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INTRODUCTION

When designing cannon systems, the durability (fatigue) life of the cannon tube must be measured
(ref 1). Requirements state that the fatigue test must be performed in the open-ended condition. Since cannon
tubes have relatively large bore diameters and are tested at pressures as high as 100 Kisi, significant end loads are
produced. Historically, two methods of reacting these end loads have been used: a large capacity press
(Figure 1) or a mandrel (Figure 2).

The mandrel method utilizes a large solid steel bar that passes through the center of the test specimen.
Sealing closures are then slid over cach end of the mandrel and into the gap between the mandrel and the
specimen. The ends of the mandrel are threaded so that large nuts can secure the sealing closures in piace.
High pressure fluid is pumped through a small, angled porthole in the mandrel. The fluid enters the test
specimen from the mandrel at a point between the two sealing closures. With this scheme, the only end loads
reacted by the mandrel are those generated by the pressure acting on the sealing area between the mandrel and
the test specimen. This relatively small axial loed is combined with external compressive loads as a result of the
pressurized fuid between the test specimen and the mandrel. These combined loads coupled with stress
concentration factors associated with the fluid exit port resuit in a very short mandrel fatigue life.

The press method allows the end loads to be reacted from outside of the test specimen. The magnitude
of this end load is quite high since the test pressure acts on the eatire cross-sectional area of the sealing closure.
These end loads can be as high as 3000 kips. It is difficult to design and build a compact press that will
survive extended cyclic loading at these loading levels. Increasing the fatigue strength of the press is possible by
preloading the posts in 2 manner similar to preloading a bolt. In this report, we will demonstrate the design

method used to develop a compact, high capacity, fatigue-resistant press rated for continuous service at 3000
kips. Of particular interest, is the innovative method used to prefoad the press posts.

DESIGN METHODOLOGY

The objective was to design a press with a life of 1,000,000 cycles at a maximum externally applied
load of 3000 kips with a minimum safety factor of 2.0. The material to be used was restricted to the available
materiais for cost and convenience considerations. The top and bottom platens from existing non-preloaded
presses were to be utilized. The press was 10 accommodaie test specimens as long as 65 inches. Previous
studies (ref 2) have shown that the likely fatigue failure location on presses used to react end loads is the press
post. The thrust of this study was to design press posts that will survive the design requirements stated above.
To meet these requirements, a design similar to the design shown in Figure 1 was used. Namely, there is a top
and bottom platen connected by two posts. Since the new press was to be preloaded, it became evident that
platen adjustability, with regard to specimen size, would have to be omitted. Once again, the bulk of the design
was to determine the conditions under which two posts of approximately 7-inch diameter subjected to cyclic
loading ranging from z¢éro to 3000 kips could survive 1,000,000 cycles.

BASIC CONCEPT

The platens of the preloaded press are held in place by threaded nuts. The mating threads on the posts
produce stress concentration factors that are the source of fatigue crack initiation and failure. To design a
fastener connection that eliminates this stress concentration is beyond the scope of this work. The preloading of
boits has been a long-standing technique in extending the life of a threaded connection (ref 3). This method can
be applied to the press with some small modifications. By placing a large washer or compression sieeve around
the posts between the two platens, each post can be preloaded to a specific value. This preload reduces the
damaging cffects of large alternating stresses, S, (also known as stress amplitude). Figures 3a, 3b, and 3c
illustrate the advantages of reducing the alternating stresses. A preloaded press arrangement is shown in
Figure 4.
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The materials used to construct the structural components of the press are described with their
mechanical properties in Table 1. Each platen is 17 inches high, 16 inches deep, and 48 inches wide. Two
holes large enough for the press posts to pass through are machined symmetrically at each end. The
compression sleeves are 65 inches long with an inner diameter (ID) of 8 inches and an outer diameter (OD) of
12 inches. The nuts have an ID of 7 inches and an OD of 13 inches. The posts are 115 inches long with an OD
of 7 inches. The posts were threaded approximately 11 inches from each end. The threads used were
7-4UNRC-2A, with 0.027 inch minimum root radius. After machining and heat treating, the threads on the posts
and the nuts were shot peened with 0.008 diameter shot to 0.012A intensity and 100 percent coverage. Other
stress-reducing features were applied to the post and the nut. Each end of the posts received slight undercuts
before the first thread, and each nut had a tapered nose (Figure 5). These two features help reduce the stresses
at the first loaded thread (ref 3).

It is important t0 noto that the use of marage maserial is not intended to imply that such material be
incorporated into the ASME Pressure Vessel and Piping Code for High Pressure Vessels (Sect. VIII, Div. 3).
The use of this material was an attempt to utilize a high-strength material with a high endurance limit, while
minimizing the size of the components. The authors are aware of numerous problems associated with the use of
this maserial in similar applications, including notch sensitivity and susceptibility to stress corrosion cracking. Its
toughness limitations were also considered. We have addressed these problems by incorporating several
safeguards into the press. Shot peening the threads will reduce the possibility of stress corrosion cracking by
placing those areas most likely to initiste stress corrosion cracks in a state of compressive residual stress. Each
post and sieeve was instrumented at the time of construction and continues to be monitored for residual stress,
Should loss of residual stress be observed (indicating the presence of cracks), use of the press will be halted. A
nondestructive inspection procedure applied at regular intervals is in effect. Onc. the presence of cracks is
noted, the press will be removed from service. Wenﬁc:pemmemmnmmmdwgnhfe,bm
consider the incorporation of these safeguards as prudent.

FATIGUE LIFE PREDICTION METHOD

With preioaded connections, the tensile preloaded component is loaded such that it has a tensile
minimum stress, and the compressively loaded part has a compressive minimum stress. When the cyclic load is
applied, the compressive residual stresses in the compressively loaded part must be overcome before substantiaily
increasing the tensile stress on the component with tensile residual stress. Therefore, the effect of the preload is
t0 increase the mean stress on the tensile loaded component and reduce its stress amplitude during cycling.
Many methods of analysis have been developed for determining the effect of tensile mean stress on the fatigue
pesformance of components. The most commonly applied method is the Goodman approach, aithough success
has been demonstrated by using the Gerber and Soderberg approaches (ref 4).

The most conservative of these methods is the Soderberg approach. With this method, it is assumed
that the locus of points, which describes those combinations of mean stress, S,,, and stress amplitude, S,,
resulting in the same fatigue life, is a straight line on a plot of stress amplitude on the ordinate and mean stress
on the abscissa. For a life of 1,000,000 cycles, the Soderberg line intersects the alternating stress axis at the
endurance limit of the material, S,, and intersects the mean stress axis at the yield strength, Sy, of the material.
Combinations of mean stress and alternating stress that fall to the right and above the line will have lives shorter
than 1,000,000 cycles, while combinations of mean stress and alternating stress left and below the line will have
lives longer than 1,000,000 cycles. Figure 6 shows the Soderberg line for a material with an endurance limit of
100 Ksi and a yield strength of 237 Ksi. Also plotted in the figure are a short-life condition (above the line) and
a long-life condition (below the line).
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When determining the fatigue life of components that possess stress concentrations, the Soderberg line
must be slightly altered. Instead of drawing the Soderberg line from the yield point on the mean stress axis to
the endurance limit on the altermating stress axis, the line is drawn from the yield point on the mean stress axis
to a value representing the endurance limit divided by the stress concentration factor on the alternating stress axis
(Figure 7). The stress concentration factor, Ky, or in this case, the fatigue strength reduction factor due to cut
threads, is commonly accepted as 3.8 (ref 5).

The design requirement of a minimum safety factor of 2.0 must be accounted for. This requirement is
met when the plot of mean stress and stress amplitude falls below the line that intersects the ordinate at the
endurance limit divided by twice the fatigue strength reduction factor and the abscissa at haif the yield strength
(Figure 8). By using a known formula for the safety factor as applied to the Soderberg criteria, these
intersection points can be caiculated for FS=2 as (ref 4)

SyFS = Sy + KeSxS+/Se

We have now defined the area within which any combination of mean stress and stress amplitude will
yield a fatigne life equal to or greater than 1,000,000 cycles at a load of 3000 kips and with a minimum safety
factor of 2.0.

FATIGUE LIFE CALCULATIONS

To determine the life of the press posts in a non-preloaded and a preloaded press, the stresses produced
during operation must be determined. The stresses in the posts are the normal tensile stresses necessary to react
the end loads, and the bending loads developed to accommodate the deformation of the platens. The normal
tensile stress produced is the end load produced during testing divided by the area of the two press posts. The
bending stresses are calculased as follows,

The platen is loaded as a beam with the total end load acting at its mid-span and supported by the two
posts. Assuming the platen to be a simply-supported beam, the angle through which the post reaction points
must rotate is givea by the equation (ref 6)

m:
@~ fouT

where © is the angle of rotation, W is the total load (3000 kips), 1 is the support span, E is the modulus of
elasticity (29,000 Ksi), and I is the moment of inertia. The platen is a solid rectangular biock 16 inches deep
and 17 inches high with a support span between the two press posts of 32 inches. To be conservative, the
moment of inertia was calculated at the cross section where the posts pass through the platen. Using well-known
formulae (ref 7), the value of I is

I= 2-1"23 = 3275 in.*

Substituting these values into the above equation, we find

© = 6,74 x 10* radians
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Both platens rotate through this angle at the points where the posts pass through them. This bends the
posts through the same angle. Since this is a pure bending load, the resuiting radius of curvature of the post is
(ref 6)

- L
R~3%

where L is the length of the post and 20 is the double angic produced when both platens deflect under load.
The effective length of the press post for this calculation is the distance between the platens (65 inches).
Substituting thess values, we find that the radius of curvature of each press post is 48,234 inches. From basic
bending theory (ref 8), the bending stress, S,, produced by this deformation is

whueDudndmnoﬂhepmspoaamhu) Substituting into this equation, we find that the bending
stress produced is 2.1 Ksi.

Rewrning 10 the calculations for normal stress, the tensile stress area (ref 9) of a 7.00-4UNR-2A thread
is 35.7 in. From this value we must subtract 0.44 in.? because there is a 0.75-in. diameter hole in the center of
each press post. mmhmmmuwummmm The resalting
mmmuss.zsn. Assuming symmetrical loading between the two posts, cach post supports 1500

kips, producing & normal stress of 42.54 Ksi. The total maximum stress produced in each post is the
mammmmma«am The mean stress is then equal to the average of
the maximum and minimum stresses or 22.32 Ksi. The stress amplitde is also 22.32 Ksi (see Figure 3a). This
point is plotted in Figure 9 and clearly falls to the right and above the Soderberg line representing a safety factor
of 2.0. The calculated safety factor for this combination of mean stress and aliernating stress is 1.06. Therefore,
the use of a threaded press post without preloading will result in a fatigue life that does not meet the safety
requirements stated in the original objective.

When determining the appropriate amount of preload, an amount must be used to prevent separation of
any of the components in the load train. Should the compression sleeve lose all of its compressive loading, the
benefits of preloading the post will be lost. The minimum preload to prevent loss of compression in the
compression sleeve is (ref 10)

where k, is the stiffness of the compression sleeve (28,032 kipa/in.), k, is the stiffness of the platen (177,000
kips/in.), k. is the combined stiffness of the parts under compression (24,199 kips/in.), k, is the stiffness of the
posts (10,458 kipe/in.), and Py is the maximum externally apolied load to each post (1500 kips). Substituting,
we find that the minimum preload is F, = 1047 kips.




This is the theoretical minimum preload value. To insure that there is no loss of compression of the
compression sleeve, a preload of 1200 kips was used. Now we must use this value to determine the cyclic
forces and stresses in the preloaded post using the following formulae. The maximum force applied to the post
is (ref 4)

Fuax = (/(ky + ko)) X Pygpx + F,
Fuux = 1652 kips

With F, and Fyx as the minimum and maximum applied post-loads during the fatigue cycle, we can
determine the mean load and load amplitude and subsequently, the mean stress and stress ampliuxie. Using the
tensile stress area and bending stress found earlier, the mean stress on the preloaded post is 40.8 Ksi and the
stress amplitude on the preloaded post is 6.76 Ksi. This point is plotted in Figure 9 and clearly falls to the left
and below the Soderberg line for FS=2. The calculated safety factor is 2.33.

We are now assured (0 have a life in excess of 1,000,000 cycles. Not included in this quantitative
analysis are the benefits from shot peening, as well as the other stress-reducing geometric features listed eartier.

APPLICATION OF PRELOAD

The necessary preload was applied in the following manner. The total elongation of the press post to
achieve a preload of 1,200,000 pounds equals the elongation of the post plus the compression of the sleeve and
the compression of both platens

Sr=B+ 8+ 2%y

where § = FL/AE; L = length of component in question; A is the ares of the component in question; and E is
the elastic modulus of the component in question. Substituting, we have 3, = 0.1097 in., §; = 0.0428 in., 5y =
0.0068 in., and 3, = 0.1661 in.

To produce a deflection of 0.1661 in., a nut of pitch 0.250 in. must be tumed 0.1661/0.250 or 0.664
revolution or 239 degrees. The torques required to produce this deflection are beyond the means of production
at our facility. To overcome this shortfall, the following procedure was used.

The press was assembled and the nuts were mechanically torqued to 600 ft-1bs to assure a uniform
initial condition. Four heating elements, approximately 0.750 inch in diameter and 36 inches long, were placed
in holes drilled down the center of each press post (Figure 10). One heating element was inserted in each end of
each post. The heating elements provided a total of 22,000 watts of power and a watt density of 78 watts/in.%.
Sufficient heat was applied to thermally expand the posts, allowing 239 degrees of nut rotation. Once this nut
rotation was achieved, the press was allowed to cool. The siceves prevented the posts from returning to their
original length, thus applying the preload. Monitoring methods were used to ensure that the preload was actually
applied. The sieeve and posts were instrumented at the time of assembly. Strain gages were applied and
residual stresses were measured. The results of these measurements suggested that sufficient preload had been
applied.

The minimum increase in post-temperature required to produce the preload is calculated as (ref 11)
dT = §,/(La)
where « is the linear coefficient of thermal expansion or 5.82 E-6 in/F at S00°F. Substituting, we find that the

temperature increase necessary is 293°F. This temperature rise will not result in any adverse effect on any
material component used to construct the press.




CONCLUSIONS

It has been shown that inducing a preload in the threaded posts of a high capacity press significantly
increases the life of the connection. The application of this preload will alleviate the failures of test fixturing
associased with the testing of open-ended cylinders subjected to0 high pressure cyclic loading. The press was
constructed utilizing high-strength materials for convenience. Although there are potential problems associated
with the use of such maserials, when appropriate care is taken in monitoring the performance of the assembled
press, we are convinced that long life and safe operation is possible with this construction method.
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MATERIAL PROPERTIES

COMPONENT MATERIAL 2% YIELD ENDURANCE
STR (ksi) LIMIT (ksi)
Platens AISI 4140 80 {(min} 42
Sleeves A519 95 (min) 62
Nuts A723 140 (min) 72
Posts Marage Stl 237 100
Grade C250

Table 1
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TECHNICAL REPORT INTERNAL DISTRIBUTION LIST

NO. OF

CHIEF, DEVELOPMENT ENGINEERING DIVISION
ATTN: SMCAR-CCB-DA
-DC
-DI
DR
-DS (SYSTEMS)

CHIEF, ENGINEERING DIVISION
ATTIN: SMCAR-CCB-S
-SD
-SE

et b b b e

Pt b

CHIEF, RESEARCH DIVISION
ATTN: SMCAR-CCB-R

-RA

-RE

-RM

-RP

-RT

et b e = D)

TECHNICAL LIBRARY
ATTN: SMCAR-CCB-TL 5

TECHNICAL PUBLICATIONS & EDITING SECTION
ATTN: SMCAR-CCB-TL 3

OPERATIONS DIRECTORATE
ATTN: SMCWV-ODP-P 1

DIRECTOR, PROCUREMENT & CONTRACTING DIRECTORATE
ATTN: SMCWV-PP 1

DIRECTOR, PRODUCT ASSURANCE & TEST DIRECTORATE
ATTN: SMCWV-QA 1

NOTE: PLEASE NOTIFY DIRECTOR, BENET LABORATORIES, ATTN: SMCAR-CCB-TL OF ADDRESS CHANGES.




TRCHNICAL REPORT EXTERNAL DISTRIBUTION LIST

'NO. OF
COPIES

ASST SEC OF THE ARMY

RESEARCH AND DEVELOPMENT

ATTN: DEPT FOR SCI AND TECH 1
THE PENTAGON

WASHINGTON, D.C. 20310-0103

ADMINISTRATOR

DEFENSE TECHNICAL INFO CENTER 12
ATTIN: DTIC-FDAC

CAMERON STATION

-‘ALEXANDRIA, VA 22304-6145

COMMANDER

U.S. ARMY ARDEC

ATTN: SMCAR-AEE
SMCAR-AES, BLDG. 321
SMCAR-AET-O, BLDG. 35IN
SMCAR-CC
SMCAR-FSA
SMCAR-FSM-E
SMCAR-FSS-D, BLDG. %4
SMCAR-IML-L, (STINFO) BLDG. 59

PICATINNY ARSENAL, NJ 07806-5000

DD b put ved pumd et b peed

DIRECTOR

U.S. ARMY RESEARCH LABORATORY

ATTN: AMSRL-DD-T, BLDG. 305 1

ABERDEEN PROVING GROUND, MD
21005-5066

DIRECTOR

U.S. ARMY RESEARCH LABORATORY

ATTN: AMSRL-WT-PD (DR. B. BURNS)

ABERDEEN PROVING GROUND, MD
21005-5066

[

DIRECTOR
U.S. MATERIEL SYSTEMS ANALYSIS ACTV
ATTN: AMXSY-MP 1

ABERDEEN PROVING GROUND, MD
21005-5071

NO. OF

COMMANDER

ROCK ISLAND ARSENAL

ATTN: SMCRI-ENM 1
ROCK ISLAND, IL 61299-5000

MIAC/CINDAS

PURDUE UNIVERSITY

P.O. BOX 2634 1
WEST LAFAYETTE, IN 47906

COMMANDER

U.S. ARMY TANK-AUTMV R&D COMMAND
ATTN: AMSTA-DDL (TECH LIBRARY) 1
WARREN, MI 48397-5000

COMMANDER

U.S. MILITARY ACADEMY

ATTN: DEPARTMENT OF MECHANICS 1
WEST POINT, NY 10966-1792

U.S. ARMY MISSILE COMMAND
REDSTONE SCIENTIFIC INFO CENTER 2
ATTN: DOCUMENTS SECTION, BLDG. 4484
REDSTONE ARSENAL, AL 35898-5241

COMMANDER

U.S. ARMY FOREIGN SCI & TECH CENTER
ATTN: DRXST-SD 1
220 7TH STREET, N.E.

CHARLOTTESVILLE, VA 22901

COMMANDER

U.S. ARMY LABCOM

MATERIALS TECHNOLOGY LABORATORY
ATTN: SLCMT-IML (TECH LIBRARY) 2
WATERTOWN, MA 02172-0001

COMMANDER

U.S. ARMY LABCOM, ISA

ATTN: SLCIS-IM-TL 1
2800 POWER MILL ROAD

ADELPHI, MD 20783-1145

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING CENTER, U.S.
ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL, WATERVLIET, NY 121894050 OF ADDRESS CHANGES.
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TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

o NO.OF . NO. OF
, COPIES COPIES
* COMMANDER COMMANDER
U.S. ARMY RESEARCH OFFICE AIR FORCE ARMAMENT LABORATORY
ATTN: CHIEF, IPO 1 ATTN: AFATL/MN 1
P.O. BOX 12211 EGLIN AFB, FL 32542-5434
RESEARCH TRIANGLE PARK, NC 27709-2211
COMMANDER
DIRECTOR AIR FORCE ARMAMENT LABORATORY
U.S. NAVAL RESEARCH LABORATORY ATTN: AFATL/MNF 1
ATTN: MATERIALS SCI & TECH DIV 1 EGLIN AFB, FL 32542-5434

CODE 26-27 (DOC LIBRARY) 1
WASHINGTON, D.C. 20375

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING CENTER, US.
. ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL, WATERVLIET, NY 12189-4050 OF ADDRESS
CHANGES.




