  Pd)  
I I !  

1 32.l.OG01.010 Rad. 1 
B 3 3 . ,  .030*.003 D i m .  1 1 i- 

I 

I 
I 

134. .0572.002 th ickness  I 

1 3 5 .  Note #l- 163 I 

1 % .  Note #2- Burrs I 

I I 

r- I 

T 
- 3 7 .  Note $4- I n s i d e  

Contour Same AS 

I 

1 
I 
I 

c-- i 1.J390 - -_.__ 1791 --_.- ---. I 
d I 

38.  IXote #5- 1 4 . 0 0  x 
28.00 e l l i p s e  
i n s i d e  sur face  I 

I 
I 

I 
I 

39.  A I d e n t i f i c a t i o n  I 

i-Tape 0 .Dia. I 
Less Thickness I 

I 

! 

I I 1  
I i I -- 

, Reniurks: 

QUALITY ASSURANCE INSTRUCTION 
No. 

P a g e o l P a g e s  

Descriplion 
A f t  Dome 

Supplier 
Pressure Svs tems. Inc  

REQUIREMENT ACTUAL 

I 

;7;; 

& 
: I $  
: I ]  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
IL 

Inspector Daf e 

7 1  
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APPENDIX D 

Chamber Inspection Forms 
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JPL TECHNICAL MEMORANDUM NO. 33-309 

SATS JPL SR - 28-3 
INSPECTION REPORT 

QUALITY ASSURANCE INSTRUCTION 
No. 

P a g e n f P a g e  s 

Print Number I Cbange LetZer I Description 

J.390 1790 
PO Number Serial Nun 

SEQ 1 REQUIREMENT 

6.1 .296*;# Dia.Th I 
I ( 1 6  h o l e s )  

7 .  Within .015 Dia. 
o f  True Position 

.. 

Within .010 Dia. 

----- 

-_ --I- 

_. 
14.112.625 Dia. B.C.  - 
Remarks: 

0 A .003 TIR 
Concentr ic i ty  

2 1 . ~  1 0  A .003 

T~~ 1 c o n c e n t r i c i t y  

I 

DETAIL *B* 
22.1 .02-S0 -. 1 I i !  

27. 24.918f.015 D i m .  

I I 

lnspector Date 

73 



J P L  TECHNICAL MEMORANDUM NO. 33-309 

P- 

P R O P U L S I O N  L l B O B A i O R 1  QUALITY ASSURANCE INSTRUCTION 

SATS J P L  SR - 28-3 No. 

Page INSPECTION REPORT 

REQUIREMENT 

l e n g t h  between 
age! planes 
Ref a allowing 

._ 

33.1 Finish 
--1- ____ 
34.1 4 .250  Dia. Gage 

Plane ----_- _- - - _. ._ --t 
VIEW nAR 

.462 (Ref.) D i m .  

.4372.010 D i m .  

Gage Plane 
- -. - - . 

39. 15'f io (Ty-p.) 

40.  .062+.010 Dim. 
- -  . 

Remarks: 

ACTUAL 

- - - . . . ___ . . .- 

. . -. . . . .. .. . 

T 
L 
. I  
. I  

I 
I 
I 
I 
I 
I 
I 
I 
I 

-t 
I 
I 
I 

--I 
1 
I 
I 
I 

.I 
I 
I 
I 
I 

..L 
I 
I 
I 
I 

-L 
I 
I 
I 
1 
I 
I 
1 .  
I 
I 
I 
I 
I 
I 
I 
I 
I 

-4- 
I 
I 
--t 

I 
I 

7 - 
I 

-4 - 
I 
I 

_ I  
I 
I 
I 

I 

I 

REQUIREMENT 

iEQ I 
.020*.010 Rad. 

.312+.010 Dim.  
- - . 

43.  .030f.090 Relief 
Rad. 

-..___---I 

46. 

47.  

48. 

20°-30* Basic ; 
4 O - O '  Basic ( T y p  
65'-30* Basic 5 
110'-30@ Basic; 
155'-30' Basic ; 

245'-309 Basic ; 
290'-309 Basic ; 
335'-30' Basic. 

281 (Ref . )  Dim. 

,562 (Ref.) D i m .  

20O0-30T Basic j 

- _  ___. . - .. . 

-- 

s, Inc. 

ACTUAL 

..----._--___I_ 

. 

PU 

r5 
& 
: I !  
: I ]  

I 
I 
4-. 

I 
I 
-L. 

I 
I 
I 
I + 
I 
I 

-I-- 
I 
1 
I 

-4- 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

-4 -- 
I 
I 

A- 
I 
I 
-t 

I 
I 
I 
I 

I 
I 
I 
I 
I - r- 
I 
I 

I 
I 
I 
I 
I 

m L m  

- r- 

Inspector Date 
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JPL T E C H N I C A L  M E M O R A N D U M  NO.  33-309 

- 
(1 f R 0 P U L S I O Y  LllORllOlV 

QUALITY ASSURANCE INSTRUCTION 
SATS J P L  SR - 28-3 No. 

P a g e  o f - P a g e s  INSPECTION REPORT 

PO Number 

I ACTUAL 
REQUIREMENT 

Note #4- Combin 
bow and ova l i ty  
,060 max. T I P  
about surface A 
exclusive o f  we 

"50 t~ each si 
of center  g i r t  

4.00 t o  each 
s ide  of cen ter  

_ _  . _ _  _I_.______" _ _ _ _  
Note #S- Max. 
operating press  
270 P.S.P.G.  
proof pressure:  
302 P.S.I.G. 

-_ 

Note #S- Surface 
marked NP s h d  
not be vapor 
blasted 

Diameter and .00 
M a x .  mismatch 
(Ref * )  I 

Remarks: 

!T 
I '  

c l j  
J '  1 
==z== 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

"I - 
I 
I 
I 
I 
I 
I 
I 
-1- 

I 
I 
I 
I 
I 
I .  
I 
I 
I 
! 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- 7- 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

I 

- 

REQUIREMENT 

28.000 (Ref.) I[. 
Dia. Pi-Tape 
a f t e r  machining 

.50 t o  each s i d  
af center  g i r th  

and 
4.00 t o  each 
s i d e  of center  I g i r t h  weld 

28.778 (Ref. ) 
~ v e r a l l  l ength  
(.816 i- 27.500 i 
.462) 

3s 20427-F3-5 
t i ve t  MF 1001-4 
lu t ,  Anchor 

IPL Spec.- SR-28 
Processing GMO 
50369 DTL-B 

_. - _ _ - I _ _ _  

- -  

PUI, Inc.  

ACTUAL 

3 

. .. .. . . . .- .- - ._ 

Al"; 
C I  
C I  

4 1  - 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

IL 

Inspector Date  

7 5  



JPL TECHNICAL MEMORANDUM NO. 33-309 

CONCENTRICITY INSPECTION DATA FORM 
CHAMSER S/N NOZZLE S/N CHAMBER/ NOZZLE S/N 

(REF S O P  218) ( R E F  SOP 219) ( REF SOP 220) 

-A I 

+Y 
I 

-*++Hi+++ + 

t 

+X 

CON CENTRICITY 
INSPECTION POSITION: A- I 

RECORDEDDATA 

- Y  

REMARKS: - 

~ ~~~~ ~~ ~ 

JPL 1949 JUN 44 

INSPECT BY D ATE 
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CONCENTRICITY INSPECTION DATA FORM 
CHAMBER S/N NOZZLE S/N CHAMBER/ NOZZLE S/N 

(REF S O P  218) ( REF SOP 2 2 0 )  ( R E F  SOP 219) 

-At 

\ a 
-* --HtKtKtH- + --tfcHf+Htt +x 

t 
- Y  

CON CENTRICITY 
INSPECTION POSITION: A -&  

REMARKS: 

JPL 1949 JUN 6 4  

INSPECT BY: DATE 
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JPL T E C H N I C A L  M E M O R A N D U M  NO. 33-309 

La AI 

RECORDED DATA 1 

+Y X 

PARALLELISM 
INSPECT I ON POS IT1 ON: 

PER DIVISION 

-Y  X 

JPL 1950 JUN 64 

INSPECTED BY DATE 
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-E- 'I 

PARALLELISM INSPECTION DATA FORM 
CHAMBER S/N NOZZLE S/N CHAMBER/NOZZLE S/N 

(REF SOP 218) (REF SOP 219) (REF SOP 220) 

82 84 

+Y X 

PARALLEL I SM 
IN SPEC TI ON POS IT1 ON: P - L  

PER DIVISION 

- Y  X +Y 

JPL 1950 JUN 64 

INSPECTED BY DATE 

79 


