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FOREWORD

This report summarizes the research activities performed under USAF Contract
No. 04(611)-8176, from April 1, 1962, to July 31, 1963. The research was performed
by Battelle Memorial Institute under the auspices of the Air Force Rocket Propulsion
Laboratory, Air Force Flight Test Center, Edwards Air Force Base, with Lt. P.
Olekszyk and Mr. Roy A. Silver serving as project monitors. The principal investi-
gators were J. W. Adam, J. C. Gerdeen, and B. Goobich, Research Engineers; E. C.
Rodabaugh, Senior Research Engineer; W. A. Spraker, Staff Mechanical Engineer; and
T. M. Trainer, Group Director.
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ABSTRACT

The purpose of this program was to develop a family of improved lightweight
mechanical fittings for service with rockets' fluid systems under stringent environ-
mental and operating conditions. The work consisted of (1) a review of the design and
use of present fittings for missiles, (2) a review of candidate materials for the required
operating conditions, (3) the establishment of recommended classifications for improved
fittings, (4) the development of a design procedure for flanged fittings, and the prepara-
tion of typical designs, and (5) the design, fabrication, and laboratory evaluation of a
1/2~inch threaded fitting. Three major conclusions were drawn from this pyram:

(1) the reconnectable union should be either threaded or flanged; (2) the coniiection be~
tween the tube and the fitting should be a permanent joint made independent of the seal
mechanism or the reconnectable union, and(3) a helium~tight disconnectable fitting which
incorporates a yielding radial seal can be achieved in tubing sizes of l-inch diameter
and less.

The following recommendations were made for future work: (1) the comparative
features of the outward-acting and the inward-acting radial seals should be investigated
further, and the performance of the lightweight 1/2-inch threaded fitting made of
René 41 should be evaluated; (2) a line of threaded René 41 fittings — unions, tees, el-
bows, and crosses — should be designed, fabricated, and evaluated; (3) 1/2-inch threaded
fittings of a low-strength material, probably Type 347 stainless steel, should be de-
signed, fabricated, and evaluated; (4) typical threaded fittings should be designed for
two or three other materials and for a few combinations of likely materials; (5) selection
criteria for threaded fittings should be established.
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DEVELOPMENT OF MECHANICAL FITTINGS

INTRODUCTION

The need to develop reliable lightweight mechanical fittings for service with rocket
and missile fluid systems has become important because of the severe problems of vi-
bration, temperature, and chemical activity encountered in the present missiles, Future
requirements will be even more severe and it is estimated that operating temperatures
may be as high as 3000 F. The fittings currently in general use were developed specifi-
cally for use in aircraft hydraulic systems. Although the original designs have been
significantly upgraded, the present fittings have not proven sufficiently reliable and it is
recognized that a new generation of fittings must be developed. To achieve this end, the
Air Force Rocket Propulsion Laboratory initiated a program whose objectives were
(1) to design, develop, and fabricate a family of lightweight mechanical fittings that could
effectively seal helium, and (2) to provide and prepare specifications, drawings, and test
requirements for the fitting in such manner that military standards may be published.

Because no one connector design can satisfy the requirements of the complete
range of temperatures, pressures, and fluids encountered in advanced missile systems,
a basic requirement of this program was to identify and develop families and classes of
fittings. It was also required that the designs considered should be new and unique where
applicable and not restricted to modifications of present designs. This goal was to be

attained through

(1) Use of new and unique concepts

(2) New methods of joining tubing and fittings

(3) Optimum combination of materials

(4) Effective use of manufacturing techniques.

In performing the required research, Battelle has developed new design proce-
dures and new design concepts. The threaded-fitting concept as demonstrated in the
laboratory promises to be a major contribution to the improvement of threaded fittings.

Because of the general interest of the design community, Rocket Propulsion Laboratories
invites the readers and reviewers of this report to make comments and to assist in fur-

ther advancing the state of the art.

SCOPE AND OBJECTIVES OF PHASES I AND II

Phase I was to consist of an investigation of parameters such that classes and
types of fittings could be chosen and preliminary designs could be initiated. The in-
vestigation was to begin with a literature survey of present technology and a materials
review for determination of the most suitable materials.




Investigations were to be made of (a) satisfactory methods of joining tubing and
fittings, (b) forces required to tighten and seal, (c) effects of thread form on torque
relaxation, (d) effect of thread lubricant on sealing, thread galling, and torque relaxa-
tion, (e) the use of computer techniques to evaluate design criteria, and (f) methods to
alleviate or eliminate the chances of human error in the assembly of fittings.

The preliminary design of proposed connectors was to begin concurrently or on
conclusion of these investigations. A stress analysis was to be made of each type of
fitting. Optimum operational service ranges were to be determined showing crossover
points between threaded and flanged fittings. Maximum strength under operational con-
ditions versus minimum weight was to serve as a major criterion.

Phase II was to consist of the detailed design of a representative fitting as estab-
lished in Phase I, and a laboratory evaluation of its performance capabilities. It was
mutually agreed with the project monitor that the laboratory evaluation would be con-
ducted with a 1/2-in. threaded fitting designed for 2000-psi service with temperature
extremes of =320 F and 600 F. The laboratory tests were to determine proof pressure,
tightening allowance, temperature, repeated assembly, and operational capabilities. In
addition, a section on the design of flanged connections was to be prepared for the Fluid
Component Designers' Handbook being completed by Space Technology Laboratories.

REPORT ORGANIZ ATION

The preparation of this report constituted a considerable problem because of the
large quantity of information that was assembled and created and because of the inter-
relation of many of the design areas. The format finally selected is an arrangement of
subjects such that the reader can best understand the proposed concepts, the detailed
designs, and the laboratory evaluation.

The first part, "Determination of Fitting Classes", outlines the requirements
which determined the selection of candidate fitting materials, details the reasons for
selecting the three recommended materials, and describes how the characteristics of
the three selected fitting materials combined with certain operational and handling re-
quirements define the recommended fitting classes. The fitting classificaticns affect
many of the subsequent design decisions.

The next three parts discuss in detail the design thinking on improved mechanical
fittings. Early in Phase I it was concluded that a reconnectable mechanical fitting could
be made to seal helium satisfactorily only if the seal were not a part of the tubing, as is
the case with the present flared and flareless fittings. The reasons for this conclusion
are given elsewhere in the report. As a result of this decision, the fitting design was
divided into three elements. While these elements were not entirely independent of each
other, their aspects were sufficiently unique that during much of Phase I they were con-
sidered to be separate design problems. The three elements, as shown in Figure 1, are




e [he fitting-to-fitting connection, a reconnectable union in the fitting which
provides the necessary structural integrity

o The tube-to~fitting connection, a permanent transition connection between
the fitting and the piping.

o The seal, a metallic disposable seal independent of the structural connec-
tions except for the seal seating surface.

The design thinking is presented in this report in terms of these individual ele-
ments for two reasons: (1) they provide excellent means of discussing the many design

aspects of the fitting in a systematic manner, and (2) the conclusions and recommenda-
tions concerning each element are different and more easily formulated when considered

independently.
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FIGURE |. DESIGN ELEMENTS OF A TOTAL FITTING

The fitting-to-fitting design is discussed first of the three because it provides the
opportunity also to discuss many of the design problems which affect two or all three ele-
ments. This part also presents recommended design procedures and detailed designs
for flanged and threaded connections. The tube-to-fitting design is discussed next be-
cause many of the loads described for the fitting-to-fitting connection apply also to the
tube-to-fitting problem. Finally, the seal-design discussion is given. While the section
on the seal design is the most important design section, it is presented last because the
sealing problems can best be appreciated and the recommended seal designs best under-
stood after the other aspects of the fitting have been discussed.

The fifth part of the report contains a description of the 1/2-inch threaded fitting
which was fabricated, and the laboratory evaluation of its performance capabilities.

The final part of the body of the report is the "Summary of Recommendations'".
Although many specific conclusions and recommendations are presented in most of the
major sections, the more important ones are summarized at the end of the report for

convenience.

Nine appendixes contain important and pertinent information of two types: (1) in-
formation which is back-up material for discussions in the report body, and (2) selected

detailed information pertaining to the program.
3 and 4
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DETERMINATION OF FITTING CLASSES

To achieve minimum weight in a missile piping system, each fitting and com-
ponent should be designed on the basis of the exact operating requirements for that
particular component. Even if these requirements were known at every point in the
system, such a procedure would be impractical because of the excessive expenditure
of time and money. Fortunately, if the smaller fittings are designed within certain
ranges of selected parameters, the production and logistics problems are reduced con-
siderably, and the weight penalty is small, The most significant parameters considered
in determining the recommended fitting classes were (1) general service requirements,
(2) materials selection, and (3) assembly torque.

General Service Requirements

The general service requirements applicable to missiles' and rockets' fluid sys-
tems are shown in Table 1. It was agreed between Air Force Rocket Propulsion Labora-
tory and Battelle that the problems of developing a satisfactory fitting for up to 1500 F
were sufficiently difficult that the upper design temperature at least for Phase I would be

limited to 1500 F.

TABLE 1. GENERAL SERVICE REQUIREMENTS

Pressure Range, Temperature Range, Dimensional Range,
Service psi ik inches
Propellant 0 to 1,500 ~425 to 200 1to 16
Pneumatic 0 to 2,000 -425 to 200 1/8 to 1
0 to 10,000 -425 to 600
0 to 4,000 -425 to 1500
Hot Gas 0to 1,500 1000 to 3000 lto3

As presented in the table, the breakdown by fluids established natural '"families"
of fittings, However, within each family further classification was necessary. This
was especially true for propellant and hot-gas systems where operating pressures may
be much less than the maximum values stipulated.

Materials Selection

The selection of the fitting materials was determined largely by the mechanical
properties of the materials and by the compatibility of the materials with the fluid
media., In a few cases other considerations, such as machinability, governed. Since
it would be impractical to review all of the candidate materials in detail, the char-
acteristics of the classes of materials that were considered are discussed in general
terms. The selected materials are subsequently described in some detail.
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Materials Considered
General groupings of candidate materials and the major characteristics of the

groups are discussed below.

Low-Density Materials, The low-density materials include the aluminum, mag-
nesium, and titanium alloys, Even though the aluminum and magnesium alloys have a
very low density, the low strengths and their tendency to lose strength drastically as
temperature is increased above about 300 F, make them undesirable. Compatibility
with missile propellants is also a severe limitation,

Titanium, which has good mechanical properties up to about 600 F, is generally
not acceptable for service with oxidizers,

300 Series Stainless Steels., The 300 series stainless steels are easy to machine
and fabricate, and are almost universally compatible with the fluids considered, How-
ever, because of their relatively low yield strength-to~density ratio it is not possible to
design a lightweight fitting which can satisfy the operational limits specified in Table 1.
Strength can be increased to some degree by cold working, but this increase is marginal
when the final strength is compared with that of the age-hardenable stainless steels and
other alloys discussed below, At temperature conditions exceeding 1000 F, the 300
series alloys are too sensitive to creep to be practical for this application,

400 Series Stainless Steels, The 400 series stainless steels have a good combina-
tion of physical properties over the temperature range of interest, They are easily
fabricated, and are available in production quantities, However, the heat treatment
required includes an oil or water quench, or at least a rapid cool, from temperatures
of 1760 to 1850 F, This procedure caus=s distortions in the fitting that could be detri-

mental to the sealing surface,

High-Strength Tool Steels. The high-strength tool steels of the H-11 type, such as
Potomac M, are difficult to weld and have poor corrosion resistance. Hence, they are

not considered candidate materials,

Maraging Steels. The 18Ni~-Co-Mo maraging steels possess extremely high
strengths, However, these steels are still under development., Most work to date has
emphasized ambient applications, and no compatability data are available, Also, be-
cause they are new, their availability is limited, For these reasons, they have not

been considered further,

Nickel- and Cobalt-Base Metals. This category includes materials such as
Haynes 25, Inconel X", and René 41, all of which are considered possible choices,
Of this group, Rene 41 has the best combination of properties over the temperature

range of interest,

Ape-Hardenable Stainless Steels., The precipitation-hardenable stainless steels
include 17-7PH, PH 15-7 Mo, AM-350, 17-4PH, AM-355, and A-286. Of these,
17-7PH, PH 15-7 Mo, and AM-350 are not available as bar stock or plate and hence
17-4PH, AM-355, and A-286 are available as plate and bar stock,

cannot be considered,
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One important characteristic for design purposes is a low thermal expansion.
Because of the martensitic structure of 17-4PH and AM-355 in the hardened condition,
their coeificient of thermal expansion is approximately 60 per cent of the coefficient of
the austenitic types such as A-286, 17-10P, and HNM,

The high strength/density ratio available over the temperature span of interest
and the extensive experience developed by the aircraft and missile industries in the use
of 17-4PH and AM=-355 also help to make these alloys good choices.

Refractory Metals., Refractory metals such as tungsten, molybdenum, and tanta-
lum are brittle, heavy, and hard to fabricate, Even so, the refractory metals are the
best metals available for use at 1800 to 3000 F, However, they must be coated for
oxidation and embrittlement protection. Except for applications at extremely high tem-
peratures, they donot appear as promising as the other materials listed above,

Materials Selected

The three materials chosen as being most applicable are Reneé 41, AM-355, and
17-4PH. Although there are a few fluids with which these materials are not compatible,
they are considered to have the best combination of properties over the temperature
range considered. They are produced by several companies; availability is not a prob-
lem. Considerable interest in these materials by the aircraft and missile industries in
the last few years has resulted in much experience and data that can be used for design

purposes.

These materials are harder to weld and fabricate than the 300 series stainless
steels, but several companies are presently developing acceptable welding procedures.

Mechanical Properties

Materials used in mechanical fittings should have (1) a high yield strength-to-
density ratio as a function of temperature, (2) creep resistance at elevated temperatures,
and (3) low notch-sensitivity at cryogenic temperatures. In general, the yield strength,
tensile strength, and elastic modulus of a given alloy decrease as temperature increases,
As the temperature decreases, these properties increase, but the ductility and fracture

toughness tend to decrease,

Yield Strength-to~Density Ratio. When weight is important, the yield strength-to-
density ratio versus temperature curve is a major design criterion. Figure 2 shows
these curves for the materials selected., Also, curves for some of the other materials

considered are included for comparison,

The effect of the strength-to~density ratios on fitting weight can be illustrated by a
simple example in which bending loads are not considered. If it is assumed that a mis-
sile contains 300 fittings having an average weight of 1 pound each when made from
A-286, the total weight per missile would be 300 pounds. As shown in Figure 2, the
yield-strength-to-density ratio at 200 F for Inconel "X", A-286, Rene 41, and 17-4PH is
3.2, 4.1, 4.7, and 5,8 x 105 respectively. Fabricating the 300 fittings from Inconel "X"



would increase the total weight to 383 pounds. When fabricated from Rene 41 and 17-4PH
the total weight would decrease to 262 and 212 pounds respectively. The total fitting
weight therefore could be reduced by more than 29 per cent if 17-4 PH were used instead
of A-286. At hightemperatures, above 800 F, the comparison of yield strength-to-
density ratio is also important even though the strength of materials decreases markedly
as temperature increases, because the change is different for each metal,

Creep. Although the creep rate of metals is generally disregarded at temperatures
less than 800 F, it increases rapidly as temperatures exceed 800 F, For most materials
there is some temperature at which the creep resistance or stress-to-rupture strength
becomes less than the tensile yield strength, and hence the creep resistance rather than
the yield strength must be used as the design basis,

Because the factors governing tubing design in a fluid system also are major
factors governing the design of a fitting for that system, the time and temperature
dependency of the fitting weight can be illustrated by considering the time and tempera-
ture dependency of the tubing, The curve in Figure 3, tube we1ght versus temperature,
is based on a 2~inch length of 2~inch outside-diameter tube of Rene 41 for a pressure of
1500 psi and a life of 1000 hours. The creep strength for René 41 becomes the con-
trolling strength factor at about 1100 F, as evidenced by the change in slope, The curve
in Figure 4 repre sents tube weight versus time for a 2-inch length of 2-inch outside
diameter tubing of Rent 41 for a pressure of 1500 psi and a temperature of 1500 F.
From these curves it is apparent that either a decrease in temperature or a decrease
in service-life requirement would result in a significant weight saving. Thus, it is
important that the expected service temperature and desired life be known to achieve

an optimum design.

Creep and stress-to-rupture data at elevated temperatures are commonly avail-
able for all of the materials listed in the preceding section, The two best materials are
René 41 and Inconel "X"., AM-355 and 17-4PH are likely to become embrittled when
kept at temperatures above 700 F and hence should be restricted to 600 F service for

missile fittings.

Notch Sensitivity, At cryogenic temperatures, one of the most important con-
siderations is the materialls fracture toughness or its ability to fail in a ductile manner
when notches are present. This property, which can be measured by impact tests or by
center-notch tensile tests, decreases rapidly with decreasing temperatures.

Because of the high stress levels dictated when designing for minimum weight,
and because of the importance of fracture toughness, the effects of intrinsic defects
(flaws, inclusions) and manufacturing defects (surface scratches, designed notches,
welds) must be considered at cryogenic temperatures, even though such imperfections
do not cause problems at "normal' temperatures. An Air Force technical manual(l)*
states that "metals with a minimum impact resistance of 15 ft-1b Charpy keyhole notch,
or 18 ft-1b Izod V-notch are generally suitable for cryogenic service'. However, there
are many versions of impact tests; specifications have not been established to govern
the evaluation at cryogenic temperatures, and minimum acceptable values have not been

established for each of the various tests,

*References are listed on page 22,
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The notched/unnotched tensile ratio-vs. -temperature curves given in Figure 5
show a sharp decrease in the notched/unnotched ratio below -100 F for AM-355 as com-
pared to an almost constant value for René 41. The tendency for the notched-unnotched
tensile ratio to drop rapidly as temperatures are decreased is typical for martensitic
materials. It appears on the basis of available data that this is true of 17-4PH as well,
On the basis of this curve, and because there is a lack of definitive data specifying
minimum acceptable values, the lower service temperature for AM-355 and for the
comparable material 17-4PH has been set at ~100 F,

Fluid Compatibility

The fluids considered in this program and their useful temperature ranges are
shown in Figure 6, As shown by Figure 6, the fluids could be divided into two groups on
the basis of minimum service temperature. It was noted that the lower temperature ex-
treme for Group A was approximately equal to the lower design-temperature (-100 F)

limit for AM-355 and 17-4PH.

A summary of the compatibility data found for the compatibility of AM-355,
17-4PH, and Rene 41 with the fluids is given in Table 2. Compatibility data for these
three materials with propellants are generally scarce and are nonexistent for some
combinations. Also, many of the available data are contradictory. Therefore, esti-
mates of the compatibility with some fluids have been extrapolated on the basis of data
for other materials with similar chemical compositions. The following conclusions can

be made on the basis of the data in Table 2:

(1) AM-355 is acceptable for general service with the majority of fluids,

(2) 17-4PH is acceptable for general service with the majority of fluids.
It is unsatisfactory for use with hydrazine and MMH at all temperatures.

(3) Rene 41 is acceptable for general service with the exception that no
data were found for hydrazine, 50 UDMH/50 hydrazine mixtures, and
MMH. It is unsatisfactory for use with hydrogen peroxide.

Other data collected during the program indicate that the 18-8 type stainless steels
are possible materials of construction for use with UDMH, UDMH/hydrazine mixtures,

MMH, and hydrogen peroxide, as are many of the aluminum alloys.

Conclusions

Three materials were selected for minimum-weight fittings. René 41 can be used
for the entire temperature range, -423 to +1500 F, whereas AM-355 and 17-4PH are
restricted to the limits of -100 and 600 F, Within the narrower range, use of AM-355
or 17-4PH would result in a lighter fitting than would use of René 41, Also, both AM-355
and 17-4PH are more readily available and cost less than Rene 41. Although Type 347
stainless steel is widely used in this limited temperature range, a comparison of the
yield strength-to-density ratio of Type 347 with that of AM-355 or 17-4PH (Figure 2)
shows that a weight penalty might result if it were used. It is recognized that Type 347
is more readily available, is more easily machined, and has excellent compatibility,
However minimum weight is considered to be a more critical selection criterion when
desipgning for missile applications. Therefore, when considering the choice of materials
three temperature service ranges are identifiable and three materials appear to be the

hest choice for these temperature ranges:
13
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