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ABSTRACT

FLAW GROWTH OF 6Al-4V STA TITANIUM IN NITROGEN
TETROXIDE WITH LOW NITRIC OXIDE CONTENTS

by
W. D. Bixler

The sustained load flaw growth characteristics of surface flawed 6Al-4V STA
titanium specimens were determined when exposed to nitrogen tetroxide

(NQOA) having nitric oxide (NO) concentrations of 0.06 to 0.30%, Test
temperatures ronged from 70 to 150°F. It wos observed that the threshold
stress intensity for the titanium decreased abruptly below an NO concentration
of 0,18% and also decreased as the temperature increased. The threshold stress
intensity was determined to be 2 60% of the critical stress intensity for NO
concentrations of 0.18 to 0,30% and temperatures of 90 and 120°F,  Sustained
load tests conducted in N204 vapor with a 0,30% NO concentration at 120°F

indicated the threshold to be aiso 2 60% of critical.

KEY WOKDS

6Al-2V STA Titanium
Nitrogen Tetroxide
Nitric Oxide
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Flaw Growth




FOREWORD

After the Lunar Module lands on the lunar surface, the temperature and
pressure of the descent oxidizer tanks rises because of heat soakback and

the concentration of nitric oxide decreases markedly immediately after long
propulsive burns which deplete a large percentage of the total propellant.

As the nitric oxide is removed from the oxidizer, the flaw growth
characteristics of 6Al-4V STA titanium deteriorate rapidly as evidenced from
previously generated data (Reference 3). No data was availoble at the low
nitric oxide concentrations ( < 0,30%) but the data was required to e¢nable o
decision to be made for abort criteria after lunar landing if the dump valve
system could not be operated. NASA,MSC requested the Boeing Company

to conduct an experimental program to determine the effects of the low nitiic
axide concentrations in nitiogen tetroxide on the sustained load charccteristics
of 6AI-4V STA titanium. A two week program was conducted under Task 24
of NAS ©-10364 and the results are reported herein,  The work was admin-

istered under the direction of Mr, A. Fisher at NASA/MSC.

Boeing personnel who participated in this investigation include J. N. Mastes,

Piogram Leader, W. D. Bixler, Technicc! Leader and D. D, Miller. Struc-

tura. testing of the specimens was conducted by H. A, Clden. The intormation

contained in this report is released as Boeing Document D1R0-14553-1,
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1.0 INTRODUCTION

The objective of this investigation was to determine the threshold stress
intensities for 6Al-4V STA titonium oxposed to nitrogen tetroxide (NZO 4) with
various concentrations of nitric oxide (NO) and ot various temperatures, Pre-

cracked surface flawed specimens were sustained loaded in the specific test
environments and temperatires indicated below:

NITRIC TEMPERATURE (°F)

OXIDE

CONTENT 20 90 120 150
%
0.30 ' \/D v
0.18 v v
0,09 v S Y v
0.06 v v

DSushimd load tests were conducted in N’204 vapor as well as in
the liquid.




2.0 MATERIALS

Specimens made of 6Al-4V STA titanium forging material were supplied to
Boeing by NASA/MSC for this prograa, The specimens were fabricated from
on actual Apollo'Servics Propulsion System propellant tonk that was about
0.056 inches thick, The specimen configuration is shown in Figure 1, A
yield strength of 150 ksi was assumed for the material over the temperature
range of 70°F to 150°F.

Nitrogen tetroxide (manufactured by Hercules Inc., Hercules, California) con-
.toining vorious amounts of nitric oxide was used as the test environment and
was also supplied by NASA/MSC. Chemical analysis of the N,O, cylinders

274
supplied are presented in Table i,
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3.0 TEST SETUP AND PROCEDURES

The specimens supplied by NASA/MSC contained precracked surface flaws,

. The flaws were introduced by eleciric discharge machining a rectangulor
storter notch in the specimen and then subjecting the notch to bending stresses,
The crack langth on the specimen surface was monitored during precracking
unti! the desired length ond corresponding depth was attoined., One specimen
was tosted which was precracked in tension ofter o semi-circulor starter notch
was introduced. This specimen wes fotigued ot 30 ksi for 11,000 cycles. All
precracking was done in air of room temperature,

A typical sustained load test setup for the specimens tested in the liquid N204
is shown in Figure 2, The dead load creep machines used have o 10 kip
copacity, The entire plumbing system was thoroughly cleaned prior to assembling
ond then evacuated and purged with goseous helium, The N;_,O4 was contained
in 2 pressurized tanks connected with flex lines to each other ond a small cup
(see Figure 3) clamped to the test specimen, Periodically, one of the tonks

was raised or lowered so that the fluid would flow through the specimen cup and
thereby supplying fresh fluid to the crack area. A schematic of the fluid ond
pressurization system is shown in Figure 4, Temperature control was accomplished

by surrounding the test specimen with an environmental box containing heating
coils ond a fan,

The sustained load test setup for the specimens tested in vopor of NZO 4 is
shown in Figure 5. The test cavity (see Figure 6) was filled with N2°4 to

' 7 within about 0.5 inch of the surface flaw in the specimen. The test cavity was

pressurized with goseous helium to 250 psig. A schematic of the fluid and pres-
surizotion system is shown in Figure 7. Temperature control was maintained in
the some manner as the liquid sustained ioad tests. All tests involving N204
were performed ot Boeing's remote Tulalip Test Site.

The approach used to define the threshold stress intensity wos to lood the first

specimens to target stress infensities less thon critical. These specimens were




held at constant load for 22 hours. After coﬂ\bhﬂm the test the specimens

were low tension stress cycled in air to mark the flaw front and then pulled

to failure., Evidence of sustained lood flaw growth was then observed by o
separation between the initial fatigue crack extension and that of the final mark -
ing. With evidence of growth, subsequent specimens were loaded ot lower initiol
stress intensity values until no growth took place. Some long term tests of 72 hours
were also conducted to verify the thresholds established.

Becouse of the difficulty encountered in distinguishing the entire precrack flaw
front in a substontial number of the sustain loaded specimens (fractographic as
well as low magnification visual methods were used), a conservative approach
was used in establishing the no growth threshold. If ony doubt existed whether
or not flaw growth took place, it wos assumed that growth had token place.
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4,0 DATA ANALYSIS AND EVALUATION

The stress intensity valves for the dota obtained were colculated using the

expression:

K, = Llo (55)'/2 My

where K' =  opplied stress intensity
o = gross stress
a =  flow depth
' Q = flow shope porometer i
MK = deep flaw mognification factor

The flaw shape porometer ond deep flow magnification foctor ore presented in

Figures 8 and 9, respectively. The deep flow magnification foctor being used

waos first defined in Reference 1 for 2219-T87 aluminum but has since been determined
to be odequate for 6AI=4V STA titanium (Reference 2),

Four static fracture tests vere conducted to derermine the critical surface flow
stress intensity (KlE) of the 6AI-4V STA titanium being used in this progiam.
KIE for surface flowed specimen tests is analogous to plane strain fracture tough-
ness (K'c) tests per ASTM E399-70T. One static fracture test wos conducted in
oir at 120°F whila the other 3 were ot 70°F. The detailed specimen results are
presented in Toble 2,

The results of the sustained load tests ore presented in Figures 10, 11 ond 12
ond Tobles 3, 4 oand 5 for temperatures of 70, 90, 120 and ISOOF. A summary
of the sustained load stress intensity threshold rotios (KTH/KlE) established are
presented below:

- [>Bosed upon no growth specimen results.




NITRIC TEMPERATURE (°F)
OXIDE I '
co&;ﬁm 70 90 120 150
20.80 in
0.30 Liquid ond | <0.63
Vapor
0.18 20,61
0.09 <0,54
| 0.06 | <04 | «o.4

The results do indicate that a significant reduction in threshold stress intensity
occurs at low NO concentrations; less than 0,18%, This is dramatically illus-
trated when the 6Al-4V STA titanium was exposed to N204 with 0 0.06% NO
concentration ot 120°F as shown in Figure 11, The threshold indicated here
was much less than 0,41 K!E with significant amounts of flaw extension taking
place ot this value. Sustained lood flaw growth rates were calculated for

this environment/temperature condition ond are presented in Figure 13,

The results also indicate that the threshold stress intensity decreases with in-
crew.ing temperature, The most dramatic evidence of this is presented in

Figure 12 with the 0.09% NO, 150°F tests. Two specimens failed in about
15 liours under sustained load at @ Kn;’K'E ratio os low as 0,69, No other

sustained load failures were recorded during the testing ot any other temperatures,

In the area of concern with the Apollo 16 and 17 missions; namely, 90 to 120°F
and an NO concentration of 0,18%, the results indicated that the threshoid
stress intensity is definitely greater than 0. 6] KIE (see Figures 10 and 11),
The vapor and liquid tests conducted at 120°F in an NO concentration of 0.30%
indicated the thresholds are also definitely greater than 0,60 KIE'
It should be pointed out that the lower bound thr- snold values established are
indeed conservative and easily could be higher than reported. As indicated in
6
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Figures 10 and 11 for tests conducted in N‘.O4 with 0 0,18% ond 0.30%
NO concentration, small amounts of growth (Aa = 0,001 = 0,002 inches)
were reported In the stress intensity range from 0.60 to 0,81 KIE' Two speci-

. mens were tested to determine if flaw growth orcurs (or is indicated) when just
loaded ond immediately unloaded, marked and failed. The results of these
two tests are presented in Table 2. The specimens were loaded and unloaded
in air at 120°F to stress intensities ranging from 63 to 72% of critical. The
fracture faces indicated flaw growth of about 0,001 to 0,002 inches in the
depth direction,

Previous sustained load tests of 6Al-4V STA titanium specimens in N204 have

indicated no growth below 72% of critical (Reference 3). These specimens

were also 0,056 inches thick with about half depth flaws and were also from
Apollo tanks of about the same toughness and yield strength., The only obvious
difference in the test specimens was that the present program specimens were
precracked in bending rather than tension. A previous investigation (Reference

4) compared the effects of tension versus bending precracking in Inconel 718

and it was concluded in that report the bending precracked specimen had growth-on-
loading while the tension precracked specimens did not for the same applied stress
intensity, This does not appear to be the case with the titanium tested in this
program because a single precracked in tension specimen was sustained loaded to
0.66 K|E (specimen TBC-1, Table 4) and indicated the same amount of growth
(Aa = 0.001 = 0.002 inches) as the precracked in bending load/unload or sustain
loaded specimens looded to about the same stress intensity level, No explana-
tion is offered for the apparent differences observed between Reference 3 and the
results presented herein. Although the thresholds could be elevated by ignoring
the 0,001 = 0,002 inches of growth observed in the sustain loaded specimens
(assuming that amount is due to growth-on-loading), it was decided to be con-

servative and present the no growth thresholds in this report,

A summary of all the threshold results obtained in this investigation, along with

the results of Reference 3, is presented in Figure 14,




5.0 OBSERVATIONS

The following observations were made from the sustained load testing of

SAl-4V STA titanium jn N204:

I. KTH decreases sharply with NO concentrotions less than 0,18% at

temperotures of 70 to 150°F. A KTH’/KIE << 0,41 was indicated in
0.06% NO ot 120°F.

2. KTH decreases with increasing temperature at constant NO concentra-

tions. Sustain load failures were recorded in 15 hours at K ;/K

TN
low as 0.69 in a 0.0%% NO environmeni at 150°F

3. Ky 20.60 K in 0.18% NO af 90°F or 120°F and 0.30% NO ot

120°F.

4. Ky 20.60 Ky in vapor of 0.30% NO at 120°F.

13




REFERENCES

‘ 1. Masters, J,N.," Haese, W.P, aond Finger, R.W,, "“Investigation of
Deep Flaws in Thin Walled Tonks", NASA CR-72606, December 1969.

2, Finger, R.W,, "Fracture Characteristics of Structural Aerospace Alloys
Containing Deep Surface Flaws", to be published, March 1972,

3. Masters, J.N,, "Cyclic ond Sustained Load Flaw Growth Characteris-
tics of 6Al-4V Titanium"”, NASA CR-92231, July 1968.

4, Tiffany, C.F., Masters, J.N,, aond Bixler, W.D,, "Investigation of
Crack Growth Threshold of Inconel 718 Exposed to High Pressure
Oxygen”, NASA CR-108485, August 1970,




== 9600

uonesmnbyuoy vawdeds | ank. .

L =8

(S30v1d 9)
vig 610
/ - o0 o~
A / K ‘
© o — 6T
M o

180 e

10




HEATING ELEMENTS

_~—LOADROD |
!
'

ENVIRONMENTAL
BOX DOOR

\ _~— SPECIMFN

P e FLEX LINES

WITH N 504

= LOAD ROD

2tup for Liguid Tests

T
SN

Figure 2. Sustaing.d 1

ALITY

¢
J

ORIGINAL PAGE I8
OF POOR QU




- - - Yy - o A |2 -

- o 5 R \\\I\\u

z Lian Sy
Sl s g o "

= - e M = =r
o’ - b e T i
2 _‘r
* ) 2
M

SPECIMEN

Figure 3: Pressure Cups Mounted on Specimen

o«




e e - M

{
i r hl
| | |
| | |
| | |
| | 12 |
| | |
| |
l H 3
1 ——r-
|
|
|
|
I
GHe"* |
" rto
4T J
2 N\ | |
| 1
¢ T2 |
! : TEST
TRANSFER L —ow—o  SPECIMEN
VESSEL —_ l CuP
\_ I
— FILL AND DRAIN VALVE T

e

CONTROL ROOM TEST CELL

Ty CIRCULATING TANK - STATIONARY

To - CIRCULATING TANK - CYCLING
P 150 PSIG

' He SYSTEM ALSO USED FOR PURGING SYSTEM

Figure 4. Fluid aud Pressurization System Schem* = “or Liquid Tests

-




LOAD ROD — o
5 \l\i,J

N

COMPENSATING)
!

\
‘
N

|
'

Figure 5 Sustamed Loed Setup for Vapor Tests

ORIGINAL PAGE LS
OF POOK QUALITY




—u
- “ﬂu
> s
| g™ n . N,
N\ >d " B .\t
-~ - g -4 — -
/ .)\IUP _ah .
-
743] =
D - d
b + \

R SUESRIE L oS0 Y -

o a————

i SRl B . .

- -

SPECIMEN

14

Test Cavity

Frgure &

-

e &



GHe*

TRANSFER VESSEL

CONTROL ROOM

TEST CAVITY

P - 250 PSIG

F ]
SIGHT
GLASS |
10-15 PSIG SIGHT
- GLASS
N /
- /
= & OVERFLOW
=i / CAN
'_/ /
/
L FILL AND DRAIN VALVE
TEST CELL
S S - o s = T
* MHe SYSTEM ALSO USED FOR PURGING SYSTEM
Figure - Fluid and Pressunizit.on System Schematic for Vapor Tests
16
K3 1

S




My jPULELU] PUR 376N JO) SAAIN]) JB)IUIeIES SUBYS ] ainbiry

D 'H3IL3IWVHVd IdVHS MV

e 1T 02 &1 gl Ly gL v [ bl il 0! 60 &0 0
1 _ | _ ! . | i 1 | T 1
| | |
SO> /ey “w omoss L= (E.o...(_ - “ J -l
m 4.
_ V
_ w\ .~| M , w f——lyn
J _ _ |
i .u & #, ‘ — 4
_ _ |
: AN\~ —20
_ 0
_ /,__.n.o d
. N _
o5 f_m.w = 00
NN
_, /,/ - 10 i 3£0
| 8’0 |
_ , /._-m.o |
” - 0°t , =
| | |
\ _T | »0
| |
| .
_ ]
| , )
s0

17



ol

(1 3761343y ) SamNy UoNEIUSE Y Me) daag g anbi
7 1




] o065 Pue 1507 1Y VOEN s wnivelf V1S Ap-/V'0 JO IMAID MELY PEOT paurels”'S g iinbiy

E (SUH) INIL G3INIVLSNS
i 001

L.
—‘ LA BB B 3 L 4 v L] ' o
(100 01D O
—so
(200 019 ~o-—0) ON %900
—49°0
1200 0) © —=—0 N (SHH) INIL QINIVISNS
1 0 !
480 mx—uqqqqq‘dw T 14 ——-4.4< ) S Y Yo
€50 > w.fzhxv o
—60 -1
~—0 . 4004
(#0002 97 ON %600
-0t 490 o
w0 o0 .
10
(SHH) INIL OINIVLISNS iy ly
00t ot i . oo oy 91 =0
rrerrr— T | LELELAN S T o -18'0
- - - I.Lma
4006 S0
ON %810 L
—~49°0 o1l
O . - -
(2000 =100 0) O
oag.ﬂ‘—g.ﬂ-ﬂ - w.!\ft . a 1
120C 0 =100 0 um 90 < —{t0 2iyty
{200 01 O
HIMOWO 1¥D0Y . 03
. ~80 @
HAMO < *T 40
INANCGAY SILVUINI SISIHININY G @
LM et ) %y HAIMOHO
-0 ¢
' * T ST —— M
T




10024 1Y P0CN ut wintuelt] 1S Ar19 40 yimorq merq peol paurersns -1y ambrg

(SHH) IWIL GINIVLISNS

00t < ot

frrrry -t-lndﬂ.rar—qﬁ-. LA { Y Y

18005
1
tr0 Vu.x\x b
d002Z1
ON %90
* . FEEY PR
o R TR AN
16109 o
S1831

YOdVA ILVIIONI STI0BWAS II110S
HLMOBS 1V301 = 9

HIMOHD ey 34O
ANNOWY SILVIION! SISIHINIYVYY @

HIMOYO ON HiIMOYD

{SYH) 3IWIL a3NIviISNS

o0l (1]}
— LR 2B SR A 1 T L] | —- AL LS 1 i | 1 1 )
- 40021
ON %810
)
O . - - -
(200 ~==100') O
{100 v.mu”m C

190 2 W.X\IPI

(100 >) U"lo
(€00') O =) .

o't

S0

+0
Sc
90
o
3y, y
80

60

0

(SHH) 3WIL Q3INIVLISNS
001 ot

—‘Hquqq T T ¥ —#1#4-4 T 1 4

v50 VW_X\I.— "

d00ZL
ON %600

11001 8 U
(Z0G ) O {200’ O “

(SHH) IWIL G3INIVLISNS
00l 01

—490

—--—u- L4 L4 —--—ﬂ L ¥

40021

C ON %0t'0

:Oo.v_mum ) -
(100°>) 5 O (10019 C

{Z00 ~= 100 ) UJA”O
€00

090 7 'ustly

1200 ) O~

0 co

—s0 A

Lo
3y, FALY
80

60

o'l

20

v0
SC ¢
90
Lo .

3y iy v
80 .

60 i

01




0051 1y POEN ur wmwe [ VIS AfriV9 10 yim0I9 mel4 peo] pautesns | ainbiy

{SHH) 3W11L G3NIVLISNS

vo

90

Lo

80

60

00t 0l
LI A T [T T T T
v50 > MuHiy
3 30081
{€00)D O - - ON %80°0
(100 >}
100 >} 9 —=—L0 o
010') 91 =0 o
{SHH) IWIL O3INIVISNS
001 0ot
- Vi T ¥ »  § — LR SRS L T L
€90 > 3 u/Hixn 4006t
ON %0€°0

(Z00') O wnenl) = = 3

€00') O =0

ot

vo

S0

90

Lo

80

60

Gy

1
Iy, iy
HIMOBS T¥D01 - D7 @
HLMOYO eC 40
ANNOWY STLVIIONI SISIHINIEVY @
O ——Q0
NN HIMOYS
t
3y My

21




dabZ1 12 (ON %90°0) YOCN v wiiey 1 V1S Ag1vg jo sa1ey yimor9 mer4 peo?] pauleisns g ambiy

, 23s v w o,
i ; Amwzoz_-op_u.: 3LVH HIMOHO MY 14 QYO GINIVISNS

_,_ : 01 ot 10 100
[TTTTTT71 T LARRERELEL ] [frrrTr— 71 €0

/ e
- ¥0

40021 “o
ON %900 / 7

WH / w*v.\ ..v_




100
* 09 .
08l 102 Rerg?ENce
DATA
/M
07}k
0.6 - 1
K / :
“rh e / LOWER BOUND Ky f
FOR 90°F & 120°F %
05} / DEFINED IN THIS
. / REPORT
? / |
0.4} (f /

03p /

~—

0.2 /

/ O 10°F
! / D 90°F
i o1k 0O 11209
T/ O 1500
‘ o i 1 1 | 1 | ]
. 0 0.1 0.2 03 0.4 0.5 0.6 0.7 1
% NO IN N204 %

Figure 14: Threshold Summary of 6AI4Y STA Tianium in N 04

23




Table 1: Chemical Anslysis of N 04

>

(By Waight)
CYLINDER 'g; ,Ro'g WATER CHLORIDE
NUMBER (%) (%)
(%)

65A916 0.05 0.10 <0.04
65A1208 0.06 0.08 <0.04
65A923 0.09 0.10 <0.04
64A170 0.18 0.07 <0.04
65A655 0.18 0.10 <004
65A650 0.28 0.10 <0.04
65A936 0.30 0.09 <0.04

[T=> ANALYSIS BY HERCULES, INC.
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