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TITLE

Progressive Stress Damage and Strength

of Centrifugally Cast, Coldworked Gun Tubes

OBJRCT

1, To determine the resistance to progreseive stress damage of
centrifugally cast, coldworked, production gun tubes bv evaluating the
effect of the following Zactors upon the 1ife of cannon ssctions when
subjected to rspoated applications of high hydraulic oressure:

Yield strength before coldwork in the range 25,000 to 150,000 pei
Percent of coldwork ranging from 0 to 6.0
¥all ratio in the range 1.2 to 1.8

. Rifling, using smooth bore, "Rib® rifling and "French® rifling
, Proof-firing

[ B~ R

2. To determine the strength of such annon sections which had wvarious

arounts of metal removed by machining from the outside surface after coldwork-
ing and rifling.

3. To arrange the results so that enginsers may incorporate progressive
stress damage in desigu of cannon tubes,

L, To determine the elastic modulus of the coldworked mestal.

5. To evaluate the sgsignificance of the crack system developed in the
test sections by the hydraulic fatigue test.
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Test seciions were machiued from THam. and TOmm. gua tubes which wers
centrifugnally cast and coldworked at ¥atertown Arsenal., Thegs sections
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were subjected to hyvdrauvlic fatigue tests in which the internal pressure
ranged from 13,275 psi to 61,500 psi, and the life ranged from 300 cycles
to 20,000 cycles. It was found that, 3

Ca ane Yy n LIRS

1. In connection with resistance to progreesive stress damage,

a. the 1lile was lineally proportional ., the vield strength
of the steel as measured before coldwork in the range tested which wae
€5,000 to 150,000 p=i,

b. coldworking improved the resistance to progressive siress
damage as compared with noncoldworked gun tubes; the minimum improvement
wag at least 35 percent in the worat case of high atrength steel which was
coldvorked an insufficient amourt to cause yielding throughout the wall
thickness; coldworked to strength centrifugal castings were consistently VZ/
superior to heat-treated-to-strength forgings in resistance to progressive
atress damage,

c. @ap the wvall ratio increased the equivalent unijaxial siress ws
decreased for the same internal preasure and life was improved; the "maximum
strees® criterion for calculating the equivalent uniaxial stroes gave the
least dispersion in the data,

4., when compared with smooth bors tubes the life concentration
factor due to "French® rifling in these coldworked tudes was found to be
1 (no concentration effect) and that due to "Rid" rifling was found to be
2, thege factors deing approximately half those observed in heat-treated-to-
strength %ubes.

e. Proof-firing did not rmeasuradbly affect the performance of test
cylinders in the hydraulic fatigue tests. However, a single cycle of high
pressure was found to be beneficiul, although the degree of improvement was
slight and magked by the scatter in the data.. The cracks which foram during
proof-firing haed no marked deleterious effect,

2. In connection with strength of cannon gections, the sirength of
coldworked-to-atrength ssctions wasg consistently maierially supsrior to 1\ &
thet of heat-treated-to-strength sections vhen made of eteel of the same
strength: when sections of equal dimensions were compared, the strangth
of those requiring extensive removal of metal from the cuteide of the colde
worked tube tended to be lese than the strength of the sections requiring 1ittle
netal to be removed, although the effect was slight and nonmuniform; the maximum
oboerved range in strength data wss 16% which is a reasonabtly small variation
for tubes which are reproesentative of wartime production irnvolving not only

3



18ll-estadlighed preducts, tut also very nsw predugts; in the case ef
well-ostablished products, the strength was feund te range from 5.1% high
te h.hi low of tha expected strsngth bdased on theory for coldworking tudes
made of steel which doos not strain harden; in the case of new productis
the strength wes as much as 10% lowsr than expected when the tube had no
rocorded history and 4% lower than sxpected when the recerded history
revealed timt the tubs had bosn coliworked by an amount insufficient to
cause yislding throughout the cross~section, snd as mmuch as 4% high when
the recorded hisiory revemled no questicnable procecssing; abdout 77% of the
data were above the oxpected strength based on theory; the strength of ths
esctions was found to be 20§ loms than thet indiceted by the so-called 6%
coldwerk curve used in design. This YeiHig a serious dlacrepancy. -
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3. There are given, for use by engireers, not only curves suitable
for dswign shoving the normal life to be expected of coldworked-to=gtrength
cylindsre which are made of steel of any yield strength up to 150,000 pai
and which have either no rifiing, "French® rifling, or *RBid® rifiing, bdub
aleo, exaumples on the unee of such curves.

4, In connection with the elastic modulus, thsre was found during strength
deternminations no measurabdle evidence of fricticnal end restraint at packings or
other effects which might indicste an spparent modulus of elasticity of steel
different frox the nominal value of 30,000,000 pal.

5. In connection with the crack system, considerabdle scatter was observed
in the data pertaining to the depth to which the crack could propagate before
fallure in shesr occurred, but a conservstive eatimate could de made of this
depth by a formula involving tensile strength of the steel, hore diameter, wall
ratio snd internsl pressure; many cracks were found in all cylinders but failure-
alvays occurred by one crack growing faster than any othery sndit follows thet .
1f any fisld teets are undertaken to locate and determine the depth of cracks in “\
cannon in order %o evaluate the safety of the weepon, complets coverags of the
bors must be made in o-der to find the single potentially dangerous deep crack
even though many cracks are found in the same neighborhosd; the major creck system
was associated with groove fillets frum whers the cracks initlially propegated in &
dirsction which was not radisl e in heat-ireated-to-strength sections, dbut which
was at an angle to the radius line and sloping under the grooves; at a later period
in ths propsgatio. of the crack the direction became radial; all of the coldworied-
to-strspgth sections failed with evidence of ductility, ths mors ductile appearance
at failure was odbtained when the wall ratio tended to be large, the internal pressure
low and when the stesl Iad high impact resistance.
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The wtudy of progressive siress damage is continuing so that the interpretation
of the experimental facts may be changed at & later time. /) . /)

B Hewnaly —  §
.y Ord. Dept. Ees.

Vo 5, 2
Peter B, Kosting
Hetallurgist

AFFROVED: Copt

J. L. MARDIE
Director of Lahoratory Y
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The development of light weight gur tubes during World War II resulted in
the nse of cannon sensitive to progressive stress damage™. Typlical examples
are the 76mm, Ml and the 75mm. M5 guns. The latter gun is withdrawn from
service befcre the extent of erosion has ruined the ballistic characteristics.
In contrast, conventionally dea&gned tubes of heavier proportions are withdrawn
from service because nf erosion

The light weight gun barrels were first manufactured from heat-treated-to-
strength tubes. The results nf firing tests revealed the nsed for adding tough-
ness tests to the specificat;on3 for the steel. In the coldwork process of
manufacture of gun tubes the strength of the steel which ia required is less thsn
that used in the heat-treated-to-strength manufacturing process. The initial
toughness »f the steel is therefore potentially higher and, in addition, compressive
otresses are present at the bocrs surface., Both of these factors should contridute
to better resistance to prozr-essive stress damsge.

During World war II several thousand 76mm. MLA2 tubes wera vroduced from
centrifugally cast steel tubes which were heat-treated such that the steel had
an actual yleld strength of approximately 85,000 psi. The tubes were then cold-
worked 6 percent to strength. As far as is known none failed from progressive
stress-iamage,

The 75mm. aircraft cannon are more highly etressed than the 76mm. cannon.
The centrifugally cast tubes produced at Watertoen Arsenal for this gun were
initiallv heat-treatpgd-to-strength, Toward the end of the war a production
experimental program™ was initlated at the Arsenal in the first vart of which a
group of tan 75mm, aircr~nft cennon tubes were vrepared as an experimental order,
All were centrifugally cast asi then were subdivided into four groups. The tnubes
were heat-treated such that the ateel of three tubes in one zroup had a vield
strength of approximately 100,000 psi; the stieel of three tubes in the second
group had a yield strength around 125,000 vsi; and the steel of three tubes in-
the third group had a yield strength of about 150,000 psi. These were then
coldworked approximately 2% and then were finished into 75mm. rifled tubes.
The tenth tudbe which formed the fourth group was heat-treated-to-strength; the
steel had a yield strength of approximately 150,000 psi. On the basis of initirl ] 7
{ tests, centrifugally cast high strength coldworked tubes were produced in guantity

.ML sy
~LtltX® report the results of the hvdraulic fatigue testa of centrifur

gally cast coldworkell 75 and 76mm. gun tubss made of steel 4

1, "Progressive Stress Damage"™: P, R, Kosting - Surfate Stressing of Metals, p
Chapter V, A.S.M., 1946, Cleveland, Ohio and WAL Report 731/170, 21 August 19“6 %
2. ”Evaluation of Erosion and Damage in Cannon Bores": TB9-1860-2, 29 Movember 19U5, 7
3. Specification 57-10bA - "Steel Forgings for Cannon Tubes", 1 Januvary 1845,
4, Memorandum to Production Manager at Watertown Arsenal from Capt. L. H. Bewhall,
30 October 194h, in connection with Exorder G6-2168, & July 19Lh, covering cost
of manufscture of erperimental gun tubes THmm., MHA2,
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: zlona_paragrephs. In order to obtain data which

the engineer could use in designings for resistance to progreseive stress
damage, test cylinders with wall ratio ranging from 1.2 to 1.8 were used. In
the preparation of the test cylinders considerable metal was removed from the
outgide surface of the coldworced rifled tube, The yield strength pmoeowse of
some of these test cylinders was therefore measured in order to determine the
influence of the removal of the coldworked metal upon strength. The slope of
the elastic expansion curve of the cvlinders was algo calculated and compared
with the theoretical nne dased on 30,000,000 psi as being the value for
Young'e modulus,

The resistance to progressive stress damage of the coldworked tubes was
compared with that of heat-treated-to-strength centrifugal eastings and forgings
in order to evaluate the benefit of coldvorking.,\

TEST PROCED

A, Yield Strength Pressure Determination

in many instances, prior %o the application of reneated loads, the yleld
strength pressure of the tube section was determined. The pressure was applied
in small increments and the strain on the outeide of the section was measured
with Baldwin-Southwark SR-U4 strain sages and a strain indicator. This technique
involves the determination of yielding at the bore interface in a "reflected"
measursment on the outside surface,

When the metal at the bore interface has just reached the vield point, a very
small amount of plastic deformation has occurred at the bore interfsce, dbut the
rem {ning section is still an elastic body. The ratio of strain con the outside
to that on the inside, for all practical purposes, still follows Hooke's law for
elastic deformmtions, The evaluation of vielding at the bore was based on this
concept. Since the vield strength of the steel, as determined by the tensile test,
was obtained at .01% offset, the vield at the bore of the cylinder was determined
at .015 offset also. At tpe hore .01% offset is 100 millionths of &an inch per

inch offset; From the Lame strain equations agglicable 10 elastic thick hollow
smooth bore6 cylinders without end restraint, e following relation was

derived for e¢ (0.01), the offset on the outside equivalent to .01% offset at

the bore, 0002 } 02
L) (0.01)'-" 7—:1—.;;2 or % offset on 0.0, (0.01) 7+ 1.3'2

in which w = wall ratic = 0.D./I1.D.**  Poiason's ratic was used as 0.3,
Pig. 1 i3 a graph showing the pesrcent nffset on the outside diameter equivalent to

5. Up to the start of World ¥ar II cannon were designed on the dasie of

; strength only,

6. ¥atertown Arsenal Gun Division Report WGD-U: "Selected Dssign Imta Pertaining
to Gun Tubes and High Pressure Vessels": By D, H. Newhall, 6 December 19u3,

#3 0,D, = Qutside Diamster; I.D, = Inside Diameter

7
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.01% offaset on the inside diameter of a tube section as a function of wall ratio.
Fig. 2 is a typical illustration of a yield strength determination sometimes
referred to as elastic strength. Also shown is the calculation of the slope

nf the curve and or Young's Modulus based on the slove and wall ratio.

B, Hydraulic Fatigue Test

With the equipment developed, it was possible to introduce repeatedly hvdraulic
pressure to the bore of cannon sections at a rate of approryimately six cycles per
minute, The magnitude of the pressure was similar to that normslly used in guns,
ranging as high as 61,500 psi. A detailed description of the equipment and controls
is apvended to this report*. The high pressure was controlled within 200 psi, When
the pressure was fully released, the residual pressure was less than 1000 psi,
Flectric SRY strain gages and strain measuring and recording eaguipment were used
to determine some of the elastic oroperties of the tudbe sections during the test,
the strain developed on the outside of the tube sections bdeing recorded with each
crcle of pressure., Tvpical extracts from the continuous records for Cvlinder D12
are ghown in Fig. 3. Cylinders were ususlly tested until failure occurred at which
time they could no longer hold pressure because of fissuring or rupturing. In
some cases, however, specimens were removed from test before failure because of one
of the following reasons (1) failure was imminent, as revealed by plastic distortion
occurring on the outeide surface, (2) the number of cvcles was very large and further
test to fallure was not considered necessary at the time; (3) a large overshoot of
preasure occurred and further testing was stopped.

C. Specimens

The proportiong of the test cvlinders were zelected on the basis of the
results of a study’ of the extent and depth of progressive stress damage cracks
developed in a rather long specimen. The minimum length of cylinders for the
caliver gizes 75mm, and 76mm, was Judged to be 12}”. A detalled drawing of the
test specimen is shown in Fig. 16 of Appendix A, Oun tubes were sectioned and
turned to the desired wall ratio which was based on groove diameter, Metal was
allocated for tensile and Charpy impact tests of the steel at various positions
along the length of the tube, as shown in a typical layout of the gun tudbes on
Pig. 16 of Appendix A. In this figure also i{s indicated the numbering svstem;
code letters, A, B, C, etc. were used to identify tubes and numerals 2, 3, U, etc,
to identify cylinders from these tubes.

D. Progressive Stress Tamage

Progressive stress damage was evaluated (1) by noting the numder of cycles to
failure, (2) by examination of the fissure and fracture, and (3) by measuring the
depth and distribution of cracks. For the latter purpose & section for macroetching

®* See Appendix A,
T. "Progressive Stress Damage Through Repeated Applications of Hydraulic Pressure®:
J. B, Cohen, WAL Report 731/101, 2 Mav 19Lk,

g




was cut in the zone of meximum damage, ag rsvealed either bv examination of
the fracture or by determining where bulging was most extensive, The change
in outside dizmeter was used as s measure of the extent of buleing.

E. Tast Metal

Cylinders from the following cannon were sudblected to hvdraulic fatigue tests.

»1. Tour 76mm. centrifugally cast, coldworked-to-strength and rifled
tubes A, B, C and D of which B and C were proof-fired.

2. Three 7%mm, (anti-aircraft) centrifugally cast, coldworked-to-strength
and rifled Tubes X, F and G.

3. One 75mm. (anti-aircraft) centrifugally cast heat-trested-to-strength
and rifled tube K,

4, One 76mm. centrifugmlly cast and coldworked-to-strength, smooth
bore tube I.

5. One 75mm, centrifugally cast and coldworked-to-strength, smooth
bore tube K.

Details concerning the metallurgical history and physical properties of
the steel of each tube are given in the Data Sheets in Appendix ¥,

Tubes 2, B, C, Dand I were all manufactured in the same manner with
well-established production procedures and -ere not produced under specilal
laboratory control. The physical properties of the steels were approrimately
identitvel and these data were considered comparable. The average yleld
strength (0.01% offget) of the steels before coldwork was 87,155 psi. Tubes B
and C were proof-fired; the other tubes were not, Tubes A, B, C and D were
rifled but Tube I was smooth bore,

In contrast to these tubes of steel having approximately 87,000 psi yield
strength before coldwork, other tubes, E, F, G, K and ¥ were made of steel
with different yield strength levels., The yield strengtls before coldwork were:

Tube T -~ 100,500 psi
Tube P - 121,850 psi
Tube G -~ 151,700 psi
Tube X - 125,000 psi
Tube N - 159,300 psi

They differed in other respscts also. They were the first of a new product
processed with makeshift containers, etc. The E, F and G tubes had the

caln - - - T £ o - - -
PProanch? form of rifling (Dyg. C7226€93), whereas the 4, B, ¢ and D group bad

the conventional rib rifiing (Dwg, 15-0KD-2). Tube K was smooth bore. The

9
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A, B, C, Dand 1 group was 76mm, in caliber (3.00"), while the X, F, G, ¥ and §
group consisted of 75mm. tubes (2,95") for aircraft cannon. They also differed
in the amount of coldworking. The A, B, C, D and I group wes processed with

the conventional 6% coldwork, while the X, F and K group was coldworked nominally
24, and the G tube was coldworked 1.1%. The actual percent coldwork for each
tube is given in Appendix 5. The one tube "N was not coldworked but was heat-
treated-to-strength., These data are summarized in Tabdble I.

RESULTS

The results of the hydraulic fatigue tests and of the examination of the
fracture after testine are given in Tables II and III., In these tables are
given the cvlinder number; the wall ratin; the maximum internsl oressure which
was avplied during the determination of strength orior to fatiguing; the yield
strength pressure, also referred to a8 ths elastic strength nressure, at which
the offaet at the bore was 0.01%; the internal pressure during the fatigue test;
the equivalent uniaxial stress; the 1ife in cycies to failure by fissuring except
ag indicated; the marximum depth of remaining cracke, i.e., cracks other than the
one which venetrated the full wall thickness; the bulge, as measured by the
maximum change in outside diameter; the wall thickness of the tube at point of
failure, the wall thickness before test being listed in Table IV of Appendix A;
the depths from bore interface to base of Zone 1 in the fracture where the
texture was fine, Zone 2 where the direction of the crack started to change,
Zone 3 where the change in direction was completed and the direction became
radial, Zone " where failure in shear occurred., The details of ithe study of
the fissure, fractures and cracks are given in Appendix C. The crack study of
the tubes listed in Table III was not 2s detailed as that of the tubes listed in
Tble II and therefore depths of all zones are not tabulated,

The following curves were derived from these data:

a. Hydraulic Fatigue Test Results - A, B, C, D Tubes in Terms of
Xquivalent Uniaxial Strees, as Calculated by,

1. Maximum stress description

2. Von Mises descrivtion - Mg, Y
b, Relationship Between Equivalent Uniaxial Stress

(Maximum Stress Description) and Number of Cycles to

Fsilure in Rydraulic Fatigue Testa - Fig. §
¢. Relationship Between Internal Pressure and Cvcles to

Yailure as Influenced by Wall Batio and Rifling for A, B,

C, Dand I Tubes - Mg, 6
d. Relationship Between Internal Prgscure and Cvcles to

Failure for E, F, & and § Tubes (Well Batio - 1.57) - Fig, 7

10
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e. Xlastic Strength of Cannon Ssctions After Coldworking,
Soaking at 570°F and Machining, Including Rifiing for
Tubes A, B, C, Dand I &nd Reat-treated-to-Strength

Tute N Fig. 8

f. Studv of Xlastic Modulus Peg. 9

€. Equivalent Uniaxial Stress to Cause Fajlure at 10,000
Cycles as a Function of Yield Strength of Coldworked-to-
Strength and of Heat-treated-to-Strength Tubes

Pig. 10

h., Equivalent Uniaxial Stress to Cause Failure at 10,000
Cycles as a Function of Yield Strength of Coldworked-to-

Strength Tubes Fig. 11

{. Influence of Yield Strength Before Coldworking (0.01%
offset) on the Relationship of Fquivalent Uniaxial
Stress (Maximum Stress Description) and Cvcles to Failure
for,

1. Rib rifling
2. French rifling and Smooth dbore

Fig. 12
Fig. 13

DISCUSSION

Stress-Cycle Curves

The presence of a bi-axial (combined) stress in cannon makes it necessary
to correlate the response of cannon to a stress system in terms of an
equivalent uniarial strees since by far most physical data ars odtained from
tensile geat specimens nominally under a uniaxial stress svstem, The various
theories® of yielding describe combined stresses in terms of an equivalent
uniaxial stress, The most usable description of the equivalent uniaxial
stress for rupture in fatigue is the one which will vield a relstion in the
stress cycle (S-N) plane which is indecendent of wall ratic, Five conventionel
methods of combining stresses were investigated., They were maximum shear,
constant energy of distortion, strain energy, maximum strain and maximun stress,
Typical curves for (a) maximum atress description and (b) the constant energr
of distortion (Von Mises) description are shown in Fig. L. It waas found that
the maximum stress theory applied to these data rssulted in the least amouni of
scatter in the S-N plane and the dats indicated a linear relation between Log S
and Log N, This would indicate that the tangential stress component of the
combined stress predominated in development of progressive siress damage in these
specimens, A possidle exvlanation for this may be found in the relatively smmll
radial stress existing due tc the proportions of the cylinders studied. The
cracks originate at the groove fillets. These re-entrant corners are unfavorably

11
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oriented in the applied tension €ield and made the tangential stress component
predominate still more. Once a fissure is developed at the bore interface,
the ratio of the radial stress to the tangential stress at the bottom of the
fissure should becorie negligidle,

Fig. 5 shows the observed data in terme of the equivalent uniaxial streas
calculated by the maximum strese description. The derivation of formulae
relating the various theories of ylelding in uncapped, thick, hollow cylinders
uses the term "Pressure Factor", Pressure facior is a dimensionless quantity
and 1s the ratio of internal pressure in tha cylinder at which yielding occcurs
to the vield atrength of the steel, when used to describe an equiralent uni-
axial stress, the pressure factor may be regarded as the ratio of internsl
pressure to the equivalent uniaxial stress caused by that internal pressure.

¥hile the number of observed points was few in the case of the X, ¥, G, I
and K tubes, as compared %o the A, B, C and D tubes, there are many similarities
i the data indicating that the observations are reliable., The curves for the
X, F, G, T and X tubes in the S-K plane have the same slope as the A, B, Cand D

tubes, dbut are displaced by an amount dependent unon rifling and the yield strength

of the steel before coldwork, Since Tube I was smooth bore and had no stress
ralsers due %0 rid rifling with small fillets, the cylinders from 4t/Jasted
longer then those from tubes A, B, C and D. The ratio of the 1ife of smooth bore
cylinders to that of rib-rifled cylinders was 2. This compares with 4.2 for
heat«treated-to-:trengthg tubes. 7The performance of cylinders from Tube I was
found to be duplicated by cylinders from a tudbe of similar history and properties
and therefore this 1life concentration factor of 2 for rib rifling in coldworked,
certrifugally cast tubes is considered to be reliable,

The smooth bore cylinders from Tube K of intermediate strength had the
gsame 1ife as the cylinders having French rifling with generous fillets. The
ratio of life of smooth bore to that of French-rifled cyligders therefore wmas 1,
which compares with 2.4 for heat-treated-to-strength tubes®, FHowever, in the
section of this report dealing with yield strength, it is shown that the X10

¢ylinder from the X tube was not as relatively strong as the cylinders from the
other coldworked tube, Therefore, assumingz at the worst that the whole tude was
veeker than normnl, then the life of cvlinders from the tuhe would be shorter
than normal, The astimmted corrsction for the short 1ife due to posusidle low
strength 1s 20% so that the 1ife concentration factor for Freach rifling in
coldworked, centrifupally cast tubes may be detween 1.0 and 1.2. Since the
variation from nominal strength of the X cylinder was 10% and the variation

in strength of the cylinders from the other tubes ranged through 6.5%, 1t may

be that this concentration factor is nearer to 1.0, as observed, than to 1.2.

The factors of 2 and 1 indicate that in coldwaorked, cenirifusslly cast
tubes the life concentration facto. due to rifiing is about one-half of the

1ife concentration factor due to rifling in heat-treeted-to-strength forged tudeez. This .

E. °“Preliminary investigation of the Effect of Rifling, Strength of Steel,
Chromium Plating and Nitriding on Progressive Stress Damage of 75mm. MBAl,
M6 and MO Gun Sections": P, R, Kosting, 194g, WAL Report No, 731/293.
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benefit may be attriduted to the compressive stresses at the bvore., The
ertent of the benefit to be attridbuted to the lack of directionality eof
properties in castings, as compared to forgings, is under study.

The siope of the curves for coldworked tubes in Fig, 5 is considered to be
reliable for the range in life $hat was investigated. Involved are nine heats
of induction furnace melted steel, The slope is less than that for heat~
treated-to-strength tubes. This wae also found to be true for forgings”.

The slopa of the S-N curves for coldworked, centrifugallv cmst cylinders

is ~0.185, The curve for heat-treated-to-strergth centrifugally cast cylinders
has a slove of -,281, This latter is very cloue to -.27 as previously

reported for heat-treated-to-strength forgings,.

There are !x instances where paired cvlinders were tested, one of
the pair being susjected to a single cvcle of high internal pressure and
the other not bYeing subjected to this high pressure prior to test. In
all cases the former had a longer life than the latter, although the improve-~
ment in life wne not greater than the general scatter in all the data.

It was not possitle to distinguish detween performance of cylinders
from proof-fired tubes B and C and that of cvlinders from nonproof-fired
tubes A and B. This mav “e because most of the cylinders from the A, B, C,
D, I and N tubes were subjected before the fatigue teat to one cvcle of
high pressure during the determination of the vield preasure. Such a
procedure is somewhat similar to proof-firing durine inspection of cannon.
The data therefore show that proof-firhg is not deleterious to resistance
to progressive astress-damage in the hvdraulic fatigue test and suggest that
proof-firi ng may be beneficial in that it might improve slightlv the
resistance to progressive stress damamge. The cracks which formed during
proof-firing have no marked deleterious effect, vrobably because of the
compressive stress svstem, Study is under way to evaluate directly the
{nfluence of heat checking such as is encountered during proaf-firing and
then developed further during the initial stages of field service.

The Charpy impact resigtance indicate that the steel in Tube N wes
not as well quenched out prior %o tempering as was the steel in the %, F and
G tubes, otherwise the § tube wes comperable to the G tube, especially with
regard to tensile strength, ductility and impact resietance after coldwork.
The stress-cycle curve for the ¥ tube is shown in Fig. 5. It should be
pointed out, however, that this curve was 2stablished with few observed
points in & narrow range of stress, The difference in 1ife between K and G
is greater than can be accounted for bv the difference in vield strength of
the steels in the condition in which theyv are subjected to test, The
residunl stresses due to coldworking are, therefore, considerad to de

9, "Cannon Tubes ~ Progreseive Stress Iamage In - Rvdraulic Fatigue Test
of Forged, Coldworked-to-Strength 90mm, Rified Tudbe J and Forged, Heat-
treated-to-strength 90mm, Rifled Tubes S and U": Robert ¥. Freeman and
Francis W. Cotter, 1547, WAL Report ¥o. 731/199-2(R).
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appreciably bdeneficial to an sxten® that is at least 35 percent in resist-
ing progressive siress damage. Recent experiments in progress show that
without the complicating factor of strengthening of the steel due to cold-
work, compressive stresses at the bore improve 1ife as much as these figures
indicate,

Pressure Cvcle Curves

Figs. 6 and 7 are curves derived from the equivalent uniaxial stress
cycle relation ghown in Fig., 5. Inasruch as the relationship was linear,
the conversion of the data to the pressure-cycle-wall ratio relaticnship
was readily made. If Sn is the equivalent uniaxial stress (maximum stress
description) to cause failure at a particular number of cvcles, then the
internal pressure "IP* that would rupture a cylinder with a wall ratio (W)
in the same number of cycles would be,

Thus, when Sn equals 130,000 psi for the A, B, C and D tubes for a cylinder
having a wall ratio of 1.5, the internal pressure to have a life of 1,000
cycles would be IP = 50,000 psi, and for a wall ratio of 1.2, IP = 23,L00 psi.
Superimposed on these curves are the observed points. The total range in
cycleg for 1ife, namely, roughly 1,000 to 20,000, is rather limited, especially
for thin tubes and should be extended further,

Yielid Strength Pressure

A summation of the data concerning the yield strength pressure of the
cylinders is shown it Fig. 8,

Curve B is the theoretical strength in accordance with yielding by the
Von Mises' concept in terms of pressure factor and wall ratio. In the
derivation of this curve it was assumed that the cylinders were free to
expand or contract longitudinally. This curve is applicable to only those
tubeg which have not! been nverstrained;: that ig, heat-treated-to~strength
tubes and not coldworked-to-strength tubes. There is an apparsat agreement
with the cbserved points from the "N" tube excep! for very small wall ratios
where the relative error in all measurements of both pressure and strain is
greatest,

From the theory of plasticity, wherein it is assumed that the material
in the cylinder does not strain harden, a mmthemntical relation for the
pressure neede% to place the metal throughout the wall into the plastic
state is given 0 ’

1p__.2 v
%p iy La

10. "Calculation of Pressure Expansion Curves of Circular Cylindera™:
R. Beeuwkes, Jr. and J. H., lLaning, Jr., WAL Report Wo. 730/111, 19ul,

1k

A R WE KR N 4




vhen the Von Mises' concept is used to describe initial vielding, where
IP = internal pressure at yielding; Svp = yield voint stress (stress at
which a tensile bar of this hypothetical material would change abruptly
from the elastic to plastic state), and In W is the natural logarithm of
the wall ratio, Curve A in Fig, 8 is the piot of this equation. The observed
yield strength pressure for the cvliinders from the coldworked tubes, in terms
of prescsure factor,,_%ﬁ_ ) vhere Sy(.01) is the yield strength (0.01%

(.01
offset) of the steel, are also shown. This curve applies for values of
yield strength of steel before coldworking up to and including 150,000 psi
and all amounts of after coldwork machining that would probably be
encountered, providing sufficient coldworking is done to assure plastic
flow throughout the wall. The range in scatter of test results was ahout
164. This is a reasonably small variation for gun tubes which are rep-
resentative of wartime production. The data for the high strength tudbe G
were below the curve by U percent, However, this tube was coldworked only
1.1 percent. Had it been coldworked 2 percent or more as were the others
it would have teen stronger, The data for the E and F tubes which are
considered normsl products are above the curve by &8s much as 4,3 percent.- .
These data also reveal that coldworking only 2% does affect the strength
of the tudbe after final machining disproving belief to the contraryll,

The dsta for this smooth bore tube K of intermediate strenzth were
10 percent below the curve for which no reason is apparent from the in-
complete historv of the tube. The coldwork record of the tudbe is lost
and therefore the actual percent coldwork is not now known. The tensile
strength data confirm that the tube was coldworked as does the high value
of the calculated pressure factor relative to that expected for heat-treated-
to~-strength tubes. However, only one K cvlinder was tested for strength,
In the A, B, C and D tubes, representative of well-established production
practices, at wall ratios of 1.6 and 1.8, the range in data was 5.1% high
and 4.4% 1ow. This indicates that the scatter rangzed through 9.5% and
that strength determinatinns o. several cylinders are necessary in order
to determine the averags performance. About 77% of the data partaining
to curve ®A" are above the curve and only 16% are below it, indicating
that this curve is on the conservative side. The old equation® used in
connection with the coldwork ordcess was,

P =Ln W
YsS
and such a curve would be very conzervative,

The 6 percent desi curve6 used in design® 1is roughly 20 percent
higher than curve A in Fig. 8. This is a serious discrepancy. The
machining off of large amounts of excess metal from aome nf the cylinders

11, "History of the Production of Centrifugally Cast Gun Tubes with High
Impact Resistance®: John F. Wallace, WAPD Report WDG-17, 17 October 19U6.
® See also "Data for Calculating Pressure for Coldworking Cvlinders 6%" in
¥atertown Arsenal Xxperimental Report #363, T. C. Dickson, 1 February 1932.

15




did not affect the strength enough to account for this discrepancy. The
probable explanation is the high sensitivity of the strain measuring
equipment compared to that used in Gereral Dickson's time. This would
dntsct yielding &% lower preszsures. Presgure measuring techniques were
aiso better, Furthermore, the data might indicate that (1) no strain
hardening of the steel can de counted on, (2) a1l that is necessary to
obtain strengthening vy coldworking is to te sure that the tube is
plastically deformed throughout the section, and (3) further coldworking
2dds little to the strength. This subject is to be studied further.

The problem of design of coldworked cannon from the point of view of
strength 1s complicated by the machining after coldworkine and the
differant plastic properties {strain bardening characteristics) of steel
at different vield strength levels. The machining and rifling after cold-
working alters the distribution of residual stress and removes the most
highly overstrained material, In conventionally designed cannon tutes,
vwhere a relatively large factor of safety is used, and where the working
stress is relatively low, a small error in estimating the strength of the
tube is relatively inconsequsntial, In the future the margin for error
will get less. In correlating with strength the amount of machining on
the outside surface of the specimens used in these tests, ncnuniform
behavior was observed, although the trend was for the strength to be
less the more the amount of machining on the outside surface. In two
critical experiments, when the amounts of metal removed to get cylinders
of the same size wag 8.7 and 23.4 eq.in, in the cross aection, the
lowering of strength was O percent in one of the experiments and 3 percent
in the other. TFar greater amounts of machining after coldwork were done on
these specimens than normally wae done in the production of coldworked tubes
in World war II,

Elasti~ Modulus

In some of the early coldwork development reporte it was indicated
that the wodulus of elasticity was diminished (as much as 30%) by the
coldworking. There was also the poseibility that the assumption of no
end restraint might not be justified due to the capping effect resulting
from the friction of the hydraulic packings. Anv change in modulus or
friction effects wouid be reflected in a change of the slope of the
elastic portion of the pressure expansion curve, as in Fig. 2. In
Fiz. 9 13 shown the theoretical curve for uncapped cylinders using
the modulus of elasticity as 30,000,000 psi and vlotting elastic slope
ve, wall ratio, The observed slopes are shown in comparison. It would
appear there was no change in modulus as expected, or little, if any,
effact from frictional end restraint, It is tc be noted that the agree-
ment of the elastic strength of the heat-treated-to-strength X tube with
the Von Mises' concept further indicates that the end restraint dve to
vackings is negligible,

Desion Curves for Coldworked Cannon

In preparing & design stress-l1ife curve for coldworked cannon it was
neceasary to make geveral assumptions., The firast was that the toughness
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of the steel as measured by impact resistance before coldwork would
always be reasonably good and there would hbe no reason to consider
its effect on 1ife of the coldwork sections. This was observed to
be reasonable on inspection of the test regults of the A, B, C ard D
tubes made of steel which varied in Charpy impact resistance at room
temperature from 16 to 75 ft-lbs. The second assumption was that 2%
and 6% coldwork would have the same effect on fatigue life, It was
shown earlier in this revort that sections from hoth 2% and 6% cold-
worked tubes had the same strength relationship and thus might have
the same life relationship, The last assumption was that the effect
of the standard rib rifling stress concentration and the "French"
rifling stress concentration combined with the residual stresses at
the bore, could be differentiated. It hes been shown that the 1life
concentration factors due to these stress raisers were only 2 and 1 in
the cnldworked, centrifugally cast tubes,

With the agsumptions given it was possidble to construct curves
showing the relationship between the equivalent uniarial stress
(mayimum stress theorv) for a 1life of 10,000 cvcles and yield strength
n,01% offset of the centrifugally cast steel befnre coldworking. The
curve for smooth bore tubes (encircled dots) and French rifled tubes
(black dots), based on the performance of Tubes E, F, ¢, I and K (marked
"ee" for centrifugal casting) as revesled in Fig. 5, is shown tn
the top of Tig. 10. The curve for Ridb rified tubes (triangles) is the
lower one in Fig. 10 and is shown parallel to the curve for French
rifled tubes. The reason for the parallelism %is based on the data
shown in Fig, 11, where the two curves in Fig. 10 apvear tnward the
top under the heading "coldworked to strength®, The datad for heat-treated-
to-strength tubes T, R, M, 5, U, Wand 3, all merde from forgings
(marked "f") are shown to the bottem right under "heat-treated-to-
strength", These tubes had rid rifling (marked with triangles). "The
scatter in the data is appreciable and the average curve is considered
to be the middle curve of the three towrrd the bottom of Fig. 11. These
curves have the same slove as the coldworked-to-strength curves.

Among the curves in the heat-treated-to-strength section is one
based on the superior behagior of Tube "2" made from a forging and

rifled with French rifling”. The forging was mede of tough steel having
an impact resistance guite superior to that for the centrifugal casting

"N with French rifling. This superioritv of "2" to "N" i{n resistance
to progresaive stress éamnge was nbtained despite the possible
advantage nf the casting with no directionsal variation in mechanical
properties,

Bs contrast, the coldworked-tu-strength forging "J", although
superior in resistance to hydraulic fatigue to heat-treated-to-strength
irg ds of steel of the same sirength, is inferior to coldworked-

"I--.l. ol " o
s U RARD BV G Hy [+

to-strength, centrifugal castings of similar toughness. Since it is known
17

8




. i e

that forgings show variations in resistance to fatigue depending upon
directionality, and it i{s suspscted that centrifugal castings do not*,
the difference between the curve through points A, B, C, D and the curve
through point J is mainly attributed to the difference in directionality
of properties between centrifugal castings and forgings of equivalent
heat-treatment.

Based on Fig., 10, the curves on Fig. 12 for centrifugally cast cold-
worked-to-strangth tubes with rib rifling and the curves on Fig. 13 for
centrifugally cast coldworked-to-strength tubes with French rifling or
without rifling were derived showing the influence of yield strength of
steel before coldworking on the relationship between equivaient uniaxial
stress and cycles to failure,

The use of these curves in design is illustirated in the following
three examples, where the symbols used are:

Ln = logarithm te the base e (natural logarithm
W = wall ratio
x = multiply
Y.S. = yield strength
BCW = before coldwork

psi = pounds per square inch
P internal pressurs or meximum powder pressure
Pg = yield strength pressure

i u

*This question is under experimental investigaticen,.
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IXAMPLE I

Given:

Maximum powder pressure, pieso-electric = 40,000 psi

2% or more coldworked

Tield syrength before coldwork (BCY) (.01% offset) = 120,000 psi
Factor 6f safety (strength) used by Crdnance Dept. = 1.5
Desired minimum resistance to progressive stress damage
. Rib rifling

Hoi

9500 cyvcles

OV £\ o+

Find wall ratio necessary.

Xlaatic Strangth Calculations:

From Fig, 8, the yield strength pressure of any given section
of 8 coldworked tudbe is estimated by,

Yield Strength Pressure = 2 _ Ln WxY.S. (BCW)

B

In W= yield strength pressure
2
x Y.S. (BCW)
T

The desired vield strength pressure = 40,000 x 1.5 = 60,000 pel
Ln W = 60,000

ﬁ-x 120,000

Cycles To Failure: (Equivalent Uniaxial Stress Calculation)

= 3% or W= 1,54 miaimum wall ratio for strength

U = R, h'o J_ll.g
W+l = , 000 2 98,5
¥quivalent Unjaxisl Stress P (-?—— ) ( ) 1.37 8,500 psi

From Fig. 12 the 1ife at equivalent uniaxial stress of 98 500
psi is approximately §,700 cycles which satisfies both the strength
and fatigue requirements.
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EXAMPLE II
Given:

2% or more coldworked

Yield strength before coldworked (.01% offset) = 120,000 psi
Factor of Safety (strength) used by Ordnance Dept. = 1.5
Wall Ratio = 1.6

Desired life = 15,000 cycles

Rib rifling

O a0

Find what maximum powder pressure the gun counld safely withstand.

Blagtic Strength Calculations:

2
Yield Strength Preesure = (Pg)= _?Sr?'Ln wxY.S. (BCW)

Py _T7§P(Ln 1.6) (120,000)

L}

65,000 psi

The maximum powder pressure = 65,000~ 43,300 psi

Cycles t¢ Failure: (Equivalent Uniaxial Stress (elculation)

Equivalent Uniaxial Stressz = P(.-:g.t;‘._)z k3, 00 (%':%EJ: 93,000 pei

From Fig. 12, the life at equivalent uniaxial stress of 99,000 psi is
9,500 cycles which dres not satiefy the life requirement,

The equivalent uniaxial stress (Fig. 12) for life of 15,000
cycles is 91,000 psi.

The meximum powder pressure for this equivalent uniaxial etrees
is 28 follows:

Equivalent Uniaxial Stress = P(%;:l_.“)= 91,000 psi

P = (91,000) (%4%%—-)= 39,800 pui

This pregsure would satisfy both the strength and fatigue require-
ments.




EXAMPLE 111
Given

Maximum powder pressure, plezo-electric = 10,000 psi

2% or more coldworked

Factor of Safety (strength) used by Ordnance Dept. = 1.5
Well Ratio = 1.6

Desired 1ife = 15,000 cycles

(a) Rib rifling

(b) French rifling

[ 2N 0 ) IF g WH IR VI

Find vield strength of steel before coldwork necessary.

Cycles to Failure: (Xquivalent Uniaxial Strese Calculations)

We+) 4 "6 = 9}
- z] » L '2 O 1
Xquivalent Uniaxinl Stress = P (-izm——-)? 0,000 (1 g )= 91,250 ps

From Figs. 12 and 13 the vield strength necessary for life of 15,000 cycles
at the equivamlent uniaxial stress of 91,250 psi would be approximately 121,000
psi if rid rifling 1is used and 96,000 if French rifling is used,

Flastic Strength Calculations:

Yield Strength Pressure = :,§__;~“ ¥xY.S, (BC') 1.5 (‘JO.OOO)

Y.S. (BCW) = (1,5) (40,000) (-
4 In 1.6 (j;“)

= 110,000 pel

(a) To meet the strength requirements, yield sirength of 110,000 psi
would be necessary, The life expscted from Fig. 12 would be approximately
12,000 cycles if rib rifling ie used, Therefore, use 121,000 psi yield
strength (BCW) material 4f Bib rifling is to be used,

(b) The 1ife expected from Fig. 13 would be approximately 19,000
cycles, Therefore, use 110,000 psi yield strength (BCW) material if
¥rench rifling is to be used.

NOTE: Resistance to erosion should also be considered in chocsing between
Rib rifling and French rifling,
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Crack System

The detaniled study of the crack system in the cylinders after test is

described in Appendix C. It was shown that {nitially the cracks tended to
grow in a direction that sloped under the zrocves. The thinner the tube or

the stronger the steel, the less was the tendencv for the cracks to slope
undr v ¢tV ‘ooves,

failure of coldworked tubes was in a ductile fsshion. The most ductile
frnilures were obtained when the wall ratis tended to %e large, the internal
pressure low, and when the steel had high impact resistance.

Ag the test pressure was decreased in groups of cylinders of conestant
wall ratio, the depth of crack to point of shear prior to instant of failure
increased and the number of relatively deev cracks decreased, and the zmeximum
dspth nf cracks, other than the one which caused failure, decreased,

Failure occurred by one crack growing faster than any cther and penetrating
the wall thickness of the cylinder. If field tests are daveloped to locate and
determine the depth of cracks in cannon in srdsr to svmluate the safety of the
wveapon, it will not be adequnte to locate a group of cracks, bdbut the single
potentially dangerous deep crack will have %o be found by a complate survev of
the whole bore circumference,

It was found possible to calculate reasonably well the depth to which the
crack can grow before failure in shear occurs,
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TABLE I

Summary of the Characteristics of the Tubes

Yield Strength

of Steel Before Average

Coldwork{(0.01% Parcent “aliver
Tube offset) Coldwork Rifling in,.

ol

A 22,500 6.0 Rib 3.00
B 89,250 6.0 Rib 3,00 Proof-fired
c 8%, 000 5.7 Rid 3,00 Proof-fired
D 25,880 5.2 Rib 1,00
E 100,500 2.1 French 2.9%
¥ 121,850 2.7 French 2.95
G 151,700 1.1 French ' 2.95
I g8, 250 6.0 ¥one 3,00
K 125,000 4 None 2.95
R 15°, %00 0. French 2.05

x w 2% nominal
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Bssults of Hydraulic Thtigur Toet and Exnaination After Pesting
sf Cylinders Trom Tubes, A, B, C._ and D

Smximum 5% Ny x § mam
ﬁ%yg@} 014 Deoth of
r to offaot Test ¢ Xquivnlent Raao {pe
W1l Yydraulic Tisig Internal Unisxial Bulge
Criinder Netio Fxtigue Preswure Preoasure Stress Life Crncks O dlnmer
Yusber 0.D./1.D, Teat. pai pai PT Y psi cyeles  inch {nch
€10 1,2 18,010 1%, 700 19,000 105,000 97 .18 069
B-12 1.2 17,875 1#,000 17,200 95.5%0 7413 -~ .2hE
A-12 1.7 20,500 20,500 16,800 Q3,000 Y150 - 064
C-11 1.2 10,000 18,750 16,500 91,500 (10k01 #3® (,X2 BE¥I) 019
c-12 1.2 18,275 13,530 13,275 77,500 (20322 ¥P) (025 uF) 003
 Aell 1.3 11,000 2%, 500 31,900 124, 200 1015 - .32k
B (.3 S8, 000 27,000 26,750 104,500 1629 -— .318
 A=? 1.3 27,000 27,750 23,600 93,000 8291 - -
- Bell 1.3 27,000 27,000 22,600 £8,000 5537 - 07%
 A=10 1.k 9,000 18,000 19,050 121,000 2665 -— 207
- G=6 1.l L, 750 3k, 000 3,750 107,700 2662 .051 211
- Gwd 1.4 Th, 500 13,500 32,000 99,200 5002 138 .152
- B=10 1.h 4,500 th 500 31,350 97,000 L72h -— L1821
- CuE 1. 73,750 34,000 28,756 £3,000 638 .13 087
- 312 1.b4 15,500 15,000 27,500 85, 000 12629 A7 , 08
Y 1.5 Lg , 000 hy,000 - Lg, 350 133.500 11l -— .95
- Be§ 1.5 % 3,000 42,000 40,100 104, 200 3732 -— .156
=3 1.6 56, 250 -~ 56, 750 -~ ( 798 BY) (Luo ¥¥) - ,p22
3-8 1.6 51,000 hg, 600 g, u00 110, 000 N7 - 111
5 1.6 g, 000 5,000 Lg, 000 109,000 338 13 .362
Ce2 1.6 Lg, 000 L5, 000 ug, 000 109, 000 2637 .11 . .oze
WS 1.6 Lg,7%50 17,500 7.250 147,500 3409 .185 ,178
Cor 1.6 49 , 500 47,000 47,000 106,800 2923 .18 162
Ce 1.6 ug, 000 46,000 46,500 105, 500 2950 .16 236
Aef 1.6 k9,500 Lg, 000 LY, 500 101, 300 70 - 080
Ce3 1.6 4q, 000 47,%00 Lk 000 100,000 K3k 2% .64
=11 1.6 5, 000 ug, 000 ki, 000 100, 000 u29¢ 2 .236
Bk 1.6 L3 500 u%5,000 43,500 99,000 5175 218 AT
Dag 1.6 ug 250 47,500 18,250 87,000 649% 5 081,
L ST.) 1.6 ug,750 46,500 16,250 82,500 gk My L .o9T
Aef 1.7 65,000 55,000 5%, £50 121,000 2830 - -
Dedi 1.8 62,500 59, 500 61,500 116,500 3150 .2 32
Bel 1.8 - -— 53,000 | 131%,900 3066 .a K39
1 1.8 1,500 57,500 52 N0 111,000 ke .21 221
D~2 1.8 - - ug, 500 N, 500 7520 .59 a5
Ds 1.8 - e ug 500 91,500 (5385 #¥) (.06 3¥) .007
Do 1.8 63,500 0,000 ug, 500 91,500 10863 .51 .059
) 55} 1.8 60, 000 56, 000 Lg, 500 91,500 6995 .5k .
4e3 1.8 - e g, 500 31,500 6616 .52 -

¥F¥ = did not fail - removed from test before fissuring
BFX = 414 not fall bdut fissuring wms immineat -
r w Fracture vhers texture wms fine

¥x = Where direction of crack starts to change
vxx = W¥heare change in direction was completed
xx¥xx « Waere failure in shear scourred, i

¥y rimum etpene desc
s#T{uregardiex noint

Srefineyt crack

i




LT o, o i
*® Ha x i W llesse

Drpth of Thickness ?
$Zauive lent Peae {Bw At Masure Deoth from Bore Seyface. In-h
1 Unimxial ing *  Bulge  After Tene Zone Tone Zons
e Stroes Life Cracks D dlameter Test 1x 2 xx 3 XXX y XXXX %
. pat _ cycles ingh inch inch inch ineh inch tncu §
105,0 3097 .18 069 .30 .08 12 .13 18
95, 5% 1413 -— T .26 .06 .06 .10 .20
Q3,00 1150 - .nEo - .02 10 — -
91,500 (10801 %3y (.32 RFI) . 19 - .06 .08 .10 (.og)90e
73,500 {70322 ¥¥) (025 u¥) L03 - - - - —
12h 200 1015 - 3ok - Ko} .08 - -
10k, 500 1629 - 318 . %0 .06 .06 .10 .25
93,000 8291 - - -~ .08 .08 .12 .33
g8, 000 55732 - 075 - .10 .10 - .33
121,000 2665 - 208 - .06 - -— .29
107,700 2662 .08 211 .52 .06 11 .18 .28
99,200 5002 .17% 152 .50 .08 12 .18 R
97,000 u724 -— 181 .58 .08 .16 .18 .26
£9,000 6u38 .13 087 .51 .08 .16 .25 Eg
%5, 000 12629 17 . .08 .52 .22 .22 .8 .
125,500 11k1 - . 295 — .07 -— -
10b, 200 IT32 -— .156 .60 .06 20 .20 2?‘
-~ (9% 5¥) (ko s¥) =~ 022 - . 06 - - -
110,000 g - A1 .80 .08 1£ .22 e
109,000 318 13 .362 —-— .08 - - -
109,000 2637 13 . .22? .76 .08 B .22 .67
107,500 3409 185 178 ST .10 .22 L3R e
106,800 2923 .18 162 o] .05 .2 .30 .55
10%, 500 2950 .16 236 .78 .12 .16 .28 .68
101,300 308 - .0g0 - - e -— -
100,000 W32 .5 .19Y 78 .08 .20 .30 .12
100, 000 4296 22 236 18 .16 .16 .25 .58
99,000 1175 278 ATT .80 .20 .2k 32 .70
87,000 6495 R 081 .80 BY . { g 5
82,500 98k Ll 097 T8 .5 o .38 N £
121,000 2830 - - -~ 2?2 .22 .25 3%
116,500 3150 .31 432 .94 12 .12 135 .50
, 113,900 3086 A 39 - - .10 - -
111,000 ke 2 .22 o —-— .0 wa -
91,500 7520 .59 R Y £} 1.08 7% L) .55 95
91,500 (5385 ¥¥) (.06 ¥F} .007 -- - - - -
91,500 10863 51 .059 1,08 .20 uk .65 1.00
91,500 6998 .54 L - - - - -
91,500 6616 .52 - -- - - - -
 filssaring *M¥aximum sbtiess descriotion

¢#Dtoregarding voint of fuilare, remining cracks only
— A Qaqjt ernck

t




TANLE 11
Rosulias of Bydraulio Tatigur Test and Rxamination After
Togting of Oylinders from Tades ¥, X, 7, G, I axd X
Maxiven 01% soXquivalent
Intersal  offses Daisxial Dopth to Zone U
Pressure Tield Toet Stress Life %d Pstat of
w1l Prisr te Strangth Iaterwal Gy
Oritnder Mtie Tyidrsulic Presssre Pressure
Faabor (OD/ID)  TaliguaTest pai pei g8l __ cycles
) 12
| BT 1.2 25,000 21,50 20,000 118,080 k657
) & 1.2 22,000 21,000 20,000 111,000  llik
B=5 1.57 57,000 51,25 52,000 122,200 2600
L 1.5T  %,000 54,75 M9,000 115,060 22}5
("™ 1.57 59,000 53,%00 44,000 103,%0 107
53 1.6 §1,000 54,75 5,000 126,000 2927
3-10 1.57 56,000 52,500 50,000 117,500 5285
39 1.57 ~- -- 5,000 131,%00 s
B-§ 1.57 -- - 5,000 117,500 3873
*3.5 1.57 - -- ¥5,000 106,000  72u0
) - 1.57 -— - k0,000 94,200 1228%
7-10 1.57T 69,000 66,000 60,000 1u1,000 M162
,'_"; 1.57 — - $0,000 141,000  2%5k2
) £ 1.57 - - Ssom 129.3‘” 2858
,-3 1057 - - ”'m 1170% “&
1.57 — - 50.000 117,50 9726
s P-5 1.57 - - 45,000 106,000 11719
910 1.57 84,000 75,%0 60,000 1ui,000 3042
-9 1.57 - - 60,000 141,000 2832
0-8 1.57 -~ - 50,000 117,500 9306
*6-5 1.57 -- - 45,000 106,000 17791
1-7 1.84%5 70,000 67,000 60,000 110,000 5932
1-8 1.€45 70,000 65,500 2,000 35,100 1iyTh
1-10 1.84%5 70,000 66,000 &,000 87,900 2011
1-1k 1.2 23,000 22,300 21,000 102,500 6734
1-16 1.23 23,000 235,000 16,000 92,600 8321
1-15 1.23 23,000 22,000 17,000  £3,000 16250
1.57 60,000 58,000 60,000 11,000 1670 R L
1.57 -- -~ 50,000 117,500 6341 .66
1.57 - -- 45,000 106,000  957% .82
1.57 - - ¥,000 39,%0 25102 .78

® »w Only cylinders exsmined,
*? o Maximus strese description,
*¢e = Dieregarding point of failure, remsining cracks only.
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HYDRAULIC FATIGUE TEST RESULTS -A,B,C,D TUBES

IN TERMS OF EQUIVALENT UNIAXIAL STRESS

Y
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e QAL Miww smzss DESCRIPTION

EQUIVALENT UNIAXIAL STRESS— THOUSAND PS.L

wTH,639-8714
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CYCLES TO FAILURE-THOUSAND CYCLES
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.

RN,

EQUIVALENT UNIAXIAL STRESS-THOUSANDS PS.1

WIN,630-0442

RELATIONSHIP BETWEEN EQUIVALENT UNIAXIAL STRESS (MAXIMUM

STRESS DESCRIPTION) AND NUMBER UF CYCLES TO
FAILURE IN HYDRAULIC FATIGUE TESTS

150 ABCD TUBES 76mm-RIFLED
6% COLD WORKED
87)35 PSL YIELD STRENGTH

10G- (BEFDRE COLL wWORKING)
90
80
70
I TUBE 7€mm-SMOOTH BORE
150~ 6% COLD WORKED

88,250 PS] YIELD STRENGTH

{BEFORE COLD WORKING )
100~
90-
80~

€ TUBE 7"Hmm-—RIFLED
150- 2% COLD WORAED
\ 100,500 PSi YIELD STRENGTH
(BEFORE COLD WORKING)
100~
90- \\\
80~

200 - F TUBE 7TSmm ~RIFLED O
2% COLD WORKED

e—
150~ 121,850 PSL YIELD STRENGTH
(BEFOR COLD WORKING)
K_TUBE TSrmar-SHODTH BORE o
100~ &% COLD WORKED
S0 128,000 PEI-YS BCW)
200 G TURE 7Smm~RIFLED

2% COLD WORKED
154,250 RSE YIELD STRENGTH
IBEFORE COLD WORKING}

150

Q0
90

150- S N TUBE 7Smm~RIFLED

\d%\ HEAT TREATED TC STRENGTH
100 % o 139,300 PS! YIELD STRENGTH
S0 e . .

a0 e

70- . ~_

i i [}

20 40 80 80

[y 20
N
o
®
o

CYCLES 70O FAILURE — THOUSAND CYGCLES

FIG, 5
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80 RELATIONSHI® SETWEEN PRESSURE FAGTOR AND WALL RATIO

FOR DETERMINING YIELD PRg SSURE|0.01% OFFSET) OF 8
CANNON SECTIONS . e
73 " e
yd
76
i
83 !
>
60
Q
gim 4
s!.:.‘
W g
5o
o W
60
o= so
q']
]
e
oo 43
it
olQ
o'Q [}
) -
x —
gy -
2D
4
3 3 /
gz .38 /
=9 VON MISES YIELDING CONDITION FOR UNCAPPED
;’g 30 BECTIONS. NO STRAIN HARDENING
= CURVE A: PFe ;%.—L.W
N
3 TUBES WERE GOLD WORKED TO STRENGY# N PRLDUCTH &
z 28 SCHEDULE, SOAKED ~? S7T0°F AND MACHINED Tu $I12E
< -SEGTIONG FROM A 8,C,0 TUBES, RIFLED
'S * SECTION FROM € TUBE, RIFLED
V) ¢ FFCTION FROM F TUBE, RIFLED
2 g0 2SECTION FROM G TUBE, RIFLED
3 *SECTIONS FRON ¢ TUBE, SMOUTH BURE
w ¢SECTION FROM K TUBE, SNOCTH BORE
a
A CURVE 8 PFe L . Ke Wi
A8 K K W
TUBE WAS HEAT TREAYED TO STRENGTs N »ReoL Ty
SCHEDULE AND MASHINED TO SI1ZE
i0 *SECTIONS FROM N TUBE RIFLED
05
/4
0
w0 u 2 L3 - 13 s N4 e 19 20
WALL RATIO - -2f-
WIN,820-0443 Fi6, 8

g g e 4 s T mr sl v PN B R ~ .ol v g . PR e
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APPENDIX A

Description of Equipment, Controls and
Specimens
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APPEXDIX A

Test Equipment

‘Description of Fouipment, Controls and Specimens

The test equipment* initially used for these hvdrawlic fatigue studies
has been considerably improved. It is comprised of svparatus to avply cyclic
aoplications of pressure internrlly to sections of cannon tudbes in order to
produce mechanical deterioretion of the specimen 2imilar tn that found in tubes
returned from service, The equipment now in use to generate high pressure, to
measure, release, recvcle, and to count the cycles is shown schematicnlly in Pig,
1k, In Fig, 15 are ohatographs of the contrnl panel, the pressures intensifier, a
oress with a specimen mounted in place &nd a soclenoid onerated control valve,
The pressure intengifier, uress and control valves are set in a vit, remote from
the control room, while the lovw pressure pump is set up in still another room,
This arrangement wes made to reduce the hazard to the operators. Since the
equipment and the specimen sometimes fragment on failure, the specimen is
further isolated by armor plate bolted around the press,

As indicated tn the right of Fic, 1l the hvdranlic nressure is generoted
in two stages; &n ordinerv coamercial pump constitutes the first, supnlying
sregsure up to 5,000 psi, maximum, to the low side of the intensifier, which
congtitutes the second stage, The intensifier multiplies the punp pressure by
the ratio of areas on the two sides of the high pressure nisten, This ratio
12 1. The maximum pressure is therefore 90,000 psi.

The hizh pressure side is a closed elastic system, the nressure in which is
controlled by means of manganin coils, which through relavs, operate the ralve on
the low pressure side of the intensifier. The pump runs continuously drawing
wvater from the reservoir. Vhen the solenoid valve is open, the weter is pumped
vack to the reservoir and the water is drmined from the imensifier to the
reaervoir. When the valve is closed the water is pumped into the low pressure

side of the intensifier. The mansenin coils, when sudjecied to hydrostatic pressur:s

change in resistance in direct onroportion to the pressure. One coil is used
in conjunction with & special direct current wheatatone resistance bridge to
xeagure eslowly epplied pressure. ™he accuracy is well within 100 psi, This
setup makes it possible to set accuratelv the high pressure "knock off"
relav in the pressure indicator and controller. Two other manganin coils
are nsed, one in conjunction with the pressure indicator and contreller

and the other with the pressure recorder and controller, These instruments
are basically of the same type**, Thev are AC bridges kepi in null

balance 2t all times by electronics. The relave in both instruments

are of the brush contact type and are actuated in the indicator

*Watertown Arsenal Ledborasory Report No, 731/158% "Hydraulic Fatigas
Tests of Rifled Cannon Sections® By: Capt. D, H, Newhall ¢

ssDeveloped ®y tbe Foxboro Co., Foxboro, Mass.




with b Qieplaceient of the indicatiug veedle, sad in the yecordsr with the
dinplaoerant of She regording per. Jn Doth instrumenis aiple range in
adinstapnd of the neins of high presaure relesss Ls provided, Heowever, tho
presmurs fnéiontor is ospable of mure aceursis provsure adjustmen? thar the
reverder apd uormilly &uring the fatigee taet releasss the Xigh pressure Wy
sctmting the sclensid epersted wmlve to She reasrvolr om ths lovw sreseurs
nids, 7The kigk presvare *imock off" on the Breseure recorder Jas a relatively
searear adjustugnt Peokuse of tho shurier senle lemgih and, am wesd, is sét ad
A preamare lavel very slightly nigher tham that o3 the indicater. Iz ense the
iadionter Mils, the recarder vomid take ever iis "¥nock off" famotion and
srevent an ovaP~shes in pressure, As the Righ precsure folls after *Xmeck of 2"
834 approvebies zers prevenre (scxevhers umder 1,000 psi) the BRotax on (de
presscre veoarler slosee tha solenold operated walvs starting s wew cyele.

The eleatriosl cirauits ave arringed so that a fallure of power iz the
nensuring evetaa will ocon the lew pressure w»=lve and thus orotect the Sest
specicen, Rq & cles Rra ocomated Y & wagnetic countmr which is ensrglsed
snah time s lowv wressurs wmlye solennid fwactions,

¥ig, 1 10 & draving sheving the lyplosl gun layaut and the specimes
ased in the sdudy of a sedive oulibver tube, After the grliindars were ewt
frem the gua Sv¥das the rifling wes removed fren sesh end reglon in order ¢o
provids space fer the paokings. Ther the cuiside diametpr was mmckined to the
dusired wmilue, care bsing takes %o ke the suiside comcentric with tho inside.
T™e length of the T5mm, apd TGam, test sections was 1P.%%, The dizmetaors for
the wriows vall ratics sad the all tkiomesses bYased on the grosve dlasetey
vere aé shove in the follewing tabelatisp?

TABLX 1V - . i
o », in
75;;. Bxiliver ;Si 2aliber W)l
W1l Iaside Out2ids faside Cutsite T™hicknees, in.
Tatle ' Jands  Orooves Lands _ Opoeves [5ee, T6om .
1,2 £2.95% 2.9 3.5 3,000 3,080 3.696 .299 . X8
1,232 3,000 3.008 g&s& z
1.3 3,000 1,080 .30k .
1.% ¢’ 2,950 2,990 b.igé  3.000 3,080 xs.g: 598 TS
1.8 3.000 3,050 &, ' LTI
1.7 2.950 3.99%0 ki, 700 R
1,57 2.99 2.9% L. 832 .8
1.6 2.9% 2.990 .98k 3,000 3,080 ku.92¢ 597 K L
1.7 3.600 3.000 S.;g 1.018
1.8 3,000 3,060 5. 1.2%
1.81ge , 3,000 3,000 5 %4y 1,272
 Pomosth Jore

f% wes Tywed Asceemiry Va mescure and reserd tha struia on $he outelide of
the Stast spscimen eon @ al erele in ordsr 10 be sure that full prosssre alwmys
ronchel 1t,. The pressure line orn decoms plugeed 1z suck a sanner t2at She

. arlindey 4oea net receive full pressure vhile She omirsalisr does. I3 atrais

Pnges are apdlied trangtersely t6 tha ountafdo af the svltnfor 28 idlamgts.
Balavin-Yauthwark 3EN stvain meesuring amd recerdiag equipasat mace W the
Foxsers Quapnny ts weed, This iz indicatsd cm the lewer right of Plg. 1Y%
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APPENDIX B

DATA SHEETS GIVING PERTINENT METALLURGICAL

HISTORY OF STKEL FOR TUBES A, B, C, D, X,

P: @, I, K, and X




Lo« ¥ imgemper 1994

""‘

CATA kT NO,

-

PERTLLENT SLTALLURCICAL 1ISTSRY oF STEEL

esLIBER sND MoDEL: TOBR, MIA2 SERLAL NUMBER; W-2524 -~ A Tabde
STEEL PwOOUCER: Matertown Areenal wiat wumper: V-2524 -

STEEL FLERICATON: WRtertown Areonel  uiruco oF ragwiceTion: Cent, Casting

Covdrey Machine Formlized at 2200°F
MAChINING CONTRACTOR: Works Annealed at 1600°F

FINAL MLAT TREATNENT:  (CIW(RSION: ur CROSS SeCTioni,D,»2,0% 0, D wB-1/U to SAY

ke Teve,, OF 1650 L. Twe af vouy, wabe ____ Bwestuw ___WLQ. .

1255 6 F.C,

TIME OF KOLD, MRS, ; MEDIUM

oRaw TEMp,, ¢

STRESS RELICF Tewp,, ¢ TAME OF HOLD, kAS, L HEDL UK

coLD work, s: 6 nowminal; 8.9 max; .3 min; 6.0 ave.

BOAX TREP. °F 570 6 T.C.
CHEMICAL
COMPOSITION §:
L #n C st il cr ¥o ¥
.28 63 1 .30 - .98 .52 .08
AVERAGE TRANSVERSY MRCHAXICAL PROPRRTIZS!
_!hsext k,t‘).
FEELD STHEN TH, pSY STRERGTH ARE A Crnarsy ®
AL IANS LI I P! —_r RALLS
Before Coldwork: DBraeck 88,7150 -— 109,200 62.3% -
Maesle 28X, 250 - 107,750 62.0 -
After Coidwork: Dreech 102,500 - 114,650 62.0 16.8-23.7 at 7007
Midlength 103,2%0 - 122,2% 54,0 18 L-Lh 1 at 70°7
Massle - - - 16.L-20.1 at 70°7

{Breech) 6.6-16.% at -LooF
(Mtdlength) 11.U4-15.8 at -hooy
(Muzsle} 1h,8-15.5 at ooy

“Bange in valuee is reported.

V.Q. @ Water Quench
2,8, = Furnace Cool




Fopn N, SPOBE-TVFe28
L =~ 3 Occomoare Ll9Ww

<.

DATA SHEET MO, |

PERTINKENT METALLURGICAL MISTORY OF STEEL

,/'

SALIBER AND NODEL: _TOBE. H1AR

SERIAL NUMBER; . BOwPRE - B Tuba .

HEAT NUMBER: 40268
NETHOD OF FABRICaTion: Cent. Casting

Aunaosled at 1650°F
 WACHINING conTRACTOR; Cowdrey Machine Yorks

7 FINAL HEAT YKCATMENT:  (DIMINSIONS OF CROS3 sectiow_k,D,@2.0% 0.0, 8$-1/Y% %o 53*)

© STEEL PROCUCER: Watertown Arsenal

SYEEL FABRICATOR; WSertown Arsamal

et e A oo P e

N QUERCH Tewp,, °f 1650 .. TINE OF poLb, N*S.____ﬁ__,_l!blﬂf!.,&___..___...
- oRAw Teup,, °F 1210 ~. TIVE CF mOLD, wRS, é reotm ¥e G
STAESS RELI(F Tewp,, °f TAME OF KOLD, HRS, o WEDIUK
coLd worx, s: © pominal; 6.7 wAz: 4.9 min; 6.0 ave,
SOAX TRWP, ©F 570 7.0,
. CHEMICAL e
OOMPOSITIIN §:
L ua $1 i 14 Yo y
027 on ou - 1-00 051 .m
AVERAGR YRANSYFRSR MECRAWICAL PROPRRTIES: .
TENSILE REU,
YIELO STRENGTH, PS) STRENG T ARE & cuamey
013 SET 16 sET FSl 3 F1. 48,
Before Coldwork: Breech 87,2%0 - 111,900 %6, .-
Mussle 9 ,2%0 - 112,00 5k.8 -
After Coldwork: DPreech 56,000 - 112,500  57.3 31369 at 70°F
Midlengih 99,000 - 118,55 67,0 37 at 70°7
Hossle — - - ~- 2h,7-39.% at 70°P
(Bresch) 183-20  at -kov?
(Midlength)  20-25 st -LO%FP
{Wassle) 39.1-19.h4 gt -kOSP

. m Wter Quench

®
R 't
¥.0, = Farnece Cool

Range in wvaluas 1is reported.

oy




(S Y R LA XA A A

LAYA b N,

L=
——

DEATUENT METALLURCICAL PISTLRY UF STREL

CALIBER AND MODEL; __ J6mm, M1a2 SChlal HUMBER: 40-150 - C Tube ——

STEEL PRODUCER: Watertown Areenal HEAT NUSBER:
STEEL FaBRICATO~: WBSOPtOWD Arsenal . wevheo OF FapsicaTion: Cont, Costing.
Annesled at 1650°%

MACHINING COorTRACTOR: __Cowdrey Mechine ¥orks

Lg-150

FINAL HEAT THRCATMENT:

(CiwENrIONs O CROSS chrtca_m.Q_mmﬂ.jg_Sﬂ.-.)

e ABSQ . tiwc oreown, wese._ 6 wpstew W@ .
9, 1280

QUERCH TINP,,

0RAW TEMP,, TIvF oF noLe, Ms. D PEX U ?.C,

—— e -

STRESS RELLCF TCwP,, ° % LD K

——— —— [ ———

' . freE e oreyp, ras,

———— - Gatm— Gb————— - ® a— o

COLD WORK, nimnlmhﬁ.nx..&ﬁ min: 5.7 ave,
SOAX TEMP, °F 5 7.C,
.CHEMICAL

COMPOSITION £

“n S! N Cr o 1

- - - -

<
.29 TN .26 .- 1.03 .53 .10

AVIRAGE TRANSYERSE MECHANICAL PROPERTIBS:

[Re—

TENSILE K2,
YIELG STREN TR, pPOI STRERGTY AREA Crarry @
U1 SET L1y sET s A ‘1. 45,
Before Coldwork: 3Bresch 83,500 . 107,200 58.7 -
Kussle £6,500 - 109,300 6k.8 -
After Coldwork: JBreech 100,000 - 116,7%0 55.% 41-75 at TO*P
24-194 at -Lo*p
Midlength  9k,%00 - 110,650 &L.7 -

*Bange in values is raported,
W.Q. = Wnter Quench
= Furnace Cool




cAy

[ QU Gutemour 19%w

JMEET NO, |

FDERTELENTY METALLURGICAL MISTURY OF STEEL

GALIBER AND WODEL: _TOTB. MA2

STEEL PROOUCER: Mmtertown Arsenal

STEEL FABRICATOR; Watertown Arsensl

MACKINING CONTRACTOR: Cowdrey Machine

FINAL HEAT TKEATMENT:  (DIM{NLIONS OF

SERTAL NUMBER: 1J.2812 - D Tube

HEAT NUMBER: 3J-.2818

METHOD OF FagnriGation; _Cent, Casting
Annerled at 1OKHOOF,

¥orks

cro35 sectionl.D.=2.0" 0.D.» S-l&::_ﬁf’)

;u'zncu Tewp., OF 1680 1iwi s Woud, nas.,_,.,__ﬁ__..umuu v.Q. .
oRaw TEMP!, °F 120 TINE OF MGLD, NS&S. 6 wesrue r.C.
STRESS RELIEF Teus,, O . TINE .7 MOLD, WKS, L MEDIUM
¢oLp woRk, $: _6 nominal: 6.9 max; 1.6 min; 5.2 Ave.
SOAK TEMP. °F 570 AL,
. (‘bﬂ MICAL C e
SITION %:
£ “n st M ¢ o ¥
.27 .30 .22 hadad .97 :52 0095
AVERAGY TRANSYERSY® MECHANICAL PROPPRTIRS!
TENSILE RED,
YIELD STRENGTH, PSI STRENGTH AREA CHARPY &
018 36T, 13 3¢t » s N JARNEY
Refore Coldwork: DBresch % 500 - 107,000 61.6
Muzele - 250 - 108,200 59,1
After Coldwork: DBreech 90,500 101,250 109,900 62.3 u0.10 at JOOF inside
U3-63 at T0°F midwel
Midlength 99,000 105,500 113,600  63.2 31!:70 at TO°F inside
’ g4-66 at 70°F midwall
Muzzle - - .- - £3-66 at 70°F inalde

(Breech) 19-21 #t-40%F inside
(¥1dlength) & 2%-bOOF ingide
(Msgele) at ~UO®T {naide
*Bange in wvalues {s reported,
¥W.Q « Water Queach
¥.0. = Rirsace Coel
A, » Az Cool

et o——— i —tnsn
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Lo~ 30 Deeamrpur 193

CATA _HEed N2,

- - -

OEATIRENT METALLU~TICAL VISTURY OF STEEL

SERIAL NUMBER: UG-185 - £ Tube

BALIBER AND MODEL: ___I5mm, MBAY

m——— o

STEEL PROQUCER: Watertown Arsenal —— yiav xgvoER: 4G-185

STerL Fagxicatok; Watertown Arsemal  weruop of saswicatron; Cent, Casting
Annealsd at 1700°%

MACHINING CONTRACTOR:__QOldsmobile Div., G.M.C.

FINAL MEAT TSEATMENT:  (CIMCN3IONS GF CROSH sterion].D.w2d® 0.D, o5k - Ude )
queEnek Tewe,, OF 1650 e TwEuFwold, wes. B weotow Q. .
B. 1190
parw Toup,, °F M- 12 . TIME OF WOLD, WSS, __.__E__vvmuv I.C. -
stagss eeLier Tewe,, ¢ 5TO . TINE L. WOLO, MAS. _,2&..‘...“0'“._.!.’.0_'......-.—--

coLo work, s: _2% gomisal: 2.3 max: 1.8 min; 2.1 ave,

SOAX TEMP, ©OF 570 5k ¥.C.
. CHEMICAL
COMPOSITION #%:
v L un 3 ) Ce o Y

.28 J8Y 26 - 1.60 R .10

AVZRAQY TRAKSVERSE MECHANICAL PROPERTIES:

TesN € LRV
AEELG STRENGTR, PSH STYREKOTH ARE A ChARPY o
<01h stT L 1% SET psi G AL
Before Coldwork: Breech 102,000 - 128,700  60.1 62.6-6%.9 at 70°7
Muzzle 99,000 - 121,900 ék,0 63.7-65.6 at 70°F
After Coldwork: Breech 11k,500 122,000 129,000 60,0 55.5-60.9 at 70°F
Midlength 112,500 120,000 128, 000 56.0 |  53.7-59.6 at 70°F
Mussle 114,000 124,000 127,750 61,0 56.4-65,6 at 70°F
(Breecr) U17,.5-50.1 at -u0®®

*Runge in values is reported.

¥.Q. = Wter Quench
?.C. « Furnsce Jool




EATA JHE=T NO,

PERTLENT MeTALLL ~GICAL 1 ST RY

’
- Ampan

OF ¢TEEL

GALIBER aND MODEL ____ omm. NSAL

STEEL PROOUCER: Watertown Arsensl REAT NU“BER:

SUHIAL NUMBER:

r-mm Ko, SECHE.TFL 0
L <« ¥ Cecompor L9VM

YX-1391 - F Tube

LK-1391

STEEL FaBRicaTox:¥bertown Arsenal — yertwop ofF rawnicaTion:_ Cent, Casting
Annealed at 1650°F

MACKINING CONTRACTORSQ)dgmobile Div,, G.M.C,

FINAL HEAT TREATMENT:  (DIMINSIONS 0F CROSS SECTICH 1.D.=24" 0.0, =5k - uh#

QUEMCH Tewp,, “F 1650 e . TINE CFFOLY, ms.____,e,_,_____ MEDIUM v.Q. -
oRaw Tewr., °F 1140 ———— TIVE OF mgLD, AvS, _,__6 e MECTUN F.C. -
sTRESS AELIGF Teke,, O D10 e TINE . k0D, xS, 5% weorwu .G,
COLD WORK, $: 2% nominal; 2.8 mex; 1.7 min; 2.3 ave,
SOAX TEMP, °F 570 r.C.
. CHEMICAL
COMPOSITION %:
L n 4l pli 14 4 '
.33 .85 .26 - 1.80 ug 11
AVERAGE TRANSVERSE VRCHANICAL PROPERTIES:
TENSILE “Ca
YIELC STRENI™M, PSI LTAINGTR ARE 2 CNARPI‘
DALY L AL i ALY
Before Coldwork: Breech 118,750 - 15L,000 Lg b 312.2-37.0 at 70°F
Muzszle 125,000  -- 156,000 u6.1 19,1-39.9at 70°F
After Coldwork: Breech 136,250 14,000 160,250 3.9 30.3-31.4 at J0OF
Midlength 137,500 150,500 160,750 10,6 32.2-312.6 at 70°F
Musels 140,000 154,000 163,500 7.2 I4,6-35.0 at T70°F
(Breech) 14,2-16.4 at -higeF

*Rerge in values is reported,

2 . Wubaw Mesae ol
Fege * AT wphwsival

F.C. = Yurnaoe Cool
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CaYa bkt NO, |

sape W, SEOMLTFLy
L = ) Begeronry 1940

PERTELENT MeTALLURGICAL ST R F STREL
CALISER aND MoDEL1 __ [Dmm, MBA) SERTAL NUMDER:

STEEL PRODUCER: Watertown ArsepAl

hEAY RUMBER:D _

4G-209 - 6 Tabe

SYELL FARRICATOR: Watertown Arsenal

METYHOD OF FaawlcaTlion:

46209

Cent, Casting

Annealed at 1650°F

MACHINING CONTRACTOR: Oldamobile Div., G.M.C,

FINAL HEAT TYHEATMENT;  (CivIN-10%% QF CROSH SELTICN

1.0, =24 0,D.xhd b1 /%

@rENCH Yewe,, UF 1650 oo _  TINE uF PN, «.:s,________é,_ug;wu v.Q.
oRaw Teup,, OF 1050 tmmmm . TIMF SF MOLD, WMS, 6 MEOIUM r.C. -
sTRgss RELIGE Towp., 90 D10 TINE o AGLD, "eS. 5 ueorew_ .G
COLD WORK, $: .Zi.nnlin514_1*5_11x4.¢75 min; 1.1 ave.
SOAX TEMP, °F r.C.
CHEMICAL
COMPOSITION %:
£ nn 3 nt ¢: Yo Y
.33 .83 .30 - 1.76 .46 .115
AVERAGE TRANSVERSE MECEANICAL PROPERTIFS:
TEMSILE REJ,
YIELD STWEN,YTR, ¢S STRERG TH ARt A ChaRPYSE
LGl ST ._l‘l SEY _»:El.- “-".l..— . _’1. L’,:
Before Coldwork: Breech 153,750 -- 196,000 315.4 17.4-17.2 st 70°F
Murzle 1?2,500 - 169G, 000 29.b 17.9-17.8 at 70°F
Mugzzlet kg, 750 - 187,500  26.5 .2-27.7 at 70°F
After Coldwork: Breeck 168,750 185,000 196,750 33.¢ 12.b-1k. 2 ut 70°F
Midlength 167,500 183,750 196,500  30.5 13,0145 at 70°F
Muzzle 177,500 193,750 199,500 4.4 13.6<13.6 at 70?7
(Breech) 5.3- 8,3 at -%0°F
REMARKS: (Midlength) L. 6- 8,3 at -LOOF
- (Musgle) 7.2- &£.3 at ~LO°P
*Range in values is remorted,
1, After mayimum discard, Criginal discard msy be insufficient and

data are not as representative of metal 25 ars thoss from rmugtie end

wvhare mavimum d{acard was taken,

¥ith bl additinnel discard at murxle,

thera whas no anpreciable changze in atrensth or {mpant resistance, dut

reductiog in sres wng 294,

¥.4. = ater Quanch
7.8. = Turvace Cool




N R T LR
L~ 3 C oecom.,r 1vde

OEATINENT METALLUSGICAL IIST RY oF CTEEL

CALIBER AND MODEL: Tomm, M1A2 SpRlal mumsgs; __ BO-1ME1-T Tgbe

STEEL propucEn: Wetertown Arsspal ~— wiaT wyteEm: 4g-1ug) .
STEEL CApRICATOX;Wtertown Arsenal — uevwuc OF quéunou; Cent, Omsting
Annealad at 16507

MACHIN|ING CONTRACTOR: o

w
FINAL HEAT THEATMENT:  (CIMINSIONS QF CROS3S stc’th-T.-,_.D~¥-__&_Q...L!§:lL"‘~.&9-5§')

QUENCH Towp., °F 1650 o ovwcorrer, wese b wetev _ MaQe .

pasw Teuv,, OF 1260 Yiug "€ woLl, HFS, ______6 _VEdm r.C.

% L TaNE LT reLDd, was, L MEDNM

——————ry 15 — g > ¥ SP & ———

STRESS RELICF TENP,,

coLo work, 5: 6% pominal: S.U mxi 3.9 min; 6.0 ave,
0

SOAL TRMP. °F 57 Y.C.
. CHEMICAL - —
COMPOSITION
3 un st o Cr 4o !
.28 .67 .20 »ni} .9k 55 .06
AYFRAGE TRANSYRERSE MECHANICAL PROPERTIES:
TENSILE YN
YEELD STRENTF, PO TRENATY ARE A (haapy @
LU AN L -t BALTLNE
Before Coldwork: ZRreech 88,500 ——— 110,600 10,3
Warsle 88,000 -- 109,000 6.4
After Coldwork: Breech 103,440 110,62% 116,000  %5.7 32-37 &t 70°F
. Nidlength 100,000 108,750 113,25  54.7 859 at 70°F

Massle 105,500 112,750  116,k00  60.b 53-68 at TOOF
: (Breach) 1%.22 at ~UOCY
(Midlength) 13-18 at -hO°¥®

/

*Range iz Talues is reported,

Smoocth bore tudbe,
¥.Q. = Watur Quench
7.0. = Yurmace Cool
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IRETRIR aine

Foem Mo, SECBELTFL 24
L o~ 30 Cucambor LGNh

CaTa HESY NO, )

PERTL LENT METALLUSGICH, ST RY € STRIL

CALISER ARD MODEL: _1omm, M5, M6 SERTAL NUMBEAL 5J.1u8 -~ KTube

STEEL PRWIDUCER: Vatertown Arsenal - WSAT NUMBER; 9—“

CYFEL FABRICATO~: Watertown Arsenal — wmeTwep OF Fapwjcavion: Cent, Casting
Annealed at 1650°F

MAChINING CONTRACTOR; Watertiown Arsenal

FINAL HEAT TAEATMENT: (SIMIR7IONT. 5S¢ CR™ZS SECTICN I-DJ-_'?'L" 0-D~=5%"~“ﬁ" )

ouenck Tewe., JF 1600 _ SR 1T TR LA T N ms.__,_____,_ﬁg,.ueawu w.Q. .
oRMw Tewk,, °F 1170 o . Y{BE OF ATLD, MFS. @ vidluw rC.__
STRESS RELICF TEup,, °Ff 270___ . TIME (T OMOLD, S, 3 wEOI UM r.C. .

coLD work, $:_ 2 uominal

SOAX TEMP, °F 570 5& ¥ C,

. CHEMICAL

COMPOSITION &

L P 5 e tr Lo ! s P
e -

32 .89 3 -- 1.80 .38 .12 .02t 009

AVYRAGE TRA¥SVERSE MECHEANICAL PROPERTIES:

- TInSILE “f,
YUELL STREN"Tw, PSI 3TaEwGTr 1A tnanp- ®
.01} SC_T _&J‘_SE_' “__P_ﬂ_ __”a“ L3 Y
Before Coldwork: Ereech 125,000 136,900 156, N00) L.q Lo 7.0 § a1 doeY
Vussle 125,000 136,800 151, 6.0 AT O T A ]
After Coldwork: Midlenazth 125,600 1¥3,100 153,300 L0 LU R
Muzzle 137,000 1hQ 000 15k 600 7.2 WP r oar Y
(1A ameih " ¥ 2y § - FF
B 3 - 5 B
Ay ® .
‘¥neziw &
2 %

*Ranxe in values is reoarted,

V.Q. = ¥ater Quinch
0 = Farmacs Caal




DATA SHEZT d0, |

PERTINENT METALLURGICAL 111.STHRY UF STEEL

CALIBER AND NOODEL: __[omm, MBAL SERIAL NUMBER:

Lo e e

Form Mue SFOBE-TFa2u
L ~ 30 Decembor 19W4

4x-1Lg) - X Tube

STEEL PRODUCER: Watertown Arsenal MZAT NUMBER:

Lx.1491

STEEL FABRICATOR: Watertown Arsemal — werhoo oF Faskicsl)

Annealed at 1650
MACHINING CONTRACTOR;_Oldsmodile Div., 3.M.C. '

; Cent, Casting

oK
oy

’ h 1
FIAAL HEAT TREATMENT: (DIMCNSIONS OF CRO3S SECTION I1.D.=2f* 0.0, =58 — Lje

-
qutden Tewe., °F 1650 TINE OF woLd, WEs.__ O weotow __WaQo o
PRAW TENP,, OF 1000 _ TIME OF HGLD, m:s.___Q_G\ weorew__X.Co -
,  STRESS RELICF Toue., °F - . TIME (f HOLD, B1HS, MEDISM
COLD: WoRrx, ;: __None q
. GHEMTCAL
COMPOSITION %:
U L 1 ¢r 4 v s P
S 83 .29 -- 1.2 .5t 32 .02 .015
AVERAGE TRANSYPRSE MECHANICAL PROPERTIES:.
.- : TENSILE RED,
YILCO STRENSTA, PSt STRENG T AREA crampy ©
L01F SET 1% SET 21 5 FT. L5,
Breech, 152,500 - 202,500 31.0 10,9-13.3 at 70°F
‘Muzzle 153,750  -- 200,750 31.1 14,5-15.5 at 70°F
i : : . , !
Breech 156, 250 176,000 203,500  35.5 11.8-1%.% at TO°F !
Midlength 159,250 178,000 204,250  34.5 12.1-13.8 at 70°F !
‘Maszle - 162,500 177,000 201,000  32.0 12,4-13.6 at TOSF |
b ’ 7 {Breech) 10-6-10.6-at aho¢x}§
R (Midlength) 7.2-10.0 at -LO°F
A e __(wogrie) £.3- 9.bat -looF

' ‘An‘; ;ﬁj'f;v;iuonl ; 1 3 reportod
¥.Q. = Wter Quench

7.C. = Furpace Cool
¢¢ Inspection Report
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The Crack Systen
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APPENDIX

The Crack Grutem

Inta pertaining to the nu;:ber of cycles for failure apd to factors
affecting this number have< been discussed in the main body of the report.
"\ Thege data were used for -establishing & design proceduie bmsed on end of
life, In this appendix {s given an .evaluvation of the ;‘ééndi't ion of various
cy)inders at the end nf thgvhydmui-ic fatigue test, The crack 's,votem is
described in detail, eapecialljr that existing in the low stre;ngth (A,38,0,D
"\gu‘bis‘. Also, sim{larities Detween resulte of service f—ir}ing ‘test,s— and
_lﬁbomtory tests are indioated. |
The procedure used in studving the crack syetem of these cylinders.
including one or more, -‘out not necessarily all of the follawing steps?
(1) examination of the fisaure, (2) study of the surface of the fracture, and
(3'). measuremsnt of the cracks 7on a —ﬁiéc cut from 7t;he cyi—ipden or vieces of the
) cylinder norml to the axis and at the region of me ximum progres;i-ve stretéemmse.
fﬁe di)-c" was surface sround and rmacroetchea in order to reveal clearly the cracks,
) '!'ixe ﬁsc' thnkt was cut may at times be made np of a.ﬂ::l;n:r as three pieces bdecnuse
the Ql}nderr vvav.ii,féequenﬂ.,y cut longitudinally on a plane normal 3o the radial
' plane of the fissure and the half with the fissure was then split opern in order
}o see vtho; fracture, ) |
. The cracks 1n the mecroetched disc are known as 'ther"‘rema'irning éracks",
Thie-is §eqauae the failure 7occ’ﬁrc7a,t a crack which penetrates the fglI thick-

7 ness of the rylinder. This creck usuelly was not virible as such in many of

— - me— ———
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the- mci“oet’chédi pleces of discs becc;use one a.id‘e of th§ erack formed shq
of the edges of the pieces making n;; the disc. Kioirlﬂﬁe;l'gﬂe;p;-bbut tho
distribution of the remining cracks and the de{)th: to whish the cracks
' grow helns in ea‘ta:bli.-hing tt-m éorrglation between service and ladoratory
tests. B
The-fiseure in the failed cylinders re,vea‘léd"'featﬁrgu *a’b&@t the relative
' ductile behavior of the metal under the test. conditione. In some cases -
considerable distortion of the metal with extensive -b‘ulging,bf the cylinder .
. occurred., In other cases there was lese distortion with Ii;%tlo bulging. »
_ Sometimes the fracture extended almost the full l’eﬁgvfh 02 the c;\vi‘indor and at
other times only a m’inu;o fissure appeared on the :outside.
The surface of the fracture revealed the occurrence of se‘v.erai sones.
Lf;aitiné: inlpection to the 'iracturc: vhich caused final ifann‘rg, _:thore could
be seen ad;}acent; to-. the bore in Zone one-a region of fine Ate_xture‘. Thit -

texture roughéned as the first zone blended with the sacend sone indiocating

that ieai rubbing of the sidewalls had occurred during the hydraulic fat,,igno

~

tegt. At the base of the second zone it ie cencid@red that .the qylind?r ‘had
yielded appreciably and the direction of the crack started to change and

hecame mdia]i. The tasge of Yhe naxt or .t,hird.- zone is :th;'“?o;nt wﬁeze the change
in direction of crack was completed ard the direction of the erack /b,ogme' radial,
T!;o erack contiqued.'té propagaie radially %hrbn@ot}t *tjhi,n;ioixt or fourth sone
;ifth« the ino't;*l 't:oa.x;;ng apart ,aﬁd Ie_ati'ng—ﬂ coarse —tex'tur’e——oi the fracture until
failure in shear occurred. The region of shear is the fifth ‘zone. m erack
penétrated the full thicknasi of the cylinder vhich had bulged and therefore o




‘

A

thinngd,vosgeéialiyvat the region*of maximum damage, The thickness of- the wmall

At the point of maximum pirogressive stress-damga was maasured. The five

- 1]

‘mcguurcmantl that were made ars as followq:-

" Zone 1 - Depth frbm bote to base of first zone - or zone of fine téiture

Zone 2 - Depth from bore to base of seccnd fone where direction of crack
. started to change ‘

(ZoneJB‘—‘bepth from bore to bese of third zone where crack became radjal
" _ Zone U4 —~ Depth from bore to base of fourth ;ogq-or~xo<pbint of shear

Zone 5 ~ Depth from bore to base of fifth sone or thickness of wgllwﬁftqr test.

RESULTS AND DISOUSSIOR - | ,
(A,B,C,D snd Cylinders 76mm, Ouliber)
leinder C9 after failure is ethown in Pz, 1? !h}; cylinder had & wall Fatic

of 1,4 and a wall thickness of 616", ThQ'Ii:sure was located at about U o'clock.

'Pflfbttioniof the dylihdqr wa.g apparent and the increase in outside dlameter was

0.152%, Plastic deformetion a:soclated—gith the rifling was evident arohnd~§he

whole cutside circumference as indicated by the arrows in.the picture. The

cyllnde;‘behaiQGAin'éfhnltofn menner and the apﬁearance of others was similar,

- e bdore surfacs ¢ shown in Pig. 18. It revealed that thevdistdrtion caused
w;@eh;né\of,craékl.;all‘o!wwhich followed the groove fifletu. The three vieces
of the mcroetched disc revealed that‘ct-cks‘existed’at:baéh.of—the groove

fillets, Fxamination of ‘the bore surface of this mcroetched disc was necessary

4o datect'oonp,offthi cracks. In Fig, 19; which is an enlarged vhotograph of the

’mncrbétchediilsc.:dofinitel& measuradble cracks can—hévneonAit most of'thc:fillgtle

A1l of ihe doep crack' were wide. conforling vith tho diltortion seen. around

tho outside of the: cyltndor. The fissure occurred when the crack separating

" the two pieces nhovn ‘at ‘the bottom of “15, 19 penetratod to the outs*de .u!ace.

Final failuro ‘WA s in ahear with oxtonsivo distortion of the metal The 2istarce




from. t*xe Yor'e surface to tiie woint of ’»shear was O.U2 inch. The thickrass of

the 'c}linder at the point of fissure Q&s«O.S inch aolhat the wall ’thickn;;ﬁll ‘
. - was thinned by about 0,1 inch. The maximum depth of the Wremaining cracks"

wes 0,135 inch. Further reference will be made *14te1: to the «dép%t; to point =

of ‘shear and %o the maximum depth of the ‘.'remainin’g »cra,éks“.

The tendency of the cracks to slope under t'he' grooves is ﬁvlpro shown in.

Fig. 19. This was a omracteri;t.ic in all 'coldwqtked tubes ngdq.. ot low strength

steei. However, the ;himer the tube, thg less was this tendency. The ranges in
angle between the radius and the axis of the crack were: 0 to 14°, 9 to 22°; ’
10 to 25°; and 13 to ° for cylinders of 1.2, 1.4, 1.6 and 1.& vall ratios,
regpectively ffr,om‘ tixe A, B, -C and D tubes,  in thick-wall cyl'ip‘dgvrn. ivt_'. ‘\f!}s"
especiallv _appireixt that the average angle also tended to increase ae ’tﬁe
internal pressure .increal'ed.. The trend uési not u};lform 4n: thin wall tudey.

The sverage angles were as follows:

s * Average Angle Between
Wall Ratio: Internsl Pressure ’ Crack and Radius:
’ BT T dezres
) 1.8 62,500 ) 25
1.8 59,000 - 23
1.8 ug 500 . 7187
i.6 46,000 =
1.6 14,000 B 19 '
1.6 18,250 17
1.6 . 36,250 : 16
1.4 - 28,7150 : . 13
1.b -27,500 . 17
1.2 18,000 ‘ 10
1,2 16,500 ’ ’ 10"

Part of 'thé f,mc,tured surface of Cylinder 09 after the :crack which .caused

failure wag opened. up 1; shown in Fig. 20. The bright -and dark irregular areas
ovar most of the fracture in the lower part of the Tigure were formed when the

T, Th PY DUSNGNE SR Y

~ specimen was bent to open up the crack. The bright areas ware civetailine and ~—  —

Teflect incomplete hardening of 7 thé steel on the —qung@., Thess into@lﬁ-‘lare@i
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‘have no bdearing on prog:gsgive'stro;s-damage. The plafes where the f113ur1ng'

oc@nrﬁédxdnring the hydraulic fatigue test are at the top of the figure and along

t@grfore*edgei at these locations, indicated by -arrows, can be seen the vprogressive

‘atreil-damﬁgé_Fon?s ;}art%ng at the four groove fillets which are visible, |

*Miximﬁn‘depthsfof such gones aré'ieen‘touard the top of the picture,
Thqwg;tiome~conditionp~1n appearance of fissures are showi in Figs. 21

and 22, In goheral, the latter is considered a more ductile type of break

.than the former. A sketch of the appearance  of the fissures in cylinders 1s

shown in Fgg.VZB. The more ductile appearance ‘was obtained when the wall ratio
s-t;gggdto be: l1arge, the internal pressure low, and yhen the steel had high impact
frgaigténhe; Intattemgting tao ‘measure the ductility, nonuniform results were
obtained. It was apparsnt that the mezsurement of the change in diamseter was'a
Aygre aenlltgyé method than measuring the thickness of the wall at the point of
fissure in evaluating ductility.
Although the room temperature impact resistance of the steels in the A, B,
. C.and D tubes ranged~f}om=16 to 75 fi-1bs no meesurable effect of toushness in
‘this range was apperent on the 1ife of the cylindsr: It«has been previously report%é
that for heat-treated-to-strength forginga in the range of 11 to 24 ft-1bs impact
reslatance at yield ttrevgth leyels of 1FO0, OOO to 163,000 psi, better life was
definiigly‘obtainbd,gt high impact levels: than at low impect levels.- At low
yig%d atrength levels ﬁqe importance of toughness as measured by impact resistence
&gnFnot evident upon 11fe; but was definitely evident upon the tendency to fail
‘btitiibly;'—Prlbrrexperiencgfglio,refeaied that with brittle steel in heat-treated-
to-strength cylinders tbe larger the well ratio, the greater was the tendenqy'tof
) brittlu failure, allo ‘the: smaller the wall ratio, the greater was the freQuency .

ffor occurrence of auctile !ailures. It my be that at the vield atrength levels

v K ‘—Cnn MYC iLn: '*’M‘ LAn.
Lo Plbl‘.’lo. Il'dp()rl- i ')‘, -L)O""-L&O ‘llumlllu MLUn Un\ -rﬁb \0 Vf.Ll-uu‘: I’b Cv ”Ua”, CPHVVD, L3R UVD,

20uekp, 25UEQB and 69272 Subjected to Repeated Internal e :

7 :ey I B; Cohenhlﬁ- December 191k et Rl fydreulic Pressurer
Memo, Revor?y 731/12k=1: ™*Progress Revert to the Subcommittee: 4 7
By: P. R. Xosting eand Caot. D. H, Newhall * on Gun Foreingsn




“of the steel¢ of the A, B, C and D tubes the favorable éeaiduél stress system
in coldworked tubes is counteracting the-detrin;ntal sffact re;éaled[b& poor
toughnens..

The poor macrostructure evident in Fi;, 12 had no meaguradble :effect on

orogressive stress damage, 1t did have another effect, however; namely, favoring

the forme'tion of tears on the outside of the cylinders toward the end.of test when.

‘bulging occurred. These tears were not generally affected by the cracks starting:
at the bore surface, as showa in Fig, 2l

Cne of the minor effects of segregations causing this poor macrosiructure
was the occasional local influence on ihg direction of the é:owtq-ef'thé~crack.
Inclusions likewise have a simtlarrminor effect. When such:defects occurred at
the bore sugface withir the groove, iie early forme.tion éf a crack was favored,
However, such -cracks are considered to have spread quickly to the groove fillet
and to have decome part of therpredominaﬁt cra.cic q}ltem at the fillet vlihout
any measurable effect on life,

Depth of Cracks

The. test of gylinder €12 wes stopped after some 20,322 cycles without any
evidence of failure being imminent. On the ngproeéched‘digc from mfdlqétion,
eracks were observed; the greateat-dé;th was 0,025 inch.

The test of Cylinder Cll uagisﬁopped when failure u&§ imminent but when
full pressure was_still being withstood. The outside of the qylipder’ii shown
in Fig;.25, ‘The distortion where fissuring would qéén'occur is—eti&ent. This
A—spot is 1ndicateq§¥the airijin the picﬁure. 'Théinacroetcﬁedasectton it this
spot is shown in—ﬂlg.’QG, The dgep*c¥ack7atrthe top oi‘iheviiguxe,had; |
provagated almost %0% of the wall thickness, The_dbpth—o!'the—cggdk was .22 inch,

crack is discernidle,

™

sriton on the outside-edge. :0f the .evlinder ‘opnnsite _the. .ront of thia —_




The~debﬁha.nf the various sones on most of the fractures in the
cyiindbrn,from ‘the R,EB; C and D tubes are Yisted in Table II., The zones

whtchnverenMOltieasily {dentified were 7ones ! and 5. Zone- 1 was the rnext

easfest but its junction with Zone 2 was nopuniform, The limits of the zones

were, in gen;ral. very difficult to identify and to measure, Poor reducidbility
was exoerisnced.

The depth to the noint of shear as influenced bv internal pressure is
shown in Fig, 27. The depth of crack (or depth to point of ahear) at which

the cvlinder would fall decreases as the interasl ‘pressure increased., The

‘relatlonshipla betwzen internal opressure, deoth of cradc for failurs and wall

ratio which has been worked out for brittle mteriall> was not found to be

adequate with these cylinders which behaved essentially in a ductile manner and

also had a residual stress system., The cylinders withcut any cracks would

rupture when iubjectedvtO‘the'maximum internal pressure calculated by means

of the bursting pressure facter. The bursting vressure factor developed for

duetile metal by Elniflh was simple to use ‘and wvas found to be accurate when

gun sections with wall ratios up to 2 were tested. At the other erxtreme when
the crack existed completely through the wall thickness, no pressure would be

reduired to rupturs the cylinder. The pressure required to rupture the

_cylinder when a crack extended pvart way through the wall thicknases was cal-~

qpla&ed*hzfailum{hg that the relationship between internal pressure and depth

to point of:nhéartwould,bé represernited by the equation for an ellipse, An

- 12, <t§trass;s 1n'Thic&iﬁtll'CyIﬂndeféi'— St&thllntétnatiﬁﬁgl Congregiffdr"’ 7

Applied Mechanics, 19LU6; R, Beruwkes, WAL Renort No. 73C/U19.
13, "Theory of Elaeticity", McGraw Hill Bnok Co., 1934, p, 1bb, By.: 9. Timoshenko
L. “Letter", By: J, S. Ilair: FNGINEERING, V. 159, Januarv-June 1915, p. 356
__ ..And. "The Strength of Thick Tsltow CyTindérs Under Internal Pressure",

By: Cilbert Cook and Andrew Robertson, MNGINFERING, 7, 1911, p. 786
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equation was developed involving the tensile strength (ts) of the-tteei

.§ defore coldwork, the internal vressure (IP), the inside diameter (id) :nd

wall ratio (W) of the cvlindere and. the depth to point of shear (a), as follows:
anh -S3l— \[(ts)z (w2 1)"2 -(1P)2 (1.5+w0. 5w3+w ) . L) .

If the bursting pressure factor (bpf) as develop2d by Blairlh is used, namely,

bpf = '2 -1 7 . then
?1;—5 + H+ o:5w3 + W
- { 2
2 =) 14 {w-1) {1 - (1P) or
i (+0)° (opt) *

.._L_.:{(w 1)? -u(__,z_; | N €3]

Equation (2):13 {h a form which is more generally applicable than is Xquation
(1) because internal prengufe is. expressed as a fraction of tensile strength
and depth of crack as a fraction of internal diameter. The curves of Equation (1)

for various wall ratiosare shown in Fig. 27 and that -of Equation (2) is shown in

Fig. 28, In Fig. 27 data for the A, B, C and D cylinders are gshown, and in
Fig 28 those for the K cylinders, to be: mentioned later, are shown. The
gbserved data at the smller wvall ratios are consistent with tﬁe curves, but

as thé well ratio increases abeove 1.8, the curves tend to be conservative., This

may indicate the limitations nf the empirical approach,"oithcn;h the scatter,
in general, is large and the data are few in this rezion. The-data as a whole
are considered to reipoﬁd'quttg well to this treatment which is helpful in the
analysis of the crack system. 7

The depths of the varioua zones in the fracture at which final failure

occurred tended to decrease. with {ncraase in 1nternal ‘predsure as seen from a

 survey of the data in Tabdle 1I. zono—1’1lr§'ﬁiidiFéd s& e the-dapth te

cb
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fﬁbbed together. The bdase of the other sones mark locations where changes
occurred in the dir?ction'of the stress gradient as the crack propagated.

The mrimum depth of the remaining cracks decreased with increase in
internal ﬁronlure. The remaining cracks were alwavs appreciadly smaller than
the depth to voint of shear. -This indicates that if ever any field tests are
undartaken to looate and determine the depth of cracks in cannon in ordeér to
evaluate the safety of theiweapon, complete coverage of'tho bore must be made
in order to find &gexllngle potentislly dangerous deep crack even though
several cracks may de found in the neighdorhoed,

'S, 7, 0 and X Cylinders

The crack iyltoqsavere partiallyiexnmined only in Cylinders ®5, F5 and 05,
the.p being taken as representative of the centrifugnlly cast coldworked high-
strength tudbes. Failure in each case was of the ductile type, In Cylinders
" 25 and' ¥5 the cracks sloped under the grooves, although the tendency was less
" oronounced in the case of F5 (121,550 psi yield sirength) than in ¥5 (100,500 psi,
vield strength), dut in Cvlinder 05 (151,700 psi, vield strength) the cracks
were esséntially radial.

The relationship between depth to point of shear and pressure for the
crlinders from the K tude is indicated in Pig, 28, The behavior is consistent

with the discussion already presented pertaining to Fig. 27.

N Ovlindgry , ﬂ

The cylinders fros the heat-treated-to-strensth centrifﬁgnliy cast tube "N" |
failled in a drittle manner when the wall ratio was 1.57 or larger but in a ductile
manner when the wall ratio was 1.2. This is consistent with ths bebavior of

heat-treated-to-strengih forgings. Hovv?or. even in the brittle type of dreak




there wae 2 very limited region of shear. The toughness of steel *N*

was similar to that of gteel "G" and was not even as good as that of many

forgings vhich have been used in this application,

Saie Deoth of Cracks

The examination of the crack system in cylinders which were taken out :
of test before failure and évern when fissuring wus imminent indicated that
cracks are present in the specimen early in the life of the cylinder and that
final failure on the last cycle 1is ;y shear from the root of tﬁeﬁéxtntlng
deep crack and not by marked radial growth of a shallow crack prior io shear,
The trend is for the deoth of the crack to the voint of shear to ‘increase with
decrense in test pressure. As the test pressure decreases the numder
of relatively deep cracks detected on the mmcroetched cross-section of the
cylinder tends to decrease and the devth of the remaining cracks tends to
increase, However, the trend is not uniform and the behavior of cylinders such
as Cll indicates that as the pressure decreases further and apnroaches the
endurance ;imit pressure of the cvlinder, the conditions favorable for the
vreferential growth of one crack iﬁprpven,4and the deeper this mme cflck grovs
relstive to the nthers before final f;ilufé. At and below the enduran§e~lin1t
oressure no crack will form and grow under telf conditions nuchfa; these, The

exsmination of cannon after service reveals that many cracks grow indicating

again that the test conditions used in this 1nvo.¥1¢ation ve parallel effects
in service when the test pressure is relatively high and that in service the

rated maximum powder pressure 1ivconveﬂtionaljy designed guns is much higher than

-

the endurance limit pressure, 7
The‘détu on Fiz. 3 indicate thét,the gfrain on ‘the outside of the cylinder

increases avpreciadly toward the end of 1ife. This has also been odusryed in

iring tests. ‘The time in the life of the cylinder at which this ltrajh increnses

= 2 e e emm e = e e o e o -

i,
|
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‘rapidly ap§eara to be about 60 to 70 percent of the 1ife of the cylinder,

orobedly at the time whpn the rate of growth of crack begins to be dangerously

rapid, but slight permnent changze has been observed much earlier that 60 vercent
of Life. Txamination of the fracture is taken to indicate tha; the deoth at which
the grovéﬁiin reold 1s at the deoth of Zone 2, The -deoth of Zonz 2 is there-
'fpre gpmpoﬁartly considered to be the safe denth to which cracks mav be
permitted to grow in gservice befare the gun tube be taken out of service
bec&h:é of orogressive strass damage. "he oroblem of detectingz this cdepth in
the field 1; not yet solved.

7’The-€§ndenc? for'céacks to slove under the erooves in coldworked-to-strength

gun tubes has been observed in cannon trken from service. This is esnécially

‘80 in the ﬁeglon>of the muzzle. The tendency at the origin of riflineg is for the

cracks to nropazate under the lands, This indicates that the stress conditions in

this region are different from those in the test as would be erpected becéuse of

:gngnaving~txreisesg

~"he tendency for cracks to grow under the grooves in coldworked-to-strensth
tubes differs from thelr behavior in héﬁ%-tib&tqutoestrength tubes. In this

c§§e the cracxs remnin»rédial, Similar behavior has been observed in cannon

‘taken from service although ir some weavons when the sirees srstem is different

the cracks nropaga@?iunder the Iands} The behavior can not be nredicted based
on consideration of gun tube desisn alone, dut must include consideration of

the mutual effect of desizn of rotating band and of riflinz.
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