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AFRPL-TR~66-350 751-F
FOREWORD ‘-
e

This Final Technical Report covers all work performed under Contract
No. AY 04(611}-11615, The report was prepared by J. S. Coverdale, Program
Engineering Manager, Norbert Wells, Metallurgist, Gilbert Skopp, Stress
Analyst, and George Brogker, Nondestructive Test Engineer, of Lockheed ¢

Propulsion Company (LFC),

The program was monitored by Air Force Rocket Prcopulsion Laboratory
(AFRPL), Edwards, California (W. F. Payne, Project Engineer).
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This report contains information regarding a 156-inch diameter 1 ..ag-
ing steel case hydroburst and hydroburst analysis. The report is unciassified.
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The report has been reviewed and is approved. ;

W. F. Payne

Project Engineer L
Edwards Air Force Base :
Calilornia
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UNC LASSIFIED ABSTRACT

Activities ir. the bydrobursi of 2 previously {ired 156-inch diameter,
maraging steel motur case are described. The program encompassed
discontinuity stress analysis of the large, welded vessel, an evaluation of
ultragonic inapection methods by post-test sectioning, and a detailed failure
analysia,

The water-filled motor case, consisting of forward and aft case seg-
ments joizcd by a tapered pin joint, was preesurized from a gaseous-nitrogen
source through a water accumulator, At 800 psi, 85 percent »f the pianned
cyclic pressure level, the nozzle adapter-to-case bolts failed; secoudary
crigins wers found in the pin joint and the nozzle adapter forging. Concur-
rent examinatione of the previously used bolts by LPC, Mellon Institute, and
SPS Laboratcries, agreed in findings of evidence of stress corrosion in the
260,000-psi strength level H-11 bolts,

The discontinuity stress analysis showed a forty percent indicated stress
riser around the longitudinal welds caused by '"sca-gulling' contour deviations.
These findings were based on the use of a finite element, nonlinear plane
strain computer routine modified from a program written by Dr, L. R.
Herrmann., This detern.inatiorn was verified by strain measurements taken
during the prassure test,

Shear wave ultrasonic testing methods proved effective in detecting and
defining parent metal and weld deposit flaws,
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) LIST OF SYMBOLS
| A Area of cross-section (in.})
* b Subscript (bending)
C Cosiiiclent

- Distance from neutral axis to extreme fiber (in.)
c Subscript (compression, chamber)
D Diameter (in.)
D F1 al rigidity = kv (15-in.?)
exural rigidity = 755758 -in.
E Modulus of elasticity (pei)
e Elongation or displacement (in.)

F Allowable stress (psi)

f Calculated eiress (psi)

h Height or depth (in.)

b Subscript (hoop)

i Subscript (inside)

1 Moment of inertia {in. % t *

L Lez~gth (in.)

M Bending mument {in.-1b or in.-1b/in.)

m fupscript {meridionas;
N Norraal force (lb/in.) /1
Q Subscript (outs.de)

P Applied load {Ib or 1b/in.}

P Allowable bolt load {lb/bolt;

b
p Pressure (pai}
Radial shear {15/in.’
Q Mament of the area of the secticn above or below the plane containing

the points where the transw -#2 shear is to he determined {in.}).
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)

avg.

Radius (in.)

Circumierential radivs of curvature (1))

Subscript (reference)
Subscript (shear)
Thickness (in.)
Subsc:ipt (tension)
Appli=d 10ud (1b/in.)
Subecript (ultimate)
Shear force (l1b/in.)
Weight (1b)

Uniform weight distribution (1b/in.)
Distance along x-axisa
Distance along y-axie

Subscript (yield)

1
Damping function = 3{1-v) (ie.

(1
Dezflection (in.)

Poisson's ratio

Expansion ratio

Strain {in./in))

Change in siope {radians or .egrees)
Subscript {(hoop direction)

Angle of rotation

Coeificient of friction

Subeczipt {meridional direction)

Shear stress

Average
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c.g. Center of nravity

eq. Equivalent

in. Inch

int, Interlaminar

Ksi Kilo pounds per square inch
b Pounds

max Mawimum

MEOP Maximum expected op«rating pressure
min Minimum

M. S. Margin of safety

psia Pounds per square inch, absolute
psig Pounds per square inch, gage
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. SECTION 1 ‘
INTRODUCTION AND SUMMARY

1. INTRODUCTION

This report is issued by Lockheed Propulsion Company (LPC) pur-
suant to the requirements of Contract No. AF 04(611}-11615 ""156-Inch {
Diameter Maraging Steel Case Hydroburst and Materials Evaluation' dated
11 April 1966, The objectives of ths program were to develop improved
methods of case performance predictions by the hydroburst, failure analysis, }
and material mechanical testing of an available 156-inch diameter, 18% nickel
maraging steel case,

S,

Significant work was accomplished in contour discontinuity elastic i
etress analysis in the longitudinal weld region and ultrasouic inspection
correlaticn, and the failure analysis provided additional data on the stress
corrosion cracking of high-strength steel bolts.

The motor case was fabricated between May 1963 to March 1964 %
by Excelco Developments, Inc, It was the first 156-inch diameter motor Z
case ever built, and also the first large motor to utilize 18 ¥ nickel mar-
aging steel, The case was made from 0. 390-inch thick, 250 grads air-
melted plate from U.S. Steel Corporation; all forgings were 250 grade VAR
maraging steel from Standard Stcel Works Division of Baldwin-Lima-
¢ Hamilton Corporation. Manufactured under Contract No, AI04(695)-364,
156 -Inch Diameter Motor Jet Tab TVC Program,'' the motor case was
fired twice, in May and September, 1964. The final report of that contract,
Technical Report No, AFRPL-TR-64-167 contains detailed material, fab-
rication, inspection, and testing data. Section LI of this report sumraarizes
. only data pertinent te the program analysis and testing efforts, The case
was subsequently fired as a gas generator for the hot gas valve development
program under Contract No, AF 04(611)-9960.

Early in the fabrication process, material deficiency of chemical
segregation associatiated with heavy banding was noted. These strata of
; inclusions, containing heavy austenite conceniration, became visible delam- ‘
inations under coaditions of shear or transverse stress imposed by bending g
or welding heat, During case pressurizations, however, no evidence of
flaw extension had been noted in any of the motor hardware based on ultra- {
ecnic definition of the defect limits. Welding defects such as light porosity, 1
inclusions, lack of penetration (fusion) and interface cracks are oiten detec-
table by ultrasonic means, To define the limits of detectability and the con-
ditions under which extension may occur, constituted program goals,

2, SUMMARY

On 17 May 1966, the motor case was pressurizedin 100-psiincrements
to the planned cyclic maxirnum pressure of 935 psi. Following a 10-minute {
data-reading hold at 800 psi, burast occurred by failure of the nozzle adapter-

. to-casz bolts. Subszquent movement of the parts caused secondary failure

[
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origint in the large adapter forging and in the pin joint, rupturiung the female
tangs of the joint and ejecting the tapered pins, Program activity, including
the results of post-test analysis and conclusions as to the iailure mechanism
are surnmarized below, ’

a, Pretest Evaluation

Review of the case fabrication inspection records and prior
membrane contour measurements in the vicinity of the longitudinal welds
indicated that these wzlds were the only structurally critica: regions of the
case. This was corrobcrated by the visual examination (see Section VI),
Additional longitudinal weld contour measurements were taken, and formed
the basis for selecting strain gage lncations, Comparison of these readings
with the previous records rhowed that permanent set around these welds had
occurred during prior motor pressurizations (see Section 1I for pressuriza-
tion history of case havdware).

Review of the ultrasonic inspection records was conducted, and
indicated defects were marked out on the case for ultrasonic verificaiion,
Paint was removed from the longitudinal weld regions, The Excelco records
showed no indicztions in the longitudinal welds, and mixed light and heavy
delaminations in the less critical girth weids. The LPC inspection generally
substantiated the Excelco results, although six previcusly unreported longi-
tudinal weld region delaminaticn indications, a single within-specification
porosity, and cne 0, 30-inch lack of weld fusion were detected and verified
by X ray. Exceptional weld quality and cleanliness was obvious, considering
the defective material, The indications were marked for monitoring during
hydrotest cyciing.

b, Test Operaticns

The motor case was stored in position in the large motor bay,
Following removal of loose insulation char, the motor case was positioned
horizontally in pillow blocks, supported by the forward and aft skirts, and
nrepared for inspection and instrumentation, Inatrumentation and test
procedures are summarized in Section III, Figure 1 pictures pre-and post-
test hardware arrangement,

¢, Post-Burs. Analysis

Following hydroburst, the failed hardwure was recovered and
fracture surfaces preserved; the nozzle adapter was assembled for tracing
of the fracture path,

The adapter joint bolt circle was pariially intact (see Figure 1):
the adapter and bolts indicated a mixed tensile and tearing failure, with
probable primary fracture damage to the adapter on impact with a proximate
resiraing cable. Of the 256 EWB 9.6-12-20 koits, 133 shov-ed tensile
failure, 50 showed shear failure, and 73 remained in place, Concurrent
evaluation by LPC, Mellon Institute, and SPS Laboratories was conducted,
The three agencies concur in their findings cf stress corrosion/hydrogen
embrittiement damage to the bolts. The reports arc included in Section V,

-2-
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Figure 1 Pre-Test (a) and Post-Test (b} Hardware
Arrangement
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A reasonably specific sequence of events can be determined from
the post-test hardware condition: (1) adapter failure, driving the motor
forward skirt into the asphait pavement, (2) movement of the motor vpward
into the restrainizy cables, creating severe ovality with cracking of the
female joint at the lateral point of maximum curvature, and (3) sequential
ejection of pins causing separation movement of the segments.

A discontinuity stress anslysis of the longitudinal weld region
was performed utilizing a finite element nonlinear plane strain computer
program written by Dr. L.R., Herrmann, This program was selected
principally because of its ability to analyze non-axieymmetric configurations
and account for nonlinear material propecties and large deformations by a
successive iterative technique, in efiect, performing an elastic-plartic
solution. In the finite element approximation of sclids, the continuous struc-
ture is replaced by a system of elements which are interconnected at joints
or nodal points, Equilibrium equations, in terms of unknown nodal point
displacements are developed al each nodal point, and the complete se: of
equations for all elements ir the structure ar: solved by means of an eli-
mination simultaneous equation preocedure,

The most severe discontinuity was analyzed. Results show that
the premature failure of the motor case at 800 psi could not be attributed
to the contour deviations at the longitudinal weld. At the point of maximum
stress, a magnitude of 226,000 psi was computed, resulting in a 40 § increase
over the anticipated stress in a similar cylinder that is perfectly round, a
margin of safety of 0. 14 based on a minimurm yield strength of 240,000 psi
and bending mcdulus of 1.25 times the minimum yleld strength.

A structural analysis of the adapter-aft closure bolts showed an
anticipated margin of safety of 1.28 at 800 psi due to the basic iensile load
and the additional load from reacting the interface bending.

This stress level is sufficiently high to sustain a stress corrosion
reaction, when a corrosive media is present and the proteciive cadmium
coating is damaged. The motor case had been exposed to inclement weather
with the bolts in a pretorqued condition, and it is shown in Section V of this
report that damage to the bolt . ~ating had been incurred in reuse of the bolts,

B =
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. SECTION It
BACKGROUND DAT..
1. DETAILS OF MOTOR CASE HISTCRY ;

Details of the motor case history are given in the final program

report on Contract No, AF 04(695)-364 " 156-Ic h Diameter Motor Jet Tab

TVC Program,' Report No. AFRPL-TR-64-167, Volumes I and V, dated

29 January 1965. Table I indicates the lata location. For reference pur-

poses, a typical material certificatio:: sheet is given in Table IL
The pressuriszation history of the forward and aft segments is

tabulated below:

Date Op-ration Pressure (psig)
Febt 1964 Hydrotest 685 ‘
29 May 1964 1,-71 Flridg 579 E
June 1964 Hydrotest 810 i ]
30 Sep 1964 L-72 Firing 651
25 Nov 1965 Hydrotest 750
. 7 Apr 1955 HGI TVC Firing 654

17 May 1965 Hydroburst 800

Vidigage readings of the case wall thickness were taken in the
vicinity of the ‘ongitudinal welds. These readings, given in Tablas III,
IV, and V indicate 2 minimum value of 0.275 inches located in die aft
course weld of the aft segment, The data obtained orginially by Pitts-
burgh-Des Moines Steel Company after surface grinding and the thickness 1
measurements made by LPC prior to hydrotest are not directly correlative,
The original thickness testing was conducted at the intersect points of a

12-inch drid pattern prior to net trimming of the plates. Thickness tests e
at LPC were made ajacent to the welds for purposes of strain gage location
and stress analysis, The averaga thickness readings obtained at LPC are

higher than those originally recorded for the plate; this is possibly due to
weld metal filling adjacent to the joint. Data on two typical plates of
material are compared below:

Pittsburgh-Des Moines LPC
Ultrasonic Plate Ultrasonic Plate ]
Thickness After Trnickness

Surface Grinding =~ Adjacent to Weld 1
Min., Max. AVG :
Plate 47826 Pef C-1284 9.376 0.401 0.3915 0.402 0.424 0.4150 1

Plate 42294 Ref C-1265 0.384 0.408 0.3971 0,382 0,426 C.3950

-5-
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TABLE II

ULTRASONIC THICKNESS MEASUREMENTS

A A B A

WELD C-1I04 wElb C1 2 WELD C 1253 wELD C-1283
< b o e -~ — A e
- - e
a
'3 FORWARD HEAD SECTWON AXY MEAD SECTION
x 200001 200003
.2 1
- poteurs
G
|

g« 12 3% 24 30 36 42 43 34 4T &6 T2 78 Be 90

wald C-1284  Ahove 416 414 420 42T 0 420 420 w0 418 412 41b 410 412 410
Below 418 416 422 420 422 AID 413 <10 4l 420 Ale 416 412 408

Waid C-1231 abowe 411 418 w17 42C 422 40 413 427 L21 A4 418 420 21 4
Below 1 416 4T <IT Q1Y 42D S1% 416 420 T 419 413 A4 419

Weld C-1283 Abors 138 380 342 MY 3AZ 381 3AD I8 384 38T 382 34 420 425 390
Below 3182 390 190 392 392 392 391 392 39 10 M 392 10 391 418

weld C- 1185 Above 182 190 M0 391 382 422 190 30 390 393 39¢ 183
Below 338 380 393 38 394 396 400 400 38F 403 3B T4

£ 0v

» Meaturemenis taken with Bramsom Miodel 31 Yudigage 47219788 « Readirgs taken l-inch adove apd
1-1nch below ceater of luag weld resd a2 6-inch intervals aloag the wald,

TABLE IV

ULTRASONIC THICKNESS MEASUREMENTS, FORWARD
SEGMENT P/N 200001 -

x
o
N : g
: : it : #1F i
i ?::zl:‘lxr: 1z}rrsemesnas B } +
{ 4 i O g : t d ¥
H £ -3 Y- a8 4
>
WELD C-123 w0 o C-1I82 ‘\-‘
KEYHAY

-k -2 -1 +1 -3 4 L2
{in.] E‘i‘“—l Sin.z fin.}] 0 (in) (in.} {in.}) {in.}
A 1-in. afl of fted.dom girth weld 408 410 410 40% 408 425 410 40
B Midway dctween fwd and cestar girth walds (43.5) 420 422 424 422 420 420 417 418
€  i-ln fed of center girth weid 403 403 406 402 X 404 402 04 408
O 20.in. clochwise across center glrth 438 0 438 437 . 420 424 427 424
W 24ein, counter-clockwisa actoss center girth 3N A 400 3 § 424 424 420 422
F l-in. aly of center giria weld 451 #7409 407 ) W0F W9 406 4109
G Midoay be‘tvv,‘-'« caaty’ nod AR givth welds 41b 418 421 415 : 417 AT 414 422
H o leio. (v o 4t ghath wald 420 412 410 438 = 403 €03 419 418

5 +l-tn tiicksise acroas centar gleth 424 424 420 416 O 401 406 418 4l4
K ~1&~in courter-clockwise across center girth 424 422 420 a4 412 416 416 414

—

Plus values adove long. weld Minxs values balow weld.
Plus valuas are forward of girth vald Mirus values afd,
Thlckoess taken with Branson Model 21 Vidigage,
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i
) Results of ultrasonic inspection of the segments are given in g
Section VI, '
[
| 2. NOZZLE ADAPTZR BOLT HISTORY 1
Following is a summmary of the pertinent information on the bolts
used in attaching the nozzle adapter to the aft motor case segment, b
There were 256 EWB 926-12-20 (% - inch diameter by 2. 56-inches
long) bolts required for this use, These bolts were purchased by LPC under

Air Force Contract No. 0<((55;-364. Also used were WC 22-12 washers,
A total of 800 bol*s and 320 washers were purchased with 266 bolts and 256
washers shipped directly to Excelco for use in the hydrustatic test. The
balance of the bolts and washers were shipped to LPC, Tests of the bolts
showed them to meet all specification requirements,

i During assembly of the motor case for hydrotest at Excelco, several ‘
of the bolts bottomed out during installaticn. These were removed, ground to

shorten the length, and reinstailed. Following the hydrotest, the bolts were

preserved and shipped with the case. At the insulation contractor, Rohr Corp.,

, the nozzle adapter was installed with 64 bolts (every 4th bolt) to permit pro-

cessing the silica-phenolic intarnal insulation. Hydrotest bolts and washers

5 were used,

The aft motor segment was processed through insulation, lining 1
and propellant casting with these 64 boits. Prior to the L-71 firing, nev ‘
boits were installed throughout with two washers to prevent bottoming of
the bolts. After the firing, the motor was hydrostatic tested to 810 psig 4
without disassembly. Prior to the L .72 motor firing anotiier new set of
bolts was installed again with two washers under each bolt head.

The L-72 motor was disasserabled and (he forward and aft segments
assermbled for hydrostatic test. Prior to hydrotest, .ae bolt waz found
broken off in tne adapter flangc. All of the bolts were removeu with 22 new
bolts installed. Tkhe bolts removed vere magsetic particle and visuilly in-
e~ected and then taked ax 380° F for 12 hours, The boits were replaced

{or the hydr-ostatic fest which was completeu on 25 November to a pressure e
of 750 psig. f
Frior ‘o the hot gas valve firing, 128 of the EWB bolts were re-

n:oved and returned to Redlanus for inspectioa and baking. At the time, an
additional 188 used boits frem inventory wer. also mugnetic particle inspected.
The combined 316 bolts were baked at 375 ¢ 10% for 12 hours. The bolts
were visually inspectad and se-instailed with two washers. The boits were
lubricated with Mely Spray Keat and in-sequerce torqued to 100 ft-1b te 250
ft-ib and finally tc 375 ft-1b. The motor was fired ¢n 7 Aprii 1966,

The m~tor was then tirned horizontally ir the test bay and prepared f
fo: the hydrcstatic burst. No additional torque of the bolts was made.
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SECTION II
TEST OPERATIONS

The test program was conducted at LLPC's Potrero Prcduction and Teost
Facility, utilizing available analog and Beckinan 210 digi%al data acquisition
systems., Test Work Order and Test Procedure, Publication 751-TP-1,
detines the detailed procedures fcr conducting the test program.

Following successful completion of the kot gas secondary injecticr: TVC
static tast-firing, preparations commenced for the hydrocycling and the
hydroburst of the 156-inch diameter chamber. The nozszle zgsembly was
removed, the igniter was removed from the motor, and the chamber was
cleaned of all loose insulation. | The assembled motor case was removed
from the thrust stand and placed in the LSM tes: bay in a horizontal positior.
supported at each end skirt by 156-inch diameter pillow blocks. After paint
wag removed from the longitudinal weld exterior surfaces, visoal and ultra-
sénic inspections were conducted to suppirt stress analyses and verify
existing data records defining known defects and suspected areas of potential
failure. No inspectirn or replacement of the nortzle adapter boits was
conducted. :

Fabrication and installaticn of the hydrostztic pressurization system
was completed and hydrostatically tested with satisfactory results (Figure 2).
Preparation of the internal chamber cabling sys’em Wwas completed under
laboratory conditions to ensure the integrily ot thie cabling and pressure
connectors.

The strain gages were installed and waterproofed iz accordance with
standard LPC procednre (see Figure 3). Only ona gage was lost during
the hydrotest operatio.:s and was due to a breakdwon in the external resistive
network, not the strain gage. Dentronics, Inc., Type 204C biaxial strain
giges were installed at each of the nine locations on the motor chamber
inside and out., A special high elongation strain gage, Dentronics Type 204Y,
was installed parallel to and in line with the hoop gage portion of the inter-
nally mounted biaxial gages. This gage js capable of measuring an elonga-
tion of up to 12 percent (versus three percent limiration of the biaxial gage).
The primary strain gage instrumcntation system the. consisted of 18 biaxial
gagee located on the outside of the chamber, 9 longitudinal portions of the
biaxial gages mount=d on the inside of the chamber, and 9 high elongation
hoop gages mounted on the inside chamber wall,

The measurements were recorded on both digital and oscillographic.
acquisition systems.

On 17 May 19¢6, {inal instrumentation calibrations were conduvcted and
the first hydrotest cycle initiated. The pressurization rate and the hold
time increments are shown in Figure 4, During the hold time at 200 psi,

a visual inspaction of the assembled chamber and the pressurization system
was conducted. All systems functioned normally and in accordance with the
test plan, ’
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After a coustant prescore hold of 11 rainutes at 80C psi for data che~king,
the chamber foiled, Fost-test inspection of the ruptured chamber revealed
the damage and casc digplacement,
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SECTION 1V
ANALYSIS OF STRAIN GAGE DATA

Thirty-six strain gages were mounted at nine locations near the
iongitudinal welds, as shown in Figure 3. Gages on the inside were num-
bered 101 to 109 and gages on the outside 1 to 9 with the suffix L for
longitudinal gages and H for hoop gages.

The data were recorded at 100-psi increments, Resul¢s are lisced in
Table 6 and plotied versus pressure in Figures 5 through 13. For refer-
ence purposes the theoretical strain versus pressure curves for a perfect.y
round cylinder with the nominal radius and local thickness is shown. In
the elastic range below the assumed proportional limit, thege curves are
approximated by

= PR 3
g = g (1-3)

€&y = %Iti(l/z )

where
€g = strain in the circumferential direction
€y = strain in the meridional direction
p = pressure (measured)
R = nominal radius = 77.255 in,
t = thickness (measured)

E = modulus of elasticity = 27 x 10® psi

v = Poisson's ratic = 0,285

The yield point for the reference curve, mai.'ed (Y. P.), was established

using the average measured uniaxial 0.226 offset yield values for welded
specimens age’ with each cylinder, the local thickness at each gage location
and assuming no biaxial gain, The proportional limit, marked (P, L.), was
assumed to occur at 80% of the yield pressure and the curve between the
proportional limit and yield point was faired between these points,

In general, the strain gages behaved as expected, The gages in the
meridional direction followed the reference membrane bebavior, Because
of the known weld peaking the measured hoop strains on the inside surface
were greater than the reference strains and less than the reference strain
on the outeide surface. ‘the difference betwsen measured hoop strain and

-il-
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156-INCH DIAMETER CHAMBER

TABLE VI

CALCULATED ACTUAL STRESS AT 800 PSI

€ €
H' L’
Microinches Microinches Meriodions]l Circumferential
Pair of Gages per Inch per Inch Stress (pal} Stress (pei)
1H, 1L 4358 1026 69,205 138,345
101H, 10iL 5740 1103 43,818 180,124
2H, 2L 2728 229 51,845 89,209
. 102H, 102L 7291 1267 102,489 227,602
3H, 3L elal .- .- an
103H, 103L 6740. 1175 94,855 210,434
4H, 4L 5132 1027 76,151 161,408
104H, 104L 4399 1091 71,525 140,229
SH, SL 5288 110 50,332 157,874
108H, 105L 5476 2018 108,616 180,435
éH, 6L 717 1014 36,467 30,299
106H, 106L 7195 966 42,704 222,074
7H, 7L 1611 1120 47,570 57,767
107H, 107L 7448 1157 100,623 231,281
8H, 8L 4190 885 63,553 132,195
108H, 108L 46°n 1282 79,338 149,080
9H, 9L 1870 1188 51,893 66,057
169H, 109L 6580 892 85,034 203,168
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Figure 5 Microstrain versus Pressure, Gages 1H, 1L, 101H and 10iL.
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AFRPL-TR-66-350 151-F

the reference strain also decreased with distanc~ frem the longitudinal weld,
This can be seen clearly by observing the behavior of the gages at location

1 to 4 (Figures 5 through 8). Gages 2 and 3 were located one inch from the
longitudinal weld and gages 1 and 4 were two and four inches from the longi-
tudinal weld, respectively. The least discrepancy from the reference

membrane behavior occurred at gage location 4 which was the furthest from
the longitudinal weld,

The maximum strain occurred ir. gage 107H and was ©.745¢ at 800 psi.
All strain was below the reference yield point strain but the inside loop gages
at locations 2, 3, 6 and 7 exceeded the reierence proportional limit strain.
Thie indicated that a small amount of permanent, unrecoverable, defor-
mation had occurred at these locatinns, As these gages ware at a dirtance
of one inch from the longitudinal weld, a somewhat greater 2mount of perma-
nent deformation is expected to have occurred at the weld centerline,

Table VI presents stress values calculated from the measured strains.
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SECTION V
FAILURE ANALTYSIS
1. INTRODUCTION

Concurrent analyases conducted by LPC, SPS Laboratories, and
Mellon Institute have not only pinpointed the precise failiire mechanism, but
have fozused attention on preventative steps which could have even more
far-reaching value than the original objectives. Tu this end, detailad data
and preventative recomrnendations are given,

2. POST-TEST CONDITION AND FAILURE SEQUENCE

The precise mechanism and s2juence of component failure ir the
hydroburst ctamuer is deduced oun the basis of visual obssrvaticon of the
fractured remnants, location with respect to original position, and optical
and electron microscopic examination of the fracture surfaces.

The chamber was supported by the end skirts upon cradles, with
restraining cables placed over the unit to limit risk of damage to bay struc-
tures. Failure originated in the bolts on the bottom of the 120-inch diameter
adapter-to-case bolt circle, inducing movement of the adapter forging with
respect to the aft chamber section, with resultant shear of the bolts. It was
noted that the origin of failure for bolts showing a sunburst-pattern fractured
face was not oriented uniformly »vith regard to the bolt circle perimeter, in-
dicating localized cerrosion and multiple incipient failure origins. Figure 14
indicates the type and location of bolt failures, and depicts a typical shear to
tersile mode transition.

The release of the pressure caused by the bolt fracture created
reverse bending of the membrane, and movement of the assembly upward
into the resiraint cables. Pronouncad markings from the cable were evident
on top of the case. Tle severe ovality produced cracking of the clevis joint
forging and barrel section in the region of maxirnum curvature. Figure 15
indicates the relative position of the clevis joint forging fracture with a
close-up view shown in Figure 16. The force exerted on the pin retainers
caused shearing of the pin retainer bolt heads and ejection of the tapered
pins when the chamber reverse bent and impacted on the supporting struc-
ture. The chamber halves zeparated with considerable force.

The movement of the aft segment caused 2 sharp impact of the
adapter forging against a steel reatraining vable, resulting in a fracture of
the adapter forging adjacent te the small diameter flange. The origin o? this
failure in shown in Figure 17. Chevron patterns indicated direction of frac-
ture path tc the outer bolt circle, where serondary fracture origins resulted
in a further fragmentation of the adapter forging and memlrane. Secondary
failure origins were founa at the threaded bolt holes and at sharp cornered
machine cuts, with five such secondary fracture origing located. The frac-
tured adapter forging remnants attached to the 2t segment, with the aft
closure iying nearby, are shown in Figures 18 and 19. The assemblzad

-23-
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Figure 14 Cloue~up Of Clevig Toint Fracture
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Figure 17 Primary Origin of Failure oy Adaptar Forging
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Figure i8 One View of Adapter Forging Remnant on A{t Segment--
Closure Lying on Ground

Figure 19 Close-up View of Adapter Forging Remnant on Chamber
anc Attached to Closure
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. sections of broken adapter forging are shown in Figure 20. The location of
bolts is correlated with the numbering system adjacent to the large diameter
flange. The primary origin of failurs in the adapter forging was associated

. with a ductile dimple rupture pattern as determined by electrcn fractographs
performed on the area. The mechanism for the crack propagation triggered

by impact of the forging against the restraining cable was predominantly
microvoid coalescence,

The movement of the forward segment caused a shearing of the
skirt fillet weld joint where chamber and concrete pad were in contact. The
crack at the fillet weld progressed during subsequent removal of the chamber
to the stage where complete separation of the skirt and forward segment

cccurred, Several secondary failure origins were found along the fillet weld
where plate delaminations were present.

3. FAILURE DISCUSSION

A macroexamination of the bolts disclosed that thread damage had
occurred on many of the bolts; i.e., the crests of the threads were flattened
(see Figure 21). In addition, many of the fractured bolts provided for this
1 investigation exhibited pit*‘ng on both the shank and the threads (see Fig-
i ure 22). Bolt number 12  chibited a seam along the crest of th= threads,
' and bolt number 28 contained six radial checks on the crest of ine thrcad.
i The bolt numbers reflect positions on the bolt circle. Examination of the
fractured faces revealed that the failure mode of the bolts varied from 100%
tensile to 1004 shear. Figures 23 through ¢( are typical photographs of
these two conditions. The tensile fracture faces exhibited a fine grained
structure typical of 5% chromium tooi steel. The holts fractured generally
in the root of the threads !4 to ¥3 inch from the shank. As illustrated in
Figure 27, the majority of the tensile failures nucleated at a point and
propagated across the bolt. The fractured face of these bolte is similar to

the fractured face of high strength bolts in which stress corrosion cracking
was .nduced under laboratory conditions.®

4. MICROSTRUCTURE

Eight bolts that exhibited the tensile fracture and eight bolts that did
not fail were selected for longitudinal microscopic studies. The appearance
of the typical tensile fracture exhibited by the eight selected bolts is illus-
trated in Figure 27. Typical examples of bolts exhibiting the tensile fracture
were investigated because the primary failure mc.ie for this application
would be in tension. Therefore, all the bolts exhibiting shear type fractures
(Figure 24) were seconda:y failures, and thus not investigated. All of these
bolts exhibited the normal hardened and tempered martensitic structure of
5% chromium tocl steel. Figure 27 illustrated this structure at different

! Standar¢ Pressed Steel Company, Stress Corrosion Cracking of High

Strength Bo!tin§. By C. S. Lin, J. J. Laurilliard, A. C. Woo
L.aboratories, Jenkintown, Penn., June 1966,

4
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Figure 21 Ttread Damage Found on Many of the Bolts
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Figure 23 Tensile-Type Failure which Nucleated at a Point and
Propagated through the Bolt
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Figure 25 Typical Protograph of Cupped Tensile Failure Mode,
20 Bolts, Batch §
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Figure 26 Typical Photograph of Shear Failure Mode, 16 Bolts, Batch 5

magnifications. No evidence of carburization or decarburization was found.
The normal cold work iaitiated ky the thread rciling cperation was visible.
Maaufacturing defects were noted on the crest of the threads in both the
fractured and the whole beclts. Figure 28 is a photemicrograph of a2 defect
on the crest of the thread which was caused by the thread rolling operation
(note the plating on the surface of the thread). Figure 29 is a photomicro-
graph of a similar defect at a higher magnification. The plating, as revealed
in Figure 28, was not visible on al! surfaces of the bolts. It appeared to
have been abraded from the thread area and part of the shank area. Bo!* 28,
which exhibited the checks on the crest of the threads was sectioned in the
trarnsverse direction and revealed that small cracks were propagating {rom
the _aecks into a parent material (Figure 30). {This {inding is alsc noted in
the Mellon Institute report i1n a later section.}] This polished area also re-
vealed that cracks were propagating intc the parent material irom the crest
of the thread (Figure 31). As Figure 3¢ reveals, secondary cracking
occurred perperndicular to che iractured surface and on the primary irac-
tured fice. Arother secondary crack was incated in the root of the first
thread below the fracture (Figure 33},
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Magnification: 150X

Etchant: 2% Nital

Stchant: 2% Nital
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Magnification: 150X Etchant: 2% Nital

.,.v.—-.'
~ ey

Figure 28

Thread Rolling Defec  in
Crest of a Thread (Note
plating on thread surface)

Figure 29
Another Thread Roiliag
Defect in Crest of Thread

Magnification: 320X
Etchant: 2§ Nital

Figure 30

Transverse Microstructure
Crack Propagating from a
Check in the Crest of a
Thread

Magnification: 150X

Etchant: 2% Nital
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Figure 31

Transverse Microstructure--
Crack Propagating from
Crest of a Thread
Magnifization: 150X

Etchant: 2% Nital

Figure 32

Secondary Cracking Noted at
the Origin of the Fracture

Magnification: 150X

Etchant: 2% Nitai
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Figure 33

L sy

Secondary Crack in the Root
of the Firgt Thread under
the Fracture

Magnification: 320X
Etchant: 2% Nital
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5. TENSILE TEST

Seven of the sound bolts which were removed from the fractured
motor case were tensile teated. The results, tabulated below, indicate a
high range of values:

Bolt Tensile Ultimate Tensile Psi Hardness
No, Load (Ib) Streagth (ns:) Required (Rc)

2 112,700 291,200 260,000 53

b 112,200 289,900 260,000 52

9 112,700 291,200 260,000 51

16 105,200 271,800 260,000 £2

17 111,100 287,100 269,000 53

22 111,700 288,600 260,000 52

46 112,700 291,200 260,000 53

The bardness of both the sound bolts and fractured hoits was
taken, ar? without exception, th~ hardness ranged between Rockwell "C"
51 to 56,

With the exception uf the st.css corrosion cracks greviously noted
in the microscopic examination, the defects described in this report were
either initi:ied by the beit manufacturing process or ar2 secondary cracks
i.e,, caused by the failure. The location and nature of these defects dis-
closed that they <ii not initiate the hydrotest failure. The thread dama,,e
as illustrated in ¢igure 2!, is believed to have been caused by the fzllure
Other than the above defects, the bolts -..nplied with specification require-
ments. The fact that the aickel-cadmium plating was worn off the thrcads
and part of the shank is believed to have contributed to the premature
failure of the bolts. Tue absence of plating pt ..aitted pits to form as illus-
trated in Figure 22, creating stress ~isers and susceptibility to stress
corrosion cracking.

SPS Laboratories (Standasd Pr-<ged Steel Company, Jenkintown,
Pennsylvania) performed cxanmiination of several of the failed holts, {(nused
bolts of the came 10t {(EWB 925-12-20, Lot No. 11 were also obtaines from
stock, checked for inetallurgical prop:rites, aad tested for bending prop~r-
ties in tensile and fat:gus using a 3% angle washer under the nut. A {20,000
pound capacity Tinius Olsen Testing Machine was used for tens:le tests and
a 50,000-pound capacity Ivy Fatigue Testing Machine was us d for fatigue
tests,

The examinatiun showed severe thread damage on the failed bolts,
{Figure 3a, 33, and sr:. Microscopic examination revcaled that
failures occurred at the corroded ro3i of the boit threads. ™o rust appeared
on the shank areas.

Figure 338 1ilustrates the cracking é;'z\m‘c tnitoated at g vorra-
8100 pit in the threacd root area of a used boit,  Se: sond farv ¢ rfsc«iv,s Wag
found to have ;rupsgated qearl*. perpeadicutar to the {fastener suviace 2%
shown in Figures {9 and 41 it 18 probable that :hcas :Lnl:f.rss Decurred
by siress cOrrosion “ahkmg with high jocatized foailing. .
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Mag. X3.6 7142R

Figure 34

Mag. X9

Example of Severe Thread Damage of Unfailed Bent Part

7141R

Figure 35 Thread Damage at Original Point of Cracking (Failure)
Indicated by Arrow
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Mag,
Figure -36-

Thread Failure As-Received,
Damaged Thread Area

IN1-F

7131R

X8
Note Pitted Shank and

7132R

Mag. X8

Figure 37

After Strip of Plating - Note Pitted Shank and Thread Area
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Mag. X3.5 7130R

Figure 38 Fracture Face of Failed EWD26-12 As-Received

Mag. X3.5 7150R

Figure 39 Fracture Face of Unused EWB26-12 Following a Tenrile Test
With a 3° Angle Under the Nut
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Mag. X250 7139R.
Nital Etchant

Figure 40 Secondary Cracking From Fracture Surface

Mag, X250 7140R
Nital Etchant

151-F

Figure 41  Final Section (Opposite Origin) of Fracture - Secondary

Cracking. Note Shear Lip at End of Fracture,
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Pitting was found on the shank and thread of the failed bolts,
(Figures 36, 37, and 42). This could possibly act as a stress
raiser and contribute to bolt faiiure,

A Tukon microhardness survey of failed boits gave no evidence
of carburization or decarburization, Tukon measurements (20C gram
D,P,H.) averaged 583,3 (Rc 54.3) and 578.9 for the core (Rc 54.0).

Tensile tests on unused bolts from stock indicate no significant
difference in bolt strength tested with or without a 3° angle washer to com-
pare bending effects. Thread failures occurred at 109,000 pounds using
a 3% angle washer under the nut and at 137,000 pounds without a washer.

Fatigue tcsts were conducted on unused bolts from stock at a !oad
of 48,100 pounds (R = 0.1) with and without a 3° angle washer under the aut
to compare bending effects. Head failures resulted at 71,000 cycles for
the bolt tested viithout an angle washer and at 6000 cycles for the bolt tested
with the angle washer,

Magnification: 250X
Nital Etchant

v

-, Bl e o T - ST SRV S ~

Figure 42 Origin of Failure Ares -- (As-Received).
Note Pitting of Thread Area
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As shown in Figure 39, the resultant tensile fracture surface had

no clear cracking nucleus and radial path s had been observed on the
service failed bolts.

Microscopic studies of bolts obtained trom stock which were cor-
roded by exposure to water for 24 hours did not Laplicate the secondary

cracking findings when fractuved in tensile or fatigue tests. (Figures 43
and 44). .

6. MFELLON INSTITUTE ANALYSIS

Under subcontract to LPC, Mellor Institute performed electron
fractographic examination of selected bo'¢s and microscopic evaluation of
the secondary forging fracture surface. Due to the exceptional quality of the
electron microscopy, the Mellon report 18 included 2s subsection 8, below.

7. BOLT MATERIAL CONSDERATIONS

The bolt failure cannot be ascribed specifically to stress corrosion
or kydrogen embrittlement as these mechanisms of failure are quite similar,
except where evidence of corrosion is present. Stress corrosion cracking
can be intergranular to transgranular, and may occur concurrently with
hydrogen embrittlement where the alloy is susceptible thereto and atomic
hydrogen is evolved during the corrosive action. Stress corrosion cracking
is quite frequently marked by secondary cracking and thus distinguished
from hydrogen embrittlement failure. However, where secondary cracking
or corrosion products are not in evidence, the two are indistinguishable.

Tt

C. 8 Liiand oiners recently published findingc on stress
corrosion cracking of high-strength bolting. The study involved H-11, 4340,
and 300 grade 18% Ni marajing steels, various manufacturing processes,
platings, and test conditions. Th.1 information, while r-t directly related
to the failure analysis, i. nresented for understanding and poseible control

of the factors relating to stress corrosion failure. Significant findings were
as follows:

(1) There is a lower level of applied stress, approximately 50% of

the proportional limit stress, below which no stress corrosion
failure will occur.

(2) Of the materials tested, 18% nickel maraging steel bolting
material was the least susceptible to stress corrosion failure.

(3) Bolts of any material below 200,000 psi ultimate strength did
not fail in testing.

(4) Bolt coating was influential in reducing the incidence of bolt

failure; electroplated nickel and electroplated cadmium-
diffused afforded the most effective protaction,

(5) The influence of thread rolling after heat ireating was
significant in increasing the bolt life.

(6) The effect of decarburization on b._ t life was not significant,

-4;.
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Mag., X250 7148R
Nital Etchant

Figure 43 Tensi‘e Test Specimen - Unused EWB26 Bnlt

Mag. X250 ' | 7149R
Nital Etchant

Figure 44 Tensile Test Specimen after 24-Hour Expnsure to H,O
(Unused EWB26)
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8. MELLCN INSTITUTE REPORT
a. Introduction

This report presentd the results of the investigations conducted
at Mellon Institute to determine the cause of suspected premature failure of
the Type H-11 steel bolts used to secure the adap’er forging on the 155-inch-
diameter maraging steel booster case. Due to tieir qualitative nature, pro-
per interpretation of the results obtained in studies of thir type is of primary
importance. Thus, in preparing th: comments given in this report the
investigators at Mellon Inatitute have relied strongly on the standards pre-
sented in the Electron Fractography Handbook,

b. Expcrimental
(1) Material

Approximately thirty-five fractured bolts of H-11 steel
and one section of the failed maraging steel adapter forging were received at
Mellon Institute. The fracture surfaces of the majority of the bolts showed
signs of oxidation. In the severe -ases the surfaces were completely
covered with rust, while, in general, attack was not appreciable.

Visual examination of these sampies resulted in the choice
of eleven (11) boits as representative of the lot. The criterion of selection
was 3 peculiar flat fracture on the bolt surface at the point of fracture origin.
In addition, a few samples without apparent unique features a: the origia
were chasen., Bolts which obviously fractured in total shear were not
examined,

Study was, therefore, limited to the eleven (11) bolts and
one sécuiun 1TV the torging.

(2) Procedure
(2} Electron Fractograpkic Analysis

Due to the surface condition cf the fractured samples
e.aborate cleansing measures were ne.ossary to render them suitable for
replication. The preparation techaique included immersing the bolts in an
acetone bath, kept turbulent by use of a mechanical vibrator, Minimum
time of immersion was one hour. The object of this trcatment was to
remove any free residues and also, if possible, to loosen the oxide film on
the {racturs surfaces,

Then, celiulose acetate replicating tape moistened
with acetone was pressed onto the surface, llowed to dry, and then siripped

——

*a. Phillipo. et al, "Electron Fractography Haodbook', Air Force Materials
Laboratory, Wright-Patterson Air Force Bage, Ohio, AD 6i2-912,
31 Jaguary 1965,
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uff., Dy repeating this procedure all of the visible oxides were removed
from the sample, Generally, eix repetitions were sufficient to accomplish
this end. Serious examination of the samgples by elrctron fractographic
techniques started only after the {racture surfaces had been thus repaired.

Ali replicas examined were of the plastic-carbon two
step type. Cellulose acetate tape approximately five mile thick was used as
the replicating plastic. A generally accepted replicating technique was
employed. This technique Las bcen outiined in subsection 9. following.

Zecause of the distinct chevron patterns on the frac-
ture surfacee of all the bolis, it was conciuded that after the initial fracturing,
through fracture proceedad rapidly. Therefore, replication was confined to
the area of initial fracture, or approxirnately an area bounded by the edge of
the bolt at the point of fracture origin and a chord drawn Y, inch from that
point towards the center of the fracture surfacc.

The point of fracture crigin becomes apparent by
examining the chevron patterns, the textures of the fracture surface, and the
variation in eize Of the edge shear (ips. At least six replicas from the initial
fracture area of each bolt sample were processed and examined.

The fracture surface of the foroing sample was repaired
in the same manner outlined for the bolts and several replicas taken from the
area of susnected frarture origin were examined.

{bj Fracture Profile Examination

Certain of the bolt samples, following electron fracto-
graphic study, were sectioned in a manner such that fracture edges could be

microscopically examined. Particular attention was given to the fracture
origin,

c. Results
{1) Electron Fracivgrapkic Analysis

The vannlte nfehiz 230Ul vt the study are greecnted in
Figures 45 through 107. To limit the leagthy discustion and repetition in
presentation, the “lead-off'" page to >uch group of clectron fractographs,
representing the work on one bolt, gives the following ir‘ormation:

A_  Bolt identify if known.

B. Photograph of the fracture surface,

C. Des-ripticn of the fracture appeirance,

D. Classification of the electron fra:tographs.

The j.i: of determining the exart causes of a fajlure by elec-
tron fractography is an 'xtremely complex one. The rexson is that the
mechanism of fracture propagation tan be very similar 'n failures caused by
a variety of conditions. To help the reader understand tuis problem and alsa
as an aid in following the classification of the electrou fractographs, portions
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of tne section dealing with enviroumental effects on fruciure moder given in
the Electron Fractography Handbook are recommended.

Thue, classifications of the fractographs present~d (n thie
report will be limited to an identification of the mmoet probable mechanism of
fracture propagation, plus, pointing out features peciliar Lo a particular con-
dition of failure,

{2) Fra.ture Profile Examination

Metallographic sampies were prepared from bolte identified
ae LPC Codes 2, 86, and 95. The photomicrographic results obtained from
the microscopic examination of these samples are given in Figures 108, 109,
110, and 111.

The results obtained from bolt sample 86 are shown in
Figure 108. The profile of the fracture origin, 108.a) and 108(b}, show the
brittle nature of the fracture at the point of initiation, apparent from the
fiatness of the fracture and the prescnce of a brittle crack extending in a
direction approximately perpendicular to the fracturc patk. The phoiomicro-
graph given in Figure 108(c) 's an example of the condition present around all
of the threads in the sample, namely, a deformation band conforming to the
th "ead geometry. A hair-line crack found in the defcrmation band associated
+ .h the thread immediately below the fracture is shown in I igure ]108(d).

The point of crigin of the {racture in bolt sample L PC 2 15
ehown in photomicrographs (a; and (b) in Figure 109, These represent the
two halves of the secticned bolt. As can be seen, the fracture initiated very
close to the rcot of ~ thread. Visual examination of most of the bolts studied
aiso showed the thread root region te be the most frequent point ¢f {racture
iniviation. Higher magnaification photom:c-ographs (¢} and {d) in Figure !V9,
show the tracture profile at the origin in more detai'., Apparent (s the britrlie
nature of the fracture at ite point of initiation, particuiarly 8o iu Figure
109{<). Again, brittle cracking in a dir=ct:on perpendicular to the fracture
path can be seen.

The appearance of the fractu~e origin, shown i Figure
109 in the etched condition, 12 given at 100X magnification tn Figurs 11830,
The deformation zones is readily appareat. Tracks parallesrs >
of elongation in the deformation L sl Agsncia‘ed with the first vhread brlze
the fracture in sample LPC 2. .5 shown i Figure 110(b],

Figure 11! i3 a photomicrograph of the root of the thread
immediately below the fratuyre in bolt sample LPT Code 95, A fine networ
of cracks can be seen pe :wirating inic the cadmiwn plate 2till adherin; to the
bolt. Thorough examiariica of the bolt samples showed that 1n many vases
the cadmium piace was either partially or tetaily removed Irom the grea
“round the thread roots.

d. Discussion

A study of “Lie ustory of the H-1i stes] tolts reveal,
were (3! threaded by a roliing techuigue snd subsequently beat trza
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cadmium plated and (c) used reveatediy to sccure the adapter section on the
LPC 156-inch-diameter naraging steel boosier case during developmental
testing.

The investigations conducted at Mellon Institute have shown
that (1) all bolts except those which failed in total shear had a point of frac-
ture origin located at onc edge, (2) the point of fracture origin was generally
located at the root of one of the threads, (3) the fraciure was 1nore brittle at
the point of origin than elsewhere on th¢ ‘ample, as detected from visual
ohseivations of the fracture textures and mricroscopic observctions of frac-
ture prefiles, (4) the mechanisms of fracture propagation in the arex of
fractuve origin in the majority of the bolts examined were predominantly
two; intergranular rupture and quasi-cleavage, mechanisms which can be
associated with a number ot brittle fracture conditions, and (5) occasional
features were fuand on the electron fractographs which are associated with
stress corrosion or hydrogen embrittlement failure conditions.

Having considered all available infcrmation, a mechanism of {
failure can be suggested. It is felt that prior to through (or complete) frac-
ture, many of the bolts had formed an area of initial brittle fracture. Once
this area had grown to :ritical dimensions fracture propagated rapidly by a ‘ :
mechanism of sharp-notched tension.

- The exact mechanism of the initiation and propagation of brittle
"fractre cannot be stated. However, the possibilities which evolve frem the
known facts an’ experimental indications can »e proposed. The fact that
fracture always initiated it an edge of the bolt suggests that some condition

1 existed at *Lis point prior to failure which acted as a stress raiser. The -

most obvioue answer is a2 crack or some other type of desect. ‘ 4

vonditions which might allow for a crack tc initiate and grow at
some preferred point on the bolt are numerous., Those conditions which must
be cconsidered in thie case are hydrogen embrittlement as a result of the
cadmium plating technique, stress corrosion (exposure of H-11 steel surface)
because of the introduction of some undesirable environment between or during
testing, the eftect of the stresses and metallurgical phenomena created by the ‘
technique »{ thread rolling and subsequent hect treatme=t, and the possibility l
that all three conditions act in harmony to induce brittle fracture.

Another factor which must certainly be considered is the effect ! {
ot hancling the belts L etween testiug on inducing susceptibility to cracking by 4
thke conditione given abuve. For example, damage to tue cadinium plating in
the roct area of a chread could set up ideal conditions for corrosive attack,
especially if the bolts are not carefully stored betweer testing.

The predominant mechanism of fracture propagation in the area
of fractuse origir of the forging section was found to be mic rovoid coalescence,
ar shown by the dimpled rupture patterns on the electron fractographs. \
Although some areas showed signs of brittle fracture these were associated 1
with networks of brittle secondary phase particles, commonly found in
maraging steel. The brittle particles tend to cleave with the result that
surrorading areas show less ductile fracture facets,
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e. Conclusions

Conclueione reached from the investigatious described abova
are listed below:

A. All of the bolts examined had an area of {fracture origin
located at cne edge and characterized by fiat surface
textures and occasional discolorations.

B. The fracture origin was generally located at the roct of
one of the bolt threads.

C. Examination of fracture profiles and electron {fractographs
show generally brittlie fracture propagation in the arez of
initiai fracture,

D. Features generally recognizad a3, and presently suggested
as being associated with strees corrosion and/or hydrogen
embrittiement failure conditions were found in the electron
fractogxaphic analysis of .he bolt samples,

{f. Recormmut ndai..nz

Since tnis failure .2 considexrcd to be agsociated with service
life of a vtructara’ member, it is important to realize that steps have to be
takea to ~vuid such miskaps. In this connection, bolt specifications relative
to ths tpe of matsrial, ite heat treatment and microstructure, plus handling
techniques must ¢ chaaged go as to preclude as much as possible, the
undesirabie ef‘ects such as notch-embrittlement, siress corrosion. hydrogen
er Lrit‘leraent. Furthermore, experiments have to be conducted on bolis to
simulaie service failuce conditions in the laboratory and evaluate the different
{allui+ mdodes, Directions to modify bolt specifications can be more realisti-
cally developed zarough such an approach.

Approved, Respectfully submitted,
G.K. Bhat J.B. Tobias
Head, General Metallurgy and Project Engincer

Materials Research Group

9. APPENMDIXES TO MELLON INSTITUTE REPORT
a. AppendixI
The cellulose acetate replicating tape is moistened on one side
with acetuae. The moistened side cf the tape is pressed onto the fracture

surface using a ringer or something else suitable suca as &« pencil eraser.
Once it is apparent that all of the air bubbles have been forced out and good
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coatact has been made, the plastic is aliowed to dry, Generally, the .
drying time is one hour,

The plastic replicas were reinforced with 200 mesh stainless
stzel grids, Two techniques of attaching the replicas o th2 grids were used,

If the fracture area of interest is relatively flat and unobstructed
by a shear lip then a stainlesa steel grid is placed on top of the cellulose ace-
tate and located over this area, By moistening the grid with a small amount
of acetone and aliowing it to dry, the grid becomes slightly embedded in the
plastic, The replica with the attached grid is then stripped in the uaual
manner and subsequently sectioned around the grid. The sampie is now
ready for further procezsing.

Occasionally the area of interest on a fracture sample is located
close to a shear lip or is characterized by severe changes in surface texture,
In cases of this type the plastic replica is first stripped. The areas of
intereat arz then carsfully sectioned to sises appropriate to the Y-inch
diameter stainleaz s.cel grids. A grid is placed on a clean glass slide and
moistened with a drop of acetone, Then, the plastic replica is piaced, sample
side up, onto the grid just as the acetone seems to have completely evaporated.
The replica is held down by the coraners using tweezers for a fow secnonds,

'The result is the plastic replica is firmly adhered to the grid without damage
to the sample sice.

Al} plastic replicas were platinum shadowed at a '5° angle prior
to deposition of the carbor film, A technigue which has proved successful
was then used to dissolve the cellulese acetate replica.

b. AppendixIl

A fractured bolt sent from Rocket Propulsion Laboratory at
Edwards Air Force Base by Mr. William Payne waf also received at Mellon
Institute for the purpoee of fract~graph’: aralysis A photograph of the
fracture surface is given in Figure 112, Replication wa3s concentrated in the
area pointed out by the arrow. This aiz2a is characterized by a surface
texture much flatter than the rest of tha sarmpl-=, : : ’

The resulcs of the study arec shown oy the electron fractographs !
in Figures 113 through 118. A very predominant fra_turs pattern is upparent, !
It is characterized by a very high d2usity of surface markings, giving the
impression on an etching effect, on transgranular fracture facets, Hair-line
networks of markings of the type seen in these fractographs are often found
nr hydrogen 2t citciemen. inducsd fract.res. i1hey are Lelieved to be
associated with the fracture process or the alloy microstructure.
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1PC Code: None Mellon Code: A Appearance of Fracture j

The area of initial fracture is
shown by the srrov in the photo-
graph. This srea is characterized
by a flat surface texture and the
prescrce of two discolored regions
extending to the bolt edge.

Ay e

Electron Fractographic Analysis

Fractographs showing the typical appearance of the fracture in the area
pointed out above are given in Figures 46, 47, 48, and 49. The discolored
regions’at the fracture origin show an intergranular mechanism of fracture
propagation somewhat obscured by large amounts of corrosion pioducts (see i
arrows in Figures 46 and 47). Away from the discolored regions but still in

the area of initial fracture a mixed fracture mechanism of intergranular

rupture and quasi-cleavage wis predominant, as shown in Figures 48 and 49.

The very dark material on the fractograph in Figure 48 is a remnant of sur-

face oxide initially contaminating the surface.

Figure 45 Photograph of the Fractured Surface of H-11 Steel Bolt
Sample, Mellon Code A, and Pertinent Information
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Figure 46 Fractograph Showing an
Intergranular Mechanism of
Fracture Propagation. Arrows
Point Out Corrosion Products.

Bl S s LEvat S, e

751-F
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Figure 47 Fractograph Showing an
Irtergranular Mechanism of
Fracture Propagation. Arrows
Pcint Qut Corrosion Products.

Figure 48 Fractograph Showing a
Mixed Intergranular and Quasi-
Cleavage Fracture Mechanism,
The Dark Material on the Fracto-
graph is a Remnant of Surface
Oxide Initially Contaminating the
Surface.

Figure 49 Fractograph Showing a
Mixed Intergranular and Quasi-
Cleavage Fracture Mechanism.
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LiC Code: None Mellon Code: B Appearance of Fracture

The area of initisl fracture 1is
shown by the arrow in the photo-
graph, This area is characterized
by a flat surface texture and hck
of other unusual merkings. The
discolored regions seen on the
fracture surface are of & post-
failure origin.

Electron Fractographic Analysis

The four fractographs given in Figure 51, 52, 53, and 54 are typical of the
fracture 2ppearance in the area pointed out above. The predominant
mechanism of fracture propagation is quasi-cieavage with occasional inter-
granular and dimpled rupture facets.

Figure 50 Photograph of the Fractured Surface of H-11 Steel Bolt
Sample, Melloca Code B, and Pertinent Information
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Figure 51 Fractograph Showing a Figire 52 Fractograph Showing a
Mixed Intergranular and Quasi- Viixed Quasi-Cleavage and
Cleavage Fracture Mechanism JJimpled Rupture Fracture

Mechanism

Figure 53 Fractograph Showing Figure 55 Fractograph Showing a
Quasi-Cleavage Fracture Mixed Quasi-Cleavage and
Mechanism Dimpied Rupture Fracture

Mechanism
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IPC Code: None Mellcn Code: C Appearance of Fracture

The area of initisl fracture is
shown by the arrow, Thies ares 1is
characterized by a flat surface
texture and the presence of a shiny
fan-shaped region » eh~rt distance
trom the bolt edge.

Electron Fractographic Analysis

Two distinctly different patterns of fracture propagation were fourd in and
around the fun-shaped area pointed out above. Figures 56, 57, 58, and 59
are illustrative of a mechanism of propagation associated with an environ-
mental effect. Features arc present on thec fractographs’ which generally
accompany stress corrosic . fracturing. These will be noted in each figure.
Little resistance to fractur. was experienced when crossing the area repre-
sented by t-- fractographs in Figures 60 and €', This condition is generally
clarsed as .naterial defect which, in this case, seems to be large amounts
of banded and clustered, regularly shaped, secondary phase particles. It is
not known whether the two mechaniams were related to this fracture.

Figure 55 Photograph of the Fractured Surface of H- 11 Steel Bolt
Sample, Mellon Code C, and Pertinent Information
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Figure 56 Fractograph Showiag a Figure 57 Fractograpu Showing
""Mud-Crack'' Pattern, a Large Amounte of Corrcsion
rhenomenon of Corrosive Attack, Products {(see arrows) on What
Commonly Found Accompanying Appeared to be Intcrgranular
Stress Corrcrion Failures Fracture Facets

Figure 58 Fractograph Showing a iiyure 59 Fractograph Showing a
Mixed Intergranular and Quasi- Jjuasi-Cleavage Fracture
Cleavage Fracture )y - . <m, Me=chanism in the Presence of a
Arrows Point Cut G - .. Sincoth Corrsion Product isee
Products ¢ the Frac - Tets arre -s)
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Figure 60 Fractograph Showing 2
Material Defect Tvpe of Fracture
Mechanism. In This Case, the
Material Defcct is Large Amounts
of Banded and Clustered Secondary
Phase Particles

Appearance cf Fracture

The area of initial fracture is shown
by the arrow in the photograph. This
‘rea is characterized by a flat sur-
yace texture and the lack of other
unusual markings,

Electron Fractographic Analysis

The fractograpas giveu 1n Figures £2
through 69 are typical of the type of
fracturing found i:. the arza pointea
out above. The machanism of propa-
gation scen in practically all of the

figures can .- classed as predominantly quas: -cleavage.

751-F

00X

Figure 61 Fractograph Showing a

Material Defect Type of Frocture

Mectanism. In This Case, the

Material Defect is Large Amounts
of Banded and Cluster=d Secondary

Phase Particles

LFC Code: _!:I_or;g_

However, there

are facets oo most - ~ 'y~ {ractographs which sugges: some intergranular ox

tranfgranular fracturing.

in addition, the numercas fine-lined markings on

Mellon Code: D

.

N o

the fracinre facets, eapeci 11+ as acen in Figures b3, 64, 65, and o4, sugpest

the possibility of an enviroome atal effect adding to the (ailure

Figure 62 Photograph of the Fractured Surfacae of L-11 Steel Bolt Jample,

condition,

M=ilon Code I, aad Pertinent “aformation
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Figuve €3 Fractograph Showing 2
Quasi-Cleavage Fracture
Mechanism with Numerous Fine-
Line Markings on the Fracture
Facets

Figure 65 Fractocgraph Showing 2
Mixed Quasi-Cleavage and Inter-
granular Fracture Mechznism
with Numerous Fine-Line Markings
on the Fracture Faceis

Y

751-F

Figure 64 Fractograph Showing a
Quasi- Cleavage Fracture
Mechanism with Numerous Fine-
Line Markings on the Fractare
Facets

Figure 66 Fractograph Showing 2
uasi-Cleavage Fr--ture
Mechanmsm with T.an ercous Fine-
Line Mzrkings on th: Fractu:e
Facets
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Figure L. Fr
Mixed Quas:
Rupture Fra

1

Y

ctograph Show:n

*
t

Figure 47 Fractograph Showing a Mixed
Quasi-Cleavage and Intergranular
Fracture Mechanism

leavage and Dim:

ure Mechkanism

LmLe e

LOCKHERD SROPRULEINON COMPL NY

v i

e o s

-.

o Y o ety




been particularly brittle in this area as is =videnced by the lack of ductile
features in most of the fractographs., The dark petches in Figures 72 and
73 are remnants of surface oxidr _.ontaminants. :
g
1
-
4
R
;
i A
!
1
Figure 70 Photograph »f the Fractured Surface of H-11 Steel Bolt |
Sample, LPC Code 2, and Pertinent Informaticn .
_58- ’ ‘
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LPC Code: 2 Mellon Code: None Appearance of Fracture

1he area of initial fracture 1s
g'own by the arrow in the photo-
graph., This srea is characterized
by a flat surface texture ard the
presence of a shiny fan-chaped w

s ob S
Lo

marking extending to the =dge of
the bolt. ‘

o calllE A

Electron Fractographic Analysis

Tt fractographs given in Figures 71 through 74 are typical of the iype of
fracturing found in the area pointed out above. The patterns do not show
generally recognizable feaiures whick would allow for a classification of the - l

mechanism of fracture propagation. However, the fracture scems to have
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Figure 71 Fractograph Showing Figure 72 Fractograph Showing
Complete Lack of Ductile Complete Lack of Ductile
Fracture Features Fracture Features

Figure 73 Fractograph Showing Figure 74 Fractograph Showing
Signs of an Intergranular Mixed Quasi-Cleavage and
Fracture Mechanism Dimpled Rupture Fracture

Mechanism
-59.
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LPC Code: 28 Mellwn Code:None Appearance of Fracture

The aree of initial frecture is
showm by the arrow in tho photo-
grapt. This sres is characterised
by a flat surfuce texture and the
lsck of other umusual markings.

Electron Fractographic Aralysis

Typical fracture patterns found in the area pointed out above are shown by
the fractographs in Figures 76 through 79. The mechanism of propagation
can be classed as predominantly quasi-cleavage with occasional indications
of intergranular separation. In addition, many fine-lined markings are
apparent on the fracture facets.

Figure 75 Photograph of the Fractured Surface of H-11 Steel Bolt
Sample, LPC Code 28, and Pertinent Information
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Figure 76 Fractograph Showing a

Mixed Quasi-Cleavage and Inter-
granular Fracture Mechanism
with Fine-Line Markinga on the
Fracture Facets

Figure 78 Fractograph Showing a

Quasi-Cleavage and lutergranular
Fracture Mechanism

Figure 77

Fractograph Showing

Quasi-Cleavage Fracture
Mechanism with Fine-Line
Markings on the Fracture Facets

Figure 79 Fractograph Showing
Quasi-Cleavage Fracture

-61-
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LPC Code: 86  Mellon Code:None

Appesrance of Fracture

The area of initial fracture is
shown by the arrow in the photo- )
graph. Thie area is characterized

by 8 flat surface texture and the
presence of a discolored region
extending to the edge of the bolt.

Electron Fractographic Analysis

Typical fracture patterns found in the area pointed out above are shown in {
Figures 81 through 84. A transition of fracture mechanisms from very close
to the edge of the bolt to just beyond the discolored region was noted. Figure

81 is a fractograph of the area very closc to the edge. The features, although o u
not recognizable, do not indicate ductile fractu.e. Figure 82 shows a combi-

nation quasi-cleavage, dimpled rupture in an area further away from the edge.
Directional dimples, typified by the fractographs given in Figures 83 and 84,
were found around the inside edge of the disacolored region. The pitting or
etching effect on the fracture facets of these last two figures suggest an en-
vironmental effect addine to the failure condition.

e ey At s . ot

o

A

Figure 80 Photograph of the Fractured Surface of H-11 Steel Bolt
Sample, LPC Code 86, and Pertinent Information
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Figure 81 Fractograph Showing Figure 82 Fractugraph Showing a
Complete Lack of Ductile Mixed Quasi-Cleavage and
Fracture Features. Dimpled Pupture Fracture

Mechanism

vy

Figure 83 Fractog raph Showing a Figure 84 Fractograph Showing a
Directional Dimpled Rupture Directional Dimpled Rupture
Mechanism of Fracture Fropa- Mechanism of Fracture Fropa-
gation With an Etching Effect on gation With an Etching Effect on
the Fracture Facets, the Fracture Facets,
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hppeerance of Frurture

The urea of initial rfracture &
shown by the arrow in tre phote-
 grapk, This ureu is charucterize:
by s fist surface texture whi-h s

alscclored, The iiseolcersticn
extenle to the eige of the tolt,

Electron Fractcgraphic Analysis

Typical fracture patterns found in the area pointed out above are given by the
fractographs in Figures 86 through 91. Common to all of these fractographs
are features which indicate the presence of a corrosion product. Figures

86 and 87 show corrosior products, indicated by arrows, on intergranular
fracture facets. The mechanism of fracture propagation shown in Figure 88
can be classed as predominantly quasi-cleavage. The corrosion products
and other features, due to environmental effects, completely obscure the
fracture patterns in the fractographs of Figures 89, 90, and 91I.

Figure 85 Pﬁofogﬂph of the Fractured Surface of H-11 Steel Bolt Sample,
LPC Code 95, and Pertinent Information
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4000X

4
3
1
Figurc 86 Fractograph Showing An Figure 8/ Fractograph Showing An
! Intergranular Fracture Mechanism Intergranular Fracture Mechanism
; With Corrosion Products (see With Corrosien Products (see
arrows) Present in Fracture arrows) FPicsent in Fracture {
Facets. Facets,
i

W . I T b g e

Fipure 88 Fractagraph 3howing

<

Qrast-Oleavage Fracture
NMechaniso wWith Corrosion

Products Present on 230 Fractyoe

e
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Figure 90 Fractograph Showing a Figure 91 Fractograph Show.ug a
"Mud-Crack' Corrosion Pattern Needle-Like Corrosicn Product
Completely Obscuring the Completely Obscuring the
Fracture Pattern. Fracture Pattern.

LPC Code: 99 Mellon Code:None Appearsnce of Fracture

The area of initial fracture is
shown by the arrov in the photo-
graph. The area 1s characterized
by a ~oall region close tc the
edge having a flat surface texture
and the lack of other unusual
marxings.

Electron Fractographic Analysis

The fractograph given in Figure 93 is typical of the fracture pattern in the
area close to the edge pointed cut above. The mechanism of fracture propa-
gatior is classed as quasi-ileavage. Also apparent is tha high density of
fine-line markings on the fracture facets.

Figure 32 Photograph of the Fractured Sur{face of H-11 Steei Beit Sample,
LPC Code 99, and Pertinent Information.
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Figure 92 Fractograph Showing a Quasi-Cleavage Fracture Machanism With
Many Fine-Line Markings on the Fracture Facets

IPC Code: 106 Mellon Code: None Apygnr#nce of Fracture

Tnhe area of initial fracture is
shown by the srrow in the phote-

- graph. This area is characterized
by a flat surface textuve and a
discolored region which extends
to the bolt edge.

-

Electron Fractographic A.rsa.ﬂj.u

The {racture pattern typical of the area in and around the ducolored region
pointed out 1:bove are shown by the fractographs in Figures 95, 96, and 97.
The mechanism of fracture propagation is pradominantly quan-deavage with
occasional evidence of dimpled rupture, ths latter indicated in Figure 97.

The presence of a tmoota coryosion product is aisc rcwd by arrows in the
figures. ,

Figure 94 Photograph of the Fractured Surface c-i ¥l Sts:; Bolt Samiple,
LPC Code 106, and Pertinent Information. oL
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Figure 95 Fractograph Shewing Quasi-Cleavage Fracture Mechanism With
the Presence of a Smooth Corrosion Product {sce arrows).

Figure 97 Fractopraph Showing a
Mixed Quasi-Cieavage and
Dimpled Ruptpre Fracture
Mechanism with the Presence of
a Smooth Corrosion Product (see
Arrows:.
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LFC Code:_146 Mellon Code:None Apgesrance of Fracturas

oo area of inftial fracture is
shown by the arrov in tbe photc-
graph. This area is cheracterized
by & flat surface texture and the
lack of other umisual merkiogs.

Electron Fractographic Analysis

Typical fracture patterns found in the 2rea poizted out above are shown by
the fractographs in Figures 99, 100, and 101. The fracture mechanism is
predominantly quasi-cleavage.

Figure 98 Photograph of the Fractured Surface of H-11 Steel Bolt Sample,
’ ) LPC Code 146, and Pertinent Information
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Figure 160 Fractograph Showing Figure 101 Fractograph Showing
Quasi-Cleaage 'racture Quasi-Cleavage Fracture
Mechanism Mechanism
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Appezrance
Adapter Forging Sectiocn of Fracture

The suspected ares of
initial fracture is shown
by the arrow in the photo-
graph. The fracture texiure
i1s not much smoother in this
region, however, the chevron
pattern seems to converge
here. The center band seen
on the fracture is the area
where the surface rust was

. 5X removed.

Electron Fractograph Analysis

The fracture patterns found in and around the area of fracture origin pointed
out above are shown by the fractographs in Figures 103 through 107, The pre-
dominant mechanism of fracture propagation seems to be micro-void coales-
cence characterized by the directional dimgled rupture secn in Figures 193,
104, and 105, The fractographs in Figures 106 and 107 show brittle fracture
facets in arcas where secondary phase material is present. These clusters
of material, shown by arrows in the figures, are apparently brittle and fail
probably by a cleavage mechanism. The result is that the fracture in the
area immediately surrounding the secondary phase material propagates in a
brittle manner. There is evidence of corrosion products on the fracture
facets in Figures 106 and 107. It is felt that this condition is of a post-failure
origin since the fracture was heavily rusted as received,

Figure 102 Photograph of the Fracture Surface of the Secticn From the d
Adapter Forging and Pertinent Information.

4000X

Figure 103 Fractograph Showing a Micro-Void Coalescence Mechanism of
Fracture Propagation Characterized by Directional Dimples.

-71-

LOCKHEED PROBULBION COMPAN

e . - D e R R R

e




AFRPL-TR-66-350

4000X

Figure 104 Fractograph Showing a
Micro-Void Ccalescence
Mechanism of Fracture Propaga-
tion Characterized by Directional
Dimples.

Figure 105 Fractograph Showing a
Micro-Void Coalescence
Mechanism ~f Fracture Propaga-
tion Characterized by Directional
Dimples.

Figure 106 Fractograph Showing a
Brittle Fracture Mechanism in
an Area Where Secondary Phase
Material is Present (see arrows).
A Needle-Uike Corrosion Product
is Shown by the Open Arrows,

-7

Figure 107 Fractograph Showing a
Brittle Fracture Mechanism in
an Area Where Secondary Phase
Material is Present (ser arrows),
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100X Etch: Mixed Acid
(a)

o S RO

100X Etch: Mixed Acid .25
(c)

Etch: Mixed Acid
(a)

Figure 106- Photomicrographs Showing the Profile of the Fracture Origin,
' (a) and (b), of Bolt Sample 86, A Deformation Band Present

at the Root of a Thread and the Occasional Cracking Found in
the Bands are Shown in (¢} and (d) Respectively.
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25X
(a) (b) * 4

250X T 2ox
(c) (a) J

Figire 109. Photomicrographs Showing the Location, (a) and {b), and the
Profile, (c) and (d), of the Fracture Origin in Bolt Sample 2,
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100X Et:h: Mixed Acid
(a)

SO Etch: Mixed Acid
(b)

Photomicrographs, (a), Showing the Location of the Fracture
Origin with Respect to the Thread Deformation Band in Bol®
Sample 2 and (b} Cracking in the Deformatisn Rand Associsted
with the First Thread Below the Fracture,
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Figurel1ll - Fractograph Showing a Fine ...twork of Cracks Penetrating into
the Cadmium Plate at the Root of the Thread Immedistely Below
the Fracture in Bolt Senple 95.
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Figure 112 Photograph of the Fractured Surface of the Bolt Sample Sent
From Rocket Propulsion Laboratory. The Arrow Shows the Area of Initial
Fracture Where Replicaticn was Conducted.

1000X

Figure 113 Fractograph Shawing a Figure 114 Fractograph Showing a
Transgranular Fracture Transgranular Fracture
Mechanism with Many Fine-Line Mechanism with Many Fine-Line
Marking on the Fracture Facets. Markings on the Fracture Facets,
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4000X

Figure 115 Fractograph Showing a Figure 116 Fractograph Showing a
Transgranular Fracture Transgranular Fracture
Mechanism with Many Fine-Line Mechanism with Many Fine-Line
Markings on the Fracture Facets. Markings on the Fracture Facets.

Figure 117 Fractograph Showing a Figure 118 Fractograph Showing a
Transgranular Fracture Transgranular Fracture
Mechanism with Many Fine-Line Mechanism with Many Fine-Line

Markings on the Fracture Facets. Markings on the Fracture Facets.
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SECTION V1
DISCONTINUITY STRESS ANALYSIS

1. INTRODUCTION

The fabrication of large pressure vessels very often introduces
contour deviations in the vessel. Among the deviations most frequently
encountered are:

(1) Longitudinal radial mismatch

(2) Circumferential radial mismatch

(3) Longitudinal angular mismatch

D S .

(4) Circumferential angular mismatch

These deviations cause a change in the stress pattern from that
whkich would occur in a pressurized geometrically perfect vessel. A know- )
ledge of the stresses is needed in order to establislh: tolerance limits ca the
amouant of devixtion that can be permitted in the structure, as well as in
defining the allowable defect size in a rismatched weld joint, since critical
flaw size is proportioncl to stress squarsd, :

Discontinuities as such do not actually occur in pressure vessels
and the term is used tc describe local irregularities or discrepancies, This
terminclogy is used because the geometric configuration undergoes abrupt ﬁ
changes at thesa iocations. The most critical such ar~malies in cylindrical
pressure vesscls are those thac reszlt in deviations from ''roundness' in the
cylindrical section, Euch irregularities introduce stress patterns which
‘incresss the local hoop stresses amd theoreby produce the highest siresacs
in the system.

A perfect circular section is the lowest enesgy configuration for
guch a vesse!l and say d¥viations (rom this will result in a system of stresses
which, upon pressurization, will tend toward this low eaergy state. While it
is relatively simple o apply such general principles to determine behavior
of an cut-of-round structure, it is much mcre difficult to obtain a3 quantita-
tive measure of the sigaificance of such "'discontinuities'.

Discontinuities are traditionally evaluated by appiyiag mincr and
often empirical approximate infiuence factors to the simpler 2olution for 2 .
regular geometry; these techriques are seldom valid in the immediats - {
vicinity of the discontinuity. A second method of analysis bLas become avail-
able which permits the evaluation of detailed geometric configurations with
the aid of computers. These procedures do not reguire a matdematical
equation of the geometry but rather consider the structure as an assembply
of finite elements. The computers are efficient at calculating the kehavior
of all these interconnecting parts, permitting precise solution i tha2 matrix -
formulation. '

=
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The i56-inch hydrcbnrst program was designed to demonstrate and
develop improved methods of performance prediction, including verification
of analytical strungth analysis methods. The assumptiuns for the acalytical
investigation included all vigible and experimentaily determined defects.
Measurements were taken on the case in the regiocn of the longitudinal welds
prior to the hydroburst program and compared to similar measurements
taken immediately after the case had been fabricated, The ddfe.rence-s in f{xe
measurements indicated that permanent set bad occurred in the interim., The
most sevare discontinuity in the 156<inch case was a circumferential angular

.
e

mismatch as shown in Figure 119,

A comprehensive plane strain discontinuity stress analysis of this

mismatch was coanducted, utilizing & modified nonlinear stress analysis com-

puter program written by Dr. L. R. Herrmann. '~ A comparison of
Dr. Herrman's analysis and the available Swedlow's (as programwmed by
J. Ary of Edwards Air Force Rase) is presented in Table VII.

TABLE VII

COMPARISON OF HERRMANN AND SWEDLOW PROGRAMS

Sirain-displacament

Formulation
(in terin. of deformed
or undeformed boiy)

Stress-strain law

Basic formulation

Plare stress or strain
Finite element or difference
Grid spacing

Principal limitation

Program muodifications
required

L. R, Hevemann

J. Swedlow
{(Programmed by J. Ary)

Nonlintar, cog.,
- 32 n it

J
Dc¢f{ormed Body

a, Uses true stress

b. Loads applied on deformed
boundary

Modified Hookes' Law for large
strains where clastic constants
can be specified as secant
modulus as function of maximum
principal gtrain

Equilibrium by variational
method {displacements snknown)

Plane strain or stress
Finite element
Arbitrary {triangular elements)

Poor stress-strain law

Adapt Hencky's deformation
theory which requires determi-
nation of Eg0c and Rp} versus
effective strain. Change Eg,,.
program to modify pp1 and
based on eifective strain rather
than p-incipal strain

-80-

Lincar, e.g.,

b}
ot o3y

Undeformed Body
a, Uses enginecering ctrezs

b, Loads applicd on original
boundary

Uses incremental plasticity
theory due to Reuss altheugh
it is not know whether or nc*
the unloading feature has
been programmesd

Stress funciion

Plane strain or stress
Finite difference
{Censtant mesh spazing)

Based on a linzar strain-
displacement law which dves
not consider effects of changes
in geometry under load

Change program to moaify
gecmetry after cack load in-
crement. This may be rather
difficult since a stress formu-
lation is used and the unknowns
are the values of the stress
function at each node rather
than displacement
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, h . Primary requirements for the analysis were:
(1) The theory must account for effects of changes in geometry 2
H uader load, .

(2) The stress-strain law should be capable of predicting pressure-
strain ‘or deformation) behavior of 2 perfectly round chamber.

Dr, Herrmann's program was selected for the analysis, A detailed
description ¢f the program 3 presented in subsecticn 4.

Additioral analyses performed in areas of possible failure include
those below:

e The aft closure-adapter bolts f.iled prematurely .

e The tapered pins were ejected

g 2. STRUCTURAL DESCRIPTION

The nydroburst chamber consisted of two segments attacled together
by a tapered pin clevis joint, the male and female portivag in the forwaid and
aft segments, respectively, The outside diameter of the chamber was 154,30
inches, and the wall thickness was 0.390 *U-Ogg inches. Thke chamber dimen-
sions are shown in Figure 3. Each segment wide composed of two plates of
! sieel rolled and welded and attached togetker by a girth weld,

The forward dome was fabricated from six partial geore plates and
a dollar piate welded tog .her. A cylindrical skirt war welcdad o the closure
through a double ring just prior ro the elliptical tangency plane, Similariy,
the aft dome was fabricated from gore plates welded toge’aer, A nozzle
adapter was holted to the lome, and a hydrotest closure was bolted to the
adaptar.

A visual examination of the 15¢-inch moter case piior to the hydro-

test resulted in the following observations and conclusions: . 3
{1} A "dutch patch’ was visible on the aft closure. This 18 a
relatively low strecs location and was not considered o
significant. S
{2} Aa apparent indentarion w2s oa the circumferential weld on - ﬁ
the forward cyiinder, fc.ward segment. and on the forward :
cylinder, aft segmeni. The indentations appearsd negligible.
4
{3) There was apparert 'seu gulling’ of the leagitudinal welds.
‘47 Several rciliuers for the joint pins were bent 2nd icose. It g

wag rrcomrm. aded that all retainers be checked, and the
damaged on2 repaired,

gkl s s
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Available vidigage dimenrsions were reviewed. The minimum thick-
ness was 0.375 in<hes at appreximately oge inch from the aft course longi-
tudinal weld, Ulirzsonic thickaess measurements taken ¢f the segments
are shown in Section II.

Accurate case coatour definition was obtained by measuring che rise
ci the cast over 8ix-..ch cnord lengths spaced one-inch apart for thirty

inches on either sicde ol the longitudinal weld at six different locations., These

dava were then matched with the vidigage measurements of thickness to
establish the shell cuntour,

The most severe discontinuity ia the longitudinal welc based on
measured data is shown in Figure 119,

Based on results of Pittsburgh Testing Lacoratory data foi tensiis
specimens aged with various cylinders of forwird and aft segments (see
‘Table VIII), frllowing are the measured case steel properties:

Minimum yield etrength (0.2% offset) 240,000 psi
Minimurmn ultimate tensiie strength 55,009 psi
Elongation {1.4-inch gage) 8¢
Reduction in area 30%

The chamber dzsign analysis was based on an MEOP chamber
pressur2 of 875 psig deterrnined for maxiraum cperating teraperature plus
three-sigma variation of pressure,

Design yield = MEOP x safety factor = 275 x 1,15 = 1004 ps.

The estirnate of hydrot rst presgure was based upon the assump-
tion that the minimum thickness vaiues measured one inch from the weid
extended into the heat affected zone, and tnat the uniaxial strengths of the
welds were applicable cecause of the expected plastic fiow on the inside
surface near the weld The cAalculated burat pressurss to achieve mem-
brane hoop stresses ccirespounding to the s.rengths listed in Table VIII are
shown in Table 1X, The anticipated burst pressure based on measured
minimum uliimate strength of {ne welded samples was 1280 psi, to occur
in the forward cylinder of t' ¢ aft seginent.

HYDRGETATIC TEST METHODS

‘The 156-inch d::meter motor was cleaned around the longitudinal
weld aad insperted Ly use of vigua®, ultrasoric and dye penetrant methods
to determine flaws and growth of defecte. The assembled n.otor case w. 3
supported at each end of tho skirt by !56-inch diameter pi:low blocks, A
cable wis secured over the aft closvre and the motor was tied by twe cables
located on eaci; segment. When the assembly and the inspections w=are
comgleted, tesi instrumentation cons’sting of redundant pressu.e trans-
ducers and 36 svrain gages were located internally and externzlly on the
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TABLE VIII
TENSILE STRENGTHS AND CALCULATED PRESSURES
FOR 15¢-INCH DIAMETER MOTOR CASE
Forward Segment Aft Segment

Weld 1284 Weld 1282 Weld 1283 Weld 1285

Parent metal strengths

Minimum yield (psi) 244,000* 267,000 266,000 285,000
Average yield (psi) 248,000* 270,000 266,000 286,000
Minimum ultimate (psi} 257,000* 277,000 273,000 291,000
Average ultimate (psi) 258,000 279,000 274,000 291,000

Weld metal strengths

Minimam yield (psi) 240,000* 247,000 257,000 257,000
Average yield (psi) 24£,G00% 254,000 261,000 260,000
Minimum ultimate /psi) 257,000  255,000* 263,000 266,000
Average ultimate (psi) 259,000* 262,000 267,000 268,000

# The minimum value in a row.

TABLE IX :
CALCULATED PRESSURES TO ACHIEVE MEMBRANE HOOP STRESSt, .
ASSUMING NOMINAL RADIUS CYLINDER WITH MINIMUM MEASURED

THICKNESS
Forward Segment Aft Segment .

Weld 1284 Weld 1282 Weld 1283 Weld 1285

Minimum yield in parent

metal (psi) 1270* 1400 1295 1383
Average yield in parent

metal (psoi) © o 1290* 1415 1295 1388
Minimum yield in weld (psi) 1249 1295 1251 1247*
Average ;ield in weld (psi) 1280 i332 1271 1262%

-Minimum ultimate in
parent metal (pai} 1337 1452 -29* 1413

Average ultimate in parent
metal (psi) 1343 1463 1334% 1413

Minimum ultimate in
weld (psi) 1337 1337 1280% 1291

Average ultimate in
weld (psi) 1348 1373 1300* 1301

t Corresponding to those listed in Table VI-2.

* The miniroum value in a row.

-84-
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chamber. Standard bonded strain gage pressure transducers of 0 to 2000-
psig capacity were used.

Strain gages were located (based on past data and analyses) at the
most critical locations along the longitudinal weld where the maximum
stresses were anticipated,

The 36 postyield uniaxial gages were applied at nine locatione, in
pairs placed at right angles in order to determine principal strains, at the
inside and outside of the motor case. These data were to be used for corre-
lating uniaxial tensile stress-strain data with biaxial stress-strain results,

- 4. METHOD OF DISCONTINUITY STRESS ANALYSIS

The structural analysis of complex solids subiected to arbitrary
loads is often required ir the aerospace industry. The solution of the arbi-
trary three-dimensional stress problem, however, is beyond the present
state of the art, Yet, ‘with the aid of electronic computers, a large number
of practical two-dimensional problems may be readily solved,

The discontinuity stress analysis utilizes a finite element metheod to
determine the stresses, strains, and displacements within the complex two-

dimensional structure. Nonlinear material properties and large deformations

are considered by a sucressive iterative technique. The governing equations
are given in the following sections. This program may be used for plane
stresa, plane strain, and generalized plane strain types of solutions.

In the finite element approximation of solids, the continucus
structure is replaced by a system of elements which are intercoanected at
joints or nodal points. Egquilibrium equations, in terms of unknown nodal
point displacements, are developed at each nodal point,

A complete set of equations for all elements in the structure is
solved by means ¢f an elimination simultaneous equation technique,

a. Large Deformation Analysis

There are two basic approaches to the formulation of a large
deformation analysis; the difference depends on expressing the equations in
terms of the deformed or the undefiormed geometry of the body. The con-
venience of one or the other approack is contingent on the type of boundary
conditions. When a surface pressure is specified it is usually most con-
venient to express the analysis in terms of the deformed geometry;

The material coordinate system (a system that is inherently
attached to the body) will be denoted by (xi) and will be selected such that in
the deformed body, it coincides with a spatial rectangular Cartesian systein
(z1); in the undeformed body the (x1) cocrdinate system will be curvilinear

-85-
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(Figure 120). The coordinates in the x system of a material point P are

(x!, x*, x*) for both the deformed and the undeformed positions. The
coordinates in the spatial system of point P are (x!, xy. x’) for the deformed
body and (x'-u!, x¥-u?, x*-u’} for the undefrrur-2 %2y, T'w Lougucents of
the displacement of point P are denoted by ul, The final and initial locations
of point P are shown in Figure 121, The distances in the deformed and
undeformed body between the points P and P' are respectively denoted as dS
and dS,. The squares of these distances are given by (where ij denotes the
Kronecker delta):

(dS)? = 8., dz' dz (1)
i
(dso)‘ = 6'1j dz' dz? (2)

Utilizing the fact that in the deformed body z" = x and in the
undeformed body z! = x! - yi, Equations (1) and (2) become

(@s? = 8., dx' dx (3)
2 _ igJ
(dS,)? = ;; dx dxd (4)
where
a B
_ @ du B du '
bij = Sap (4 - 550 5 - 37 )

Equations (3) and (4) are the expressions for the final and
initial distances between P and P' expressed in the material coordinate
system. The measure of deformation (dS)? - (dSo)z defines the strain
tensor Eij' i.e.,

(dS)? - (ds,)? = 2E, dx' dx’ (6)
Utilizing Equations (3) and (4), the following expression is

obtained
S A \ (7\
By T2 M Ny

The strain tensor (referred to as the large strain tensor) Ei'
is expressed in terms of the displacements by using Equation (5); in this"
utilization the conditions of plane strain are employed

1
(i.e., %‘:; = %Ex; = v’ = 0), for simplicity let u! = u, W' = v, x' = xand ¥ =y
du 1 |,du? Av.2]
ERn - e L e =) 8
En ax 2 {(Bx) + x’ J (8)
1 ,du dv 1 .3u 3du dv Av
E. = - = =) L L (=X LA ANCAS )
12 a2 (by MY 2 x dy " ax By) (9}
r
dv. 1 [du?  2v?] ..
E, =+ -5 |2 =X 10
2 ay 2 [(ay) T \Ao_l.)J {10
Ey=Ey=Ey=0 (14
- 8¢ -
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The equilibrium equations, written in terms of the true stress,
for the deformed body are

3¢y, o,
—— 4 e = 0 12
dx dy (12)
Bo-u 8«12
—t e = 0 13j
dx dy (13)

Egquations (8) through (11) define the two-dimensional deforma-
tion state for the bedy; equilibrium of the body is specified by Equations
(12) and (13). In the following sectiop the constitutive law will be developed
which determines the relationship between the stress and strain components,
As a preliminary to this consideration, the relationships between the exten-
sion rativs and the large strain componeunts for a homogeneous strain state
will be established, The extension ratio A is eq 2. to .»e quotient of the
finai length cver the initial length, i.e.,

L.

A= —L 14)
! Loi (19

By utilizing Equation (5), the desired relations are found to be

r~ —

1 Ly
-2—[1 - (M)] 0 0
- I 4 L
E; 0 5 [1 . (Xz)} 0 (15)
R I
0 0 R e
| Z | X, JJ

Equation {15} wliji be used in the interpretation of simple teats.
in addition, the physical significance of any general strain state may be
determined hy finding the principal strains and then interpreting them in
terms of extension ratios by utilizing Equatiwca (15},

In the following séction, it will also be necessary to have a
measure of the volume change of the deformed body. The volumes of an
element of material (specified by dx', dx’ and dx®) in tne deformed and
undeformed state, will be denoted as V and V, respectively, and are given

by
v o= V!éiji axt dxd dx? (16)
Vo= ih.u.fe dx! de? dx® (17

o

-~J

where ‘i‘hij{ i3 the determinart of h. .
. i
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With Equations (7) and (11), and noting that laijl = 1,

V = dx! dx* dx* (18)
v, = V(1 -2E ) (1 - 2E,,) - 4E,)* dx! dx dx® (19)
The measure of volume change e, to be emplcyed is defined as
vo.v?
e =
v 23 (20)
2
or E R
_ &V 0 (o]
e ° Vv - av V.2 (21)
o 2+ 4(—‘7-}+2.(—)
o Yo
where
AV = V -V, (22)

From Equations (18), (19) and (20), the measure of -olume change can ce
expressed as

- [E 2 ,
e, = (E“ + Ezz) - 2 {E“ Ezz - Eu) {23)
or
e, * (E” + Eu) + C (24)
where
¢ = -2(E, E, - E}} (25}

b. Material Properties

The problem under consideration is the plane strain response
of a rocket motor ce«- 0 pressurization; the critical time, t_.time at
which the critical state of stress and deformation cccurs) is .ssumed to
coincide with the time when maximum presgure i# reached. It is antici-
pated that the state of stress and strain exisiing throughout the case at
some time, t, during pressurization will be shown in Figure 122,

If the history of the pressure, p, is taken to be linear, it is
assumed that the history of ¢, will also be approximately linear. Thus. a
constitutive law which governs the behavior of the struin and stress state
mav be used as 20 approximate description of the material mechanical
response.
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o £ = CORLTANT
“.0. E” = 0)
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Figure 122 Anticipated Stress State Occurring in the Pressurized Case

For a typical region, the relationship between the true mean
stress and the measure of volume change "e " [Equation {20)] will be

g1} v g2 + oy
3
i - 2K ¢

e = ———————i (263
v 2K {1« K} '
4

expressed as (g =

By defining a nondimensional mean pressure by the variable H,

3¢
f T (27
H =K, 1K) e

Then Zquation {25] becomes

e =i}l -2K11H {28
v 2

The relationship between the stress and strain components (at
time to') will then be written as ic 18 defined by Lquation (251}:

- 7 { g R iay 3G
c“ = ..KngH + l’\;H * €Oy &M
Ty ¢ 2K {Ey ¢ K H ¢ o3 30
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Equations (28), (29) and (30) express the «pproximate con-
stitutive equations that will be used to describe the tehavior of the raterial.
The form of the aquations have heen s0 selected that they are valid for both
compressible and incompressibls materials. Incompressibility is expressed
by setting the parameter K; equal to one-half. For an =lastic material sub-
jected to infinitesimal strains, the parameters K, and K,, respectively,
become the shear modulus and Poisson's ratio.

Alternatively, the dependeénce upor. the principal stress ¢, can
be expressed as a dependence upen the principal strain K. Hence, the
dependence of the parameters K, and K, upon the principal strain'F', must
5 be established, These can be obtained By knowing the extcnsion ratios i,

'; and A, that correspond to the principal stresses ¢, and o,. Then the values
of E, and E, may be calcuicted. The ovarameters K, and may then be
determmed from the solution of Equations (29) and }}0;

c. Iterative Soiution Procedure

The equations governing the behavior of the motor case ars the
equilibrium equations (12, 13}, the strain displacement relations {8, 5, 10,
11}, and the stress-strain law {28, 29, 30). These equationz, when com-
bined with the appropriate boundary conditions (expressed in terms of the
deformed geometry), constitute the boundary value problem that rnust be
soived. Nonlinear effects appear in {2} the strain-displacement relation-
ships, (b} the stress-strain law (c is 3 noniinear fuaction of the strainl. and
{c) the boundary conditions (the displacements must be known before the
geometry of the deformed boundary may be describz4), The solution of
thiez nonlinear boundary value probiem is obtained by an iterative procedure,
The nonlinear effscts for each iteration will be approximateiy evaluated by
utilizing the results from: the previcus iteration. Thus, for example, the
coordinates of a poiat in the deformed body for the Bth ireration wili be

:pproxmated by

}
i

i{8 1 0; 18 - i) _
Ji(8) | 0, B - S

o 3 . 1

kS 1 : 14 R
where z denotes its position in the undeforme? hodv anid u
i

to . the
displacement components calculated in the (8 - |’ iteration.

The straia dispiacement relationships will be expresse i in tie

form
(8 5 E - b
E = € £ 3 32
1} 1 1
where
. -
f LW i u Xy
H —— S i+ —
Ax & 2y x !
= i 34
1, ]
A B SV 2 LX ]
SR L -
L2 3y x 3y ]
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and

aij = , (34)
u2u, 3y v Ly
L Z[ax dy t 3 dy R * (By)
(B -
‘The stress- ..rain law will ' : written as (Kl“B b is deter-

mined by the value of El(a - 1)

e!lia),,cn(a):“_ZKZ(e-.l))H(a)_c(s-x)_ (8-1 , (8-1) (4

A7) G2
e 8 < o (B 1)[e (B-1) 4(8), a}f“h Y, C(B‘”jc (36)
LS n[eu(a fﬂ DBy, B0,y (8]
ou® =2k (B [e (84 o f5-1)] 8

Thus, for any given iteration, the unknowns appear in a linear

fashion and the analvsis reduces to one of solving a series of linzar problems.

The governing €quations written in this way are identical in form to those of
a linear elastic analysis where there are aaisotropic thermal effects. The
technique that will be used to sclve this set ot equations is the finite element
procedure. It was necessary to utilize this particular formulat:on in order
to consider incompressitle and nearly incomrpressible materials., Prelimi-
nary to the development of the finite 2lement solution, it is necessary to
express the goveraing equa‘ions in terms of a variational equation. By
including the nonlincar terrns in the variational fur- -n, the following func-
t10n is obtained:

C - .- ” faY2 f.-\\i‘z o 15y ? R fan
?!‘:') = . )g,: L2 - [lé_‘, = + 2 - e 2y LI.“"'%:: =y
< SR AR S T L2z T 0t Ry
ity
R
20 S ERE- S SRR | B
+ <, - ML -2AvigHY + 2y H g, +
J i [ Q24 il 5y
P34
‘R 1 N . a - '
3-EREl RS- R R i -
+ C + h!i 23” + 2 C E
i-i’z: 5 ‘5~1 ' 5- -?
+iy e’ 4 T Ay P
i F] - 3 - x
. - -1
[ [ >
+ F v 5 i
)‘ 4
where
el
W= hi‘ K
&
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The surface iutegral '3 s be evaluated over the deformed body
as defined by the previous iteration and the linc integral is tn be evalnated
over taat portion of the deformed boundary where surface streasea are

presccibed,

The finite elemant . dluticn is formulated by representing the
case cross~-seciion by a series of triangles, selecting a trial forin of the
primary dependent variables (H. p and V) within euch tringle and choosing
their final form by the Ritz procedure 7. 8, 9, i0. A coarse finite elemen!
represeatation of ¢ portion of case croes-section ie shown in Figure 123,
For convenience in the following derivatina, th? gsuperscript indicating the
number of the iteratiorn will be deleted {i.e., ..\P/ will be denoted as C..H
otc.). The farnily of trial functions for use in'the Rita procedure ir =
Jormed by assuming that the displacements arc lineas within each triangular
element (expressed as 2 function of the values of the isplacemeats ai the
nodes) and continuous across the element int:rfaces and that the mean
pressure variable H is constant within each <iement, A particuiar member.
of tl.e family ig uniquely Aetermined by asaigning values te ali the node
values of the dicnlacerrent. and the element values of 1. These values will

s e

be eelected by setting the variation of ¥ equal to zero,

The case cuicsr-section is représented by Q elements; asso-
ciaved with tLese Q elemente arc N eodal points (a typical nodal point is
denoted by n), The valuns of the displacemeanis at the nth nodal point are
dencted as u™ and v and the coordinate: of the peint by (xn, yn)l= The valus
of H in ele.aent g is denoted ag 49, A particulsr nede n is common to M
eiements: 1w the considaraiion of the mth zlement of thas group, it wiil be
represented as shown in the lower portion of Figuie 124, The coordinaies
cf the vertices of this triangle e x; = x¥, x; = x¥, etc. ,The vaiues of the
displacerrents at its vertices are denoted by u; = o7, w, = ut, ete,

Withun the 2lement m, the displacements and H are expresg >l as

alx, vy} = C, + Cyx + Cyy (42)
vix, ‘,-) 5o, + Csx + be (‘!3)
X7s i\
H=4" (44)
where i -1
r\ \A i s T ‘1 '1 E
l(‘x Jlg ll] llurn V*ﬂ.,
I(;_ C" ‘uj vj {15}
' : 5 jm m v
N b
; 1% Y
[; Cs! T el
f'!;] — _;;_ i"‘_ . . K, }— - X, h'd o -;
CED T 2R Y T Y LAl ik iV I
‘ P Yy ¥ Y, - ¥, i (46
! k . ! j
i 7 N oS ;
i _ w - s - :
L %% KR ER
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= 4 v
A=x [xj(yk “ ¥ vy -y o by - Yj)] (47)
The variational function F for the system is the sura of the
) values of the function for each element, i.e,,
F = g F9 (48)
Upon substituting £quations (42), (43), and (44) into Equations

(48) and l439) and setting the variation with respect to the unknown parameters
u® and v" equal to zero, the following equations arc obtained (note that only
the M triangles surrounding node n contribute to these equations):

f i j k i j k
Z[Bllum+313um+3uum+3 v. +B, v +B, v

2l 'm m 3 m
m=1 M (49)
m .
+ BH ] =Z [Dl(oz“+ /s ¢) + D, au]
m=1
and M
- i j k i k
}— [B“um B&um+Be“m+BSIV %»I.%szvJ +}353vm
"r m:I A
4 M (50)
" B, Hm] = [Dz (@,, + Y3 c) + D "u]
» m=i
%.“ where
z Bllz""A(ZTZl 1Y) s T_.“ TBl) {51)
X »
¢ Bog=paTy Ty (52
£
a% By =2pv AT, (53)
Bu"*"“rm kY (54)
By = A(2Ty) Tyt Ty Ty \55)
Bf) = 2 VA T3 (5v)
D, = -24AT,, (57)
D, = -2uAT, (58)
TN
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Setting the variation of F with respect to the unknown parameter

H™ equal to zero, yielde the equation
a i j k |, i ' Kk
B11%n * B72%n* B73%m * Bg1Vm * BaaYtn * Ba3¥m
m (59)
+B9H z D3(a“+q22+c)
where
B?.t: Zp.VA'IZL (60)
By =-2(1-2v)pvaA (62)
D, =-2uVA (63)

(&

Thus, setting the variations of F with respect to the ZN node
values of the displacements and the Q element v 'ues of H* equal to zero
yields a total of (2N + Q) equation whose solution determines the approxi-
mate values of the displacements and of H. From this solution appro> mate
values of the stresses and strains are calculated by combining Equations
(33), (36), (37), and (38). Similarly, the nonlinear terms {@,,, etc.) are
evaluated and entered into the next iteratiom,

d. Conclusion

The method of analysis is completely general with respect to
geometry and material properties, Complex bodies composed of many
different materi=ls can be easily represented. Oisplacement or stress
boundary cenditions may be specified at any nodal point within the finite
element system, Arbitrary thermal and mechanical loads are possible,
Mathematically, it can be shown that the method converges to the exact
solution as the number of elements is increased; therefore, any desired
degree of accuracy 1ray be obtained, In addition, the finite element approach
generates equilibrium equations which preduce a symmetric, positive-
definite matrix which may be placed in a band form and solved with a mini-
mum of computer storage and time,

While the computer routine described abo' = was used for the
discontinuity stress analysis, the {inite deformation, nonlinea: portic.. of
the computer routine was not required as the material behavior occurred
in the elastic range and multiple iterations were not required, No attuunpt
was made to investigate higher pressures to obtain ultimate results in the
elastic-plastic regime as the failure occurred below the elastic limit of the
case material,

* The case cross-sections were first divided into a grid of quadrilateral
elements which were in turn subdivided into four triangles, Figure 125.

To facilitate the computations, it was found desirable to select only thrce
of the tour values of H (for eich quadrilateral) wndependently and to deter-
mine the fourth by the equation ' - H? + H?- H* = 0,

-G6 .
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er-919

Figure 125 Division of Quadrilateral into Four Triangles

5. DISCUSSION OF ANALYSES
a. Discontinuity Stress Analysis

The discontinuity stress analysis shows that failure would not
occur due to the irregular shape of the chamber., The Nonlinear Plane Strain
Program No, 287 was used to analyze the chamber's most severe discontinuous
cross-acction; the results are presented in Figure 126, where the hoop
stresses versus circumferential position are plotted. The analysis showed
significant effects of bending and shear stresses in the chamber,

‘ At the point ¢f maximum stress, a minimum margin of safety

v of 0.14 occurs. This margin, based upon the uniaxial membrane ultimate

i allowable strength and a bending modulus equal to .25 times the uniaxial
allowable, is adequate to ensure the structural integrity of both the continuous
and discontinuous portions of the chamber,

b. Bolt Adapter -Aft Closure

The area chiefly suspected of possible failure was in the bolts,
Post-hydroburst inspection of the bolts showed indications of environment
detericration, The Shell of Revolulion Program 124 (see Appendix) was used
tu analyze the loading on the clesure forging :lue to discontinuity stress
resuitants, The analvsi. showed a basic bolt load of 44,625 pounda per bolt

.937-
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and 13,985 pounds per bolt due to the interface loads at a prescure of 1038 psi.
Comparing these loads with the listed properties of the %-16 UNF bolts

(Ref, ), the minimum margin cf safety is 0,76, At 800 psi, the calculated
margin of safety is 1.28; however, a stress of 50% of the proportional limit
or greater, as discussed in Section V, is sufficient to produce stress corro-
sion failure urder specific conditions.

c. Pin Joint Analysis

The caese consisted of two segments attached by 200 pin clevis
joints. The ejection loads on the pins were determined for various levels of
pregsure loading from 200 psei to 800 psi and are plotted in Figure 127.

The static coefficient of friction, p, required to balance the pin
ejection load for a 5-degree half-angle pin, is 0.0875. When u is less tkan
0.0875, the ejection load is reacted by the retainer (or ''keeper') bars and
cap screws, Average values of p for metals are tabulated in Ref,3. The
value listed for steel-on-steel lubricated with light machine oil ie 0.16. For
the hydrotest, the pins were assembled clean and dry (no lubricant), p = 0,58,

The load calcuiated to fail the retainer bars is 396 pounds,
minimum; 857 pounds, maximum. These locads correcpond to anticipated
ejection loads for static friction coefficients of 0.085 to 0.082, It is alsc
necessary to keep in mind that dynamic coefficients of friction are much
lower than static. The lack of the empirical dynamic data suggeste that
rapid rate (vibration) tensile tests should be initiated. Calculations for the
tapered pin joint 2re shown ir the appendix, svbsection 8,

6. EMPIRICAL DATA VERSUS ANALYTICAL RESULTS OF
DISCONTINUITY STRESS ANALYSIS

The maximum 8stress realized in the motur case at 800 psi was
compared to the calculated stresses around the longitudinal welds:

Measured stress (p81; 231,300
Calculated btress (psi) 226,000
Circular membrane hoop stress (psi) 162,709

Comparison of the analytical and measured stresses show a relative
variation in the maximum interior stresses of 2.3% for the two approaches.
This variance is within the accuracy of the pre-test geometric measure-
ments, which was usel in the analysis, and strain gage placement and
readings. The assumptivn was made that the measurements of chamber
peaking were accurate and were input to the program as such. The com-
parison of the measured and analytic stresses validate cthe input data.

’ Stren&th cf Material, M« Graw-Hill Book Company, Inc., New Tork, 1957,
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.  CONCLUSIONS

i

(1) The plane strain analysis of the discontinuities around the longi-
tudina! weld has shown that the failure of the case would not
initiate at 800 psi due to these discontinuities, The minimuam
margin of safety was 0,14, The analysis showed severe
localized hending occurred at the weld,

e

Wwhile the stress level in the bolts al 800 psig was not high
encugh to initiate an overload failure, the presence of stress
corrosion could nave initiated the premature failure.

ro

Ejection loxa on the tapered pins in previous tests was suffi-
cient 1o cause the retaiaer bars to bend, It 18 pussible that a
pre.nature tailere of & 'keeper’ bar initiated che ejection of all
the tapered pias. A re-evaluation of the optimum pint taper
angle should be made, and the .- tainur assembly should be
designed to witnstard higher 2jecnion fore 8
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(4) To evaluate the assumptions on dynamic ejection of the pins, °
it is recommended that laboratory tests be performed to
simulate those conditions in the motor. Simple pin extraction
under rapid-rate vibration and analog tests of the assemblage
would give better foundation for analytic assumpticns,

8. STRUCTURAL ANALYSIS OF DISCONTINUITY STRESSES

To analyze the effects of nonsymmetry, lL.ockheed Propulsion
Company's Nonlinear Plane Strain Computer Program No, 287 was em-
ployed. The program provides a generalixed plane strain analysis in that
equations have been modified to take into account the effect of any axial
strains. The program considers both large and small deformations and
nonlinear streas~-strain laws,

A finite element variational method of analysis is used in this pro-
gram. The cross-section of interest is represented by a mesh of quadri-
lateral elements which can fit arbitrary shapes. Mesh generation rnutines,
for regular geometric shapts, have been incorporated in the prograra in
order to reduce the amount £ igput preparation required. Equations are
then presented for each nodal point, and the set of simultaneous equations
form a band type matrix which is solved and gives the required stresses and
strains at the center of each element,

The necessary boundary conditions for the analysis are the normal
ard tangential forces equal to zero at the exterior surface and the normal
and tangential forces calculated as a function of internal pressure and equal
to zero, respectively, at the interior surface. Since the discontinuities
cccar near the longitudinal weld, damping of bending stresses is achieved
prior to termination of the section under consideration. At the termination
of the section analyzed, the boundary conditions must simulate the continuocus
circular cylindrical contour and are, therefore, the normal displacement,
and the tangential forces equal to zero,

The output of the program consists of radial and hoop stresaes and
strains, shear-stresses, and deflections at each point.

. After the hoop stresses were determined the appropriate margin
of safety was calculated.

Minimum allowable stresas
Maximum induced stress

Margin of Safety =

Minimum yield strength of welded metul = 240,000 psi

Maximum induced hoop stress at 800 psig = 162,000 + 62,000 psi

1
M.S. = 57560 s oo - 1= 0.14
240,000 1.25 x 240,000

-101-
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SECTION VII
NONDESTRUCTIVE TESTING EVALUATION
1. INTRODUCTION AiD SUMMARY

Thia program effort was aimed at providing quantitative data on UT
effectiveness in the detection and definition of defi ctg, correlating the in-
spection results with the characteristics of the actual fi~ws. Microscopic
evaluation of the UT indications was accomplished at both L,PC and Mellon
Institute, The report from Mellen is included as subsection 2.d at the end
of this section (pages 1 - 19).

The microscopic results were accurately pradictced by the UT inspec-
tion, which had indicated mid-plate, noncontinuous placar delaminations. As
expected, all delaminations were associated with heavy banding and were
located in the weld heat-affected zone. None were cracks extending into the
weld deposit.

Two minor weld defects were detected: a G.030-inch pnrosity and a
0.30-inch lengta lack of fusion. These defects were verified by radiographic
inspection at LPC.

2. NONDESTRUCTIVE TESTING

The 156-inch diameter hydroburst chamber was ultrasonically in-
spected both pricr to and after the hydroburst test. The results of the
inspections are described in the following.

4. Pre-Hydroburst Inspection

The weld orientation and identificatior utilized on this chamber
are illustrated in Figure 128. Records obtained from the original manu-
facturing log book, regarding defect size and location in the parent metal
adjacent to the weld area, are shown in Table X, and illustrated in Figures
129 through 133. The original tests by the manufacturey utilized longitudinal
wave methods and indicated no defects in the parent material adjacent to the
longitudinal welds or in the weld bead. Nondestructive testing of the weld
consisted of radiographic and dye-penetrant inspection before and after
hydrotest at the manufacturer's plant. The longitudinal wave ultrasonic
tests were applied to detect banding or delaminations in the plate material
adjacent to the .weld. Because the longitudinal welds were reported free o’
delaminations, shear wave testing was used exclusively during pre-
hydreoburst inspection at LPC.

Based upon case visual evaluation and previous strain gage re-
sults, the longitudinal welds in both segments were considered to be the
critical areas. Thus, nondestructive inspectiocns conducted prior to hydro-
burst were concentrated in these regions. In preparation for tcsting, the
protective paint coating was stripped from the lengitudinal welds to provide
an eight-inch, bare metal band on either side of the welds on the case out-
side diameter. Insulation and liner from the previous test was not removed
from the inner surface.
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TABLE X

156-Iach Diameter Hydroburst Weld Identification

186-INCH DIAMETER HYDROEBURST WELD IDEINTIFICATION AND
DEFECT LOCATION (All Ultrasonic Indications in Parent Metal
Only Original Manufacturing Inspection)

Fcrward Head Sectior. 200001

-5
-4
-3
-2
-1
-1

GOOOOn

284
C-1282

Igniter boss weld

Forward dome weld

Dome to cylinder girth weld
Center girth weld

Cylinder to joint forging
Forward longitudinal weld
Aft longitudinal weld

Aft Head Section 200003

Joint forging to cylinder weld
Center girth weld

Cylinder to doriie weld
Nozzle adapier to dome weld
Forward longitudinal 'weld
Aft longitudinal weld
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See Figurs 129

(No delarninai ons)
See Figure 130

(No delaminations)
(No delr minations)
(Mo delaminzlions)
(No delaminations)

See Figure 131
(No delaminations)
See Figure 132
See Figure 133
(No delominations)
{No delaminations)
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Figure 132 Aft Head Section, Weld C-4, Nozzle Adapter to Dorne
Weld, View BB

Initial inspection of the cleaned weld aress was with flucrescent
dye penetrant. The penetrant, cleaner, and developer were applied from
pressurized portable containers. The arsae hging ijg?gnf-_m{ werae rarcnata-l
with penetrant at regular intervals to prevent loss of =z2usitivity due to dry-
ing and run-off., A 30-minute dwell-time was alic. .d for the penetrant.
After cleaning and apglication of a liquid developcr, the weids were inspected
undar altraviolet illumination. No ¢ ects were deiected by this method in
the areas inspected.

The ultrasonic inspections were conducted with a Sperry model
721 reflectorcope using the SN and 10N piug-in pulser-receiver units  Cali-
bration of tie transducers for bearn angle was accomplished with a standard
1IW-V-4 block., Signal responss was calibrated to the shear wave refercnce
standard described in LPC's Process Specification 207B (Ultrasonic Inspec-
tion of Fusion Welds). The calibration was gerfcimed {or three notch areas
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of 001, 002 and (0104 square .n-hes. Figure 134 illustrates the calibration

plate removed {romn the case and subsequently elox-notched.  The ultrasomice

response {rom these notches is illustrated in Figure 135, The notch depth
and length are tahbulated below:

Notch J=pth (in.) Length (in.) Designation
0.515 0.075 (half critical length)
0.020 0.160 (critical length)
¢.030 0.150 (twice critcal length)
Based on the woirk and conclusion of Strawley (Ref. ) in con-

nection with the failure investigation of Thiokol's 260-inch diameter hydro-
burst, the shear wave calibration and inspection metl.ods may r~t have been
adequate to detect either surface or subsurfece zero-gap ‘laws {cracks):
however, the aye penetrant means employed in the longitudinal weld inspec-
tions would have detected anv existent surface flaw-

Tle shear v. ve transducers used were 2.25 MC frequency with
shear angles of 45, 60 and 70 degre=s. Transducers with crystal sizes of
1 Ly Y2-inch, Yz-inch square, a.d Y -inch squarc were used. Th= shear
wave inspection was mainly perfcrmed with the 1 by Y,-inch size because of
handling ease and resclution equi/alent to the miniature and subminiatire
sizes. The 45 degree shear angle was used only to clarify indications from
the 60 to 70 degree a1gle transducers.

i
T HY TY TL 4 [
- 1
L ‘; o2 [ ] ooy
1
NOTCH LENGTH 0.t03 0.077 9,151 0.151 oo G.i02
NOTCH DEPTH 0.017 0.014 woz7 .o 0018 c.013
{INCHES)
T = CRITICAL 3 ZE TRANSVERSE
HT =HALF CRITICAL SIZE TRANSVERSE
TT < TWICE CRITICAL MZE THANSVERSE
TL 5 TWICE CRITICA. S LE LOMGI TUDINAL
e WL T HALF CRVTICAL SIZE LONGI TUDGMNAL
: L = CRITICAL MZE LOWNG TUOMAL

Figure 134 Ultrasonic Calibrat:on, LPC Shear Wave Test Plate,
250 Grade Marage, G.375 to 0.400-inch Thnickness
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Figure 115 Ultrasonic Signal Indication from Shear Wave Calibration
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The resuits of LPU's tnmitial pre-hydroburst inspe. on of the aft
tizad se- ‘ion are shown below:

Alt Head Section 290003

Piate adjacent to Weid C-14383

Girthweld C-1 is Q' station; ail 'ocations are aft «f C-1. Detect
areas are illustrated in Figure 134,

Defect Area  Sration Ioc2ticn (in.)

32 6to 7.5 2 zhear (S) indications 100%
amplitude adiacent to weld bead/
detected from all approach angles.

33 22 to 24 Continuous indication (S) 80%
amplitude/detectable from all
approach angles.

34 32 to 35 Continuous indication (S) 80%
amplitude/detectable from all
approach angles.

35 74 to 91.5 Continuous indication (S) maxi-
mum signal amplitude at ¢ inches
from weld 60 degree S transducer
at Starion 90,

Plate adiacent to Weld C.17Rs

: Girthweid C-2 is "O'" station: 21l locations are aft of C-2.
i Defect Area 5ta’"~n Location {i1.)
i 27 9 to 26 Intermuitent indication (S} 50 to
80% amplitude.
z8 43.5 to 9.5 Intermittent indication (5} 40 to
: 80% amplitude.
b,  Post-Hydroburst Inspection
Aftey hydroburet, test plates were remceved from the damaged
aft-head section by carbon-arc cut'ing, The plates cuntained sepresentative
ultrasonic indications detecteu during the pre-hydroburst inspections. The
arcas trom which the piates were removed and plate identification are shown
in Figure i3€. After removal of the plates from the case section they were
solvent ¢leaned to remove the old liner a- 4 1nsulation materials so that addi-
tional ultrasonic testing could b a~comyplished from both side .f the plate,
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Figure 136 !56-Inch Diameter Hydroburst Weld Identification

and Test Plate Location (Post-Hydroburst)

A series of ultrasonic test methods were used on the cleaned
plate to determine which method provided the best sensitivity., The methods
used were:

(1)
(2)
(3)
(4)

Pulse echo longitudinal wave immersion tests

Transmit and receive longitudinal wave (twin transducers)
Pulse echo longitudinal wave contact testing

Shear wave contact testing

Method (1) above was discontinued after initial tests because of
plate curvature. The curved plate required constant repositioning of the
search tube to maintain the sound path perpendicular to the surface of the
plate. Methods (2) and (3) were equally effective in detecting laminar flaws.
If the laminar flaws had occurred near the surface of the plate, method (3)
would not have been as sensitive as method (2). They were equal because
all laminar defects detected were in the center of the plate. A miniature
(/s -inch diameter crystal) longitudinal contact transducer provided the best
procedure for locating the boundaries of laminar defects.

Five types of indications were detected by ultrasonic inspec~

tion. These were:

(8} Three-inch long lack of fusion in plate No. 27, detected by
shear waves; interpretation was verified by radicgraphy.

(b) A single spot of porosity approximately 0.030-inch in
diameter. The defect was found by shear waves and verified by radiography
and longitudinal wave tests in plate No. 28A.
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{c) A laminar defect detected by longitudinal wave testing not
detected by shear waves. The areas were detectable Ly attenuation in
reflected signal as well as positive indication from the transmitted signal.
Typical indications were 18A-2 and 18A-4 through 184-13,

(d) A condition as described in (c) but also detectable by shear
waves from multiple directions of approach. When this condition was near
the weld bead, the indication was assumed to be smalil. randomly scattered
porosily not detectable by X-ray. When this condition was away from the
weld zone, such as 18-3, no ultrasonic interpretation was reasonable. Sce
Figure 137 for a typical signal response from this type defect.

{e) A false shear wave indication caused by the weld bead was
not interpretable when the inside of the bead was obscured by case insulation.
However, the weld bead indication was interpretable when bcth sides of the
case were accessible.

The ultrasonic indications found were numbered as & dash
number tc the basic plate number, i.e., 18A-1 is defect No. 1, detected in
plate 18A. For an explanation and location of the defects found by ultrasonic
inspections of the two plates (J8A and 28A) which were selected for a metal-
lurgical investigation, see Tables XI and XII, and Figures 138 and 139,
respectively.

The porosity was detected in the origina! X-rays made at the
fabricator, but was passed as within specification. The lack of funsion was
a rejectable defect and was not detected. A thin planar defect of this type
often goes undetected with radiographic inspection due to the difficulty in
locating the source exactly vertical to the weld-land surface. If the plane of
the flaw is other than parallel to the beam center, its detectability is greatly
reduced. The radiographs taken after the hardware was sectioned were
made using a constant potential X-ray machine with extra-fine grain {ilm.
This procedure yielded sensitivity of better than 1$; tvpical minimum speci-
fication sensitivity is 2%.

c. Metallurgical Investigation

As previously indicated, 18 defective areas in the two selected
plates were detected by ultrasonic inspection (defect 28A-6 which was identi-
fied as porusity was not utilized in the metallurgical investigation). Nine
defective areas were retained to be investigated by LPC, and the remaining
nine defective areas :were sent to Mellon Institute for evaluation. The areas,
marked in Figures 138 and 139, were sectioned and meatallurgical evaluation
was conducted as {ollows:

(1) Macroscopic Examination
Nine specimens were cut from the plate and examined with
a binocular microscope at magnifications varying from 10 to 40X. All of the
specimens, ''as sectioned" or after removing Yj¢ inch of material from cne

of the cut surfaces, disclosed the presence of delaminations located midway
between the surfaces of the plate. Specimen No. 1, from plate 28A, fell into

-112-
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Figure 138

Aft Section Plate Weld C-4 {(Plate 18A)
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two pigces when it was cut from the plate. Therefore, the size of the
delamination found in this speciimen was larger than the ares sectiocned (%6
by 2 inches). Ths face of the delamination exhibited discoloration which was
caused by oxidation. The length of the delaminations found in the nine
specimens evaluated by LPC are prescnted in Table XIII.

Figures 140 and 141 are photographs of the delaminations
exhibited by specimens Nos. 28A-2 and 18A-13. These photographs are
typical of the delaminations found in all t} e apecimens.

(2) Microscopic Examination

Examination of the unetched microstructures revealed tnat
21l of the delaminations were associated with areas exhibiting numerous in-
clusions in the form of titanium carbonitrides and oxides. Figures 142
through 149 are photomicrographs of the delaminations exhibited by the
speciiuens. Etching cf the specimens disclosed the delaminations occurred
in segregated bands of retained austenite. This banding is illustrated in
Figure 15u, Figure 148 alao reveals the pregence of a emaller delamination
running parallel with the large delaminations .

{3) Discussion

The defects revealed by this investigation are delaminz-
tione. The delaminations were cansed by cegregatiou and inciusions in the
form of complex titanium carbonitrides, oxides and etained z2ustenite. This
segregation and increased inclusion ont:nt (beyond riting on the ASTM
charts) occurred upon solidification of the ingot. The austenite, as illus-
trated in Figure 142, was stabilized by a localized ii crease in the percentage
of austenitizere such ag nickel in the last low-inelting liquid to freeze in the
ingot. Subsequent homogenization treatments znd hot working in plate rolling
failed to break up this segregation.

The delamiaated surfuce of specimen No. 1, from Section
8, revealed the presence of discoloration caused by oxidation. This indicates
the delamination was open to the adjacent weld (©-3). The presence of these
types of delarn.naliing ~oull be unly slightly detrimental to the tensile
strength for stresses applied varallel ‘o the isluminations.

£y cemyaiing the wize of the defects reported by ultrasonic
inspection (Tables XI and XII) and the size of the defects measured after sec-
tioning (Table ¥II), onme rar cee that an cxcsllent correlation exists between
the iwo sets of cata. This revaeala th-{ the vitrascaic techniques utilized to
find 31d measurs the delaminations are sxtremely reliatle.

d. Mellon Institute Report
(1) Iriroduction
This repor: presents the rosults of the insp_ction condnucted

on the aix samples ¢ pir-melt meraging steel plate rrcuvered froin the 156-
inch dlameter Lockherd Propulsion Company hydroburst booster .ase. Att.mpts
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Figure 140 Photograph of Defect No, 13 Illustrating the Delaminations
Found in Plate 28A., The Thick White Line is the Deiamina-

tion and the Thin White Lines are Segregated Stringers of
R Titanium Carbonitrides.

e an i g -

Mag, 12X
Figure .41 Photograph of Defect No. 2 Illustratiag the Delaminations
Found in Plate 18A, The Thick White Lire is the Delamina-

tion and the Thin White Lines are Segregated Stringers of
Titanium Carbonitrides.
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120X

Figure 142 Photomicrograph of Figure 143 Photomicrograph of
Delamination Exhibited by Defect Delamination Exhibitzd by Defect
No. 2 Located in Plate 28A No. 3 Located in Plate 28A ’
4
|
i
L A

Figure 144 Photomicrograph of Figure 145 Photomicrograph of
Delamination Txhibited by Defect Delamination Exhibited by Defect
No. 4 Located itn Piate 28a No. 5 Located in Flate 28A
-11§- l
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260X

120X

Figure 146 Photomicrograph of a Figure 147 Photomicrograph ot
Small Delamination Exhibited by Delamination Exhibited by Defect
Defect No. 10 Located in Plate 18A No. 11 Located in Plate 18A

120X 120X

Figure 148 Photomicrograph of
Delamination Exhibited by Defect
No. 12 Located in Plate 18A No.

Figure 149 Photomicrograph of
Delamination Exhibited by Defect
13 Located in Plate i8A
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| |

|

KalGHTFICATIOF . 150X Etchant: Marbles Reagent

Figure 150 Photomicrograph of Defect No. 12 Located in Plate 18A.

NOTE: Ths white structure associated with the
delaminations is retained austenite, The
darker structure is the normal structure
for hardened maraging steel.
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TABLE XIUI
SIZE OF DELAMINATIONS
Specimen Mo, Plate Section 28A Plate Section 18A
1 %6 wide by 32-in. long*
2 %4 wide by 1y -in. long
3 Yo wi2. by *Ufte-n. long
4 %6 wide by ¥4 -in. long
5 % wide by ¥ -in. long
10 %4 -in. 1ong
11 - ' " %4 -in. iong
12 : Y -in. long
13 Y -in. long

* The only specimen that split apart.

were made to correlate non-destructive testing results with the defects and
uncover information as to the cause of the defects.

(2) Experimentsal
(a) Matorial

The markings on the sample surfaces chart the sus-
pected positions of defects in the samples, as determined by ultrasonic
detectic” chniques at LPC. A totai of moe defects were charted.

(B Procedure

All six samples were recharted st Mellon [nstitute us-
ing « Branson Sonoray ultrasomnic defect search unit. Gecillograph displays
for each of the defects were photographed. The samples ware thes sectioned
in 3 manner to most rapidly revesl the presence of defects. Dye-zenetrant
checking techniques were used frequently during the seirch poriod.

(3} Rsasults

The results of the inspection of the six msraging stevl
samples are summarized in Table XIV. Tbe table shows that eight of the
nine charted defects were fousd. These defects wers in all cases thin
cracks, generally located in cos plane parallel to the sample surfaces and
app-oximately mid-way betwea. them. The defeci lengths® were measurad

* One of the three crack dimensivns, referred &o bere as the length -i.m;iy
for convenisnce.
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on the face of the polished metallographic sample which, in mosi cases,
repreceats the brokaeet portion of the crack. The measurement given is the
length of the crack visible on the sample to the unaided eye. Microscopic
examination reveais very thin crack extensici.s beyond the main crack, but
these ase difficult 2> measure rince, in addition to their thinness, they are
often discontinuous.

The breadth of the crack was determined by sactioning
perpendicular to the crack length at its widest openi:.j and messuring the
depth o penetration in this direction. josses incurred during sectioning
were aiso accounted {or.

The posilion of the crack relative to the entire sample was

~ de*ermined by an examination of the etched sample. In specimens with dual

strictures (weld metal and perent metzl) this task was strzightforward.
However, in specimens of a contuuuous structure, particular sttenticn was
given to the rates and evenness of etching. Thus, it is possible in most
cases to make a fair juagement as to whether the major cracking is in the
parent metal or in a beat-affecte’ zone of the i»rent metal. - .\ truiv salid

| yemgemsent Gu this puisl Can oRiy De MMaie 270N 2 knowledge of the positions

in the case from which the samples we:re oltained.

Figr-es 151 throogk 1€5 present skeiches, oscillograph
displays, and photomicrographs showing the qualitative results of the inspec-
tion. Figurcs 151, 153, 158, 160, and 163 are “lead-off" pages to each one
of the five sampl*s in which defects were found of the total of six received at
Meil~n institute. These figures include {a) sketches of the as-received
samples and the manne- in which they were srctioned (dutted lines), b
sketches of ihe resulting metallograpbic sarnples, {¢} osciliograph displays
of the chated defects, and (4} a pho*omicrograph of the "most open’’ portion
of tt- crack.

Following each of these ubouve listed figrees are additicnal
photomicrographs showing the condition of the saample ic the ares of crack-
ing. These photomicrographs are of (1) low and (2} high magnification to
revedl the noted asasociation of the cracks with /1) the segregation p . norarnon
known as banding and (2) stringers of secondary phase parricies.

{4) Conciusions

A 0 percent correlstion Letween ultrascmic m;acﬁm at
Melion lostitute and defect discovziy wae experienced.

All defolls were thin daliniinitisns generally lecated in
ona plane which was parailel to the sampie suv{aces and loczted typ.m- ,
mataly eqidistant from thea. . ;

All delaminyt’ons examined wers associstnd with a banded
mics sTucture and stringers of secordary phase particles.
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T e

S Btch: Bore
(v)

) igm 152 Photomicrographs Showing the Assoc:_tion of the Cracks with
the ﬁa:‘éing ()} vad! the Stringers of Secondary Phase Particles,

{bg ‘C) in w‘
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Figure 15% '"Lead-Qff" Page for Sample 3 Showing a) a Sketch uf the
Sampie, (b) Sketches of the Sectior Metzllographic Speci-
" mens, (c) an Oscillograph Disglay of the Defect, ard (d)
Photomicrographs of the "Moest Open'' Portion of the
Cracks in Specimens 3A and 3B, Respectively
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i Figure 154 Phofomicrographs Showing the Association of the Cracks with 1
Stringers of‘Secondary Phase Particies in (a) Sample 3A and

(b) Sample 3B, .
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(a)

50X Etch: Mixed Acid
(e)

|

Figure 157 Photomicrographs Showing the Associstion of the Cracks witk
Stringers of Secondary Phase Particles in Sample 3B
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men, (¢) an Oscillograph
Photomicrograph of the “iiou Qso
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Figure 160

“Lasd-Off" Page for Combination Sunple 5, 6 and 7 Showing
(a) a Sketch of the Saxaple, (b) Sketch- s of the Correspondiag
Metallographic Specimenr, (c) sa Oscillograph Display of the
Defects, and (d) Photomicrographe of the “‘Moet Cpen®™ Portion
of the Cracks is Specimess 5 ard 7, Respectively
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Ay

A

Figure 162 Phatomicrograpghs Showing the Association of the Cracks with
(a) Banding azd (b) Stringers of Secondary Phase Particles in

Sammple 7
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Bexple 9 7 Semple €

{v)

fe)

ple e 3 (&) 10X
 Figure 163 “Lead -Off" Page for Coabination Sample 8 and ? Showing (a) a
Stetch of the Sample, (b) Sketches of the Sectiored Metalliographic

Samples, (c) an Oscillographic Display of the Defects, and {d)
Photomicrograghs of the "Most Open” Portion of the Crack in

Samples 9 and 8, Respectively
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SECTION VIUI
CASE CUTTING BY LINEAR SHAPED CHARGE

The motor case forward section was cut for scrap with linear shaped
charges procureu from Jet Research Center, Inc., of Arlington, Texas,
Figure 166 illustrates the charge arangement. The 600 gr/ft charge was
sufficient for obtaining a clean cut of the chamber, although the joint sec-
tions were precut by torch since the charge density was considered mar-
ginal for thesc regions., Charge stand-off dic'...ce was one-half inch,
Figure 167 (1, 2, 3 and 4) depicts the cutting operation.

The motor case aft segment was cut up using a conventional cutting
torch.

BUTT JOINT MLIST
/ BE N CONTACT
KO, § ELEC. “AP BUTTED AGAINST CHARGE WD

N <1113

DETAR. OF SUTY JOSNT

i Figure 166 Sketch Showing Mounting of linear Shaped Charge
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APPENDIX
BOLT STRESS ANALYSIS

Lockheed Propulsion Company's Shell of Revolution Computer Program
No. 124 was utilized for the bolt analysis. It performs an axisymmetric dis-
continuity streas anaiysis by formulating the equations for radial deflection
and rotation in terms of internal pressure and the unknown beading moments
and shears. Input for the program consists of a group of idealized geometric
configurations such as cviinders, cones or eiliptical elements, which com-
prise the basis of the des:gn. The program equatee at each end (cut) of
these structural elements the respective equations for deflection and rota-
tion and eolves these equations for the discontinuity loads. The computer
then calculates the rotations, deflections, and meridional apd circum-
ferential stregses at the inner and outer surfices of the structural eleinents,
This method of analysis is used primarily where discontinuities occur due
to changes in the longitudinal geometry of the shell.
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15. ADSTRACT °

» Activities in the hydroburst of a?*ekusly fired 156-inch diameter,

¢ maraging steel motor case are described. 'The program encompassed disconti-
nuity stress analyeis of the laxge, welded vessel, an evaluation of ultrasonic
inrpection methods by post-test sectioning, and a detailed failure analysis, ~Ehe-
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