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ABSTRACT

2

N
—X
Material taken from 6Al-4V titanium rocket motor cases was tested with

precrack Charpy impact specimens to evaluate the following as factors affecting
plane-stress crack toughness and/or chamber performance: (1) anisotropy and
inhomogeneity, (2) forging practice (die, ring-roll and extrusiony, (3) inter-
stitial-element chemistry, and (4) test temperature. The material was obtained
from 14 hydroburst Minuteman chambers, nine of which were premature-proof-test -
failures, four were successfully hydroburst chambers, and one failed after 11
proof-test cycles. Material sampling included the immediate vicinity of frac—
ture origins in an attempt to correlate fracture toughness and chamber

performance. , . .
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Significant differences ir precrack Charpy W/A values were found
between (1) the two chamber wall thicknesses tested, {2) forgings, (3} forging
practices and (4) test temperatures. Some individual cylinders eppeared to
have a marked difference in W/A value from end-to-end in both the membrane -
wall and the reinforced sections. However, analysis of variance did not .show
a significant difference from end-to-end of the cylindets. Multiple regres--
sion and correlation analysis indicate carbon and oxygen to have a signifi-- -
cant effect on toughness in the Minuteman chemistry. In four.out of six. ~
chambers with secondary fractures in the hoop direction, the W/A values in - .
the hoop direc*icn were either very low or lower than those in the axial. -
direction. Variable response to temperature and forging-to-forging differ-
ences necessitate fracture testing of every forging fn critical service
applications.

'..N.i i... .m-| ﬁ*:-:,‘ "ui\ l
¢

Relationships between fracture toughness and chamber performance were
evaluated. Because of the relatively low plane-stress crack toughness of
the material, Irwin's leak-before-burst criterion wae not met. Thus, the
chambers failled as a result of plane-strain pop-in. In chambers with semi- “
elliptical surface flaws, an attempt was made to predict the hoop stress at
fajlure on the basis of the measured flaw dimensions and the mean K. value
as determined from 109 forgings in Phase I; viz, 39 ksi--in.-‘/2 with a
standard deviation of 1.6 ksi-in.1/2, The prediction was in cloze agrecment

in five out of 3ix cases based on a two-sigma spread in K1. value. _ -
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This document is subject to special export contrels and each
transmittal to foreign governments or foreign nationals may .
be made only with prior approval of the Air Force Materials
Laboratory (MAAE), Wright-Patterson Air Force Base, Ohio 45433, . :
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SEGTION I

INTRODUCTION

Phase I, a MIi-HDBK~5 data collection program, has been completed to
provide room~ and elevated-temperature-tensile and fracture-toughness data
on 6A1-4V titanium at a 0.2% offset yield strength of approximately 160 ksi.
The data were pregented in Technical Report AFML-TR-68-163, Volume I,
September 1368, entitled "Tensile Properties and Fracture Youghness of
6A1-4V Titanium" (378 pages, including five appendices). The material was
from 44— and 52-in.-dia second-stage Minuteman rocket-motor cases. The
elevated-temperature tensile data were for temperatures up to 330°F., The
fracture toughness data included plane-strain KIc from 540 part-through-crack
(PTC) tensile tests of 109 forgings, plane-stress K. from 75 fatigue- -
precracked center-notch (CN) tensile tests of 18 forgings, and precrack
Charpy slow-bend and impact tests of specimens cut from fractured CN~tensile
specimens. The 18 forgings were from nine hydroburst chambers, four of which
were premature proof~test failures and five were successfully hydroburst in
the Minuteman development program.

The uniaxial tensile~data means were determined. for each temperature
and plots of percent-of-room temperature tensile-properties versus tempera-
ture were constructed for input to MIL-HDBK-5. For room temperature, the
A-basis values of ultimate strength, yield stremgth, and percent elongation
were 166.3 ksi, 153.0 ksi, and 10,27, respectively; the B-basis values were
168.8 ksi and 156.4 ksi, respectively. The PIC~-tensile specimens were B
oriented in the hoop direction; i.e., the flaw was propagating in the axial
direction of the cylinder. The PTC~-tensile Kjc data were examined for the
variation in fracture toughness attributable to between-forging. betweén-
heat, and between-test-laboratory variability, first on the basis of engi-
neering plots of data from individuai laboratories, fozrgings, billets, and
heats, and then by statistical-analysis techniques. Based on the engineering

Y R KT RO

plots, tests of multiple forgings from a single heat of titanium and multiple .

forgings from a single billet of titanium revealed differences in X1c from
forging to forging when the surface precrack was deep (approximately 50%. of
specimen thickness) but iictle or no difference in Kjc with a shallow crack
(approximately 25% of specimen thickness). Comparisons betweer lavoratories
revealed differences between test results in some forgings but not all.
Based on statistical analysis, a significant difference was indicated between
Kic values at the two crack depths investigated. However, statistically,
there was not a significant difference between forgings or between heats
with shallow cracks, whereas, with deeper cracks there was a significant
difference betweer heats but not a significant difference between forgings.
Vhen the data from the shallow cracks were pooled and plotted on probability
paper, the population mean was 39.1 ksi-in.1l/2 with a standard deviation of .
1.6 ksx-In.l/Z On the basis of all 540 tests, treated as a non-normal .dis-

tribution, the A-basis value was 30.6 ksi-in.l/2 and the B-basis value was
35.2 kei-in.1/2
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1, Introduction (cont,)

The CN-tensile specimens were oriented in the axial direction; i.e.,
the flaw was propagating in the hoop direction. The CN-tensile Kj. values
ranged from 31.2 to 74.6 ksi-in.}/2; thus, the Kjc values in some forgings
were appreciably higher than any values measured in the PTC-tensile tests of
109 forgings tested with a different crack orientation. Precrack Charpy
slow-bend W/A values were found to provide a good estimate of the CH-teusile
Kic values through the relationship

KIc = 170 (W/A)PCSB + 16200

where (W/A)pcsp is the precrack Charpy slow-bend value in in.-1b/in.2. The
CN-tengile K. data based on the onset of crack Instability as determined by
an acoustical technique ranged from 71 to 137 ksi-in.1/2 for the 18 forgings
tested. Precrack Charpy impact W/4 values were found to provide a good
estimate of the CN~tensile X, values through the relationship

Kc = 100 (W/A)PcI + 6700

I the Phase I data collection, the orientation of the CN~tensile
specimen was such that the crack was propagating in the chamber hoop direc-
tion; i.e:i, at 90 degrees to the principal dizection of fracture in the pre-
mature proof-test failures of full-scale chambers. No attempt was made in
Phase I of the data collection to correlate the laboratory test results with
full-scale Minuteman chrmber performance because (1) anisotropy in the
forgings precluded correlation between CR-notch tensile specimens orieanted
for fracture in the hoop direction and chamber performance with fracture in
the axial directicn; and (2} relisble axial-crack-propagation CN-tensile data
could not be obtained in the reinforced (increased-thickness) region contain-
ing the chamber girth welds where fracture usually initiated in premature
p:oof~test failures of full-scale chambers. Thus, Phase II, as described
4n the following paragraphs, sought correlation with fu11~8ca1e chamber
performance using the fatigue-precracked Charpy impact test specimen.,

The material for Phase II of the data collection was obtaiunad from

14 full-scale hydroburst Minuteman chambers, including eight of the nine
chambers invegtigated in Phase I. Nine cf the 14 chambers were premature
procf~test failures, four were successfully hydroburst chambers and one was
cycled 11 times before it failed. in proof test. Closures, skirts, and
cylinders from the 14 chambers provided data on 6% forginmge, involving three
forging practices; viz, die, ring roll and extrusion. The small size of the
preccack Charpy specimen permitted testing with the specimen oriented so as
to fracture in the chamber-axial direction. The Charpy specimens were

located in both the 0.19-in.~thick reinforced section adjacent to the girth
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I, Introduction (cont.)

welds and the 3.10-in.-thick walls on either ride of the girth-weld reinforced
sections. Selected forgings in each chamber were tested at ~40, RT, 200, and
320°F. Particular attention was directed to the material in the immediace
vicinity of the fracture origin in each of the chambers that failed in proof
test,

The objectives of the Phase II data collection were as follows:

(1) correlation of fracture toughness and chamber performance; (2) evaluation
of anisotropy and inhomogeneity in chamber components as factors affecting
chamber performance; (3) evaluation of forging practiceé (metal processing)

as a factor affecting crack toughness; (4) evaluation of chemistry as &
factor affecting crack toughness; {(5) evaluation of test reproducibility
(between Phases I and II and replicate tests); and (6) evaluation of the
effect of temperature as an envirommental factor affecting crack toughness.

"
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SECTION II

TEST PROCEDURE

A.  MATERIAL SAMPLINC

Phase I of this study indicated a variation in tcughness both with
crack direction (amisotropy) and with specimen location in a given forging
(inhomogeneity). Thue, in Phase II of the data collection, the material
sanpling procedure was designed to determine the exteat of variability from
location to location in a given forging as well as to evaluate toughness in
the immediste vicinity of the fracture origin. Because fracture in the full-
scale chambexrs usually propagsated in the chamber-axial direction, and because
several of the premature failures initiated in the reinforced section at a
girth weld, it was necesgary to machine the Charpy specimens in the hoop
direction (crack propsgating in the chamber~axial direction) and in the
immediate vicinity of the girth welds. The combination of (1) dimensions of
the reinforced wall at the girth welds, (2) the inhereat curvature in the
wmaterial cut from the 52~in.-dia chamber, and (3) the direction of fracture
in the full-scale chambers, ind! vidually and collectively, precluded the use
of specimens larger than the precrack Charpy. Obviously, if the 3-in.-wide
center~notched panel (used in Phase 1 of the collection) were machined with
the notch centered on the weld reinforcement, the 2a, crack length would have
" exceeded the width of the reinforced section and, moreover, the test section
in the path of fracture would have been of variable thickness. Taking these
limitations into account, the widest CN-tensile that could have been used to
test the reinforced section of the Minutemaun girth welds was approximately
1l in. Also, the curvature in the CN-tensile would have produced a bending
stress that would have been a complication in calculating the fracture tough-
‘ness; and, furtherwore, if the material had been heat-straightened preparatory
to testing, the properties of the material could have been subsgtantially changed
" by the plastic deformation introduced in the flattening operaiom.

In premature proof-test failure: originacing from girth-weld
reinforced sections, the crack origin was often found to be transverse to the
weld and located in che base metal adjacent to the weld, bounded on one side
by weld heat-affected zone and on the other by parent metal. In cther words,
the initiating cracks were usually outside the weld fusion zone but close
enough to the weld to extend partially into the weld heat-iffected zome.

‘The size of the Charpy specimen allowed it to be positioned in the
reinforced section with the V-notth in the weld metal and the fatigue precrack
extending into the heat-affected base metal. Figure 1 shows the position of
the Charpy in the reinforced sectlion adjacent to a girth weld; Figure 1 also
ghows the macrostructure ag contained in a typical specimen. Note the loca-
tion of the V-notch and fatizue precrack with respect to the darkly etched
weld heat-affected zone. In an occasional test specimen, because of irregu-
larities im the width of the weld deposit, the weld metazl extended somewhat
below the fatigue precrack; in such cases, both the fracture appearance and
the magnitude of the toughness values made the discrepancy apparent,
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11, A, Material Sampling (cont.)

From Figures 2 and 3 (44-~in. and 52-in.-dia chambers), it will be
seen that one major differencs between the 44-in.-dia and the 52-in.~dia
chambers was in the interstage connection. In the 44~in.-dia chsmber, the
skirts were an integral part of the closure die-forgings; wherzas, in the
52-in.~-dia chamber, the skirts were ring-rolled forgings joined to the closure
die-forgings by welding. %he cylinders in the 52-in.-dia chambers were, in
each cage, extrusions; whereas, in the 44-in.-Jia chambers, they were sometimes
extrusions and sometimes ring-rolled forgings. In all chambers, the cylinders
‘'were welded to the forward and aft closures. The adapter, or flange, in both
the 44-in.~dia and the 52-in.~dia chambers is an integral part of the closure
die~forgings.

The general test plan called for fracture teste of each forging
type. In some chambers, material was not available from all components.
Tables I and II show the test plan for the chambers. Wherever possible, the
gpecimens to be tested over a range of temperature were machined from material
in the immediate vicinity of the fracture origin. Figure 4 schematically shows
the location of test specimens in the 44-in. and 52-in.-dia chambers. In some
chambers, secondary fracturing occurred in the hoop direction. Additional
gpecimens were taken from these chambers as close as possible to the inter-
section of the main (axial) and the secondary (hoop) fracture paths; :he
additional specimens were machined to test with crack propagation in the axial
and hoop directions.

The elevated test temperatures were selected to coincide with the
temperatures used in hydroburut testing. Note that these _emperatures,
together with a -40°F test, resulted in approximately uniform increments of
120°F; viz, ~40, RT, 200, and 320°F.

B. PRECRACK CHARPY IMPACT TEST

The precrack Charpy test* is similar to the standard V-notch Charpy
impact test, except that (1) the machined notch in the specimen is sharpened
by fatigue cracking, (2) the width of the test piece is generally the material
thickness (the width may be as small as 0.03 in. in testing high-strength sheet
and as large as 0.8 in., a limit imposed by the design of most impact-testing
machines) and (3) the test result is exgressed in terms of energy absorbed per
unit of fracture area (W/A - in.<1b/in.%).

. The precracking of Charpy specimens is best accomplished by fatigue
cycling. A special machine is commercially availsble for precracking Charpy
specimens. Crack depths are normally held to approximately 0.025 in., but

may vary considersbly without significantly affecting the results. Since the

*Hartbewer, C. E. and Orner, G. M.; Welding Journal, Vol 36(11), p.4%-s (Nov
1957); ASTM Proceedings, Vol 58(1958), p.623; Welding Jourmal, Vel 33(4),
p.147-8 (Apr 1960); Ibid. Vol 40(9), p 405-s (Sept 1961); ASD-TDR-62-86§&,
June 1963. 6
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TABLE I

TEST PLAN FOk MINUTEMAN CHAMBERS
R26, R41, BL26 and 2191456

Chamber Specimen Total Test Temperature, °F
Component Location Specimens -40 RT 200 320

Chambers R26, R41, and 2191456

Dome (a) 12 3 3 3 3
Adapters -~ Fwd (a) 12 3 3 3 3
Aft (a) 12 3 3 3 3
Cylinders - Fwd (a) 12 3 3 3 3
Aft (a) 12 3 3 3 3

Chamber BL26

Adapter - Pwd At Gl weld 4 4
thin wall 32 2 2 3 - 2
Aft At G3 weid 4 4 ;
thin wall 12 3 3 3 3-
Cylinders ~ Fwd At G1 weld 4 4
thin wall 4 4
Aft At G3 weld 4 4
thin wall 12 3 3 3 3

*Bxact locati( vithin the chamber componerit n:¥ known,

Page 9
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TABLE II

TEST PLAN FOR MIWUTEMAN CHAMBERS
R490, R369, R512, RS516, R543, 673078, 673095, 673122, 674514, and 2192109

Chamber Specimen Total Test Temperature, °F
Component Location Specimens -40 RT_ 200 320
Dome - 12 3 3 3 3
Adspter ~ Pud At Gl weld 12 3 3 3 3
thin wall 3 3
Aft At G3 weld 12 3 3 3 3
thin wall 3 3
Cylinders - Pwd At Gl weld 3 3
thin wall 3 3
At G2 weld 12 3 3 3 3
thin wall 3 3
Aft At G2 weld 12 3 3 3 3
thin wall 3 3
At G3 weld 3 3
thin wall 3 3
Skirts - PFwd - 3
Aft - 3
Weid (%49Q only) - 12 3 3 3 3

Note: In all cases, three specimens were fabricated so the flaw was growing

e

3 in the hoop direction. These specimens were located adjacent to one
% of the sets of three taken from the thin wall of the cylinders.
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I1, B, Precrack Charpy Impact Test (cont.)

test regults are expressed in terms of work divided by fracture area, the

lower energy values resulting from more deeply cracked specimens are compensated
by the decrease in fracture area. Thus, within practical 1limits, the measure-
ment of W/A is largely insemsitive to precrack depth.

Impact testing precracked specimens is conducted using standard
Charpy techniques; however, because of the low energy values often encountered
in precracked high-strength materials, a sub-gize impact-testing machine is
uged which reads in small energy ipn-rements. This machine and the precracking
machine are shown in Figure 5.

In the MIL-HDBK-5 data c~tllection described in this report, pre-
cracking was accomplished in approximately 3 min (at 1725 cpm) using a fatigue
precracking machine. Loading was in tension-zero-tension, and the outer fiber
stress was nominally 45 ksi. The precrack Charpy specimens were tested in a
MANLABS CIM-24 Impact Tester. Impact testing at room and elevated temperature
was conducted using standard Charpy techniques. The elevated temperatfures were
obtained in a bath of silicone-base oil, the room temperature tests were made
in air, and the -40°F temperature was obtained in acetone and dry ice. The
test pieces were scaked for a minimum of 15 min withir 42°F of the desired
temperature; the maximum time for testing a specimen was 3 sec.

C. PLANE STRESS (K.) CRACK TOUGHNESS MEASUREMENT

There is as yet no generally accepted, standardized test for
messuring the crack toughness of sheet materials. Most of the work domne up
to this time has been based on linear-elastic fracture-mechanics concepts as
developed by Irwin and the ASTM Special Committee on Fracture ":sting of High
Strength Metallic Materials¥.

In the early work of the ASTM Committee (now designated E24),
emphasis was placed on K. measurements and, after the necessity for using
fatigue cracked specimens was realized and improved methodas for measuring
crack growth ceme into use, such as displacement gages and electrical potential
measurements, reasonably satisfactory procedures for K. méasurements were
developed. The emphasis on plane-stress (K.} crack toughness was the direct
result of problems with premature failures in thin-skinned, roll-and-weld
miggiles that were being built at that time. The goal was a critical defect
gize of at least twice the thickness; it was found that when this criterion
was met, a satisfactory service performance wars generally asgured**,

*"Fracture Testing of High Strength Sheet Materials," ASIM Bulletin, January
1960, pp 29~40, and February 1960, pp 18-28; also '"The Slow Growth and Rapid
Propagation of Cracks,” Mateials Research Standards, May 1961, pp 389-393.

**Irwin, G. R., "Structural Aspects of Brittle Fracture," Applied Materials

Research, Vol. 3, pp 65, April 1964.
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II, C, Plane Stress (Kc) Crack Toughness Measurement (cont.)

As the plane-stress fracture toughness studies progressed, experi-
mental data were obtained by various investigators showing a marked variation
in K, with material thickness. Yrom this, it became apparent that the appiica-
bility of K. results would be markedly dependent upon the thickness of the
material anﬁ might be significant crly at the specific thickness of the test
specimen. This limited applicability of the plane-stress measurement, together
with the realization that the Ky, values as deterwined from thick specimens
were generally applicable regardless of thickness, were predominant factors in
the switch to plane~strain fracture toughness testing which has dominated E24
Committee activities over the last three years or so.

Unfortunately, because of the later emphasis on plene-strain crack
toughness, many people appear to have concluded that the K, measurement is
less meaningful than Kj. and, therefore, have concentrated on the plane-strain
KIc measurement in lieu of K, crack toughness meazsuvements, even for sheet
applications. This trend has been strengthened by the realization that although
plane-strain fracture conditions are most nearly approached in thick sections,
this condition may be approached by shallow surface cracks propagating in the
thickness direction of sheet materials. However, as will be shown in following
paxagraphs, in sheet thicknesses and even in some plate materials, sxclusive
use of the Ky, crack-toughness measurement leads to an overly consrervative

1c
design for some service appiications.

5

I i I o
ji‘\,u‘a,z BB DO % TR A

S

Irwin has pointed out that there are two lines of defense against
crack propagation. The first line of defense is based on an adequate Ky, crack
toughness. When the crack is spreading as an embedded crack, if the stresses
sre high, very small cracks must be regarxded as dangerous. Thus, the first
line of defense i3 bzsed on minimizing the working stresres and sizess conzcen-
trations in design, improving nondestructive inspection to eliminate small
cracks and notches, and using material of optimum Ky, crack toughness. Some-
times, on reaching plane-strain instability (pop-in), the crachk extemsion
across the sheet will be ar~vested by an increasing resistanca to crack propa-
gation under plane-stress conditions. This increasing resistance to propaga-
tion as the crack epreads laterally in the sheet is associatod with a fracture-—
appearance tramsition as the fracture asurface changes from square in the pop-in
region to an increseing percentage of slant fracture as the plane-stress condi-

-tion is agproached.

it

T T T

R

The practical importance of the plane-stress X, crack toughness
measvrement 18 further substantiated by the fact that in some materials and
material conditions, there is no correlation between the K, and X1c measure-
ments. Some investigators hzve been willing to focus their attention on Ky,
to the exciusion of K., based on the assumption that a material with low K7
will also have low Ko velues. Thermal-mechanically treated 0,25C H-11 steel

- 18 -a notable example vhere Ki. is relatively low and invariant, whereas K.
varies over a wide range*.

3§erbor1ch, W. W., "A Discussion cf Slow Crack Growth Associated with Plane-
“train Instability," ASTM Transactions;, Vol. 59(4), December 1966.
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11, C, Plane Stress (Kc) Crack Toughness Measurement (cont.)

In work by Kaufman of the Alcoa Pesearch Laborateories*, it has
been shown that even in 1-in.-thick, wide-plate, through~crack, center-notch
tension tests, there was stsble, slow crack growth after plane-strain pop-in,
with K, controlling the ultimate fracture of the panels. In other words, the
thick plate demonstrated considerably more crack toughness than was indicated
by the plane-strain stress-intensity factor. 7n the Alcoa study, ten combina-
tions of alloy and temper were investigated using 2G~in.~wide, center-notch
tension panels, single-edge-nof.ch specimens and aotch-bend specimens. Only
the large center-notch panels provided information on the eritical ingtabilicy
of the alloye 1. terms of K, for the thickuess tested. This is an important
observation because, of the eight alloy compositions testad, all sxcept two
exhibited values of K. considerably higher than Kjz in-the cracking direction
tested. As a result,; the use of the Kyc value in design could be overly con-
servative in materials where mixed-mode fracture prevails and where lesk~
before-burast 1s an acceptable service condition**, If fatigue-sharpened -
notches had been used in the study rather than machined sharp notches; an even
greater difference between the Ky, and K. values might have heen expected
(i.e., lower KIc values). . ;

fimilar results were obtsined in studies of eight candidate alioys
for the supersonic commercial tramsport (SST)***, In l-in.-thick panels , slow
crack growth of as much as 1.1 in. occurred before the crack reached critical
length. The data in Table III were obtained from 9~in.-wide, center-potch
panels of l-in.-thick plate, tested at room temperature (the frascture tough-
ness values include a plastic-zone correction). The values of perceat shear
(slant) were measured in the fracture surfaces at a distance of 2 in. from the
outside edge of the panel. The critical crack length was deterxined by motior-
picture photography. Pop-in was detected by crack-opening displacement and by
accelerometer,

Thus, it has been shown that a variety of materials are capsble of
stable slow crack growth after plane-strain pop-in, even in plate thicknesses
up to 1 in. In such materials, rapid (unetable) crack propsgation occurs only

*(aufman, J,G., Neison, F.G. Ji., and Holt,M, "Fracture Toughness of Aluminum
Alloy Plate Determined with Center-Notch Tension, Single-Edge-Notch Tengion
and Notch-Gend Teets," presented at the National Symposium on Fracture
Mechanics, Lehigh University, June 20, 1967.

**0bviously, in some service applications, szy a fuel tank, one camnot .tolerate
2 leak (pop-in through the thickness) and, therefore, plane-strain fracture
toughness is the only consideration.

***Thic: Section Fracture Toughness, Air Forze Materials Laberatory Tech. Dog.
Repirt No. NML-TDR-64-236, Cotober 1364, poeparea under Contract AF 33{657)
11461 by Boeing-Norch American in a joint venture.
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Fracture Toughness, ksi-in.

1/2

KIc

38
c9

*
%*

71
55

X
86

*
*

*

54
60

98
79

TABLE III
CENTER-NOTCH-PANEL TESTS OF 1-IN,.-THICK SST MATERIALS
1/2 Crack Length, in. Slant

Alloy Initial Critical Fracture, X
4340 1.50 1.55 8

1.50 1.50 7
9N{-4Ce 1.5 2.0 18

1.50 2.0 10
AM 355 1.50 2.25 13

1.50 1.69 7
Marsging 250 1.50 1.86 15

1.50 1.97 14
INCO 718 1.50 1.89 25

1.50 1.99 27
T1 6Al-47 1.50 2,60 18
T4 6A1-6V-28n 1.50 1.75 20

1.50 1.79 17
PH 13-8 Mo 1.50 1.60 5

1,50 1.65 3
*o pop~in detected.
**Ratio of aN/o exceeded 0.8

ys
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X
<

100
93

109
109

129
79

107
113

341%%
404+

105

90
9
107
87
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IT, C, Plane Stress (Kc) Crack Toughness Measuremeut (cont.)

when the stress-intensity factor of the stress field surrounding the crack
reaches the value ot K,. The data show that witb as little ay 10 to 15% slant
fracture, slow crack growth can still cccur after the plane-strain pop-in,
requiring a continuous increase in the applied stress to drive the crack, with
the eventual ungtable fracturing controlled by the Kc value.

1. The Leak-Before-Burst Fracturxe Tcughness Criterion

RN Y e L AR AN K e e 2

For a crack length 2a in a large sheet, the K. value permits
an estimaticn of the critical crack for unstable crack propagation tihrough the
relationsinip

o WARETEREATE T PR TR T TRV AT RN TR R T

2 2
K =m0 a (Eq 1)

where a; is the 'effective" half-length of the crack. When the effective half~
crack length is expressed in terms cf the plastic-zone correction and the
actual hali-crack length, the effective half-crack length becomes

COETAETTRET Y TR R e

NP AR AN - cadr il D AL L i 4 S . A S bkt MACaha U A R Tl i Ul e £ St e U L
v " PRI ) L L N - R AR
- . T R ORI Ty o WX e e e e

2 2

a; =a+kK /2« L (Eq 2)
Substituting in Equation 1 and solving for Kc in terms of the actual half-
length a,

k 2= r ota/[1 - 1/2 (o/o_)?] (Eq 3)

c ) ys
When the working stresses approach the yield strength, 0 = o o’ Equation 3
beacomes ) ¥

k2mo ?=2a (Eq 4)

c ys

The fracture-toughness criterion suggested by Irwin is, in .
effect, that if the quantity i )

q
K z/n g -
c y8

exceeds twice the wall thickness, a small surface crack is unlikely to develop
to the stage of uritable fraocturing under stressas which do not exceed the
yield strength. This quantity is the eritical crack length -at the vield .
strergth for a through~the-thickness crack, so the criterion suggested is

that the critical crack length for the material should exceed twice the wall
thicknees.
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II, C, Plane Stress (Kc) Crack Toughnece Mcasurement (cont.)

The usefulness of the lcak~before-burst concept has received
a large amount of study and trial in connection with steel rocket motor cases*,

2. Precrack Charpy Impact for Approximating K.

In Appendix D of Volume I of AFMI--TR-68-163, the merits and
liritations of the precrack Charpy impact test are discussed. The chief
objection to the precrack Charpy test has come from those who have cousidered
the test only In terme of & quantitative measure of fracturz toughmess. It
has been suggested*®* that the basic limitation in the precracked Charpy test
iz the small size of the test specimen. In Appendix D of Volume I, it is
shown that the small size of the test precrack Charpy specimen has not been a
sericus limitation and, in fact, can be its chief advantage. Moreover, because
of the small specimen size and the inherent simplicity of impact testing, the
Charpy test i8 easily and inexpensively conducted over a wide range of tempera-
tures. Charpy test results have shown the importance of testing over a range
of temperatures, particularly in K, determinations where testing at a single
temperature, &8 is often done when using much more expeusive test methods, can
be serfously misleading. Two poincs should be made clear with regard to the
use of the precrack Charpy test; viz, (1) the principal advantage of the
precrack Charpy is in its use as a screening test where an approximate fracture
toughness value is desired; and (2) the precrack Charpy impact test provides
a good approximation of Ko th~.ugh the relationship

2
kS~ = E(W/A)

where the Kc instability is associated with a rumnning crack under plane-stress
- conditions.

Examples of the correlation of precrack Charpy impact data
and center-notch tensile data were presented in Appendix D of Volume I,
together with a discussion of certain metallurgical compiications in correlation
studies. Correlation between the tests was obtained when the Charpy specimens
were machined from the broken halves of tae larger test specimen and, thus,
the test material had identically the same heat-treatment history and notch
orientation. Over the last several years a limited number of precrack Charpy
tegts have been made from prematurely burst Minuteman chambers. However, the
data vere not always taken fiom the immediate vicinity of the fracture origin,
nor were the test specimens oriented to propagate fracture in the chamber-
axial direction. In the fo.lowing Phase II study, the Charpy specimens were
oriented to propagate fraccure in the chamber-axial direction and were machined
from various lecations, including a position as close to the fracture origin
a8 pcssible,

AP el Acnen? L o3 WL dmle D . 1.t D e -~
*Tiwin, 8. R., Applicd Materisls Posearch, Vol Sy PP §s, Apzil 1057 Irwis,

G. R. and Sullivan, A. M., Proc. Roy. Soc., A285, pp 141{1955); Gerberich,
W. W., Metals Engr. Quarterly, Vol. 4(4), pp 23, November 1964 and Agg}ica—
tion of Frecture Tocughness Parameters to Structural Metals, AIME Met. Soc.
Conf., Vol, 31(1966) pp 86.

**Brown and Scawley, Plane~Strain Crack Toughness Testing, ASTM STP 410, pp 33.
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SECTION III

DATA COMPILATION

The precrack Charpy impact data compiled from 69 forzings as contained
in 14 second-stage Minuteman 6A1-4V titanium rocket motor cases are tabulated.
The data from the individual tests are presented in Appendix I, together with
summary tsbulations of the form shown in Table IV. From Table IV, it will be
seen that the data are presented as a function of: (1) test location within
the chamber (forging-to-forging aifferences), (2) test location within a given
forging (effect of thickness and end~to-end homogeneity), and (3) test tempers-
ture (at 120°F increments encompassing the range anticipated in service). The
data obtained over a range of temperature were plotted as shown in Figure §;
these plots are presented in Appendix II.
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SECTION IV

DISCUSSION OF RESULTS

A.  TEST REPRODUCIBILITY

Twenty~-four tests were run from a single closure forging, with 12
specimzns taken from the closure flange (0.110 in. thick) and 12 from the dome
(0.070 in, thick). The fatigue crack depths for both sets ranged from approxi-
mately 0.05 to 0.10 in., with an average depth (24 specimens) of 0.072 in.

From Figure 7, it will be seen that the variation in fatigue-crack depth had
no discernible effect on the W/A value.

Each set of data was statistically tested. With the W/A values
from the 12 dome specimens as input to the computer and a typical class
interval of 440-540, the computer printout was as shown in Table V. Likewise,
with the W/A values from 12 flange specimens as input to the computer and
a typical class interval o€ 405-485, the computer printout was as shown in
Table VI.

From a simple analysis of covariance, it was deterwined that there
was a highly significant difference between the means of the flange and dome
sections (significance level 0.0019). It is reasonable to assume that the
highly significant differen-- between the means of the flange and dome is due
to the difference in thickness and/or possible anisotropy due to a difference
in specimen orientation. Multiple linear regression and correlation analysis
was then employed to determine if crack depth had an effect on the two sets
of 12 tests. The analysis showed that there was no correlation between the
W/A value and net section within the limits investigated.

Table VII presents data on variability in the precrack Charpy
impact W/A value as measured in Minuteman 6A1l-4V titanium. The data presented
in Table VII are for the body cylinders in each chamber without regard for
possible differences between forgings or possible differences from end-to~end
in a given forging. The vsriability is intended for use as a yardstick against
which the seeming difference between averages is assessed. In this report,
the following measures of variability are used: the variance, the standard
deviation and the range of a sample. Table VII presents the sample variance
(s*), the sample standard deviation (s) and the sample mean. Note that the
standard deviations for the individuai chambers ranged from 54 tv 174 in.-1b/
in.2, and when the data from all 26 forgings were tested for variability, the
standard deviations were very large.
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PREGRACK CHARPY IMPACT W/A (IN-LB/IN2)

m e e d

800
-
60()—-4P
R et ST @-—m— - m——— P e et
N A ° ®
2 R asba o A
400# ---------- b A A ]
i A
200
@ CLOSJURE DOME (070" THK)
| & cLOSURE FLANGE (.1ic" THK)
0 T T T p— Y
05 06 o7 08 09 .10 M
FATIGUE PRECRACK DEPTH (iN.)
800
600-— * I
-;.1~——.~—-—.-_.--—---—'——————.—‘.‘~-’—_-‘-v— ‘w_
7 ™ ° T A
j a o ° % e
400t e ————— o G}
.q A
200
o T T T T T
20 21 22 23 24 25 28

NET SECTION (IN.)

Figure 7. Effect of Crack Depth (Net Section) on Precrack
Charpy W/A Values
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TABLE V

COMPUTER PRINTOUT FOR REPLICATE TESTS OF CHAMBEK R26 DOME MATERTAL,

DATA 472,4865463,548,483,456,448,443,455,5%3,526,623

SUMMARY

STATISTICS

NUMBER OF VARIATES = 12
_ARITHMETIC MEAN = 494.983
STANDARD DEVIATION = 49.4241
) VARIANCE = 2442.74
COEFF OF VAR (PCT) = 12.093
STANDARD SKEWNESS = 1.342
STANDARD EXCESS = 1.159

~

ORDER STATISTICS
SKALLEST VARIATE = 443
_ LOWER DECILE = 4445
FIRST QUARTILE = 457.75
ﬁ _ MEDIAN = 477.5
THIRD QUARTILE = $25.5
__ UPPER DECILE = 598.1
LARGEST VARIATE = 623
TOTAL RANGE = {83
S DECILE RANGE = 15346
:.  SEMI-QUARTILE RANGE = 33.875
© _BOWLEY®S SKEWNZSS = <417
' PEARSON. SKEWNESS = 1.807

FREGUENCY DISTRIBUTION

-

R q Pty Fay L pap AT T 2 ry R
B T L e S S T e ey

. B o UP TO BUT , PERCENT
o FROM: NOT INCLUDING FREQUENCY FREQUENCY
: A4G 548 18 83.332
i 548, - 648 2 16667
3 - N < .
1l «c‘:‘_:u;-pﬂuur..:éi TIVE DISTRIBUTION
3 S . NMBER LESS PERCENT LESS VARIATE SUM - PCT
B CVALUE. . THAN VALUE THAN VALUE LESS THAN VALUE
kf 548 l_f,‘ e 83.333 8¢ .385
é o 6{9, < \\{ ) "2 ieg. 18d.
§ L . ORDERED- ARRAY
e o
Z © . 443 X 463 - 483 526
( SR Y 465 ‘ Ag6 542
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[ . 2

3

_.._.
L

fe maremy TN
[N

[

o

R

} st S | A o




TABLE VI

COMPUTER PRINTOUT FOR REPLICATE TESTE OF CHAMBFR R26 FLANGE MATERIAL
DATA 419,410.,4B4,446,41554843,449,437,443,3185445,407

SUMMARY STATISTICS

NUMBER OF VARIATES = 12
ARITHMET IC MEAN = 426.333
STANDARD REVIATION = 38.5178
VARIANCE = 1A483.56
COEFF OF VAR (PCT) = 9.034
STANDARD SKEWNESS = <1454}
STANDARD EXCESS = 2.669

ORDER STATISTICS

SMALLEST VARIATE = 318
LOWER DECILE = 344.7
F IRST BUARTILE = 411.25
MED IAN = 440
THIRD QUARTILE = 445.75
UPPER DECILE = 473.5 -
LARGEST VARIATE = 484 . S
TOTAL RANGE = 166
DECILE RANGE = 128.8
SEMI-QUARTILE RANGE = 17.25
BOWLEY'S SKEWNESS = =~.667
PEARSON SKEWNESS = -~1.0864
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245 325 1 84333

, 3zs 405 e . e

% 495 485 11 ‘ 91.667

CUMULATIVE DISTRIBUTTION

NUMBER LESS PERCENT LESS VARIATE SUM - PCT

L7 T

VALUE THAN VALUE THAN VALUE LESS THAN VALUE

325 1 , 80333 6.216 :
: 485 1 8.333 6.216 |
g 485 12 100. 160«

GRDERED ARRAY
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1V, A, Test Reprcducibility (cont.)
Composite
(All Chambers) W/A Standard Deviation
0.10-in. 506 + 136
0.18-in. 435 + 115
Combined Thickness 477 + 140

Cn the other hand, when standard deviations were determined for a single forging
at two thickness levels (from Tables V and V1), the standard deviations were
small

R26 Forward
Closure W/A Standard Deviation
0.072-in. 494 + 49
- 6.110-ir. 426 + 38

The large standard deviations as obtained with composite data suggest the
possibility of a large forging-to~forging variability ia the W/A value. In
contrast, the E}ane—strain (K1c) crack toughness as measurea in 109 forgings
was 39 ksi-in.1/2 with a standard deviation of only 1.6 ksi-in.1/2

B.  FCRGING ANISOTROPY AND INHOMOGENEITY

1. Anisotropy

In Phase T of this contract, a comparison between axial~ and
hoop~direction fracture using the precrack Charpy impact test revealed marked
anigotropy in some forgings (see Figure 25, page 52 of Volume I). Therefore,
in Phase YI, wherever secondary hoop fracture developed in a chamber, the

" material at the junction of the hoop and axiai fractures was tested for

anisotropy. As noted in Table II a large number of forgings also were examined
for anisotropy where there was no hoop~direction fracture.

The fracture in chamber R490 originated in the center girth
weld and propagated forward and aft in the chamber with a single secondary
fracture starting in the membrane wall near the aft grith weld and doubled
back at approximately 45 degrees toward the center girth weld. Precrack
Charpy impact specimene were machined from the two body cylinders on either
side of the tenter girth weld (not at the juncture of the axial and 45 degree
fractures). From summary Table VIII, it will be seen that the crack tonghnege
in Dofu cylinders was higher in the hoop direction.
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VE TABLE VIII
SUMMARY OF PRECRACK CHARPY IMPAZT TESTS FOR ANISOTROPY IN 6A1~4V TII‘AN.[UI‘& FORGINGS
i "’1b ino )
'g Minuteman Chamber Thickness, W/A Values (i /
S/N Component in, __Axial Hoop
] 490 Fwd Cyl 0.109 321 - 466 654 - 703
i Avg(3) 410 Avg(3) 680
s Aft Cyl 0.110 379 -~ 388 403 - 439
% Avg(3) 382 Avg(3) 426
R512 Fwd Cyl 0.108 526 - 532 388 -~ 468
§ Avg(3) 529 Avg(3) 436
Aft Cyl 0,109 386 - 443 414 - 539
% Avg(3) 414 Avg(3) 467
R516 Fwd Cyl 0.105 315 - 375 393 -~ 501
g Avg(3) 349 Avg(3) 459
Aft Cyl 0.106 384 - 482 345 - 400
Avg(3) 444 Avg(3) 374
g R543 Fwd Cyl 0.106 401 - 500 361 - 507
Avg(3) 447 Avg(3) 450
g Aft Cyl 0,105 336 ~ 351 549 - 646
Avg(3) 343 Avg{3) 602
g 673078 Aft Fiange* 0,107 567 - 642 492 - 539
Avg(3) 614 Avg(3) 519
s Aft Cyl 0.105 519 - 608 611 ~ 702
Avg(6) 569 Avg(6) 652
673095 Aft Cyl* 0.102 334 - 401 280 - 325
Avg(4) 379 Avg(3) 301
Phase I 0.100 406 ~ 522 303 - 416
! Avg(3) 460 Avg(9) 348
674514 Aft Cyl* 0.098 295 - 324 274 - 320
l Avg(3) 306 Avg(3) 304
Phase 1 0,099 343 - 396 274 - 330
l Avg{6) 366 Avg(6) 308
2192109 Fwd Cyl* 0.105 242 ~ 276 340 - 3R1
l Avg(3) 263 Avg(3) 365.
Phase I £,108 370 - 354 455 - 5ia
Avg(6) 432 Ava(6) 489
' *Specimens taken at junction of hoop and axial fracture,




IV, 8, Pcrging Anisotropy and Inhomogeneity (cont.)

The fracture in chamber R512 originated in the forward
cylinder approximately 3-1/2 in. from the center girth weld and propagated
forward and aft in the chamber with no secondary fracture. Precrack Charpy
impact specimens were machined from the two body cylinders on either side of
the center girth weld. From summary Table VIII it will be seen that the crack
toughness in the hoop direction was lower in the forward cylinder, but higher
in the aft cylinder as compared with the axial direction.

The fracture in chamber R516 originated in the aft-cylinder
reinforced section of the center girth weld, and propagated forward and aft
in the chamber, with a single secondary fracture starting in the membrane wall
near the aft girih weld and doubling back at approximately 45 degrees toward
the center girth weld. Precrack Charpy impact specimens were machined from
the two b~dy cylinders on either side of the center girth weld (not at the
juncture of the axial and 45° fractures). From summary Table VIII it will be
seen that the crack toughness in the aft cylinder containing the 45 degree
fracture was lower in the hoop direction than in the axial direction; in the
forward cyiinder, the crack toughness was higher in the hoop direction than
in the axial directiom.

The fracture in chamber R543 originated in the aft cyiinder,
18 in, forward of the aft girth weld, and propagated forward and aft in the
chamber with no secondary fracture. Precrack Charpy impact specimens were
machined from the two body cylinders at the ends closest to the forward and
aft girth welds. F¥rom summary Table VIII, it will be seen that the crack
toughness in the hoop direction was higher than that in the axial direction in
both cylinders.

The fracture in chamber 673078 originated in the center girth
weld and propagated forward and aft, terminating in the aft skirt and propa-
gating through the entire diameter of the forward dome. After crossing the
aft girth weld, a secondary hoop fracture developed in the aft flange.
Prscrack Charpy impact specimens were machineu from the ijunction of the hoop
and axial fractures. From summary Table VIII, it will be seen that the crack
toughness in the hoop direction of the aft flange of chamber 673078 was
appreciably lcwer than that in the axial direction. In the aft cylinder, on
the other. hand, the deta obtained in Phase I showed greater resistance :o
propagation in the hoop direction than in the axial direction. Likewise, from
Phase 1 of the contract, the forward cylinder had greater toughness in the
hoop direction (629 in.-1b/in.2) than in the axial direction (528 in.~1b/in.2).

Rupture of r~om-temperature~hydroburst chamber 673095 extended
longitudinally from the aft Y-joint to the forward girth weld where it split
and continued through the forward Y-joint at two locations. Two hoop-direction
rips -occurred in the aft barrel. The first extended 270 degrees in a clockwise
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IV, B, Forging Anisotropy and Inhomogeneity (cont.)

direction at the midpoint of the barrel section; the second extended 200 degrees
in a counter-clockwise direction near the center girth weld.* Precrack Charpy
impact specimens were machined from the junction of the hoop and axial fractures
just aft of the center girth weld, and the test results compared with those
obtained from Phase-1 material cut from a different location. From the summary
Table VIII, it will be seen that the crack toughness in the hoop direction of
chamber 673095 was lower than that in the axial direction at the junction of

the hoop and axi=l fractures and, moreover, the toughness was lower at the
juncture than at the location tested in Phase I.

The rupture of room-temperature-hydroburst chamber 674514
extended longitudinally from the aft Y-joint, through the forward Y-joint and
and through the forward dome. A hoop-direction rip occurred in the aft barrel
and extended approximately 330 degrees.* Precrack Charpy impact specimens were
machined from the junction of the hoop and axial fractures in the aft cylinder,
and the test results compared with those obtained from Phase-~I material cut from
a different location. From summary Table VIII, it will be seen that the crack
toughness at the juncture of the fracture paths was approximately equal and,
moreover, the hoop-directicn data obtained in Phase I and Phase 1I were identical
for all practical purposec. The crack tcughness in the axial direction in the
material location tested in Phase I had higher toughness than at the junction
of the hoop and axial fracture.

The rupture of chamber 2192109 (tested at 212°F) originated
in the aft cylinder at a point, as determined by break wires and stress-wave
analysis, approximately 72 in. aft of the forward skirt. A hoop-direction
rip occurred in the forward cylinder approximately 12 in. aft of the forward
girth weld. Precrack Charpy impact specimens were machined from the forward
cylinder at the junction of the hoop and axial fractures, and the test results
compared with those obtained from Phase-~I material cut from a different loca-
tion. From summary Table VIII, it will be seen that the crack toughness in
the axial direction, as tested at room temperature, was lower than that in the
hoop direction and, therefore, did not explain the hoop-direction rip. However,
the hoop direction data obtained at the juncture of the fractures was appreciably
lower than those obtained from Phase-I material cut from a different location.
Moreover, data were not obtained at the 212°F hydroburst test temperature and,
therefore, it is possible that at 212°F the crack toughness in the hoop direction
may have been lower than that in the axial direction.

2. Forging Inhomogeneity

Table IX summarizes the body-cylinder data that were taken to
determine the variation in toughness from end-to-end in any given cylinder

*R. H. Powell, "Burst Test of High-Strength Minuteman Wing II, Second-Stage
Motor Cases', Report No. 999M-FR-1 and 2, 18 September 1963; and Report No.
999M-R, 23 October 1963.
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SUMMARY OF PRECRACK CHARPY IMPACT TESTS POR INHCMOGENEITY IN 6A1-4V TITANIUM FORGINGS

Minuteman Chamber

L9

TABLE IX

Reinforced Section*

Membrane Section*

SAN Component Fwd Aft Fwd ATt
R369 Fwd Cyl 286 -~ 303 207 - 216 316 - 330 332 -~ 349
52-in, Dia Avg(3) 295 Avg(2) 211 Avg(3) 324 Avg(3) 342
Aft Cyl 359 - 385 350 - 377 432 -~ 489 472 - 514
Avg(3) 374 Avg(3) 368 Avg(3) 455 Avg(3) 490
R490 _ Fwd Cyl 346 -~ 421 323 - 366 343 -~ 435 321 -~ 466
52-ir, Dia Avg(3) 378 Avg(d) 347 Avg(3) 393 Avg(3) 410
Aft Cyl 315 - 380 260 - 303 379 -~ 388 256 - 311
Avg(3) 343 Avg(3) 289 Avg(3) 382 Avg(3) 284
R512 Fud Cyl 362 - 456 340 - 409 468 - 540 526 - 532
52<«in, Dia Avg(3) 420 Avg(3) 368 Avg(3) 509 Avg(3) 529
Aft Cyl 316 - 341 368 - 372 386 ~ 443 405 - 436
Avg(3) 326 Avg(3) 370 Avg(3) 414 Avg(3) 424
R516 Fwd Cyl 373 - 644 328 - 405 404 - 428 315 - 375
52-in, Dia Avg(3) 465 Avg(3) 358 Avg(3) 415 Avg(3) 349
Aft Cyl 380 -~ 457 338 ~ 381 384 - 482 426 ~ 493
Avg(3) 429 Avg(3) 362 Avg(3) 444 Avg(3) 469
R543 Ped Cyl 394 - 436 289 -~ 393 401 - 500 351 - 496
52~in, Dia Avg(3) 419 Avg(3) 352 Avg(3) 447 Avg(3) 445
Aft Cyi 247 - 302 269 - 361 360 - 371 336 - 351
Avg(3) 280 Avg(3) 303 Kvg(2) 366 Avg(3) 343
673078 Fwd Cyl 530 ~ 504 442 ~ 738 518 - 701 655 - 824
44-in, Dia Avg(3) 543 Avg(3) 617  Avg(3) 630  Avg(3) 727
Aft Cyl 422 - 482 462 -~ 512 445 - 494 555 - 643
Avg(3) 456 Avg(3) 484 Avg(3) 476 Avg(3) 608
673095 Fwd Cyl 543 - 674 541 -~ 696 608 ~ 733 452 - 677
44~in. Dia Avg(3) 603  Avg(3) 634  Avg(3) 684  Avg(3) 598
Aft Cyl 352 ~ 444 352 - 362 334 - 401 355 ~ 419
. Avg(3) 386 Avg(3) 375 Avg(4) 379 Avg(3) 389
673122 Fwd Cyl 334 -~ 578 408 -~ 554 396 - 412 408 - 588
44-in, Dia Avg(3) 439  Avg{3) 484  Avg(3) 406  Avg(3) 549
Aft Cyl 593 - 634 387 - 631 550 - 620 441 - 548
Avg(3) 619 Avg(3) 507 Avg(3) 585 Avg(3) 484

#*Reinforced tection nominally 0,18-in, thick and membrane wail nominally 0.10-in,
thick, tested in their respective thicknesses,

32

PO

[Rp—
'

s e,
— —t

N

[T

S e -




et |

1V, B, Forging Anisotropy and l..nomogencity (cont.)

forging. Note that in a given section, there was sometimes a marked difference
from end-to-end of a cylinder. For exauwple, in chamber R359, in the reinforced
section of the forward cylinder:

Aft Forward

207 to 216 286 to 303

Av (2) 211 Av (3) 295

Note that the higher value obtained from thz two tests at the aft end of the
chamber (216 in.-1b/in.2) was appreciably lower than the lowest value obtained
from the forward end of the cylinder (286 in.—lb/in.*); thus, from an
engineering viewpoint, there was a significant difference between the arithmetic
mean values (211 for the aft end and 285 for the forward end of the cylinder).
Differences in toughness from end-tu end-of a given cylinder could be the

result of a difference in the forging working-temperzture and/or thickness
effects.

With regard to thickness, it should be noted that differences
between the two thicknesses of Charpy specimens tested may be the result of
one or a combination of three factors; viz, (1) a difference in lateral
restraint in the test specimen per se due to thickness (width of test specimen);
(2) a gradient of microstructure in the chamber wall due to the limitations of
6A1-4V titanium hardenability (cylinders were solution treated witb a 1/2-in.
wall and then machined to the nominal 0.10-in. wall); and (3) a differeace in
interstitial content due to a gradient of chemistry in the thlcknessfdirection
(surfaces of the 1/2-in.~thick cylinders were badly contaminated as the ;esult
of solution treating in air; out-of-roundness after water’quench ng can result
in local sections of higher-than-average iaterstitial content in the finish- .
machined part). Thus, any one or a combination of the above factors could
have caused a variable "thickness" effect from cylinder to cylinder. Consider,
for example, a comparison between the W/A values obtained from the two sections
at the aft end of the aft cylinder of chamber R369:

CaRM AL LA N

i §

Rz2inforced Membrane
350 to 377 472 to 514
Av (3) 368 Av (3) 490

Note that the highest value cbtained from the three tests of the reinforced
section (377 in.-1b/in.2) was appreciably lower than the lowest value obtained
from the three tests of the membrane wall (472 in.-1b/in.2); thus, from an
engineering viewpoint, there was a significunt difference between the arithmetical
mean values {368 for the thicker wall and 490 in.-1b/in.< for the membrans wall).
This trend is consistent with the effect of thickness usvally obtserved in plane-
stress fracture testing. From an examination of Table IX. it will be seen that
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IV, B, Forging Anisotropy and Inhomogeneity (cont.)

the scatter bands obtainea in the two thicknesses sometimes overlapped and,
therefore, there was uncerteinty from an engineering viewpcint as to whether
the difference in arithmetical mean between the two thicknesses tested was

significant; this question will be reconsidered in subsequent paragraphs dealing

with a statistical evaluation of the data. However, it should be noted from
Table IX when there was no overlap of the W/A values, as iilustrated above for
chamber R369, the data always showed the rveinforced section to have the lower
toughness.

Figure 8 presents, in bar graph form, the data of Table IX.
A couparison o:r adjacent bars (solid versus stippled) shows the difference
between reinforced and membrane walls, and a comparison of adjacent pairs of
bars shows the variation, if any, from end-to end-of any given forging. The
top of any given bar represents the higiest W/A values measured, and the top
of the solid (or stippled) part of smy given bar represents the lowest value
measured; the solid point is the arithmetical mean of the W/A values for any
given bar. Note that with few exceptions, the reinforced (thicker) secticns
had lower arithmetical mean values than the membrane sactions. The exceptions

‘generally involved differences of less than 50 in.-1b/in.2 Figure 8 also shows

the marked differences in toughness that existed from forging to forging in a
given chambex. Note, for example, the difference between the forward and aft
cylinders in chamber R369. Other chambers, for example 673095, had even
greatexr differences in toughness from forging to forging.

An analysis of variance was made to determine if there was a
£.. istically significant difference (1) between cylinders, (2) between cnds
0« vyliinders, and (3) between thicknesses in a given cylinder. On the basis
of an snalysis of variance of the data from the body cylinders of eight
chanbers, it was determined that (1) there was a highly significant difference
between cylinders (significance level 0.0001), and (2} there was a highly
sigaificant difference between the reinforced sections and the membrane walls
(significance level 0.0002), but there appeared to be no significant aiffevence
between ends of cylinders (significance level 0,3120).

When the data were divided into two sets, one for membrane-
wall and one for reinforced-section samples, the analysis of variance showed
for the reinforced-section samnles a highly significant difference between
cylinders (aignificance levei 0.0004), but, again, there appeared to be no
signisicant difference between ende of cylinders (significance level 0.1384).
For the membrene-wall samples, there was a highly significant difference
between cylinders (significance level 0.0004) and a highly significant differ-
ence betwecn ends of cylinders (significence level 0.0021).

C. EFFECT OF CHEMISTRY AND FORGING PRACTICE

The precrack Charpy impact W/A values tabulated in Appendix A were
analyzed staiisiically to determine tne effect of interstitials (C, N9, Hj,
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IV, C, Effect of Chemistry and Forging Practice (cont.)

and 02) on W/A values. It must be pointed out that the statistical results

are valid only for materials having the chemistry of 6Al-4V titanium comparable
to that of these data. The data were separated according to whether they were
taken from the membrane wall or reinforced section; i.e., one set was for a
nominal 0.10-in. thickness and the other set for a nominal 0.18-in. thickness.

From Table X, it is obvious that there are basically three types
of forgings and several aging teamperatures involved in the data collection.
Before the W/A values could be tested for dependence on chemistry, it was
necessary tc determine the effect of the type of forging and/or aging tempera-
ture on the W/A values-

1. Membrane 0.10-in.-Thick Material

When the data were separated into three categories, one for
each type of forging, and analyzed by one~way multiple covariance analysis, it
was found that there were significant differences in the means amoug forging
types. The date vere again separated, this time into two categories, one for
those specimens aged at temperatures below or at 1000°F, and the other for
those specimens aged above 1000°F. When the data were analyzed by analysis of
variance, it was found that there was no difference between the means for the
aging temperatures. Also, it was found that there were no forging-temperature
interactions.

Since the W/A values were dependent on the type of ferging,
the data were separsted into three categories, one for each type of forging.
Multiple regression and correlation analyses were used to determine if the W/A
values, for each forging type, were a functior of carbon, oxygen, hydrogen,
and/ox nitrogen. The method of least squares was used to develop equaticne
which gave tlie best fit to the data for each combination of interstitials.

The hypothesis was made that the slope of each curve was zero and the "T" test
vas used to test the hypothesis. In Table XI, those instances where the hypo-
thesis vas false, i.e., where there waz a dependence of W/A on chemistry, an
asterisk is used to identify the elements that influence the W/A value. The
results as presented in Table XI, may be summarized as follows: for closed-die
. forgings there 1s a correlation bhetween W/A and 07, and for ring-rolled
forgings and extrusions, the strongest correlation was between W/A and C.

The reason for this may be contained in the range of interstitial elements
found in each forging type, aes shown in the following tabulations:
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§ TABLE X
CHEMISTRY OF MINUTEMAN CHAMBER COMPONENTS et
7 - ‘,.g ng X
i Chamber/ Type N H o Sojucion, Temp, a
Component of Forging Al A Fe C 2 2 2 0'1:»31_3.!“ T
i R26 - :
Fwd Clos Closed Die 17_80 5 "(m
Fwd Cyl Ring Roll 1750 R ES
Aft Cyl  Ring Roll 37567 ,’ I
I Aft Fla - 1780 W T
2191456 o7
] Fwd Clos Closed Die 6.12 4.02 0,30 0.03 0,014 0.008 0,20° -w Y, T T
Fwd Cyl Ring Roll  6.22 4,15 0.18 0.04 0.007 0.006 0,17 c'i'?so 'ms{; e
Aft Cyl Ring Roll 6.52 4.15 0,158 0.02 - 0.006 0,14 1755 Aimd‘ .,
! Aft Fla Closed Die 6.40 4.08 0.17 0,01 0,024 0.0098 0.12 ‘.1750,‘ 1(3‘» R
BL26 R i
: Fwd Clos Closed Die 6.38 4,18 0,18 0,08 0,028 0,0010 0.166 1350 14sz~
i Fwd Cyl - 6.18 4,33 0.19 0,05 0,039 0.0015 0.150° 1755, 1100
Aft Cyl - 6.09 4,34 0,19 0,03 0,024 0,0022 0,183 wsof, "3000. -
Aft Fla C(losed Die 6.08 4,13 0.19 0,07 0.029 0.0041 0,168 1750 uzs N
i 673078 DSl L
Fwd Clos Closed Die 6.30 4.06 0.16 0,04 0,017 0.0024 0,184 1750~ 1id00 .
a Fwd Cyl  Extrusion  6.55 4,02 0,23 0,05 0,011 0,0023 0,174 1750 1006 <,
Aft Cyl Extrusion 6,35 4.08 0.21 0,02 0,016 0,0030 ©.192 . 1750 10dc¢ - -
Aft Fla Closed Die 6.40 4,16 0.13 0,003 0,016 0.0025 0.11 1750 1000 -
3 673095 _ B
Fwd Clos Closed Die 6.35 4.16 0.14 0,06 0.013 0,0017 0.16 1775 1000 -~
Fwd Cyl Ring Roll  6.10 3,96 0.19 0,02 0.014 0.0032 0.19 1775 1000 .
a Aft Cyl Ring Roll  6.48 3,62 0,28 0,08 0,019 0.0034 0.22 1775 1000
Aft Fla Closed Die 6.3% 3,90 0.18 0,03 0.018 0.0027 0.19 1750 1000
673122
: Fwd Clos Closed Die 6.18 3,98 0,08 0.03 0.040 0.0036 0.162 1800 1000
Fwd Cyl Ring Roll  6.26 4,13 0.08 0,05 0.031 C.0077 0,165 1800 950
Aft Cyl Ring Roll  6.10 4.02 0.07 0.05 0.018 0.0055 0,171 1830 1000
l Aft Fla Ring Roll 6,38 4,13 0.08 0.04 0.026 0.0044 0,170 1810 900
674514
% Fwd Clos Closed Die 6,07 4.09 0.07 0.05 0.049 0.0003 0.134 1750 1000
Fwd Cyl Extrusion  5.95 4.12 0.10 0.04 0.034 0.0031 0.162 1750 1000
Aft Cyl Extrusion  6.00 4.18 0.10 0.03 0.031 0,001¢ 9,137 1750 1000
i Aft Fla Ring Roll  6.15 4.17 0,09 0,04 0.045 0.0082 0.148 1750 1000
2132105
Fwd Clos Closed Die 6.42 4,33 0,24 0.023 0.017 0.0021 0.185 1750 1000
; Fwd Cyi trusion  6.31 4.41 0.15 0.02i 0,011 0.0016 0.17 1750 1000
Aft Cyl Extrusion 6,42 4,48 0.15 0.027 0.007 0.0015 0,19 1750 1000
1
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. TABLE X (¢onc.)

: - ) - . Aging
Chambex/  Type Solution Temp,,
Compomens of Worging Al ¥ pe c N By Oz  Temp.,°F _ °F
2360

Ky Skrt Ring Roil 6 0.13 0,025 0,032 0,005 0.16 1800 1000
Fwd Cios Closed Die 6 0.24 0,031 0.007 0.0019 0,15 1750 1050
Fwd Tyl  Bxtrusion 6.3 0.8 0,024 0.010 0,005 0.185 1775  1iC75
At Cxt : Bxtrusion - 6.5 4.1 0,18 0.24 0,023 0.0975 0.17 1775 1075
Aft Cloa Cloged Die 6.7 0.15 0.636 0,010 0.0047 0.19 1750 1000
Kft Skrt Ring Roll 6 0.30 0.029 0,009 0.0f51 0,37 1756 1050

2490
Pwd Skrt Ring Roll 6,53
Bwd C19s Closed Die 5.64
Pwd-Cyl Bxtrusion 8,25
Aft Cy3  Extrusion

0.013 0,011 0.0243 0,18 1750 1050
H,17 0,017 .01 00,6019 0,27 1750 1000
0.175 0,022 0,014 0,002 0.18 1750 1025
0.022 0,011 0,003% 0.18 175G 1025

a
<o
20

-
o
L5,

W b
)
oo-oawmw
(=]
A
b
\ -]

)
Af{ Clos . Closed Die 6.54 2,97 0,15 0,046 0,012 0.0021 0,16 1750 1000
Aft Skrt- Ring Roil 6.62 .89 0.16 0,031 0,011 0,0021 0,14 1750 1000
R512 . z
Pwd Skri Rxng Reil- 6.64 3,95 0.13 0.02i ¢.008 0.0065 0.15 1750 1000
 Fwd Clow “Cloged Die 6,68 3.60 0.13 0.019 0,011 0.0033 0.14 1750 1000
Fwd Cyi  Bxtrusion 6.2 - 4,15 0.16 9,022 0,010 0,0065 0,185 1750 1025
Aft Cyl E;’fms_ion 6,1 4,05 G.1i55 6.024 0,010 00,0045 0,175 1750 1025
Aft Clos Ciosed Die "6.50 4,01 0,20 0,018 0,013 0.001% 0.17 1750 1600
6,58 3.99 0.16 0O.C17 0.013 0,0032 0.14 1750 1000

Aft Skrt Ring Roll

R¥36 N
. Pwd Sket Ridg Roll  6.53
Fwd Clos Closed Die 6,57
- Fwd Cyrl . Extrusion 6.55
Aft Cyl Bxtrusion  $.2
Aft Clos Closed Die 6.66.
Aft Skrt Ring Roll 6,57 -

0.16 9,013 0,011 0,0043 0.18 1750 1050
0.26 0,019 0,009 0,0036 O0.16 1750 1050
0.21 0,024 0,012 0,0085 0.19 1750 1025
0.2% 0,021 0.014 O0.0085 0.185 1750 1025
0.16 0,016 0.013 0,0020 0,19 1750 1050
0.14 0,048 0,010 0,003: 0,13 1750 1100

WWR b S
. 8ALES

.o

R543 .
>~ Fwd Skrt Ring Roll 6,24 4,01 0,i5 0,020 0,013 0.0023 0.1f 1780 1000
. Fwa-Clos Closed Die 6,14 4.15 0,17 0,026 0,010 90.001¢ 0,18 175 1100
. Fwd Cyl BExtrusion 6.5 .4.,45 9,08 0,02 0,012 0,0058 9,174 1750 1025
- Aft Cyl. Bxtrusion 6,3 4.25 0,19 0,024 0,012 0,007 0.195 1750 1025
. Aft Clos Closed Die 6,49 3,61 0,18 0.027 0.012 0,0044 0,12 1750 1050
i © Aft skrt Ring Roll 6,55 4,08 0,1 0,016 0.012 0.0049 .14 1750 1050
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IV, C, Effect of Chemistry and Forging Practice {cont.)

FORGINGS TESTED IN MEMBRANE WALL

Noo
Forgings Carbon Nitrogen Hydregen Oxygen

Closed-die 19 0.01C to 0.009 to 0.0016 to 0.110 to
Forgings 0.050 0.024 0.0047 0.200
Ring~rolied 18 0.013 to 0.008 to 0.0021 to 0.130 to
Porgings 0.050 0.032 0.0065 0.190
Extrusions 16 0.020 to 0.007 to 0.0010 to 0.157 to

0.030 0.016 0.0075 6.195

Note that for the closed-die forgings there was a considerable spread, within
the 1imits, in the amount of carbon and oxygen, and relatively little spread

in the amount of nitrogen and hydrogen. For rirng-rolled forgings, the spread
in carbon is approximately the same as for the closed-die forgings, but there
was a smaller spread in oxygen and a slight increase in spread for nitrogen

and hydrogen as compared witn the closed-die forgings. In the extrusions, the
spread for all four interscitials was appreciably smaller than in either the
closed-die or ring-rolled forgings. The statistical-analysis results in

Table XI sre genarally consistent with the above observations. For closed-dis
forgingo, W/A was found to be dependent on oxygen, and there was no inter-
action with the other three elements. For ring-rolled forgings, W/A was
dependent primariiy on carvon and to a lesser degree on nitrogen and oxygen.
For extrusions, W/A was solely dependent on carbon content. For the conditions
investigated, the above results indicate that the W/A value may be more
dependent on carbon, within prescribed limits, than on cxygen with the exception
of those instances when oxygen varied widely.

On the basis of the available data, equations were developed
whereby W/A was given as a function of interstitial content. The equations,
determined by the computer program, were as follows:

Closed-die Porgings: W/A = 658.0- 914.0(C)+ 677.7(N2)+737.4(Hg) -928.8(02)
Ring~-roll Forgings: W/A = 869.6-3810.8(C)-3057.1(N9)-784.5(Hp) -622.3(07)
Extrusions: W/A = 19.3+8672.6(C)~2303.8(N2)+165.9 (H2)+1360.2(07)

Note that the equation for ring-rolled forgings was of the form that might be
expected, where the toughness vslue decrzases by the additien of interstitials.

2. Reinforced~Section Material

¥hen the data were separated into three cat2gories, one for
ecch type of forging, and analyzed by one-way multiple covariance analysis, it
was found that there was no significent difference in the means among forgiug
types. The data were again separated, this time into two categories; one for
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IV, C, Effect of Chemistry and Forging Practice (cont.)

those specimens aged at temperatures below or at 1000°F, and the other for those -

specimens aged above 1000°F. When the data were analyzed by analysis of
variance, it was found that there was a difference in the means for the two
temperature levels. However, it was found that there was no forging~temperature
interaction. The range of interstitial elements found in each forging type

is shown in the following tabulation:

FORGINGS TESTED IN THE REINFORCED SECTION

No. .
Forgings Carbon Nitrogen  Hydrogeu Oxygen )
Closed-die 19 0.010 to  0.007 t>  0.0016 to  0.110 to
Forgings 0.046 0.024 0.0047 0.i%
Ring-roll 6 0.040 to  0.007 to  0.0044 to  0.140 o
Forgings 0.050 0.045 0.0077 - VO.170 i

Extrusions 1- © 0.020 to  0.010 to  0.0010 te. 0.150-tc -
. 10.040 0.019 0.0075 - 0.195 = 5;

““““

the data were separated into two categories, one “for each temperature range.
Multiple regression and correlation amnalysis was used to determine  if the: WIA
values, for each temperature range, were a function of carbon, cxygen, hydtogen,
or nitrogen. The results of the multiple regression and correlation analysis ¢
are summarized in Table X1I. The method of least squares wes used to develop
equations for each combination of interstitials which gave the best fit to

the data. The hypothesis was made that the slope nf each curve wes zero and
the "T" test was used to test the hypothesis. ‘In Table XII, those instances
where the hypothesis was false; i.e., where there was a dependence of W/A -

on chemistry, and asterisk was used to identify the elements that influence
the W/A value. The data in Table XII show that for each aging temperature
range, the W/A value was dependent on oxygen content. C7

On the basis of the available data, equations were developed
whereby W/A was given as a function of interstitial content. The equations
determined by the computer program were as follows:

For aging temperature < 1000°F
W/A = 915.4+ 278.8(C)-1207.2(N2)+9047.4(H)-2614.6(0,)

For aging temperature > 1000°F

tI/A o~ 7
Wi = 4

0(ﬁz)~1851:7(02)

The range of interstitial elements found in the-forgings that fall into the
two categories of aging temperature is shown ia the following tabulation:
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TABLE XII

SUMMARY OF MULTIPLE REGRESSION AND CORRELATION ANALYSIS
FOR REINFORCED-SECTION MATERIAL

Aging Temperature (°F)

Interstitisl <1000 > 1000
Combinations Correlation Regression Cerrelation Regression
Investigated Coefficient Coefficient Coefficient Coefficient
Cy Np, Kz, 0p A 0y * 02
. C - - - -
"2 - - - -
02 * 0z * 02
(NZ-EOZ) * (N,+0,) * (%,40,)
 (Hy40,) * (H540,) * (Hy+0,)
\‘\’Co Nz _ _ . .
C, Hy - - = -
c, 0, * 0, * c, 0,
Ny, Hz‘ - - - - -
Ny, O - - * )
Hy, O, * 0, * 0,
c, Ny, K, - - - -
¢, N,, O, * 0, ~ * 0,
¢, Hy, 0, * 0, * c, 0y
Ko H30 Oy * 0y - * %2

*Significance Level 0,.C5
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1V, C, Effect of Chemistry and Forging Practice (comt.)

No.
Forgings Carbon Nitrog~n  Hydrogen Oxygen
< 1000°F 34 0.017 to  0.010 to 0.0010 to  0.134 to
0.050 0.040 0.0055 0.192
> 1000°F 27 0.010 to 0.007 to 0.0016 to 0.140 to
0.C31 0.014 0.0085 0.200

D. EFFECT OF TEST TEM?ERATURE

The transition from high~energy oblique fracture toc low-energy flat
fracture with decreasing temperature is well established from both standard
V-notch and precrack Charpy impact data. Figure 9 illustrates the varistion
in toughness and attending fracture appearance with tempersture in the precrack
Charpy impact test. The material is Minuteman 6A1-4V titanium tested in the
0.10-in. thickness, aged to two yleld-strength leveis. Note the intrease from
45 to 90% oblique fracture as the temperature was increased from -40 to. 320°F
in the lower strength condition. The precrack Charpy impact and centemectch
(CN) tensile data presented in Figure 10 are frcm cthe Supersonic Tramsport
Research Program.* Note that many of the C-tensile data were invslidated by
excessive net-section stress and, ccusequently, had to be plotted as minimun
values. The precrack Charpy impact test, on the other hand, indicated ‘increasing
fracture toughness with increasing temperature.

In Phase I of the current data collection, two chawbers (SNs 2192109
eénd 673122) were evaluated by precrack Charpy impact tests at both room tempera-
ture and at 200 and 320°F. The test results are presented in Figure 11. Note
that at room temperature, the slow bend test result was markedly lower than
the impact test result; whereas, at elevated temperature, there was little or
no difference between the slow-bend and impact test results. This difference
in material behavior when tested in slow bend and impact is believed to be the
result of a complex interplay of adiabatic deformation at the crack tip vwhen
tested in impact, and time-dependent metallurgical effects (such ‘as the dif-
fusion of hydrogen) when tested in slow bending.**

Additional piots of data based on tests of the body cylinders of
three successfully hydrotested Minuteman 6A1~-4V titanium chambers are presented
in Pigure 12. Note that in chamber 2191093, at room temperature the slow-bend

*"'Thick-Section Fracture Toughness,” a Boeing-North American joint venture,
under Federal Aviation Contract AF 33(657)-11461.

**Hartbower, ¢. E., "Materials Sensitive to Slow Rateg of Straining" Scheduled
for Presentation at the ASTM Symposium on Testing by Impact, Annual Meeting,
Atiantic GiLy, June 1969.
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1V, D, Effect of Test Temperature (cont.)

W/A value vas significantly lower than that obtained in impact; whereas, at
320°F, there was a complete reversal of the trend. In chambers 806701 and
806729, the behavior was different in that the slow-bend test result was lower
than that obtained in impact in three out of the four body cylinders at all
temperatures tested, It is suspected that the forging practice used in
manufacturing the body cylinders of charbers 806701 and 806729 was different
from that usaed for 2191093; however, information on the forging practice for
these chambers was not available.

Figure 13 is a composite of the precrack Charpy impact transition
curves for 55 chamber components tested in the current data collection. The
curves for each individual forging will be found in Appendix I, From Figure 13,
it will be noted that the band encompassing the data was wide, indicating
considorsble variation in toughness from component to component at any given
tmutnr;. At -40°F, the W/A values ranged from approximately 200 to 600

.~1b/in.4; st room temperature, from about 250 to 800 in.-1b/in.2; at 200°F
from about 400 to 1100 in.-1b/in.2; and at 320°F, from about 600 to 1500
in.-1b/in.2. The averege W/A values at each temperature level are shown in
the following summary tabulation:

Test Number Arithmetical
Temperature, ‘F  Aversged Mean
-40 51 380
RT 149 480
200 53 650
320 52 920
48
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1V, Discussion of Results (cont.)

E. CORRELATION OF FRACTURE TOUGHNESS AND CHAMBER PERFORMANCE

1. Correlation Concepts

When an existing flaw reaches the critical stress intensity
under plane-strain couditions (X1c), the flaw will become unstable (pop-in)
but then in some chambers be arrested by plane-stress crack toughness on
penetrating the chamber wall (cor > B). The fact that there was relatively
Little varistion in plane~strain crack toughness (KIc) as measured in 109
forgings, whereas, there was considerable variation in plane~-stress crack
toughness (K:) suggests that K. is the controlling property in 6A1-4V
Minuteman chamber performance.

If a glven chamber were to have a defect in each component,
and 1f each defect were of the same size and orientation and equally stressed,
on incressing the pressure the lowest-toughness component would reach a criti-
cal stress intensity first and fail the chamber. In a real situation, where
some components contain flaws and others do not, the component with the
highest stress-intensity flaw will fail the chamber, assuming the flawed cor-
ponents ali have the seme toughness. If the flawed components are of unequal
toughness, the first component to reach a critical crack size will fail the
chambher. Similarly, if only one component contains a defect, when that defect
is stressed to the critical stress intensity, the chamber will fail. Thus,
if a given chember contains components of different fracture toughness, the
component containing a flaw of critical size will fail the chamber even 1if
that component has the highest toughness of any of the chamber components.

On the other hand, {f the critical crack size is not reached by the time the
proof test is completed, the chamber will pass the proof test even though the
crack may have been enlarged in the process.

Most of the prematurely failed Minuteman chambers contai:.ed
a8 flaw which from discolorstion was known to have existed before going inio
proof test, If the original flaw were to pop~in and then be arrested as
result of the plane-stress critical-crack-size being greater than twice ‘he
material thickness (¢ > B), there would have to be additional slow crach
growth before catastrophic failure of the chamber. In other words, the
. arrested crack after pop-in would have to grow to the critical crack size
under plane-stress conditfons. The fact that some chambers failed while
under constant ioad (at proof pressure) irdicates that slow crack growth
(probably stress corrosion cracking) did in fact occur. One way to verify
this would be to cslculate the failure hoop stress based on the hear-stained
(original) defect dimensione and the mean plane-strain crack toughness
(Kyc = 39 kei~-1n.1/2) from the equation

K!cz = 1.21% F2 a/Q
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1V, E, Correlation of Fracture Toughness and Chamber Periormance, (cont.)

where F is the hoop stress at failure and a/Q the normalized crack depth., If
the calculated value of stress were found to agree with failure hoop stress,
i it could be assumed that there was little, if any, slow crack growth., If, on
[ ) the other hand, there were appreciable slow crack growth before plane-strain
pop~in, the calculated value of hoop stress based on the hest-stained crack

r dimensions would be larger than the observed failure hoop stress. Because Q
is a function of the ratio of failure stress to yieid strength, iteration

) would have been required for calculating the failure hoop stress. To avoid
this, the critical stress intensity (Kyc) was calculated instead nf the hoop
stress, using the actual hoop stress at fszilure and the original flsw dimen-
sions. With an appreciable amount of slow crack growth before pop-in, the
calculated value of Kic would be low compared with the mean plane~strain
crack toughness (Krc = 39 ksi~in.1/2) as determined in Phase I of thig
contract.

Figures 14 and 15 provide a graphicsl solution of the equation

e i

chz = 1,21n an/Q

£5r surface part-through cracks. Tsble XIII presents the yield strengths as
measured from integral-ring material stregs-relieved with the chamber.

2. Premature-Failure Case Histories

0f the 14 Minuteman chambers selected for the data coilecrion,
nine wvere premsture proof-test failures. The following psragraphs present the
salient facts relating to the failures, including the licep stress at which -
failure occurred, and the nature and location of the originating deiéct: - Im -
some instances, a limited amount of precontract fracture testing was done on =
the casualt; chamber; these data also are presented.

a, Chamber R26 o §

e B o N cicnme S sove S e

In May 1962, chamber R26 failed during proof test with
the fracture origin in the adapter of the forward closure. The failure
occurred after 15 sec at maximum pressure (96-ksi hoop stress at the fracture
origin). Examination of the fracture surfaces reveaied a surface crack in the-
forward adapter 0.2 in. forward of the forward girth weld, néar the heat-
affected zone of the weld; the defect was approximately 0,10 in. deep and
0.18 4in. long.

T T

~

Uniaxial and PTC~-tensile specimens were taken from the.
forward cylinder of chamher V26 scross the forward girin weld opposite the- .-
origin of failure., The uniaxial tensile specimens from the forward cylinder -

51

£ =8 S &S o2




- owaaes e v P

ml TN e memarme A e e ¢ s e . © wrmmme s meibg e mees e s A e A MM A A St B L LR S b sty

-
i - i e S, mr— oy [ e Arm— RS
. - ma i I $ [ ; H i t
3 - - o o —— ~

*

pARAR. Gl

SMBTJ PoppeqWy 9OwIIng 10J Jajswmeawd adwys-mvi3g 41 andyy

O 'U3LINVUVD IdVHS MV
g2 T2 12 o0z 6t &1 L1 ¢ ¥l g1 2




G e G MR M s
1

P

HOOP STRESS (KSI)
1

60 T T Y T T R . ] " y
0 0.02 0.04 0.06 0.08 0.16 . 6.12 0.14

FLAY DEPTH, o/Q

Figure 15. Hoop Fracture Stress as & Function of ¥ormalized:
Flow Depth for Various Plane-Strain Critical-Sireas-
intensity Levels .

o3




TABLE XIII

TZNSILE PROPERTIES OF MIMUTEMAN COMPONENTS ;
AFTEs. CHAMBER STRESS RELIEF ]

Teh e o mn wa v -

Fiwd Closure Fwd Cylinoer Aft Cylinder Aft Flange

Chanber  Yield  Ulf. Yieid Ult, Yieid Ult, Yieid Uit. P
kel kel ksl  ksi kel  ksi ksl ksl i ;
R26 167 178 165 173 165 177 168 174 I
b

BL26 160 170 158 167 164 175 166 175 i

i

R369 167 178 162 171 167 175 16+ 176 ’

[ 1

R400 164 176 161 172 168 176 162 174 !
r512 162 175 166 175 164 174 167 176 -
R
R516 164 177 165 176 165 174 162 174 1 f
X543 159 169 159 173 163 175 163 169 ,,
673078 168 183 170 184 164 176 164 180 1 B
5 ~ : [ 3
2101456 169 179 166 177 158 168 164 176 .
A
2192109 166 176 167 174 165 173 166 173 - il
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IV, E, Correlation of Fractusre Toughness gud Chamber Performance (cont.)

near the fracture origin exhibited exceptionally lew elongation*; examisation
of the tensile-specimen fracture surfaces revealed thumbnail-~shaped spots of
oxidation, surrounded by flat fracture. The defects were approximstely

0.015 in. by 0.010 in. Metallography revealed no microstructural abnormslity.
The defects were in the surface corresponding to the ID surfsce of the chamb>r.
In that the test specimens were heat-straightened (900°F for 2 hr) prior to
testing, the defects could have been produced by the heat-scraighteming opers-
tion, or they could have been present in the iD surface of the chssber gricr
to heat-straightening the test specimens.

The results of the part-through-crack (PTC) temsile
tests are presented in Table XIV, together with the Kjc value calculated from
the flaw dimensions and failure hoop stress in the prematurely burst chssber.
If compared with the data from 109 forgings as reported in Appendix B of .
Volume I (Kfc = 39.1 ksi-in.1/2 with a standard deviation of 1.6 ksi-1n.1/2),
the K1c values obtained from PTC-tensile tests of the body cylinders of cham-
ber R26 were somewhat above the population mean value of 39 ksi-fn.1/2 ¢the wpper
limit for two sigma is 42.2 ksi-in.1/2); vhereas, the K1, value of 38.6 kei-in;1/2
calculated from the chamber itself was in agieement with the mean value.

The following summary of room-temperature precrack Charpy
impact W/A values showed that the forward adspter (chsmber fractwre origin)
had appreciably lower plane-stress fracture toughness than the body cylindors
or the aft flange.

Forward Closure Body Cylinders
Dome Adapter Forward Aft Aft Flange
463 to 623 318 to 484 691 to 1010 663 to 938 719 to 883

Av (12) 494 Av (12) 426 Av (9) 841  Av (7) 847  Av (3) 822

The summary includes the axial-notch-direction precrack Charpy tut.n from
Phase I (see Appendix D of Volume I),

b. Chamber R41

In November 1962, chamber R4l failed in the forward
cylinder at 124~ksi hoop stress during rising load. Exanination of the
fracture surfsces revealed a merallurgical defect in the surface of the
0.10-1in.~thick wall, which consisted of a void surrounded by wassive alphs
titanium; the embrittled zone wag approximately 0.050 in. in diameter.
Figure 16 shows the fracture surface containing the defect, tcgether with
a photomicrograph showing the massive alpha associated with the defect.

%A11ison Monthly Status Report No. 8 for 15 March through 15 Aprfl 1963.
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TABLE XIV

PTC-TENSILE TESTS OF 6A1-4V TITANIUM FROM
MINUTEMAN CHAMBER R26

Critical
Shape orma-  SCXeE®
Crack Dimensions Gross Para- lized ——-oRS2ty
Component » % Depth Length Shape Stress %;%ig meter Depth Kte 1/2
Testad "ty a_ 2 a/2c F ty Q aSQ (ksi-in.” ')
Fwd Closure 167 c.10 0.18 0.56 99.6 0.60 2,55 0,039 38.6
Criginks
Fwd Cyl 165 0.642 0.100 0.420 151.6¢ 0.92 1.92 0.022 43
Near Origin 0.040 0,102 0.392 151.7 0.%2 1.83 0.022 43
0.050 0.203 0.246 126.83 0.77 1,32 0.038 48
0.054 0.203 0.266 118.6 0.72 1.39 0.039 45
0.050 0.200 0.250 126.5 0.77 1.33 0.038 47
Aft Cyl 165 0.040 0.107 0.374 156.4 0.95 1.71 0.023 46
Location 1 0.034 0.098 0.347 155.6 0.94 .70 0.020 43
0.056 0.205 0.273 135.8 0.82 1.40 0,040 52
0.058 0,210 0,276 135.4 0.82 1,40 0.041 52
 Aft Cyl 165 0.035 0,102 0.343 152.4 0.92 1,61 0.022 43
Location 2 0.037 0.108 0,343 152.8 0.93 1.61 0.023 45

" 0.053 0.206 0.257 118.3 0.72 1.38 0.038 45
- 0.055 0.207 0.266 117.9 0.7F 1.42 0.039 45

0t \(ﬁ\'}, BN AT N
R, i 3

*Yield strength in integral-test-ring material aged with the chamber.
#%Cglculation of critical stress intensity based on failure hoop stress and
flaw dimensions as measured in the failed chamber.
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IV, E. Correlation of Fracture Toughness ard Chamber Performance {(cont.)
An estimate was made of the plane-strain (KIC) fracture
toughness on the basis of the flaw dimensions
a = 0,050 in., 2¢c = 0.10 (estimated), a/2c = 0,50
and the hoop stress at failure
F = 124 kei, F/Fty = 124/156.4 = 0.79
the flaw-shape parameter and normalized flaw depth were
Q= 2.28, a/Q = 0.022

vhich give 8 plane-strain crack toughness from the chamber itself of
1/2

ch = 36 kﬂi-in.

This Ky, value is reasonably close to the mean value reported in Volume I for
109 forgings (the lower limit for two sigoa is 35.8 ksi-in.1/2),

The following tabulation summarizes the room-temperature
precrack Charpy impact W/A values obtained from chamber R41:

. Foxrward Closure ; Body Cylinder
Dome Adapter Forward Aft Aft Flange
527 to 609 352 to 404 515.to 590 656 to 740 379 to 496

Av (3) 518  Av (3) 317  Av (3) 550  A-(3) 713 Av (3) 428

The impact test results from the forward cylinder (not from the immediate
vicinity of the metallurgical defect) gave higher W/A values than either the

- forward or aft adapters. If there had been sizable defects in the latter

components, they should have failed the chamber before the forward cylinder.

- The aft cylinder had the highest toughness of the various components in

chamber R41,

¢, Chamber BL26

) In January 1964, chamber BL2¢ failed after a s-sec hold
&t proof pressure (110-ksi hoop stress at the fracture origin). Examination
of the fracture surfaces revealed a aemielliptical crack on the inside of the
aft adapter in the reinforcad section adjacent to the aft girth weld, but out-
side the weld heat-affected zone; the defect initiating failure was ©.030 in.
deep and 0.150 in. long. A second crack, 0.040 in. daeen and 0.066 in. lone,

=3
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IV, E, Correlation of Fracture Toughnese and Chamber Performance (cont.)

was detected adjacent to the forward girth weld on the inside surface of the
forward closure, From an examination of the fracture surfaces, it was postu-
lated that the failure originated from the crack in the aft adapter, and pro-
ceeded forward and aft; and that the second crack originated a secondary
failure in the weld-reinforced area of the forward dome. The two fractures
intersected approximately 5 in. aft of the forward girth weld. After tke
failure, inspection revealed 16 additional cracks; all éxcept one extended
partially into weld heat-affected zone. The largest of these additional
cracks was 0.040 in. deep and 0.060 in. long. '

An estimate was made of the plane~strain (Kyc) fracture
toughvess based on the measured crack dimensions in the fracture~origin
component -

a = 0.080 in., 2c = 0.150, a/2c = 0.534

and the chamber hoop stress at failure

F = 110 ksi, F/!?ty = 110/166 = 0.663 “
The flaw-shape parameter and normalized crack depth were
Q = 2.43, a/Q = 0.0329
which gave a plane-strain crack touglness from the chamber ;tsélf of : “~‘

1/2 .

KIc = 39 ksi-in.

This Klc value is in agreement with the mean value reported in Volume } for -
179 forgings. - : z

; The following tabulation summarizes the: room-temperature.
precrack Charpy impact W/A values obtained from the reinforced sections next
to the various girth welds: -

Body Cx;inﬁers

Forward Adapter. Foxward Aft AffrAdégter T
405 to 432 429 to 559 4i8 to 541 380 to 623 )
Av () 419 Av (4) 486 Av (4) 461 Av (4) 460

Note that the Charpy tests of material from the reinforced secticns adjacent
to each of the girth welds gave W/A values that were not greatly differesit
from one component to another. ’ -
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IV, B, Correlation of Fracture Toughness and Chamber Performance (cont.)

With the fracture toughness of the various components
nearly the same, the fracture origin was determined by the location of the
largest defect present; the lsrgest flaw was located in the reinforced section
of the aft closure next to the G3 weld. It is interesting to note that all of
the flaws were in the ID surface, all were orfented in the chamber-axial direc~
tion, and all except one extended partially into the HAZ of the girth welds.

d. Chamber 2191456

In March 1963, chamber 2191456 failed during rising load
at & pressure of 457 psig (75-kei hoop stress at the fracture origin). The
failure origin as shown in Figure 17* was located in a repair of the forward
girth weld. Examination of the fracture surfaces revealed porosity in the
wveld-repair area with two closely spaced pores (0.045-in.-dia and 0.020-in.~
dia pores, one above the other, 0.004 in. apart) at approximately mid-thickness,
resulting in an embedded flaw approximately 0.06% in. deep and 0.045 in. long
in air-contaminated weld metal. Precrack Charpy tests were made at Aerojet-
Sacramento of the weld metal in the forward girth weld both near the fracture
origin and away from the fracture origin. The data present2d in the following
tabulstion clearly show an embrittled condition near the fricture origin**,

Precrack Charpy (in.-1b/in.2) Tests of Weld-Fusion-Zone

—___Slow Bend Impact
< RT 320°F RT 320°F
Near Origin 837 to 951 1024 to 1161 721 to 757 1264 to 1816

Av (2) 89  Av (2) 1092 Av (3) 742  Av (3) 1473

" Away from Origin 1147 to 1164 1663 to 1954 1130 to 1370 2010 to 2490
Av (2) 1156 Av (2) 1808 Av (3) 1256 Av (3) 2210

*!italﬂur Failure Anslysis of Second-Stage Minutemar Rocket Motor Case
2191456, Ti-6A1-4V Alloy, Hellmann, V, L., Alliscn Materials Research Lab
Report 63FA4, 25 March 1963.

#*The fracture-origin location in the forward girth weld of chamber 2191456
had appreciably lower toughness than any weld tested to date. The following
ta.ls presents a comparison between the fracture origin in chamber 2191456
and welds in successfully hydrotested chambers.

Fracture Toughness,

R AN AR S P S AR o R

Motor Weld Yield, ksi in.~-1b/in,2
2192456 155 742
673196 . 147 1077
673097 144 1366
% 673122 143 1577
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IV, E, Correlation of Fracture Toughness and Chamber Perfcrmance (cont.)

An estimate was made of the plane-strain (Kj.) fracture
toughness assuming interaction of the porosity to form a single penny~-shaped
internal flaw of dimensions.

2a = 2¢c = 0.069, a/2¢c = 0.5
and a chamber hoop stress at failure

F 75 kei, F/Fty = 75/155 = 0.484
the flaw-shape parameter and normalized crack depth were

Q= 2.36, a/Q = 0.0146

vhich gave a plane-strain crack toughness from the chamber itself of
1/2

K, = 16 ksi-in.

- This wvalue of Ky, seems anomalously low; however, titanfum weld metal in the

vicinity of porosity can be expected to be contaminated#,

The foilowing tsbulgtion summarizes the PCI-test results
obtained in chamber 2191456 (the body-cylinder data include the axial-notch-
direction W/A values cbtained in Phase I):

Forvard Closure Body Cylinder Aft Closure
Dome Adapter Forward Aft Flange
484 to 564 411 to 435 418 to 537 674 to 814 638 to 725

Av (3) 530 Av (3) 423 Av (8) 481l  Av () 756  &v (3) 674

Mote that the precrack Charpy impact tests of the comporents on either side
of the Gl weld showed the lowest fracture toughness in the chesmber,
Unfortunately, material was not available for testing the reinforced sec-
tions of the Gl weld.,

3. Chamber R369

In September 1956, chawber R369 failed during rising
load at a pressure cof 380 psig (80-kei hoop stress at the fracture origin).

_ %Harttower, C. E‘, "?usion Welding High~Strength Titanium Sheet",

Procoedings of the 7th Sagamore Ordnunce Materjials Research
Conference, 16-19 August 1960, p. ITI-101.
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1V, E, Correlation of Fracture Toughness and Chamber Performance (cont.) ]
The fracture was located in the aft cylinder just outside the reinforced ¥
section of the aft {G3) vweld, and was readily identified by a discolcred
semielliptical area at the ID surface approximately 0.25 in. loug, which very
nearly penetrated the wall thickness. The discoloration on the fracture face

{Figure 18) showed the crack to have been open during one of the heat
treatments.

An estimate was made of the plare-strain (Kyo) fracture
toughness on the bagis of the measured flaw dimensions in the failed chamber

a=0.,10, 2¢c = 0.25, a/2¢c = 0.40
and the hoop stress in the chamber at failure
F = 80 ksi, F/?ty = 0,49

the flaw-shape parameter and normalized crack depth were

Q= 1.92, a/Q = 0.052

which, with Smith's approximation of the stress-intens’.

factor (M) for a deep surface flaw of fifiezfg/ﬁ,iﬁgfb/%;::ﬁzfat1rﬁgﬁﬁ§§zzz_
15 S
/

strain ‘:rack toughness from the chamber !

(A

This value of Kyc for the fufiure-origin component cf chamber R369 is clore -
to the mean value obtainey for 109 forgings in Phase I of inis study (two
sigma upper limit 42.2 kyi*in.llz).

/
Toe following tabulation summarizes the data obtained
from chamber R369, in-/uding the test results frcm che R369 body cylindera . -
tested in Phase I. - T

Forward Forvard ___Body Cylinders Aft
Skirt Cl sure Forward Aft Closuze Aft skirt

615 to 636 47, to 486 302 to 403 432 to 528 487 to 496 606 to 628
Av (3) 629 A, (3) 446  Av (12) 340 Av (12) 480 Av (3) 492 Av (3) 615

Note that th¢ precrack Charpy impact data for the failure-origin aft cylinder
of chamber P /69 was somevhat higher thar the W/A values obtained from the
forward cyl .nder. The ring-rolled skirts, on the other hand, had apprecisbly
higher tou’ hness than the bedy cvlinders and closures.
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Figure 12,

Fracture Origin in Chamber R369
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IV, E, Correlatien of Fracture Toughness and Chamber Performance {cont.)

The fact that chamber R369 contained a flaw that was
very nearly a through crack iz of particular interest from the standpoint of
the leak-~before-buret criterion. The discoloration, as seen in Pigure 18,
indicates that the flaw developed during heat treatment and, therefore, was
in the chamber at the start of the proof test. A very thin shear lip at the
0D surface and the tigltness of the crack was all that prevented the chamber
from leaking at the outset of pressurization. In the 0.10-in.-thick wall, at
a yleld strength of 166.7 ksi, a W/A value of approximately 1250 in.-1b/in.2
would have been required to meest the leak~before-burst criterion. However,
this is a special case, in that a defect was slready present of greater than
"2¢" length.

If the defect is treated as a through crack in a wide
panel

2 2
Kc T F

where ¢, is the Yeffective" crack half-~-length

2

2
c + K.c [2n Fty

1
Substituting 100 (W/A) + 6700 for K. (from Volume I}, the measured value of

half-crack length (c = 0.125 in.) and the yield stremgth (Pry = 166.7 kei),
for W/A = 480 in.-1b/in.2:

¢, = 0.1421

Solving for the failure stress using the flat-sheet analysis

2 2
F'o= Kh /= ¢,

= 82 ksi

e

which 18 in excellent agreement with the chasber hoop stzegs at the fracture

Syllivan and Fierce* in a study of the effect of radius -
on the bulging and fracture of through-cracked cylindrical pressure vessels,
reported that when ;rwin's flat-sheet 2nalysic is applied to internally

ASullivan, T. L. and Pierce, W. S., NASA TN D-4951. December 1968




IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

pressured thin-wall, cylindrical vessels, the predicted failure stresses are
greater tnan those cbtained experimentally. An equation for predicting the
critical hoop fracture stress (F) for an internally pressurized, through-
cracksd cylinder has been derived by Eiber, et al.* For plane-stress, the
Eifber expression states

32 1+

Y3 2 x F 57 .21 1 3~v
?-ch[ﬂcaec(-z-ru] 1+~—A)2[4-———

wvhere P is .nne biaxial ultimate strength, v is Poisson's ratio and

1/2
22 « o2 [12 (1-\)2) ] /r B
whexe r is the cylinder radius and B is the wall thickness. Substituting

¢ = 0,125

v =1/3 )

r ‘26 1n.,8nd3'0.10 1no -
1'“ =1.15 x Py vhere ?tu = 175 kst )

K_ = 100 (/A) + 6700, where W/A = 480 in.-1b/1n.% :

from Eiber's expression, by iteration the predicted critical hoop fracture
stress is

F =79 ksi

which is in excellent agreement with the chamber hoop stress at the fracture
origin,

f. Chamber R490

In June 1967, chamber R490 failed during rising load at

8 pressurs of 500 psig (108-ksi hoop stress at the fracture origin). The
failure origin was in the ceater (G2) girth weld and was attributed to weld
contamination &s the result of inadequate inert-gas shielding. Frecrack

*2iher, R. J., Maxey, W. A., Duffy, A. R., and McClure, G. M., "Behavior
of Through-Wall and Surface Flaws in Cylindrical Vessels". Paper pre-
sented at the National Symposium on Fracture Mechanics, Lehigh University,

- Bethlehem, Pa., June 1968.
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IV, E, Correlation of Fracture Toughness and Chamber Performance {(cont.)

Charpy impact specimens were cut transverse to the weld, with the notch
centered in the weld fusfon zone, The specimens were approximately two feet
from the fracture origin. The W/A value at this position in the weld was
1720 in.-1b/4in.2, which compares favorably with the toughness of the weid
metal 2s measured in other chambers which were successfully hydroburst tested
(see Figure 19). Unfortunately, weld metal from the immediate vicinity of
the fraczture origin was not available for testing. Chemical anslysis of the
weld metal in the immediate vicinity of the fracture origin revealed a high
nitrogen content (1500 ppm).

g. Chamber R512

In Septesber 1967, chamber R512 fafled during rising
load at a pressure of 59C psig (140 ksi hoop stress at the fracture origin).
The fracture origin was located in the forward cylinder 3.5 in. from the
center (G2) girth weld, and was readily identified by a discolored semi-
elliptical area at the ID surface, approximately 0.03 in. deep and 0.2 im.
long. The discoloration on the fracture surface showed the crack to have
been open during one of the heat treatments (Figure 20). Examination of the
metal in the thumbpail area revealed high interstitial content {approximstely
1400 ppm nitrogen), but an essentially normal microstructure.

an egtimate was made of the plane-strain (Kic) fracture
toughness that was vased on the measured crack dimensions

a = 0.03-in., 2¢ = 0.20-in., a/2c = 0.15
and the failure stress
F = 140 ksi, F/Fty = 140/166 = 0.84%
the flaw-shape parameter and normalized crack depth were
Q = 1.05, a/Q = 0.029
which gave a plane~strain crack toughness from the chamber itsgelf of
K, = 46 kei-in.}/2

ic

This Kic value is significantly higher than the populatior: mean of 39 ksi-in.l/2
(two sigma upper limit 42.2 x8i~in.1/2) obtained for the 109 forgings reported
in Volume I, and appears anomalously high considering that two laboratories
measured 1400 ppm nitrogen in the immediate vicinity of the crack while it was
oaly 112 ppw i in. away irom ihe crack*. Figure Z0 shows the heat-scained

*Motal, D., 'Metallurgical Analysis of Bydrotest Failure R512,"
DM:cp:M-2139, 23 October 1967.
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IV, B, Correlation of Fracture Toughness and Chamber Performance (cont.)

fracture origin. Note that the flat-fracture regicn extended almost through
the wall; the shear lip measured in the plane of the flat fracture was
0.011 in, wide at the OD surface of the chamber,

The following tabulation summarizes the W/A values
for the 0.10-in.-thick body cylinders.

Forward Cylinder Aft Cylinder
Porward Afr Forward Aft
468 to 540 526 to 532 386 to 443 414 to 539
Av (3) 509 Av (3) 529 Av (3) 414 Av (3) 467

Note that the precrack Charpy impact test results obtained from the forward
cylinder approximately 3 in., from the center girth weld were not signifi-
cantly different from those irom the opposite end of the cylinder. Further-

‘more, the aft cylinder had significantly lower toughness than the faflure-
origin cylinder.

h. Chamber R516
In October 1967, chamter R516 failed while at the
625—psig proof pressure (112-ksi hoop stress), 45 sec into the hold period.
The fracture origin appeared to be in the aft cylinder, in the reinforced
section of the center (G2) girth weld; the defect presumed to have initiated
the failure was discolored and roughly semicircular, approximately 0.05 in. dia.

An estimate was made of the plame-strain (Kyo) fracture
tonshnﬂls that was based on the measured crack dimensions

: a=0.053n.,, 2¢ = 0.10 in., 8/2¢c = 0.5
and thh.faiiu:e stress
F = 112 ksi, F/Fty = 112/163 = 0.69
the flaw-shape parameter and normalized crack depth were
Q= 2.3, a/Q = 0.022
vhich gave a plane~strain crack toughness from the chamber itself of

K, = 32 kei-1n;1/2

‘This value is somewhat balow the mean Ky, value reported in Volume I for
109 forgings (two-sigma lower limit 35.8 ksi-in.1/23.
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IV, E, Correlation of Fracture Toughness axd Chamber Performance (cont.)

The following %abulation summor’zes the reinforced-
section precrack Charpy impact data from chamber R516:

Forward Forward#* Aft* Aft

Closure Cylindex Cylindes Closure
356 to 428 .328 to 405 389 to 457 320 to 381
Av (3) 394 Av (3) 358 Av (3) 429 Av (3) 355

Note that the precrack Charpy impact test results from
the aft-cylinder reinforced section of the center girth weld were somewhat’
higher than those of the forward cylinder, but, fa weneral there was little
difference between the reinforced sectionsof varicus components in chaﬂur
R516.

i. Chamber R543

In December 1967, chamber R543 failed just after. W
pleting the 90-sec hold at the 627-psig proof pressure; fatlure occixrad at
602 psig as the chamber was being depressurized, On the utunpum thet .
crack growth had become unstable just at the end of the 627-psig hold, the .
hoop stress at the onset of instability was 147 ksi. The fracture m:izin m
in the aft cylinder, 18 in. forward of the aft (G3) girth weld, Eu_uimion
of the metal in defect area revealed massive alpha in the’ nicrostmcmn and-.
high interstitial content.

- s
('A—,{-

‘ An estimate was made of the plane~strain (K];c) fractm
toughness that was based on the flaw dimensions as messured in the fracture
surface and the hoop fracture stress. In this chamber, the defect was not. -
cleariy defined. A void was observed in the ID surface near the center of
the flat fracture identified as the fracture origin. The void was su:toundd'
by massive alpha. This, then, constituted the lower bound of the initiating .
defect. The void was approximately 0.008 in. deep-and 0.035 in. long.

a/zc-023 o

F/Fty

Q= 1.23, a/Q = 0.0065

K, =23 ksi-tn. M2 ‘ e R

- 147/163 = 0 90 -

(2}

FFor the reinforced section at the center (G2) girth weld.
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IV, B, Correlation of Fracture Toughnases and Chambar Performance (cont.)

which appears fictitiously low. The upper bound of defect dimension was
dotarmined by the distance between the shear lips at the ID surface

{2¢ = 0.25 in.) and the depth of the faceted area surrounding the void
(‘ - 0.04 ino)o

a/2c = 0.17

F/?ty = 147,163 = 0.90

Q = 1.07, 2/Q = 0.037
1/2

ch - 55 k‘i"inc

which appearas fictitiously high when compared with the mean value reported in
Yolume I for 109 forgings. Thus, it appears that the effective flaw dimen-
vions were scmewhere between the bounds used in making the above calculations.

The following tabulation summarizes the W/A test results
obtained in the 0.10-in.-thick walls of chamber R543:

Forward Forward Aft Aft
- Closure Cylinder Cylinder Closure
448 to 504 351 to S00- 336 to 371 491 to 583

Av (3) A4 Av (6) 446 AV (5) 352  Av (3) 554

Hote that the precrack Charpy impact test results obiained from the aft
cylinder (fracture origin) were somewhat lower than those obtained in the
other components of the chamber.

N

j. Chambex 672078

In August 1963, chamber 673078 failed under rising load
:l.a a special proof lest preliminary to hydroburst testing. Chamber 673078
~ copstituted a special case because it containad overstrength components
(ultimete tensile strength of the forward closure was 182.6 ksi and the for-
ward cylinder was 183.3 ksi) and involved a weld cracking problem. The girth
walds consisted of one fusion pess and two filler passes, with all welding
dona from the outside. The chamber survived the proof test as specified for
42~in.~-dis Minutemen cases; viz, three cycles of 90 sec each at 1.1 (MEOP)
maximum engine operating pressuve (590 psig) with inhibited water. However,
after the proof test, cracks vere found on the inside~diameter surface at tho
root of the girth welds. Consequently, the welds were partially routed out
and rewelded with two passes on the i{nside dismeter. After welding, the
chanber was again stress relieved and then subjected to three additional
proof-test cycles to 590 psig. The welds were reported to be free of cracks,
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Iv, E, Correlit:ion of Fracture Toughness and Chamber Performance (cont.)

Because of the overstrength components, chamber 673078
was selected for hydroburst testing along with chambers 673095, 673147, and
674514.% However, because of a malfunctioning hydrotest rig (O-tinz prohlemsj,
the chamber was subjected to five additional cycles of pressurization, as
summarized in the following tabulation:

Cycle Pressure, Time, sec
Number psig Rigse Time Hold
7(® 600 548 0
8 530 400 o - .
9 630 638 96 . .
720(b) 328 0 .
10 620 616 120 .
679(b) 156 (] .
11 690 360 .

(a) Counting six prior proof-test cycles.
(b) Rising to burst pteasure.

Thus, the chamber withstond a total of ten cycles of pressurization aﬁ thcu
failed on the eleventh cycle after having been previously subjected to highct 5
pressure and extended periods at sustained load. Although the chasber was - o

not instrumented with breakwires, fracture appearance indicated the faflura”

origin to be at the center girth weld, with the flat fracture predominantly -

on the forward-cylinder side of the weld. After the burst, X-~ray ihspectim

of the velds ravealed general, excessive poxosity and two transverse cracks -%
in the reinforced section of the center girth weld approximately 180 muw :
from the fracture origin. The two cracks, 2 in. spart, were apprmutsly i
1/8 in. long and extended from the weld fusion liue into the hest-affected =~

base metal. It was not reported whether the cracks were in the f.mard or T
aft barrel.

Part-through-crack (PTC) tensile tests of both I:hé
fcrward and aft body cylinders gave the following KI* values:

*ks & preliminary to hydroburst testing, these chambers were to receive - -
an additional proof test cousisting of one cycle with a 90-3ec hald
at 64U psig; see Section 1IV,E,3,a.




IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

PTC Tensile K.

1/2
Charber Component ksi-in.
Forward Cylinder 44,0 to 48.2
Av (6) 45.9
Aft Cylinder 39,3 to 43.0
Av (6) 40.8

Note that the measured Kyc values for the forward cylinder were 2ppreciably
higher than the population mean of 39 ksi-in.1/2 (1.6 ksi-in.l/Z standard
deviation) as determined for 109 forgings in Phase I; the Ky, values for the
afv cylinder, on the cther hand, were in close agreement with the mean value.

The precrack Charpy impact data from the body cylinders
on either side of the center girth weld together with data from the weld
fusion zone are summarized in the following tabulation:

Forward Cylinder Af* Cylinder
Membr., Wall Eeinf. Sect. Weld Deposit* Reinf. Sect. Membr. Wall
€55 to 824 442 to 738 1005 to 1120 422 to 482 446 to 494
Av (3) 727 Av (3) 617 Av (2) 19062 Ay (3) 456 Av (3) 476

7:§:Zimens from near the fracture origia

Nete that the toughness of the forward cylinder was appreciably higher thsan
that of the aft cylinder. Note, also, that the toughness of the weld was
comparable to that of other chambers which were successfully hydroburst
tested (see Section IV,E,2,d). If a crack had escaped detection in the
lower toughness aft cylinder, a crack large enough to fail the chamber at
590 peig, it almost certainly would have popped-in and failed the chamber
on the first excursion to pressure greater than 590 psig. If, on the other
hand, the crack was in the higher-toughness, forward cylinder, the crack
could have popped-in, been arrested and then by slow crack growth, subse~
quently come to a critical sizz under plane~stress conditions. This concept
will be elsborated on in the following paragraphs.
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1V, E, Correlation of Fracture Toughness and Chamber Performsnce {cont.)

3. Discussion of the Leak-Before-Burst Crack-Arrest Concept

A graphical presentation of the leak-before~burst concept is
shown in Figure 21. In establishing the curves of this figure, K. was expres-
sed in terms of precrack Charpy impact W/A values using the relationship
establighed in Phase I; viz,

Kc = 10C{W/A) + 6700

In Figurc 21, when the property data plot to the right of the line representing
a giveu thickness, the material compiies with the leak-befors-burst criterion.
With room-temperature precrack Charpy impact W/A values ranging from approxi~
mately 300 to 800 in.-1b/in.? (mean 480 in.-1b/in.2) and 0.2% offset yiald
strengths ranging from approximately 155 to 170 ksi in Miauteman 6A1-4V .
titanium, it is cbvious that the leak-before-burst criterion that was based

on yield~strengcth-magnitude working stresses cannct be met in Hinn;ennn
chambers. Thus, any flaw of stress intensity exceeding Kj, in either the-
menbrane wall or the reinforced sections of the Minuteman chsaber wall would
be expected to burst the chamber during proof test. If, on the other hand,
the leak-before-burst criterion were based on the actual hoop stress, the
criterion might be met in some Minuteman chasber components. “

Figure 22 shows the distribution of hoop stress in both 44~
and 52-in.-dia Minuteman chambersz at proof pressure. Figure 23 is a. placpof
hoop stress versus flaw dimension for a material with a yield strength of ~
165 kei and a plane-strain crack toughness (Ky.) of 39 ksi-in. 1/2 (thrae flsw. -
shapes), and a plane-stress crack tcughness of 300 in.-1b/in.2 (367 k:ivin.;[z}
500 in.-1b/in.2 (56.7 ksi-in.1/2) aud 700 in.-1b/in.2 (76.7 ksi-in.1/2),  Fos
the plane-strain crack-toughness curves, the flaw dimension on the abscittg_zt
surface~crack depth; the flaw shape is described by the ratio of crack™ dcptb
to length (a/2c). The linear-elastic fracture-mechanics equation ulnd in ¢
plotting the curves was

K> = 1.21 n F* a/q o

as described by Tiffany*. The plane-strain crack toughness value g; 9 ksi~ .
in.1 used in plotting the curves was the mean value (1.6 ksi~in. 2 gtandard
deviation) obtained in Phase I from a study of 109 6Al1-4V titanium Minuteman
forgings. In plotting the plane-stress curves, the linear~elastic expression
for a large, flat sheet containing a through crack was used

2 ) 2
Kc 7 c1 F

*ASTM Committee E-24, "Progress in the Measurement of Fracture Toughness and
the Application of Fracture Mechanics to Engineering Problems,"” Materials
Research and Standards Vol. 4(3), March 1964. .
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Figure 23. Hoop Fracture Stress as a Function of Flsw Dimension for

Representative K;  and W/A Values in 6A1-4V Titanium at

165 ksi Yield Strength and 39 ksi~in. 1/2 Plane~Strain
Fracture Toughness
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1V, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

o

vhere ¢, is the effective half-length of the crack. Expressed in terms of the
actual half-crack length and a plastic-zcne correction

2

2
-c+Kc/2ﬂFty

“1
Thus, for the plane-stress curves, the flaw dimension plotted or the abscissa
is half-crack length. The plane-stress crack toughness values used in plotting
the curves (300, 500, and 700 in.-1b/1.-2) were generally representative of
the range of W/A vaiues measured in Minuteman chambers.

Consider now the interpretation of Figure 23 in terms of
chamber performance. For example, with a semielliptical surface flaw 0.05 in.
deep and 0.5 1n. long (a/2c = 0.1) in the 0.10-in.-thick membrane wall, on
pregsurization, the flaw would pop-ir due to plane-strain instability at
approximately 93-ksi hoop stress (see arrow). If the plane-stress crack tough-~
ness is 30C in.-1b/in.2 or less, there is no posgibility of «rack arrest and
the chamber will fafl catastrophically at pop-in. If, on the other hand, the
game crack were in a material with markedly greater plane-stress crack tough-
ness, say 700 in.-1b/in.“, the pop~in could be arrested on reaching the
blaxially stressed free surface at the chamber OD; 1.e., the critical-crack
half-length at this toughness level is grusater than the wall thickness (c > B).

With a semielliptical surface flaw 0.05 in. deep and 0.15 ia.
long (a/2c = 0.3) in the 0.10-in.~thick membrane wall, on pressurization, the
plane-strain pop-in would occur at approximately 130 ksi hoop stress. If the
initial plane-strain instability (pop—-in) nearly penetrated the wall thickness,
in a material of low-to-intermediat.: plane-stress toughness, say 300 te 500
in.-]b/in.z, it would propagate ca ‘trophically to the complete failure of
the chamber (¢ < B) without arresti In a material with a plane-stress
crack toughness of 700 in.~1b/1n.2, the crack would be arrested on penetrating
the thickness but would fail the chamber, nevertheless, when the riging
pressure brought the hoop stress to 119 ksi.

s —————

i
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With a semicircular surface flaw 0.05 in. deep and 0.10 in.
long (a/2¢c = 0.5) in the 0.10~in.-thick membrane wall, tha chamber would almost
reach proof pressure (148-ksi hoop stress) before plane-sirain pop-in. However,
if the pop-in instability enlarges the initial crack to 2 lepth approaching the
thickness of the material and therefore, an effective lor jth of approximately
twice the material thickness, the plane-stress critical ~ -ack size will be
exceeded and the chamber will fail (c < B) zorresponding vo 700 in.-1b/1n.2.
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In the preceding examples, even if the crack size had been
small enough so that the pop-in instability would not occur until the prcof~
pressure hoop stress was reached, fracture of the Minuteman second-stage
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IV, B, Correlation of Fracture Toughness and Chamber Performance (cont.)

chamber would still have occurred, regardiess of whether the flaw were in the
nembrane wall oi in the reinforced section. This is readily seen by noting
the relative paaition of the dashed material-thickness lines in Figure 23 and
the 700 in.-lb/in. crack toughness curve at the re%ective proof-pressure
hoop stresgec. For a material of Ky, = 39 ksi~in.l it 18 of interest to

- note the maximum crack depths that can be tolerated in the reinforced section

without plane-strain instability (pop-in) at proof preesure.

Flaw Shape, Maximum Crack Depth
af2c 112-ksi Hoop Stress
0.1 : 0.030 °
. 0.3 0.045
- 0.5 - ' 0.070
: 7

In the nesbrane wall where the hoop stress is higher, even smaller cracks

.would cause pop-in instability and fail the chamber.

Congider the case of chamber 673078 as a specific example.
On the premise that the flaw initiating failure was only slightly larger than
the 1/8~-in.-long cracks discovered by X-ray, ths initiating flaw in all
probability fell within the following range:

Assuming a 0.13-in, Flaw Length

a/2c = 0.1, Depth = 0.013
a/2c = 0.3, Depth =~ 0.039
a/2¢c = 0.5, Depth = 0.065

With the defects in the reinforced section of the center girth weld, Figure 23
shows that muitiple excursions to proof pressure (112 ksi hoop stress) in the
reinforced section) would ot be expected to cause pop-in of such a crack,
assuning a Kyo of 39 ksi-1n.1/2 or higher. Actually, PIC-tensile tests showe?
that the Ky, value in the forward c;linder was 46 ksi-in.1/2, At 46 ksi-in.l/2,
the flaz ions tabulszrod above would have been smaller than the plane-
straie criti-al crack sizeat the highest prassure {720 psig) seen by chamber
§73078, The fact that the chailer withstood a total of ten cycles to proof
prassure and then failed on the eleventh cycle after having been previously
subjected to higher pressure and an extended pericd at sustained load, shows
that there was slow crack growth in the chasber. When the initlal flaw

became & critical crack ag a result of cycling and/or sustained load in a
stress~corrosion-cracking euvironment, the pop-in instability further enlarged
the crack to a depth approaching thn material thickness and an effective lemgth
of approximately twice the thickneys and consequently, the plane-stress critical
crack dimension vwas excesdoed and che chamber failed.
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IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

Any question as to whether the initiating defect wag in the
forward or aft cylinder is resolvad by the above observations. If either the
defect that initiated fracture of the chamber or the cracks discovered by
X-ray had been contained in the reinforced sectior of the lower-toughness aft
cylinder, pop-in certainly would have occurred fn the cycle to 720 psig and
failed the chamber.

4, Summary of Premature Burst Findings

Table XV summarizes the correlation of fracture toughness and
chamber performance for the premature bursts. Four chambers were omitted; viz,
2191456 and R490, because they were weld fusion zone failures, and chamber
673078 and RS543 because of insufficient information about the flaw dimensions.
The prediction of flaw criticality was based on Figgre 23. Pop-in was predicted
on the basis of an assumption of Ky, = 39 ksi-in."/“, using the m-asured crack
depth and shape. The prediction of failure stress was based om consideration
of the relative positiocns of the curves relating stress and flaw size in
Figure 23, and the premise that pop-in will not be arrested until it panetrates,
or nearly penetrates, the wall thickness; therefore, after pop~in, the half- -
crack dimension that has to be arrested by plane-stress crack toughness =
corresponds to the wall thickness. Flgure 24 illustiates a case of crack
arrest in a PTC-tensile test of 6Al-4V titanium heat treated to 160-ksi' yiéid
strength*, Note the shear lip at the free surface opposite the part-through~
crack pop-in. The clearly delineated band beyond the fatigue precrack is the
limit of the pop-in. Apparently, the crack was arrested at this point, and
then failed under plane-stress conditions when the load and crack length
corresponded to K,. The plane—str317 and plane-stress crack- taughnnss were
calculated to be 41 and 100 ksi-in.1l/2, respectively.

Pop-in was predicted to occur either on or before reaching
proof pressure in all chambers investigated except R516. When failure occurred
after reaching proof pressure (uader sustained load), the prediction of pop~in
was inconsistent with chamber g7rfornance, assuming a plane-strain critical
stress intensity of 39 ksi-in. There were two such casez; hcwevar, both
involved very short times at load (4-and 15 sec) before failure occurred.

Thus, apparently a emall amount of slow-crack growth was necessary to reach

the critical crack dimeasion. In chamber R516, pep-in was not predicted omn the
basis of the defect size; the fact that failure occurred after 45 sec a:-ptoof
pressure indicates that approximately 0.025 in. of slow- crack growth cccurred
to make the initial 0.05-1a. flaw critical. Again, this assumes & Kj, of
39 kei-in.1/2, : ‘ .

The prediction of failure stress as shown in Table XV was
either close or conservative in four out of the 8ix cases. In chamber R41,

L W Y QR

ACorharich W uw MR ris-usslon of Siow Crack Growth Aswociated with Plane-
Strain Instability," Trans. Quarterly, Vol. 59(4), pp-899, Decesber 19566.
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IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

the calculated plane-strain crack toughness (KIC) was 36 ksi—in.l/z and,
therefore, the use of Figure 23 which is based on Ky, = 39 kai-in¢172 would
give a high prediction. Likewise, in chamber R516, the calculated value of
plane-strain crack toughness (Ky. = 32 ksi-in.1/2) was appreciably lower than
the value used in plotting the curves of Figure 23 and, therefore, again would

be expected to give a high prediction.

The prediction of no crack arrest that is based on the leak-
before-burst ariterion does not constitute a verification c¢i the criterion
because none of the forgings investigated (not even in the successfully hydro-
burst chambers discussed in subsequent paragraphs) had sufficient plane~stress
crack toughness to arrest pop~in in either the reinforced section or the
mémbrane wall. If an arrested pop-in produced a leak that could be readily
detected and the proof cycle interrupted before reaching the critical stress
intensity under plune-stress conditions, the leak-before-burst criterion would
have practical significance for the Minuteman chamber. However, a leak-before-
burst has never been reported in proof testing Minuteman chambers. If the
plane-stress crack toughness of the 6Al-4V titanium used in the Minuteman
could be increased to a minimum of value of approximately 9CO in.~1b/in.2 W/A
in the meobrane wall and approximately 800 in.-1b/in.2 W/A in the reinforced
section, any pop-in occurring at or below proof stress would produce a crack
depth of less than the critical half-length under plane-stress conditions
(c > B). The leak-before-buxst criterion would then be of practical signifi-
cance for Minuteman titaniux. An alterzative would be to increase the plane-
strain (Ky.) crack toughness until the material could tolerate initial crack
" depths of much as the material thickness at proof stress; hwever, this would
defeat the purpose of the proof test.

5. Succesefully Hydroburst Chambers

- 0f the 14 Minuteman chambers selected for the data collectiom,
two were successfully hydroburst tested at room temperature and two were
successfully hydroburst tested at elevated temperature.

a. ReoomTemperature Hydroburst Tests

Chambers 673078, 673095, 673147, and 674514 were
- selected for hydroburst testing as part of a qualification program originated
by the Air Force Ballistic Systeme Division (AFBSD) to evaluate motor cases
with high-atrength component sections (in excess of 180 ksi, ultimate tensile
strength}. Specific requiremente were assigned to these discrepant chambers
to prove the structural integrity of each unit. The first requirement was
that the chambers be subjected to a hydrostatic proof-pressure test of ome
cycle with a Yu-sec nold ac 040 ps1g. ine secona requirement was that tne
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IV, £, Corrclation of Fracture Toughness and Chamber Performance (cont.)

chambers be subjected to hydrcstatic burst test, where the minimum burst
pressure at room temperature would be 772 psig*, obtained as follows:

MEOP x FS x t (Max)
Ktu (320°F) x ¢t (Min)

Pb(Min)

534 x 1.15 x 9.101
0.835 x 0.096

- 772

where MEOP = Maximum Expected Operating Pressure
= 534 paig at 320°F
FS = Design Minimum Factor of Safety

= 1.15
dezign thickness range
= 0.101/0.096 in.

t (Max)/(Min)

K. (320°F)
tu 320°F

= 0.835

It was specified that to be succesaful, the hydroburst tests would have to

ultimate strength degradation factor at

demonetrate cornsiderable radial deformation preceding burst and have a factor
of safety of 1.15 or higher, on the basis of the above minimm burst pressure.

The performance of chamber 673078 was discuned in the

previous section because of its failure inr proof test.

(1) Chamber 673147

On 12 March 1964, chamber 673147 was auccus_fcliy
burst tested in spite of component sections which exceeded the maximum accept-

able tensile strength as defined by Minuteman design.

Ultimate Tensile Strength .

. Chamber Component Minimum Average
Forward Cylinder 181.1 - 181.9

Aft Cylinder 180.7 181.7

*This is a more severe requirement than usual. Minimum burst pressure at
amhient temparature normallv doea nar include the thinlnece vatis and ie, -

therefore, only 737 psig.
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1V, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

This chamber was subjected tc a proof test of ome cycle at 657 paig for

90 sec prior to burst*. No yielding was observed during the proof-pressure
test. The chamber was then taken to burst; the burst pressure was 860 psig,
88 psig above the minimum acceptable burst pressure. Maximum radial deforma-
tion computed from strain data was 0.384 in. The factor of safety was 1.28.
There was no evidence that the motor case was degraded by the presence of the
"overstrength" components.

The ability of chamber 673147 to successfully with-
stand pressure up to 860 psig indicates that the chamber was virtually free of
sizable defects. Moreover, although there was insufficient material to measure
the toughness in the reinforced sections of the girth welds, the data obtained
from the 0.l1-in.-~thick membrane sections in Phase I of this contract showed
the toughness of the body cylinders to be as follows:

Toughness, Yield

Comprment W/A (in.~1b/in.?)  Stremgth, ksi
Forward Cylinder 560 to 654
Av (6) 577 168.2
Aft Cylinder 498 to 663
: Av (6) 547 168.6

Fart~-through-cracked (PTC) tensile tests of material
from the forward and aft cylinders of chamber 673147 gave the following Llc

values PIC-Tensile .
Chasber Component Kre (ksi-in.*' %,
Forward Cylindex 31 to 44
Av (6) 40
Aft Cylinder 37 to 48
Av (6) 41

Notc: that these data were not significantly different from the population mean
of 39 kei-in.1/2 (1.6 kei~in.1/2 standard deviation) as determined for 109
forgings in Fhase 1.

{(2) Cheanber 673095

On 18 September 1963, chamber 673095 was burst
tested becsuse it contained two components with ultimate tensile strength in
axcess of 180 kai:

*urst Test of & High-~Strength Minuteman Wing II, Second-Stage Motor Case,
Powell, R. H., Report 1091M-R, April 1964,
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IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

Ultimate Tensile Strength

Chamber Minimum Average
Forward Dome 180.4 181.2
Forward Cylinder 173.3 174.9
Aft Cylinder 183.5 183.8
Aft Flange 177.4 178.0

Prior to the room-temperature hydrotest, the chamber was gubjected to cne
cycle of 640 psig for 60 sec followed by a second cycle of 640 psig for 70 sec
(a total time of 130 sec at proof pressure). The chamber was then pressurized
until it burst at 895 psig, 123 psig above the minimum acceptable burst
pressure. This pressure represented an ultimate biaxiasl strength of

= PR/t = 895 x 22.13/0.099
= 200.1 ksi

B

Deformation in the cylinder sections vias recorded by strain gages. A maximum
radial deformation of 0.689 in. was recorded in the forward cylinder near the
origin of failure; the maximum radial deformation, at burst, in the aft
cylinder wag 0.335 in. The factor of safety was 1 33. Thus, there was no
evidence that the motor was degraded by the presence of the overstrength
components.

The precrack Charpy impact data from the membrane
wall of this chamber, as determined in Phases I and 1I, are summarized in ths
following tabulation:

Room—Temperature Precrack

Chamber Cowponent Charpy Impact, in.-1b/in.
Forward Closure 476 to 613

Av (3) 529
Forward Cylinder 452 to 783

Av (12) 679*
Aft Cylinder 334 to 522

Av (10) 406*
Aft Flange 418 to 498

Av (3) 458

Note that the Charpy data showed the high-strength aft cylinder to have the
lowest toughness; however, the high-strength forward closure had somewhat
higher toughness than the lower-strength aft closure. )

*Includes Phase 1 and Phase II ‘data from bnth ends of the body cylinders.
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IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

The fact that the chamber withstood two excursions
to proof pressure with a total of 130 sec at pressure, demonstrated that there
were no defects in the chamber of critical size at 640-psig pressure. Likewise,
tha fact that the chamber went to 895 psig before it failed, with the failure
origin in the forward cylinder, suggests that the lower—toughness aft cylinder
was essentially free of defects.

{(3) Chamber 674514

On 17 September 1963, chamber 674514 was burst
tested because the forward dome was overstrength.

Ultimate Tensile Strength

Chember Component Minimum, ksi Average, ksi
Forward Dome 183.3 183.7
Forward Cylinder 174.9 177.1
Aft Cylinder 172.0 173.4
Aft Flange 173.9 174.9

Prior to the room—temperature hydrotest, the chamber was subjected to one
cycle of 645 pesig for 86 sec. The chamber was then pressurized until it burst
at 898 psig, 126 psig above the minimum acceptable burst pressure. This

_ pressure represented an ultimate biaxial strevgth of

= PR/t = 898 x 22.13/0.098
= 202.8 ksi

N

Deformation in the cylinders was recorded 7 strain gages. A maximum radial
deformstion of G.367 in. was recorded in the forward cylinder; the maximum
radial deformation ia the aft cylinder was 0.336 in. The factor of safety was
1.34. Thus, there was no evidence that the motor was degraded by the presence

of an overstrength component.

Rupture occurred longitudinally from the aft Y-joint
through the forward Y-joint and through the forward dome. A second circumfer-
ential rip occurred in the aft barrel that extended approximately 330°.
Although the origin of failure was not determined, the forward cylinder with

- the higher radial strain is suspect.

The precrack Charpy impact test datz from the
mevbrane wall of this chamber, as determined in Phases I and II are surmarized
in the following tabulation:
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1V, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

Room Temperature Precrack

Chamber Component Charpy Impact, in.-1b/in.2
Forward Closure 419 to 451
Av (3) 436
Forward Cylinder 364 to 496
Av (9) 41F%
Aft Cylinder 302 to 396
Av (12) 344*
Aft Flange 317 to 531

Ay (3) 448

*Includes Phase I and Phase II data from both ends of the body cylinders.

Note that the Charpy data from the high-strength forward closure were not
appreciably different from those of the other components. The fect that the
chamber went to 898 psig before it failed indicates that the chambex wss
essentially free of defects.

b.  Elevated-Temperature Hydroburst Tests
(1) Chamber 673122

On 15 October 1962, chamber 673122 was externally
heated to 321°F (average) by quartz lamps to simulate aerodynamic heating
during flight. Rupture occurred at 713-psig pressure; break wires indicated
the fracture origin to be near the center of the aft cylinder. The burst
pressure exceeded the minimum allowable by approximately 4%.

The fracture propagated in a ductile manner (shear-
type fracture) fore and aft in a relatively straight line from vhe origin in
the aft cylinder, and terminated in the forward and aft domes.

The precrack Charpy impact data from the hody
cylinders of chamber 673122 as obtained in Phases I and II of this contract,
as well as some data taken at the time of the hydroburst test, are summarized
in the following tabulation:




1Y, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

The fact that the chamber withstood two excursions

to proof pressure with a total of 130 sec at pressure, demonstrated that there
were no defects in the chamber of critical size at 640-psig pressure. Likewise,
the fact that the chamber went to 895 psig before it failed, with the failusze
origin in the forward cylinder, suggests that the lower-toughness aft cylinder

was esgsentially free of defects.
(3) Chamber 674514

On 17 September 1963, chamber 674514 was burst
tested because the forward dome was overstrength.

Ultimate Tensile Strength

Chamber Component Minimum, ksi Average, ksi
Forward Dome 183.3 183.7
Forward Cylinder 174.9 177.1
Aft Cylinder 172.0 173.4
Aft Flange 173.9 174.9

Prior to.the room—temperature hydrotest, the chamber was subjected to one
cycle of 645 psig for 86 sec. The chamber was then pressurized until it burst
at 898 psig, 126 psig above the minimum acceptable burst pressure. This
pressure represented an ultimate biaxial strength of

= PR/t = 898 x 22.13/G.098
= 202.8 ksi

B

Deformation in the cylinders was recorded by strain gages. A maximum radial
deformation of 0.367 in. was recorded in the forward cylinder; the maximum
radial deformation in the aft cylinder was 0.33€ in. The factor of safety was
1.34. Thus, there was no evidence that the motor was degraded by the presence

of an overstrength component.

Rupture occurred longitudinally from the aft Y-joint
through the forward Y-joint and through the forward dome. A second circumfer-
ential rip occurred in the aftr barrel that extended approximately 330°.
Although the origin of failure was not determined, the forward cylinder with

the higher radial strain is suspect.

The precrack Charpy impact test data from the
menbrane wall of thia chamber, as determined in Phases I and 11 are summarized

in the following tsbulationm:
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1 1V, E, Correlation of Fracture Toughness and Chauber Performance (ébnt.)
?E Room Temperature Precrack
: Chamber Component Charpy Iwpact, in.-1b/in.2
Forward Ci.osure 419 to 451
g's‘ Av (3) 435
28
Forward Cylinder 364 to 496
Av (9) 418+
% Aft Cylindex 302 to 396
Av (12) 344*
Aft Flange 317 to 531

Av (3) 448

*Includes Phase I and Phase II data from both ends of the body cylinders.

Note that the Charpy data from the high-strength forward closure were act
appreciably different from those of the other components. The fact that the
chanber went to 898 psig befo~e it failed indicates that the chamber was
esgentially free of defects. ¢

L B )

b.  Elevated-Temperature Hydroburst Tests

Siid

(1) Chamber 673122

On 15 October 1962, chamber 673122 was externally
heated to 321°F (average) by quartz lamps to simulate aerodynamic heating
during flight. Rupture occurred at 713-psig pressure; break wires indicated
the fracture origin to be near the center of the aft cylinder. The burst
pressure exceeded the minimum allowable by approximately 4%.

The fracture propagated in a ductile manner (shear-
type fracture) fore and aft in a relatively straight line from the origin in
the aft cylinder, and terminated in the forward and aft domes.

The precrack Charpy impact data from the body
cylinders of chamber 673122 as obtained in Phases I and II of this contract,
as well as some data taken at the time ot the hydroburst test, are summarfzed
ir. the following tabulation:

ﬂ.‘

89




IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

Precrack Charpy Impact Temperatures

Chagmber Component =40°F RT 200°F 320°F
Forward Cylinder 352 to 359 334 to 578 283 to 875 1080 to 1330
Reinforced Saction kv (3) 355 Av (6) 460 Av (3) 638 Av (3) 1167
Membrane Wall - 396 to 731 765 to 765

Av (19) 546 Av (2) 765 1170%
Aft Cylinder 378 to 464 387 to 634 719 to 865 1130 to 1300
Reinforced Section Av (3) 409 Av (6) 560 Av (3) 815 Av (3) 1200
Meubrane Well —— 441 to 672 723 to 908 1110 to 1315

Av (15) 525 Av (3) 801 Av (3) 1226
* One test.
Note that the body cylinders had approximately the same toughness
(2) Chamber 2192109

On 14 September 1964, chamber 2192109 was pressurized
with preheated oil &t 212°F (average) to simulate operating temperature. After
a 570-psig hold for one minute without yielding, the chamber was pressurized
until it ruptured at 728 psig. The origin of failure, as determined by break
wire and zccelerometer data, was located nesr tae center of the aft barrel.

The ultinate tensile stress for lsboratory aubient temperature was calculated
using the neasured burst pressure, temperature and wall thickness near the
origin of rupture.

Ft:u = 177.0 ksi

the factor of safety was 1.29.

The precrack Charpy impact datz from the body
cylindexrs of chamber 2192100 as obtained in Phases I and II are summarized in
-the following tabulation:

' Precrack Charpy Impact Tsuperature

Chawber Component ~40°F RT 200°F 320°F

"~ Forward Cylinder
Reinforced Section 220 te 315 332 to 400 415 to 450 691 to 768
9.19 in. Av (3) 279 Av (2) 336 Av (3) 438 Av (3) 12§
Membrane Wall ‘ —— 242 to 454 — -
0.10 1n. Av (12) 364
Aft Q;indu
Membrane Wall ——— 339 to 523 . —
0.10 in. Av (6) 381
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IV, E, Correlation of Fracture Toughness and Chamber Performance (cont.)

Note that the room-temperature toughness in the membrsne wall (fracture origin)
was approximately the same in both body cylinders and appreciably lower thag

the mean (480 in.-1b/in.2). Note, also, that the toughness (438 in.-1b/in.*)

of the forward cylinder at the temp%rature of hydroburst, 212°F, was sppreciably
lower than the mean (650 in.-1b/in.“) for that temperature. The fact that
chamber 2192109 passea the proof test at room temperature indicates that the
chamber was ecsentially free of defects.

91




[

o

SECTION V B

SUMMARY AND CONCLUSIONS

A,  SUMMARY )

Material taken from second-stage 6A1-4V titanium Minuteman rocket
motor cases wWas tested with precrack Charpy impact specimens to evaluate the
following as factors affecting plane~stress crack toughness and/or chamber
pezformance: (1) anisotropy and ishomogeneity, (2) forging practice,

(3) interstitial~element chemistry, and (4) test temperature. The material
vas obtained from 14 hydroburst Minuteman chambers, nine of which were pre-
mature proof-test failures, four were successfully hydroburst chambers and one ~
feiled after 11 proof-test cycles. Closures, skirts and body cylinders from
the i4 chambers provided data on 69 forgings involving three forging practices;
viz, die, ring-roll, and extrusion. The small size of the precrack Charpy
specimen permitted testing with the specimen oriented to propagate the crack f
in the chamber-axial direction, and with the specimen both in the 0,19~in.- L
thick reinforced section adjacent to the girth welde and in the 0.10-in.-thick
‘walls: on either side of the girth-weld reinforced sections. Selected forgings
4in .each chamber were tested at -40, RT, 200, and 320°F, Particular atteation
_ -wag directed to the material in the immediate vicinity of fracture origins in
“ an attempt to correlate fracture toughness and chamber performance. 5

1. Anisotropy and Inhomogeneity

Precrack Charpy sp :imens were cut to test crack propagation
in the chamher~hoop and. -axial directions. Marked anisotropy was noted in -
nine out of 13 body-cylinder forgings tested. Moreover, in four out of six
conponents where secondary fracture occurred in the hoop direction, the W/&
values in the hoop direction were either very low (as compared with a mean
value of 477 in.-1b/in.2) or lower than those propagating fracture in the

chambér-axial direction. Precrack Charpy specimens also were taken from both -
ends :of many of the body cylinders to determine if there was a variation in
toughness from end-to-end in a given cylinder forging. In some individual -

cylindere, there appeared to be a marked difference from end-to~end in both
the membrane wall and the reinforced sections. However, analysis of variance
indicated that there was no significant difference betw»en the ends of the

3

cylinders,
2, Effect of Chemistry and Forging Practice [
Multiple covariance analysis showed that there were signifi-
cant differences in the means for the different types of forgings when tests [

were made of the membrane-wall material. Moreover, multiple regression and

correlation analysis indicated that for Minuteman chemistry carbon -and oxygen
were the interstitial-solid~solution elements having the greatest effect on f] »
toughness. Leasi-square vest—iit equations also were obtained from the {95
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V, A, Summary (cont.)

computer program relating interstitial content and W/A value. Analysis of
variance to determine if there was a statistically significant difference
between cylinder-forging W/A values showed a highly significant difference
(significance level 0,0001), Also, it was found that there was a highly sig-
nificant difference between W/A values cbtained from the reinforced sections
(specimens nominally 0,18 in. thick) and the membrane walls (specimens
nominally 0,10 in. thick) of the cylinder forgings (significance leével
0.0002).

3. Effect of Test Temperature

Marked temperature effects were observed in both -precrack
Charpy slow-bend and impact testing. The results indicated that testing for
K. at a single test temperature can be seriously misleading if service involves
a range of temperature. In general, an increase in test temperature for
Minuteman 6A1-{V titanium from -40 to 320°F resulted in a ¢three-fold increase
in plane-stress ccuck toughners; however, some heats are much less responsive
to such a tenperature increase than others. The forging-to-forging differences
in response to test temperature makes testing of every forging recessary where
toughness is a critical consideration.

4, Correlation of Toughness and Chamber Performence

Although there were marked differences in precrcck Charpy
impact W/A values {rom forging-to-forging in the Minutemsn chambers, even the
toughest of the forgings did not have sufficient plane-stress c-ack toughness
to meet the leak-before~burst criterion. In one chamber (R369), which con~
tained an initial flaw that very nearly penztrated the chawber wall, a calcu~’
lation of the failure hoop stress that was based on the precrack Charpy WA~
value and the measured crack length was in excellent agreement with the
chamber hoop stress at the fracture ovigin., The measured W/A vzlue was inpu:
to Irwin's flat-sheet analysis using the relatiouship established in Phase 1
between K, and W/A; viz, K. = 100 (W/A) + 6700.

The usefuiness of a leak-~beforc-burst criterion was evaluated
on the basis of chamber hoop stress (rather than yield strength). Fracture
surfaces in the vicinity of the initiating defects indicated that the flat
fracture associated with pop-in usually extended neariv to the OD free
surface. Thus, the plane-strain pop-in instability typically enlarges the"
initial crack to a depth approaching the thickness of tic material and, thera~
fore, to a length of approximately twice the thickness. Whether the initial
pop~in inscability will immediately fail the chamber (at the hoop stress -
existing at the instant of pop-in) or be arrested, requiring additional pres-
surization to fail the chamber, denende on the nlans-crtrece orirical sraclk
size at the pop-in stress. If the plane-streas critical crack length is
greater than twice the wall thickness (¢ > B), Che pop-in will be arrested.
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v, k, Summary (cont.)

Unfortunately, none of the components containing fracture origins had suffi-
cient plane-stress crack toughness to arrest pop-in and, therefore, the use-
fulness of a leak-before-burst criterion that was based on hoop stress was not
proven.

An attempt was made to predict the hoop stress at failure on
the basis of the known flaw dimensions and the mean Ky, value as determived in
mm ,1 from 109 forgings (39 kei-in.1/2 ¢ith a standard deviation of 1.6 ksi-

). The prediction was either close or conservative in four out of six

) caacl. . The calculated Kjc values that were based on the known hoop stress an?

the flsw dimensions in the discrepant cases were in one instance ;36 ksi-in.l
within two-sigma standard deviation, while the other (32 ksi-in.l/ %) was below
the lower limit of a thrce-sigma stardard deviation.

Four out of ten prematurely burst cases failed after the
chamber was at proof pressure, and one failed on rising load after withstand-
ing -ten cycles of pressurization, including three cycles to higher pressure
than the final burst pressure {(chamber 673073). The latter was of particular

* interest bacause the flewed body cylinder had higher plane-strain crack tough-
: ness Ky, = 45.2 ksi-in. 1/2 54 compared with a three-sigma upper 1limit of 43.8

that ‘was based on the 109 forgings tested in Phase I) and higher-than-av rage
W/A values (617 in.~1b/in.2 in the reinforced sections and 727 in.-1b/in.,

the mesbrane wall). Thus, in five out of ten cases investigated, there was
slow crack growth iavolved in the failure. The slow crack growth was very
1likely the result of cyclic loading in chamber 673078, and stress-corrosion
cracking in the chasbers which failed under sustained load (the proof-test

_ envirovment was inhibited Los Angeles City water). One of the four chambers

qﬁich failed after reaching proof pressure withstood the full 90 sec of sus-
tained pressure, only to fall just after starting to unload. This case,
therefo.c, had grown a crack during proof test that was just short of critical

- size at the end of the sustained-load portion of the proof test. If the crack

had not continued to grow for a few seconds after starting to unload, the
chamber would have passed the proof test while containing a near~critical
crack,

e - B, CONCLUSIQNS

1. .Calculated values of plane-strain (Ki.) crack toughness

" were based on the measured initial~flaw size aud the hoop stress causing

fracture of full-scale second-stage 6A1-4V titanium Minuteman rocket motor
cases were consistent with the plane-strain crack toughness measured in the
109 forgings tested in Phase I of the data collection.

2, The plane-stress (K,) crack toughuess in Minuteman-chemistry

- 6A1=4V titanium is not sufficient to meet Irwin's leak-before-burst criterion,

nor is it sugficient to meet a leak-before~burst criterion that is based on
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V, B, Conclusion (cont.)

the hoop stress at proof pressure. Thus, while a given defect subjected to
rising load may be arrested after a plane-strain-instability pop-in, it will
fall the chamber at or before reaching the Minutewman procf pressure because
of insufficient plane-stress (K.) crack toughnegs.

3. The precrack Charpy impact test 13 a useful method for esti-
mating the K, value in 6A1-4V Minuteman titanium on the basis of the relation-

ship
Kc = 100 (W/A) + 6700

Precrack Charpy impact tests of 26 forgings gave a W/A sample mean of 477 ia,-
1b/in.2 with a standaid deviation of 140 in.-1b/in.2, The two-sigea spread of -
197 to 757 in.-1b/in.“ was the result of large forging-to-forging differances
in plane-stress crack toughness, which was in marked contrast to the two-sigms
spread in plane-strain (Ky.) crack toughness, 35.8 to 42.2 ksi-1n.1/ Z, s
measured in 109 forgings. )

4, Statistically, there were highly significont differences in
precrack Charpy impact W/A values betweean forgings and forging practices. The
regsponse of forgings to test temperature was variable; a rise in test tempera-
ture from ~40 to 320°F produced a three-fold increase in W/A value ir gsome
forgings but only a slight increase in others, Thus, testing for plane-streas
crack toughness at a single temperature can be sericusly ndisleading where -
service involves a range of temperature. For critical service applications,
every forging should be fracture tested and at temperatures encompissing the
full range anticipated in service.
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TABLE XVII

PRECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER R26 (44 IN. DIA)

e ey
1
e ae

roratrreoy
e e

Component Specimen No,
[
Forward Dome Al - 12 ’
Forward Adaptor Al3 - 24 3
Forward Cylinder 1
At Gl Weld A25 - 36" _)i
At G2 Weld - i}
Aft Cylinder 2
At G2 Weld A37 - 48% jf
At G3 Weld - .
Aft Flange A49 - 60 3

*Location in the cylinder not known;
material taken adjacent to that used
in Phase I,
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! TABLE XVII (cont.)
I §$ N & <& e Q’-"éo
Q“'%’ N Q il o N \\:? & S Test
s < ° Temp,
l A-1 0.072 | 0.2567 | 0.0185 472 | 8,724 | o0.727 | 157.5 | 0.07081 RT
l A-2 0.071 | 0.2259 | 0.0160 486 | 7.776 | 0.648 | 158.6 | o0.1018 | RT
A-3 0.071 | 0.2486 | 0.0177 463 | 8.196 | 0.683 {158.1 | 0.0562 | RT
l A-4 0.071 | 0.2602 | 0.0185 540 ] 0.996 [ 0.333 | 156.2 |0.0600 | RT
' A-5 0.072 |0.2459 | 0.0177 483 | 3.544 |o.712 |157.7 |o.0s06 | R
A-6 0.074 }0.2354 | 0.0174 456 1 7.932 | o0.661 §158.4 }o0.0693 | RT
' A-7 0.071 |0,2554 | 0,0181 448 | 8.10 0.675 |} 1538,2 }|0.0704 | rT
' A-8 0.071 }0.2579 | 0.0183 443 | 8.10 Jo.675 |158.2 |o.0701 [ rT
A=9 0,069 |0.2393 | 0.0165 465 | 7.68 0.640 }158.7 |0.0869 | RT
l A-10 | 0,070 |[c.2180 | 0.0153 524 | 8.016 |o0.668 |158.3 |o.0866 | rT
l A-11 0.074 {0.2366 | 0.0175 526 | 9.204 Jo.,767 l1s57.0 |o0.0620 {®T
A-12 0.074 }0,2550 | 0.0189 623 |11.772 Jo.081 |1s4.5 |o.0s01 | Rr
' A-13 0.111 }0.2532 | 0.0281 419 {11,772 }o.981 {154.5 |o.0504 | R
' A-14 0.119 |0,2385 | 0.0284 410 {11,652 Jo0,071 |1s54.6 |o0.0673 { &
A-15 0,109 [0.2598 | 0.0283 484 113,692 |1,141 }152.8 ]o0.0677 | &
’ A-16 0.116 }0.2492 | 0.0289 a46 12,876 1,073 |153.5 |o.0s56 | rT
! A=17 0.108 }0.23% }o0.0258 415 {10,704 |o.802° }1ss.5 Jo.0773 | RT
A-18 0.120 |o0.2342 }o.0. 443 11,436 0,952 |1s4a.¢ [o0.0685 | BT
’ A-19 0.100 |0.2276 | 0.0248 439 N11.124 Jo0,027 |1ss.1 |o.o7s2 | RT
’ A-20 0.109 0. 2542 n..*(;:;wr 437 112,108 {1,004 |154.2 |o0.0730 | RT
A-21 0.109 |0.2285 {0.0249 143 111,028 {0,010 §155.2 {o.0772 § RT
’ 99
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TABLE XVII (cont.)

[

/ ¥ & {
¢ Y © )

*\é& QQ$ ' é{'v & -s? R Q&q‘? O frest f{

Temp,
0.108 | G.2521 | 0,0272 318 8.64 0,720 157.6 0.0687 | RT ¢
A-23 0.109 | 0.1996 0,0218 445 9.696 0.808 156,5 0.1025 RT s
A~24 0.109 | 0.2528 { 0.0276 407 11,232 0.936 155.0 0.0736 RT
A-25 0.101 | 0.2246 0.0227 6901 15,696 1.308 i51,1 0.0770 | RT g
A-26 0.101 § 0.264% | 0,0268 797 21,36 1,78 146.,5 0.0641 RT o
A-27 0.102 ] 0.2522 | 0,0257 606 23.28 1,94 145.2 N.0713 | RT

A-28 0,102 | 0.2465 0,0251 808 20.28 1,69 147,3 0.0822 | RT rg
A-29 0,102 ] 0.2345 0,0239 728 17.40 1.45 149.7 -40°F -
A=-30 0.102 | 0.2620 } 0,0269 715 19,08 1.59 148,3 ~40°F i
A-31 0.102 § 0.2605 | 0.0266 1186 31,56 2.63 139,0 200°F '}
A-32 0.102 | 0,2516 | 0,0257 1237 32,80 2.65 139.7 200°F ¥
A-33 0.102 | 0.2931 § 0,0299 1039 31.08 2.59 140,2 200°F )
A=34 0.102 | 0,2594 | 0.0265 1223 32.40 2.70 139.4 320°F }
A=35 0,102 | 0,2556 | 0.0261 1324 34.56 2.88 138.1 320°F )
A-36 0.102 ] 0.2577 | 0,0263 1378 36,24 3.02 137,1 220°F }
A-37 RT E
A-38 0.102 } 0.2460 |} 0.0251 663 16.644 1,387 150.3 0.,0820 | RT i;
A-30 0.102 } 0.2539 | 0.0259 815 21,12 1,76 146,7 0,0510 | RT 25
A=-40 0.102 | 0.2664 | 0.0272 799 21,72 1,81 146.3 -40°F i;
A-41 0.192 10,2634 | 0,0269 709 16,08 1,59 148,3 -40°F -

i
A-42 0.101 ; 0.,2612 § 0.,0264 | B86S 22,80 1.9 145.5 -40°F lz

L

109 U




< r—r—

W TTYI——

-

T R e

e W G WM WM e R N B el Gl Gl R e el e

TABLE XVII (cont.)

Stad g R

)
S S8 S S s S E S s
‘gﬁz \Q D 3 ¥ Y & <& Q‘o ¥ Te: : ‘t
A~43 0,101 ] 0.2485 0.0251 1267 31,80 2.65 139,7 200°F
A-44 0.101 (0.2624 0,0265 1268 33.60 2.80 138.7 200°F
A-45 0.101 ] 0.2654 0.0268 1052 28.20 2.35 142.0 200°F
A-46 0.101 }0,2488 0.0251 1501 37.68 3.14 136.3 320°F
A-47 0.101 0,2422 ¢.0245 1254 30.72 2.56 i40.4 320°F -
A-48 0.101 §0,2505 0.,0253 | 1423 36.00 3.00 137.3 320’% b}
A-49 0.109 }]0,2639 0.0288 883 25.44 2.12 143,6 0,0647 | RT
A-50 0.109 ]0.2690 0.0293 864 25.32 2.11 143,7 0.6606 RT
A-51 0.109 }0.2637 0.0287 719 20,64 1.72 147.1 0,0635 | RT
3 saes |
A-52 0.109 ]0.2491 0.0272 604 16.416 1.368 150.5 -40°F
A-53 0.100 }0,2413 0.0256 580 14,856 1,238 151.8 ~40°F
A-54 0,106 §0.,2494 0.0264 668 17.64 1,47 149.5 ~40°F
A-55 0.107 {0.,2415 0.0258 | 1033 26.64 2,22 143.0 200°E
A-56 0.106 |0.2569 0.0272 | 1090 29.64 2,47 141,1 200°F
A-57 0,106 ]0.,2471 0.0262 916 24,00 2,00 144.7 200°F
A-58 0.108 }0.2393 0.0258 | 1433 36.96 3.08 136,7 320°F
<
A-59 0,106 10,2484 0.0263 | 1387 36,48 1.04 137.0 320°F .
A-60 0.106 10,2453 0.0260 | 1712 44,52 3,71 132,6 320°F .
A-61 0.104 0,239 0.0248 264 6,54 0.545 160.0 0.079 | ~40°F
A-6 4 0.105 §0_26%8 n,0278 2E? Tesl ) oves U,U33 -40°F
A-6% 0.194 0.256 0.0266 243 6.47 0,539 160.1 0,052 ] -a0°fF
101




TABLE XVII (cont.)

> <@
I‘, o
C* 0’3‘ SN Q“J \¥ .$° > é{-( Q
& £ N I A4 Q! & & & & Test
) Temp,
A-§2 0.108 0,259 ' 0.0272 482 13,10 1.092 153.3 0.0614] 200°F
A-65 0,104 0.248 0.0258 469 12,11 1,009 154,2 0.0708f 200°F
A-68 0,105 0.278 0.0292 505 14,75 1,229 151,9 0.0411} 200°F
A-63 0.104 0,258 0.0268 672 18,00 1.50 149,2 0.0608| 320°F
A-66 0.105 0.2%4 0.0298 391 11,65 0.971 154.6 0.0351] 320°F
A-69 0.105 0,246 0.0258 585 15,10 1.258 151.6 0,0700§ 320°F
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TABLE XIX

PRECRACK CHARPY IMPACT DATA
(44 N, DIA)

MINUTEMAN CHAMBER R4l

Component

Forward Dome
Forward Adaptor
Forward Cylinder
At Gl Weld
At G2 Weld
Aft Cylinder
At G2 Weld
At G3 Weld

Aft Flange

Focation in the cylinder not

104

Bl

B13

B25

837

B49

Specimen No,

- 12

- 24

known,
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TABLE XIX (cont.)

/
> > &
q%o‘f: S/ E)S o/ S S A
SIS Q © 9 Temp.
B-1 0.072 | 0.2581 | 0.0186] 598 11,124} 0,927 | 155.1 | 0.0541] rT
B-2 0.072 | 0,2706 | 0.0195}) 609 11,88 | 0,000 | 154.4 | 0.0436] RT
B-3 0.073 | 0.2498 { 0.0182) 527 9.60 | 0.800 | 156.6 | 0.0614] RT
B-4 0.072 | 0.2539 | 0.0183] 487 8.916¢ 0,743 | 157.3 ~40°F ]
B-5 0.071 | 0.2594 | 0.0184| 533 9.804] 0.817 | 156.4 -40°F -
B-6 0.071 }0.2510 | 0.0178| 551 9.804] 0.817 | 156.4 -40°F
B-7 0.071 | 0.2616 | 0.0186| 748 13,92 | 1.160 | 152.6 200°F
B-8 0.071 }0.2557 1 ¢,0182| 711 12.444] 1.037 | 153.9 200°F
B9 0.072 | 0.2686 | 0.0193 1 715 13.80 | 1.150 | 152.7 200°F
B-10 0.071 |0.2582 | 0,0183} 284 16,176 | 1,348 | 150.7 320°F
B-11 0.071 }0.2538 | 0.0180 ] 799 14.388) 1,199 | 1s52.2 320°F
B-12 0,073 |0.2517 | 0.0184 | 886 16,206 | 1.358 { 150.6 320°F
B-13 0.108 }o0.,2481 | 0.0268 | 374 9.996 | 0.833 | 156.2 | 0.08786} RT
B-14 0.109 }0.2296 | 0.0250 } 352 8.808 | 0,734 | 157.4 | 0.0788] wr
B.-15 0.109 fo.225¢ | 0.02451 104 9.838] 0.524 | 156.3 [ 0,0836] RT
B-16 1,100 §0.2003 | o0.0228 ] 327 7.680 | 0,640 | 158.7 -40°F E
B-17 0,100 ]0.2160 | 0,0235 | 345 g.100 | 0,675 | 1s8.2 a0 |
t
B-18 0,108 |0,2123 | 0.0229 | 297 6.804 ) 0,567 | 159.7 -a0°¢ |
B-19 0,108 {0.2520 | 0.0272{ 520 14,148 | 1,179 | 1s52.4 200°F b
p-2n 1 0.108 |0.2445 0:0264 700 18.48 | 1,54 148.8 220 F 3
B-21 Ai 0,108 }0.2491 | 0.0269 | 745 20,04 | 1.67 147.5 320°F Aﬁ
105 f




JABLE XIX (cont.)
Y ¢ q‘:(y » 0 Q‘;? Q
&\Q &L ¥ %\‘v & s:~'\ Qé’ Test
Temp,
0.108 | 0.2639 | 0.0285 542 15.456] 1,288 151.3 200°F
B-23 0,107 | 0.2494 0.0267 552 14,748] 1.229 151.9 200°F
B-24 0.107 } 0,2436 0.0261 657 17.16 1.43 149,9 320°F
B-25 0.104 { 0.2534 0.0264 545 14,388§ 1.199 152.2 RT
B-26 0.101 § 0.2478 0.0250 515 12.876 | 1.073 153.5 RT
B-27 0.1201 | 0.2513 0.0254 590 14,976 | 1.248 151.7 RT
B-28 0.104 } 0.2472 | 0.0251 394 9.888]| 0.824 156.3 -40°F
B-29 0.101 | 0.2377 0.0240 495 11,88 | 0,990 154.4 -40°F
B-30 0.102 {0.2263 | 0.0231 473 10.920§ 0.910 155.3 ~-40°F
B-31 0.101 10,2576 | 0.0260 585 15,216 | 1,268 151.5 200°F
B=32 0.102 {0,2271 0.0232 740 17.16 1.43 149.9 200°F
B-33 0.101 ] 0.2461 0.0249 747 18,60 1.55 148.7 200°F
B-34 0.101 {0.2282 | 0.0230 830 19,08 1.59 148.3 320°F
| B-35 0.103 L0,2397 0.0247 | 1054 26,04 2,17 143.3 320°F
B-36 0.101 }0,2503 | 0,0253 972 24,60 2,05 144,3 320°F
i B-37 0.100 }0.2479 { 0,0248 740 18.35 1,53 148.9 RT
b B-38 0.100 }0.2433 | 0,0243 666 16.176 | 1.348 150.7 RT
B-39 0,100 }0.2515 0.0252 | 733 18.48 1,54 148.8 RT
B-40 0.100 [0.2427 0.0243 601 14,616 | 1.218 152.0 ~40°F
d 2-41 2,100 (C.2842 s.0224 523 134352 § iaiil 33,1 «40°
§ B~42 0.100 }0.2569 | 0.0257 583 14,976 | 1.248 151,7 -40°F
!
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TABLE XIX (cont.)
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QQ'(;O ® Qéh ¥ *\v & \x'\ Qé’ < Test

@ Temp.
B-43 C.100 | 0.2436 0.0244 900 21,96 1.83 i42,1 200°F
B-44 0,100 | 0.2541 | 0.0254 888 22,56 1.88 145.7 200°F
B-45 0.1 0.2613 | 0,0261 901 23,52 1.96 145.0 200°F
B-46 0.160 } 0.2517 0.0252] 1348 33.96 2.83 138,5 _ 320°F
B-47 0.100 {0.2299 | 0.0230] 1184 T.24 2,27 142.6 320°F
B-48
B-49 0.108 §0.2266 | 0.0245) 408 9.996] ©.833 | 156.2 RT
B-50 0,109 | 0.2439 | 0.0266 379 10,092} 0.841 156.1 RY
B-51 0.109 }0.2553 { 0.0278] 496 13.80 | 1,150 } 152.7 RT
B-52 | 0.111 |0.2650 | 0.0294| 416 | 12.228] 1.019 | 1541 -40°F
B~53 0.109 §0.2438 | 0.0266{ 422 11,2321 0.936 155.0 -40%¢
B-54 0.108 }0.2234 | 0,0252) 346 8,724 0,727 157.5 =40°F
B-55 0.110 }0,2621 { ©.0288) 508 14,616 | 1,218 152.0 200°F
B-56 0.110 }0.2440 | 0.,0268 % 663 17.76 1,48 149.4 200°F
B~57 0.110 0.2518 | 0.0277 | 667 18.48 1,54 148.8 200°F
B-58 0.109 }0.2412 | 0.0263 | 1049 27.60 2.30 142,.4 320°F
B-59 0.3109 }0.2627 | 0.0286 789 22,56 1.88 145,7 320°F
B~60 0.10¢ fo0.2032 | 0.0287 | 88¢ 25.44 2.12 143.6 320°F
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TABLE XXI

PRECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER BL-26 (44 IN, DIA)

Component

Forward Dome
Forward Adaptor
Forward Cylinder
At GL Weld
At G2 Weld
Aft Cylinder
At G2 Weld
At G3 Weld

Aft Flange

SEcinen No,

DI - 14
D15 - 22
D23 ~ 38
D39 - 54
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TABLE XXI_(cont.)
> > &
& N - o q‘."%
So S s g Y 2 Q
Temp,
V-1 0.114 0.249 0.0284 370 10,50 0.875 155,7 0.071 -40°F
D5 0.115 0,280 0.0322 421 13,57 1,131 152.9 0.040 ~40°F
D~23 0,107 0.238 0.0255 331 8.45 0.704 157.8 0,080 ~-40°F
D=27 0.107 0.271 0.0290 317 9.20 0.767 157.0 0.049 ~40°F
D-31 0,107 0,240 0,0257 329 8.45 0,704 157,8 0.060 -40°F
D-43 0.114 0.280 | 0.0319 393 12,55 1,046 153.8 0.040 -40°F
D~47 0.114 0.275 0.0314 421 13,21 1,101 153,2 0,046 -40°F
D-51 0.115 0,283 | 0,0325 450 14,62 1,218 152,0 0.037 -40°F
D~2 0,112 0.284 0,0318 562 17.88 1.49 149.3 0,037 RT
D=6 0.114 0.285 0.0325 580 16.84 1,57 148.,5 0,035 RT
D=9 0.115 0,261 ] 0.0300 519 15,58 1,268 151.2 0.059 RT
6.1&
D-11 0.181 0.316 0.0596 757 45,12 3,76 132.2 - RT
b1z | 0-295 7
0,180 0.317 { 0,0594 741 44,04 3,67 132.8 - RTY
D-12 0.195 '
0,178 0.274 } 0.0511 432 22,08 1,84 146.0 0.C43 RT
D-14 0.194 ’
’ 0173 0.267 | 0.0477 405 9,32 1.61 148,2 0,04% RT
9 8,190 .
Dl 3 1 5,178 0,257 0.0470 £59 26,28 2.19 143.2 0.061 RT
: 0.190 [ A
}1 2% 17 0,262 | 0.0479 14 24,60 2.05 144.2 0,056 RT
. 0,176
" 0.190
7 Dwx7 - 0.1753 C.254 0.0464 442 20.52 1,71 147.2 0,064 RT
4 /n.-‘R( 0.191 {1.284 N.N4R7 4720 2(_\‘f\c.' 1 _ &7 147 ¥ s v
0’17—’ - e was A A w .
E D=19 0.109 0,266 0.,0230 452 13,10 1.092 155,3 0.046 RT
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I TABLE XXI (cont.)
> > Q@
& > © e © &
I S /S /S8 &S TS S
QQ'%O N Q Q¥ < > ') ¢ Test
“ Temp.
] D~20 0.200 | 0.280 | 0.0305 | 433 13,210 1,101 | 153.2 | 0.042 | RrT
l D-21 0.i09 | 0.264 | 0.0288 | 455 13.10 § 1,092 | 153.3 { 0.057 | RT
D-22 0.100 | 0.276 | 0.0301 | 482 14,50 | 1.208 § 152.2 [ 0.043 | Rrr
l D24 0.167 | 0.280 § 0.0300 | 411 12,34 | 1,028 | 154.¢c | 0.030 | RrT
l p-28 0.107 | ©.271 ] 0.0290 { 426 12,34 | 1,028 | 154.0 | 0.050 { RrT
D-32 0.107 | 0.279 | 6.0299 | 438 13.10 § 1.062 | 153.3 § 0.042 | RT
l D-35 g-igg 0.272 | 0.0477 418 19,92 | 1.66 147.6 0.044 RT
' D-36 g-;gg 0.268 | 0.0473 | 454 21,48 | 1.79 146.5 | 6.048 | RT
D-37 8'123 0.270 | 0.0477 | 430 20.52 } 1.72 147,2 | 0.048 | rT
0.187
D-38 0l172 | 0.277 | 0.0497 | 541 26.88 | 2.24 142,9 | 0.041 | RrT
; D-39 g~;§l,z 0.238 | 0.0432 | 380 16,42 | 1.368 | 150.5 |} 0.079 | rr
; l D-40 gfgz 0.276 | 0.0512 | 623 31,92 | 2.66 139,7 | 0.041 | BT
i 8 «
‘3 l D-41 g-i;‘; 0.263 | 0.0479 | 426 20.40 | 1.70 147,2 | 0,055 | RT
P 8 o. 87
‘g D-42 0-;*76 0.264 | 0.,0470 | an1 19.68 | 1.64 147.8 | 0,052 | rT
j . .
H l D-44 0.114 | 0.283 | 0.0323 | 542 17.52 | 1.46 149.6 |} 0.037 | RT
t
g
- l D-48 0.114 | 0.264 | 0.0301 | 534 16,06 | 1.338 [ 150.8 | 0.056 | RrT
3
iy D-52 0.114 ! 0.275 | 0.0314 | 477 14,98 | 1.248 | 151,7 | 0.044 | RT
i
11
E
:
; ’ p-3 0,113 | 06,257 | 0.0302 | 775 23,40 | 1.95 145.1 | 0,052 | 200°F
]
;s et 0.114 | 0.271 | 0.0309 | 750 23.16 | 1.93 145,3 | 0.c48 | 200°F
|3
; P-10 0.114 | 0.263 | 0.0300 | 724 21,72 | 1.81 146.3 { 0.059 | 200°¢
B ] 111
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: TABLE XXI (cont.)

>3 > ////, N
~ N 2 o Ay &
Co Q 3 & \2 o N & Q
&P * Q * s Q Q o Test
Temp,
D25 0.106 | 0.252 ] 0.0267 | 570 15.22 | 1.268 i51.5 | 0,069 | 200°F
D29 0.106 | 0.264 § 0.0280 | S61 15,70 § 1,208 151.1 } 0.057 | 200°F
p-33 0.106 { 0.250 | 0.0255 561 14.86 | 1.238 151.8 | 0.070 200°F
D-45 0.113 | 0.270 | 0.0305 | 637 19,44 | 1.62 148.1 { 0,052 200°F
D-49 0.113 | 0.278 | 0.0214 | 735 22,44 | 1.87 145.8 | 0.044 200°F
D-53 0.113 | 0.27t | 0.0306 | 706 21,60 | 1.80 146,4 | 0.050 200°F
D-4 0.115 } 0.271 1 0.0312 | <73 30.35 | 2.53 140.7 1| 0.051 320°F
D-8 0.115 | ©.271 | 0.0312 | 1150 35.88 | 2.99 137.4 | 0.050 320°F
D-26 0.107 | 0.264 | 0.0282 | 953 25.88 | 2.24 142,96 | 0.058 320°F
D+30 0.107 { 0.274 | 0.0293 | 823 24,12 | 2.01 144,5 | 0.045 320°F
D-34 0.107 | 0.265 | 0.0284 | 815 23.16 | 1.93 145.3 | 0.056 320°F
D-46 0.1314 | o0.281 | 0.0320 { 1024 32,76 | 2.73 139.2 | 0.037 320°F
D=50 0.124 | 9.275 | 0.0314 978 30.72 | 2.56 140.4 | 0.046 320°F
D-54 C.114 | 0.278 | 0.0317 | 965 30.60 | 2.55 140.5 ] 0.041 320°F
i
! 112

s i i msn i e e - [

oy
H

o ey
. o

P,
[

P

o e ey i e R e,




*y IswYd UT FO3SI] IeTIIrel 03 juldefpy (%)

v6I1 (£)8ay 906 (£)BAv L9 (£)8av 8¢S (£)3ay
8621 - 0911 SE6 - POR S2iL - 8£9 9LS - 2ES LOT°0 sRuerd 33V

£SET (£)3ay 8£0T (£)3ay  .9L (£)8ay 869 (£)8ay
28b1 - 9v21 €901 = 1001 89. = L9. €69 - 819 101°0 (®) 140 A3V

906 (£)8av 019 (£)8AY 69v (£)8Ay 68t (£)3ay
LL6 - 2h8  LES - £6§  LES - 81y  20¥ - OSE 00T°0 (2) T4 peg

€6L (€)8ay  zoS (£)8ay  £2v (£)BAay  L9¢ (g£)Bay
8bg ~ S2L 109 - §8¢ SEP - 11V 26E - 6Y€ 901°0 a03dvpy puy

s88 (£)3av  8¥9 (£)8Av  0£S (£)8ay  8Sh (£)3Ay

st6 ~ Ob8 CL9 - 219 ¥9s - ¢8¢b oy - £S5t 0L0°0 Juog ACPTETIC
ozt 002 L3 Oy SSIWO UL UOF}3ed07] u,:oﬁommoo N/S
de toanjexadunl 3891 I1TeM uawyoa¥ds Jaqueyd URWIINUTH

WAINVIIL AP=TIV9 - VIVQ LOVAWI AJYVHO AOVHOMMd

IIXX 318Vi

et Bl PSS KN Pred Bt PRl Puml Pl RRS 6T poq et ) R AR P e

. " I " P ot s ¢ . . N Lk " e s s

i e ekl Ak A i e

113

e d Bl rakm ok <

P I PR R S PO R P P SeN



IABLE XXIII

PRECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER 2191456 (44 IN, DIA)

Compunent Specimen No,
Forward Dome Cl -~ §2
Forward Adaptor C13 ~ 24

Forward Cylinder
At Gl Weld C25 ~ 36*
At G2 Weld -

Aft Cylinder

At G2 Weld C37 - 48%*
At G3 Weld -
Aft Flange C49 -~ 60

*Location in the cylinder not known;
material taken adjacent to that used
in Phase I,
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TABLE XXIII {(zomt.}

Y AEPIIIEPE o o e R ST

/\ V4 4 . /1
Cg& <§? 3 & v-///x’ b R é?é'
‘3“'.}0 & N ¥ 2 <~ < & T‘!‘e‘st
. esp,
1]
C-1 0.069 1 0.2595 { o0.0179] 564 10,0921 0,841 156.1 RT
c-2 0.070 | 0.2597 { 0.0182 543 5.888] 0.824 156.3 ]T
c-3 0.072 | 0.2579 | 0.0186 484 9,000] 0.750 157.2 RT
C-4 0,071 | 0,2569 0,0182 464 8.448f 0,704 157.8 -40°F
C-5 0.069 { 0,2501 0,0173 453 7.836] 0,653 158.5 -40°F
C-6 0.069 | 0.2540 | 0,0175 458 8,016] 0,668 138.3 -40°F
c-7 0.069 } 0.2632 } 0.0182} 672 12,228} 1.019 154.1 200°%
c-8 0.069 | 0.2416 0.0167| 660 11.028] 0.919 155.2 200°F
c-9 0.069 | 0.2542 | 0.0175 612 10,704} 0.892 135.5 200°F
c-10 0.069 | 0.2515 | 0.0174 840 14.616] 1,218 152,90 320°F
C-11 0,069 }0.2633 | 0,0182 915 16.644) 1,387 150,3 320°F
C-12 0.069 }0.2611 | 0,0180| 899 16,1761 1,348 150.7 320°F
C-13 0.106 10,2294 | 0.0243}| 411 9.996§ 0,833 156.2 RT
C-14 0.107 | 0.2554 | 0,0273} 435 11,88 | 0.990 154,4 RT ;
C-15 0.107 §0.2458 } 0,0263 423 11,124 0,927 155.1 PT :
C-16‘ g U.*6 | 0.2605 0.0276 392 10.812] 0.901 155.4 ~40°F E
c-17 ] 0.106 10.2355 | 0.0250 349 8.724% 0,727 157.5 ~40°F :
C-18 C.106 } 0,2426 0.0257 358 9.204§ 0,767 157.0 - -40°F f
c-19 0.106 §0.259 | 0,0275 601 16.536{ 1,378 150.4 200°F i
C-20 0.106 }0.2434 | 0.0258 590 15.216| 1,268 151.5 200°F E
C-21 0.105 | 0.2517 €.0264 585 15 456 1,288 151.3 200°F :
115
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TARE XRIII (cont.)
/
&
‘3.“) & %'{0 Qé’q. Test
Temp,
0.0273] 848 § 23.16 | 1,03 | 145.3 320°F
0.0260] 307 | 2172 | 1.81 | 146.3 320°F
0.0263] 725 | 19.08 | 1.59 | 14s.3 320°F
c-2s | 0,099 |0.2415 | 0.0239] a8 9.996{ 0.833 | 156.2 RT
c-26 F 0.099 ] 0.2580 | o0.0255] 537 | 13.602] 1.141 | 152,8 RT
c-27 | 0.09 |o.2319 | 0.0230) 452 | 10.404] 0.867 | 155.8 RT
c-28 § 0.099 jo.2641 | o0.0261] 402 | 10.500] 0.875 | 155.7 -40°F
{ e | 0099 fo.2s35 | o.0251 386 9.696} n.%08 | 156.5 -40°F
o3 |.0.099 Jo.2572 | o.0255| aso 9.696] 0.808 | 156,5 ~40°F
c-31 i 0,099 J0.2233 | 0.0221] 593 | 13.104] 1.002 | 153.3 200°F
c-32 | 0,099 }o.2422 | o0,0240] 600 | :4.388] 1.190 | 152,2 200°F
c-33 | 0.100 |0.2370 | 0.0237) 637 | 15.006]| 1.258 | 1s1.6 200°F
c-34 | 0,100 jo.2576 | o.0258] 977 | 25.20 | 2,10 | 143.8 320°F
c-3s | 0,100 }0.2426 | c.0242] 898 | 21.72 | 1.81 | 146.3 320°F
c-36 | o0.100 |0.2383 | 0.0238| 842 | 20,04 | 1.67 | 147.5 320°F
r —g— .
 c-37 ] o.ior Jo.asas | o.0255| 767 | 1956 | 1.63 | 1480 RT
c-38 | 0.101 [o.2403 | 0.0252] 767 | 19.32 | 161 | 48,2 RT
c-39 | 0.101 {o0.2448 | 0.0247] 768 | 18.96 | 1.58 | 148.4 RT
c-40 | 0.103 Jo.2755 | 0.0284| 663 | 18.88 | 1.57 | 148.5 -40°F
c41 o} o.101 fo.2¢82 | o.0251) 693 | 17.40 | 1.45 | 14007 -40°F
c-42 .| o.101 |0.2493 | 0,0252| e1s | 1557 | 1,298 | 151.2 ~40°F
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TABLE XX1I1 {comt.)

*

Qg? Ny > o * ////f 45?
¢§é:3 & <§? v a & w?s <§§?‘ Test
Temp.
C-43 0.101 {0,2563 ",0259§ 1001 25,92 | 2,16 143,4 200°F
C~44 0.100 }0.2627 | ..0263] 1063 27.96 2.33 142,2 200°F
C-45 0.100 }0,2502 | 0.0250] 1051 26,28 | 2,19 143,2 200°F
C-46 0.100 | 0.2648 | 0.02651 1331 35.28 | 2,94 137.7 320°F
C-47 0.100 [ 0.2614 | 0.0261} 1246 32,52 | 2.71 139,3 320°F
C-48 0.100 | 0.2678 ] 0.0268] 1482 39,72 ¢ 3.31 135.2 320°F
C-49 0,107 J0.2441 | 0.0261} 038 16,644} 1,387 150,3 RT
C-50 0.106 | 0.2575 | 0.0273{ 725 19,80 1,65 147,7 RT
C-51 0.107 §0.2568 | 0,0275 657 18,12 1,51 149,1 RT
C-52 0.108 J0.2586 | 0.0279§ 532 14,856) :.,238 151.8 ~40°F
C-53 0.106 | 0.2579 0.0273 566 15,456 1,288 151,3 «40°F
C-54 0.108 | 0,262 | 0,0283 576 16,2906 ] 1,358 150,6 ~40°F
C~55 0.106 |0.2571 | 0,0273 919 25.08 | 2,09 143.9 200°F
C-56 0.107 | 0.2458 0,0263 935 24,60 2.05 144,3 200°F
C-57 0.107 ] 0.2440 | 0.0261 264 22,56 1,88 145,7 200°F
C-58 0.108 | 0.2522 | 0,0271] 1258 34,08 2.84 138.4 320°F
C-59 0.107 | 0.2548 | 0.0273] 1160 31,68 2,64 139,83 320°F
C-60 0,108 | 0,2753 | 0,0297] 1164 34,56 2.88 138.1 320°F
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TABLE XXV

PRBCRACK CHARPY IM:ACT DATA
MINUTEMAN CHAMBER R369 (52 IN. DIA)

120

Component Specimen No,
4 .orward Skirt 11 ~ 3 .
t Forward Closure 14 - %8
Forward Cylinder
! At Gl Weld L19 - 33
At (;2 Weld 134 -~ 39
Aft Cylinder
At G2 Weld 140 - 45
At G3 Weld 146 ~ 60
1 Aft Closure 161 - 75
Aft Skirt 176 -~ 78
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£ ey
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o o Ay
« v A
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arane
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re Q& & > o /
; S d 3 & v ; > 5
I YA A YAV Y YLV
L7 | 9392 Jo.31s Jo.0s07 | s27 | 31,44 | 2.62 | 140.0
p-11 } 919 10,315 Jo0.0602 | s43 | 32.64 | 2.72 | 130.3
0.194 1
| @ L-15 . 0.316 | 0.0604 ; 628 37,92 3.16 136.2
x 0.188 1 . |
1-19 §-2°% lo.314 fo.0se6 | s71 | 3348 | 2.70 | 138.8 ~40°F
1-23 | 9289 10,242 {o0.0442 1 231 ] 10.19 § 0.849 | 1s6.0 ] 0,073 { ~d0°p
0,176 4
: L-27 g-;gg 0.237 ] 0.0440 } 20s 9,00 0.750 | 157.2 { 0,080 Jlr,-ato“y
8 L-49 | 0159 Yo.240 Jo.0437 § 292 | 12,77 i 1,064 | 153.6 § 0,074 § ~40°%
0.187 ‘ "
i& L-53 {175 {0-205 ]o0.0371 JL 280 { 10,40 ] 0,867 | 1558 Jo.111 | -40°F
i 157 |O-3%8 10,207 Jo0.0377 | 268 | 10,09 | o.841 § 1s6.1 §o,130 § —a0°r
161 g‘igg 0.251 {0.,0476 { 315 14,98 1,248 § 151.7 } 0,065 { ~40°F
K 165 g’igg 0.240 { 0.0445 { 297 13.21 1.101 Lus.z 0.076 { -40°F
0,193 »
169 |o’3a7 ]0.252 |0.0479 1 335 16,06 { 1,338 | 150.8 {0,065 | -40°F
§ - * :
iR
3
f 1 $
;‘; -1 Jo0.107 Jo.258 10,0276 { 635 17.52 | 1.46 | 149.6 *0.059 RT
I5 -2 Jo.106 }Jo.265 Jo.0281 § 636 17.884 1.49 § 149.3 Jo,050 1T ¢
{ oo
1 : i
-3 Jo.107 }o.255 {o0.0273 | 615 16,78 1,398 | 150.2 10,062 f®r
-4 jc.11s Jo.266 10,0306 | 486 14,86 | 1.238 | 151.8 § 0.n83 Tn !
‘;
t-s Jo.126 Jo.258 }o0.0299 | 423 | 12,66 1,055 | 153.7 {0,060 ﬂm ‘
§
16 lo.unz lo.ze6 Jo.0309 | 428 ] 13,21 | 1,101 | 1532 jo.oe0 {mr |
1
L-8 g-’i‘;‘; 0,253 ]0.0483 | 368 17,76 1,48 T 149.4 0,064 {=xr
153 T 4
12 |2 0,248 Jo0.0471 | 356 | 16.78 1,398 | 150.2 j0.070 {ar
0.187 : i _
- -
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TARLE XXV {cont.)

PR T T T ST, LT

i A o

LR

* £
§,0 ‘g&v *\v ) < ® ég{?‘o o
Q < W Q ¢ S Test
Temp,
0.255 l_o.o4sa 398 19,32 1.61 148,2 | 0,062 § RT
j0.257 § 0,0481 7 297 14,27 1,180 | 152.3 § 0.059 } RT
0.243 | 0.0447 I 286 12.77 1,064 153,6 { 0.073 | RT
0.243 |} 0.0452 | 303 13.69 1.142 § 152.8 1 0.074 { RT
0.259 { 0.0277 325 1 9.00 0.750 157,2 | 0.060 RT
0.255 1 0.0273 { 330 1 9.00 0,750 { 157.2 ] 0.061 | RY
0.252 { 0.0270 { 316 8.54 0,712 § 157.7 ] 0.066 { RT
0.263 Hv0.0281 349 9.8044*7 0.817 § 156,4 ] 0.055 | RT
0.252 § 0.0272 } 346 9.40 0,783 § 156,8 3 0.066 | RT
0.268 { 0.0289 { 332 9.60 0.800 { 156.6 § 0.048 {1 rr
CRACKED THROUEH
0.160 § 0.0295 § 207 6.12 0.510 { 160.5 | 0.156 | ®r
0.239 1 0.0436 ? 216 9,40 0.783 1 156.8 1 0.077 ] &7
1 0.252 { 0.0a55 | 377 17,16__1 1.43 149,9 1 0,064 | RT
0.247 3 0.0446 | 385 17.16 1.43 149,9 § 0.069 | RT
0.250 § 0.0451 | 359 16,18 1.348_4 150.7 { 0.067 ! RT
0,261 § 0,0271 } 443 12,00 1,000 § 154,31 0.056 § RT
0.245 ] 0.0255 | 432 11,02 0.919 § 155,24 0.073 | RrT
0.260 { 0.0270 | 489 13,21 1.101 § 153,21 0.057 } RT
-+ -
0.255 | 0,0270 ] ~8S 13.20 | 1.092§ 153,31 0,062 1L_§T
0.258 | 0,0273 1 472 | 12.88 1.0731 153.5{ 0,060 4 RT
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e &
oo PR

R w . |

B
L
.
™
A |
> '
B s/ % &
B L-48 10,206 ] 0.264 1 0.0230 ] 152.2 § 0.052
L .} 0,189 ,
e 1-50 ] o'39e | 0-206 { 0.0376 | 152,4 § 0111
L 0,188 | ] f.
» 154 | 2188 1a.222 § 0.0404 ; 1515 ¥ 0,094
T {0,188 | ] :
i F 3 1-58 4 o “hps 0225 ] 0,0408 ; 52,3 § 0,089
(£ 10,193 |
B 162 | 9493 Lo.216 {0,040 , 152.5 § 0,201
2 E > 4 - 9 -
i 1-66 8;,%52 ] 0-248 ] 0.0469 2495 § ©.069
. § 70,193
i g 0.187 4 0-205 4 0.0390 ; 152.1 {9,102
1§ % 10,114 4 0,263 J 0,0300 152,90 §o.0855
& ; '
- 0.124 ] 0.265 § 0.0302 } 1528 § 0,083
L % {0.a14 §o.26s § 0.0%02 | 1517 { 0,052
| g ] 0,127 §o.271 ] o0.0327 | 2476 § 0.0%
3 i 1 ]
ik 0.117 § o.262 { 0.0305 148,7 § 0,052
g 0.127 || 0.264 § 0.0309 148,6 § 0,054
. 0.193 0.0472 145.9 §0.068
| a 0.0482 1456 § 0,061
S .
ﬂ 0,0477 125.3 { 0,068
I 0.0425 § 404 2735 § 1.42 § 249.9 §0.088
‘ ! 0.0353 § 3a3 § 12,11 2,000 4 aga,9 10 aac
0.192 _ .
I 1-29 §.°1gs 10-251 {o0.0069 § 400 §ao.z0 § 160 § 248.3 § 0.065
151 §0-29% lo.269 Jo.0a95 | 599 | 2o.64 § 2.47 ] 2411 §o.048
l 123
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TABLE XXV (cont.)

/]

3 > &

‘ﬁf/f:g;%; s§$§ 43;0 {;;r & -sjs & 45§p S
& Q < Q Test
Temp,
55 | 0138 1o0.220 |o.0a17 | s06 |2t | 1.7 l 14¢.7 | 0.085 | 200°¢
L-59 g;igz 0.228 |0.0413 | 465 ! 1020 | 1.60 | 148.3 | 0.087 | 200°F
r L-63 /i’gzigg 0,249 ] 0.0472 | 526 | 24.84 | 2.07 | 144.1 | 0,068 | 200°F
167 JO-193 loaas |o.oae6 | siz | 2388 | 1.09 | 1448 | 0068 | 200k
L {3392 Jo.2e0 |o.0amr | ses | 2s.80 | 215 | a43s 0.069 | 200°F
110 |O:198 lo.263 |o.0s02 | 782 | 39.24 | 3.27 | 135.4 | 0.055 | 320°F
L-14 g;i;;’ 0.231 ] 0.0441 | 650 | 20.0¢ | 2,42 | 141.5 | 0.083 | 320°F
118 | 3:333 Jo.2s0 |o.0a7s | sos | 3828 | 3.19 | 136.0 |o0.065 | 320°F
122 g:igg 0.202 | 0.0373 | 550 20,52 1.71 147.2 j0.115 |}-320°F
L-26 g:igi 0.237 | 0.0446 | 557 24,84 2.07 144.1 | 0,080 | 320°F
1-30 |1z |o.240 [o.0as2 | ses | 2568 | 2.14 | 1436 |0.078 | 320°F
L-52 \g:igg_ 0,251 | 0.0457 | 804 | 36.72 | 3.06 | 136.9 | 0.064 320°8
1-56 1o a9e .| 0.247 Jo.0a50 | 860 | 392 | 3.26 | 135.5 |0.067 | 320°F
160 | 9:337 Jo.248 |o.0as4 | 756 | 34032 | 2.86 | 130.3 |0.066 | 320°F
L-64 g;;gg 0.252 | 0.0479 | 820 | 39,72 | 3.m 135.2 | 0.066 | 320°F
168 |0:3%2 lo.z36 |o.04a5 | 728 | 3240 | 2.70 | 130.4 |0.082 | 320°F
172 | 3307 {0.247 | o.0469. 739 | 3468 | 2.80 | 138.1 |o0.073 | 320°F
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TABLE XXVII

PRBCRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER R490 (52 IN, DIA)

Component SEcinen No,
Forward Skirt MG - 32
Forward Closure M4 - 17

Forward Cylinder .

- GEe G e Gl Nl b g L S eed Sl B el el Lo

At Gl Weld My - 23
At G2 Weld M24 - 41 i
M54 - 65*
Aft Cylinder
At G2 Weld M42 - 53
M66 - 71
At G3 Weld M72 - 77
Aft Closure M78 - 92
Aft Skirt M93 - 95
127
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TABLE XXVII gcont. )

ol it

G S e R S LA R s S S aes

§ > ‘P Y N qu‘?
Co gék & & & & o &
& Q < S

M-7 0.172 } 0.249 | 0,0428 | 270 11,54 0.962 | 154,7 } 0,069

M-10 | 0,176 | 0.224 | 0.0394 | 285 11,23 0.936 | 155.0 | 0.095 | -40“F
M-14 | 0.179 | 0.265 | 0.0474 | 296 14,04 1,270 | 152,5 | 0,054 | -40°F
M-30 | 0.153 | 0.235 |} 0.0430 | 237 10,19 0.849 } 156.,0 | 0,080 | -40°F
M-34 } 0.180 | 0.275 § 0.0495 | 267 13,21 1.101 | 153.2 | 0,043 | -40°F
u-38 | 0.177 | 0.284 } 0.0503 | 265 13.33 1,111 } 153.1 ] 0,036 | -40°F
M-42 ] 0.184 |} 0.054 | 0.0099 ! 192.7 | 1,908 0.159 } 166.2 } 0,263 | -40°F
M-46 } 0,184 | 0,096 | 0.0177 | 170.8 | 3.024 0.252 | 164.5 | 0,210 | -40°F
M-50 | 0.182 }0.250 | 0.0455 | 261 11.83 0.990 | 154.4 | 0.068 | -40°F
M-54 0,197 lo0.282 | 0.0556 | 1310 | 73.08 6.09 116.1 § 0.040 | -40°F
M-58 10,197 §0.227 | 0.0447 | 1250 | 56.04 4,67 126.3 | 0,003 | -40°F
M-62 ] 0,105 }0.266 | 0.0519 | 153c | 79.32 6.61 116,2 | ¢,054 } -40°F
%78 | 0.186 | 0.287 | 0.0534 ] 189 10,09 0.841 | 156.1 } 0.032 | -40°F
M-82 | 0,186 - § 0.255 | 0.0474 | 308 14,62 1,218 § 152.0 | 0,064 | -40°F
w86 J§0.186 | o0.241 | G.0448 | 324 14,50 1,208 | 152.1 | 0.077 | -40°F
-1 0.107 o.zéx 0.0301 |- s70 17.16 1.43 149.9 | 0,049 | RT
-2 (0,108 }(o0.271 10,0291 | s07 14,75 1.2290 | 151.9 } 0.048 | rT
-3 0.108 §0.267 }o0.,0288 | 471 13.57 1,131 § 152.9 } 0.052 | RT
M4 0.113 | 0,278 | 0,0314 367 11,54 0.962 154,7 | 0.642 | RT
-5 0.114 }o0.287 }0.0327 | 374 12,23 1.019 | 154.1 J 0,033 | RT
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TABLE XXVII (cont.)

T

YT

e o

> > o
égfi 4$§? ] ngr ¥ o ® 45§£U S S
&S Q @ ) est
emp,
M-6 0.115 {0,272 | 0,0313 | 38.9} 12,11 1,009 | 154,2 | 0,049 | RT
M 0.175 | 0.280 | 0.049% | 377 18,48 1.54 148.8 | 0,039 | RT
M-11 | 0.178 | 0.273 | 0.0495 | 436 21.60 1.80 146.4 | 0.046 | =T
M-15 | 0.179 | 0.256 | 0.0458 | 330 16.05 1.338 | 150.8 ]} 0.064 | rT
M-18 § 0.179 | 0.263 | 0,0471 | 346 16.30 1.358 | 150.6 | 0.055 | rT
M-19 | 0.182 } 0.274 | 0.,0499 | 420.8 | 21.00 1.75 146,8 | 0.044 | rT
M-20 ] 0.182 ] 0.256 | 0.0466 | 268 17,16 1.43 149,9 | 0.063 | RT
M-21 | 0.105 | 0.277 | 0.0201 | 343 10,00 | 0.833f 156.2 ] 0.042 { RT
M-22 | 0.107 | 0.274 | 0.0203 | 401 11,77 0.981 | 154,5 ] 0,046 | rT
M-23 | o0.107 }Jo0.272 | 0.0201 | 435 12,66 1.055 | 153.7 | 0.048 | rr
M-24 | 0.108 | 0.270 | 0.0292 | 682+ | 19,92 1,66 147.6 | 0,046 | RrT
M-25 {0.1090 ] 0.282 | 0.0307 | 703 % | 21.60 1.80 146.4 | 0,039 | rr
M-26 ] 0.1200 |o0.285 | 0.0311 | 654 * | 20,34 1.695 | 147.3 | 0,034 | RT
M-27 ] 0.100 §0.179 | o0.0195 | 321 6.27 0.523 | 160.3 | 0.140 | ®T
M-28 | 0.1209 | 0.258 | 0.0281 | 466 13.10 1,002 | 153.3 | o.062 | vt ¢
M-20 |0.100 Jo.2n | o0.0205 | 44 | 13.10 | 1.002 | 153.2 |0.0e6 | ®r
M-31 {0,181 |o.252 | 0.0456 | 352 16,06 1,338 | 156.8 | 0,067 | kT -
M-39 | 0.182 .25¢ | 0.0471 | 323 15,22 1.268-] 151.5 j 0.059 | &t
M-35 | 0.182 ] 0.246 } 0.0448 | 366 16.42 1,368 | 150.5 | 0,073 | gr |
M-43 | 0,184 }o0.256 | 0.0471 | 315 14,86 1.238 | 151.8 | 0.064 | ®T
M-47 {0.186 | 0.246 | 0,0458 | 333.9 | 15.34 1,278 | 151.4 | 0,072 | RT

*Crack propagating in the chamber~hoop direction,
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TABLE XXVII (cont,)

4
d;g? & 3 & \a é?S?
4§gé; Ais 3 A4 @ & & & est
Temp,
M-51 ] 0,185 | (.261 | 0.0483 ]| 380 18,36 1,53 148,9 | 0,058 | RT
M~53 0,195 | 0.287 | 0.0560 } 1656 | 92.76 7.73 111,41 0,035 | RrT
M-59 | 0.195 § 0.282 } 0.0552 | 1672 | 92,28 7.69 111.6 | 0,037 | rr
M-63 § 0.194 | 0,296 } 0.0574 | 1836 |105.4 8,78 105.2 | 0,024 | RT
K-66 | 0.100 | 0,274 | 0.0299 | 379 11,34 ¢.945 | 154.9 | 0,046 | RT
M-67 |} 0.109 1§ 0,275 | 0.0300 | 388 11,65 0.971 | 154,6 | 0.045 | RT
M-58 | 0,109 } 0.267 | 0,029". | 379 11,03 0.919 §{ 155.2 ] 0,053 | RrT
M-69 | 0,109 | 0.272 | 0.0296 | 439 * | 13,00 1,083 | 153.4 | 0,047 | RT
¥-70 | 0,110 10,260 |} 0.0286 | 403 %« | 11,54 0.962 | 154,7 | 0,060 | RT
M-71 ] 0,120 ] 0.252 } 0.0277 | 437 % { 12,11 1,000 | 154,2 | 0,064 | RT
M-72 } 0.1C6 | 0.243 | 0.0258 | 256 6.61 0.55t | 159.9 | 0,075 | RT
M-73 | 0,107 § 0.185 ! 0.0198 | 284 5.63 0,469 | 161,1 | 0,114 | RT
¥-74 | 0,107 | 0.254 | 0.0272 | 311 8.45 0.704 | 157.8 | 0,065 | rT
b:qu 0.180 | 0.273 | 0.0491 | 260 12,77 1,064 | 153.6 | 0.045 | rT
M-76 | 0,185 o.zis 0.0509 | 303 15,46 1,288 | 151,3 } 0.045 | RT
M-77 | 0.180 ] 0.276 | 0.0497 | 303 15.10 1,258 | 151.6 | 0,051 | RT
M-78 | 0.184 J0.192 | 0.0353 | 1091 | 27.60 2.30 142,4 | v.127 | RT
M<79 ] 0,185 10,287 | 0,0531 | 453 24,06 2.005 § 144,7 | 0.032 | RT
#-83 0,185 [ 0.275 | 0,0509 | 441 22,44 1.87 145,8 | 0.047 | *T
M-87 10.18a 10,274 ! aoncos } os2s 21,42 1,785 ) 146,5 | 0.047 | RT
MN-90 6.117 0.275 | 0.0322 | 123 3.98 0,332 | 163.2 | 0.043 | RrT

#Crack propagating in the chamber-hoop direction,

130

v mawpsay




R

ol

S TR TR ERATRETE RN T N T R R o e o e o e

AR T el

SRS S A RISt DA oA b

T N T YU BN N O ORI SO F T INEREw PR enthyly op

PP,

By

/

GE0 G G N G e R b el N S bl ied e D el RN

TABLE XXVII {cont.)

=TV A

[

2 » 3
éﬁgt <§§ éﬁyb {ﬁy x -cjs ¥ éﬁép _
& § * ) < @ Q < Test
Temp,
M-91 | 0.119 ¢ 0.268 | 0,0316 | 481 15.34 1,278 151.4 | 0,063 | RT
M-92 | 0,119 | 0.238 § 0,0283 | 479 132,37 1.131 152,9 | 0,081 | RT H
M-93 |} 0,112 | 0.198 { 0.0221 | 543 12,00 1.00c ] 1s4,3 J 0,120 | mrY
M-94 |} o0.112 |} 0.273 } 0.0305 545 16,64 1,387 150,3 | 0,046 | RT
M-95 | o.112 | 0.272 | 0.0304 141 4.30 0.358 162.8 | 0,048 | =7 .
.
M-8 0.175 0.256 0.0448 474 21.24 1,77 146.6 § 0.0634 § 20C°F
“-12 § 0.178 | 0,271 } 0,0482 | 612 29.52 2,46 141,2 | 0.0465 | 200°F
M-16 | 0.179 | 0,260 | 0.0465 475 22.08 1.84 146,0 | 0,0583 § 200°F -
M-32 | 0.180 | 0.264 | 0,0475 599 28.44 2.37 141,8 | 0.0499 7 200°F
M-36 | 0.176 | 0.252 | 0.0444 | 501 22,26 1.855 145.9 | 0.0536 | 200°F
M-40 | 0.179 | 0.230 | 0.0412 | 428 17.64 1,47 149,5 § 6,0866 | 200°F
M~44 } 0.183 |} 0.243 | 0.0445 377 16.78 1.398 150,2 | 0.0765 | 200°F )
M-48 { 0,184 } 0,255 | 0.0460 } 427 20,04 1.67 147,.5 | 0,0658 | 200°F
ped
M-52 | 0.185 | 0,247 | 0.0457 | 478 21,84 1,82 146.2 | 0,0673 200‘F.
M-s6 | 0.195 |} 0.276 | ¢.0538 1840 | 99,24 8,27 107,7 § 0.0423 | 200°% ..
M-6G | 0,198 | 0.285 | 0.0564 2040 }115.3 9,61 101,0 { 0.0335 | 200°F ~
M-64 | 0,196 §0.252 | 0.0494 2C00 99,00 8.25 107.8 | 0.0656 ZOO’Fj
M-80 0,188 0.233 0.0438 584 25,56 2,13 143.1 | 0,0797 zeo°§j
M-84 | 0.188 ] 0,229 | 0.0430 505 21.72 1.81 146,3 | 0.0902 | 200°F
m-88 ] 0.188 ] c.,208 | 0,03v2 | 479 18,72 1,56 148,6 | 0.1107 | 200°F
131
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TABLE XXVII (cont,)

(} & > NG Qig?

Q Vg. &\? & : ‘-::\ Q“S’ (/Q Test

Temp,

0.236 0,0413 | 636 26,28 2.19 143,2 ]} 0,0813] 320°F

0.179 § 0.253 | 0.0453 ] 780 35.34 2.945 137.7 § 0,0644 ) 320°F
0,181 | 0.255 | 0.0462 | 701 32.40 2,70 139,4 | 0.0603 | 320°F
0.180 1§ 0,261 0.0470 } 671 31.56 2,63 13,9 } n,0567 ) 320°F
0.178 | 0.250 | 0.0445 { 706 31,44 2,62 140.0 { 0.0618 | 320°F
0.181 | 0,202 | 0.0366 556 20.34 1.655 147,3 | 0.1168 | 320°F
0.184 1 0,242 § 0,0443 | 636 28,32 2.36 141.6 } 0.0713 | 320°F
0.184 ] 0,268 } 0.0493 | 664 32,76 2,73 139.2 { 0.0476 | 320°f
0,186 § 0.246 | 0,0458 | 668 30.60 2.55 140.5 | 0.0688 | 320°F
0,198 0,278 0.0550 2160 |118,9 9,91 99,5 | 0.0371 | 320°F
6.197 0,266 | 0,0524 | 2320 }121.6 10,13 98,4 | 0.0517 | 320°F
0.194 jo0.2711 | 2.0526 2280 120,2 10.02 98.9 | 0,0470 | 320°F
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TABLE XXIX

PKECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER R512 (52~-IN.~DIYA)

Commt Specimen No,
Forward Skirt 1 - 3
Forward Closure P4 - 1B

Forward Cylinder

At Gl Weld P19 - 24

At G2 ¥Weld P25 -~ 38
Aft Cylinder

At GZ Weld P40 ~ 54

At G3 Weld P55 - 60
Aft Closure P61 - 75
Aft Skirt P76 -~ 78

113
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TABLE XXIX (cout,.)

> > <@ |
@ N~ & H
'* &\ ’ Q,v ¥ Qg’ 4
S 3 & : » Q
‘3% § .§ QQ ¥ *\Y & & Q‘é’ &) Test
Temp, i
i
0,190 - _
P-28 | ol172 | 0.255 | o0.ca62 | 265 12,23 | 1.000 | 154.1 ] 0.060 | -40°F
S
p-32 | 3192 [ o.274 Jo.0503 | 303 | 15.22 | 1.268 | 1515 | 0.043 | -40°F
P-36 g':zg 0.266 | 0.0407 | 200 15.34 |} 1.278 | is1.4 | 0.051 | ~40°F
P-40 g'igg 0.271 | 0.0507 | 256 13,00 | 1.083 | 153.4 | 0.045 | -40°F
P-44 g-:gf 0.239 | 0.0449 | 248 11,12 | 0.927 | 155.1 1 0.077 | -40°F |
«182
P-48 8'133 0.255 | 0.0481 { 257 12,34 | 1.028 | 154.0 | 0.060 | -40°F i;
P-7 0.184 | 0.2560 | 0.0471 395 18,60 1,55 148.7 ~40°F ’
B
p-11 | 0.190 | 0.2268 | 9.0431 | 364 15.696 | 1.308 | 151.1 ~40°F !
P-15 | 0.190 | 0.2307 | 0.0455 | 411 18.72 | 1.56 148.6 ~40°F -
P-61 | 0.177 | 0.2370 | 0.0410 | 430 18,00 | 1.50 149.2 —40°F ‘
i
p-65 | 0.131 } 0.2330 | 0.0422 | 478 20.16 | 1.68 147.4 ~40°F i
p-69 | 0.181 | 0.2460 | 0.0445 | 496 22,08 | 1.84 146.0 ~40°F K
i |
P-1 0.109 | 0.2604 | 0.0284 | 6932 19.68 | 1.64 147.8 RT P
P-2 0.109 | 0.2539 { 0.0277 | 741 20,52 | 1.71 147.2 RT e
i
. [
P-3 0.109 0.2592 | 0.0283 776 21,96 1,83 146.1 RT )
P-4 0.121 | 0.2537 | 0.0307 | s35 16,416 | 1.368 | 150.s RT (i §
: 2
|
3 0.120 § 0.2528 | 0.0303 | 554 16,776 § 1.398 | 150.2 RT T
P=6 0.121 | 0.2623 | 0.0317 | s37 17,016 | 1.418 | 150.0 RT ‘
£
P-§ 0.185 | 0.2392 | 0.0443 | 474 21,00 | 1.75 145.8 RT i )
P-12 | 0.190 | ©.2263 | 0.0430 | 433 18.6C } 1.55 148.7 RT (0
(]

136 td
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TABLE XXIX (cont.)

2 & ¥ &
Ql\ Q' Q"o W :§° N QQ. o
' & \§ * § W & O frest
Temp.
0.189 | 0.2513 | 0.0475 | 403 | 23.40 ] 1.05 | 145.1 RT A
P-19 | 0.186 | 0.2435 | 0.0453 | 362 16.416 | 1.368 | 150.5 RT :
—t 2
P-20 | 0.137 | 0.2492 | 0.0466 | 443 20.64 | 1.72 147.1 - b RT ?
P-21 | 0.185 { 0.2473 ] 0.0458 | 4se 20.88 | 1.74 146.9 RT
P-22 | 0.106 | 0.2643 | 0.0280 | 468 13.104 | 1.092 | 153.3 RT- -
, - ,‘ -
p-23 | 0.107 | o0.2572 | 0.0275 | 510 14.268 | 1.180 | 152.3 R -
p-25 | 0.208 | 0.274 | 0.0206 | 526 15.58 | 1.208 | 151.2 | o0.046 | xT %l
P-26 | 0,108 | 0.271 | 0.0203 } 532 15.58 | 1.298 | 151.2 { 0.0¢9 } R -
" o |

P-27 0.108 0.273 0.0295 528 15,58 1.298 151,2 0,046 RT -

0.180 0.255 0.0472 356 16.78 1.398 150.2 0.060 | RT -

P-33 | 0-13% | o.255 | 0.0172 | 340 | 16.06 .} 1.338 | 150.8 | 0.060 | Rr-

0.192
0.184

p-a1 | 3'1a7 | 0.218 | 0.0415 | 316 | 13.10 § 1.002 | 153.3 | 0.008 | er

0.270 | 0.0508 | 409 20,76 1.73 147.0 | 0.047

p-as | O°1% [o0.232 | 0.0442 | 320 | 14,15 | 1176 | 152.4 | 0.085 | mr ¢
P-49 g'igg 0.250 | 0.0475 | 341 16.18 § 1.348 | 150.7 | 0.068 | rr

P-52 0.108 0,272 0.0294 412 12,11 1.009 154,2 0.048 RT

P-53 6.109 0,262 0.0286 386 11.03 0.919 155,.2 0.056 RT 2 2

P-54 0.109 0.267 0.0291 443 12,83 1.073 153,5 ¢.050 § RT .

P-79 6.107 0.273 0.0292 452 13,21 1.101 153.2 0.045 RT

P-80 0.106 0.283 0.9300 468 14,04 1.170 152.5 0,034 RT

P-81 0.106- | 0,260 0.276 385 10.70 0.892 155.5 | 0.057 RT

S AR NG el e M LN G e Gl Beied el Qe B B R R

; *Crack propagating in the chamber hoop-direction
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TABLE XXIX (cont.)

-

7
o ‘
» &
0 K ¥ ¥ NS , -
éf \9& @ \9-(5, \ <& b ég. &)
.3 Qp & Q { < Q Q Test
: ‘Tem
o - L )
P82 f 0,108 | 0.268 | 0.0280 ] 539 15.58 | 1.208 | 151,2 | 0.0490 | rT
- ' -

7-83 J 0.207 | 0i268 | 0.0287 | 449 12,88 | 1,073 | 153.5 | 0.053 | Rt ~
} r-sa. } 0,207 | 0.261 | 0.279 414 * | 11,54 | 0.962 | 154.7 | 0.059 | rT i
} r-2i-f 0,207 | 0.2653 | 0.0284 | sa0 | 15,33 | :.272 | 151.4 RT i
e +
- p-ss - f o.110 | 0.2471 | 0.0272 | 405 11.028 | 0.919 | 155.2 RT

P-s¢ } 0.120 | 0.2648 | 0.0201 | 431 12.552 § 1,946 | 153.8 RT F

% }.0.110 § 0.2524 | 0.0278 | 436 12,208 | 1.009 | 154,2 RT ]
- F‘ 0.0410 | 368  } 15.096 | 1.258 [ 151, RT
I |
0.0463 | 370 17.148 | 1.4290 | 149.9 RT
0.0448 | 372 16.664 | 1.387 | 150.3 RT ]
0.0420 } -583 - | 24.48 | 2.04 144,4 RT _
0,045 | o6 | 30,12 |2.51 | 140.8 RT D
0.0424 1577 | 24,48 | 2.04 144,4 RT ] ‘
0.0279 | 701 19.56 | 1.63 148,0 RT |
0.0202 | 670 | 19.5% | 1.63 | 148.0 RT ]
75 Foan 0.0290° | 677 19,627 | 1,635 | 147.9 RT ]
- Jorae founne . fo.2ess [0.0314 | 558 | 17052 f1.46 | 1496 RT
S il il Rl ‘ [
F P<77".£.0.,118 10,2649 | 0.0313 | 667 20.88 | 1.74 146.9 RT
P78 - Fo.118 10,2605 | 00307 | 778 | 23.88 [1.99 | 144.8 RT D
. MCrack:propagating ia the chasber hobp-dincg.gn ﬂ
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TABLE XXIX (cont.)

I R p—

> » <@
Oé:, Q"~z~ é’a Q@v e ’ N é'y Q>
‘3% eo ' .*\ QQ Y .i‘ ‘\c‘ \\‘ Q@ (I‘ Tes t
Temp,
0.190 °
P-30 | o'1a0 | 0-244 | 0.0451 1 468 21.12 | 1.76 146.7 | 0.073 | 200°F
P-34 g‘igé 0.249 | 0.0462 | 538 24.84 | 2.07 144.3 | 0.069 | 200°F
P-38 | O'iss | 0-255 | 0.0477 ] sis | 24072 | 2.06 | 144.2 ] 0,062 | 200°%
P-4z | 0192 Jo.242 | 00461 | 487 | 22.44 | 1.87 | 145.8 | o0.073 | 200°F
P-g6 | 0199 10,213 | 0.0403 | 420 | 17,28 | 1.4a 149.8 | 0.104 | 200°F
0.194 ‘ o
P-50 | o'134 | 0-259 | 0.0490 | 478 23,40 | 1.95 145.1 | 0.058 | 200°F
P-9 0.186 | 0.2379 | 0.0442 | 581 25.68 | 2.14 143.5 200°F.
P-13 | 0.188 | 0.2118 | 0.0398 | 528 21.00 | 1.7s 146.8 200°F
P-17 [ 0.190 | 0.2638 | 0.0501 | 760 38,10 | 3.175 | 136.1 200°F
P-63 | 0.174 §0.2379 | 0.0414 | 675 27.96 | 2.33 142,2 200°F
P67 | 0.180 | 0.2273 | 0.0400 | 722 29.52 | 2.46 141,2 200°F
p-71 | 0.181 | 0.2325 | 0.0421 | 670 28,20 | 2.35 142.0 200°F
P-10 |0.189 | 0.2453 | 0.0464 | o72 45.12 | 3.76 132.2 320°F
P-14 | 0.180 ] 0.2323 | 0.0430 | 327 36.30 | 3.025 | 137.1 320°F
P-18 | 0.190 |0.2573 | 6.0489 | 026 45.30 §3.775 | 132.1 320°F
P-s4 | 0.182 |} o0.2186 | 0.0308 | 1075 42,78 | 3.5¢5 | 133.5 320°F
p-68 | 0.181 ] 0.2126 | 0.0385 | 895 34,44 | 2.87 138.2 320°F
P-T2 § C.182 | 0,2315 | 0.0422 |} 963 | 40.62 | 3.385 § isd.7 320° p
0.192 - .
P-31 o716 |0.255 |o0.0485 | 733 34.4 2.87 138.2 320°F

Lt s e
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TABLE XXXY

PRECRACK CHARPY IMPACT DATA
MINUTBMAN CHAMBER R316 (52 IN, DIA)

S TR AT TR AT AT TR A AT T A FRE TR RRTIT AETA TTTTIA TR TN AT T

Component Specimen No,
E' Forward Skirt RT - 3
E Forward Closure R4 - 18
Ei Forward Cylinder
t At Gl Held R19 - 24 o
E At G2 Weld R25 - 42 -
; Aft Cylinder ; BN
E At G2 Weid R43 - 60
E At G3 Weld R61 - 66
‘ Aft Closure R67 - 81 »
! Aft skirt RS2 - 84 .
4
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TABLE XXXI (coat,)
> > &
\*«, N 2 < > © &
¢ N & & \ & > &
'3@ Y & IS ¥ Q $ & S Test
Temp,
R-7 g':gg 0.274 { 0.0497 | 355 17.64 } 1.47 149.5 } 0.043 | -40°F
R-11 g-igg 0.267 | 0.,0481 | 287 13.80 | 1.150 | 152.7 | 0.046 | -40°F
»
R-15 g'igg 0.27s | 0.0503 | 201 14,62 | 1.218 | 152.0 | 0.042 | -40°F
R-31 g-;g; 0.282 | 0.0492 | 214 10,70 | 0.892 |} 155.5 | 2.037 | -40°r
09 1” -]
R-35 | 0"jes | 0-276 | 0.0494 | 270 13.33 | 1.111 } 153.1 ) 0.041 | -40°F
R-39 | 0-13% [o0.203 | 0.0520 | 272 14.39 | 1.199 | 152.2 | 0.024 | -40°F
R-43 g-igg 0.285 | 0.0523 | 340 17.76 | 1.48 149.4 | 0.033 | -40°F
. 09191 -]
R47 } °je1 | 0.289 | o0.0s38 | 330 18.24 | 1.52 149.0 | 0.029 | —40°F
| G. 1% L]
R-51 | 09 |0.260 | o0.0480 | 345 16.54 | 1,378 | 150.4 | 0.056 | -40°F
k67 | 9193 34 362 lo.0487 | 320 15,58 | 1.298 | i51.2 | 0.057 | -40°F
0,179
R-71 | 039 14 566 |6.0506 | 363 18.36 | 1.53 148.9 ) 0.050 | -40°F
0,182
R~75 g:ig; 0.274 | 0.0526 | 381 20.04 | 1.67 147.5 | o,045 | -40°F
R-2 0.104 §0.267 }0.0277 | 6as 17.88 | 1.49 149,3 | 0.053 | RrT
R-3 0.105 |0.27¢ }0.0284 | 663 18.84 | 1.57 148.5 [o0.051 | R
R4 0.115 }o0.260 Jo.0300 1 473 14,62 {1,218 }{152.0 }0.050 |=Rr
R-5 0.125 lo.276 [o0.0317 | 417 13,21 J1.100 f153.2 |o.042 {RT
R<6 0.115 Jo.258 |o.0207 | 3711 11.03 {0.919 |155.2 [lo.06c |RT
0.199 0,0365 356 13.00 1.083 1534 0 118 arT
0.230 [0.0422 | 398 16,78 |1.398 [1s0.2 |o.088 |=RrT
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TABLE XXXI (cont.)

/.
/’&S? RS r4 égy N - <§§?
¢§é39 O <§? K. A & « &

R-16 8:};? 0.265 | 0.0494 | 428 | 21.12 | 1.7 146.7 ] 0.051 | ar

R-19 g:igé 0.243 § 0.0451 | 644 | 20,060 } 2,42 | 1aa.5 | 0,075 | »x

R-20 g;igg 0.262 | 0.0487 | 377 18,36 | 1.53 148.9 | 0.057 | =t

R-21 | 0190 Jo.261 | o.0a82 | 373 | 18.00 | 150 | 140.2 | o.058 | »r

R-22 | 0,108 | 0.262 | c.0283 | 412 | 11.65 § 0.971 | 154.6 | 0.057 | ar

R-23 | 0.107 J o0.254 | 0.0272 ; 428 | 11.65 | o0.071 | 154.6 } 0.066 | mr I

¥ e
R-24 | 0.107 } 0.260 | 0.0278 | 404 11,23 §0.936 | 155.0 Jo.060 Jar °
+ - |

R-25 | 0,103 Jo0.267 | o0.0275 | 393 ] 10.80 ] 0.901 | 155.4 | o.0s¢ } mr

R-26 | 0.104 §0.277 |o0.0288 | 483 % | 13.92 | 1.160 | 152.6 lo.0ez | ar }
-27 1 0.105 |o0.271 |o.0285 | sor* | 14,27 | 1.389 | 152.3 [o.040 | mr

2-28 | 0.104 | 0.2¢5 | 0.0255 | 315 8.02 Jo.668 | 18,3 |o.072 ] &r

R-29 {0,106 | 0.265 | 0.0281 | 356 10,00 §0.833 | 156,2 | 0,055 | =T

-30 §0.106 }o0.257 |o0.0272 | 375 | 10.19 Jo.840 {1s6.0 |o.062 | ar

R-32 | 0-130 1o0.243 fo.04a1 | 405 17.88 §1.49 ] 140.3 [o.,086 | ar

R-36 g:;;g 0.241 {0.0430 | 328 14,39 {1.100 |1s2.2 lo.077 | &r

R-40 g::f,’g 0.239 }0.0437 | 340 | 14.86 }1.238 }1s1:8 lo.077 | ar

R-44 g:igg 0.261 Jo0.0401 | 457 ! 25,44 }1.87 145,8 | o0.057 | &T

R-48 | 0-139 Jo.2sa fo.0475 | 440 | 20.88 [1.74 ]146.9 |o.065 | wr

R-52 g:igg 0.236 | 0.0441 | 389 17.16 | 1.43 149,9 |o.082 {&r 1
R-55 } 0,206 |c.260 ]o.0276 | 384 10.60 Y0.883 |1ss.6 Jo.060 | &r

R-s6 |0.108 Jo0.267 |o0.0288 | 467 13.45 |11z Jas3.0 fo.0s0 |ar

*Crack propagating in the chamber hoop~-direction. s
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TABLE XXXI (cont.)

.w....«j
H

prs—

R

3

4

146

2/ & &/
#’ %\Y Q‘é’ (J‘Q Test
Tenp.,
0.0301 | 482 14,50 152,1 | 0.045 ] »T
0.0275 | 345 9.50 § 0.792 | 156,7 } 0.055 | &7
0.0293 | 376 11,03 ] 0,919 § 155.2 | 0.081 { T
0.0276 | 400 11,03 {o.919 § 1ss,2 Jo,056 | &y
0.0290 | 426 12.34 | 1.028 | 154.0 Jo0.052 | m
0.0283 | 488 13,80 l 1.150 | 152,7 | 0.060 | »r
0.0294 | 493 14.50 {1.208 | 152.1 | 0.053 { &r
0.0440 | 338 14,88 J 1.248 | 151,7 | 0.080 | =ar
0.0473 | 381 18.60 { 1.s0 149,2 } 0,069 | xr
{ 0.0479 | 368 17.64 | 1,47 149,5 §0.067 | &7
0.0447 | 384 17.16 § 1.43 149,9 | 0,083 | »r
0.0442 | 391 17.28 ] 1.44 149.8 {o.085 | v
0.0499 § 392 19,56 § 1.63 248,0 ]0.058 | &7
o.0321 | s26 16,90 ] 1,408 § 1s0.1 ] o0.049 | 2T
0.0321 | so4 16.18 ] 1,348 ] 150,7 { 0.047 | 2T
0.0309 | 3500 15.46 §1.288 ] 1513 |c.oss | ar
9.0324* 530 17.16 } 1,43 149,9 ] 0.092 | &r
00321 | s42 {17.40 | 1.45 |149.7 }o0.004 | ar
0.0296 | sss 16.42 | 1.368 ] 550.5 | 0.064- | rY
. -
hoop~-direction.
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TABLE XXXI {(cont.)

s =

T et o et Al et A, et

N
N
~

; > / > <
| & /&8 /é:’ v &
; &'® & N + S
{
|
s 0.192
! o | 3:3%2 fo.2s2 § o.oses | 573 | 26.64 141,5
: 0.193
| R-13 | 0'3a | 0-227 | 0.0s05 | as0 | 15.80 1477
| 0.193
| R-17 § o%1sy | 0.237 | 0.0438 { 523 | 22.92 145,53
; R-33 |} 9-191 1 o.231 | o.0022 | ass 19.32 § 1.61 1482
| 0,174
! R-37 | 0-1% | 5233 §o.a24 | 453 | 19.20 § 160 § 148.3 | o.086 | 200°%
i 0.174 |
¥
3 R-a1 | -3%1 N o.1es fo.03a5 | 390 | 13.45 | 1.121 | 1530 | 0.0m | 0%
! 0.191
r-45 | J-1as lo.253 | 0.0474 fsaz fzs.« 222§ 143.0 |o.0e6 | 200%r |
249 | 0-jae |o.2e1 Jo.oase | 57 | .28 | 210 faas2 doomr §oaoe |
E‘ ; R-s3 1 0-1%0 Ro0.243 {o.oasa { s26 | 2388 | 1,09 | 1eas }o.0% | 200°F
t -
‘E R-69 | O-19¢ lo.241 {o.0a55 | sas 24,84 !z.nv 1441 ] 0,078 lraoo"r
ﬁ R-73 | 0-1% lo.249 Jo.0477 | ses | 27.3¢ l2.32 {1423 |o.om § 2000 |
: - T
] 277 | 2-1% Yo.268 §o0.0503 | ses | 3290 §270 |04 o.os7 | 2000
0,186 . . 4 1
]
R-20 f 3172 to.2s3 {o.0%3 | 975 {4512 {276 J132.2 §o.oes | 320%%
2-14 | 9:1%% Jo.217 Jowaos | 70 270 225 liazs o103 | 3000
0.177 -
R-18 3;133 0.212 §0.0388 { 739 22,68 §2.39 1417 1 0.107 { 320°F
.101
%3¢ | otes fo.240 lo.oazz | sar {2796 {233 luaz.z fo.oe | 3200s *’
R-38 |o7175 ]0.250 Jo.oass | 700 | 32.28 |2.60 |130.5 |o.0e8 | 220
a.1ez 1 N wois Vo oo Ao _ b
R-42 0.172 0,252 0.0459 H3b JU..,{.' 2a51 290,50 (R 3 3240 r*‘i
46 | 0-100 o262 Jo.oss7 | 754 ] 3,72 Jaos  |ase.o Jo.oss | saoor
- }
2-50 |0:3a9 |0.26s [0.0090 | 706 | 3000 [3.2s fi3s.6 ] o.0s3 30°F ;
)
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TABLE XXXI (cont.)

SR AL R Joth, o

T

N
[
H

(,
> &
D & ¥ N ) XN & Test
Temp,
0,190 - i ]
o.189 | 0.231 ] 0.0430 | a7 20.52 | 2.46 141,2 | 0.088 | 320°F
g'gg 0.255 k 0.0481 | 793 35.16 | 3.18 136.1 | 0.065 | 320°F
g'ig;’ 0.258 ! 0.0497 | 826 | 41.04 | 3.42 134.5 | 0.062 | 320°F
gjg 0.243 | 0.0454 | 774 35.16 | 2.93 137.8 | 0.076 | 320°F
|
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TABLE XXXXIX

PRECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER R543 (52-IN, DIA)

Component Specimen No,
Forward Skirt s1 - 3
Forward Closure S4 - 18

Foxward Cylinder

At Gl Weld $19 - 33
582 ~ 84
At G2 Weld S34 - 39
Aft Cylinder
At G2 Weld S40 - 45
At G3 Weld S46 ~ 60 : , :
§79 - 81
Aft Clcsure S$61 - 75
Aft Skirt $76 - 78
151
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TABLE XXXIII (cont.) ‘
O
> > @ /
< > ¢ v ° &
Q(§ R \Q& Qe Q‘Q \\V. Q'.'\ :{0 C,Q. ? é
& QAO * Q ¥ 2> W < QQ’ Test i,
Temp,
0.187 o 1
$.7 o'174 |0.256 ] o.04s8 286 13,10 }1.002 }153.3 Jo0.065 | -40°F !
r— 0.188 .
s-11 o170 | 0.268 | o0.0492 424 | 20.88 | 1.74 146.9 | 0.040 | -40°F -
S-15 g'ig?, 0,256 0.046¢ 328 15,34 1,278 151.4 0.062 -40°F )
Fa!
s-19 19:388 lo.22s Jo.ca08 | 262 | 10.70 [o.892 f1ss.s [o.00 | -10°F g
§-23 g-igg 0.242 !0.0457 307 | 14,04 |1.170 ]1s52.5 jo0.073 | -40°F .
- E
$-27 8'%33 0.25% | 0.0468 353 | 16.54 ]1.378 l150.4 |o.075 | -s0°F -
5-49 8’132 0.246 | 0.0462 252 | 11.65 lo.971 ]1s4.6 |o.070 | -a0°F }
s-53 [90-190 14 1838 |o0.0348 230 8,02 |o.668 }158.3 [o0.120 | -40°F
#c.lw * [ ] L ] [ ] L J [ 3 ]
s-57 [2-192 Jo.235 Jo.o4e1 | 226 |10.40 Jo.867 [155.8 [o.0m1 | -40°F
s-61 |2-193 lo.260 |o0.0516 333 | 17.16 | 1.43 149.9 ] 0.055 | -40°F ]
s-65 19-195 lo.2es fo.os12 | 352 |18.00 |1.50 |149.2 [o,050 | -s0°F
0,193 ° E
s-69 | 0:193 0.250 |o0.0487 337 ) 16.42 J1.368 }150,5 lo.050 | -40°F
H
%1 s-1 |90.113 |o0.259 |0.0203 700 | 20.52 |1.71 147,2 |o0.058 |=rr
3 s-2 0.114 |9.262 |o0.0299 700 | 21.2¢4 }1.79 146,5 ]0.054 | RT ;
4 s-3 . 1o0.114 Jo.250 }0.0205 732 | 21.60 |1.80 146.4 | 0.060 | RT {j
0.115 §0.272 |0.0314 sos §1s5.82 }1.318 |1s1.0 |0.046 | RT ,1
0.114 }o.261 ]0.0298 499 | 14.86 |1.238 }1s1i.8 |{o0.058 | RT ~
0.113
0.113 0,268 0.0303 448 13,58 1,131 152.9 0.049 RT Nl
0.0 lo.2se loara 1 oare Foanes lima lier: loosr ke
g-igg 0.237 | 0.0433 427 | 18.48 |1.54 148.8 ] 0.079 | rr ]
152 ]
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TABLE XXXIII (cont,)

&)
&
’ ¥ ) Q
. ‘ & (&3 Test
Q
Temp,

s-16 | 0.191 1 g 254 | 0.0470 430 | 22.56 | 1.88 145,7 | 0,062 | KT

s-20 | 3:387 | 0.230 | 0.0439 304 | 17.28 | 1.44 149.8 {o0.078 | RT
- iy
0,150 N

s-2¢ | ovioe | 0.238 | 0.0445 426 | 18.96 | 1.58 148.4 | 0.078 | RrT
s-28 | 0-18% | 0,240 | 0.0446 | 436 | 19.44 | 1.62 | 148.1 lo.076 |'mRr

S§-31 0.105 0.259 0.0272. 401 10,92 0.910 155,3 0.056 RT

5-32 0.106 0.269 0.0285 440 12,55 1.046 153.8 0,049 RT

S-33 0.107 0.269 0.0288 500 14,39 1,199 152,2 0.048 RT

S-34 0.102 0.263 0.0268 351 9.40 0.783 156.38 0,054 éT

§~-35 0.105 0.278 0.0292 489 14,27 1,189 152.3 0.059 RT

5-36 0.106 0.274 0.0290 496 14.39 1,199 152.2 ] 0.043 RT

i A et B 8T AT ATt

s-37 | 0.186 14 248 | 0.0454 289 | 13.20 | 1,002 | 153.3 | 0.067 | »T

0,180 :
$-38 g'igz 0.247 | 0.0446 373 | 16.64 | 1.387 | 1s0.3 |o.070 | rT ¥
0.100 : 1K
$-39 | o'17s |0.237 | o0.0433 393 | 17.02 | 1.418 | 150.0 Jo.0s0 | rT -
0.185 , o .
s-40 | 0+1%% jo.2:5 | 0.0389 247 9.60 {0.800 }156.¢ ]|o.100 | rr N
s-a1 | 0189 1,238 | 0.0441 302 } 13.33 {111 Jis3.2 10.07 R .
0.182 iL
0.190 ‘
s-42 | °1e1 |0.211 }o0.0391 290 § 11,34 Jo.9a5 |1s54.9 fo.105 frr .

5-43 0.106 0.078 0.0083 171 1,416 0.138 166,6 0.238 RT

S5-44 0.107 0.280 0.0300 360 10.81 0.9%1 155.4 0,038 RT -

s-a5 [0.107 Jo.262 Jo.0280 | 371 | 10,40 fo.867 |1ss.8 Jec.oss frr -

S=46 0,103 0.275 0.0283 336 ¢.50 0,792 156.7 0.042 RT

S-47 0,105 0.243 -} 0.02%5 342 8.72 0.72% 157.5 0.072 |} RT

153
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TABLE XXXIIY (cont.)

.

i

T
£33

)
> &
< <& Nt ® & Q
& v ¥ S ‘ & :
Q Q¥ - @ Q < Test
Temp,
s-48 1 0,106 ] 0.271 | 0.0282§ 3% 9.890 § 0.824 | 156.3 | 0.045 | rT
0.193
5-50 | o'1s3 { 0247 | 0.04m1 36: | 17.02 | 1,418 | 150.0 | 0.069 | RrT
e
S~54 goigg 0.233 | 0.043s 278 } 12,11 | 1,009 | 154,2 ] 0,082 | rT
5-58 g°i§i 0.187 | 0.035% 269 9.40 | 0.783 | 156.8 | 0.128 | rr
0.104

$-62 | 02286 | 0-245 | 0.0466 | 464 | 21.60 | 1.80 146,4 | 0,067 | RT
$-66 g°i§; 0.240 | 0.0455 475 | 21.60 | 1.80 146.4 | 0.077 | »r
5-70 g':g; 0.248 | 0.0472 435 | 20.52 | 1.71 147,2 | 0.07t | Rt
s-73 fo.16 }o0.267 }o0.0310 | 491 | 25.22 J1.268 }1s1.s loos: | et
s-74 lo.118 }o0.272 !o.0321 583 | 18.72 | 1.56 148,6 | 0.043 | rr
s-75 }o0.118 Jo0.264 Jo.0316 | s77 | 1s8.24 |1.s2 149,0 | 0.054 | =T
s-76 §0.1213 J0.260 J0.0304 | 766 | 23.2% |1i.04 145.2 | 0.050 | RT
s~77 106.113 ]o0.274 1} 0.0310 770 | 23.88 1§ 1.99 144.8 | 0.046 | rr
s-78 |o0.124 ]o0.273 |o.0311 722 | 22,44 | 1.87 145.8 | 0.046 | RT

®
s<79 J0.104 |o0.247 Jo.0257 | 546 | 14.04 l1.170 1s2.5 [o.073 | mr
$-80 ]0.105 J0.274 |o0.0288 | e613* | 17.64 |1.47 149,5 | 0.046 | Ry

*
s-81 J0.105 }0.272 |o0.0286 | 646 | 18.48 |1.54 148.8 ]0.044 | RT

®
s-82 10,105 Jo.264 ]0,0277 | 481" }13.32 1111 luss.r Jo.0sz |er

*
s-83 Jo.105 }o.272 |} o.0286 361 | 13.92 |t.160 [1s2.6 |c.046 | rr
. r 3
s-84 |0.105 {0.264 ]0.0277 { s07 | 14.0¢ J1.170 |1sz.5 Jo.05¢ | kv

Etac_k propagating in the chamber hoop-directliﬁx.
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TABLE XXXIII (cont.)

<
Q}} > & Ao ¥ ‘&
ol & & & \ & > & S
Y * Q 2 ¢ @ Q Test
- Temp,
s-0 | 9:1%6 |o.253 Jo.oae0 | 683 | 31.44 |2.62 | 140,0 }o0.066 | 2008
s-13 | 0:1%% 1o.237 Jo.0a30 | 647 | 2784 [2.32 |142.3 fo.0sc | 200°F
$-17 g-igg 0.260 | 0.0482 s28 | 25.44 | 2.12 14:.8 | 0.055 | 200°F
s-21 g-;gg 6.232 | 0.0423 s22 | 22,08 | 1,84 146,0 | 0,084 | 200°F
S-25 g-igg 0.239 | 0.0448 549 | 24.60 1§ 2.05 144,3 § 0,075 | 200°F
s-20 | 2-189 lo.2s0 [o.0460 | 592 | 27,24 |2.27 |142.6 |o.065 | 2000F ]
<} -
S-51 8'{33 0.241 | 0.0457 473 | 21,60 | 1.80 146.4 | 0.074 | 200°F
s-ss [ 0-187 10,314 |o0.0571 691 | 30.48 | 3.29 135.3 200°F

s-s9 0193 15105 }0.0366 331 | 12,11 ] 1.009 }1s4.2 Jo.126 | 200°F

s-63 |9-194 14 256 |o0.0488 642 | 31.32 ] 2.61 140.1  §0.062 | 200°F

s-67 90193 15 261 |o0.0493 677 {33.36 l2.78 138.9 }o0.055 | 200°F

s-71 g'ig; 0.256 | 0.0488 625 | 30.48 | 2.54 140.6 |0.060 , 200°F

S-10 8'i$§ 0.258 |0.0468 928 | 43.44 }3.62 133.2  {0.063 | 320°F

s-14 }0.188 14 243 10,0442 839 | 37.08 ]3.00 136.7 10.076 | 320°r

S-18 g-igi 0.255 ]0.0476 850 | 40.44 |]3.37 134,8 }0.,063 | 320°F

S-22 8'%32 0.234 ]0.0436 820 35.76 |2.98 137.5 [o0.082 | 320°F

$-26 g-:gg 0.245 10.0458 846 | 38.76 |3.23 135.2 }0.072 | 320°F .

RLY

$-30 0-}23 0.247 ln nasz 217§ 41,32 [ 3.40 34,2 | 0,071 | 320°F ﬂ

C.1

$-52 g°185 0.248 | 0.0466 s79 | 27,00 |2.25 142.8 |0.069 | 320°F .
0.1
0.1

33 0.239 0.0449 516 23,16 1,93 145.3 0,077 320°F

1
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TABLE XXXIII (cont.) a
;
7/ ~
H
o ;
> & :
NI ¢ <& g © &
9 & ¥ ; X &
* ¥ * & o & Test M
Temp. zf
3'{-}’3 0.236 | 0.0433 599 | 25.92 | 2.16 143.4 | 0.081 | 320°F .
goig‘; 0.235 | 0.0447 | 1052 | 47.04 | 3.92 131.2 | 0.082 | 320°F 3
0.193 - -~ v 'l
0.262 | 0.0495 941 | 46.56 | 3.58 131,5 | 0.057 | 320vF
0,185 i
0.194 {4 245 | 0.046¢ 798 | 37.20 | 3.10 136.6 | 0.074 | 320°f
0,186 -
[
{
I
[
il
1
{*
156
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TARLE XXXV

PRECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER 673078 (14 IN. DIA)

: Component Specimen No.
Forward Dome -
b Forward Adaptor El - 14

Forward Cylinder

At Gl Weld E% - 30
i At G2 Weld E3l - 36
4 Aft Cylinder
At G2 Weld E37 - 42
| At G3 Weld E43 - 57
Aft Flange ES8 - 72
E73 - T8%

¥Specimens taken at intersection of pri-
mary fracture (axial) and secondary
fracture Choop) in aft flange,
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TABLE XXXV (cont,)

e |

k

> < ;

> 3 v ) < !

A . & N Q- .

) > & \3 : » © Q ;
’ %é' §F ¥ Q & & X U /Test -
‘i Temp, i :

0.175 0,271 0.0475 318 15,10 1,258 151.6 0,044 -40°F 7

0.175 0.249 0.0437 318 13.92 1,160 152.6 0,065 -40°F

0.175 0.277 0.0485 435 21,12 1.6 146.7 0.038 -40°F

- 1

0.171 0.264 0,0452 368 16.64 1,387 150.3 0.051 -40°F

g

A

0.173 0.178 0.0308 271 8.36 C.697 157.9 0,136 -40°F

0.177 0,268 0.0475 488 23.16 1,93 145.3 0.047 -40°F

0.178 Vv.273 0.0487 483 23,52 1,96 145.0 0,042 -40°F

0,178 0.267 0.0476 398 12.96 1.58 148.4 0,048 -40“F

L3 99}

Ty s

0.175 0.248 0.0435 403 17.52 1,46 149,6 0.0636 § RT

0.174 0.257 ¢.0448 374 16,78 1,398 1 150.2 0.0604 { RT ~

0.171 0.270 0.0462 530 24,438 2.04 144.4 ¢.,0448 | RT

0.174 0.2169 §| 0.0377 | 324 12,228 | 1.019 154,1 -40°F

0.167 0.2376 § 0,0397 404 16,056 | 1.338 150.8 -40"F

0.171 0.2191 § 0.0375 343 12,876 | 1.073 153.5 -40°F

0,169 0,2271 } €.0384 393 15,096 | 1,258 151,6 |} -40°F

v TR wowons I wonounts B womens |

0.108 | 0,2560 | 0.0276 | 7c4 19.44 | 1.62 148.1 RT
0,108 1024621 0 0neg 1 ocen 13,976 § 1,243 § 151.7 RE gl 1
0,108 | 0.2495 | 0.0269 | 669 18,00 | 1.50 149,2 RT

Py
i

P
[ W
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TABLE XXXV (cont,)

m e A ——- s s v

“
O‘{g‘ le ' e \S Ng (3‘5"0 Q
‘gbé?. N 5b v \ & <« <§, ¢ T:est
mp.
E-4 0.173 | 0.2296 § 0.0397 | 414 16,416 | 1.368 | 150.5 RT
E-16 0.172 { 0.2544 | 0.0438 | 564 24,72 | 2.06 144,2 RT
E-28 0.102 } 0.267¢ | 0.0273 |} 701 19,14 | 1.595 | 148,3 RT
E-29 0.101 | 0.2525 | 0.0255 | 518 13,212 | 1.101 153.2 RT
E-30 0.100 |} 0.2394 | 0.0239 | 672 16,056 | 1.338 | 150.8 RT
E-31 0.097 | 0.2619 | 0.0254 | 655 16,644 | 1,387 | 150.3 RT
E-32 0.097 | 0.2700 | 0.0262 | 824 21.60 ] 1.80 l 146.4 RT
E-33 0.098 | 0.2010 } 0.,0256 | 703 18,00 ] 1.50 149,2 RT
E-35 0.172 | 0.2692 | 0.0463 | 671 31.08 | 2.59 140,2 gr\
E-37 0.167 | 0.2162 | 0.0361 | 482 17.40 } 1.45 149.1 RT
E-38 0.168 | 0.2000 | 0,0338 | 422 14,268 | 1.1890 § 152.3 'x; ’
E-39 0.171 | 0.2562 | 0,0438 | 464 20,34 | 1.695 | 147.3 © ' RT
E-40 0.100 | 0.2428 | 0.0243 | 494 12,00 § 1.000 | 154.3 RT
B-41 0.100 | 0.2469 | 0.0247 | 446 11,028 | 0.919 | 155,2 RT
E-42 0,100 |} 0.2458 | 06,0246 | 488 12,00 | 1.000 | 154.3 RT
E-43 0.097 | 0.2654 | 0.0257 | 643 16,536 | 1,378 | 150.4 RT
E-44 0.098 | 0.2566 | 0.0251 | 625 15,696 | 1,308 [ 151,1 RT
B-45 0.098 | 0.2350 | 0.0230 | 555 12,768 | 1.064 | 153.6 RT
E~46 0.166 | 0.2503 | 0.0415 | 512 21,24 1,77 ] 146,6 RT
B-54 0.168 | 0.2261 | 0.0380 | 477 18.12 i.sz 149,1 RT
E-38 0.174 | 0.2419 | 0.0421 | 687 28,92 | 2.41 141,6 RT .
161
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TABLE XXXV (cont.) H{
]
© i
4 /&S ES) S S E ) s |
‘SQ,Q.O' & & ¥ 2 & Q & ¢ Test P
Temp. :
E-70 | 0.106 | 0.2510] 0.0266 | 650 | 17.28 | 1.44 149,8 RT -
L .
E-71 | 0.207 | 9.2508 | 0.0268 { 645 | 17.28 | 1.44 149,8 RT !
B-72 | 0.106 } 0.2501 | 0.0265 | s70 | 15.006 | 1.258 | 1s1.6 RT ?
B8-73 | 0.108 | 0.2605 | 0.0281 | 632 | 17.76 | 1.48 | 140.4 RT .
E~-74 | 0.108 | o0.2511 | 0,027 | 642 | 17.40 | 1.45 149,7 RT ;
E-7s | 0.107 | 0.2445 | 0.0262 | 567 14,856 | 1,238 | 151.8 RT I"
£-76 | 0.105 | 0.2587 | 0.0272 | s2s *| 14.268 | 1.180 | 152.3 RT
E-77 ] 0.105 | 0.7510 | 0.0264 | 492 *| 12.506 { 1.083 | 153.4 RT [
£-78 | 0.105 | 0.2437 | 0.0256 | 530 *| 13.80 | 1.150 | 152.7 RT {
E-24 | 0.122 | 0.270 | 0.0465 | s34 | 24.84 | 2.07 | 144.1 | 0.0436 | RT
E-3¢ | o0.174 ] o0.276 | 00481 | 738 | 35.52 | 2.96 137.6 | 0.0364 | RT {E
E-3 ] 0.173 § 0.237 | 0.0410 | 442 | 18.12 | 1.s1 | 149.1 | 0.0766 | rT }
B-50 | 0.172 | 0.258 | 0.0444 | 462 | 20.52 } 1.71 | 147.2 | 0.0557 | =T
E~62 | 0.177 | 0.208 | 0.0528 | 827 | 43.68 | 3.64 133.0 | 0.0197 | RT ]
B-66 | 077 |o.255 | 0.0a52 | 603 | 27.24 | 2.27 | 142.6 | 0.0502 | &t "{
[t
£-6 0.176 | 0,266 | 0,0468 | 712 | 33.48 } 2.70 | 138.8 | 0.0496 | 200°F J
B-10 ] 0.172 |} 0.254 | 0.0437 | 640 27.9 | 2.33 142.2 | 0.0625 | 200°F g
B-18 }J 0.377 | 0.250 | 0,0443 | 631 | 27.06 | 2.33 | 142.2 1} 0.0622 | 200°F :
-22 o7 jo.2s2 | o0.0e3t | 720 | 30.60 | 2.55 140, | 0,0630 | 200°F -
B-52 {0.173 |0.273 | o0.0472 | 719 | 33.96 §2.33 | 138.5 | o.0417 ! 200°F [

*Crack propagating in the chamber hoop-direction.
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ﬁ TABLE XXXV (cont,)
g . / o
'{‘0 L ‘:0 < > ) Qly :
% 9 > & \J - > & O /rest
Q®§ 2) Q * N &> Q es
e Temp.
; E-56 0.174 § 0.257 | 0.0448] 676 30.30 | 2.525 | 140,7 | 0.0598] 200°F
E-64 0.177 | 0.258 | 0.0457 ] 873 39,90 | 3.325 | 135.1 | 0.0541r] 200°F
i E-48 0.166 | 0.2640 ] 0.0438 | 815 35,70 | 2.975 | 137.5 200°F
3 E-60 0.176 | 0.2564 ] 0.0451 } 990 44,64 | 3.72 132.5 200°F
E-68 0.175 0.2406 | 0.0421 862 36.30 3.025 137,1 200*F
1 < |
! E~7 0.174 | 0.267 | 0,0464 | 998 46.32 | 3.86 131.6 | 0.05t | 320°F
E-11 0.173 | 0.277 | 0.0479 | 902 43.20 | 3.60 133.3 | 0.041 Lséo's:
! E-14 0.179 | 0.254 | 0.0455 | 916 41.70 | 3,475 | 134.1 | 0.063 | 320°F
E-19 0.173 | 0.284 | 0.0491 | 1230 60.60 | 5.05 124.2 | 0.033 | 320°F
! E~23 0.171 | 0.287 | 0.0491 | 1050 51.41 | 4.284 | 128.6 | 0.033-| 320°F
! E-26 0.172 | 0.228 | 0.0392 | 784 30.72 | 2.56 140,4 | 0.09% | -320°p
E-57 0.173 | 0.274 | 0.0474 | 89s 42,42 ] 3,535 | 133.7 | 0.04a | 320°F
l E-65 0.175 | 0.285 | 0.049¢ § 1100 55,18 | 4,598 | 126,7 | 0.031 | 320°F
3 E-69 0.175 | 0.285 | 0.0499 | 908 45.30 | 3.775 | 132.1 | 0.03t | 320°F
E-49 0.169 1 0.2443 | 0.0413 | 1081 43,64 | 3.72 132.5 320°F
! E-53 0.169 | 0.2458 §| 0.0415 | 1005 41,70 | 3.475 | 134.1 320°F
3 B-61 0.176 | 0.2597 | 0.0457 | 1174 53.64 | 4.47 127.5 320°F
i
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TABLE XXXVII

PRECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER 673095 (44 IN, DIA)

Component Specimen No,
Forward Dome -
Forward Adapter Fl1 - 15

Forward Cylinder

At Gl Weld Fi6 - 30
At G2 Weld B31 - 36
Aft Cylinder
At G2 Weld F37 -~ 46
At G3 Weld F47 - 61
Aft Flange ¥62 ~ 76
165
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TABLE XXXVII (cont.)

. nro—

> » ©
Q'éi" %\6\ ) 0 Véov *\:"' 'So \:@ ‘é{?@ (.:Q Test
‘3 N ) N Temp,
Fud 0.172 § 0,23¢ | 0.0403 | 413 16.63 | 1.387 | 150.3 } 0.082 | ~40°F
F-8 0.174 } 0.235 | o,0410 {| 383 15,70 | 1,308 | 151.1 | 0.080 | -40°F
F-12 | 0,176 | 0.231 | 0.0407 | 331 13.46 | 1,121 | 153,0 | 0.08 | -40“F
F-16 § 0.174 } 0.220 | 0,0383 | 225 8.63 | 0,720 | 157.6 | 0.091 | -40°F
P~20 } 0.175 | 0.237 | 0.0415 | 393 16.30 | 1.358 |} i50.6 | 0.073 | -40°F
F~24 ] 0,175 ] 0.255 | 0.0447 | 365 16,30 | 1.358 ] 150.6 | 0.062 | -40°F
F=50 J 0.174 ] 0.276 | 0.0486 | 247 12,00 | 1.000 | 154.3 | 0.040 | -40°F
P-54 ] 0.178 | 0.055 ] 0.0098 | 253 2.48 | 0.207 | 165.3 | 0.262 | -40°F
F-58 | 0.179 |} 0.218 | 0.0390 | 208 8,10 | 0.675 |} 158.2 | 0.095 } -40“F
F-62 | 0.155 | 0.244 | 0.0379 | 266 10,10 | o.84r | 156.1 | 0.070 | -40°F
P-66 | 0.168 | 0.315 | 0.,0530 | 313 1.66 | 0.138 | 166.6 ~40°F
F=70 0.165 0.238 0.0393 252 9.89 0.824 156.3 0.077 -40°F
P2 ] 0.206 ]o.222 { 0,0235 | 497 14,04 | 1,170 | 152,5 | 0.095 | RT
P2 0,106 | 0,240 | 0.0254 | 613 15.58 1.298 151,2 | 0,075 RT
F~3 0.106 | 0.278 } 0.0295 | 476 14,04 | 1.170 | 152,5 | 0.038 | RT
;-s 0.172 | 0.262 | 0,0452 | 4384 21.84 | 1.82 146,2 | 0,051 | RT
£-9 0.172 | 0.288 | 0.0496 | 650 32,22 | 2.685 139,5 | 0,024 | RT
F-13 | 0.175 | 0.262 | 0,0459 | 504 23.15 | 1,93 145.3 | 0,054 1 RT
'Pnl‘l ) 0.174 0.253 nuzmm 542 22 8RR 1 00 144 @ 0 nga or
Fe21 { 0.176 § 0.285 | 0.0502 | 674 33.84 | 2.82 138.6 | 0.034 | ®T
166
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TABLE XXXVII (cont.)

Tt “ahe

T rey
-~

/ ;
<>§ & \"'b & v s ¥ <§"& Q
g /) € & ¥ Q & < & o [ Test
emp,

F-25 | 0.176 | 0.208 } 0.0472 ) 592 | 27.96 | 2.33 | 142.2 | 0,050 | rr

F-28 | 0.101 | 0.259 | 0.0262| 608 | 15.94 | 1.328 | :50.9 | o.056 | Rt |
F-20 | 0.101 | 0.276 | 0.0279 | 662 | 18.48 | 1.54 | 148.8 | 0.039 | rr }
F-30 | o.101 | 0.279 | 0.0282 ) 783 | 22,08 | 1.84 | 146.0 | 0,037 | rr !
F-31 | 0,099 | 0.246 | c.0244 | 452 | 11.03 | 0.919 | 155.2 -0.069__ T }
F-32 | 0,101 | 0.289 } 0.0292 | 666 19.44 | 1.62 148.1 | 0,026 | RT

F-33 § 0,102 | 0.224 | 0.0218 | 677 | 14,75 | 1.220 | 151.0 | 0.090 | wr
F-3¢ | 0.178 | 0.254 | o.0a52| 666 | 30.12 | 2.51 | 140,8 | 0.004 3 wr
F-35 | 0.178 | 0.220 | 0.0408 | s41 | 22.08 | 1.8¢ | 146.0 | 0.080 Jimr  f
F-36 | 0.178 | 0.288 | 0.0513 | 6% | 35.70 | 2.975 | 137.5 | 0.0%0 7'—m'
F-37 | 0.172 | 0.263 | 0.0453 | 352 | 15.94 | 1.328 | 150.9 | 0.052 |.®rT

F-38 | 0.176 ; 0.278 | 0.0489 | 444 | 21,72 | 1.81 | 146.3 _;o.olu 1ar
739 | 0.17¢ | 0.266 | 0.0063 | 362 | 16.78 1.398 | 150.2-} 0.054 RT
F-40 | 0.103 | 0.271 | 0.0280 | 401 | 12,23 ] 0.936 | 155.0 | 0.042 : pT
F-a1 | 0,101 | 0.265 | 0.0268 | 384 | 10.30 | o:8ss | 155.9 | ol0s1 | mr
Feaz | 0.101 | 0.256 0.0248 | 334 8.28 1 0,690 | 158.0 | 0,050 | rT
F-43 | 0.097 | 0.257 ‘| 0.0250 | 39 9.89 | 0.824 | 156.3 | 0,058 | o

F44 | 0,102 | 0.254 | 0020 | 200"| 7.78 | o.648 | 158.6 | 0.061 | rr

F-45 | 0.102 | 0.235 | 0.0240 | 280"| .71 | o.ss0 | 150.8 | 0,082 | ey

F-46 | 0,102 { 0.244 | 0,0249 | 325* ] .10 | 0.675 | 158.2 | 0,710 | RT

F-47 | 0,099 | 0.253 | 0.0251 | 355 8.92 | 0.743 | 157.3 | o.0610] nr

*Crack propagating in the chamber hoop-directiom.
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TABLE XXXVII (cont.)

NI |

2 v o &
ih\ol\ y Q ' {'{-‘/ QA\‘Y & :\ x\'(o Q“S’Q- ()Q' Test
Temp.
F-48 | 0,099 | 0.284 | 0,0281 ] 410 | 11.77 | 0.081 | 154.5 § 0.033 | &t
F-49 | 0.008 | 0.278 | 0.0273] 392 | 10.70 | 0.892 | 155.5.] 0.0346] RT
- S -
F-51 | 0.176 | 0.249 | o0.0430 | 352 | 15.46 | 1.288 | 151.3 | 0.0634] RT
F-55 § 0.179 | 0.249 | 0.0446 | 382 | 17.02 | 1.418 | 150.0 | 0.050 | rT
P-5¢ | 0.179 | 0.265 | 0.04a75 | 302 | 18.60 | 1.55 | 148.7 | o.0513| mrt
P63 | 0.156 | 0.260 | 0,0406 | 351 14.27 | 1,180 | 152,3 | 0.057 | rr
P67 0.1 | 0.261 | 0.0847 | 400 | 1760 | 1.a0 | 1493 | 0.0510] mr
F-72 | 0.165 | 0.248 | 0.0400 | 381 | 15.58 | 1.208 | 151.2 | o.070 | w1
F-74 § 0.202 | 0.265 | 0.0270 | 498 | 13.45 | 1.121 | 153.0 | 0.0518} mrr
F-75 | 0.103 |} 0.256 | 0.6264 | 459 | 12,21 | 1.000 | 154.2 | 0.0502| rr
F~76 | 0.104 | 0,234 | 0,0244 | 418 | 10.19 | 0.349 | 156.0 | 0.0795 | mrT
F-6 | 0.174 } 0,256 | 0.0445 § 685 | 30.48 | 2.54 | 140.6 | 0.0832 | 200°F
F-:lo 0.170 0.228 0.0338 589 22.86 1.905 1_45.5 0.0§05 200°F
F-14 | 0.176 | 0.271 | 0.0477 | 631 30.12 | 2.51 | 140.8 | 0.0504 | 200°F
F-18- ] 0.176 | 0,237 | 0.0417 | 708 | 20.52 | 2.46 | 141.2 | o.0817 | 200°¢
F-22 | 0.176¢ | 0.259 | 0.0a57 | 769 | 35.26 | 2.03 | 137.8 | 0.0589 ] 200°F
P26 | 0.176 | 0.280 | 0.0493 | 769 | 37.92 | 3.16 | 136.2 | 0.0374 | 200°F
s-gzvv "0.177 | 0.261 0.6463 532 | 24.60 | 2.05 | 144.3 | 0.0579 | 200°F |
F-56 | 0,178 |} 0,276 } 0.0492 | 568 | 27.96 } 2.33 | 142.2 | 0.0300 | 200°F
560 | 0.179 | 0.246 | 0.04a1 | 577 | 25.48 | 2.12 143.8 | 0.0688 | 200°F
168
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TABLE XXXVII (cont.)

Ao G

3 » <@
\é“' l\'b < Q/Y > o Q«" Q
Un- Q@ Q';é ‘4_- \i & A é’
&L &* ) Q $ < & G frest
2 T

emp,

F-64 | 0.158 | 0.224 | 0.0354] 470 16.64 | 1.387 | 150.3 | 0.0933] 200°F
F-68 | 0.169 | 0.268 | 0.0453 ) 576 26.10 | 2.175 | 143.3 | 0.0475] 200°F

£=72 | 0.167 | 0.258 | 0.0431 ] se8 24.48 | 2.04 144.4 | 0.0632] 200°F

F-7 6.173 | 0.260 | 0.0450 | 1424 51,41 | 4.28¢ | 128.6 | 0.060 | 320°F
F-11 | 0.272 | 0.288 | 0.0495 | ocs 44,94 | 3.745 1 132,32 | 0.028 | 320°¢°

F-15 | 0.175 | 0.113 | 0.0198 { 606 12,00 | 1,000 | 154.3 | 0.200 | 320°F
F-19 | 0.176 | 0.297 } 0.03a7 | 837 29.04 | 2.42 11,5 | o0.121 | 320°F°
T " "

g-23 | 0.177 | 0.262 | 0.0464 | 3891 41,34 | 3.445 | 134.3 | 0.056 } 320°¢

e

F-27 | 0.178 |} 0.268 | 0.0477 | 1030 49,14 | 4.095 ] 130.1 | 0.049 | 320°F.

F-53 1 0.178 | 0.279 | 0.0497 | 752 37.38 1 3.115 | 136.5 | 0.039 | 320°¢
- [

F-57 0.178 0.274 0.0488 759 37,02 3.085 136.7 0.047 1. 320°F-

- o m -
F-61 | 0.178 | 0.264 | 0.0470 | 1038 48.78 1 4.065 | 130.3 | c.052 | 320°F
[ ‘;‘*

F-65 | 0.164 | ¢.086 | 0.0141 | 445 6.28 § 0.523 | 160.3 | 0.232 | 320°F
F-69 - | 0.166 | 0.261 | 0.0433 | 765 33.12 | 2.76 130.¢ | 0.060 | 320°¢ |
F-73 | 0.167 ] 0.277 | 0.0462 | 761 35.16 | 2.93 137.8 | n.039 -§ 320°F
169 -
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TABLE XXXIX

PRBCRACK CHARPY IMPACT DATA

acwm

PR NS

MINUTEMAN CHAMBER $73122 (44-IN, DIA)

Component

Forward Dome
Forward Adaptor
Forward Cylinder
At Gl Weld
At G2 Weld
Aft Cylinder
At G2 Weld
At G3 weld

Aft Flange

in

Gl

G156

G22

G37

G52

G58

21

51

57

Specimen No,

S A TN Y
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TABLE XXXIX (cont.)

> > <@
Q’ép:‘ *\\)Ab Q@.b Y?_Q,"' * .\e"{o \"qo é,é'o (,Q et
‘3 N ° Temp,
G-4 0.177 | 0,218 -' 0,0386 280 10.81 0.901 155.4 0.095 -40°F
G-8 0.178 | 0.266 | 0.0474 392 18,60 1,55 148,7 ) c.049 -40°F
rrG_-3.2 0.180 | 0,261 } 0,0470 | 452 21.24 1,77 146,6 | 0.053 -40°F
G=25 0,173 | 0.276 | 0.0478 354 16,90 1,408 150.1 | 0.040 ~40°F
G-29 0.170 | 0.280 | 0.0477 352 16,78 1.398 150.2 | 0.035 -40°F
0.174 0.282 0.0491 359 17.64 1.47 149.5 0.034 ~40°F
0.174 | 0,272 | 0.0473 378 17.88 1.49 149.3 | 0.043 -40°F
0.172 | 0,260 | 0.044S 464 20,64 1,72 147.1 | 0,054 -40°F
0.171 | 0.250 §{ 0.0428 386 16,54 1.378 150.4 | 0.064 -40°F
6,176 | 0.275 C.0490 169 8.28 | 0.690 158,0 § 0,042 ~-40°F
0.178 ' 0.278 { 0,0495 468 23.16 1.93 145.3 | 0.036 ~40°F
0.178 | 0.262 | 0.0480 350 16,78 1.398 150.2 | 0,048 ~-40°F
0.102 { 0.230 } 0.0235 557 13,10 1,092 153.3 § 0.0840 | RT
0,102 | v.2890 | 0.0295 532 15.70 1,308 151,1 | 0.0265 | RT
0.103 j 0,282 | 0.0291 631 18,36 1.53 148.9 | 0.0307 | RT
0.176 | 0.252 ].0.0443 } 693 } 30,72 2.56 142,7 | 0.0594 | RT
—
0,176 | 0.272 | 0.0479 | 6356 31.44 2.62 140,0 | G,0437 } RT
0.178 | 0.25¢ | 0.0452 | 688 31,08 2.59 140.2 } 0,0622 | RT
0.172 | 0,243 | 0.0419 | 578 24,24 2.02 144,56 0.0733 | KT
04171 | 0.260 | 0.0445 404 18,00 1.56 149,2 | 0.0551 | RT
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TABLE XXXIX (cont.) :
> » &
S/ ES oSS s
&7 Q 2+ s ? Q
G-18 0.170 | 0.263 | 0.0448 | 334 14,98 | 1,248 | 151.7 0.0523[ RT
G-19 | o.101 | o0.271 | 0.0274| 410 11.23 | o0.936 | 155.0 | 0.0439] R
G-20 | 0,103 | 0.277 | 0.0286 | 396 11,34 | 0.945 | 1s4.9 | 0.0369] RrT
G-21 | o0.102 | 0.265 | 0.0270 | 412 11,12 | 0.927 | 155.1 | 0.0504] RrT .
G-22 | 0,100 | 0,278 | 0.0278 | 498 16.64 | 1.387 | 150.3 | 0.037a} Rt |
G-23 | 0.100 | 0.288 | 0.0288 | s62 16,18 | 1.348 | 150.7 | 00277} rr |
G-24 | o.101 | o0.280 | 0.0283 | s88 16.64 | 1.387 | 150.3 | o0.03azf xr |
G-26 | 0.171 | 0.256 | 0.0438 | 408 17.88 | 1.49 | 149.3 | o.0ss2f vt
G-30 | 0.170 | 0.274 | 0.0466 | s54 25,80 | 2.15 142.5 | 0.0401] RT
G-3¢ | 0,170 | 0.277 | 0.0472 ] 491 23.16 | 1,93 145.3 o».o«); RT
G-38 | 0.172 | 0.273 | 0.0470 | 631 29,64 | 2.47 | 141.1{ o.0a61] wr
G-42 | 0,171 | 0.269 | 0.0460 | 634 20,16 | 2,43 141.4 | 0.0457} rT
G-46 | 0.169 | 0.265 | 0.0445 | 593 26.64 | 2,22 143.0 | 0.0404] ®T
G-49 | 0.097 | 0.278 | 0.0270 | 550 14,86 | 1.238 | 151.8 | o0.0381} nr
G-50 | 0.007 | 0.283 | 0.0275 | 620 | 17.04 | 1.42 | 124s.y | c.0323} wr .
G-51 | 0.097 | 0.282 | 0.0274 | 586 16,06 | 1.338 y 150.8 | 0,037z} =r
4
G-52 | 0.093 | 0.271 | o.0252 | 441 11.12 | 0.927 | 155.1 | 0.0442} RT
G-53 | 0.094 | 0.272 | 0.0256 | 464 11,88 | 0,990 | 154,4 | 0.,0433] aT
G-54 | 0.005s | 0.263 | 0.0250 | 542 13.60 | 1.141 | 152.8 | o.051 ) RT .
G-55 0.166 | 0,273 | 0.0453 | 387 17.52 | 1.46 149.6 | 0.0826 | RT {°
G-56 | 0.170 | 0.253 | 0.0430 | 502 | 21.60 | 1.80 146.4 | 0.0626] =T ;
B
)
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TABLE XXXIX (cont.)

g P TS

& S S SES
&£ N ¥ R & © & S S,
Temp.,
0.173 0.277 0.0480 631 30.30 2,525 140,7 0.0484 RT
0,180 0.270 0.0486 640 31,08 2,59 140.,2 00,0379 RT
0,179 0.280 0.0502 631 31,68 2,64 139.8 0.0350 RT
0,178 0.271 0.0483 602 29,04 2.42 141.5 0.0444 RT
0.104 0,281 0.0293 487 14,27 1,186 152.3 0.0337 RT
0.107 0.285 0.0305 519 15.82 1,318 151,0 0.0314 RT
0.107 0,280 0.0300 503 15.10 1.258 151,6 00,0359 RT
0,178 0.258 0.0460 753 34,62 2.885 138.1 0.0570 200°F
0.178 0.270 0.0481 1040 50.26 4,188 129,2 0.0448 200°F
0.17é 0.281 0.0503 1100 55,37 4,614 126,6 0,0352 200°F
0.172 0.261 0.0449 750 33.66 2,805 138.7 0.0574 200°F
-0.171 0.260 0.0445 289 12,88 1,073 153.5 0.0553 200°F
0.i72 0,290 0,0499 875 43,68 3.64 133,0 00,0268 200°F
0.173 0,272 0.6469 862 40,44 3.37 134.8 0.0447 200°Fj
4 0.175 0.248 0,0434 865 37.5¢ 3.13 13¢6,.4 0.0724 200°F
0,174 0.245 0.0427 719 30.72 2.56 140.4 0.0720 200°F
0.179 0,276 0.0465 770 38.10 3.175 136.1 0,0392 200°F ]
6.179 0,280 0.0502 791 39,72 3,31 135.2 0.,0358 200°F
0.179 0,279 00,0500 1060 52.99 4,416 127.8 02,0375 200Q°F
174
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TABLE XXXIX (cont.)

ARe g W as SR sl g SR

A W R R kel e B

> > &
& Q& © - & o
Qé"o ,§ QQQ .,g‘ Qé’ ) Test
DRSS Temp.
G-7 0,178 0.274 0,7488 { 1250 60.84 5.07 124,) { 0.044 320°F
G-11 0.180 0.261 0.0470 ] 1340 03,12 5.26 123.1 G.056 32C°F
G-15 0.179 0.292 0.G523 | 1299 67.44 .62 121.3 0,027 3206°F
] ,
G-28 0,172 0.284 ¢.0488 | 1080 52.99 4,416 127.8 0.035 320°F
G-32 0.17 § D,267 0.0454 | 109C 47,56 4.13 129.7 ¢ 0,050 ¢ 320°¢
G-36 0.171 0,488 0.0492 § 1230 65.28 5,44 122.2 :0;030 T 320%F
G-40 Q0,373 0.273 0.0472 § 1300 61.51 ¥ 5.126 133.8 b.943 320°F
G-44 0,172 0.272 0.0465 | 1170 54.41 :1.534 J27.1 0,046 §
G-48 J.172 0.273 0.0470 | 1130 | 53.18 4,432 127,7 E G.042:
G-61 H £,180 0.287 0.0517 } 1140 59,23 4,935 124.8 0.0z | 320°F
! <
G~653 $.179 0.281 0.0503 } 1150 £7.94 4,328 125.4 0.034 | 32G°F
- —_u:‘
G-69 Q.178 0.241 0.0429 | 1200 51.60 4.30 128,58 0.975 320"F
L%, “—
{ s
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TABLE XLI

PRECRACK CHARPY IMPACT DATA
MINUTEMAN CHAMBER 674514 (44-IN. DIA)

Ccmponent Specimen No,

Forward Dome -

Forward Adaptor H1 - 15
H70 - 74

Forward Cylinder

At Gl Weld H16 - 30
H75 - 83
At G2 Weld -

Aft Cylinder

At G2 Weld H61 - 66%*

At G3 Weld H84 - 89

H46 - 60

Af+ Flange H31 - 45
H90 -~ 95

*Specimens taken at intersection of
primary fracture (axial) and secondary
fracture (hoop) in aft cylinder, approx.
midway between G2 and G3 welds,
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TABLE XLI (cont.)

B SRR 3 R A i

T e S e ferpat Swtort o

A oA i A g T

w4
2 > &
\%‘9 ,3‘ - Qy Ay 0 Qg'
é" . 9 QQ V?' \d & A &
& £y * Q R N < QY Test
Temp,
0.176 .
H-7% 0162 | 0.253 | 0.0428 | 206 8.81 1 0.734 | 157.4 | 0.065 | -40°F
H-79 g°:;g 0.265 | 0.0444 | 241 10.70 | 0.892 | 155.5 | 0.053 | -40°F
. 0.177 o
H-83 o 157 | 0.266 | 0.0444 | 221 9.80 } 6.817 | 156.4 | c.052 | -40°F
H-84 g'igg 0.260 | 0.0438 | 244 10.70 | 0.892 | 155.5 { 0.058 | -40°F
H=90 g'izg 0.275 | 0.0462 | 348 16.06 | 1.338 | 150.8 [ 0.043 | -40°F
H-4 0.177 | 0.2441 | 0.0432 | 317 13.602 | 1.141 | 152.8 ~40°F
H=9 0.174 | 0.2144 | 0.0373 | 354 13,212 { 1.101 | 153.2 -4G°F
He13 0.175 | 0.2401 } 0.0420 | 315 13.212 | 1.101 | 153.2 —40°F
U-19 0.176 | 0.2780 | 0.0480 { 366 17.88 | 1.49 149.3 -40°F
H~24 0.177 | 0.2880 | 0.0511 | 321 16.416 | 1.368 | 150.5 -40°F
H-39 6.174 | 0.2403 | 0.0418 | 367 15.336 | 1.278 | 151.4 -40°F
H-43 0.175 | 0.2204 { 0.038¢ | 348 13.452 | 1.121 | 153.0 -40°F
H-50 0.174 |} 0.2542 | 0.0442 | 318 14.04 | 1.170 1} 152.5 -40°F
H-54 |} 0.174 | 0.2602 | 0.0453 | 381 1728 | 1.44 149,8 ~40°F
H-1 0.107 | 0.2531 | 0.0271 | 451 12,228 | 1.010 | 1s4.1 | RT
H-2 0.106 0.2293 § 0.9243 419 10.188 | 0.849 156.0 RT
He3 0.106 | 0.2442 | 5,025 | 438 11.34 | 0.0a5 | 1s4.0 KT
H-6 0.176 | 0.2431 § 0.0428 | a79 20.52 | 1.7 147.2 RT
H-10 0.174 | 0.2386 { 0.0415 | 480 | 19.02 | 1.66 1 1476 RT
178
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: TABLE XL t.
£
. O§ Q,;l* Qn,¢:b Q-Q’v . e}o ® (3‘5'«' o
| é}q' £y D § v Q X - & ¥ T:::f
R E [
H-21 0.176 | 0.2272] 0.0400] 465 18.60 | 1.55 148.7 RT
H-25 0.174 | 0.2466 | 0.0420 | 283 16.416 | 1.368 | 150.5 - RT
!i H-28 0.100 | 0.2440 | 0,0244 | ‘496 12,208 § 1,009 | 154.2 RT |
i H-29 0.100 | 0.2590 | 0.0259 | 426 11,028 } 0,91 | 1s5.2 RT
] H-30 0.100 | 0.2560 | 0.0256 { 478 12,228 | 1.019 | 154.1 RT ‘i
;’ ¥ H-31 0.098 | 0,2582 | 0.0253 | 317 8.016 | 0.668 | 158.3 | RT
i H-32 0.101 |} o0.2552 ] 0.0258 | s3m 13,692 | 1.141 | 152,83 RT
H-33 0.104 | 0.2591 | 0.0269 | 496 13.332 § 1,211 | 1s3.1 | - . RT
} H-40 | 0.172 | 0.2390 { 0,0411 | 534 | 21.96 | 1.83 | 146.1 ERLY 7'T
! H-44 0.173 | 0.2280 | 0.0394 | 536 21,32 | 1,76 146.7 B RT -
_ H-47 0.168 | 0.2384 | 0,0401 | 296 11.88 { 0.990 | 154.4 RT
. H-51 0.173 | 0.2541 | 0,0440 | 524 23,04 | 1,92 145.4 RT
z H-s5 | 0.173 ] 0.2569 | 0,0444 | 492 | 21.84 | 1.82 | 146.2 RT
§ H-58 0,100 | 0.2084 | 0.0208 | 362 7.524 | 0.627 | 158.9 RT
. H-59 0.100 | 0.2368 | 0.0237 | 302 7.152 | 0.59 159;3 RT
i H-60 0.100 0.2;;; 0.0223 | 356 7.932 | 0.661 | 158.4 RT
i H-61 0.008 |} 0.2109 | 0.0207 | 324 6.708 } 0.559 | 159.8 A rr
. H-62 0.098 1§ 0.1641 | 0,0161 | 295 4,752 } 0.366 | 162.2 RT 1
£ H-63 0.097 {0.2686 | 0.0261 | 298 7.776 | 0.648 { 158.6 RT
H-64 0,098 | 0.2062 | 0,0202 | 320 *§ 6.468 | 0.530 | i60.1 RT
{! He6s  Lo.nor Poo2sea Looass | oave *1 o nae Vo ges 1 isss KT
ﬂ *Crack propagating in the chamber hoop-direction.
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g v &
§ . ‘éb Ny '4‘}0 \\So Qé’qg’ ¢ frest i
Temp, -
0.2486 | 0.0241 | 274 ¥ ] e.612] 0.ss1 | 159.9 RT I
!
]
0.275 | 0.0542 | 268 | 24.50 | 1.208 | 152.1 | 0.0a3 | T -
0.252 | 0.0486 § 277 | 13.45 | 1.121 ] 153.0 | 0.065 | Rr )
0.262 | 0.,0508 | 205 | 14.98 | 1.248 | 151,7 | 0.057 | &r |
Jo0.217 | 0.0a18 ] 274 | 11.44 | 0.953 | 154.8 | 0.102 | RrT i
0.273 | 0.0470 | 702 | 33.00 | 2.75 1390.1 | 0.047 | RT )
!
0.249 | 0.0428 | s10 | 21.8¢ ! 1.82 | 1.2 | 0.070 -] 200°F .
0,245 | 0.0421 | s16 | 2172 | 1.81 | 116.3 § 0.075 | 200°F -
0,123 | 0.0208 | 344 7.152 | 0.59%6 | 159.3 | 0.195 | 200°F |
10,232 | 0.0304 | 383 | 15.10 | 1.258 | 151.6 | 0.088 | 200°F -
0.227 | 0.0388 | 300 | 14,98 | 1.248 | 151.7 | 0.092 | 200°F S
0.248 | 0.0428 | 642 | 27.48 | 2.20 | 142.5 | 0.071 | 200°F t y
0.268 | 0,0d64 { 784 | 36.36 | 3.03 ] 137.1 | 0.052 | 200°F ] §
0.2246 | 0.0303 | 721 ]| 28.32 | 2.36 141,9 200°F ;
- <
0.2216 | 0.0386 | 634 | 24.48 | 2.04 144.4 200°F i § {
0.2384 | 0.0415 | 536 | 22.26 | 1.855 | 145.9 200°F - § |
0.2773 | 0.0482 | 701 33.84 | 2.82 138.6 200°F . ;
0.2194 | 0.0386 | 451 | 17.40 | 1.45 149,7 200°F :

180
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> > <@
<>'§' & & & A g
Q@eo' ,§ QQ v d W Qé, (J Test
& Tﬂp.
H-41 0.174 | 0.2454 | 0.0427 | 811 34,62 | 2.885 | 138.1 200°F
H-45 0.174 | 0.2567 | 0.0447 | 617 27.60 | 2.30 142.4 200°F
H=52 0.173 0.2379 | 0,0412 555 22,86 1,905 145.5 200°%
e
H-56 0.173 | 0.2669 | 0.0462 | 644 29.76 | 2.483 141.0 200°F
H-8 0.174 { 0.2289 } 0.0398 | 986 39,24 | 3.27 135.4 320°F *E
H-12 ]| 0.175 | 0.2411 | 0.0422 | 804 | 37.74 | 3.145 | 136.3 550'??1&
H-15 0.176 | 0.2387 | 0.0420 | 709 29,76 | 2.48 141,0 - _LA?zO.F
'

H-23 0,175 0.2753 | 0.0482 957 46,14 3.845 131,7 320°F
H-27 0.173 | 0.2358 | 0.0408 | 606 24,72 |} 2.06 144.2 320°F
H-42 0.173 | 0.2381 | 0.0412 | 836 34,44 {§ 2.87 | 138.2 320°F
H-49 0.172 | 0.2650 | 0.0456 | 989 as5.12 | 3.76 132,2 320°F
H-53 0.173 | 0.2659 | 0.0460 | 1424 65.52 | 5.46 122.1 320*F
H-57 0.172 0,2083 | 0.0358 560 20,04 1.67 147.5 0.186 320°F
H-71 0-277 lo.225 | 0.0384 | 725 27.84 | 2.32 142.3 | 0,093 | 320°F
H-73 g';gg 0.269 | 0.0459 | o1s 42,12 | 3.51 133.9 | 0.050 | 320°F

0.176 °
H-74 o164 |0-245 |o.0m7 | 027 38,64 | 3.22 135.9 | 0.072 ] 320°F

0.177 R
H-78 o'1ss | 0-267 ] v.04a7 | 784 35.04 | 2.92 137.9 | 0.053 | 320°F
H-82 | 178 Jo.238 lo.0a00 | sa2 | oses 1o3a Tasae looss 1 oasger

Ve ddO
H-87 g-izg 0.261 | 0.0436 | 906 39,48 ) 3.29 135.3 | 0.058 | 320°F
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TABLE XLI (cont.)

O
& > &
o é$ > & \z D N &
éf@? * N ¥ 2 < < & est
Temp,
0.173 .
H-89 o-1s6 | 0-193 | o.om7 ) s14 16,30 | 1.358 | 150.6 § 0.126 | 320°F
Hﬁ
H-93 0:18% | 0.266 | 0.0a50 | 083 45.12 | 3.76 132,2 | 0.053 | 320°F
f 0.17
H-95 0°162 0.262 | 0.0449 | 901 40.44 | 3.37 134.8 | 0,057 | 320°%F
" -
|
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TABLE XLITI

PRECRACK CHAKPY IMPACT DATA
MINUTEMAN CHAMBER 2192109 (52-IN,DIA)

Component Specimen No,
Borward Skirt K1 - 3
Forward Closure K4 - 18

Forward Cylinder

At Gl Weld K19 - 33
At G2 Weld K34 - 39*%
Aft Cylinder
At G2 Weld -
At G3 VWeld -
Aft Closure -
Aft Skirt -

*Specimens located at intersection of
primary axial fracture and secondary
hoop fracture,

184

- = AR e,

PRI

N vt AR v

[ 7Yt




R N L

AT T (PN

A SIS E o Y e

PRSI

- MR ANV NN SANSIOUMIRIRMIARY . NSNS

St bemrat
4

Tl

Canwanae

l»wrva-—-“

PR 4

¢

it Nk
P,

3

Andir o
- e

=)

[ RN
paprese.

[ e 3
rreen:

L PPN

et

L T

Raverarl
B ey

Bu ax
'wwm‘

et

& wen
13

[P

--
ey

ke d tnd

Vad L

Srinnd

. TABLE XLIII {(comt.)
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& > v ¥ NS
S /S8 SESe)STS s SE
‘g § ¥ Q R} ~ & Q

0,185 . t
k-7 ol170 1 94287 | 0.0509 | 269 13.69 )} 1.141 | 152.8 § 0.031

0.190
K-11 | o°177 | 0.270 | 0.0495 | 349 17.28 | 1.44 149.8 | 0.050
K-15 g-ig; 0.270 | 0.0500 | 340 17,02 | 1.418 | 150.0 | 0.048
K-19 g-;:g 0.27¢ | 0.0516 | 220 11.34 | 0.945 | 154.0 | 0.029
X-23 g'igg 0.274 |} 0.0521 | 31s 16,42 } 1.368 | 150.5 | 0.045
K-27 8-%3? 0.787 | 0.0542 | 301 16.30 | 1.358 | 150.6 | 0.032
K-1 0.112 }0.272 | 0.0304 | 481 14,62 | 1.218 ] 152.0 | 0.046
K-2 0.113 | 0.265 | 0.0209 | sus 15,10 | 1.258 | 151.6 | 0.054
k-3 0.113 | 0.280 | o0.0316 | 508 16.06 §1.338 ] 150.8 | 0.040
K-4 0.113 J0.275 | o0.0311 | 493 15.3¢ Y 1.278 | 151.4 | 0.046
K-5 0,113 {0.262 | 0.0206 | 413 12.23 | 1.010 | 1s4.1 | o.057 -
K-6 0.113 10.262 }0.0206 | 478 14.15 |} 1,179 ] 152.4 |o0.054
K-8 g'igg 0.284 | 0.0517 | 532 27.48 | 2.20 142.5 | 0.032

0,190
k-12 | eo0 |0.255 |o.0472 | 422 10,92 | 1.66 147.6 | 0.064
K-16 g-{g% 0.261 }0.0485 | 468 22,68 | 1.89 145.6 | 0,060
K-20 g-igg 0.155 ]0.0280 | 217 6.28 }o0.523 |160.3 |o0.164
kK-24 {0,188 }o.258 }0.0486 | 400 19.44 }1.62 148.1 | 0.060

0,192
K-28 | *ies | 0.266 |o.0501 | 332 15.64 11.387 }1s0.3 lo.o0s2
K-31 §0.105 (0.267 {o0.0280 | 289 8.10 Jo.67s [1ss.2 }o0.0s53
k-32 }o0.107 |0.266 }o.0285 | 387 11.03 Jo.910 J1ss.z |o.052
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TABLE XLIII {cont.)

©
o‘§ & e"P & v X > (gg‘f' o

éﬂ}?' & N ¥ N - @ & est
Temg,

x-33 | c.108 | 0.258 | 0.0279 | 316 8,81 | 0,734 | 157.4 1 0,061 | =T

k-3¢ § 0.104 | 0.231 } ¢.0240 | 242 5.80 | 0.483 | 160.9 | 0.088 | ®T

k-35 | 0.105 | 0.265 | 0.0278 | 2v6 7,68 { 0,640 | 158.7 | 0.054 | rr

k-36 | 0.105 | 0.270 | 0.0284 | 270 7.68 | 0.640 | 158.7 | 0.049 | RrT

k-7 | 0.106 | 0.279 | 0.,0296 | 373 *l 11,03 | 0.910 | 155.2 | 0.040 | rT

K-38 | 0.106 | ¢.268 | 0.0284 | 381 *l 10,81 | 0.901 | 155.4 § 0.052 | rT

x-30 | 0.106 | 0,277 | 0.0204 | 340 o 10.00 | 0.833 | 156.2 | 0.080 | &T
k-9 g:}gg 0.257 | 0.0474 | 595 | 28.20 | 2.35 | 142.0 | 0.062 | 200*r
K-13 g:::g 0.225 | 0.0419 | 558 | 23,40 | 1.95 | 145.3 | 0,005 | 200°F
K-17 g:::; 0.249 | 0.0464 | 495 23.16 | 1.93 145,53 | 0,071 | 200°F
K-21 g:i:i 0.230 | 0,0432 ! 450 19,44 | 1,62 148.1 | 0.089 | 200°F
K-25 g:ig; 6.225 | 0.0°29 | 448 19,20 | 1.60 148.3 | 0,004 | 200°F
K-29 g:igg 0.203 | 0.0384 | 415 15.94 | 1,328 } 150.9 | o.115 { 200°F
K-10 g::gg 0.277 Jo.0512 {1019 | 52,2 Ja.35 §128.2 |o.0a1 | 320°F
K-14 g:igg 0.252 | 0.0462 | 887 | 41.0 3.42 134,5 | 0,064 | 320°F
K-18 g:igg 0.261 | 0.0483 | 934 45,1 3,76 132,2 | 0.058 | 320°F
K-22 g::gg 0.231 | 0.0431 | 768 33.1 2,76 139,0 | 0.088 | 220°F
K-25 ‘8:133 0.238 |} 0.0453 | 715 32.4 2.70 139,4 | 0,079 | 320°F
X-30 g:}gg 0.240 | 0,0450 | 691 31.1 2.59 140,2 | 0.077 | 320°F

*Crack propagating in the chamber hoop-direction.
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APPENDIX II
TRANSITION CURVES
(W/A vs TEMPERATURE)
6A1-4V ;1tanium 160 ksi Yield Strength
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Figure 25. Chamber R26

188

ST




oo s i s W i ot A

A aminny s b e

N g s e e

2

»

W/A VALUE -IN.LB./IN

1400

1200+

1000

800

600~

400

200

@ AFT CYLINDER
O FWD CYLINDER
A AFT ADAPTER

@
/\ FWD ADAPTER
O DOME
' O
/'
)
AN

S
A

o0

\
\

0 | IO'O 280 300
TEMPERATURE -°f.

Figure 26. Chamber R41

189

Cme A v S e =




e
PN

Sia v
A AL Sprarists sttt ot Wit s 2t P2 A et

L |

bord  d pd

-

i

8 g

eSS

. .
[

W/A VALUE - IN.LB./ IN.2

$ Wiven]
e

[Xles |

%

’
&

o

1200-
D\ FWD CLOSURE
A AFT CLOSURE /
@ AFT CYLINDER A
1000~ A
@
800
FAY
A
600
JAN ®
A
®
®
2004
Y T Y T T
) 100 200 300

TEMPERATURE - *f,

Figure 27. Chamber BL26

190

[ R T

Fr-




W/A VALUE - IN.LB./IN2

TR AR, e

i pbeAely Rt

1400
@ AFT CYLINDER o
O DOME /
A AFT ADAPTER /
12004 /\FWD ADAPTER A
O FWD CYLINDER /
o
1000—
/
300"‘ / A/
/ [ ] /
® A
600~ / g/
A . /
o— 3
400~ 8/
200-
Y T T T Y
0 i00 200 300
TEMPERATURE - °f.
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Figure 30. Chamber R490
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