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ABSTRACT

Materials and processes development activities for the fourth
quarter of Contract Year 1970 are reported. Materials development topics
include: (1) planning material test activities for CY 71 and beyond;

(2) development of analysis techniques to adjust heterogeneous data;

(3) determination of thermal conductivity for AISI 347 stainless steel and
elastic moduli and Poisson's ratio for Inconel 718 and Ti 5A1-2.5Sn (ELI);
(4) embrittlement effects of 1400 psi gaseous hydrogen for alloy 718 and

Ti 5A1-2.58n (ELI); (5) cryogenic radiation damage of Ti 5A1-2.5Sn (ELI);
and (6) evaluation of prepreg, impregnation and fabric materials for
optimum €£ibrous graphite properties. Component support topics include:

(1) tensile design allowable development of Ti 5A1-2.5Sn (ELI) for turbo-
pump applicatioms; (2) evaluation of fatigue, fracture toughness and stress
corrosion properties of AA 7039-T63 for pr.:ssure vessel applications;

(3) development of AISI 347 sheet tensile and creep properties for nozzle
app;ications; (4) evaluation of orbitul w:1d techniques for aluminum lime
fabrication; (5) material selection of shield materials; (6) development of
high load friction and wear properties of hard chrome/gold plate combina-
tions; (7) revision of Contamination and forrosion Control Plan; and

(8) evaluation of weld processes for NASS duct coolant channel fabrication.
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1. PROGRAM IMPACT

A. Revised material problem areas and test requirements were established

for current component designs and their respective engine operai’onal environments.

B. Statistically established "alternatives' were approved to "adjust"
data that have been heavily penalized for heterogeneous heat~to-heat variability
that made data unsuitable for desigr.

C. Since alloy 718 and Ti 5A1-2.5Sn (ELI) are embrittled by gaseous
hydrogen near room temperat&re, extensive cyclic and sustained load fracture
toughness testing is required to establish use limits. Proof-testing for
individual TPA components may be required to 'screen' materials with critical

flaw sizes from use.

D. Irradiation at 1017 nvt > 1 Mev equivalent to a location above the

internal shield does not degrade Ti 5A1-2.5Sn (ELI) parent metal.

E. Marginal yield strength of AISI 347 stainless steel in the nozzle-
jacket flange area initiated an investigation of higher strength alloy ARMCO -
22-13-5,

F. Preliminary formulations were established for the selection of
optimizing properties of fibrous graphite material. Properties tests are
delayed by higher priority Pewee skirt fabrication.

G. High temperatures caused by a high gamma dose below the external
shield may prevent utilization of aluminum alloys for uncooled thrust structure

applications.

H. Category "A" data were developed for T{ 5Al-2.5Sn (ELI), alloy 718,
and AISI 347 stainless steel, Forging, tensile and fracture toughncss prop-

erties for alloy 718 have also been developed to "A" basis.




I. Aluminum alloy 7075-T73 is prime backup for 7039-T63 pressure
vessel shell material because of stress-corrosion susceptibility of the 7039
alloy. Aluminum alloy 6061-T6 is considered a backup closure material because

of the additional requirement of weldability.




II. ACCOMPLISHMENTS

A. PLANNING

A revised Materials Program Plan was published as Data Item
$§-131-CP090290AFl, Potential material problems of the current engine design
were identified and coordinated with the project, design, and support disci-
plines. Test-plan matrices to establish material-property and specimen-popu-
lation requirements wer2 prepared and coordinated and approved by reliability.
Materials test requirements for CY 1971 were established ca the basis of pri-

ority for each major component.
B. MECHANICAL PROPERTIES

Three alternative methods were escablished for adjusting category
"A" data that were not suitable for design because of heat-to-heat variance.
These methods were coordinated and approved with WANL and SNPO-C. Twenty-five

DRMs were issued for physical and mechanical properties of NERVA materizls,
C.  PHYSICAL PROPERTIES

The thermal conductivity of furnace-brazed AISI 347 stainless steel
from liquid-helium temperature to room temperature me- “ured at the National
Bureau of Standards showed il0 adverse effect and agreed with previous
nonrurnace-brazed values. Elastic moduli and Poissoﬁ's ratio of Inconel 718

and Ti 5A1-2.5Sn (ELI) forging material were measured at room temperature.
D. HYDROGEN COMPATIBILITY

The embrittling effects of gaseous hydrogen were evaluated for
notch-tensile and fracture-strength characteristics of TPA materjals and
released in ANSC Report S-131-MA04-W187-04. Static failure loads and sub-

critical stress intensity for 10 hr of sustained stress tests of alloy 718 ant




Ti 5A1-2.58n (ELI) were conducted in 1400-psi cryogenic pure gaseous hydrogeu.
Ten hr sustainad-load results showed deterioration of the threshold stress
intensity of about 85% at room temperature and 15% at -160°F when compared to
the static critical stress intensity for alloy 718. At -100°F, little improve-
ment was shown over room-temperature degradation, indicating an abrupt transi-
tion in fracture-toughness threshold between -100° and -160°F. Alloy Ti 5Al-
2.55n (ELI) showed a comparable 80 and 30% deterioration at room temperature
and -160°F, respectively. Limited tests at —-100°F indicated more than 50%
deterioration and an apparent linear-degradation relationship. Both alloys
are classified brittle for room-temperature service. Alloy 718 appears to

be brittle at -100°F. Combined, sustained, and cyclic stress tests indicated

a flaw growth in direct relation to the sum of separate effects.
E. RADIATION DAMAGE

Preliminary results from GTR-20C indicate that Ti 5A1-2.5Sn (ELI)
irradiated to a level between 2 x 1017 nvt and 6 x 1018 nvt > 1 Mev exhibited
a threshold of radiation damage of ductility and toughness at 1 x 1017 nvt.
This suggests that the radiation level anticipated above the internal shield

is not expected tc affect design criteria.
F. FIBROUS GRAPHITE

Evaluation of prep.eg resins in the carbonization and graphiti-
zation )»rocess resulted in sclection of a single resin based upon minimum
shrinkage. A fiber-resin formulation system was selected to combine high
elastic modulus, block-tensile and tensile strength in warp and fill directions,
and maximum demsitv. Impregnation formulations were also selected on the basis
of low viscosity, high carbon yield, and the ability to graphitize. TIndene has
been selected as the best solvent for reducing viscosity and improving carbon
yield. Techniques have been demonstrated for weaving 3-dimensional tufted

fabric. Techniques have been developed for bonding the honeycomb cell to the



iiner fabric. Completion of property tests on available samples has been

delayed, however, because of manpower demands of the Pewee skirt contract.
G. TURBOPUMP MATERIALS

Design-allowable tensile property category "A" was completed for
Ti 5A1-2.5Sn (ELI) at 70°, -320° and -423°F. Preliminary analyses of -423°F
toughness indicated ductile fracture based upon fracture-toughness criteria.
Additional requirements were prepared for the cyclic fracture-toughness

evaluation of K.i at SNPO-C request.
H. PRESSURE VESSEL MATERIALS

Fatigue tests of aluminum alloy 7039-T63 at 150°F were completed
for the high-cycle rotatirg beam. Results indicate an endurance limit of 23
ksi at 107 complete~reverse cycles. Stress—corrosion evaluations indicate that
grit blasting and protective coatings can prolong stress-corrosion life. The
flange-seal area was identified as the most susceptible to stress corrosion.
Limitiations of protection are identified as nonadhesion of coatings and the

occurrence of undetectable residual stress.

Low- and nominal-chemistry-subscale forging fracture-toughness
results at room temperature, ~100° and -320°F showed acceptable values for
both flange and wall-section maﬁéfials Qith improvéd valﬁes in.the wall
raterial indicating the beneficial effects of the supplemental extrusion process.
While high-chemistry forging values were low in the short transverse direction,
tnese were less significant since thn short-transverse is not a principal stress
direction for pressure-vessel application. In general, 7039-T63 values decreased
with decreased temperature whereas 6061-T6 step-forging values increased with
decreased temperature. Short transverse values improved with increased forge
reduction. Aluminum alloy 6061-T6 values indicate a completely ductile material
for al. temperatures, directions, and reductions tested. Statistical analyses

of the subscale-forging results are in process.



1. NOZZLE MATERIALS

AISI 347 stainless-stecel sheet tested at ORNL is currently identi-
fied as category '"C" data because of heat-to-heat variability. An investiga-
tion was initiated to establish the cause of this anomaly, ARMCO 22-13-5 has
been posed as a substitute for AISI 347 to improve forging yield allowables
required for the flange design. An investigation also was initiated on the
new material to determine its brazeability, weldability qualities, the effect
of radiation, and embrittling effects at cryogenic temperatures. Creep tests
in gaseous hydrogen for 100 hr at 1200°, 1400°, and 1600°F indicated reduced
creep resistance by exposure to gaseous hydrogen and degradation by small grain

size at 1400° and 1600°F.
J. LINE MATERIALS

Orbital welding of lines for aluminum alloys was continued with

improved control being shown of crown and "drop-through" contour.

K. SHIELD MATERIALS

The predicted service temperature of above 500°F suggests the need

to employ AISI 347 stainless steel .for the shield.
L. FRICTION AND WEAR

Evaluation of hard chromium against electrodeposited gold at high
loads to simulate 70,000-psi Hz stress exhibited a wear life of 200 cycles with
friction coefficients ranging from 0.07 to 0.09. Samples of ion-deposited and
electron-beam-deposited gold were unsatisfactory with a typical wear life of

20 test cycles at 20,000-psi Hz stress being shown.



M.  CONTAMILKATION AND CORROSION

The scop2 of the NERVA Contamination and Corrosion Control Plan
(Data Item S-021-CP(9 290) was expanded to include space, biological and radia-
tion contamination environments, and the planned support of trend-data relia-

bility analysis. Th=z revised data item was republished in July.

N. NASS FACILITY

A simulated weld section of the primarcy ejector L-channel configura-
tion was prepared to evaluate distortion. Excessive distortion was encountered

from the heat of semi-automatic GTAW welding. Evaluation of GMAW welding was

initiated.



III. TECHNICAL DEVELOPMENTS

A. PLANNING

During the quarter, emphasis was placed upon programing the materials
effoit for CY 1971, Problem areas were first identified by consultation with
de~ign and reliability disciplines for the resolution of critical design and
reliability inadequacies. This was accomplished by updating the Material Pro-
blem Identification sheets prepared for CY 1970 program plans (reported in
RN-DR-0189), and ccordination with and approval by, project, stress analysis,
thermal analysis, nuclear analysis, and reliability disciplines. The updated
current material problem identification sheets are presented in Appendix A.
Significant changes include: (1) use of a higher strength multiﬁhase material
as a backup candidate for TPA and PV bolts, as a result of increased hydrogen
pressure requirements; (2) use of phosphorous bronze for valve seal elements;
(3) use of AISI 9310 for actuator gears; and (4) addition of imstrumentation

and controls and shield components to problem-identification evaluation.

Material property tests to resolve established problem areas were
projected. These are presented in Appendix B as Material Test Plans and include -

the complete effort projected for CY 1971 and beyond.

In the test plans, specimen populations for design-allowable devélop—
ment were established on the basis of the requirements of TD 69-28. Screening
and physical-property development were based upon previous experience of varia-
bility. These plans are presently being coordinated with reliability and pro-
ject disciplines to aésess their program significance. From these plans,
specific component property items are being selected on the basis of priority
and data-maturity requirements. The higher priority items are being selected
on the basis of support for the major subassemblies and components: e.g.,

TPA, nozzle, and pressure vessel.



B. MECHANICAL PROPERTIES

1. Statistical Analysis of Material Test Data

Methods were established for the statistical analyses currently

utilized for treatment of material properties test data.

The data are first grouped according to known sources of fixed
and random variation (i.e., test temperature, test direction, and let-to-lot
or heat-to-heat) and tested for homogeneity of within-group variances. Box's
modification of the Bartlett test for homogeneity of within-group variances is
used at the 10% significance level, When screening alloys for use in a speci-
fic environment (e.g., gaseous or liquid hydrogen embrittlement and radiation
damage), the fixed variables are tested fdr the difference between means at the

5% significance level,

If the within-group variances are heterogeneous, the data
history is studied in detail to find the cause of the anomalies. If no test
error or metallurgical cause is uncovered to explain the anomalous values, then
a standard statistical test for extreme values may be appligd to the data, and,
if outliers are found, these values are excluded from the data analysis. The
test for homogeneity is again applied to the data, excluding the outliers. 1If
the within-group variances are still heterogeneous, the data are then divided
into smaller groups according to the fixed variables. The sequence of testing
data groups to eliminate the effects of fixed variables to achieve homopereity
of within-group variances is as follows: (1) each test direction throughout
all test temperatures; (2) all test directions within a test temperature; and
(3) individual test directions with a test temperature. If the within-group
variances of the data groups in (3) are still not homogeneous, then other
techniques (e.g., log transformatiocn) are employed to achieve homogeneity. I£
the within-in group variances are heterogeneous and the only source of varia-

tion remaining is random test error, then process variation, design of the



experiment, and testing techniques must be assessed and controlled to a greater

extent to randomize these sources of error throughout all data groups.

When the within-group variances are homogeneous, analysis of
variance technique is applied to test for homogeneity of meen variances at the
10% significance level, If the group means are the same, the minimum design

allowable for 997% reliability with 95% confidence is computed using the equation:
Minimum design allowable = X - ks,

where X is the grand mean, k is the one-sided tolerance factor for N observations,

and s is the within-group standard deviation with N-1 degrees of freedom.

When the means are heterogeneous, the degrees of freedom
associated with the standard deviation are calculated using the Satterthwaitc
approximation., The degrees of freedom (with which the mean is estimated) and
the degrees of freedom from the Satterthwaite approximation are then used to
determine the one-sided tolerance factor, k. Final computation is made using

the pooled within- and among-group variances.

In certain situations, the Satterthwaite approximation will
lead to results which are not suitable for design: i.e., when the computed
degrees of freedom are 2 4, and the k tolerance factor is large, providing an
unreasonably small design allowable. This problem arises when the within-group
variance is small compared with the among-group variance or the among-group
variance is unusually large, or both. In these situations, a decision must be
made to test more material or to use o;her methods of computation. If no
further testing is to be done, three alternative methods of computation are

available.
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a. Estimation of the Upper Bound of Among-Group Variance

An estimate is made of the upper bound of the lot-to-lot
varia.ce based upon the relevant information that is available., This estimated
value is used with the observed within-lot variation and overall mean to com-
pute the minimum design allowable. The sample size used to estimate the lot-
to-lot variance is assumed to be infinite. The tolerance factor, k, associated

with the within-group variance is computed by use of noncentral t-distribution,

b. Use of the Lowest Group Mean and the Within-Group
Variance

The lowest group mean, the within-group variance, and the
degrees of freedom associated with each are used to compute the minimum design-
allowable., It is assumed that there is sufficient knowledge of the entire
population to be assured that the limited samples are not from the high side

of population distribution.
¢, Interpolation between Adjacent Environmental Conditions

When the data at one temperature cannot be analyzed in
tihe normal manner and do not conform to the trend of the curve of material-
property-versus-temperature, this portion of the curve can be interpolated
from adjacent test points to achieve a smooth design curve. The interpolated
point will be categorized at the same level as adjacent test points., Values
obtained by extrapolation beyond actual test values will be classified category
"C" data.

11



C. PHYSICAL PROPERTIES

As previously described in ANSC Report S131~-PR3, the AISI 347
stainless-steel thermal-conductivity data at liquid hydrogen temperatures to
2300°R that were obtained from the literature were statistically evaluated by
regression analysis and found to agree well with current curves published in
the Materials Properties Data Book. Investigation was continued to determine

the effect of furnace brazing upon thermal-conductivity properties.

The thermal diffusivity of specimens of ALSI 347 stainless steel
in the furnace-brazed condition was measured from -320° to 1800°F at the Los
Alamos Scientific Laboratory (the diffusivity results also were published in
ANSC Report S131-PR3). These results were reduced to thermal-conduct.vity data
with the result that the individual data points deviated by approximately 5%
from the regression-analysis curve. The agreement between the LASL and
regression-analysis data was good considering the fact that experimental errors
inherent in diffusivity measurements are usually about 5% or greater. In
addition, a thermal-conductivity specimen of AISI 347 stainless steel in the
furnace-brazed condition was sent to the National Bureau of Standards (NBS)
for measurement. The thermal conductivity results from NBS have been vreceived

and are compared with the results of regression-analysis in Table 1.

Both the LASL and NBS results agreed well with the regression-
analysis data, indicating that furnace brazing had no effect upon the thermal-

conductivity of AISI 347 stainless steel.

The measurement of Young's modulus, E, shear modulus, G, and
Poisson's ratio, u, of Inconel 718 and Ti 5A1-2.5Sn (ELIL) forging specimens
was made at room temperature by exciting the specimens into a resonance

vibration*, Preliminary results of these measurements are given in Table 2.

*See S. Spinner and W.E., Tefft, ASTM Proc., 61, 1221-38 (1961).

12



TABLE 1

347 STAINLESS STEEL THERMAL CONDUCTIVITY VERSUS

TEMPERATURE
K 2
Btu-ft/hr ft -°R 30 Limits

Temp Regression National

°R Analysis* Dureau of Standards Upper* Lower*
40 1.39 1.43 1.8 1.01
50 1.77 1.83 2.2 1.36
60 2,13 2,22 2,6 1.7

70 2.49 2,59 2,98 2,03

80 2,83 2,94 3.34 2,35
90 3.15 3.27 3.69 2,65
100 3.45 3,57 4,02 2,93
120 4,01 4,10 4,61 3.44
140 4,5 4,54 5.14 3.9
160 4,93 4,91 5.6 4,3
180 5.3 5.23 6.01 4,65
200 5.64 5.50 6.37 4,96
220 5.93 5.74 6.69 5.24
240 6.2 5.96 6.97 5.48
260 6.44 6.15 7.23 5.7
280 6.65 6.34 7.46 5.9
300 6.85 6.49 7.67 6.08
350 7.27 6.90 8.12 6.48
400 7.62 7.26 8.5 6.81
450 7.93 7.64 . 8.84 7.09
500 8.21 7.91 9,14 7.36

*Reported previously in ANSC Report S131-PR3,

13
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TABLE. 2

MEASUREMENT OF E, G, AND u OF
INCONEL 718 AND Ti 5A1-2.5Sn (ELL)

Heat Measurement 6E 6G

Materfal Number Direction 107 psi 10~ psi '
Iuconel 718 86582 Radiai 29.88 11.70 0.28
Inconel 718 86582 Radial 30.00 11.71 0.28
Inconel 718 86582 Tangential 29.45 11.41 0.29
Inconel 718 86582 Tangential 29.33 11.48 0.28
Ti 5A1-2.5Sn (ELI) K-1029 Radial 18.1¢ 6.98 0.30
Ti 5A1-2,5Sn (ELI) K-1029 Radial 18.16 6.98 0.30
Ti 5A1-2,5Sn (ELI) X-1029 Tangential 18,22 7.08 0.29
Ti 5A1-2,55n (ELI) K-1029 Tangential 18.25 7.08 0.29

14
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There was no significant anisotropy observed in E, G, or u for either Inconel
718 or Ti 5A1-2.55n (ELI). The first meusurements of E, G, and u were made
below room temperature on a specimen of Inconel 718 with the result that E
increased by 1.4 x lOé psi and G increased by 0,7 x 106 psi a2« the temperature

decreased from room temperature to -20°F. There was, however, no change

observed in Poisson's ratio over the same temperature range. In addition,

Young's modulus of several fibrous-graphite comrposite materials with different

pltches and resins in varying stages of graphitization was measured at room -
temperature by using the apparatus described by Spinuer and Tefft*, The

results of these measurements are reported in Section ¥ of this report.

*ibid
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D. HYDROGEN COMPATIBILITY

1, Fracture Toughness Test Results

a. Summary

Initial tests conducted with alloy 718 and Ti 5A1-~2.5Sn
(ELI) in 1400-psi gaseous hydrogen at room temperature and -150°F were reported
in the ANSC Report S131-PR3. The 10-hr sustained-load tests reported earlier
indicated that a significant environmental effect might be experienced by both
materials at room temperature, with lesser effect at -160°F. Results obtained
during this quarter verified a beneficial temperature dependence but, in the
case of alloy 718, the low-temperature fracture recovery was observed to take
place over a very narrow temperature range. In addition to sustained load
stress intensity tests in gaseous hydrogen, both cyclic and combined sustained-

eyclic loading tests also were made.
b. Objectives and Test Conditions

The objective of this investigation was to determine the
fracture and flaw-growth characteristics of Inconel 718 and Ti 5A1-2.5Sn (ELI)
forgings in a high-purity gaseous hydrogen environment. The temperatures
investigated were 70°, -100°, and --160°F with the hydrogen gas maintained at a
pressure of 1400 psi. The specific test conditions anq specimens tested in

this program are listed in Table 3.
c. Static-Fracture test Results¥*
Static~fracture tests of alloy 718 and Ti 5A1-2.5Sn (ELI)

forgings were conducted using single-edge-notched-bend specimens (three-point

bend) and surface-~flawed specimens. The three-point bend specimens were tested

* ANSC Report S131-MAOG4-W187-04
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TABLE 3

PROGRAM TO INVESTIGATE THE EFFECT OF GH, ON Ti 5A1-2.5Sn (ELI)

AND ALLOY 718 FRACTURE PROPERTIES

Tests Conducted
Alloy 718 Ti 5A1-2.5Sn (ELI)
Temp Temp
Test Condition Qty °F Environment Qty °F Environment
Static 1 70 Air 1 70 Air
Fracture [:> E;>
(KIC) 1 70 GH2 1 70 GH2
1 ~-160 GH2 1 -160 GH2
End Point 13 [:> 70 Air 11 [:> 70 Air
Fracture
[:> 2 [:> 70 GH2 1 [:> 70 GH2
1 =320 LN2 1 -320 LN2
Sustained Load 5 70 GH2 5 70 GH2
(10 hr) [:>
1 ~100 GH 1 -100 GH
2 2
4 ~-160 GH2 6 -160 GH2
Load/Unload 1 70 Air 1 70 Air
1 =160 Air/GN2 1 [:;160 Air/GN2
1 -160 GH2
Combined 2 70 GH2 2 70 GH2
Sustained/ :
Cyclic (Suslic) 2 =160 GH2 3 -160 GH2
Cyclic 1 ~-160 Air/GN2
1 Specimen market after original test and then retested.
2 Retest of sustained or cyclic test that did not result in failure.
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in air at 70°F while the surface-flawed specimens were tested in a gaseous-
hydrogen environment at 70° and -160°F. End-point fracture results (i.e.,
failure of specimens that did not fail during cyclic or sustainad loading)
were also obtained for both materials in air at 70°F and in liquid nitrogen at

-320°F. Results of these tests are presented in Table 4.

Plane-strain fracture toughnesses were not obtained for
the majority of material and temperature combinations tested because of limited
specimen thickness which suppressed fracture toughnesses, Based upon the
results obtained, alloy 718 had a fracture toughness (ksi /in.) greater than
125.2, 103.2, and 108.0 at temperatures of 70°, -160°, and -320°F, respectively.
The titanium test results at 70° and -160°F indicated toughnesses (ksi vin.)
greater than 100 and 103, respectively. The single, valid plamne-strain fracture
toughness value of 85 ksi /in. was obtained at -320°F for titanium. No differ-
ences in the results were observed whether the static fracture tests were con-

ducted in gaseous hydrogen or an air-gaseous nitrogen environment.

d. Sustained Load and Growth-On-Loading Fracture
Test Results

Sustained-load threshold tests of Inconel 718 and
Ti 5A1-2,5Sn (ELI) forging were conducted in an environment of high-purity,
high-pressure gaseous hydrogen. The tests were of 10-hr duration or until
failure occurred. The primary temperatures investigated were 70° and -160°F
with a single sustained test at —-100°F for each material. Results of these

tests are summarized in Tables 5 and 6.
(1) Alloy 718
‘Significant flaw growth in alloy 718 was observed
at 70°F to the extent of failure only 1.15 hr after being loaded (see Table 5).

The threshold indicated by these tests was between 19.8 and 35 ksi vin. No
crack growth was observed at the 19.8 ksi Vin. value while only 0.001 growth at

18
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Test Type

Sustained Load

Sustained Load

Sustained Load

Load/Unload

Load/Unload

TABLE 5

SUSTAINED LOAD TESTS OF
ALLOY 718 FORGING

Test Initial Amount of
Temp Stress Intensity, KI, Flaw Growth
°F  Environment Ksi-In.1/2 * Aa In.
70 1400 psi GH2 52.5 0.010
35.0 0.001
68.9 0.090 (Failed in
1.15 hr)
19.8 None
56.6 0.045
-100 1400 psi GH2 63.9 0.010
=160 1400 psi GH2 52.0 None
83.2 0.003
72.2 0.002
99.4 0.006
70 air 82.7 0.001 *
-160 Air/GN2 98.0 0.005

*These two test results indicate that 0.006~-in. flaw growth in gaseous-
hydrogen was load-induced rather than environmental or time dependent.
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TABLE 6

SUSTAINED LOAD TESTS OF
Ti 5A1-2.55n (ELI)

Test Initial Amount of
Temp Stress Intens}&y, KI' Flaw Growth
Test Type °F Environment Ksi-In. 1 . Aa In,
Sustained Load 70 1400 psi GH2 41.8 0.070
76.7 0.102 (failed in
6 Min)
23.6 <0.001
32.2 0.005
14.9 None
Sustained Load =100 1400 psi GH2 57.5 0.005
Sustained Load -160 1400 psi GH2 39.1 None
89.4 0.015
67.1 None
80.2 0.006
63.5 0.002
53.3 None
Load/Unload 70 Air 74.9 0.002 ’
Load/Unload -160 Air/GN2 85.5 0.003 .
Load/Unload -160 GH2 102.5 0.005
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the 35.0 ksi vin. value was noted. Based upon a reported threshold value of
20 ksi vin. for Inconel 718 in a high~purity, high pressure gaseous hydrogen
environment®, it was decided to select the lower-bound stress intensity

(19.8 ksi Vin.) as the threshold. Although not of any practical significance
in establishing the threshold at 70°F, a single load-unload test was conducted
in air at 70°F at a stress intensity exceeding the highest sustained load-
stress-intensity tested. The amount of growth was almost negligible (0,001 in.
in flaw depth).

Flaw growth was also observed at -160°F, and it
became necessary to separate time-dependent, sustained load-flaw growth from
growth-on-loading. This was expecially true for the sustained tests at -160°F,
where a maximum amount of growth of Aa = 0.006 in. was observed, This test
point was duplicated with a specimen of similar flaw depth and loaded to the
same stress level and then unloaded immediately. This particular load-unload
test was conducted in an air-gaseous nitrogen environment at -160°F. Approxi-
mately 0.005 in. of flaw-depth growth was observed. Because of a slightly
smaller flaw size, the initial stress intensity for this load-unload specimen
was slightly less than the sustained load specimen it duplicated (i.e.,

98.0 ksi /in. as opposed to 99.4 ksi /in.). This specimen proved that the
growth observed on the sustained lcad specimens tested at -160°F was growth-on-
loading and not environmentally induced, time-~dependent flaw growth, Because
of limiting factors (e.g., flaw size relative to the specimen cross-sectional
dimensions and stress levels approaching the yield strength) higher stress
intensity levels could not be tested: therefore, the threshold at -160°F can
only be defined as being above 99.4 ksi vin. Because of the sharp transition
in threshold between 70° and -160°F (KTH = 19.8 ksi /in. at 70°F compared with
KTH > 99.4 ksi Vin. at -160°F), an intermediate temperature of -100°F was

selected for a single, sustained load test. The amount of flaw depth grcwth

%P .M. Lorenz, Effects of Pressurized Hydrogen Upon Inconel 718 and
2219 Aluminum, (Technical Paper)
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at -100°F was observed to be 0.010 in. when sustained-loaded for 10 hr at an
initial stress intensity of 63.9 ksi /in. Comparing this result with the
results obtained at 70°F would indicate a threshold of about 30 ksi vin. at
-100°F., This test indicates than an even sharper threshold transition exists

between -100°F and -160°F than originally indicated by the 70° and -160°F tests.
(2) Ti 5A1-2.58n (ELI)

The sustained load test results for the Ti 5A1-2,5Sn
(ELI) forging at 70° and -160°F are shosn in Table 6. Flaw growth was observed
at both temperatures and it became necessary, as it did with alloy 718, to
separate time-dependent, sustained-load flaw growth from growth-on-loading. The
sustained tests conducted at -160°F indicated a maximum flaw-depth growth of
0.015 in. To determine how much of this growth was caused by loading, two load-
unload specimens were tested at -160°F at bracketing stress-intensity levels.
One specimen was tested in gaseous hydrogen while the other was tested in an
air-gaseous nitrogen environment. These tests indicated that although part of
the growth observed was the result of growth-on-loading, the majority of the
growth was probably environmentally induced. A single load-unload test at 70°F

is also presented in Tabla: 6.

The effect of high-pressure gaseous hydrogen at
70°F on Ti 5A1-2.5Sn (ELI) is as severe as witb the alloy 718. A very low
threshold of 21.5 ksi /in. was established for the titanium alloy at 70°F. One
failure was observed under sustained load at 70°F. This specimen, loaded to an

initial stress intensity 76.7 ksi vin., failed within 6 min after being loaded.

Although the extremely éharp transition in threshoid
with temperature was not observed with Ti 5A1-2.5Sn (ELI) as with alloy 718,
a single specimen was sustained-load tested at -100°F. The result of this test
is presented in Table 6 with the data obtained at 70° and -160°F. These results
indicated that the threshold probably varies linearly with temperature between
-160° and 70°F.
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On the basis of the test results and the load-unload
results at -160°F, a threshold of 53.3 ksi /in. was established for Ti 5A1-2.5Sn
(ELI) at -160°F,

A composite picture of the effects of hydrogen gas
upon the titanium alloy, with estimated fracture toughness as functions of
temperature, is illustrated in Figure 1. Throughout the temperature range
tested, the threshold appears to vary from 50% of KIC at -160°F to about 18%

-]
of KIC at 70°F.

e, Combined Sustained-Cyclic (Suslic) Tests:
60-Cycle Target

Tests involving combined sustained-cyclic (suslic)
loading were conducted to determine whether such loading below the sustained-
load threshold would promote flaw growth exceeding that expected from basic
cyclic flaw-growth data. The loading profile utilized is presented in Figure 2.
When it became evident that the sustained-load thresholds for alloy 718 and
Ti 5A1-2.5Sn (ELI) at 70°F was extremely low (about 20 ksi /in.) no attempt
was made to conduct suslic tests below the threshold. Instead, tests were
made above the threshold to determine combined effects. The suslic test results
for alloy 718 and Ti 5A1-2,5Sn (ELI) forging material are presented in Table 7.
One alloy 718 suslic test performed both at 70°F and above the threshold
indicated significant flaw growth over and above that expected from sustained-
load growth. The specimen, loaded to an initial stress intensity of 52.3 ksi Yin.
at 70°F, failed on the 51st cycle (510 min at load). About 0,135 in. of flaw-
depth growth was observed in this specimen compared to only 0.010 in. of growth
observed in a 10-hr sustained-load specimen loaded to about the same stress-
intensity level. Cyclic flaw-growth-rate data for this forging were not avail-
able at 70°F: therefore, no estimate could be made to determine whether the
cyclic-load flaw-growth rate added directly to the sustained-load flaw-growth
rate and accounted for all growth observed. The only conclusion that.can be
drawn from the 70°F tests is that suslic loading does promote flaw growth greater

than that expected from sustained load growth,
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TABLE 7

SUSLIC TESTS OF ALLOY 718 AND Ti 5A1-2.5Sn (ELI)
FORGING MATERIAL IN 1400--PSI GASEOUS HYDROG!: '

Test Initial Amount of
Temp Stress Inteﬁ?%ty, Y'i’ Flaw Growth
Material °F Ksi-In, - ba, In,
Alloy 718 70 52.3 0.135 Failed on
51st Cycle
70 40.1 0.004
-1€0 51.6 None
~160 83.2 0.001
T4 5A1-2,5Sn (ELI) 70 41.3 0.080 x 0,080
(localized growth)
70 21,5 None
-160 41,1 None
-160 71.8 0.025
-160 52.7 0.002
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Alloy 718 suslic specimens tested below the lower-bound
threshold definad at -160°F did not indicate more growth than would be expected
from growth-on-loading (see Table 6).

The suslic test results for the Ti 5A1-2.5Sn (ELI) forging

are also presented in Table 7.

At 70°F, two suslic tests were conducted, one at the
thresho’d (approximately 21 ksi—in.llz) which showed no growth, and one well
above the threshoid which showed a irregular flaw growth. No attempt was made
to determine a cyclic growth rate from this.suslic test because of the apparent

preierential flaw growth.

Suslic specimens tested at -160°F, at or above the thres-
hold, showed more flaw growth than would have b2en expected from sustzined-lecad
flaw growth alone. No flaw ,rowth was observed on the single suslic specimen
tested below the threshold. An attempt was made to determine a cyclic growth
rate from one of the suslic specimens that indicated the most flaw growth
(0.025 in.). The calculations for this are shown in Table 8. The sustained-
load flaw growth was determined by selecting an average sustained-load flaw-
growth rate and multiplying it by the time at maximum load. This sustained-
load flaw growth was then substracted from the total flaw growth, and the
amount that remained was assumed to be the result of 60 cycles. A cyclic
flaw-growth rate at 90 ksi was calculated to be 60 micro-in./cycle. The cyclic
growth rate calculated from the suslic test agrees favorably with the Masters,

et al, although the Masters data are slightly more conservative.* N

;Masters, J.N., Haese, W.P., amd Finger, R.W., Investigation of Deep Flaws
in Thin-Walled Tanks, NASA CR-72606, December 1969, g

N A

e
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f. Cyclic Test Results
A single Inconel 718 specimen was sinusodially cycled at
-160°F to determine cyclic flaw-growth rate, This specimen was cycled for 5800
cycles at a maximum stress of 100 ksi and a stress.ratio (i.e., minimum to
maximum stress) of zero. The result obtained is presented in Table 9.

e Observations and Conclusions

The following major observations were made from the

tests conducted:
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TABLE 9

IN AIR/GN2 AT -160°F AND AMBIENT PRESSURE

CYCLIC FLAW-GROWTH RATE OF INCONEL 718 FORGING
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(1) Static Fracture

Ko (ksi Yin.)

Material 70°F -160°F -320°F
Alloy 718 > 125.,2 > 103.2 > 108.0
Ti 5A1-2.5Sn (ELI) > 100.,0 > 103.0 > 85.0

Plane-strain fracture was not obtained for the majority of the material-
temperature combinations because of limited specimen thickness. No differences
were observed whether static fracture testing was performed in gaseous hydrogen

or an air-inert environment.

(2) Sustained Load

KTH (ksi vin.) IN GH, AT 1400 PSI

2
Material 70°F -100°F -160°F
Alloy 718 19.8 < 30 E> > 99.4
Ti 5A1-2.5Sn (ELI) 21.5 2= 45 E;> 53.3

Alloy 718 exhibited a very severe threshold transition between -100° and -160°F,
whereas Ti 5A1-2,5Sn (ELI) exhibited an essentially linear variation of thres-
hold with temperatures between 70° and -160°F.

E) Estimate based on single test.
(3) Combined Sustained-Cyclic (Suslic) Load
For both materials investigated, suslic tests
conducted below the threshold resulted in flaw growth that could be directly
attributed to basic cyclic growth only. Suslic tests conducted above the

threshold resulted in flaw growth that appears to be the direct summation of

sustained-load flaw growth and cyclic-load flaw growth.
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Based primarily on these observations, the following

conclusions were reached pertaining to the suitability of the two alloys for use

as turbine-rotor materials:
(a) Alloy 718

This material exhibits a very high threshold
at -160°F but a very significant reduction in the threshold appears to occur
somewhere between -100° and -160°F., The exact point of the transition as a
function of temperature is not known, but if the turbine happened to operate
at a slightly higher temperature than ~16C°F, safec operation could not be
guaranteed. A proof test of the rotor at 70°F to about the yield strength of
the material would probably assure safe operation under normal operating
conditions at -160°F. Safe operation of the rotor at -160°F during a mal-
function condition (i.e., an overload with one turbine out) is unknown since
valid fracture data at cryogenic temperatures could not be obtained from

available specimen sizes.
(b) Ti 5A1-2,5Sn (ELI)

Although this material has a relatively low
threshold at -160°F, safe operation under normal operating conditions can be
guaranteed by a -160°F proof test that approaches the yield strength of the
material. To guarantee safg operation under malfunction conditions (i.e.,
an overload with one turbine out), it appears possible that a proof test at
temperatures below -160°F could be designed. For this to be feasible, lower-

bound growth rates would have to be obtained.
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E. RADIATION DAMAGE

1. GTR-20C Materials Irradiation Test

The combined WANL-ANSC materials irradiation test GTR-20C
was completed 15 June with a total reactor time of 600 hr corresponding to
6000 Mw-hr. The planned fluence objectives summarized in S131-PR3, page 31,
were achieved. Fluence range for ANSC specimens was between 2 x 1017 and
6 x 1018 nvt > 1 Mev. All tensile and fracture-toughness specimens were
irradiated vwhile immersed in liquid nitrogen at 140°R. The majority of the
specimens Yare tested in liquid nitrogen without an intermediate warmup.
Preliminary data are now available for the Ti 5Ai-2,5Sn (EL1l) forging tensile
specimens?/ Average data and standard deviations are shown in Table 10.
Average data are shown graphically in Figures 3, 4 and 5, for elongation,
ultimate and yield strengths, respectively. The maximum exposure of 5.2 x 1018
nvt > 1 Mev is the highest fluence to which the alloy has been irradiated at
cryogenic temperatures. The low elongation of 3.97% at this level suggests
serious embrittlement: however, since reduction-in-area experienced only
minor changes, it is possible that fracture toughness may not be degraded as
much as elongation. Postirradiation toughness data will provide a better
basis for classifying the material as "ductile" or "brittle' at various radi-

ation levels.
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(t TABLE 10

EFFECT OF FAST NEUTRON IRRADIATION
AT 140°R ON THE TENSILE PROPERTIES OF
A LARGE Ti 5A1-2.5Sn (ELI) FORGING AT 140°R

Preliminary Data*

0.27% Yield Ultimate Elong Area
Strength Strength (Chart) Reduction
ksi ksi % A
Fluence Avg. Std. Avg. Std.  Avg. Std. Avg. Std.
NVT, E > 1 Mev of 4 Dev. of 4 Dev. of 4 Dev. of 4 Dev.
Control 174.8 1.5 185.7 2.1 10.3 2.0 30.0 3.2
2.3 x 1017 183.2 1.8 189.5 1.1 8.8 0.8 30.4 2.6
8.2 x 10V 188.0 1.5  195.5 1.7 7.4 1.0  29.5 5.0
4,9 x 1018 199.1 3.3 204 .4 3.1 3.9 0.4 25.4 3.4
5.2 x 1018 Annealed at 540°R for 100 min between irradiation and testing

192.8 1.9 200.0 1.0 6.0 0.4 27.0 1.5

*Subject to change if arithmetical or measurement errors are discovered
during data review.

36



@WOH

‘4,0%1 3® uorleduory (ITd) uUSS° Z-1VS TL ~ € andyg

gt0t

4o O%1 3B pd3BIpPERIA]

MW O T Am N.Eu\:

mwoa

9107

NIN 00T ¥,0bS
®

JVINNY

UNS0dX3 vdlL
dH 0T VAUIN —=

T0YLNOJ NIN

|

%92°0T AvyYINN IAY

/I

T0YLNOJ XV

ISH ‘SS3YLS

(1} 4

2t

14¢

e

37



4,091 I8 YaBuailg a3ewIlq( STTSUdY (ITd) USS°Z-IVS I - ¥ 9anSTJ

A3y O.HA 3 ~NEU\=

'

6101 o107 mmnﬁ 9701
||u e NIN
AV
|
NIN 00T ¥,0b5
IYINNY
&)
A\’
A
/! p

S8T

061

S61

00e

S0¢

0te

ste

IS)
SS3ULS

L~

38

on ~ng

swt

- aek



¥, 0%1 3B palerIpeill
‘9,091 I8 YyaBuailg pIaIX TISudL (I'Id) TSG° Z-1VS IL - § 2an3tg

MR 0T <3 ~N.:u\.._

6101

v10T 1707 . 9101
Nty
pome g — Inv 1641
081
681
ﬁ
7 061
NIN 001 ¥,00S
®
A3TVINNY 56T
\ » 00e
502

ISH - SS341S

o

39



F. FIBRCUS GRAPHITE

1. Scope of Program

Developmental efforts have been concentrated upon the follow-
ing three major activities to resolve the selection of naterials, processes,

ard manufacturing methods required for fabricating the nozzle extension:

1. Selection of the optimum resin system for impregnating

graphite fabric.

2. Development of high-carbon-yielding impregnants for

densifying and strengthening the fibrous matrix.

3. Design and development of special woven graphite fabrics

for the honeycomb cells and liner.

<. Prepreg Resin Systems

Nine resin systems are under evaluation for impregnatiag the
cell wall and liner fabrics. These systems, their designation, and process
conditions (previously described in ANSC Report S13-PR3) are being evaluated
to deteraine their binder strength, shrinkage characteristics, carbon yield,

and effects upon the modulus of elasticitr.
a. Physical Properties
Table 11 is a compilation of the procéss results related

to shrinkanse, weight loss, and densities after the processing steps of cure,

postcure, carbonization, and graphitization.
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One of the prime considerations in the selection of a
resin system is a low shrinkage rate which is essential in reducing residual
stress distortion and delaminations. One resin system (U.S. Polymeric's
Grade USP-39 resin with filler) exhibited the lowest total shrinkage of any
system. For this resin, shrinkages ranged from 0.38 to 1.967 with an average
of 1.1% for the 12 panels processed. These data represent two manufacturing
lots of prepreg fabric which are referred to as FM 5228 (standard) and FM 5228
(21436) in Table 11,

Ferro Grade CA 8235 had a wide variability in shrinkage,
ranging from 0.06 to 3.9%. This variability is believed caused by an uneven

distribution of filler in the resin.

Fiberite's MXG-248 system had the second lowest overall
rate of shrinkage which ranged from 1.6 to 2.2%, w_th an average of 2.1% for
the three panels tested. All of the other resin systems had shrinkage rates
in the 4 to 6% range. This rate of shrinkage is considered too excessive for

producing structurally sound composites.

All resin systems, with the exception of Ferro Grade
CA 8204, had the highest weight loss during the carbonizing cycle. In several
tests, Ferro Grade 8235 had higher weight loss during the postcure cycle. No

correlation was found, however, between total weight loss and shrinkage.
b. Mechanical Properties
(1) Young's Modulus
The results of modulus measurements on material
produced from each of the nine prepreg resins are presented in Table 12,

Measurements were made on each material after the carbonization and graphiti-

zation cycles to determine the effects of thermal treatment. Measurements

iy



TABLE 12

YOUNG'S MODULUS MEASUREMENTS

Material Ident

1. MXG-248

2. CA 8207

3. CA 8204

4. WCA/EC260

5. 4G3086

6. WCA/L-8

7. 4G3008

8. CA 8235 (B-1)

9. CA 8235 (C-1)
10. FM 5228 (21436) B-1 A-2

11. FM 5228 (Standard)

Carbonized Graphitized
(1550°F) Density {5000°F) Density
E, 100 psi g/cm3 E, 106 psi g/cm3
1.45 1.17 1.35 1.19
1.92 1.20 1.45 1.20
1.84 1.20 0.74 1.09
1.95 1.25 1.54 1.25
0.82% .20 1.40 1.19
1.49 1.24 0.80 1.15
0.83 1.21 0.61 1.22
1.18 1.11 0.96 1.14
1.20 1.12
1.83 11.17 1.51 1.17
1.9% 1.17

*Specimen measured in £i11 direction.
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were made at room temperature by exciting each specimen into flexural reson-
ance. The modulus for all of the specimens (with the exception of specimen

G~463086) was measured in the warp-fiber direction.

As can be noted from the data, the modulus values
decreased from a c~rbonized to a graphitized state, the result of ordered
crystal development within the resin binder that is characteristic of graphite
products. Two of the resin systems (CA 8204 and WCA/L-8) underwent large
decreases in modulus after graphitization that corresponded to significant
decreases in density which, in turn, apparentl& accounts for decreases in
moduli. The WCA/EC260 resin system exhibited the highest modulus and density
after carbonization and graphitization. This is believed to be the result of
a high carbon yielc after pyrolysis. The degree of graphitization of each of
these resins will be further evaluated by examining X-ray diffraction patterns

and equating these data to the modulus data.

The moduli for these composites will increase some-
what arter pitch impregnation and regraphitization: however, it is anticipated
that their values will be lower than those determined for AGCarb-101 because
of the use of a lower modulus pitch system as compared with the higher modulus
Code 88 treatment used by Carbon Products, a Division of Union Carbide

Corporation.
(2) Block Tensile

The weakest property of laminated fibrous-graphite
composites is the block tensile property: i.e., tensile strength across the
layers of fabric. This property is basically a measure of carbon-binder
strength between the layers of fabric which is derived from the pyrolysis of
the prepreg resin. The results of these property measurements are presented
in Table 13. The EC260 resin system (a 4,4' dihydroxy biphenyl formaldehyde)
revealed high average strengths of 257 and 272 psi in the carbonized and
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TABLE 13

BLOCK TENSILE STRENGTHS OF LAMINATES

AFTER CARBONIZATION AND GRAPHITIZATION

Material
Identification

Specimen
No.

After Carbonizations (to 1550°F)

WCA/EC260-B2
Hexcel 800138
4-1-70

WCA/L8-~B1
Hexcel 1L.800138
3-9-70

4G3008-C1
Hexcel L.800138
3-12-70

CA8207-B2
Ferro 1800137
4-6-70

FM5228/21436-B1
Polymeric N900020
5-14-70

FM5228-C1
Polymeric N900019
5-19-70

4G3086-C2
Hexcel 1300138

CA8235-B1
Ferro L800137
5-1-70

MXG248 4
Fiber. . L800O136
4-17-70

CA8204-A1
Ferro L800137
4-9-70

w N -

Avg

W N -

A

<

g

W N =

A

<

g

W N -

A

<

g

W N =

Avg

WN =

Avg

W N

A

<

g

W N -

A

<

g

(UL L

A

<

g

W N -

Avg

Block
Tensile
Strength

{(psi)

2717
294
200

221
196
214
210

219
211
201
210

179
240
146
188

134
185
156
158

136
172

154

136

67
113
105

102
89
101
97

43
77
92
71

34
76
25
45
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TABLE 13 (cont.)

Block
Teusile

Material Specimen Strength
Identification No. (psi)

B, After Graphitization (to 5000°F)

CA8207-Al1 1 251
Ferro L800137 2 316
4-6-70 3 311
Avg 293
WCA/E260-B-1 1 317
Hexcel L800138 2 226
4-1-70 3 273
Avg 272
FM5228/21436 1 201
Polymeric N90003 2 216
5-15-70 3 211
Avg 209
4G3008-C1 1 185

Hexcel L800138 2 222(1)
3-17-70 3 49
Avg 204
4G3086-A1 1 189
Hexcel L800138 2 201
4-24-70 3 193
Avg 194
WCA/L8-B1 1 146
Hexcel L800138 2 926
4-24-70 3 153
Avg 132
MXG248-B2 1 145
Fiberite 1.800136 2 111
4-17-70 3 121
Avg 126
CA8235-Bl 1 74
Ferro L800137 2 78
4-29-70 3 89
Avg 80
CA8235-C1 1 7¢
Ferro L800137 2 82
5-5-70 3 63
Avg 81
CA8204-A2 1 86
Ferro L800137 2 70
4-9-70 3 91
Avg 82

(1) Peel failure, valve not included in average
(2) Graphitized at 4000°F. 48



graphitized states, respectively. For nearly all resins, strength values
increased in proceeding from a carbonized to a graphitized state, These
strengths should significantly increase after multiple pitch impregnations
and regraphitizations.

(3) Tensile Strength

The results of tensile-strength measurements in
the warp and fill directions after carbonization and graphitization cycles
are presented in Table 14, After carbonization, the highest strength was
obtained with the EC260 resin system which had an average strength of 10,462
psi. The strengths for the other resin systems in the warp direction ranged
from 8,486 to 9,353 psi. Two of the resin systems (4G-3086 and 4G-3008) were
measured in the fill direction since material of sufficient length to measure
warp direction properties was not available. The tensile strength decreasad
after graphitization for all resins except Fiberite Grade MXG-248.

The tensile strengths for all systems without pitch
impregnation are relatively high in comparison to the typical value of 11,140 -
psi for AGCarb~101 which had been subjected to a series of pitch impregnation

and regraphitizations.,

(4) 1iaterlaminar Shear Strength

The interlaminar shear strengths of the nine resin
systems after carbonization and graphitization are shown in Table 15. Grade
EC260 resin showed the highest interlaminar shear sfrengths of 787 and 737 psi.
The other systems showed significant decreases in strength 60wn to a range of
27" to 301 psi for Grades CA8204 and CA8235.
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TABLE 14

ULTIMATE TENSILE STRENGTH AND MODULUS OF ELASTICITY OF

CARBONIZED AND GRAPHITIZED LAMINATES

(v (Tested in the Warp and Direction Fill)

Ultimate

Tensile

Material Specimen Strength
Identification No. (psi)

A. After Carbonization
WCA/EC260-B2 1 10,661
Hexcel 1800138 2 10,127
4-1-70 3 10,597
Avg 10,47

CA8207-~B2 1 9,609
Ferro 1800137 2 8,826
4-6-70 3 9,714
Avg 9,383

1M5228-B1 1 8,652
Polymeric N900020 2 9,477
5-1-70 3 9,169
Avg 9,099

CA8235-B1 1 8,904
Ferro L800137 2 9,592
5-1-70 3 8,192
Avg 8,896

MXG248-C4 1 8,314
Fiberite 1800136 2 9,449
4-17-70 3 8,841
Avg 8,868

CA82G4~A1 1 9,750
Ferro L800137 2 8,706
4-9-70 3 8,000
Avg 8,819

WCA/L8-B1 1 9,242
Hexcel L800138 2 8,667
3-9-70 3 8,515
Avg 8,808

FM5228-C1 1 8,215
Polymeric N900019 2 8,879
5-19-70 3 8,364
Avg 8,486

‘ (1) Tested in £ill direction.
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(2) Modulus of elasticity values are calculated per FTMS 406 from initial
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TABLE 14 (coni.)

Ultimate
Tensile
Material Specimn Strergth
Identification No. (psi)
4G3008-C1 1 4,568
«tcel L800138 2 4,513
3-12-70 3 4,440
Avg %4,508(1)
4G3086-C2 1 4,597
Hexcel 1800138 2 4,113
3-9-70 3 4,705
Avg %,472(1)
Ultimate
Tensile Ultimate
Material fpecimen Strength Elongation
Identification No. (psi) ‘%)
After Graphitization
4G3086-A1 1 10,573 2,29
Hexcel L7 00138 2 10,567 2.30
4-24-70 3 11,367 2.42
Avg 10,836 2,34
MXG248-B2 1 9,014 3.00
Fiberite L800136 2 9,304 2,57
4-17-70 3 9,739 2.42
Avg 9,353 2,66
WCA/EC260-B1 i 9,017 0.85
Hexcel L800138 2 8,770 0.95
4-17-70 3 8,656 1.30
Avg 8,814 1.03
CA8235-Cl 1 9,698 3.20
Ferro L800137 i 7,730 3.05
5-5-70 3 8,016 2.50
Avg 8,481 2.92
FM5228-A2 1 8,516 1.90
Polymeric N900020 2 8,438 2,20
5-15-70 3 7,719 1.70
Avg 8,224 1.93
CA8235-B1 1 7,384 3.20
Ferrc 1.800137 2 8,694 2.60
4-29-70 3 8,514 2,55
Avg 8,197 2.78
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TABLE 14 (cont.)

Ultimate

Tensile

Material Specimen Strength
Identification No. (psi)
CA8207-Al 1 8,162
Ferro 1L.800137 2 8,088
4-6-70 3 7,912
Avg 8,054
CA8204-A2 1 6,493
Ferro L800137 2 6,866
4-9-70 3 6,735
Avg 6,698
WCA/L8-L1 1 4,603
Hexcel L800138 2 4,613
4-24-70 3 5,032

Avg %,749(1)
4G3008-Cl 1 3,893
Hexcel L800138 2 4,093
3-17-70 3 3,974
Avg 3,987(1)
(1) Tested in fill direction.
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TABLE 15
INTERLAMINAR SHEAR STRENGTH OF CARBONIZED AND

c GRAPHITIZED LAMINATES
B Material Specimen Shear Strength
Identification No. PSI

A. After Carbonization (1550°F)

WCA /EC260 1 767
¥ L-800138 2 800
£ B-2 3 . 797
i 4-1-70 ) Avg 787
iy
% CA8207 1 764
I 1800137 2 673
) B-2 3 604
%1 Avg 680
z,
4 WCA/L8 1 556
¥ 1800138 2 632
B-1 3 516
i§ 3-9-70 Avg 568
x MXG248 1 558
& 1800136 2 403
£ c-4 3 628
3 4-17-70 Avg 530
3‘% FM5228 1 500
N900020 2 484
- (21436) 3 508
: 5-16-7 Avg 497
4G3086 1 465
i 1800136 2 512
Z c-2 3 459
§ 3-9-70 Avg 479
4G3008 1 486
SE 1800138 2 476
z c-1 3 467
) 3-12-70 Avg 476
o+
«;; CA8204 1 471
% L800137 2 237
i A-1 3 195
W 4-9-79 Avg 301
3
o (1) Test Conditions - (a) .05"/min load rate, Room Temp. (b) 0.250 overlap
% t 1" wide specimen with support, (¢) Drawing No., 1138105-1l-notch 0.140
: : + ,005
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Material
Identification

TABLE 15 (cont.)

CA5235

L806137
B-1

5-1-70

FM5228

N90020
Cc-1

5-19-70

Specimen
No.

W N

Avg

W N -

Avg

B. After Graphitization (5000°F)

WCA/EC260

L800138
B-1

4-1-70

CA8207

L800137
A-1

4-6-70

WCA/LS

1800138
B-1

4-24-70

FM5228
N900020
(21436)
A-2
5-15-70

MXG248

1..800136
B-2

4-17-70

4G3086

L800138
A-1

4-24-70

WA =

A

<

g

W N =

A

<

g

W N =

A

<

g

W N =

Avg

W N =

A

<

g

W N -

Avg

(2) Specimen precracked prior to test.

C
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Shear Strength
PSI

198
312
367
292

150(2)
556
Not meaningful

653
737
823
737

592
731
678
667

562
578
525
555

484
500
506
497

480
428
512
473

Specimen broken
456
455
456



Material
Identification

TABLE 15 (cont.)

4G3008

L800138
Cc-1

3-17-70

CA8235

1800137
B-1

4-29-70

CA8204

L.800137
A-2

4-9-70

CA8235

L800137
C-1

5-5-70

Specimen
No.

W =

Avg

W N -

Avg

N =

Avg

W N =

55

Shear Strength
PSI

464
406
455
441

311
201
321
278

Specimen broken
Specimen broken
277

All specimens
broken during
machining and/or
hardling
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(5) Hardness and Specific Gravity

The results of harduess and specific~gravity
measurements on specimens taken from each plate of fabricated material are
presented in Table 16. It is apparent from the data that hardness values do
differentiate between the various re in systems after both carbonization and
sraphitization. Therefore, hardness measurements may be useful as a quality-
control procedure for in-process inspection. This would require the estab-
lishment of the upper and lower limits for each phase of processing on a
statistical basis from a large lot of samples. Hardness tests will also be
required on pitch-impregnated and regraphitized material in order to provide

a complete hardness characterization for quality control purposes.

3. Impregnation Resins

The evaluation of pitch and resin-binder systems was narrowed
to Alljed Chemical Grade 15V and Ashland 0il and Refining Company Grade 170,
Grade 15V is produced from coal tar and is used widely in the graphite industry
for impregnation purposes. Grade 170 is a somewhat newer pitch that is a
byproduct of petroleum refining. Indications are that this pitch is ideal for
impregnation purposes because of its low viscosity at moderate temperatures, '
high carbon yield, and ability to graphitize at low temperature to produce a
"soft" carbon structure. Grade 15V pitch, on the other hand, produces a

"hard carxbon".

Two furfuryl alcohol systems (Quaker Oats Fapreg P-3 and
Varcum 8251) are still being evaluated as an additive to the pitch to impart
thermosetting properties and to reduce the viscosity for increased impregna-

tion efficiency.

Indene has been selected as the best solvent for reducing

the high viscosity of the pitch.
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TABLE 16

HARDNESS AND SPECIFIC GRAVITY OF CARBONIZED AND

i GRAPHITIZED TEST LAMINATES
Hy tt
Material Specimen Specific ROCkw?i; L Hardnesiz)
Identification No, Gravity Smooth Rough
i A, After Carbonization(1550°F)

f WCA/EC260-B-2 1 1.235 82 - 77
x Hexcel L800138 2 1.238 78 76
4-1-70 3 1.244 84 79
% Avg 1.239 81 77

r

e
3 WCA/1.8-B1 1 1.238 16 23
£ Hexcel L800138 2 1.253 11 17
3 3-9-70 3 - 1,245 1 13
: Avg 1.245 13 18
g 4G3008-C1 1 1.212 46 47
g Hexcel 1800138 2 1.222 41 56
g 3-12-70 3 1.209 52 54
% Avg 1.214 46 52
% 4G3086-C2 1 1.210 63 52
2 Hexcel L800138 2 1.207 50 50
% 3-9-70 3 1.211 51 54
% Avg 1.209 55 52
g CA8204~A1 1 1.073 8 8
g Ferro L800137 2 1.161 17 22
- 4-9-70 3 1.080 5 9
- Avg 1.105 10 13
¥ CA8235-B1 1 1.110 12 7
. Ferro 1800137 2 1.133 7 9
% 5-1-70 3 Le71 5 5
2 Avg .105 8 7

5
B CAL8207-B2 1 1.196 49 43
& Ferro L800137 2 1.182 40 44
o 4-6-70 3 1,199 45 46
a Avg 1.192 45 44
FM5228-B1 1 1.160 19 21
'é Polymeric N900020 2 1,158 19 17
2 5-14-70 3 1,163 20 26
g Avg 1.160 19 21

Surface cured against mold,
Surface cured against bag.

- s L e
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C

Material
Identification

FM5228-Cl1
Polymeric N900019
5-19-70

MXG248-C4
Fiberite 1800136
4-17-70

B. After Graphitization (5000°F)

4G3008-C1
Hexcel 1800138
3-17-70

4G3086-Al
Hexcel 1800138
4-24-70

WCA/L8-B1
Hexcel 1800138
4-24-70

WCA /EC260
Hexcel 1800138
4-1-70

CA8207-A1
Ferro L800137
4-6-70

CA8204-A2
Ferro L800137
4-9-70

CA8235-B1
Ferro L800137
4-29-70

<

Specimen

No, _

W N =

Avg,

W -

Avg

LW N

Avg

W N =

Avg

W N -

A

<

g

W N -

A

2

g

W N

A

]

4

W N =

Avg

W N =

Avg

(1) Surface cured against mold.
(2) Surface cured against bag.

TABLE 16 {cont.)

Specific
Gravity

1.172
1.162
1,168
1.167

1.159
1.173
1.165
1.166

58

Rockwell "L'" Hardness

Smooth

19
31
25
36

26"
40

(1)

Rough(z)

40
36
33
36

28
39
28
32



C

Material
Jdentification

CA8235-C1
Ferro L800157
5-5-70

MXG248-B2
Fiberite L800136
4-17-70

FM5228-A2
Polymeric N900020
5-15-70

Specimen

No.

W N =

Avg

W N =

Avg

W N =

Avg

(1) Surface cured against mold.
(2) Surface cured against bag.

TABLE 16 (cont.)

Specific
Gravity

1.071
1.136
113
1.114

1.134
1.178
1.149
1,154

1.145
1.143
1129
1.139
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Rockwell "L" Hardness

LD

Smoot

-6
-3
=6,
-5

ol S

SREGR

Rough(z)

-5
-6
=2
-4
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Table 17 is a compilation of the various impregnation tests
that have Seen in process to evaluate the influence of variations in solvent-
to-pitch ratios and temperatures upon impregnation efficiency. The major por-~
tion of the studies have been performed on graphitiz.d panels produced from
FM 5228 prepreg which is Grade WCA graphite fabric impregnated with USP-39
resin and filler. This resin system has shown the lowest shrinkage character-

istics of the nine resin systems evaluated.

Solvent~to~-pitch ratios of 20:80, 25:75, and 15:85 were used
for the three studies since these ratios are in the optimum range for reducing
the viscosity of the pitch while still yielding a high carbon yield. For the
FM 5228 system, typical densities after the first graphitization ranged from
1.14 to 1.18 g/cms. After one pitch-impregnation and regraphitization cycle,
densities in the 1.34-1.35 range were typical for 20 Indene/80 15V pitch com-
positions. A ratio of 25 Indene/75 15V pitch resulted in the highest density
for this series of tests (1.37 g/cm3). Lowering the Indene to a 15/85 ratio
resulted in a2 lower density in the 1.32 range after graphitization. Changing
the process temperature of the pitch from 225° to 275°F did not result in
noticeable density differences. The use of Fapreg P-3 or Varcum in lieu of
Iadene did not show any significant improvement in the final density.

The target density for the composite is & minimum of 1.40
g/cm3. It would be desirable to achieve this density by using only two pitch-
impregnation cycles to minimize processing time and production costs. The
next set of impregnation studies will involve two impregnations and two

graphitization cycles to determine the density limits that can be achieved.

4., Fabric Development

Develormental efforts have been completed at Woven Structures,
Huntington Park, California, on the three-dimensional tufted fabric which is
designed to have radial yarns running through multilayers of fabric. This
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fabric is to be used for the liner construction of the nozzle extension.

Woven Structures has developed techniques for weaving eight layers of fabric
with simultaneous incorporation of the tufting so the weaving is completely
automated. Earlier tufting work was accomplished as a hand operation. The
feasibility of this weaving technique has been demonstrated by the weaving of
a panel 12-in. wide by 25-ft long, using triple end yarn for the tufts, 1/8-in.
spacings between the tufts, and a tuft height of 0.25 in. This fabric is
presently at U.S, Polymeric Corporation, Santa Ana, California, where tech-

niques are being developed for impregnating it with USP-39 resin.

The seccnd, specially woven graphite fabric that has been
developed is to Le used for fabricating the honeycomb cells., This fabric has
been designed to provide a cell-wall thickness of 0.050 in. after graphitiza-
tion. In addition, white Refrasil fibers severed with fine copper wire have
been incorporated into the root fibers for ease of visual identification.

The bonding of the cell-wall fabric to the liner fabric is dependent upon the
removal of the Refrasil fibers in order to expose fill fibers which interlock

with fibers extending from the tufted three-dimensional liner material.
Thirty ft of this fabric design has been woven with three

parallel roots spaced 3 in. apart along the length of the fabric. This mate-

rial has been impregnated with USP-39 resin at U.S. Polymeric Corporation.
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G.  TURBOPUMP MATEKIALS

1. Ti 5A1-2.5Sn (ELI)

Additional cryogenic tensile and fracture toughness tests
were performed. Compact tension fracture-toughness tests were made in liquid
hydrogen using chevron-notched precracked specimens removed from two l4-in.
diameter, 6-in. thick pancake forgings produced by the Carlton Forge Works.
Tensile and compact tension (WOL) specimens were removed from locations and
orientations shown in Figure 6. The location and orientation of liquid
hydrogen flexure fatigue specimens currently in test at General Dynamics/

Convair are also shown.

Results of tensile tests are presented in Table 18. The
room temperature, liquid nitrogen and valid liquid hydrogen tensile results
were statistically combined with the tensile results of a previously tested,
larger titanium forging (17-in. in diameter and 10-in. high produced by the
Wyman-Gordon Company). These earlier tensile data were reported in ANSC
Report, S131-PR2. However, because of three invalid test results of Carlton
Heat 294245 and the inability to determine yield strength in a fourth test,
this heat was not used in the analyses. The remaining data were analyzed and
conformed to the most recent criteria for category "A" data. A summary of the
tensile design-allowables, as published in DRM M-4B, Supplement 1, is presented
in Table 19.

Compact tension fracture-toughness tests were made using
chevron-notched, precracked specimens removed from each of the two Carlton
forgings as shown in Figure 6. Precrack flaw growth was predominantly radial

and driven by tangential loading.
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TABLE 19

CATEGORY "A" TENSILE DESIGN ALLOWABLES FOR
Ti 5A1-2.5Sn (ELI) PANCAKE FORGING MATERIAL

(Source:
RT
Radial
Ftu’ ksi 108
F ’ ksi 98
ty
% Elong 10.5

DRM M-4B, Supp. 1, dated 7-28-70)

RT

Tangential

108

98

10.5

68

-320°F
Tangential
176

163

4.2

-423°F
Tangential
202

179

8.1
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Results of fracture-toughness tests in liquid hydrogen are
presented in Table 20, The data met the criteria contained in ASIM Standard
E399. Although no pronounced anisotropy was noted, there appeared to be a
toughness gradient in the axial direction, as indicated by the higher tough- .
nesses of specimens 6 and 7 of forging C2A Ti (Heat 293722), located directly
below specimens 2 and 3 in the forging. Slightly-coarser-appearing fracture
surfaces of specimens 6 and 7 may have been caused by overheating during

sectioning of the forging and specimen machining.

A preliminary statistical analysis of current Carlton data
and the previously reported (S131~PR2) liquid hydrogen Ti 5A1-2.5Sn (ELI)
fracture-toughness data was made. Statistical heterogeneity was found batween
the means of the old and present data. Therefore, only the present Carlton
dzta (shown in Table 18) was used to calculate an interim statistical fracture-
toughness value. The Wyman-Gordon forging fracture-toughness values, averaging
only 53.3 ksi—in.l/2
the forging, compared to what will ultimately be procured for impeller fergings.

, were eliminated because of the larger (17 x 10) size of

The remaining Carlton forging data were analyzed and resulted in the following

values that were applicable to thicknesses of < 2:

SEK = 68.3 ksi-in.llz,
IC
SK = 3,2 ksi—in.llz;
1C
= - .o 1/2
and o = 214,000 psi.
nc
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Since the net critical stress exceeds the liquid hydrogen
yield-strength-allowable of 179,000 psi, the material would be classified as
ductile for liquid hydrogen applications. Further data are needed, however,

to achieve category "A" data.
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H. PRESSURE VESSEL MATERIALS

1. Fatigue Tests

Rotating-beam fatigue tests at 150°F were conducted on
material from 7039-T63 subscale pressure-vessel forging Heat AA. The specimens

were sectioned from the cylindrical subscale forgings in an axial orientation.

Fatigue specimens were fabricated in accordance with ANSC
Diawing 1137588. The specimens had a minor diameter of 0.300 in., a zero-gage-
length reduced section radius of 9.875, and an overall length of 5.31 in. Test-
=ng was accomplished on a Krause pure-bending-type rotating-beam fatigue

machine., The specimens were tested at a test frequency of 8000 cycles/min.

Eleven specimen levels were investigated in the range of 22.0
to 42,5 ksi. Fifty specimens were tested for all stress levels. Remote speci-
mens (i.e., specimens which were tested to 107 cycles without failure) were

retested to failure at stress levels of 35, 40, and 42.5 ksi,

The results of these fatigue tests are tabulated in Table 21
and presented graphically in Figure 7. These experimental data indicate the
fatigue limit for 7039-T63 at 107 cycles is 23,0 ksi. Alcoa properties data
for 7000-series aluminum alloys indicate a 5 x 108 cycle fatigue limit of

22 ksi which is in close agreement with the experimental data.

2. Stress Corrosion

Field and laboratory stress corrosion testing of pressure
vessel candidate materials in CY 1970 demonstrated: (1) absence of stress-
corrosion susceptibility in aluminum alloy 6061 at the 35-ksi stress level;
(2) the superiority of the T63 heat treatment over the T6 heat treatment for

stress-corrosion rccistance of aluminum alloy 7039; (3) benefit of shot-peening
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and coating protection in lengthening time-to-failure of aluminum alloy 7039
in stress-corrosion exposure; and (4) an apparent safe operating stress of

15 ksi for 6 months exposure of aluminum alloy 7039-T63. These observations
were reported in previous CY 1970 materials quarterly reports. In this
quarter, laboratory results indicated that thermal-control candidate coatings
can significantly reduce stress-corrosion sensitivity of 7039-T63. A corro-
sion-control plan* for a 7039-T63 pressure vessel was prepared detailing the

methodclogy required to prevent stress—corrosion cracking.
a. Field Tests

Aluninum alloy 7039 stress-corrosion specimens placed in
the Kennedy Space Center (KSC) ocean-beach test rack were examined weekly for
the period 1 June through 1 September. Failures during this period (tabulated
in Table 22) included: (1) at the 20 ksi level, one 7039-T6 flange specimen,
two 7039-T63 flange specimens, and one 7039-T63 wall specimen; (2) one shot-
peened 7039-T63 flange specimen at the 45-ksi level; (3, one A612-metallized
7039-T63 specimen at the 25-ksi level; and (4) one A6l12-metallized and eroxy-

polyamide-painted specimen at the 45-ksi level.

A summary of the ocean-beach exposures of uncoated 7039-
T63 specimens is given in Figure 9. Exposure times for these specimens range
from 380 to 674 days. It should be noted from the figure that only one of 18
specimens failed at the 20-ksi level during 6-inonths exposure while there were
no failures of 15 specimens during 12 mcnths at the 10-ksi level. This type
of behavior strengthens the previously stated estimate of 15 ksi being a safe

stress limit for six-month ocean-beach exposure (see ANSC Report S131-PR3).

Fifty-three additional stress-—corrosion specimens were
placed on the ocean beach rack 5 August. These specimens were exposed to
determine: (1) the heat-to-heat variability of stress-corrosion behavior of
7039~T63 in the 10-25 ksi stress range; and (2) effect of thermal-control coat~

ings on the stress-corrosion behavior of 7039-T63, .

* Memo No. 70-328, A. L. Armitage from: M. L. Murchison, Corrosion Control R
for 7039-T63 pressure vessel dated 31 August 1970, ;

AET
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TABLE 22

FAILED SPECIMENS AT KENNEDY SPACL CENTER
FOR PERIOD 1 JUNE THROUGH 1 SEPTEMBER 1970

Date in Type Stress Time to Fail Failure
Material Location Exposure Specimen ksi (Days) Ratio
7039-T6 PV Forged 10/16/68 Tensile 20 674 4/5
Flange
7039-T63 PV Forged 10/16/68 Tensile 25 660 1/2
Flange
7039-T63 PV Forged 5/1/69 Tensile 45 361 2/5
(Shot Peened) Flange
7039-T63 PV Forged 5/1/69 Tensile 20 399 1/3
Flange
7039-T63 Forged 8/6/69 Tune Fork 20 364 2/5
Wall
7039-T63 PV Forged 8/6/69 Tensile 25 338 5/5
(Metallized) Flange
7039-T63 PV Forged 8/6/6% Tensile 45 370 2/5
(Metallized Flange

and Painted)

T e T T IR
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The exposure conditions of all specimens are tabulated
in Table ', All are tuning-fork specimens cut from the short-transverse
direction of 7039-T63 wall forgings. Specimens from Heats AA and BB were
added to the program to more closely define the behavior of 7039-T63 in the

low stress range.

Twenty tuning-fork specimens from Heat AA were coated
with thermal-control candidates and placed at KSC. Ten specimens were plasma
coated with alumina (A1203) after a grit-blast surface preparation. Ten speci-
mens were coated with Z-93, a proprietary coating of the Illinois Institute of
Technology (Z-93 is composed of zinc oxide with a potassium-silicate binder).

A more detailed description of these coatings is contained in ANSC Report
S$131-PR3,

b. Laboratory Tests

Fifty-eight 7039-T53 tuning-fork specimens were placed
in exposure at the Sacramento facility. Forty-nine specimens were exposed in
a 57 salt-fog cabinet and nine specimens placed in indoor atmosphere exposures.
Results of these exposures to 1 September are given in Table 24, Significance
of the laboratory results is illustrated in Figures 9 and 10, Figure 9
depicts the stress~corrosion behavior of 7039-T63 as a function of stress and
illustrates the importance of reducing residual stresses in a 7039-T63 pres-
sure vessel: i.e., below 20 ksi, a small decrease in stress means a very large
increase in the stress-corrosion life of the material. Figure 10 compares the
specimen life of 7039-T63 as functions of atmosphere and surface treatments.
This comparison illustrates two other aspects of stress—corrosion control of
7039: (1) limiting exposure to innocuous atmospheres; and (2) stress—-corrosion-
prevention qualities of the thermal-control system which is required for the
pressure vessel. AIZO: is a candidate coating for thermal control of the pres-
sure vessel. Grit blasting is the preferred surface treatment of the basis

metal for A1203 application.

- 78
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TABLE_23

AA 7039-T62 STRESS-CORROSION SPECIMENS
PLACED IN TEST AT KSC, 5 AUGUST 1970

Condition Stress, ksi- No. Specimens
AA 7039-T63 25 4
Uncoated, Heat AA 20 5
15 5
10 5
AA 7039-T53 25 5
Uncoated, Heat BB 20 5
15 5
AA 7039-T63 45 5
Plasma Sprayed 25 5
A1203 Surface, Heat AA
AA 7039-T63 45 5
Surface Coated with 25 5

Z-93, Heat AA

Test Conditions: 1. All specimens are tuning-fork specimens
from short-transverse orientation of
forged wall.

2. Specimens placed in rack, 300 £t from
high-tide mark.
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Figure 9 - Salt Cabinet Exposure of AA7039-T63,
Heat AA, Specimens to 5% Salt Spray
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c. Corrosion Control for Aluminum Alloy 7039-T63 Pressure
Vessel

Detailed corrosion control measures for a 7039-T63 pres-

sure vessel were prepared and are summarized as follows:

Test results show that 7039-T63 is susceptible to stress-
corrosion cracking in the short-transverse direction with a threshold of 15-ksi
sustained tensile surface stress projected for a six-month exposure period.
Residual-stress measurements indicate a maximum radial tensile stress in the
flange of 20 ksi, indicating a potential failure area. Exposure of short-
transverse (i.e., end-grain) material by intersecting forging grain flow line,
machining bolt holes, and seal glands (accompanied by tensile residual stresses
generated from heat-treat quench, assewbly, and seal welds) could cause stress-

corrosion cracking,

Prevention can be implemented by: (1) designing to mini-
mize end-grain exposure; (2) minimizing and controlling residual stress in the
critical area; and (3) applying protective coatings. End-grain exposure will
be minimized by forming the vessel configuration to forge-flow capability.
Minimizing section thickness by rough machining the final configuration prior
to heat treating would be implemented to minimize residual stress. Thermal
coatings can be utilized for protection of all surfaces except seal flange
surfaces which are not compatible with these coatings. These surfaces are
identified as the most critical areas and may require cold planishing for gen-
eration of surface compressive stresses for residual stress control, followed
by strict environmental control during fabrication and assembly. Prevention
limitations are attributed to coating nonadherence and the presence of high,

undetectable residual stresses.
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3. Fracture Toughness

a. Introduccion and Objectives

Previous fracture toughness testing of 7039-T63 material
(Heat AA) to establish minimum specimen thickness for valid KIC values at roomn
temperature and -320°F was reported in ANSC Report S131-PRZ. The objective of

further investigation was to determine effects of:

i. NERVA operating temperature regime.

2. Anisotropy of ring-forged and extrusion-forging
processes,

3. Major alloy chemistry variations.

4, 3/1, 6/1, and 12/1 forge-reduction ratios (7039-T63
and 6061-T6 step-hand forgings).

Critical crack size upon cryogenic temperature.
b. Summary of Results

Three heats of 7039-T63 subscale pressure-vessel forg-
ings, a 6061-T6 hand-step forging, and a 7039-T63 hand-step forging were eval-
uvated for plane-strain fracture toughness (KIC) values utilizing compact ten-
sion specimens and testing over the NERVA operating range (-320°F, -100°F,
room temperature) in accordance with ASTM-recommended procedures. Chemistry,
temperature, and forging anisotropy effects were studied for subscale flange
(ring-roll-forged), chamber wall (ring forged and extruded), and 3/1, 6/1, and
12/1 hand-forged reduction ratios.

Flange material results showed low critical stress inten-
sity (KIC) values of 10 ksi.Vin. in the axial direction for the high-chemistry
heat. The other directions were above 15 ksi"yin. with the low-chemistry heat

shoving superior (i.e., higher) values over the nominal chemistry heat. The
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cylinder-wall material showed values abeve 24 ksiVin. mean except for the
short-transverse direction where values decreased to as low as 12 ksi“Vin. at
-320°F. The axial orientation exhibited a 50% higher increase in K_. value or

IC
K. over that of the flange section material, indicating beneficial effects from

Q

the supplemental extrusion process. The circumferential orientation values
were about equivalent for both flange and cylinder-wall material, indicating
equivalent ring-forging effects in each section. For all 7039-T63 material

tested, room temperature values were decreased by the low temperature exposure.

The 7039-T63 step forgings results at -320°F indicated

that the long-transverse-oriented specimens had the highest mean K_. (above

24 ksi“JI;.). Longitudinal oriented specimens had values above ZOIESiW/E;i,
except the 12/1 reduction which was lower (17 ksiW/I;.). Short transverse
specimens were lowest with values as low as 15 ksinI;: The increase of forge
reduction had little effect upon the magnitude of trend of long-transverse or
longitudinal fracture~toughness data. However, the longitudinal values of the
12/1 reduced material were some 6 to 8 ksi in. lower than corresponding 6/1
and 6/1 values.  The short-transverse values showed improvement with higher
reduction increasing from 14 ksiW/I~. at a 3/1 reduction to 17 ksiWJI;. at
12/1 reduction. All values decreased as a result of low temperature exposure

which was consistent with other 7039-T63 material tested.

The 6061-T6 step-forging results showed an opposite
trend with increased KIC occurring at -320°F compared with co.responding room
temperature valves. The long-transverse values were highest for all reduc~-
tions tested. All values were above 26 ksi\Jin. at room temperature anc¢ above
35 ksi\Jin. at -320°F, indicating a completely ductile material. No apparent

benefit was realized from the increased forge reduction.

Critical-flaw-size calculations for subscule forgings
indicated a minimum flaw size of a = 0,027 in, and 2C = 0,14 for a part-
through crack und 2a = 0.065 and 2C = 0,16 for an internal flaw in two princi-

pal directions (circumferential and axial) for both low- and nominal- chemistry
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heats. The high-chemistry heat material tolerated a much shorter flaw size,
indicating inadequate cryvgenic toughness. Short~transverse values were also
low, but were less significant because the short transverse i3 nov a principal

stress direccion for pressure-vessel application.
c. Material and Specimen Qrientation

Subscale pressure-vessel forgings of three different
major alloy chemistries (low BB heat; normal AA heat; high CC heat) as previ-
ously described were investigated to determine temperature, chemist:y, and
anisotropy effects. The forgings were of tlie same configuration with the
flange being ring-roll-forged with a portion of the flange extru’d to form
the wall section. The flaw-stress orientations investigated for the flange

and wall section, shown in Figures 11 and 12, respectively, we.e:
1, Flange
Nomenclature

RC - Radial-orientated tlaw driven by circum-
ferential stress.

RA - Radial-orientated flaw drive by axial
stress.

CR =~ Circumferential-orientated flaw driven by
radial (short-transverse) stress.

2. Wall Section
Nomenclature

CA - Circumferential-orientated flaw driven hy
axial stress.

RC =~ Radial- (short-transverse) orientated flaw
driven by circumferential stress.
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AC - Axial-orientated flaw driven by circum-
ferential stress.

AR -~ Axial-orientated flaw driven by radial
(short-transverse) stress.

AC orientation is equivalent to axial flow with hoop stress that is most criti-

cal for pressure-vessel application,

Step-hand forgings of 7039-T63 and 6061-T6 were investigated for forge-reduction
effects and were fabricated by identical forging practice to obtain ratios of
3/1, 6/1, and 12/1 as previously described in ANSC Report S131-PR2. Flaw-stress
orientations investigated, shown in Figure 13, include: (1) LT-L, long-
transverse-orientated flaw driven by longitudinal stress; (2) L-LT, longitudinal-
orientated flaw driven by long-transverse stress; and (3) SL-LT short-transverse-

orientated flaw driven by long: transverse stress,
d. Test Methods and Deviations

Compact tension specimens were used for determining the
plane-strain critical stress intensity (KIC). The specimens were designed and
tested in accordance with the recommendations of the AS1M E-24 Fracture Tough-
ness Committee®*, The following deviations to the recommended test-method
criteria for fatigue precracking were utilized to reduce occurrence of tumnel-

ing (i.e., irregular crack length through a section) and reduce fatigue time:

1. Precrack length was required to be greater than
0.05 lengih from the tensile load line to the precrack tip (i.e., instead of

longer specimen edge-to-precrack tip length).

2. Precrack stress-intensity limit was increased from

0.5 K., to 0.6 KI

IC c*

% "Proposed Method of Test for Plane-Strain Fracture Toughness of Metallic
Materials," ASIM Std. No. 399, May 1969.
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The following code was applied to denote significance of
critical stress-intensity values at fracture:

1. KIC: Test values conforming to all ASTM - recom-

mended criteria including precrack deviations listed above,

2., KIC*: Test values conforming to all ASTM - recom-

mended criteria as in (1) above with the exception that the theoretical speci-

men thickness as defined by B <2.5 (KIC/GYS)2 was not met. This applied to
specimens of insufficient material thickness such as the short-transverse
loaded wall specimens.

3. KQ: Test values not conforming to one or more ASTM

test criteria, other than those noted above.

KIC* values are considered valid for a 7039-T63 thick-

ness of >0,5 at -320°F and >0.62 at room temperature (as reported in ANSC

2
- i i c * < K
Report S131-PR2) where it was determined that Kio* < Ko for B < 2.5 (KIC/OYS) .

KIC was substituted for KQ where it was found that the
K

Q value was the same as a valid KIC plane-strain stress-intensity value under

the same test conditions. The most conservative classification always will be

used for combining data to perform statistical analysis.
e. Test Results
(1) Subscale Forgings

(a) Flange Section

Test results are listed in Tables 25 and 26
and plotted in Figure 14 to show the effect of anisotropy and the effects

of chemical composition as a result of test temperature. Because

91

— 4 s o v s | —



*s3[ngaz O

uz 3q 03 pOIIPIEUC) d39m sANTEA IsIYL (B)
'o0T UBYI 8691 £q YO30u pHuFyIPW 3yl 3JO dueTd 13 WOIJ EIICTAIP Ho0ad onByIry oyl 30 Juryd Iyl  (3)

‘oV 6°0 upy3l 193w53F aq o3 uswidads oyl Jo vdejansg seay Iv YIBUST yoezd enBpavy ayr  (2)

30033 YOIOU PIVFYOUE FO JUCIF UT “I9IW918 eva 39AudTYs ¢ *NT OV 040°0 30 0S0°0 UeY3 123va3B 2q 03 uoaz WowId InSriwy 23 3o saawd TV (P)

*OV €0°0 BIYI 68T 9q 03 § 9/f Pue /I ‘%/T 0 SIUSWIINERIW HOVID PIAYI I UIDAIIQ DUIIAIFITP UL (3)

.N\.n ‘UT=J8Y% §°ZT UPYI B8] 3q 03 A._..aé«uuc 203993 £3ITEU2IUT 683338 TPUT3 AW (Q)
.vs 90 0 o«g 9°'Q ueyl 8897 2q 03 Aﬂq«uucuxv 203093 LITSULIUT 862138 IPFITUT YL ()
STION
[44 M +] Z°Ls (8)s ¢z £6%°0 2°6€, A0 o p.(o] A0 001 L A% 100°% k4
$S%°0 T°Ls (3)1°92 £I5°0 s°1y o  (88°0) h.0o] §20°0+ 9t ¢°91 100°T 18 ¥2-20
266°0 8°€tS (B)6°ce 89%°0 9°9¢ R0 A0 A0 A0 1T 291 100°T ct
T50°T 8°ES 36" 9¢ 18%°0 6°LE X0 p. (o) J0 p.(v] 9°IT €°st 100°T 4 ¥O-18
5E°0 %°8S 6°12Z 790 L°se %0 %0 020°0= 900°0+ %9 1L 005°0 .
S5E°0 78S L1 887°0 T°¢L5 M0 (L8°0) TT0°O- Y0 L9 €L 005°0 €
250 : ¢°es -L°92 8%°0 79 %0 (98°0) 8t0°0- Xo 9°9 Lt 66%°0 144
5%°0 %8S 6°%2 ¥8%7°0 9°9¢ 0 (98°0) €£0°0- p (] 9°9 8°¢L 66%°0 ¢ W-vV
0£9°0 0°09 (3)1°0¢ 125°C sy q0 (L8r0) 0 5000+ 9Ll 9Lt <00°1 4
2€9°0 0°09 (3)z o€ 8%°0 8 LE 30 X0 30 H0 8°21 1°%T - 200°T €4
0£9°0 0°u9 (8)t-oe 68%°0 8°8€ X0 A0 A0 20 T°€T b 24 £00°T T
059°0 0’09 (3)9-0¢ 8L%°0 9Lt A0 %0 %0 A0 FANAY 6°¢T T00°T 14 24-22
(71001 . 679§ (®)e-zy s8%°0 %°8¢€ 30 %0 (] %0 o'zt Sl 000°1 Mu
ST 1 6°95 (Be-zy 870 6°LE A0 A0 A0 Z10°0+ 9°1T 071 000°1
262°1 6795 (8)6°0y 08%°0 LoLle b (o] 4“0 Ao $00°0+ S 11 0°%1 200°T
8TL°1 6°9¢ ety FAA M 1t p.[o) A0 p.[+] A0 €11 0%t 000°T
2068°0 0°6S ' (s ce €6%°0 9°LE %0 p.{+] %0 A0 {91 9°6 0us°0 k14
079°0 0765 (3)v-6z 9%5°0 - S°hYy A0 (88°0) p.(¢) A0 [ 4 1°€T 86%°0 11 )
209°0 0°65 (3)1°62 €L5°0 8°6% p.[] 20 p.[¢] o T°sT 0°zZt 66%°0 <f
5%9°C C° 65 (8)o 0t §25°0 ARt ) %0 (98°0) %0 A0 9°81 9°81 66%°0 1¢ 24-¥V
01£°0 8°9S 0°0z ey o 9°8¢ o1 Mo 30 %0 8°6 §°T T00°T k1)
Surydead enBiie; Supanp patrvg 000°T T4 Vi-20
0Z9°0 2°9S 1742 6L9°0 8°LE oS8T Ao 1] o S° 1T 2°91 000°T [£4
20970 v %S L°92 91570 6°TY olT o X0 p.o] L AFA S 7L 100°T ¢ vi-g8
F44 M) T°ss ()8 74 {9%°0 6°%¢ : «0€ A0 X0 A0 €9 1L 005°0 4z
86%°0 T°6S 9792 €9%°0 9°v¢ o«0F b (o] %0 (0] 29 0L 005°0 1 X4
|00 z°ss fzz o140 Y 68 «0F (88°0) S00°0= 900°0+ e (1284 {1+ ] b4
81%°0 Z°SS 9°eT 915°0 oy o5C  (98°0) (000 p. (o] t A4 0°g 66%°0 T2 V-V
Uy 5% “uy-7ey Yl TUi-¥e Gy ) ® _ T =36 “OF-¥6% i3 3
-an \oasu [ 354 nno (744 vg N\uuuucm yaBuaq sdoe3xn andyley (74 Q) it (v) (9) VIWTI94S
. 997300ag poOpUSLINGIIY Tvu3J, TRIIFUT, SSAUNITYL
yasuaals Kaysuazuy proT - X X
PISIX 9833185 HLSY we33 uojivyasy [FEXETFLF]

yovay andyivg

(NOI1D3S FONVII) ONIOWOd ONIY ATvosans
RARIKATY €91-6£0L 40 SLINST SSAKHDIOL-FUNLOIVEL TINLVIISNIL-HO0E

ST F19VL

. N N e Z R o . . T N
v fd s




*83INSII UHM 9q 03 POIIPTSUCD Di1aa sanfea asayr (%)
* 0T UPYl 88uT £q Y930U pauTydsm 2yl Jo aueld Iyl WOIJ ©ILTALP 3OB2d> anByawy oyl jo aue(d Y (3)
*oy §°0 ueyl 103033 »q 03 uvawidads ayl Jo 9dLFaNS 91 IV YIBual Aoead anBiiey Syr (I)
*30033 Y230 PIUVTYOVT 3O JUOI3 U *IVIL3xT SPA I9A33IVYM * *UT OV (G0°0 30 0G0'( UPYI 123ea18 3q o3 Juoly WOEId> anByIej Y3 jo sized (v (P)
*OY G0°0 UPYI §62T ¥q 03 @4 /¢ PUP Z/T ‘%/T 3T SIUIWIINCTIW IVID IIIYI IYI UIIAIAQ IJUIINIITP I )
*z/T7 UT-TEN ZT ueyl @831 3q 03 .ann«us 203083 A179U0IUT 89338 TEUT3 YL (Q)
.vz 9°0 a0 uav_ 9°0 Wyl 88IT 24 03 .ncauucus 203993 A3FSUIUT 893138 TeI3 »
30T UL (®)
Sas"V
8L1°0 7°89 (8)z°81 $3%°0 € 8t b 1¢) A0 A0 A0 L'6 6°0T 000°1 0.E- z#
Z02°0 Z2°89 (3)y 61 96%°0 [ A0 %0 A0 §00°0+ 5'6 9°21 T00°1 nze- €4 ¥O-2)
oge"C 0°fF9 (®9° 9z 78%°0 0°8t A0 A0 %0 N0 L6 FAN % ¢ 0001 ocE- Lt
%0 0'€9 3)6°s2 08%°0 8 LE 30 A0 020°0- €10°0+ 9°6 821 000°T [rrA €2 ¥W-94
SS1°0 %°69 [CIIAFA 00S°0 9°8¢€ A A0 h.(o] p.v] $°8 €6 86%°0 (248 8#
112 4a1] %°69 (3)y 91 670 0°1Yy A0 (98°0) 30 10 0'6 1°0T 005°0 oze- (24
ss1°o %69 (€T AN 66%7°0 %°8¢ A0 (§8°0) szo"0- %0 6°9 8°L 667°0 oTe~, 94
S11°0 2769 (®ost L9%°0 ol 1% o A0 02070~ A0 €°9 1°¢ 005°0C (17404 €# YO-VV
09%7°0 €°EL (8)6°67 %150 L1 A0 (£8°0) A0 22070+ 17 791 T00°T ozt~ 82
09%°0 €°€L (8)6°62 %0 §°LE A0 A0 ) X0 L2t TET 000°1 oze~ L8 D3-20
§09°0 °89 (3)g°¢t 06%°0 0°6¢ A0 A0 X0 (o €T S°ET 000°1 ozE~ :14
§8L°0 L£°89 (®)s-se 58%°0 8°8¢ A0 A0 p.[¢} A0 T°¢T Sl 000°T (11424 e -8
|/L€°0 0L (8)n-9z t Sy 9°6€ X0 p.(¢) A0 30 Lt $°8 867°0 0ze- 82
80£°0 0°zL {3)e 52 . 7°0 [ 213 30 o 2Z10°0~ xo L 9°8 667°0 0zZ€~ 2 u~wV
[
0L0°0 0°89 €11 AC2°0 L°S¢E »0T A0 R0 A0 €L €L 666°0 oze- 4 o
090°0 0°89 s o% LL9°0 S e «8T A0 p. () A0 (A L°L 866°0 ozE=~ €8 V-0
L0 2759 9°%1 £8%°0 S 8¢ oST o A0 p.o) L1 L ax4d 200°T 0ze- vd
91°0 2°¢9 S° ST 1570 81y 7T 30 Ao X0 % 6°€T 100°Y 174 %d €# Vd-49
891°0 8°99 €y 79%°0 L°9e 52 o 600°0~ $S00°0+ 9°L 9°8 005°0 0ze~ 14
§S1°0 8°99 LA 29%°0 6°%¢ #ST A0 A0 A0 L 8°8 105°0 oze- Le
S91°0 8°99 M 86%°0 2°8€ «0F (¥8°0) 820°'0- (o} 6°9 0°8 66%°0 0ze- 92
871°0 8°99 [ $6%°0 LLe 0t (¢8°0) §20°0- Z10°0+ 8°9 LL 005°0 olE~ S@ Wi-VY
oY% 0 8°s9 (8912 | ¥4 A0 0°LE 0 A0 A0 A0 €11 £°T 200°1 001~ 9%
$%%°0 8°59 (®)g-Lz 28%°0 0°8€ X0 a0 a0 %0 6°21 S°ET <00°T 00t~ S& 089-3
86°0 0°Z9 (8)6°8¢ Y249°0 2°8¢ A0 A0 A0 A0 L1t L 100°1 001~ 9¢
€80 0°29 (®)8°st 88%°0 '8¢ A0 (] Ao A0 811 [AKAS 000°T 00T= S# Od-g8
§¢S°0 9°%9 (8)0°1€ €16°0 8°6€ %0 (88°0) ®0 . (] tAr 0°8 006°0 001~ 9¢
29%°0 9°%9 [T %4 605°0 %°6E A0 (68°0) o Mo 1 LL 660 001~ <# J4-vv
oy ELS ‘ul-ys]  m/e ‘uT-I6y (€] [©)] ®) [©) *UT-T5% TUY-T5% "ut (@) d.) *ON
s 31 ° ur it T (q) U (v PR cdwdsl  usazoads
¢ el gz yisuaais 5 23wy yaduaq }ota) onSriwg ou s3FUT 199,
4 PIIEX A378UaIL]T peoq POFI0CI4 popuduwco sy ToUT3, 19133 b | L
853335 KISY wol3j uvop3vjaaqg [LETETFTE]
wpex) ndiivg
d402€~ PUB Q0T- 37 PAIEAL
(NOIDIY FADNVII) INIDYOd ONI¥ 3TVOSINS
WANIRATV €91-6£0L 40 S11NS3d SSANHONOL-TUALIVEI
92 a1avL
. L N o Penr AN NN, R T L v




uotldag 98uetg SuiBaog °1eOsqng 9l-6£0/VY uodqn

uor3rsodwo)y jeoTWAY) pue Kdoijostuy JOo S30933F - HT 2anSTg

3, JWALYEIANIL 1§31 4o JUALVIANIL 1532 d FUNIVEIEN3L 1§32
0z¢- 001- 0z 02¢- 001- oL 0z¢- 00t- oz
d ot L st st
. -~ 0z -
~J / oz
- ./ 52 //
Ly ch VA 1SY l/ T /
—~— A
— » S WA 1SN w sy
~—. M ~i= o€ " s2
- Doa ALISNILNI ~. A (N Ay
SS3MLS NG ALSNIN ~ ALISNILNI
—— IILIHD 141 55 b $S34LS
- —— e — —— ELTH ~—
P - & ~l. WL b og WAL
e —~ oc — ——
> ~ >~ 1,
Se bl
Y
s€ 12 ¢
LNILNOI BN ONY U2 KO LNILNOD S QNY UZ TWNINON ANILNOD 6% ONv VZ MO
33 4V3H 88 1viH Vv LV3H
£40) NOILVLNIINO IVIANIIINNIYD = e e
€QY) NOLLVANIIYO ISYIASNVYL LUOHS e o
(VA) NOILVININO WIXY emmmomme QN3EIT $193443 NOILISOGK0D WIINIHI OKIADT IV OrVA Il
4, TUNLTEIANDL 4532 4o 3UNLVEIGNIL LSIL 3 I NLvyIENIL LSIL
oce- oot- oL 0ze- o0ot- oL oz¢- co1- oL
o1 st
(c] ~ d
=~ ~ O~
S st S 0z
v ~N - S~ b -
. ~ —
o~ b WL S sz Upsx 7Y
/. iy 7 N 2l L T
. ALISHIINE N ALISNILNI P~ ALISNILNI
/ $53315 ~ §S3u13 ~ (ETTE
.~ IVAHLED WAL T WAL
/ (14 ~ [+14
ﬁ ~a . ~
ot s Ly
(vH) SSIULS WIXY AS ©2) SS3YLS WIaVY AT (3Y) S53YLS WVILNIYIMAILID

N3AIHG Mvd Iviavy NIARG MVIS IVILADHIINAIYID

IV =
VY IVIH ommmee 19y3939

AG NIARIO MvTd ViAWY

§403443 AdOULOSINY §

9%

star T T

=5

B S



g

< xd

R e anid

P o

of prior residual-~stress measurement tests on leat AA, 0.50-in. specimen
thickness was the maximum size available from a lleat AA forging. One~inch-

thick specimens were fabricated for heats BB and CC forgings.

The RA (i.e., axial stress) results were the
lowest values of any direction tested at room temperature with Heat BB having
the highest mean value (26.9 ksi“/z;.), followed by Heat AA (23.4 ksiW/I;.)
and Heat CC (20.0 ksiW/I;:) at room temperature (see Figure 14). At -320°F,
Heat AA had the highest mean value (16.8 ksi\l in.), followed closely by Heat BB
(16.5 ksiW/;;.), with Heat CC lower (10.9 ksiW/IEZ). A1l results were desig-
nated KQ because fatigue precrack deviated from notch plane by more than
allowed 10°. The -320°F Heat AA values are probabliy fictitiously high because
of the fatigue precrack deviating 30° from notch plane, whereas values from

Heats AA and BB deviated only 15° and lower.

The RC (i.e., circumferential stress) results
contained the highest values of any direction tested with Heat BB having the
highest mean value (41.8 ksiW/I;.) at 70°F, Other mean values at 70°F vwere
much lower with Heat AA heat at 30.4 ksi?fin. and Heat CC at 30 ksi"yin. At
-320°F, Heat BB also had the highest mean value (36 ksi), followed by Heat CC

(30 ksi”yza.), and Heat AA (25.8 ksiﬂ/IE.). All values were designated KIC or
KIC*.

The AR (i.e., short-transverse stress) results
were at intermediate levels at room temperature with Heat BB having the highest
mean value (34.2 ksiW/I—.), followed by both Heats AA and CC values (approxi-
mately 24 ksi“/I;:). At -320°F, Heat BB was also highest (25 ksi “{I;j),
followed by Heat CC (19 ksi“/I;.), and Heat AA (17 ksiW/I-.). All results

were KI values except Heat AA results at room temperature where initial crack

c
lengths were shorter than specified and thus designated K_.

Q
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(b) Chamber-Wall Section

Test results are listed in Tables 27 and 28.
They are plotted in Figure 15 to show the effect of chemical composition and
the effect of anisotropy as a result of test temperature. The maximum thick-
ness available for Heat AA was 0.50 in. The same tnickness was used for
Heat BB to eliminate size effects. Heat CC was wot tested because previous
tensile data indicated low cryogenic ductility in the short~transverse
direction that eliminated the high chemistrv (Heat CC) from further con-

sideration.

The CA (i.e., axial stress) results showed the
highest values of any direction tested with Heat BB (40.5 ksiW/I;.) being
higher than the Heat AA mean value (35.8 ksiW/IH.). At -320°F, the mean values
were degraded to 26.8 ksi'yqﬁ. and 24 ksiﬁ/IH: values, respectively. All room

temperature values were K_ *, while =320°F values were KI

1C c’

The RC (i.e., circumferential stress) results
were somewhat lower with Heat BB (38.7 ksiW/IH.) being higher than the Heat AA
(36.0 ksiW/I;.) mean value at room temperature. At -100°F, the mean values
were degraded to 33,2 ksi“/za. and 31.5 ksiW/IB., respectively. The -320°F
results were reversed with Heat AA (25.0 ksiW/IHZ) being higher than the
Heat BB (22.5 ksiW/I;.) mean value. All values at room temperature and -100°F
were KIC*’ while -320°F results were KIC'

The AC (i.e., circumferential stress) results
were about the same as RC results at room temperature with higher correspond-

ing results present at -100° and -320°F. At room temperature, lleat BB (37 ksi

W/IB.) was higher than the Heat AA (33 ksiW/in.) mean valve. Heat BB mean values

at -100° and -320°F were higher (30.8 and 32 ksi\/in., respectively). Heat AA
at -100° and -320°F were not tested because of lack of material. All room tem-
perature and ~320°F results were designated K. because the precrack length was

Q
shorter than allowed. Results at -100°F were designated KIC*.

96



] ~ . TR L g™

e

* 0T UPYI 8697 £q yOI0U pIUFQOvEm 343 3o auwld 9YI WOIF SIISTAIP AwID andraey syl jo susyg (@)

*OY §°0 URYI 1319228 aq 03 uamydads Jo sdWIins 2213 I® YiBuaT ywowad anliawy (P)

+3001 YO30U PIVFYIWET 3O 3UOIF UT ‘UT SO0 UPYI I23wAa8 »q 03 AOW3Id InBrIvy IR jo sawd IV (3)

oV §0°0 URYI €93T 3Q 03 ‘g 4/¢ PUL ‘7T ‘9/T 3IT S3uIWIAINERIT QIBUAY AOWID SIIY” QI UIIAIIQ MDUIIZIIP ML (Q)

TIPS 8F IIAIYITUR .«\m.auuquu §°z1 30 vn 9°0 UWSY3 8837 »q 03 JurRowad SnBIINy 20J 103363 KITEUAIVT SSe33s L (¥)
SIION
s16°0 2°68 z°oc £99°0 9°4g %0 ¥ £00°0- ° ) 050 68
286°0 865 s € 959°0 0-%¢ %0 %0 o %0 9L 50 98
096°0 21 3T 999°0 oUee 30 20 M%.wu 20 v %S0 o4 V-8
} vom o . 60070~ . .
809°0 fs $-82 25970 6°2¢ %0 %0 ool %0 99 905°0 94
s o . 8 8z 959°0 1°8€ X0 % oo %0 99 s0s"e 8
25 %S 9°62 £59°0 »ee %0 20 610°0- T10°0+ 9 90s'0 98
$85°0 8 T°8T treo Tz % % %W.Mn 10 ) 905°0  §# W-91
et 9°6$ 6°6¢ 20570 9°8¢ 30 ) $00°0- ¥ re s0s'0  6F
25670 2765 6°9¢ 169°0 9 LE %0 %o S ) v s0s°0 o
. 080°1 8°6S £°6¢ £05°0 0°6€ P (] A0 R0 €0 '8 <05°0 {0 -
2zt 8°¢s 0°6¢ 96970 0°s¢ %0 %0 0- % 9°g 1050 9 Py
051 8§ R 515°0 £-0Y %0 %0 %0 %0 6 W50 P
209°1 e 21y 905°0 1°6€ % %0 §10°0- %0 IR 65°0 v vo-ue
269°0 e, PRt 825°0 91y %o 88°0 % % Y 050 €
$52°0 z09 vegg 967°0 8° g . %0 %0 o100~ % £t z05'0 7
269°0 z09 Lo 9690 8°L¢ %0 88°0 <10°0- c10°0+ £t 706°0 T4 OV-W
962°0 9°29 91z $s9°0 0°st ) ) 1o e- %0 0L 95°0 )
00£°0 0°29 $°1z 090 £°5¢ %0 %o 100°0~ % e 90S°0 . if
170°0~
stz°0 0-29 9°0z 059°0 9e8g 20 %0 900°0~ %0 9 s0s'0 9
00€£°0 0°Z9 $ 1T 0L9°0 Z°S€E p o] 20 2000~ A0 1L €05°0 <# V-V
058°0 209 "6t €5 0 LTy A %o %0 20 96 2060 €
2160 z-09 s ot 0<5°0 0°sY %0 %0 %0 % 10t 8050 &
88°0 <09 2°5¢ [+ 14+ ] 8°0% X0 X0 %20 A0 z°6 905°0 4 J3-v¥
006°0 LS 9°9C zs°0 9Ty 2O % %0 % 76 9050 99
8921 its Ty £15°0 6°6€ 30 %o £10°0- ¥o 06 905°0 s
210°T L5 8'9¢ ¥15°0 L°8c %0 % $00°0~ 0 905°0 % VOW
< 95 o g o-re £V 5&« g e @ [Q) 157 ('S3) ~oN veciaNds
¢ Pl ez s, Ul R4S YIBGeT WoRI5 IngTIey " uoFIRIVTIQ
¢ gisuaiag huuncwnunn e §33130824 pIpuIMOIAY
PITX ssex3s RISY ®WOlJ UOTIPIAI]

ONIO¥Od ONTY FTVOSENS X0TIV
RANIRQTV £91-6€0L ¥Q4 VIVQ SSIXHONOL-TIALOVEL TINIVEADEAL-ROOY

LZ FI-VL



*.01 UBYl §6af £q yojou pauyydoem ayy j¢  ~Id Iy WOXJ SIIVTAIP No¥Ad anBy3e] I3 o JwelF (?)

oy §°¢ Uyl 220318 pq 03 udwydads Jo acwjins w933 jJo YIJuar nread Inlyroy (€]

*300X 1I230U PAUTYIVE JO UAIF UT LT OS0°0 v 3030228 aq 03 ¥o0ad onSjavy Oy3 jo B3 v IV (D)

*0y G000 UPYI @8IT 2Q 03 4 f PUP ‘Z/T ‘¢/T 3¢ FIudwernsvom YIBUST AOWID 0243 IYI LHIAIRG DOUIIBIITP YL (Q)

"IITYITES €F I2AAPTYA .~:.nu|«9— 0°21 3o vz 9°y uey: 897 aq o3 JuxoWad INBIIP] J03 20315¢3 KIFBUDIUT ESIIIE ey (¥)
A 82108
[S198)] §°9L § o€ an.ﬁ ~nwm A0 X0 01070~ A0 1°8 205°0 ocE- %)
S17°0 [ 9 73 €0t £€9°% et A0 X0 £50°0~ 8Z0'0+ €L 205°0 0zt~ 14
900°0-
8ZY°0 [ 74 8°0¢ 8.7°0 T°Le A0 AC 82070~ . (+] [ 34 €05°0 (174 %4 14 Iv-a8
880°0 L°€9 0°Z1 19%°0 0°s¢ A0 R0 NO A0 0°L .0%°0 oze~ %8
060°0 £°€9 12t 5%°0 9°¢€e 120 A0 010°0- A0 L9 205°0 oze- <
880°C €9 6° 1T FAR Y] 9°€ A0 #0 0Z0°0~ A0 €9 8CS°0 14 2d T8 Uv-RR
SI0° 0=
8%Z2°0 [ 374 9T 9L%°0 L°se A0 A0 $00'u~ A0 0°8 905°0 oze- [ 1
01Z°0 $°we L9 ¢4 06%°0 9°LE A0 30 NO A0 28 $0$°0 0ze~ [4 ]
Z72°0 [ 3874 Z°€T 68%°0 0°Le A0 A0 €20°0- A0 9°L §06°0 oze~ 12 J3-e8
209°0 &9 6°9C T15$°0 L°6€ p.(¢] A0 A0 A0 6°8 205°0 0ze- [ %]
Z8€°0 9 T°9C 105°0 [ 13 o A0 0z0'G~ %0 L8 €05°0 0ze~- 144
S02°C 9 [ ) &4 1050 $°BE oMo AC §20°0~ A0 L8 005°0 . e~ 17 YO8
€80°D 8°99 €°71 £27°0 7°1e M0 10 A0 10 0L 205°0 0ze~ k{4
SoT°0 8°99 9°¢ET 1€r°0 8°1¢ ~NO A0 81" .~ #»0 1L %05°0 oze~- €?
0L0°0 8°99 FAR A S 1€Y°0 8°T¢ A0 A0 220° v~ A0 1L 205°0 {124 2d 4
800° 0~
080°0 8°99 6°1T 9I%°0 0°ot A0 A0 $Y0°0~ %1070+ 89 £05°0 17424 1é dv-¥v
0sE°0 €°0L €°97 9156°0 14y %0 A0 A*0 A0 06 905°0 [2r4 Ad €’
See° 0 €°0L 6°2¢ 15°0 0y A0 b (] A0 X0 16 905°0 0ze- 14
€Ze"0 €°0L %°sZ 20S°0 6°LE A0 A$0 %00° 0~ X0 g 805°0 0zZe~ I ~vw
S0L°0 1°€L 652 21$°0 € 6c AP0 A0 A0 A0 8°8 805°0 oze~ €4
0sZ°0 1°€L 1°€2 605°¢ %°6C A0 A0 30 320 6°8 L05°0 oze~ [4J
$9Z2°0 1°€L 8°€2 6€5°0 [ 9r4 ] X0 A0 €0 %0 9°6 L05°0 oze- " W
€10°0~
01970 6°29 1°1¢ 050 £°9¢ A0 A0 010°0~ A0 L 205°0 oot~ 9
29670 6°29 8°62 SL%°0 9°s¢ a0 p.61] R6 10 g 105°0 001~ 1)
$19°0 6€°29 2°1¢e 89%°0 Z°SE A0 A0 A0 20 i°L 105°0 0oL~ 24 dv-81
0L5°0 6°29 0°0¢ 16%°0 L aray A0 A0 z10°0- A0 2°8 905°0 001~ 93
8ZL°0 6°79 6°EE 98%°0 6°9¢€ X0 A0 %0 A0 €' S0s°0 00t~ 1Y)
. {1070~
008°0 6°29 9°St 9°¢7°0 L°S¢ %0 X0 800°C~ X0 0°'B S0s°0 oot~ o J¥-9%
829°0 A8 L] 9°2€ $Z5°0 71y A0 A0 S00°0~ A0 €°6 305°0 00T~ 54
$%5°0 79 2°0¢ *15°0 0° 0% AX0 p. (] X0 %0 0% 805°0 001~ <’
809°0 £°%9 6°1E 925°0 1Y A0 b (o] 9 A0 £°6 205°0 001~ 94 O¥-YV
m..: «Mv_ N\N...Twe_ a/e Tuyef, TUT-TeY (9) ..Men (3) s @ z/q BTt ey .Foﬁ.m “ON Gaujos8s
o 7 s 4315u07 xdwa) anyrw3y (= g . 1 WORIVIUIEIO
o/ s auuum nuuncﬁmu s#1%y pvoy $30710813 PopUIGLOIIY xo-wwo“«u—mﬂwnw sSaUNOFYL  3INIT
PISTA ssaa3g HISY 2013 uoyIeyAlQg

d,0Z€~ PU¥ 00T~ 1% pIISIY

{NOTI1DES WIANITLD) ONIDYWOZ LNIY JTVOSEAS ROTTV
RANIRNTY €91-6E0L 40 S1INSTY SSINHONOL-TUALOVEI

82 ITeVL

98



uoT3I09g T7BM 2queyd 3urdiog 31e35qnS £9L-6E0LVV
uodn uotrirsodwo)y yeoqway) pue LdoajosTuy JO s3I0333Y - G 2anSTg

44 3UNLVETANIL 1521

3, 3UNLVEIMILLSIL

oz¢- oot- oL
ot
st
0z
P )
Ay yo Oy
ALISNILNI
o€ -  S53uLS
WL
c¢
p
or
INILNOD &Y GNY YZ TNINON -89 1V3H
v

4, JUNLYUIIN3L 2534

oeg- oot- o
ot
G
-
/!4 st -
/l
'/
l:r/%n
ﬁl sz A 5N
™ ™ vo O
ALISNILNS
of $s3uLs
UWdRLND
O,
L se
1
or
LNILNOD B GNY 92 MO - VY L¥3H
1

13%) () WILNIYTINNIYLD o o e
(BY) ISYIASNYEL LUOHS on 0w nr
$04) IILNIBINNIYID o oo v

do IWNLYYIANIL 15T

(YD) TYIXY e 104 392

24 38N1v83dN3L 1S3

$123432 HOILISOKYOD SIN3NITI DLIAQTIV HOFYIN T

dg JWNLVEINIL 4531

[ 2143 0ot~ oz 0¢- oot- oL ge¢- 00T~ nt oze- 001+ 0l
02 pm—r [ 02
2 ﬁ/}l (119 (34
A// /,
~ //
ut N - o¢ AN o
~ / N ~,
/I ¢ . N i€ N 1T
{ ] //“u
D
oy vo~ or
(8w SSIVLS WdvY ¢ 11N N3y (V" & TS vixy AQ (S $S3YLS IVIINIUIINNIYD AD
A8 N3AIHO MY 13 TvixY m mmummwwx_nmﬂwﬂu. ._<_x_w NIAG A YT VRN 3SANMID ~ NINUO HiMO¥D M¥3J viovd
1 sc ] ” ! v ! -l

CERS AL L]

V¥ LYIH === we=n Q3037

e ———————

$123443 Aa0¥L0L %5 |

YA s
Py 4o Oy
ALISHALN

$$3u4S
WLIND

99



YA

The AR (i.e., short-transverse stress) results
were the lowest of any direction tested with Heat BB (28 ksi“/E;.) being higher
than the Heat AA (21 ksiﬂfza.) mean values. At -320°F, the mean values were
both degraded to a common mean value of 12 ksi“JI;. The results at room tem-
perature were designated KQ because the precrack i1ength was shorter than
required. Results at -320°F were designated KIC'

(2) Hand-3tep Forgings
(a) Aluminum Allwy 7039-T63

Test results are listed in Table 29. These are
plotted in Figure 16 to show the effects of reduction and orientation as a

result of test temperature.

The LT-L (i.e., longitudinal stress) results
at room temperature were highest at the 3/1 reduction (26.8 ksiW/IH.) with
lower values recorded at 6/1 (25.4 ksiﬂ/E;.) and 12/1 reductions (25.0 ksi
\f;;:). At -320°F, the values were degraded to values of 22, 20, ard 17.4 psi

wﬁEIZ, respectively. The room temperature, 3/1 reduction values were designated
KQ because of insufficient thickness to meet criteria and higher-than-allowed
stress intensity during fatigue precracking. All other results were KIC'

The L-LT (i.e., long-transverse stress) results
were generally the highest obtained at room temperature with the 12/1 reduction
being highest (38.0 ksiﬂ/;;.), followed by the 6/1 (34.0 ksi“/§;=) and 3/1
reductions (32 ksi\fﬂg.). At -320°F, degradation was evident to converge the
values between 25 and 26 ksiﬂlzﬁ. All results were designated KIC

temperature except the 12/1 reduction was designated KIC* because of insuffi-

at room

cient thickness to meet criteria. The 6/1 and 12/1 reduction values at -320°F
were designated KQ because of higher-than-allowed stress intensity during

fatigue precracking. The 3/l reduction values were designated KIC'
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The ST-LT (i.e., long-transverse stress)
results were lower than other directions with the 12/1 reduction being higher
(23.1 ksi“/I;T) than the 6/1 and 12/1 reductions (20.6 ksinZ;.) at room
temperature. At -320°F, uniform degradation was evident to reduce values .to
17 and 14.5 ksiﬂ/ig,, respectively. The room temperature 3/1 reduction values
were designated KQ because of higher-than-allowed stress intensity during
fatigue precracking. All other values were designated KIC'

(b) Aluminum Alloy 6061-T6

Test results are listed in Tables 30 and 31,
These are plotted in Figure 17 to show the effects of reduction and orientation

as a result of test temperature.

The L™L (i.e., longitudinal stress) results
showed typical mean values with the 3/1 reduction being highest (31 ksi“/Z;.),
followed closely by 12/1 (30.5 ksiﬂ/iﬁ.) and 6/1 reductions (28.3 ksiﬂ/;;.).
At -320°F, all values increased to within a narrow range value of about 39 ksi
“JI;. All room temperature results were KQ as a result of excessive precrack
tunneling (i.e., irregular crack-propagation front}. Remaining specimens were
machined with a modified chevron-notch that minimized deviations to provide K

Q
values close to valid KIC' These were designated KIC

The L-LT (long-transverse stress) results were
similar to LT-L results with the room temperature results grouped closely
between 32 and 33 ksi\Jin. At -320°F, all values increased with the 6/1 reduc~
tion being highest (43.8 ksi“{gg.), followed closely by the 3/1 reduction
(143 ksiWJ;;.). The 12/1 reduction was much lower (38.6 ksiW/Z;.). All
results were designated KIC* because of insufficient theoretical specimen

thickness.

The ST-LT (i.e., long-transverse stress) results

were lowest with the 12/1 reduction being highest (31.8 ksiW]in.) of the three:
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the 6/1 reduction was 28 ksi vin., the 3/1 reduction was 26.6 ksi V/in. At
-320°F, all results increased to mean values of 38, 37, and 35.5 ksi /IHT,
respectively. The 3/1 and 12/1 reduction values at room temperature and the
3/1 reduction at -320°F were designated KQ because of higher-than-allowed
stress intensity during fatigue precracking. All other results were designated
KIC'
Specimens of LT-L orientation were used to
investigate ithe influence of thickness. The results for one specimen were
invalid because of the deviation of the crack plane. The second specimen
conformed to the ASTM criteria except for: (1) high stress-intensity for
final fatigue-crack-growth; (2) the fatigue-crack length of 0.88 Ao (instead
of 0.90 Ao minimum); and (3) the A/W ratio. An ASTM E-24 committee repre-
sentative was contacted to ascertain the validity of these results. It was
the concensus that: (1) the high stress-intensity for final fatigue-crack

growth would give a fictitiously high value for K (2) the fatigue-crack

3
length of 0.88 Ao would have only a slight effectlﬁpon KIC; and (3) values
obtained by the recommended ASIM method and those obtained for A/W > 0.55
are in good agreement. The KIC value for specimen 11 was about 107% higher
(45.8 ksi Vin.) than the average KQ

value, however, is within the normal scatter band obtained for the three

value for l-in. thick specimens: this

sets of 1-in. specimens of similar orientation. Based upon this one test,

it was assumed that the K., values will be 1.0 to 1.1 times the KQ values

IC
of specimens meeting the thickness requirement. Thus, the use of KIC* for
the K. values obtained from specimens that conformed to all ASTM standards

Q

but thickness will result in a slightly conservative value.
f. Discussion of Results
(1) Effect of Temperature

- % -
With one exception, the KQ’ KIC’ or KIC of 7039-T63

decreased with decreasing temperature regardless of specimen orientatior.. This
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decrease in fracture toughness reduces the maximum, permissible critical flaw
size. To offset decreased fracture-toughness, the operating stress at lower

temperatures should be reduced. If the maximum stress level at the lower tem—
perature is the same as at room temperature, the effect of the lower toughness

is partially offset by the higher yield strength at that temperature.

In contrast to the behavior of 7039-T63, aluminum
alloy 6061-T6 exhibits an increasing fracture toughness with decreasing tem-
perature, This is a desirable characteristic for cryogenic temperature oper-
ation, and proof testing at room temperature is more critical than a similar

test at cryogenic temperature,

Of particular interest was the anomalous behavior
evident on the longitudinal and long-transverse orientations of the 6061-16
step forging. The percentage of fracture shear-lip decreased as temperature
decreased with corresponding toughness increasing. This disagrees with pre-
vious observations that the amount of shear lip decreases with corresponding

decrease in fracture toughness.
(2) Effect of Chemistry Variations

The variations in chemical composition within
specification 1imits showed small but significant differen:es. Heacs low .
magnesium and zinc showed superior fracture toughness in practically every
orientation. However, the nominal and high~chemistry materials (i.e., Heats
and CC) possessed acceptable fracture toughness values in all orientations
except short transverse. Hence, it would be beneficial to decrease the exist-

ing chemistry limits to obtain improved crack-propagation characteristics.

The principal difference noted in fracture behavior
was the delamination tendency in Heats BB and CC. There was an increased in
the extent of delamination parallel to the direction of flaw growth as tough-

ness values decreased. No differences in microstructure were noted, indicating
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that the difference in fracture toughness was principally a result of chemical

composition.
(3) Effect of Forging Processes
(a) Subscale Pressure Vessel

A distinct difference in fracture toughness
should be afforded by different forging ;. ocesses and anisotropy differences.
The flange is ring-rolled and the cylinder or wall section is extruded from
the portion of the flange. The axially oriented specimens from the cylinder
had approximately a 50% higher KQ or KIC v iue than specimens of similar
orientation taken from the flange. The differences obtained for the circum-
ferentially oriented specimens were not as great. From these results, it is
apparent that the extrusion process improves fracture toughness for axial
orientation without marked degradation of this property in the circumferential

direction.
(b) Step Forging

An analysis of results for the step forging

(especially for the 7039 alloy) is difficult because of the large number of
invalid tests. The most striking difference is observec for the ST-LT orien-~
tation as a function of reduction and as a function of alloy. As the reduc-
tion is increased from 3/1 to 12/1, there is a gradual increase in toughness,
he values of 6061-T6 in this orientation are almost double that for 7039 in

a similar orientation.

The net effect of increased reduction for the
step-forging is small and within the liiits studied: chere does not appear to
be an optimum reduction to obtain maximum fracture-toughness. ‘~wever, no
detrimental reduction effects were evident f5r forge reductions greater than
the 7/1 reduction currently used on the subscale forged and extruded wall

section.
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That the method of working influences tough-
ness may bé seen by comparing the cylinder wall wirli the step forging, The
amount of reduction obtained during extrusion of the 7all is 7/1 and is accom~
panied bty higher toughness in the wall than in the step forging. The differ-
enc2 in magnitude of toughne:s because of orientation is small in the cylinder
as compared to the step forging. The ilowest values were obtained in the AR
(i.e., axial precrack-rad.al load) or CR in the flauge., This is comparable to
the short-transverse direction in the step forging where che values are about

half that of the chamber.
(4) Maximum Critical Crack Size

One of the primary uses of fracture-toughness
results is to calculate the critical flaw size to determine whether available
inspection techniques can detect flaws equal to or greater than the critical
flaw size, If there is no subcritical flaw growth caused by the environment
and/or fatigu=, then the detection of all flaws equal to or greater than the
critical fiaw size will eliminate premature failure, For calculatiang critical
flaw sizes, all assumptions were made so that conservative values would be
obtained for both part-through-crack and internal fiaws. Calculated critical
flaw sizes assumed that the gross stress was equal to the yield strength, the
best estimation of KIC’ and a/2C = 0.20 and 0.50, The twc a/2C values were
chosen to I .lustrate the effect of flaw configuration upon crit. -al crack

size,
(a) Part-Through-Crack
The part-through-crack is analogous to a

thumbnail-configuration flaw occurring at the metal surface. The critical

flaw size is calculated usiag the equation:
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where:

Ky = KIC (plane~strain critical stress intensity),
og = oys (yield strength of material at 0.27% offset),
a = critical flaw depth,

2C = critical flaw length,

Q = 1.11 for og/oyS = 1.0 and a/2C = 0.20,

Q = 2,25 for cg/oys = 1,0 and a/2C = 0.50.

By substitution and simplication, Equation 1 becomes:

2 2
K K K
= Q (___IC - . 1C ___1c
a T |T.To 0.35 | y7%5 0.2\ 75|
ys ys ys

(b) Internal Flaw

The internal or embedded flaw is completely
contained inside the structure. The critical flaw size is calculated using

the equation:

1

where:

Kl = KIC plane-strain critical stress intensity,
og = 0&3 (yield strength of material at 0.2% offset),
a = one-half minor axis of embedded flaw,
2C = major axis of embedded flaw,
Q = 1.11 for cg/cys = 1,0 and a/2C = 0.20,
Q = 2.25 for o /o = 1,0 and a/2C = 0.50.
g ys :
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(.i By substitution and simplification, Equation 2 becomes:

rd

2 2
K K K
a = 2 IC) - 0.35(_1.9) oro.n(J& .
ki1 (¢} g
yS

o]

The data collected for the flange and cylinder
section of the subscale pressure vessel in this investigation were used to
calculate critical flaw size. The average stress~intensity values designated
as KIC* (or KQ where it was less than or equal to KIC) were considered useful
data. Where the KQ designation was used because of short fatigue-crack length,
the critical flaw size must be considered an approximation. The critical flaw

sizes are listed in Table 32.

Crack growth through the thickness would be
the limiting factor: therefore, the critical flaw sizes of interest would be
those in the axial or circumferential orientation. Since the pressure-vessel
operating temperature may be as low as -320°F, calculated critical flaw sizes

at -320°F would be necessary for defining inspection requirements.

For both the axial and circumferential orien-
tations, the use of either the Heats BB or AA chemistry would result in a
minimum critical crack size at least as large as the above reported values.,
In the pressure vessel, the maximum stresses occur in the hoop direction;
therefore, the minimum critical crack size for the axial designated specimens

would be of primary importance.
(5) Anisotropy Effects

IThe preferential grain orientation produced by
deformation (e.g., forging) can be directly related to the magnitude of frac-
ture toug wess. By selecting a forging process and schedule, it is possible
to orient the direction of maximum fracture-toughness with the direction of

principal stress and to minimize anisotropy.
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The flange area of the pressure vessel has a more
complex stress pattern than the chamber wall and good fracture-toughness in
all directions is desirable. A review of the results of fracture toughness
of the flange (with only Heac BB considered) shows a good balance in magnitude
of fracture toughness although a degree of anisotropy does exist. Of particu-
lar interest are the high values obt aed in the short-transverse direction

which minimizes the dangers of end effects.

In the chamber wall, the highest values of fracture
toughness are obtained in the axial orientation although the principal stresses
in service are in the circumferential direction. Comparing the results of
Heat BB in the circumferential and axial directions, it is noted that the dif-
ference because of orientation is small. The high axial values were not

obtained to the detriment (to any large degree) of the circumferential values.

The largest degree of anisotropy of fracture tough-
ness was found in the step forgings of the 7039-T63 alloy. The very low values
in the short-transverse direction at -320°F indicate that the use of this type
of forging process for this alloy is unsuitable for cryogenic applications.

The behavior of 6061-T6 is greatly dissimilar. The fracture-toughness values
are greater than those for 7039 in all directions. In the short-transverse
direction, the toughness of 6061 is greatly superior to the 7039 alloy, and
the use of 6061 would greatly enhance the reliability of components made by

the hand-forging process.
g. Conclusions

1. The highest average KI in the ring forgings was

C
obtained from Heat BB which had magnesium and zinc contents near the minimum

specification limits.

2. The fracture-~toughness behavior of the two alloys

studied are dissimilar. The magnitude of toughness decreased with decreasing
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temperature for 7039-T63, whereas toughness increased with decreasing tempera-
ture for 6061-T6,

3. No optimum reduction was found for the step forging

to obtain a marked increase in toughness.

4, The cylinder wall had good toughness in all
orientations.

5. The short-transverse orientation in the hand forg-
ing had the lowest toughness.
6. Critical crack sizes calculated from toughness

values are within the detection limits of nondestructive testing techniques.
h. Recommendations

1. Based upon plane-strain fracture-toughness tests
only, is is recommended that 6061-T6 be used in place of 7339-T63.

2, For maximum plane-strain fracture toughness in the
7039-T63, it is recommended that a chemistry comparable to that of the Heat BB
forging be used: i.e., a chemistry where both the magnesium and zine contents
were at the minimum allowable. Because of anisotropy, it is suggested that

the direction of maximum stress be ccmpatible with the K c value for that

1
direction.

116



1 R,

I. NOZZLE MATERIAL

1. AISI 347 Sheet

The AISI 347 sheet specimens were tensile tested at the Oak
Ridge National Laboratories. The specimens were from three heats (28241-2,
42449, and 42656) and the specimens were tested at.temperatures of -320°, -100°,
-52°, 75°, 800°, 1600°, and 2000°F. Mechanical property data made available
were for yield strength, ultimate strength, uniform elongation, total elonga-
tion, and total gage elongation. In addition, two grain directions (i.e.,
parallel with rolling and transverse to rolling) were presented for each of

the heat-temperature-property combinations.

The purpose of the analysis was to derive 99/95 design allow-
able data for the yield-strength results and mean-value results for other

mechanical properties.

The average 0.27% offset yield strengths reported are shown
in Table 33, The comparatively high cryogenic and room-temperature results
obtained for Heat 42656 resulted in an excessively high heat-to-heat variation
that prevents combining yield-strength data. Individual results for each heat
(considering only within~heat variations) were analyzed and X- KS results were
obtained for each heat. ORNL has shipped all test specimens and a final report
to ANSC. After receipt, the test specimens will be subjected to metallographic
examination to determine why Heat 42656 material differs from material from
Heats 28241-2 and 42449,
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Test
Temp

-320

-100

- 52

75

800

1600

2000

AISI 347 0.27% OFFSET YIELD STRENGTH, KSI

28241-2

Direction of Rolling

p*

50.8

49.6

36.6

27.8

9.2

2.0

%P = Parallel

= Transverse

TH%

51.8

49.6

36.7

25.5

9.7

1.9

TABLE 33

42449

Direction of Rolling

P

52.7

42.5

35.8

28.1

10.1

2.1
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T

50.2

44.3

36.9

28.6

10.1

1.8

Direction of

P

59.9

48.9

39.5

24.3

8.9

2.2

Rolling
T

57.1

50.5

41

25.3

9.1

2.2
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2.  ARMCO 22-13-5 Alloy

A program and schedule have been developed for the pre-~
liminary evaluation of ARMCO 22-13-5 alloy. While t'e results obtained from
this program using l-in.- and 3-in.~thick bar will not develop nozzle design-
allowables, they will indicate potential problem areas that may require
further investigations and will verify the properties of the alloy.

Both the change in the alloy's mechanical properties after
it is subjected to thermal annealing cycles (using retort cooling rather than
a water quench) and the effects of furnace-brazing cycles on its mechanical
properties will be determined. The technology braze cycles that will be simu-
lated are described in AGC Specification 90006. In summary, they consist of
three cycles: the first at 1850°F; the second at 1825°F; and the third at
1750°F. The simulated braze cycles that will be used will duplicate the
heating and cooling rates obtained for technology nozzle SN-27. The proposed

NERVA braze cycles will use a 1950°F braze temperature for the first braze

cycle. The rates of heating and cooling and the braze temperatures for the
second and third cycles will be the same as for the simulated technology
braze cycles., Ultimate tensile strength, 0.2% offset yield strength, per-
centage of elongation, reduction in area, and a stress-strain curve to yield

strength will be obtained for the test conditions shown in Table 34,

In addition to tensile testing, a preliminary investigation
into determinations of magnetic permeability, hydrogen embrittlement, effects
of radiation, stress-corrosion cracking resistance, brazeability, weldability,

and thermal conductivity are being accomplished.

An adequate amount of ARMCO 22~13-5 material to accomplish
the above program has been received. This material was supplied with certi-
fied chemical analysis. Preliminary metallographic examination has deter-

mined the structure to be normal, possessing a uniform ASTM Number 8 grain

i
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TABLE 34

PROPOSED MECHANICAL PROPERTIES TESTS ON BAR

ARMCO 22-13-5
Test Serial
Temp Condition : Number No.
-320°F As received (mill annealed) 5 ea C1-C5
Room 5 ea C6-C10
600°F 5 ea C11~C15
~320°F As received + 2050°F anneal 5 ea A16-A20
Room + retort cooling 5 ea A21-A25
600°F 5 ea A26-A30
~320°F As received + 2050°F anneal 5 ea D31-D35
Room + retort cooling + technology 5 ea D36-D40
600°F furnace braze cycles 5 ea D41-D45
~320°F As received + 205C°F anneal 5 ea B46-B50
-100°F 4+ retort cooling + NERVA 5 ea B51-B55
Room braze cycles 5 ea B56-B60
600°F 5 ea B61~B65
120
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size. Fabrication of all specimens {excluding the weldability specimen) and
normal tensile testing (excluding radiation effects, hydrogen embrittlement,
stress-corrosion test, and weldability tests) will be accomplished on an

accelera:~d basis.

3. Creep Testing of AISI 347 Sheet

Battelle Memorial Institute completed 24 preliminary creep
tests on AISI 347 sheet (0.016 in.) at 1200°, 1400°, and 1600°F in !igh-
purity hydrogen (-75°F dew point). This was the first portion of a program
to statistically define the creep resistance of this material in terms of 1.0%
total deformation curves on a category "A" basis (99/95). The primary objec-
tive was the determination of stress for 1.0% deformation in 100 hr. A second
objective was to take sufficient measurcments at l-min intervals to define the

early portion of the creep curve for use in stress analysis.

Three heats of 0.016-in.~thick material were procured from
Ulbrich Inc., each rolled from 0.125-in. stock from three different mills,

Stress-versus-time curves for 1,07 defcrmation a.= shown in
Figure 18 and supporting data in Tatle 35. At 1200°F, all heats (A, R, and C)
show equivaleut creep resistance. However, at both 1400°F and 1600°F, heats B
and C demonstrated significantly higher <rvep resistance than heat A. For
example, the extrapolated stress for 1.0% creep iu 100 hr for heacs B aud C
is 57.0% higher at 1400°F and 144.0% higher at 1600°F than the actual values
for heat A. It was by chance that the most conservative heat A was selected
for the majority of preliminary testing and hence will be incorporated inte
the stress calculations for thermal buckling by North American Rockwell,
Columbus.

The metallurgical reasons for this difference are being

investigated as the second series of tests are continued at General Electric,
Cincinnati.
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: ‘:' J. LINES, ORBITAL-WELD PROGRAM

As reported in ANSC Report S131-PR3, a demonstration welding pro-

R

gram was completed to evaluate the Liquid Carbonic and Astro-Arc orbital TIG
tube welders for NERVA line use. The Astro-Arc system was tentatively
selected as offering the best potential. The objective of the line-welding
program is to develop compact orbital weld heads and process techniques to
accomplish line welding without filler-wire additions. An additional goal is

to develop joint configurations and compact orbital tube-cutting devices to

-

establish criteria for welded semi-permanent joint technology, wherein sec-

tions of the line assembly may be removed, replaced, and rewelded at least

]
|

five times without reducing structural strength or introducing contamination

to the interior of the lines.

New develcpments in orbital-weld and tube-cutting equipment and
techniques are being investigated. A program is being formulated to deter-

mine the effect of the cut and reweld technique upon tube properties.

Figure 19 illustrates the capability of an orbital-type TIG
welder to make a full-joint-thickness weld, with no f£iller added, in a square
butt joint of a 0.250-in.-thick wall and 5.5-in.-diameter aluminum tube uti-

lizing the high-frequency current pulsation mode.

Figure 20 shows one of the Inconel 718 tube weldments made by the
orbital-weld process during the demonstration program.

Figure 2] shows a photomacrograph and a photomicrograph of one of
the Inconel 71B tube welds. The full-joint-thickness weld in the 0.050-in.-thick

and 6-in.~diameter 718 tube (without filler) should be noted. Table 36

records the tensile properties of transverse-welded specimens removed from the
tube.

Welding also was completed on ten aluminum alloy 6061 test plates
ﬁ for welded, flexural-fatigue-specimen testing.
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MAT'L: ALUM-5086-H32 WELDED TUBE

JOINT: SQUARE BUTT WALL THICKNESS 0.250, OD DIA 5.5 IN

CURRENT MODE: HIGH FREQUENCY CURRENT PULSATION DC
MAGNIFICATION 4X

| NOTE FULL JOINT THICKNESS OF WELD
WITH NO FILLER ADDED

L)

Figure 19 - Orbital TIG Weld in Aluminum Tube
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: ' Figure 20 - Typical Orbital TTG Weld in Inconel 718 Tube, 0.05-in.
: Wall and 6-in, Diameter, No Filler Added
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C TABLE 36

TENSILE PROPERIIES OF INCONEL 718 WELDED SHEET

Specimen UTS YS EL in 2 in, Location of
Ident ksi ksi _ YA Failure
1 177.0 161.2 10 ' HAZ
2 182.0 163.4 12 PM
3 176.1 157.1 9 HAZ

Material: 1Inconel 718 -~ 0.050 wall ¥ 6-in. dia tube
Joint: Square butt, no filler added

Postweld HT Treatment: Solution heat treat at 1950°F,
60 min cool in air

Age at 1350°F - 8-10 hr. Furnace cool to 1200°F.

Hold at 1200°F until total aging time of 20 hr
has elapsed. Air cool to RT.
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K. VALVE AND ACTUATOR MATERIALS

High-Speed Tensile Testing of Ti 5A1-2.5Sn (ELI)

A program was initiated to study the effect of high-speed
actuation combined with cryogenic temperatures on Ti 5A1-2.5Sn (ELI). A pur-
chase order was issued to the Denver Research Institute of the University of
Denver for this work. Tensile specimens, from the tangential direction of a
titanivm forging, will be tensile tested at a speed of 1200 ft/min at tempera~
tures of ambient, -100°, and -320°F. Specimen configuration, test setup, and

testing will be under cognizance of materials and processes personnel.
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L. SHIELD MATERIALS

The structural material for the external shield was generally
assumed to be AISI 347 stainless steel. Although aluminum provides a sub-
stantial reduction of secondary radiation, the anticipated temperatures above

500°F are excessive for aluminum alloys.

The use of a commercial grade stainless-clad aluminum plate was
found to be a potential compromise with satisfactory high-temperature
properties of stainless steel to significantly reduce the shield temperature
caused by gamma radiation. While sufficient data were not available at
the higher temperature to forecast design properties, the aluminum alloy
3004 clad with type 304 stainless steel is reported to be vseful to tempera-
tures above 750°F for short periods of time. The LiH containers, as well

as upper-surface structure, could be fabricated from the clad aluminum plate.

The only materials with significantly lower contributions to the
radiation levels above the shield would be beryllium (which is too brittle),
beryllium-aluminum "Lockalloy," and zirconium alloys which would add to fabri-
cation cost and development time. The top cover plate of the shield which is
assembled with bolts could be fabricated from Lockalloy to save weight and

reduce the radiation source strength above the shieid.

The use of composite materials (e.g., graphite fiber-aluminum
or boron-aluminum) was not suggested because of limited experience, sub-

stantial development time, and cost.

N

R B 11

130

e



B
™

PR ARG S N

BT et Sak < Sath T ok Y g Q:’“""?W" AE N L

FETY

Ny 7

e
&

\'Q -ﬂ‘:&""': SEeEH e R

R N T

et B0

M. FRICTION AND WEAR

An evaluation of friction and wear of materials for gimbal~line
applications was conducted by simulated load-surface speed with "stop-start"
motion cycles on machineability lathe with test method, apparatus and speci-
mens previously described.** The objective of the tests was to determine the
friction and wear-life characteristics imposed by the higher loading of this
application.

Hard~-chromium-coated Inconel 718 was tested in contact with
electrodeposited (dalic) gold of 0.0005-in. thickness. The specimen was
loaded to 900 1b/in. and cycled for two rotations of the mandrel tefore it
was stopped and restarted. Minimum surface speed was 25 ft/min. Hertz con-
tact stress was calculated by formula for a cylinder against flat plate
(S = 3190 v¥P/D) * and was about 68,000 psi. The specimens were enclosed in a

pure helium environment and tested at ambient temperature.

The results of three test runs are plotted in Figure 22 and show
the characteristic drop in dynamic friction coefficient from about 0.12 to
0.08 before an escalation of friction 11 to a point of wearing out. Wearing
through of the gold plate occurred after approximatcly 200 test cycles. Static
friction values were equivalent to dynamic friction, indicating there was no
increase of friction at the start of test cycle. Also shown is the variability
that can be expected from test to test. The results were quite consistent
with all friction coefficients within the range of 0.09 to 0.07. Also, wear-
life results were consistent with some variation being the result of interpre-
tation of the friction-climb secticn of the curve, The 0.15 value of friction
was selected for wear-life determination and provided a wear life of above

200 test cycles. A source of test variation was identified as load variation

*Formulas for Stress and Strain, R. J. Rourk, 4th Ed., Table XIV, Case 4.
#*XAGC Report RN-S-0311
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TEST CONDITIONS
LOAD - 900 LB/IN, SURFACE SPEED - 25 FT/MIN

0.2
0.20
K¢
Z 0.1
=
E
w P
S 0.0 N 7
& N /
g g
|
p
8 0.05
(%]
TLST (a)
0
10 100 1000
0.25 T
0.2
¥
]
5 0.15
4
[T
& )
£ o ~1 .
B I XX “
[J
£ PR gt
© Los
TEST ()
o
10 100 1000
0.30
8.25
- 4
3 0.20
x
=
=S
g 1
3
W
5 9,15 | /
-
=
i
g ﬁ\J\; ) ’/) d
% 0.10 __’(r4~h
o = h
[*)
TEST(O | ®
0.05 1
100 1000
NUNRER OF TEST CVCLES

Figure 22 - Friction and Wear of Hard-Chromium-Coated Inconel 718

Vs Gold-Plated Inconel 718
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caused by mandrel eccentricity. This is maintained within a 0.0001 total

indicator reading to prevent any effect or test results,

Ion-deposited-gold on 301 stainless steel has also been friction
and wear tested. Electron-beam, as well as iou~plated gold by BMI. was
evaluated in 5 and 10 micron-deposited thicknesses. All tests were conducted

at lower loads of 120 1b/in.

Literature indicated that a much long2r wear life and a scuewhat
lower friction value should be evident as a result of superior substrate clear-
liness and bonding with pure, softer gold deposition. Ilowever, all tests
indicated far less wear life with ion-deposited gold than with dalic-deposited
gold. Tests sustained, at most, 10-20 cycles before wearing through of the
gold occurred. Appearance of the '"wear-through" area showed oridation and
nonadherence, indicating the presence of substrate oxidation and, thus, the
cause of coating unbonding. Further investigation is being conducted to

determine whether better processing can be applied to provide bond improvement.
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N.  THERMAL PROTECTION COATINGS

Two thermal-protection-coating candidates (plasma-deposited A1203
and paint-applied 2-93) are being evaluated to determine their worth as stress-
corrosion—protection coatings. The predicted radiative properties of both

materials were reported in ANSC Report S131-PR3.

A1203 and Z-93 were applied to tune-fork stress-corrosion specimens
of aluminum alloy 7039-T63 for evaluation both in a salt cabinet (5% neutral
NaCl) and sea-coast environment at KSC, The A1203 was plasma~-deposited upon a
grit-blasted surface. A low-temperature spray process was used tc deposit on
a chemically prepared surface. The Z-93 was cured at ambient temperature
although it may be cured at an elevated temperature for a harder finish. How-
ever, the curing temperature is relatively close to the aging temperature of
the aluminum alloy 7039-T63 to which it was applied.* Only the plasma-
deposited A1203

coating system, which includes grit-blast surface preparation, can signifi-

specimens have been exposad. The results show that this
cantly increase specimen life in stress-corrosion conditions.

Specimens coated with both A120 and Z-93 have been placed on the

3
beach at KSC, not only to determine stress-corrosion-protection qualities in
a marine atmosphere, but also to determine the weathering effects of a marine

atmosphere upon the radiative and adhesion properties of these coatings.

Four experimentai inhibitors are being evaluated in conjunction
with the thermal-protection coatings to offset the possible porosity of these
inorganic coatings. These compounds are miscellaneous amine salts of
carboxylic or alkyl phosphoric acids and have been applied to scratched
specimens of the plasma-deposited A1203. The specimens are currently being

evaluated in salt-spray environments.

*Results to date from salt-spray exposure were reported in Section H.
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0. CONTAMINATION AND CORROSION CONTROL

The NERVA Contamination and Corrosion Control Plan (Data Item
§-021-CP090290) was revised to include material requested by SNPO-C as a
result of review of the preliminary draft. Provisions were made in the out-
line of the plan for a major expansion of scope and content in CY 1971, Con-
tamination and corrosion control will now include épace usage, biological and

radiation contamination control, and the nuclear subsystem.
An analysis is planned in CY 1971 for determining the feasibility
of using a spare engine for contamination and corrosion studies in support of

trend-data analysis.

Major revisions to the plan included expansion of the following

areas:

1. Identification of disciplines involved in analysis to estab-

lish allowable levels of contamination.

2. Consideration of upstream contaminants from the propellant
feed tank.

3. Responsibilities of quality assurance in contamination

control.
4, Precision cleaning and control of special processes.

5. Identification of disciplines involved in recognition and

control of corrosion mechanisms.

6. Clarification of the definition of galvanic corrosion.
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‘3\ 7. Corrosion-control treatment of hardware fabricated from

aluminum forgings, bar, or plate.

8. Revision of the training outline to include additional
emphasis upon the origin of contamination, mechanism of contamination migra-

tion, and retention and criteria for microbial contamination.
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P.  NASS FACILITY

1. Low-Cycle Fatigue

Cyclic strain behavior of AISI 347 stainless steel is neces-
sary to enable design of the NASS primary ejector for a life of 1000-to-2000-
cycles at operational temperaiures near 1500°R. General Electric Company
fatigue data which plotted strain-range versus cycles-to-failure for test
temperatures of room temperature, 392°, 662°, 932°, and 1112°F were located.
SNPO-C direction permitted the use of these curves using 50% of the strain-
range values. This scale is shown in the figure with an 80% scale used for

design allowables in the absence of statistically computed data.

2. NASS-EDS Drawing Package and Specification Review

NASS duct drawings and fabrication and installation speci-
fications were reviewed by materials and processes personnel for correct appli-
cation of materials and fabrication processes. Suggested corrections and
recommended changes to satisfy PDK requirements were indicated. The curved
TIG-welded coolant channel was presented and possible causes of distortion

(e.g., high process heat, improper hold-down) were discussed.

Also present were the weld specimen chronology and primary-

ejector coolant status, which defined the problems of fabrication, residuai —~ = -

stresses, and cyclic life that must be considered in the resolution of the
coolant channel fabrication problem. ANSC was directed to redefine the
minimum required weld and to proceed with the MIG-weld sample. However,
direction was received that ro other sample effort was to be undertaken without
prior customer concurrence. It was emphasized that the requirement for coolant
channel acceptance criteria that would also determine repairability of the

welded structure should alsc be defined.
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This development work established that the "L"-channel fillet
welds could be held to closer tolerances than those required by the applicable
drawing. It was also established that the closure welds, which require fillet
welds in an access space of 1/2-in. wide by 1l-in. deep, can be accomplished by

the manual tungsten-arc process.

3. NASS Primary-Ejector Weld-Sample Fabrication

A weld test plan and procedure were prepared for the fabri-
cation of the NASS primary-ejector demonstration sample. These documents
cover the procedure to evaluate weld size and the tolerance criteria involved
in the design and fabrication of the "L'"-channel duct configuration. The pro-
cedures suggested the evaluation of two welding processes: inert gas non-
consumable (GTAW); and (2) inert gas .consumable (GMAW).

A primary ejector "L"-channel weld sample was initiated and
completed, investigating both semi-automatic GTAW and manual GTAW weld pro-
cesses. The sample (0.050-in. by 18-in. by 36-in.) was curved to simulate
the cylindrical configuration of the primary ejector. Nine channels were
manually tack welded and TIG welded to the curved inner sheet as shown in
Figure 23. The sheet naterial from which the channels and inner sheet was
fabricated was AISI 347 stainless steel per MIL-S-6721 (Heat 42730). Type 349
filler wire (per MIL-R-5031, Cl.6) was utilized for wall welding. Welding

“parameters were difficult to control because of the excessive distortion
encountered during TIG welding. Dist;rtions associated with the welding are

shown in Figures 24 and 25.

The sample was presented 6 August at a NASS Program Review

Meeting at Las Vegas, Nevada.
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DATA RELEASE MEMORANDUM
NRO MATERIALS ANU PROCESSES STAFF
DRYM - T DRM NO.
TYFE: AERQJET-GENERAL CORPORATION M-26
\ FORKTA
SACRAMENTO, CALIFORS ‘ REV. NO.
SHEET ! OF 6 o
SUBJECT: METALLIC MATERIAL VAPOR PRESSURE AND DATE: "  5-21-70
MATERIAL CONTAMINANT LIMITS :
1. SCOPE: S S me s e e

Literature data were gathered and studied to determine a material vapor
pressure limit and vo set material contaminant limits for metallic materials
used on the NERVA engine.

2. DATA ANALYSIS:

Data from several sources were studied, along with the experimental
techniques, to evaluate their credibility and their usefulness to this
application. To evaluate whether or not loss of material by direct
evaporation or sublimaticn is <ignificant, the rate of evaporation is
calculated using the Langmuir equation

= 17212 /T . W __gm__. = rate of evaporation or.sublimation
. ' oem --sec : -
3 " F torr _ = " vapor pressure of the material_--.' R
M ﬁ%% = molecular weight in gas phase

T °K temperature

The Langmuir equation predicts the maximum sublimation rates of unalloyed
elements. Calculations made on the basis of .040 and .010 in. maximum sub-
limation in a year's exposure provide a maximum exposure temperature for
several commonly used elements in space (UHV) vacuum as tabulated in Table 1.

The observed rate is always lower. Loss of one volatile component from an
alloy is more difficult to predict. For solid solutions, Raoult's Law may be
used for an approzimation. For other alloy systems, such as eutectics, the
vapor pressure of the alloy can be higher than that of its components. When
the low vapor pressure element is present in high concentration, sublimation
will proceed frem grain boundaries and surfaces until the volatile element is
depleted at the surface. Thereafter, the sublimation rate will be diffusion
controlled, and diffusion generally does not take place at the temperatures
in question.

APPROVEQ BY DATE PREPARED FCK: E COMPONENT/ ',
S : , DATE: o ASSLMBLY g
| ‘ | o - [ ‘,:' . IDENT
PREPARED RY ; , ! AUTHORIZED CLASSIFILR ~ DATE -
4’ " 4 s \“"' 4 /.'/'
1T, "/".‘- ./._ “y /. -:/’ ¢ N PRI 23 /L!’if.-
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DATA RELLASL MEMORALDUM

NRO MATERIALS AND TROCESSES STAFF

DRM e oo ‘ DRM NO.
TYPE: AEROJET~GLNLRAL CORTORATION o2
. A “ ‘0.‘1; A .4
SAC}\AIXEN].‘O., CALIFORWI REV. NO.
SHEET 2 OF 6 0
SUBJECT: METALLIC MATERIAL VAPOR PRESSURE AND DATE:~  5-21-70

MATERIAL CONTAMINANT LIMITS

Tue eyaporated atoms, in space atmosphere, will travel in straight lines and
deposit only on surfaces which are cooler than the source and in an optical
line of sight with the source.

Loss of material by direct evaporation in the low-pressure environment of

space is insignificant for Al, Fe, Be, Ti, and the refractory metals and

their alloys, at all temperatures up to their nelting points. However, Zn,

Cd, Mg, Hg, As, and yellow brass (Zn present) will sublime at a significant
rate in space environment at 400°F (greater than .040 in./yr) and should not be
used. Most ceramics and refractory compounds have very low vapor pressures at
ordinary temperatures.

A vapor pressure limit of 10'-‘7 torr at 400°F (860°R) has been specifiec by
ANSC Specifications EC-90177 and EC-90179 for metallics used in the wiring
harness and the engine instrumentation. These specifications also limit

the inclusion in materials of tne elements llthlum, borou, and cobalt to 0.1.
weight percent maximum,

The following data sheets also list the vapor pressure of less known metallic
elements which may sublime at an appreciable rate within the specification
limits of temperature and pressure in the space environment.

APPROVED BY DATE PREPARED FOR: COMPORENT/
DATE: ASSEMBLY
IDEXNT
PREPARED BY AUTHORIZED CLASSIFLER DATE
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PAGE 3 OF 6
DRM M-26
5-21-70

TABLE 1
TEMPERATURE AT WHICH SOME COMMON STRUCTURAL MATERIALS

WILL LOSE 0.040 IN./YR IN ULTRA-IIIGH SPACE VACUUM
2 x 1071 torr or lower)

TEMPERATURE
MATERIAL °F °R
Cd 248 708
Zn 324 784
Mg 464 924
Sn 1472 1932
Al 1490 1950
Be 1544 2004
Fe . 1922 2382

Ti 2282 : 2742

TEMPERATURE AT WHICH SOME COMMON STRUCTURAL MATERIALS
WILIL LOSE 0.010 IN./YR IN ULTRA-HIGH SPACE VACUUM

(2 x 10'-14 torr or lower)

TEMPERATURE

MATERIAL °F °R
cd 207 667

Zn 291 751

Mg 397 857
Al 1341 1801

Be 1540 2000

REFERENCE: Space Materials Haudbook,.National Aeronautics and
Space Administration, Third Edition, 1969.
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PAGE 4
z AEROJET NUCLEAR SYSTEMS COMPANY
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM NO. M-26 PAGE NO. 4 " DATE 5-21-70 MATERIAL  Several with vapo:
: pressures of 10~/ torr or
CONDITION - TEST DIRECTION - - lower!
SPEC. NOS. - FORM - -
DATA BASIS - COMMENT -
PROPERTY Vapor Pressure of Metals
VAPOR PRESSURE (TORR)
TEMP ELEMENT \ .
_°R_ °K Zn cd He Mg As 7 24
585 325 1.31 x 1077
675 375 1.98 x 10~/
720 400 2.8 x 102 1.48 x 1070
810 450 8.13 x 107/ 6.32 x 1077 6.1 x 10724 .
855 475 4.90 x 10°° 3.68 x 1074 20.4
900 500 3.17 x 107/
VAPOR PRESSURE (TORR)
’ ELEMENT
TEMP
°R o Se2 Sea ISe Te2 ITe
-7 -6 -1
720 400 3.53 x 10 1.42 x 10 1.77 x 10
-5 -4 -4 -8 -8
810 450 3.41 x 10 1.81 x 10 2.15 x 10 1.64 x 10 1.64 x 10
960 500 1.65 x 10°° 1.65 x 1076

Rt.RENCE: An. N. Nesmeyanov, "Vapor Pressure of the Elements,” Academic Press,

New York, 1961

i
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DRM NO. __ M-26

PAGE 5 OF

AEROJET NUCLEAR SYSTEMS COMPANY
- MATERIALS AND PROCESSES SECTION

DATA RELEASE

-

4]

PAGE NO. ' 5 DATE 5-21~70 MATERIAL Several with Vapor

R‘,RENCE :

1

An. N. Nesmeyanov, "Vapor Pressure of the Elements," Academic Press,
New York, 1961

A-5

CONDITION ) TEST DIRECTION
© SPEC. NOS. FORM
DATA BASIS COMMET
PROPERTY Vapor Pressure of Metals
VAPOR PRESSURE (TORR)
ELEMENT
TEMP
R °K Na Na, K K, P. (White) T4 (Red)
583 325 1.9 x 1077
675 375 1.54 x 107 3.63  2.46 x 107
855 475 1.77 x 10°%  4.695 x 107!  6.840 x 10> 6.03 x 10°°
VAPOR PRESSURE (TORR)
TEMP 5 5 ELEMENT - <
R °K 2 4 6 8
810 450 1.59 x 10”4  7.23 x 107 1.96 x 10 5.8 x 107F

- Pressures 10~/ torr or lowe:

pos
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PAGE 6 OF

REFERENCE: An. N. Nesmeyanov, 'Vapor Pressure of the Elements," Academic Press,

New York, 1961.

6
x AEROJET NUCLEAR SYSTEMS COMPANY
' MATERIALS AND PROCESSES SECTION
DATA RELEASE s
DRM NO. DRM M-26 5,k No. 6 DATE 5-21-70 MATERIAL
CONDITION TEST DIRECTION
_ SPEC. NOS. FORM
DATA BASIS ' COMMENT
PROPERTY Vapor Pressure of Metals
VAPOR PRESSURE TORR
FLEMENT

EMP
T,R o Rb %, Cs Cs, Fr Fo Po,
450 250 : 1.24 x 1077
495 275 1.068 x 1077
540 300 3.307 x 1077
675 375 _ 1.56 x 107/
720 400 4.767 x 1077
810 450 7.65 x 10”7 7.65 x 1077

-2 -5 -1, . -6 -2 -5 -5
855 475 3.905 x 10°% 8.112 x 10™> 1.07 x 10 - 8.23 x 10°° 6.92 x 1072 2.65 x 10> 3.30 x 10

Y owwaLee A .



VALA MLELLADL St ARNDLID

NRO MATERIALS AND PROCESSES STAFF

DRM . o . DRM NO.
TYPE: AEROJET-GENLRAL CORPORATION Y28
' SACRAMEKTO, CALIFORNIA '
, SACRAMELTO, € REV. NO.
SHEET 1 oF 5 0
SUBJECT: DESIGN ALLOWABLES FOR DATE:  ¢.1-70

GRAPHITE -3% BORON COMPOSITE

lc SCOPE: :. I A - :’_.,' '— -~.:..- R

The following properties for graphite-37% boron composite are attached:

. Specific Heat
Thermal Conductivity .
.Density . . .

. 2. TEST MATERTAL:

No data on this composition graphite exist. All data are estimated or
calculated based upon ATJ graphite data wnich is considered to be the base
material.

3. DATA ANALYSIS:

The specific heat data were calculated on the basis of 97% of ‘values
for manufactured graphltes. The values are estimated to be + 15% of the '.;'
-true values. . . . - . ; . .

Thermal conductivity. of this composition was calculated in the perpendicular
and parallel directions using the data for ATJ graphite of-1.73 gm/cc density.
Because of the la.. of experimental data, the conductivity was calculated on
the basis of 807 of the conductivity of ATJ. . oo . ‘ .

A density of .061 lb/in.3 at room temperature was assumed based on using
ATJ process schedule. Density for other temperatures was not calculated
because of the lack of thermal expansion data.

4. CONCLUSIONS:

The data are considered category "D", a conservative engineering estimate
of the properties listed based on the ATJ process schedule.

APPROVED BY DATE PREPARED FOR: | Syl COMPONENT/ ‘ g

‘ DATE: 1 ASSEMBLY d \ ]
I 3/70

PRLPARED AUTHORIZED CLASSIFIER DATE .
-5 i
///}QJ,J/,% o/ [,C [’M A UTwT0
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MATERIALS
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DATA RELLASE
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5

Sy e

ay

Table 5B.05. 01 Specific Heat of Manufactured G.aphite, The Industrial Gravhite
Engineering n.mdbook Union Carbide Corp., April 1964.

Relly, B. 1. and Walker, Jr., P. L., "Theory of Thermal Expansion of a Graphite

Crystal in the Semi-Continuum Model,” Carbon, March 1970.

A-8

P

DR wo. _M-28 PAGE wo. _ 2 DATE 6-1-70 __ MATERLAL 3% Borpn-Graphite
COSBITICH TEST DIRECTION ALl .
SPEC. W0U. . FORY
.061 1bs/in.3 density
DATA 3ASLs ___No Category Required copreyy Dinimm
- TROPELTY Specific Heat
- ; =
TEMP C TEMP c Co i;‘ UTED
°F B - op P ALUE
b pru/Ln/E | BUT/LB/F' _____ |
0 0
-379 (a)] .00844
~370 (b)| .00980
-280 . (b)} .0325
~190 (b)] .0624
~100 (b)i .0965
80 (b)} .167
260 (b)! .238
350 (b)} .268
440 (b)] .294
530 (b){ .313
620 (b} .330
710 (b)} .345
800 (b)} .359
890 (b)| .37
980 (b)] .381 .
1079 (b))} .390.
i
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4 rac: 3 o 5
' REV. 0

ALROS v o-GlG: RAL TICLEAT ROCYWGD OPRENTIOYS
SECTION

MATLULALS AND PROCTSGRS

DATA RLLLASE

DiCi Wo.  M-28 PAGL®O. __ 3 DAY 621-70  MuInilal 3% Boron-Gravhite
e . Perpendicular to molding
' pressure with grain
COLBITION - TESL DIPECTION direction, e
SPLC. NOS - FOR Molded
Category "D" comtyr Density .061 lb./.in.3 mininum

_DATA BASIS

- PROPERTY ___

Thermal Conductivity

e et et - ——— b———

TP

o
»

[RRYP SUUR PRI NP

BTU/
HR/FT/
°F

i

1'
-459.7§
-441.7!
~423.7]
-405.7;
~-369.7
-351.7
-333.7
~315.7;
~297.71
~189.7
- 99.7
- 9,7
2
170.3
260.3 |
4&0.33
620.3:
800.3 i
980.3!

- oo
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Touloukian, Y. S., Therwophysical Properties Rasearch Center Data 3ook
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0 4 2 et A 3 e SIS R ST % O * M o B8

DAL #I.

CONDLTION

M-2R

rage _ 4 or 3

- ——— -

ALROJLT-GELG QAL RUTLEAR ROCIET Op katLnns

NMATERLALS AXD PROCTSSLS SELTIDN

ATA RELEASE

RUVER VN ) { Boron-Grvaphit-

PAGL WO, & DATE _6-1--/0 = <A1+ 3% Boron-

Parallel to mc.lding pressure
TEST DIRECTI( across grain

SPLC. NOS..

DATA BASIS _

Category "D COMMEI'Y Density 1.70_gm/cc minimum

Thermai Conductivity

-405.7
-369.7
=351.7
=333.7
=315.7
~297.7
~189.7
- 99.7
- 9.7
32
80.3
170.3
260.3
440.3
620.3
£30.3
980.3

- PROPERTY N
o ' il . -
E |
TEP | BTU/HR/
G‘r i n/obv
S T TITTITIT T LI
|
-459.7 0 .
~441.7 «185 i
-4230 7 . 9

2.8

6.0

8.3
13.0
13.8
16.¢6
31.0
39.8
44.8
45.3
45.3
43.9
42.1
37.9
34.2
31.0
28.2

SIS LTG0 VML Gl et W e AT 5 MBEEST 6 LA MDA e, A SRS A e
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o mpr @

4-10



Lsii NO.

CEROITION
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AVRG)F £=GRME VAL RUCLAAR ROGKLET OGP0 aGls

v

. - . - ‘.,
HATERIALD AND PROCECSES 5L

DATA RELT'ASE

PAGE 10. DATE __6-1-70  MATFRIAL 3% Bo

- TEST DIRLCT1GXN All

SPLC. NOS.
. DATA BATLS

- PROPERLY

e ——

n-Graphite

- FORM Molded

Category "D" COMMLNT

Density

S Y 3
°F LBS/I%. .
~— SUDRRSS CHITG G U PO PUpESGG SV — e .
} H 2 -
80 061

CONMELIS:

——tvat e .o -

Calculated value based on ATJ process schedule.

A-11



DATA RELLASE MEMORANDUM

NRO MATERIALS AUD PROCESGES STAFF

DRM . DRM NO.
TYPE: AEROJET-GENLRAL CORPORATION s
. . M-
SACRAMENTO, CALIFORNIA
REV. NO.
SHEET _» oF °_ 0
SUBJECT: THERMOPHYSICAL' PROPERTIES OF DATE: 6-~10~70
7039 ALUMINUM ALLOY :
1' SCOPE: T [ . - 3_',' -A -\..q.:-

The following thermophysical properties are attached:

2.- TEST MATERIAL:

Specific Heat
Thermal Conductivity

Linear Coefficient of Thermal Expanalon

Dencity

Total Hemispuerical Emittance

Solar Absorptance

The data are applicable to the heat treat conditions specified.

3. DATA ANALYSIS:

The specific heat data were calculated using the Neumann-Kopp rule and tbé.
- best fit curves for the specific heats of the principal alloying elements.
Maximum variability is estimated to be within + 107% of the calculated values for

7039 alloy.

Maximum variability of thermal conductivity data is estimated to be + 5%
at moderate temperatures and + 157 at low temperatures (<«300°F) for the heat
treat conditions specified based on measurement accuracy of + 17 for the 0 data
Data below -~100°F for the T61l condition were

and + 3% for the T6 condition.
The difference in’

suspect, and, therefore, not included in this memorandum.

conductivity produced by the 61 and T63 conditions is expected to be very

small and within the neat~to-~heat var-iation due to compositional effects.
this basis the T61 data -are estimated to cover the T63 condition and be within

the estimated maximum variability limits listed above.

Maximum variability of coefficients of thermal expansion are estimated to

be within + 5% of the values presented.

Density values were calculated using thermal expan:ion data.

Maxinmum

variability is estimated to be within + 10X of the calculated values.

On

APPROVED BY

iy e

.’,,

DATE

/1
]

. ,l'
PR

PREPARED FOR: (& Tiuo..
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MALA KNLLLADL Sladsianasung
NRO MATERIALS AND PROCESSES STAFF
DRM . : . DRM NO.
TYPE: AEROJET~GENERAL CORPORATION
B . . 1' =
SACRAMESTO, CALIFORNIA
a[ﬁ HEE ! REV. NO.
SHEET 2 oF ? 0
SUBJECT: THERMOPHYSICAL PROPERTIES OF DATE: 6-10-70

7039 ALUMINUGM ALLOY

Emittance and absorptance values are based on data for. 6061l aluminum
forging material. These properti.s show greater variation attributable to
surface conditions than that which can be traced to chemical composition.

The range of values represents those obtained by various chemical polishing
and cleaning methods. Data for aluminum alloy 7039 T63 are expected to be
within this rauge if processed in a similar manner. Maximum variability of all
values is estimated to be +10%. Only minor degradation of surface properties
can be expected in space environment, and this degradation value is estimated
. to be within the range of values listed. .

4. CONCLUSIONS;

Thermal conductivity and expansion data are classified as category "BY
based on evaluation of experimental data; solar absorptance and total
emittance data are classified categroy "D" because data are conservative
engineering judgement based on experimental results of similar alloys;
density, coefficient of thermal expansion, and specific heat data are not
categorized; however, the range of uncertainties is included.

- 5. REFERENCES:

References are listed in the individual data sheets.

- . . -~

APPROVED BY DATE PREPARED FOR: COMPONENT/
‘ ’ DATE: : ASSEMBLY
IDENT
PREPARED BY AUTHORIZED CLASSLFZER DATE

- A~13



it

T - ,{—&1‘

vefpagt i,

K FTARP R AT TS P, TP i P N IR S TR CON I, T kg S S,

RO e e S e,

&
¥
%
¥
B

eﬁ'

PAGE 3 OF 9

REV. O

AEROJET-GENERAL NUCLEAR RGIKET OPERATIONS

MATERIALS AND PROCESSES SECTION

DATA RELEASE

DRM No. _ M-3 PAGE NO. 3 DATE _ 6-10-70  matERyaL 7039
CONDITION ALl TEST DIRECTION ALl
SPEC. NOS. FORM ALl
. Maximum Variabiliﬁy Estimated
.DATA BASIs Mo Category Required COMMENT  to be + 10%
- PROPERTY Specific Heat
TEMP c,.- —
°F BTU/LB/ y .
°F .
-424 .0197
370 | .0362
-280 .1137
-100 .1904
80 .2141
260 .2250
440 .2350 }
.
The above values were calculated using the Neumann-Kopp rule, the
COMMENTS: weighted fraction of elements in the alloy and the specific heat of

th. ele.-nts using tue best fit curves for that element appeariug in the Thermophysical

Properties Research Center Data Book.,

A-14
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PAGE 4_ OF 9

October 1965,

A-15

REV. O
£ AEROJET~GENERAL NUCLEAR ROCKET OPERATIONS
i .
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM NO. M-3 PAGE NO. 4 DATE __ 6-10-70 MATERIAL _ 7039
CONDITION -9 TEST DIRECTION All
SPEC. NOS. FORM A1l
Max. Variability Estimated to be
. + 5% Down to -300°F and
. DATA BASIS No Category Assigned COMMENT _+ 15% Below
- PROPERTY Thermal Conductivity
1
B THERMAL o
TEMP CONDUCTIVITY - -t
°F BTU/HR-FI°F -
~449 4.97 -
~442 8.38
~42% 16.87
~406 24.91
~-388 31.96
-370 37.79
=352 40.53
~334 46.41
~-316 49.70
~298 52.53
~280 55.02
~190 65,88
~-100 75.70
-~ 28 83.22
44 88.90
L] —\‘
‘ Hust, J., et al, Thermal Ccnductivity, Elcctrical Resistivity and Thermopower
COMMENTS: of Aerospace Alloys From 4 to 300°X, NBS Report 9732, Natl Bureau of
Standards, Boulder, Colorado, June 1969. .
pillon, J. J., and Wallace, L. A., Cryogenic and Elevated Temperature Properties of 7039
Aluminum Plate and Weldments, AC? Repcrt 412-462: ACF Industries, Los Alamos Diviston
»
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PAGE 5 oOF 9

©e REV, 0
g * . AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM NO. M-3 PAGE NO. 5 DATE  6-10-70 MATERIAL 7039
CONDITION T61-63 TEST DIRECTION All
SPEC. NOS. FORM -
- . Maximum Variability Estimated
. DATA BASIS Category B COMMENT to be + 5%.
- PROPERTY Thermal Conductivity
TEMP © % |sTU/HR/ , _ L .
°F - “ | Fr/°F ) : - RS
-~100 737
70 . 86
200 T 93
300 96

if? .yre, - Dillon, J. J., and VWalluce, L. A., Cryogenic and Elevated Temperature
“ COMAENTS : Properties of 7039 Aluminum Plate and Weldments, ACF Report 412-462,
ACF Industries, Los alamos Division, October 196S.

A-16



PAGE _6 OF 9

RN

L

Aluminum Alloy 7039, Kaiser Aluminum and Chemical Company, June 1965.'

A7

REV. O
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
} MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM NO. __ M-3 PAGE NO. __6 DATE 6-10-70 MATERIAL _7039
CONDITION 0 TEST DIRECTION (All
SPEC. NOS. FORM
~ Maximum Variability Estimated
. DATA BAsIs  Category "B covENT tO be * 5% '
- PROPERTY Coefficient of Linear Thermal Expansion
TEMP | IN.7IN. . S R
[ - . - . . . ~ -
F x 1078 -
=424 8.5 ’
-351 ~9.75
-297 10.48
- 99 12.13
- 8 12.79
212 13.0
.
PITC 27th Progress Report, NOS Report 9291, waticnal Bureau of Standards,
COMIERTS:  Boulder Laboratories, 30 September 1967. - .
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REV, 0
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM NOo.  M-3 PAGE NO. 7 DATE  6-10-70  sappprrar 7039
CONDITION All : TEST DIRECTION All
SPEC. NOS. FORM All
o . Maximum Variability Estimated
. DATA BASIS No Category Required COMMENT to be + 10%
- PROPERTY Density
TEMP DENSITY EMP " | DENSITY .
Py ' (p) : oF" () _ o
LBS/IN3 ' LBS/IN3
212 .0983 - ~424 .1001
"80 .0988 , -442 .1001
44 .0989 -460 : .1001
32 .0990 :
8 .0991
- 28 ,0992
- 64 .0993
-100 .0994
~172 .0997
-208 .0998
~244 .0999
-280 .09995
-298 .1000 ‘ C
-316 .1000 '
~344 .1000 , ,
~352 .1001 .
~370 .1001 -
~388 .1001
-405 .1001
: Calculated based on coefficient of linecar thermal expansion. data.
COMMENTS : , .

e



PAGE 8 oF 9

Surfaces for Spacecraft, LM3D Report No. 704014, March 1961

A-19

REV. 0
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
bRy No. _ M3 PAGE NO. patg __ 6-10-70  ppqprynr, 7039
CONDITION T63 TEST DIRECTION All
SPEC. NOS. FORM Forging
nn"
. DATA BASIS Category "D COMMENT
- PROPERTY Solar Absorptance'(as)
1
TEMP — S
°F MIN. MAX. g -
40 .18 b4
~
. Gaumer, R. E., and McKellar, L. A., Thermal Radiative Control
COMLERTS :



PAGE 9 oF 9

LEV. N
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM No.  M-3 PAGE NO. 9 DATE 6-10-70  yarpprar, 7039
CONDITION T-63 TEST DIRECTION All
SPEC. NOS. FORM Forging
. DATA BASIS Category "D COMMEN{
- PROPERTY Total Hemispherical Emittance
TEMP | ‘ ‘ o . -
°F : MId. MAX.. -
- .60 003 . lll
40 .03 _ .12 .
140 | .04 - .12
] . '\‘

MAENTS ¢ Gaumer, R. E., acd McKellar, L. A., Thermal Radiative Control.
COMAENTS:  gyrfaces for Spacec aft, LMSD Report lio, 704014, March 1961
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DATA RELEASE MEMORANDUM

NRO MATERIALS AND PROCESSES STAFF

DRM . . o DRM NG.
TYPE: AEROJET-GENLRAL CORPORATLON oo
SACRAMELTO, CALIFORWIA
. REV. NO.
SHEET > oF ! 0
SUBJKCT:  TEWSILE DESIGN ALLOWABLES FOR DATE:  6-11-70

210 STAINLESS STEEL WROUGHT PRODUCTS, ANNEALED

1 « SCOPE: I <. N ot

Literature data were analyzed to’'estimate a design allowable for
stainless steel alloy 310 wrought pragucts.

2. TEST MATERIAL:

Unspecified wrought products annealed at 2150°F, 0.750-in. diameter bar,
and annealed .062-in. sheet tensile test results are reported in References
1 through 3.

3. DATA ARALYSIS:

The test data were analyzed to obtain conservative design allowables for
310 stainless steel sheet and bar. The quantity of raw tensile data avail-
able for 310 stainless steel was small; howevar, estimates of the means
and among~ and within-lc¢: variances were made from the available data.
Since the sheet data came from only one heat, the lot-to-lot variance of
‘the bar data was combined v.ith the within~lot variance of the sueet data to
estinate the combined within- and among-group standard deviation.

4. CONCLUSION:
Data are classified as category "C" since engineering judgement was
used to estimate the design allowavles for sheet and th~ degrees of freedon

associated with the estimate of tne random variance was less than 15.

5. REFERENCES:

(1) "Report nn the Elevated Temperature Properties of Stainless Steel,"
ASTM Repo—t STP 124, January 1952.

(2) XK. A. Warren and R. P. Reed, ''Tensile and Impact Prcperties oif

Selected Materials from 20° to 300°K," NBS Monography 63, June 1963.

Len ¥,

(3) A. S. Rabensteine, '"Mechanical Properties o- 310, 316 and 316L Stainless
Stee:l Sheet Alloys at Elevated Temperatures,' Contrac+ AF 33(657)-8706,
Project 281, The Marquardt Corp., Van Nuys, Calif., d:i2d 1 Dec. 1962.

APPROVED BY DATE PREPARED FOR: F L COMPONENT/
. / DATE: - N ASSEMBLY
; ‘ \‘. .,‘ The 0 " !\I ) ‘/ ? . X IDENT
PEEPAKED BY | 1 / AUTHORIZED CLASSIFIER DATE

ETEA t’,{(//:’::i,/vvv v\ 23 . Sy
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PAGE _3 OF _7_

REV.

AEROJET-GENERAL NUCLEAR ROCKET OPLERATIONS

MATERIALS AND FROCESSES SECTION

DATA RELEASE

DRM ¥O. _ M~29 PAGE NO, 2 DATE _6-11-70 MAYERIAL SS 310
CONDITION  Annealed TEST DIRECTION
SPEC. NOS. FORM 6.750—-in. diameter bar
. DATA BASIS Category 'C" COMMENT
~ PROPEKTY Tensile Ultimate Strength .
s
TEMP LOTS/ = COMPU"CED
°F HEATS af X K S VALUE
‘- H
RT 2 6 8 85 4,143 3.94 68.7
- 320 1 3 8 156 4.143 3.9 140.0
-423 1 4 8 182 4.143 5.0 161

COMAIENTS:

References (1) aana (2).

A-22
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P REV., 0
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSE3 SECTION
DATA RELEASE
pRM No. 129 PAGE No. & pate 0170 yaqpprran 58 310
conpITToy  Annealed TEST DIRECTION
SPEC. NOS FORM 0.750-in. diameter bar
. , 1"t
. DATA BAsIs  catesory 'C COMMENT
. PROPERTY Tensile Elongation
TEMP LOTS/ — COMPUTED
°F HEATS N af X K s VALUL
RT 2 7 11 53.4 3.852 | 5 34.4
~320 1 -3 11 67.0 3.852 4 51.6
-423 1 4 11 47.7 3.852 4.1 31.6
COMMENTS : References (1) and (2).

A-"b e
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REV. O
AEROJET-GENERAL NUCLEAR ROCKET OPLRATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
- ‘ -11~- " 8S 310
DRM NO. b~29 3 patg 01170 MATERIAL
CONDITION Annealed TEST DIRECTION
SPEC. NOS. FORM 0.062-in. sheet
“C"
_DATA BASIS  Catesory COMMENT
Tensile Ultimate Strength
- PROPERTY
TEMP LOTS/ _ COMPUTED
°F HEATS df X K S VALUE,
RT 1 6 84.8 4,642 2.98 71.0
| .
COMMENTS : References (1) and (3).
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PAGE 6 OF 7

REV. 0

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

DATA RELEASE

DRM No.  M-29 PAGE NO. 6 DATE 6-11-70 MATERIAL SS 310
CONDITION Annealed TEST DIRECTION
SPEC. NOS. FORM 0.062-in. sheet
. DATA BASIS  Category "C" COMMENT
- PROPERTY Tensile Yield Strength )
TEMP LOTS/ _ CCMPUTED
°F HEATS N df X K S VALUZ
RT 1 7 6 40.3 4,642 1.56 33.1
COMMENTS : References (1) and (3).
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REV. 0

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION

DATA RELEASE

B i::""‘h o

oS

m‘”‘é{ i"?'l"ﬁz" A

T SR TR T WA | PN YT N A R

DRM NO. M-29 PAGE NO. 7 DATE _6-11-70 MATERIAL _gs 319
CONDITION Annezled TEST DIRECTION
SPEC. NOS. FORM  0.062-in. sheet
. DATA BASIS COMMENT
- PROPERTY Tensile Elongation
- — ]
1
TEMP LOTS/ — COMPUTED
°F HEATS N df X K S VALUE
RT 1 7 6 47.7 4.642 4.1 28.7
L
‘A COMMERTS References (1) and (3).
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Ml DNLlLbLiols ClLaadinauiudl
NRO MATERIALS AND PROCESSES STAFF
DRM .. ' . DRM NO.
TYPE: AERQJET-CENLRAL CORPORATION M-28
ACRAMLITO, CALIFORWIA
SACRAMLAGTO, N REV. NO.
SHEET 1_OF _5 1
" SUBJECT: DESIGN ALLOWABLES FOR DATE: 6-17-70
GRAPHITE - 3% BORON COMPOSITE ’
1. SCOPE: . v : - -

The following properties for graphite-3% boron composite are attached:

Specific leat
Thermal Conductivity
Density

2. TEST MATERIAL:

Data for this composition graphite do not exist. All data are estimated

or calculated based upon ATJ graphite data which is considered to be the '

base material.

3. DATA ANALYSIS:

The specific heat data were calculated on the basis of 977 of values for

manufactured graphites. The values are estimated to be + 15% of the true

-values.

Thermal conductivity of this composition was calculated in the perpendicular
and parallel directions using the data for ATJ graphite of 1.73 gm/cc density.

Because of the lack of experimental data, the conductivity was calculated on

the basis of 807 of the conductivity of ATJ. Because the processing parameters
for this alloy have not been established, it is estimated that the values
listed will be witnin 1.25/ at temperatures below -3C0°F and + 20% at

temperatures above -300°F of the projected true values of thermal conductivity

of this composite.

A density of .061 lb/in.3 at room temperature was assumed based on

because of the lack of thermal expansion data. The density listéd, 1s
estimated to be within + 10% of the projected true density.

4. CONCLUSIONS:

The data are considered category ''D", a conservative engincering estimate

of the properties listed based on the ATJ process schedule. This revision

issued to include uncertainty range.

. r‘

APPROVLD BY DATE PREPARED FOR: | e COMPONENT/
A\ DATE: ) ASSEMBLY
) :

D\ S L

PREBARED B AUTHORIZED CLASSIFIER DATE
7 g

L ey A a
, \C% (Ve WS

-using ATJ process schedule. Density for other temperatures was not calculated
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AFRQYY £~CFNERAL NUCLEAR ROCKE'L OPERNILONS
MATIRTA R U8 PROCUESNS SECTION
DATA RLLTASE

‘ ‘ ‘ 3% Boron-
W M-28 ~ PAGENO. ___ 2 __ DATE 6-17-70  MATERIZL Graphite

W'l e

. - COXDITLOH TEST DIRECTION ' All
.061 lbs/in.3 density
SPEC, MNOS. ' FORM minimum.
. DATA BASIS No Category Required COMMERT Uncertainty, +'15%

- PROPERTY Specific Heat

TEMP C :
°F ) 7 |BTU/LB/°F .
o} . 0
~379 (a)| .00844
-370 ®)| .00980
. =280 )} .0325
-190 )| .0624
-100 byl .0965
- 10 (b))} .132
80 ()] .167 _
260 () { .238 : 5y
350 )} .268 9
440 )| .294 B
530 ()| .313 ;
620 )| .330 :
710 (b){ .345 <
800 w)f .359 N
890 (b)} .371 v 3z
980 (b){ .381 : . o
1070 ()} .390 .
£

(a) Table 5B.05.01, Specific Heat of Manufactured Graphite, The Industrial Graphite
Engineering Handbook, Union Carbide Corp., April 1964.
(b) Kelly, B. T., and Walker, Jr., P. L., "Theory of Thermal Expansion of a Graphite

Crystal in the Semi-Continuum Model," Carbon, March 1970,
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B REV. 1
g‘;:g PRI LA B GO am -t -ty et sa - - 1m 840 v eUn e SUN e Bt waep . -
%‘ ‘ AEROJET-CTAERAL NUCLEAR ROGKET OPERATIONS
5
37 . MATLRIALS A PROCUSSES SECTION
g .
’ DATA RELEASE
. 3% Boron-
Div{ NO. __ M-28  PAGE NO. __ 3 DATE _6-17-70  MATEApsr OFaphite
COXDITION = TESS D1RCCTION - With Grain Direction
SPEC. NOS. = ‘ FORM Molded
. Uncertainty, * 25% at
nph temperatures below -300°F,
. DATA BASIS Category "D COMMENT + 20% at temps above =-300°F
+- PROPERTY Thermal Conductivity
TEMP : BTU/ : ' :
oy _ .} HR/FI/ '
. op
-459,7 0
~441,7 226
«423,7 1.2
§ -I‘OS . 7 2 . 8
i "369 . 7 7 . 9
g - -351.7 11.5
- -333.7 14.8
~315.7 19.0
s } "'29707 2206 ‘
"'1 89 . 7 43 . 4
n} - 99 . 7 55 . 4
.—kt - 9 . 7 60 . 6
o 32 . 61.0
- 80.3 60.1
170.3 57.5
: 260.3 55.0 : -
: 440 . 3 49 . 4 ’ L
620.3 444
800.3 40.2
‘ 980.3 36.5

Touloukian, Y. S., Thermophysical Properties Research Center Data Book
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race 4 or 5
REV. 1
, ABROJET-CrHERAL BUCLEAR ROGKET OPERAYILONS
MATERIALS AN PROGUSRES SEGTION
L DATA RECEASE
: ' 3% Boron~
. DI NG, M-28  PAGE NO. _ 4 DATE _ 6-17-70  MATERIAL _Graphite
COXDITION - TEST DIRECTION Across Grain Direction

FORM Molded

Uncertainty, + 257 at tempé
below -300°F; + 20% at temps
COMMENT _above_-300°F.

SPEC. NOS.

Category 'D"

. DATA BASIS

- PROPERTY Thermal Conductivity

1ENP BTU/HR/ ' t
p I B & VLS ' :

[RTTIPr PRESIIU Y

-459.7 0
-441.7
-423.7
=405.7
-369.7
=351.7
-323.7
-315.7
"'297 . 7
-189.7
- 99.7

.184

o

- - L 3 » L ]
NMONDHODWWOLDOOODOWOX

. e

32

80.3
170.3
260.3
440.3

620.3

800:3
980.3

NWWW DD DWW
D DI NWUTNESOVOCONWW NN

Touloukian, Y. S., Thermophysical Properties Research Center Data Book

.
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racs 3 or 3
e i e s et e o Smaren REV, 1o,
AFROJE - CFNERAL RUCLEAR ROCKET OPERATIONS
. MATERIA S 4770 PROCESSES SECTION

by o, _M-28

CONDITION

DATA RELEASE

3% Boron-

PAGE NO. S DATE _6-17-70  MAT:RIAL _Graphite

- TEST DIRECTIONW All

SPLEC. NOS.

ATA BASLS

- . FORM Molded

Category 'D" coMMET  Uncertainty + 10%

Density

YEMP
°F

w

LBS/IN.

B e et

80

L

.061

Calculated value based on ATJ process schedule.
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DATA RELEAOLE MLMNURAGDLA

‘

NRO MATERIALS AND PROCESSES STAFF

DRM : . DRM NO.
TYPE: AEROJET-GENERAL CORPORATION vl
SACRAMENTO, CALIFORNIA REV. NO.
SHELT _1 OF 17 1
' SUBJECT:  THERMOPHYSICAL PROPERTIES OF DATE:  6-12-70
718 NICKEL BASE ALLOY . '
1. SCOPE: Do r R T

The design allowables for the following thermal and physical properties

of nickel-base alloy 718 are attached

Density

Specific Heat
Thermal Conductivity
Thermal Diffusivity

Coefficient of Linear Thermal Expansion

Modulus of Elasticity
Modulus of Rigidity
Poisson's Ratio
Electrical Resistivit:
Total Normal Emissivity

2. TEST MATERIAL:

Material conformed to chemical composition requirements ,ur alloy 718

heat treat as indicated on the respective data sheets.

3. ANALYSIS. OF DATA:

Density: This properéy was calculated using a computerized program
which included thermal expansion data. The din<ity values refleci the
uncertainty range of the thermal expansion da:a which is + 5%.
should encompass all variations due to chemical composition.

applicable to bcth heat treat A and B.

Specific Hest: The specific heat data were calculated’ using the formuli
of Lucke, Deim snd Weiss. These data should he in agreement within i 10% of

This range

The data are

e mo s

the true value cf specific heat for the 718 a. loy and its limited Pomposit‘)nal
variation. The formula cannot be used for calculations of this property
below °T because of the magnetic transformation temperature (~170°F) znd
its effect on specific heat. The data are applicable to heat treat A and

B modifications. .

PREPARED FOR: | | T. Wade s | COMPONENT/
DATE: LM_‘“"“‘ E-Buw ASSEMBLY
. | pEnT

AUTHORIZED CLASSIFIER

U*U{;nl'r,

DATE

16 Jtw

]

N& \vts

TP

5.

Wmmwm; ey Mo bone s



DATA RELEASE MEMORANDUM
¢

NRO MATERIALS AND PROCESSES STAFF

DRM L - DRM NO.
TYPE: AEROJET-GENERAL CORPORATION Mt
CACRAMENTO, CALIFORNIA
! REV. NO.
sneer 2 or 17 1
" SUBJECT: THERMOPHYSICAL PROPERTIES OF DATE: 6-12-70

718 NICKEL BASE ALLOY

Thermal Conductivity: The therwal conductivity data were obtainea from
two sources. ‘The values for uT and above were calculated from electrical
resistivity data, For temperatures less than -420°F, the estimated
varierility is + 15X, for temperatures avove -42(° F, the variability is

" estimated to be - + 10Z. These variability limits will encompass any changes
in *his property attributable to chemical composition. The data are applicable
to neat treat A; data can be extended to heat treat B providing the variab:lity
limits at -420°c and below are increased to -+ 20%. At other temperatures,
the varlablllty limits noted will encompass cmanges due to heat treatment.

Thermal Dif usivity: The values were cal:ulated using calculated values
of density, specific heat, and thermal conductivity. The lack of experimental
data increases the estimated variability to + 15%. The data are applicable
. to heat treat A condition and can be extended to the heat treat B conditlon

prov1ding the variability is increased to + 2J27.

Coeffirient of Linear Thermal Expan51on. The data were calculated
using thermal expansion experimental data. 1he difference in the calculated
. expansion coefficients for heat treat A and B may be due to experlmental .
- eirvor, chemical composition, and/or heat treatment. These data do not reflect

'+ measurements made at one source using one technique and one heat of materlal

with heat treatment the only variable. The estimated variability is + 52
- for the heat treat-A data and + 10% in the heat treat B data. .

- Modulus of Elastici;y. Data for dynamic modulus will differ from
static tensile moduli value, especially at elevated temperatures, where time
dependent reactions are apt to occur. The data listed here are estimated
to be with'n + 5% of the true -dynamic moduli values, and this -range will
encompass any changes attributable to variations in chemical composition.

. Modulus of Rigidity: The estimated range of variability of the
dynamic modulus of rigidity is + 5%, and this range should encompass any
"variations attr:butable to chemical compositiim.

Poisson's Ratio: Poisson's ratio was calzulated using dynamically
determined values. The values are estimated co be within + 5% of the time
values, and this range will encompass ~any variation attributable to
chemical compos1tion. .

b
.

APPROVED BY DATE — PREPARED FOR: COMPONENT/
: DATE: ASSEMBLY
IDENT
PREPARED BY AUTHORIZED CLASSIFIER DATE
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DATA RELEASE MEMORANDUM
[}
NRO MATERIALS AND PROCESSES STAFY
DRM R . DRM NO.
TYPE: AEROJET-GENLRAL CORPORAFION - M-l
' \ W10, CALIFORWIA
SACRAMENTO, ‘ CEV. No.
I SHEET 3 OF 17 1

~ SUBJECT: THERMOPHYSICAL PROPERTIES OF DATE: 6-12-70

718 NICKEL BASE ALLOY

Electrical Resistivity: Electrical resistivity data were experimentally
determined by two sources. The variation at RT and below is estimated to be
+ 5% (NBS data) and for RT and above (International Nickel Co. data) the variation
is estimated to be + 10%Z. The estimated variation in values due to chemical
composition is + 5% of those listed.

Total Normal Emittance: The values listed are one time tests, applicable
to the condition or the surface and material tested. Because this property’
is sensitive to surface condition and degree -f cleanliness, degree of oxiuation,
the valves may cange to.#-50Z of the values listed.
+8,-5¢7

4.  CONCLUSIONS:

This supplaments data contained in Revision 0, DRI M-1.

APPROVED BY DATE PREPARED FOR: COMPONENT/
. . DATE: ) ASSEMBLY
e IDENT

PREPARED BY AUTHORIZED CLASSIFIER DATE
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race _4 or 17
REV, 1

- a0 1@ 00 S vmacme -~ P

ARROJET-CTHLRAL NRCLEAR ROCKEY OPLERNTLONS
MATURTALS AND PUOCHSSES SECTION

DATA RELEASE

-

ng No. M1 PAGE NO, 4_____  DATE _6-12-70  MATERIAL __ 3938
cosorrion - Heat Treat A ™ "~ " ppeq pypporyon A1l
SPEC. MNOS. CFORM ALL
.DATA BASIS __ No Category Requlred. copny Estimated uncertainty range + 57
. Density
- PROPER?T ]
& TEMP 0 !
- O3 -
: ¥ : LBS/IN°
3 T S, { e w ane e ]
S
80 .297
200 .296 ;
400 .295
600 .293
800 .292
1000 .290
1200 .289 .
g ' 1400 .287 _ ‘
d 1600 .284
: 1800 .282
B 2000 .281 :
: ' 5
= *
N :
i . —i}

Calculated using linear coefficient of thermal expansion listed in this
data release and on the basis of room temperature density and unit volume change.

A-36
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rage 5 or 17 :
REV, 1 ;
e e e e e — 2 X 3
' ARROJET-CFHERAL NUCLEAR ROCKLT OPERATIONS ;%
MATERIALS AN PROCLSSES SECTION 3
T . DATA RELEASE g
o o, M1 PAGENO. _ 5 DATE 6-12-70  MATERTAL 718 3
. COSDITION Heat Treat B - TEST DIRECTION ALl
SPEC. MOS. FORM A1l
DAL BASIS Nc¢ Category Required voMyerT Estimated Uncertainty Range + 5%
- PROPERTY Density
TP P :
o .
F : 1 LS/
- —_-
70 297
-200 | .. 299
" =300 -1 .299
~423 .299

‘ L'?,‘alculated from instantaneous linear coefficient expansion data
as contained in. this data release.

7 4
R,




race 6 or 17

o g

-

AFROJEI-CEMERAL NMUCLEAR ROCKET OPLRATLONS

ey,

B YR

MATURTALS AN PROCLSSES SECTION

anlh Rt

DATA RELEASE

R olb ik o,

pRig o, M- PAGENO, __ 6 pate _6-12-70  MATERIAL 718
H
COXDITION All TEST DIRECTION All 1
' 3
. 3
SPEC. NOS. FORM All :
. _ ;
. DATA BASIS No Category Required JoMMENT Estimated Uncertainty Hange + 10Z ;
3
" PROPERTY Specific Heat d . 5
E2
2
TENP BTU/ . : t 3
op LB/°F : f
. : £
R S e e e f
0 .0995 - %
70 ..1019 ‘ ' . ) i§
200 1063 :
400 1129 : :
600 1197
800 1264 1
1000 1331
1200 .1398
1400 1465 .
1600 .1532
1800 .1599
2000 1666

Calculated using formula by Lucks, Deim and Weiss =~ Private Communication, Huntingto§§
Alloy Products Div., International Nickel Co., June 1970.

.
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PAGE l_,_ or 7
REV. 1

B S B -

DRM NO.

COXDITION

SPEC. NOS.

AFROJET-CTNLRAL NUCLEAR ROCRETC OPERATIONS
MATERIAL®] AND PUOCUERES SECTION

DATA RELEASE

M-1 PAGE NO. 7 DATE _6-12-70  MATERIAL __ 718
Heat Treat A TEST DIRECTION All
FORY

Estimated Maximum'Vztiability

.DATA BASIs  No Category Required SOMMENT  Range + 10%
PROTERTY The:mal Conductivity )
TENMP
°F -
e Y - — f = e remmee]
-448 .389% 1200 - 12.3
-423 1.39 1400 T 13.4
~-387 . 2.51 . 1600 14.4
- =351 3.25 1800 . 15.5
~315 3.75 . 2000 16.6
-279 4.10 :
—243 4038 - . M
~171 4.87 *Vﬁiriabi.lity 4t this tenmperature, i+ 15%.
=135 5.12 . '
- 99 5-37 ] 4
- 63 5.63
- 27 5.87
9 6.08
45 6.27
70 6.6
200 7.2
400 8.3 ‘e
600 9.3
800 10.3
1000 11.3
.*gggté55é3¥§%b 718 data Sheet, Huntington Alloy Product Division, International

Nickel Co., February 1968. )
v ~448° to RT -~ Must, J. G., et., al., Thermal Conductivity, Electrical Resistivity

and Thermopower of Aerospace Alloys from & to 300°K, NBS Report 9732, June 1969.
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Pacs 8 oy 17
L o REV. 1 :
ARPOJE T-CTHIRAL SUCLEAR ROCKET OPERATIONS ?
3
. MATURTAIS AND PTOCHSSES SECTION 4
3
- - DATA RELEASE 5
- . ':;:
n MO, -~ PAGE NO. 8 DATE 6-12-70 MATERIAL 718 3
W N0, M-l RS- A el Yond ) 118 __ fi
CONDITION Heat Treat A TEST DIRECTION All i
) 3
: 3
SPEC. NCu. FORY %

Estimated Maximum Variability
COMMENT Range + 157

YN

Py

. DATA BASIS No Category Required

¥ $30

Thermal Diffusivity

.- PROPERTY

b ket

~e

TEMP o
° - .
F -7 FTZIHR . :
70 .1262
200 1324
400 1442
_ 600 . .1535
800 -| .1615
1000 .1694
1200 .1762
1400 .1844
1600 1 .1915 . ‘
1800 .1989
2000 +2052

Caleulated vsing specific heat Jensity and thermal conductivity as listed in
. their respective data sheets using equation a = K/pCp.

Av40



race 92 or 17
REV..1

B e L e  artabutes)

MLatELan e S0 me pum.ce 0o

& ARROIET-CYNERAL NUCLEAR ROUKET OPERNTIONS
. ' MATERTAI R L5D PROCYESKS SECTION

DATA RELUASE

DATE 6-12-70 MATERIZL 718

oo e

Ny nO. M-1

ey

PAGE NO. __ 9

cosnrTIo;  Heat Treat A TEST DIRECTION A1l
FORM All

SPLC. MNOS.

Estimated Maximum V:riability

.DATA BASIS No Cetegory Required ~oMMENT  + 5%

- PROPERTY Coefilicient of Linear Thermal Expansion ]

TEMP
‘F

| e

o
IN/IN/°F

x 1078

~424
~351
-297
~207
- 99
8
200
400
600
800
1000
1200
1400
1600
1800
2000

(A1l vdlues from 70°F to tdmperature indicated.)

- e & o » [ . e o e o - o - -
COUVNHANMORDNOD™WOILCD
N W WS

- ‘
.oso\o\omoooooo\lquosmmunb

’

RT to ~460°F - Report 9291, NBS,-Boulder Division, Sept. 67.

RT to 2000°F - Table 5, page 2, Inconel Alloy 718, Huntington Alloy Products Diw.,

International Nickel Co., Feb. 68,

Aré}
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racz 10 our 17

REV. 1
AEROJFT-CTNIRAL NUCLEAR ROCKET OPERATIONS
. MATIRTALS AND PUOCLESES SECTION
.- ) DATA RELEASE
o wo. ML pact wo. 10 parp _ 6-12-70  MATEAIAL _ 718
cosprrroy  Heat Treat B ' YEST DIRECTION All
"YORM ALl

SPEC. NOS.

Estimated Maximum.Variability

. DATA BASIS No Category Required coMgEnT  Range + 10%

Coefficient of Linear Thermal Erpansion

“ PROPERTY )
PRMP g {
& ; °
. . IN/INi F
0 6.57
-100 6.24
©-200 | | e6.15
~320 5.46
~420 4.82 .

-

*From Yoom tempefature to ﬂemperature indicated.

‘e

Aérojet LRP Report DVR 65-146, Thermal Expansion of TPA Materials, March 1965.
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PAGE 11 oF 17
REV, 1

X T BN Se 100 G0P U UBIIE Bt KT ART Smewr Wt S P . § . e = S— &+

‘ ARROJET-CRIIERAL NUCLEAR ROCRUT OPERATIONS
MATERTAT R AND PROCIESES SECTION

DATA RELEASE

wino, M1 0 pacewo, 11 pare _6-12-70  mptpqusn 718

Heat Treat A

COSDITION TEST DIRECTION All

SPEC. NOS. : FORM All

Estimated Maximum Var:..ability

.DATA BASIS . No (.'ategory Required COMMERT Range _"_"_ 5%

-~ PROPERTY Modulus of Elasticity (Dynamic) ]
E E
TEMP psi 6 TEME - i
oy . e psi
¥ X 10 F X 106
IS N e e om o e
70 29.0 1700 18.8
100 28.8 1800 17.4
200 28.4 1900 15.9
300 28.0 2000 14.3
" 400 27.6
500 27.1
600 26.7
700 26.2
800 25.8
200 25.3
10000 24,8
1100 24,2
1200 23.7
1300 23.0
1400 22.3
1500 21.3 .
1600 20.2 e

[T P

Table 4, page 2, Data Sheet, Inconel 718, Huntington Alloy Products Div.,

International Nickel Co., Feb. 68,
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PAGE 12 OF 17
e S BN @ WS S S B e S A R A ey e m ss e GRS g [ REV. 1 -
0  AFROJET-GFNERAL NUCLEAR ROCKET OPERATIONS
MATERIALG SN0 PROCESAES SECTIOY
DATA RELEASE

oy no. M1 PAGE NO, 12 DATE 6-12-70 . wATERIAL _ 718
CONDITION Heat Treat A TEST DIRECTION All

SPEC. NOS. FoRM All

Estimated Maximum Vzriability

.DATA BASIS _ Mo Category Required comprny Range * 52

- PROPERTY Modulus of Rigidity (Dynamic) g

~E

TEMP psi6

°F X 10

e e § ceom S - S, PO —

70 11.2

100 11.2

200 11.0

300 10.9

4G0 10.8

500 10.6

600 10.5

700 10.3

800 10.1 .

900 9.9
1000 9.7
1100 9.5
1200 9.2
1300 8.9
1400 8.5
1500 8.1
1600 7.6 .
1700 7.1 .
1800 6.5
1900 5.8

: 2000 5.1

Table 4, page 2, Data Sheet, Inconel 718, Huntington Alloy Products Div.,
International Nickel Co., Feb. 68.
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race 13 or 17
REV. 1

PR RIS S A M S B 3B e B, SEBRL Sl S e B (N S AR et Bt M e 1l B B - o (L TRY S X T

‘ AVROIET-CFNURAL NUCLEAR ROCKET OPERNTIONS
VATLURIALR S350 PROCEIESRES SECTION

DATA RELEASE

Dl NO. __ M-1 PAGE NO. __ 13 _ _  DaTE _6-12-70 MATERIAL __ 738

CONDITION Heat Treat A TEST DIRLGTION ! All

SPEC. NOS. FORM All

Estimated maximum Vaiiabilicy
. DATA BASIS No Category Required coMyEsr Range + 0%

: ' (a)
- PROPERTY Poisson's Ratio

r .
TEMP . ‘ .o
°F ~ i
70 «294
100 291
200 .288
300 .280
400 T .280
500 275
600 272
700 273
800 1 .2n )
900 272
1000 271
1100 . 276
1200 .283
1300 . 292
1400 «306
1500 <321
1600 .33 B
1700 <334 ‘e
1860 341
1900 «366
. 2000 402
K . __(a) Calculated rom E and § data as IJ sted.

Table 4, page 2, Data Sneet, Inconel 718, Huntington Alloy Products Div.,
International Nickel Co., Feb, 68.
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racEléd or 17
REV. 1

—ereew wew

ALROJEF-CTHIRAL NUCLEAR ROUKLY OPERATIONG

MATERTAL S AN PROCYESKS SECTIOY

15 TP A%

DATA RELEASE

per v, M- PAGE 10, llf__ —— DATE ____6_:_1_2_:]2 MATEAIAL _718
COSDYIION Heat Treat A . " TEST DIRECTION All

SPEC. NOS. "FORM All

Estimated Maximum Variability
. DATA BASIS No Category Required coMMERT Range + 5%

s PROBERTY Electrical Resistivity (micro oﬂms-ft)

TEMP  MICRO-ORM
OF FT .
I ] A
-423 | 42.39
~360 | 42.47
~324 | 42,65
- =261 | 43.05
-207 | 43.41
- 99 | 44.14
45 ) 45.05

Hust, J. G., et. al., Thermal Conductivity, Electrical Resistivity, and
Thermopower of Aerospace Alloys from 4 to 300°K, NBS Report 9732, June 1969.

. . Al"46 . , .

LBt e b e R et B b ey i N, .. PR - - :
' S - S Wiyttt Sivs A T e ki TN Gd W ke et et

afed, .

41'4:»

e g

&

W L et



P

- DATA BASIS

Foot ' e s vl R Rt et
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race 15 or 17
REV, 1
AEROJEf~CFHLRAL NUCLEAR ROCKEY OPERATIONS
MATURIAI G AND PROC:SSES SECTION
) ATA RELEASE
DI NG, M-1 PAGE Mo, 15 DATE 6-12-70 MATERIAL 718
CORDITION Heat Treat A TEST DIRECTION A1l
SPEC. NOS. FoRM All |
Estimated Maximum V:riability
No Category Required COMMENT 11102 ]

‘Electrical Resistivity

Miero ohm=-ft.

PROPERTY :
[¢]
o MICRO GHM-
F ' FI.
70 47.45
200 47.97
400 48.41
600 50.27
800 50.72
1000 51.57
1200 51.97
1400 52.1
1600 52.10 .
1800 52.36
2000 52.10

Inconel Alloy 718, Data Shaet, Huntington Alloy Products Div., International

Nickel Co., Feb. 1968.

N "“-Ewl [P

A~47

[ I

RN SETS TR S VPN

bt F oo A 9 y .
TR NI NP L R s, 5 £ mht 5

v




PAGE 16 GF 17

ATt AR AT e @ 4 ) cwmiee SL W - a0 W En 1L SO PRt S auias Sen e REV. 1---. v
0 AYROJET-CVELRAL NUCLEAR ROCKIL OPLRATIONS
MATURIAI® AR PROCHSSES SECTION
) DATA RLCLEASE
b no. M1 PAGE Yo, _ 16 DATE 6-12-70  waTmRIzL 718
COXDITION All . TESS DIRECTION All
SPEC. MNOS. FORM A1l
Estimated Maximum Vzriability
. DATA BASIS No Category Required SOMMENT Range 4504 +5, - 56 Ze
(a)

-« PROPERTY Total Normal Emissivity .

TEMP . ' :

975 852
1079 .881
1199 +852
1240 <942
- 1300 o <947
1350 .950
1368 ' .960
1518 < +949
1661 . 921 .
1680 - «930

1725 942

(a) Okidized Surface

Private Communication, Huntington Alloy Products Div., International Nickel Co.,
June 1970. ) .
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PacE 17 or 17
s e s o mame 1m REV. N
O AFROJET-CUHERAL NUGLEAR ROCKET OPERATIONS
MATERTALS AND PROCESSES SECTION
U . . DATA RELEASE
g Mg, 1L PAGE ¥0, _ 17 parg 6-12-70 MATERL.L 718
cospryron  Heat Treat B TL57 DIRECTION All
SPEC. NOS. FORM AL .
Estimated Maximum Va:iability
.Dath BAsis _ Mo Cazegory Required comeny _ Range 5%
P i ] (a)
- PROPERTY olssin’s Ratio
TEMP i
OF -
70 .300
{a) Calculatecd from E andlG data.
NERVA Materials Staff unpublished report,
_ A=49
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. h DATA RELEASE MEMORANDUM
NRO MATERIALS AND PROCESSES STAFF
DRM . DRM NO.
TYPE: AEROJET-GENERAL CORPORATION Vo3B
i i SACRAMENTO, CALIFORAIA REV. NO.
I SHEET 1 oF _8 2
SUBJECT: - 7039-T63 Forgings DATE: 6-22"'70

l. SCOPE: o SorTe T oo SRRV R

Tensile data from ANSC pressure yessel materials test program were
analyzed to develop minimum design allowahle values for the follow1ng
mechanical properties:

Tensile Ultimite )
Tensile Yield
Tensile Elongition

This supercedes DRM-~3B, Rev. 1, dated 4—20-70 and DRM 3B, Rev. 0 dated
8-29-69.

2. TEST MATERIAL: ,

. Subscale pressure vessel forgings were fabricated and test specimens tcken
from the  cylindrical siell section of the forging. Three heats, representing
low, nominal, and high alloy limits, were tested, but the data analysis
‘Includes only thz low and nominal alloy heats identified as Heats BB and AA,
respectively. The high alloy Heat CC was not included in the analysis because
the data were not homogeneous with Heats AA and BB. Chemistry limits of )
material specification will ‘e adJusted to pravent high alloy material from
being used on the program. . .

3. DATA ANALYSIS. ’ ’ ..

Test data from specimens exposed 1/2 hour and 100 hour, respectively, to
the test temperature were analyzed. .
The within-group variances of tensile ultimate strength, tensile yield

- strength and eloigation data were homogeneous over all temperatures, directions
and heats for boch sets of data with one exception. Elongation data for
100-hour exposure to the 300 and 200 degree test temperatures were not
homogeneous with regard to the within-group variance. However, the data within
each direction were homogeneous and allowables were calculated for each
direction.

‘ APPROVED. BY DATE PREPARED FOR: L ( LN/\*V) COMIONENT/ ’P \( .

DATE: ASSEMBLY

ﬂ) ‘ 40, e . £ /,7}4/70 : IDENT

PRQ;'ARLD BY |/ / AUTHORIZED CLASSIFIER DATE

fa/ﬁ I U
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NRO MATERIALS AND PROCESSES STAFF

DRM . : DRM NO.
.TYPE: AEROJET-GENERAL CORPORATION M-3B
SACRAMENTO, CALIFORNIA REV. NO.
SHEET 2_OF 8 _ 2
SUBJECT: 7039-T63 Forgings DATE: 6-22-70

- rivst of the data points for the 1/2-hour exposure were homogeneous with
regard to" the means. Since the heat-to-heat variances were negligible, the
allowables were calculated using the within-group variance and the degrees
of freedom associated with it, The 200°F Tys strength means were not homo-~
geneous, and the degrees of freedom, as calculated using the Satterthwaite's
approximation, were very small (df = 2). Therefore, the allowable was
calculated using, the lowest group mean and the combined within- and among-group
variance. The aegrees of freedom associated with the overall within-group

variance were used to choose the one-sided tolerance factor, k.

The lot meaus for the 100-hour exposure data were homogeneous except fcr
the 200°F circunferential elongation data, all the tensile yield data, and the
300°F. The allowables for these points were tomputed” using- the lowest mean and
the combined w1Lh1n- and ‘among-group variance. -

4. CONCLUSIONS:

The design values which were obtained by using the lowest means and the
combined variances are classified category '"B'"; however, since these points -

"are associated with and supported by data poi1ts obtained by rigorous statistical

w -

methods, the curve of tensile properties versus temperature will be classxfied
category A",

-5. REFERENCES:
(1) NRO Materials Memo 69—232 F. J. ‘Flens to A. D. Cornell Subject.
Prelininary Pressure Vessel Materlals Tensile Properties Data,
dated 6 January 1970.
(2) . NRO Materials Memo 70-155, F. J. Flens to C. W. Funk/L. A. Shurley,
" Subject: Tensile Properties of 7039-T63ﬁ

- . ..

APPROVED BY DATE PREPARED FOR: COMPONENT/
DATE: . ) ASSEMBLY
: IDENT
PREPARED BY AUTHORIZED CLASSIFIER DATE
r 29
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PAGE _3 oF 8

REV. 2
o . AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM No. M-3B PAGE No. 3 pATE 6-22-70  \uqpryAL 7039
CONDITION T63 TEST DIRECTION Longitudinal & Circumferential
SPEC. NOS. FCRM  Midshell Forging
. DATA BASIS Category "A" : COMMENf 1/2-Hr Soak at Test Teamperature
- PROPERTY Tensile Ultimate Strength
TEMP LOTS/ _ - COMPUTED
°p HEATS N dar X K s VALUE
a 'ksi ks1i
300 2 85 65 53.8 2.781 | 1.44 49.8 - ’
200 2 85 65 60.6 | 2.781 | 2.74 53.0
j KT 2 85 65 65.3 2.781 2.16 59.3
‘ -100 2 | s 65 75.6 2.781 | 1.40 71.7
-320 2 85 65 90.8 2.781 | 1.40 86.9

BEITE 71 T

R I

R -

o * Sine
-

F A A B g

COMMENTS : Reference (1).

A-52
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REV. 2
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM NO. M-38 PAGE NO, 4 DATE -6-22-20 MATERIAL 7039
CONDITION T63 TEST DIRECTION Longitudinal & Circumferential
SPEC. NOS. FORM  Ring Forgings
_DATA BASIS Cate'sory "A" CIMMENT 1/2-Hr Soak at Test Eifperature
- PROPERTY Tensile Yield Strength
TEMP | LOTS/ _ COMPUTED
°F HEATS N df X K S VALUE
k ksi ksi
300 2 83 63 49.8. 2.789 1.40 45.9
200 2 83 63 54.1 2,789 2.55 47.0
RT 2 83 63 58.4 2.789 1.40 54.5
-100 2 83 63 65.9 2.789 - 1.40 61.0
=320 2 83 63 74.1 . 2.789 1.40 70.2
L
. i h
comaﬂors : Reference (1) .
A-53
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AERQINE-CrNERAL FUCLYAR ROCKLL QEINAYIONS

M-3B

it HO.

COLnITICL

am— p b

T63

'h"-'f

v
aah

PAGY W0,

TALS AND PROCESSES SECTION

DATA RELEASE

B

SPLC. NOS.

. DATA BASIS

DATL

TEST DIRNCTTO

FORY

6-~22-70

MATERTAL _

7039

Longitudinal & Circumferential

- uoa

Midshell Forging

‘Category "A"

Tensile Elongation

CXMMERYT 1/2-Hr Soak at Test Temperature

- FROPERTY
TENP | LUTS/ _ COMPLTFD |

°F HEATS B a4 X X s vaee |
S o Re: ke |
=

- oot

300
200
RT
-100
- =320

86
86
86
86
86

66
66
66
66
66

2.777
2.77i
2.777
2.777
2.777

1.965
1.05
1.26
1.45
1.26

10.¢

i
‘e
COMATNTS 2 Reference (1).
A-54
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YAGE 6. O 8 -
i 4 st e et it e 4 e et A 1 e 18, S N A P A——

ATROINT-GUELRAL RUCGLEAR ROCKET OPLRATLONS
¢

MATERLALS Ao PROCCSSSES SEOTION

DA RELPASE

vt o, __ M=3B_ - 1AGE KO, _ 6 DATE _6-22-70 MATERIAL _ 7039,

* et o ey

£S5l DIRECYNION Longitudinal & Circumferential

avean

-1

CounirIcy T63

FURM  Midshell Forging

OVLC. RCS.

COMMENT 100-Hr Soak at Test Tewperature

D.Th RASIS  Catejory "A"

“ PROPERTY Tensile Ultimate Strength

L T LN - ey R, o o, . " .
SN R LSNP 'ﬂ“)m"-‘}ﬁ'-&-:*&“g‘li\, e el v .
T L s . N

W1 .

&

»

TEMP 1018/ ) COMPUTED
°y REATS N X VALLD
o ksi _Ksi

!
=
»n

L]
|
t
i
!

- e ————

}

300 . 2 64 56 5
31 59.8 3,03 | 2.18 53.2 3
ig

43.4 2.822 1.4 39.4

200 2 54

COMILNTS Reference (2).

I e e



“a sam a0

0 ' ATROJET-Gu¥pl AL NUCLLAR ROURET OPERAITLNS

MATERVALS AND PRGrBSOES SEOTTON

DATA RELEASE

bivi w0,  M-3B PACE 0. __ 7 __ DAME _6222-70  MATERIAL 7039

— i orn g Soa.

-

CO.DLY IS 163 TAET DIRECITON Longitudinal & Circumferential

asamies LTS Pt gt rey- oy

SPEC. X0S. “ TORM  Midshell Forging

.DATA BASTs _ Catcgory "A" coMET 100-Hr Soak at Test Temperature

-t

. PPOPERTY Tensile Yield Strength

—

Tenp 1018/ COMPUTED
oy NEATS ] af X 4 S VALUE
ksi o Ksi

as s smsmemecmes poemo - - — gt

300 2 63 55 38.7 2.827 1.58 34.2
200 o2 63 - 35 353.6 2.827 2.27 48.%

[
L]
hali 3
‘e
L

@

COMMENTS ¢ Reference (2).

O A W S a—— - S .
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PAGE 5 OF 8
........ RTINS .1 A, 255 J
‘ | ©ALBOJET GIMIRAL LUCLEAR ROCELT GPERALIONS
' HATTRIALS 25D PROCESSES SHCLIUN
) LATA RELEASK
Did e, M-3B 0 pAGk WO, 8 . baTh __6-22-70  MATERIAL 7039
CORBI1LON T63 TEST DIRLCTION Longitudinal & Circumferential
SPEC. MOS. ' FOM  Midshell Forging
.DATA BASYS __ Category "A" CO:MENT _100-Hr Soak at Test Temperature
. PROPERTY Tensile Elongation i
- 2
TEMP Lots/ DIRECI - ) ; (.3;:::*:1_1‘?;39 !
3 HFATS |TION |H a¢ 3 4 ALUL
N s L o%e ' k.e. |

- or o wn mna

300 2 Long |16 15 25.3 3.464 3.13 | 14.5
300 Circ. |16 15 25.6 3.464 3.02 15.1

200 Long {16 15 17.4 3.464 1.17 13.3

NN

200 Cire. |16 15 16.8 3.464 1.20 1.0

COMMENTS ¢ Reference (2),

Coewmas e A L oe e )ty vene e e ¢ e
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DATA RELEASE MEMORANDUM

NRO MATERIALS AND PROCESSES STAFF

DRM . Lo : . DRM NO.
.TYPE: AEROJET-GENLRAL CORTORATION .

SACRAMENTO, CALIFORSNIA

. heats were used. The chemical analysis of the three heats was similar with

- the grain size of one pancake. Whereas one heat had a grain size of five and

. permitted tne use of a smaller one-sided tolerance k factor.

Each pancake was forged from a different heat of material and initially threce

REV, NO. ’
SHEET 1 _OF 5 1 %
.
SUBJECT: . DESIGN ALLOWABLES FOR DATE: 6-25-70 1%
INCONEL 718 HEAT TREAT B ‘ Fl
1. SCOPE: oo S 4
The design allowables for the following tensile properties for Inconel i
718 alloy forging, heat treat B, are attached: :

Tensile Ultimate Strength .

Tensile Yield Strength
Elongation 2
2. TEST MATERIAL: ;
Three heats of material conforming to AGC Specification 90093A were foried %
by Coulter Steel and Forge Company to produce an 8-inch diameter by 2-1/2-i:. 3
thick pancake. .ifter forging, the pancakes were sandblasted and heat treat:d B
in accordance wich AGu Specification 46604, which consisted of solution

annealing at 1950°F and double aging. 4
. . - !i
3. DATA ANALYS1S: . .o . - -3
. _ ; : _ 1
Data analysis was limited to one group of bancakes from one forging source. 'g

reasonably similar Ti-Al ratios. ~The primary difference among the heats wa:s

finer (HT 90301), the remaining two heats had grain sizes of four and coarser.
The fine grain size was reflected in higher strengths and ductility. The.

heat with the fine grain size represented a heat with unusual processing wh:ch
would tend to bias the allowables upward. To simplify the analysis and elininate
the bias, thls heat was not included in the aralysis.

The between-lot means for tensile and yield étrengths at all temperatures
were homogeneous for the two heats analyzed. The within-lots variance for all
temperatures (RT, -320, and -423°F) was homogeneous, and this variance was used
to calculate the allowables because the greater number of degrees of freedom

APPROVED BY DATE . PREPARED FOR: COMPONENT/
DATE: E B“W/ L }&'Mﬁcw ASSEMBLY T’Pﬂ
IDE -
DENT Vbt
AUTHORIZED CLASSIFIER DATE
L,L(F 25 JZ»-( v T
b e e CAaR . ‘

TR e v e
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MDATA RELEASE MEMORALDUY

NRO MATERIALS AND PROCESSES STAFF

DRM . . DRM NO,
_TYPE: AEROJET-GENERAL CORPORATION M-1B
SACRAMENTO, CALIFORIA REV. o
SHEET _2 OF _35 1
SUBJECT: . DESIGN ALLOWABLES FOR DATE: 6-25-70
INCONEL 718 HEAT TREAT B '
4., CONCLUSIONS: R B -G

The data are classified category "A" in accordance with TD 69-27. This

DRM supersedes DRM 1B, Rev. 0, dated 2-4-79.

5. REFERENCES:

‘(1) Metallurgical Report for AGC P.0. Nc. Gl06220, Coulter Steel

and Fo::ge Company, Emeryville, California, 27 May 1969.

(2) 1970 Third Quarter Report, NERVA Materials Developments

APPROVED BY DATE PREPARED FOR: COMPOMNENT/
DATE: ASSEMBLY
IDENT
PREPARED BY AUTHORIZED CLASSIFIER DATE 3
R ot 8 e * } u-ww«m - ool o "




4 v ex

% ' [ LY
i ‘ . ' | PAGE 3 OF 5_
- . (S .
z REV. 1
: ﬁ . AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
' . MATERIALS AND PROCESSES SECTION
: DATA RELEASE
DRM NO. _M-1B PAGE No. __3 DATE __ 6-25-70  MATERIAL _ 718
CONDITION Heat Treat B TEST DIRECTION
SPEC. NOS. . " FORM Pancake Forging
. DATA BASIS Category "A" COMMENT < 2.5 in. thickness
g - PROPERTY Tenzile Ultimate Strength, Fr“
' TEMP LOTS/ - COMPUTED
°F HEATS N df X K S VALUZ
) ksi
B -423 2 10 18 255 3.33 2.71 246
-320 | .. 2 10 18 236 . 3.33 1.95 229
RT 2 . 4 18 182 3.33 1.95 175
-kﬁ
‘ .CMM_S.“ . References (1) and (2). .
o A—6.° B " B 'n ‘; |
TR e : Woow R ok Mo e - e T o T N
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- - , ' PAGE 4 _OF 5 .
& [ ]
REV. 1
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS .
. MATERIALS AND PROCESSES SECTION - 7
.. ' o
. : DATA RELEASE *
DRM NO. __ M-iB PAGE NO. __ 4 DATE _6-25-70  MATERIAL _ 718 ;
CONDITION  Heat Treat B TEST DIRECTION Tangential
SPEC. NOS. ForM Pancake Forging 4
. ?
. DATA BASIS Category "A" ' COMMENT < 2.5 in. thickness
P - ?
. . ¢ $
. PROPERTY Tensile Yield Strength, Ftv %
3
TEMP LoTS/ . o COMPUZED 5
°F HEATS N -af X K s VALYE i
- . ksi 5":
g
: 3
- =423 2 .10 18 188 3.33 2.25 180 "_
-320 | " 2 10 - 18 181 | 3.33 2.25 173
RT 2 4 18 157 3.33 2.25 | 149 >
O,
COMMENTS ¢ References (1) and (2) 5
Y R
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PAGE 5 oF 3

$t REV. 1
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERTIALS AND PROCESSES SECTION
DATA RELEASE
DRM NO.  M-1B PAGE NO. 5 DATE 6-25-70 MATERIAL 718
CONDITION ___ Heat Treat B TEST DIRECTION Tangential
SPEC. NOS. FORM Pancake Forging
.DATA BASIS  Catezory "A" COMMENT < 2.5 in. thickness
» PROPERTY Elongation, % (e) .
TEMP LOTS/ _ COMPU7TED
oy HEATS N af X K S VALUE
' - z
~423 2 4 18 29 3.33 1.74 23
~320 2 10 18 28 3.33 1.74 22
_RT 2 10 18 22 3.33 1.74 16
- 6‘ ¢
2 L
.1..
COMMENTS ¢ References (1) and (2). -
A-62 .
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NRO MATERIALS AND PROCESSES STAFF B

DRM - . DRM NO. -

TYPE: AEROJET-GLNERAL CORPORATION M-8" .

) 7 J

RAMBITO, CALIFORNIA 5

‘: SAFRAH wi0, v REV. NO. 2

Se _?.

, SHEET 1 OF 4 1 #

SUBJECT: RADIATIVE PROPERTIES OF ALUMINUM ALLOY 2024 DATE: 6-16-70 4

: 4

4

' ;

1. SCOPE: T R A '

The following radiative properties for 2024 aluminum alloy are attached: ?

Solar Absorptance %

Tota] Hemispherical Emittance - : B

2, TEST MATERIAL:

) . . ¥

) Surface conditions for the data are as indicated on the attached data ]

sheets. Values represent base material only. %

3. DATA ANALYSIS: :

The radiative properties of metals are extremely sensitive to surface é

condition. The values for ¢ and ag can range considerably depending on the -

degree of cleanliness and smoothness of the surface. The range for each 3

- . property is primarily the uncertainty associated with the efficiency of 'the- . "o
"tleaning process and variability of the blasting process to roughen the o % -

surface. Thermal radiant energy ratios are based on maximum and minimum o ¥

combinations for transfer of radiant energy.

48 e
I

<

4. CONCLUSIONS:

The range of values listed for each property encompasses the uncertainties
associated with the factors influencing their absolute value. Since the surface
conditions are for base material, no £urther degradation is expected from
exposure to vac or radiation.

i

APPROVLD BY DATE PREPARED FOR: | . = COMPONENT/ 3
& l DATE: g S_m“\“"l ‘ ASSCM3LY TLJL"
f Lo\ JGrteore é/i\/h i SIU{I""
j ARED BY AUTHORIZED CLASSIFIER DATE :
y / ) . ot S s
éitel! 9 7«‘(/2“1// L 25307
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AVROJE T-CVNERAL NUCLEAR ROUKLY OPLRATIONS

RIAPS S50 PROCLESES SECTION

DATA RELEASE

-
=
5.
e
.o
-
v
4
<
-
1%&&%&1{%&- !% <

e T
mino. M8  pacEwo. __ 2 DATE 6-16-70  MATERI.L _ 2024

coxprtroi  Base Materfal = " "' T gpén pinperrow - |
e A ' Fory Wrought -
SPEC. KOS. - b . 5
 DATA BASIS jo Category Required ' COMRERT . ;
' Solar Absorptance, a '
<+ PROPERTY s . .
: :
3
4
TEMP S ' : - : ¥
°p . SURFACH CONDITION MIN. . MAX. §
— : . 3
— — . %
As Receiled .18 . . ' .30 5
Cleaned , T .18 44 b
Mechanichlly Polishied and Deghleased .18 .40
Sandblasged (1 F mdsh SiC at 18 inches) .50 .70
Values rppresent wdrse conditilons with no} further donservatidm
required| for degradation in space,
.

\
)

' Thermal Radiative Countrol Surfaces for Spacecraft, R. E. Gaumer and L. A. McKellar,
LMSD~704104, March 1961. : :

' A-64
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e e semeas s e s REV, 1 e,
AVROJET-CUHLRAL NUCLEAR ROCKLT QPERATIONS
. ' MATLRIALS 2N PROCHSSES SECTION
- T DATA RELEASE -
wino., M8 pAGE MO, 3 pATE . 6-16-70  waTegysy, 2024
cosprTio;  base Materlal " TEST DiRUCTION | -
SPEC. YOS, FOR: Wrought
No Category Required ) e
. DATA BASIS gory 7ed COMMENT
Total Hemispherical Emittance; &
PROPERTY : v
LENP _ T {
°F SURFACE } CONDITION MIN, - MAX.
As Receited .-
—60 e .02 006
40 * . .02 . . 006
140 .02 .06
Cleaned
-60 003 011
40 .03 .12
140 .03 <12
Mechanic4lly Polishpd and Degréased
60 .03 .11
40 .03 «12
140 .03 012
Sandblasfed with 1F{mesh SiC af 18 inches| -
-60 .20 40
40 «20 o4l
140 | +20 41
Values rppresent forse condifions with ho further donservatipm requirced for
degradatjion in sp%ce. ) ;

Thermal Radiative Control Surfaces for Spacecraft, R. E. Gaumer and L. A. McKellar,

LMSD 704104, 1961.

A-65
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PAGL 4_ uF _4
REV. 1

vonme eam

AVROJET-CUHERAL NUCLEAR ROCRLT OPLRATIONS

. ' CMATIRIAIS AN PROCLSIES SRCTION
e DATA RELDASE
o xo. _ M-8 PASENO. % parg _6-16-70
COprTIO; Base Materlal™ ™™ ™ 7T T g pyanenyon

MATERTAL _ 2024

SPIIC. XO0S. ) ) FOoRrM

Wrought

No Category Required

- DATA BASIS COMMENT

Thermal Radiant I-snergy Ratio, 'as-le '

PROPERTY .
YRMP g . - ;
op -] surFACE | coNDITION — AX.
As ReceiVed ) 3 15
Cleaned _ 1.5 15
Mechanichlly PolisHed and Degheased 1.5 13
Sandblasted with 1H mesh SiC gt 18 inches| 1.2 3.5

Values 'épresent borse condiftions with jno further fonservati
degradation in sp#ce.

sm requiregd for

%o




"o DATA RELEASE MEMORANDUM
P NRO MATERIALS AND PROCESSES STAFF
o DRM L . : : DRM NO.
: TYPE: AEROJET-GENERAL CORPORATION M-32
. . " . . -.1' ;A:l

. N LIFORNTA

ﬁ_ SACRAMESTO, CALIFORG V. Mo
- SHEET 1 OF _9 0
L.
i

SUBJECT: Design Allowables For Bronze Bearing Alloys DATE: +15-70

s

At

TN

1. SCOPE: SeTtmEey e L& fo e T e

The design allowable for three grades of a bearing metal of the nominal
composition 707 Cu~tin~lead are attacned

2. TEST MATERIAL
Test data for this material were obtained from the literathre.

" 3. DATA ANALYSIS

IRIT IR A (o NN,

Technical data for bearings of this composition were reviewed and
. .conservative estimate of allowable property limits were established. The:
oLt " tensile properties were set at 807 of average; coefficient of friction was
. - " d{acreased approximately 50% to allow for environmental effects (atmosphere

¢ . . and temperature); variability limits were set for the reported thermal
& - .and physical properties. - . -

oo e e 1
PR

1:_,;4‘. CONCLUSIONS . ... . ... O

. The data are rated category e, a conservative estimate of design
. allowables. : '

i

g
o / '
k4 - '
L

: Armovan BY DATE PREPARED FOR: < T g COMPONENT/ ~ © ::=
; ¢ ‘] /) DATE: ‘,'1’ PeYBHL ] AssENpLY b
= ‘ /pw' vope. Yl ety . IDENT

- /PREPARED BY -7 AUTHORIZED CLASSIFIER DATE

' ' ﬂ % 17 Ju %

T
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K ' . . PAGE _2 OF _3J
¥ - ' ! REV. 0
% —
.£ .. AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION .
) o DATA RELEASE
prM No. _ M732 PACE NO, 2 pate /71570 yuqpryay, Bearings
CONDITION Cast 5+'ST DIRECTION -
- SPEC. NOS. - FORM -
' Grade B-4 - 707 Cu - 47 Sn - 267 b
, Grade B-8 ~ 70% Cu - 8% Sn - 22% P%
. DATA BASIS Category C - COMMENT Grade B-10 - 70% Cu - 10% Sn - 20%
- _ Pb
. ' - PROPERTY Coefficient of Frictionm, u'
TEMP : C _ : COMPUTED .
°F GRADE N N, X K . S VALUE
RT B~4 S T o .20
B-8 | . ' : S .22
" 'B-10 . o . ’ . *..25
3 .
¥ -
4“;‘2 »
9 A
’, ‘-
%q .
: . -
2 COMMENTS:  Data Sheet, "Mechanical Properties of Bearium Metal," T
_— Bearium Metals Corporation, Rochester, vew York, undated.’ ,
} t e ) -
’ ) A-68 )
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AEROJET~-GENERAL NUCLEAR ROCKET OPERATIONS
- MATERIALS AND PROCESSES SECTION

DATA RELEASE

.
.

DRM NO. M=5a P.GE NO. 3 DATE  7-15-70  MATERIAL Bearings
CONDITION  Cast : TEST DIRECTION -
GRADE: B-4 - 70% Cu = 4% Sn - 26%Z Pb
. B~8 - 70% Cu - 8% Sn - 22% Pb
SPEC. NOS. - B-10 - 70% Cu - 10% Sn_- 20% Fb
. DATA BASIS _Category C COMMENT -
* PROPERTY Tensile Ultimaf:e Strength, F_
TEMP : . _ COMPUTED
°F GRADE N N X K S VALUE
) e ksi
RT  B~4 17
B-8 19
B-10 21
:1.. .
COMMENTS : ‘Data Sheet, ‘Mechanical Properties oZ Bearium Mctal," .
——— Bearium Metals Corporation, Rochester, New York, --adated. -
. " A-69 e o
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Bearium Metals Corporation, Rochester, New York, undated. °

A-70

. pacE 4 or 9
E REV. 0
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTTON
" DATA RELEASE
DRM NO. M-32  paGE NO. 4 PATE 7-15-70  marpgral Bearings
CONDITION  Cast TEST DIRECTION -
GRADE: B-4 - 70%Z Cu - 4% Sn ~ 26% Pb
: B-8 - 706% Cu - 8% Sn - 22% Pb
SPEC. NOS. ~ B~10 - 70% Cu - 10% Sn - 20% Pb
. DATA BASIS Category C COMMENT -
- PROPERTY Tensile Yield S‘trength, .Fty
TEMP _ _ COMPUTED
°F AT K N X K S 'VALUE
GRADL . e ] ksi
RT B=4 8
B-8 10
B-10 13
COMMENTS : Data Sheet, "Mechanical Properties of Bearium fetal," -
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- REV. 0

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION

. DATA RELEASE

- * .

DRM No. M<32 ' PAGE NO. ____ 5 DATE _ 7.15-7c  MATERIAL Bearings
conprTION _ Cast TEST DIRECTION -
. GRADE: B-4 - 70% Cu - 4% Sn - 26% Pb
. B-§ -~ 7u% Cu - 8% Sn - 22% Pb
SPEC, NOS. B=12 = 720 Cu = 10% Sn - 20% Pb
v .
. DATA -BASIS Category C COMMENT -
-- PROPERTY Elongation,?
TEMP e o . COMPUTED
o ) . _ :
F | crabe’ N |- W X K s VI;LUE
RT B-4 ‘ : 12
B-8 o : : . : 8
B-10 ' i | 6
. .
COMMENTS: Data Sheet, "Mechanical Properties of Bearium Metal," i
==  Bearium Metals Corporation, Rochester, .New York, undated.
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! ' REV. 0

%

: AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

% .
; . MATERIALS AND PROCESSES SECTION
: ) """ . . DATA RELEASE
z ] ) . »
§ . . . . .
} DRM NO. __ M-32 ' PAGE NO. __6 DATE ___ 7-15-70 MATERIAL _Bearings
4 . . . . _ %
CONDITION _ Cast TEST DIRECTION __ -
GRADE: B-4 - 70% Cu - 4% Sn - 267 Pb

. B-8 ~.70% Cu - 8% Sn - 22% Pb
I SPEC. NOS. _—_ - B-10 - 70% Cu - 10% Sn - 20% Pb
g, . DATA BASIS Category C -~ COMMENT Uncertainty, -5% +20%
¥ ' ‘

-- PROPERTY  Modulus of Elasticity, E .-

P A

. TEMP _ . _ COMPUTED s
°p | GRADE N N X K s VALUE
. e X 106 4
RT' B-4 : SRR , ] 10 g
B8 | ' ~ | 10
510 IS AR IR B B 10
. .
Ay
g -
;
¥ .
4
: ‘ MENTC e Data Sheet, "Mecnanical Properties of Bearium Metal," .o »355,
& COMMENTS:  poarium Metals Corporatior, Rochester, New York, undated. ) #
st ) R . K ’ . ! . ) ' * A‘:";
A . . - .%:y
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AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

Ix}

. DATA RELEASE

DRM No. _ M-=32 PAGE NO. _7_ DATE _7-15-70  marpRial _Bearings
CONDITION _ Cast _ TEST DIRECTION -
| GRADE; B~4 - 70% Cu - 4% Sn ~ 267 Pb
' B~8 - 70% Cu - 8% Sn - 22% Pb
SPEC. NOS.

-

. DATA BASIS _cCategory C

- B-10 - 70% Cu - 10Z San - 20Z% Pb

COMMENT Uncertainty + 10%

- PROPERTY __ Modulus of Rigidity, G
TEMP o - . _ - COMPUTED
°F | GRADE N | N X K S VALUE

< e . A
) - psi x 10

. B-8 3.3

B-10 3.7

“.

COMMENTS :

‘Data Sheet, '"Mechanical Properties of Bearium Metal,"

Bearium Metals Corporation, Rochester, New York, undated.
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4 .

REV. O

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

uATERIALS AND PROCESSES SECTION

DATA RELEASE

Y

PAGE NO. 8 DATE 7-15-70

MATERIAL _Bearings

DRM NO. M-32
CONDITION TEST DIRECTION _ -
. : GRADE: B-4 -~ 70% Cu - &% Sn - 267 Fb
. _B-8 -.70% Cu ~ 8% Sn - 22% Pb
SPEC. NOS. - TYE=19 ~ 70% Cu - 10% Sn - 20% Pb
. DATA ‘BASIS Category C " COMENT Uncertainty + 5%
" -* PROPERTY Density
TEMP , e ' _ COMPUTED
°F GRADE ! N N X K s VALUE
- e : 1bs/in
RT B-4 .334
A
' COMMENTS: Data Sheet, '"Mechanical Properties of Bearium Metal," -

Bearium Metals Corporation, Rochester, New York, undated. - '
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PAGE 9 OF 9__

REV. O

- PROPERTY

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

DATA RELEASE
DRM NO. M-32 PAGE NOo. 2 DATE 7-15-70  MATERIAL Bearings
coNpITION Cast TEST DIRECTION -
: GRADE: B-4 - 70% Cu - 4% Sn - 26% Pb
- _B-8 --70% Cu ~ 8% Sn - 22% Pb
SPEC. NOS. B=10 - 70% Cu - 10% Sn = 20% Pb_
Category C

. DATA BASIS

Coefficient of Linear Thermal Expansion’

coMMENT Uncertainty + 15%

TEMP B _ COMPUTED -
* N, X. s VALUE
) e in/in/°F x
=115% » il.O
-330 8.7
*From RY to tempefature indjcated.
.
COMMENTS : Data Sheet, '"Mechanical Properties of Bearium Metal," -

Bearium Metals Corporation, Rochester, New York, undated.
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NRO MATERIALS AND PROCESSES STAFF

DRM . : DRM NO.
“TYPE: AEROJET-GENLRAL CORPORATION _ V1n
* « . B . R Y .- -—_——‘\ ‘r.
SACRAMEKTO, CALIFORNIA :ggfbsngT #1
SHEET _1 OF 4 1
SUBJECT: FRACTURE TOUGHNESS OF ALLOY 718 FORGING DATE:  7.15-70

1. SCOPE: TR - =

Cryogenic (LHj) fracture toughness data for alloy 718 were analyzed to
_develop minimum design allowable values for 95% confidence with 99% reliability.
This revision supplements DRM M-1B, dated 1-19-70.

2, TEST MATERIAL:

Alloy 718 material (1950°F/1350°F and 1200°F) from a l4-in. diameter by
"6-in. high pancake forging produced by Viking Metallurzical Corporation and
a second heat from a 13-in. diameter by 3-in. high pancake forging produced
‘by West Coast Forge, Division of Whittaker Corporation, were tested. Wedge
opening loaded (WOL) type specimens l-in. thick were stressed in the
circumferential direction, and the cracks were orlented in the radial
. direction.

3. DATA ANALYSIS:

For a valid fracture toughness test, “the requlrement ex1sts that the
thickness be equal to or greater-than 2.5 (K /yield strength) y Where KQ is
a provisional value of Kj,. The specimens tested were fabricated 1l-in.
thick because the extremely good fracture toughness of the alloy was uader-
estimated. To obtain valid K values, specimen thickness should have been

- approximately 1.5 in. thick. ﬁlthough the test values did not meet the
" thickness requlrement, flat fractures were obtained indicative of plane- .
strain conditions,

Test data were statistically analyzed to obtain minimum design allowable
for 997 reliability with 95% confidence. Box's modification of the Bartlett's
test and the one-way analysis of variance were used to evaluate homogeneity

" of data and establish the heat-to-heat and within-heat variability.

The within-lot variability from the two heats was heterogeneous at the
90% significance level, and the means were homogeneous at the 867 level.
Since the heat-to-heat variability was high, two values were calculated.
One value was computed using the overall mean and N-1 degrees of freedom;
the second and smaller value was computed using the combined within~lot and
among-lot variances and computing the degrees of freedom using Satterthwaite's
approximation. The lower value is a more conservative evaluation of the
fracture toughness characteristics of this alloy.
APPROVED BY DATE PREPARED FOR: B wn e g se COMPONENT/ f;}

DATE: fooomimb e ST L asseMBLY
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AUTHORIZED CLASSIFLER DATE
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DATA RLLEADE MNLIUKAGDUG

NRO MATERIALS AND PROCESSES STAFF

DRM e . DRM NO.
TYPE: AEROJET-GENLERAL CORPORATION M-1B
' ‘. . ’ L ' —————
SACRAMERTO, CALIFORKIA ;ggngg%NT #1
SHEET 2 OF 4 1
SUBJECT: FRACTURE TOUGHNESS OF ALLOY 718 FORGING DATE: 7-15-70

Using tue minimum allowable fracturc tonghness and~yield stréngth values
at -423°F, critical crack sizes were calculated using the following formulas:

' a e
For interxrnal flaws LJ = ,318 -
cr

\Q . 02

2

' {a Xi¢
- For surface flaws PJ = ,263 >
. , LQ cr o

Kq values were used in lieu of Ky, values. Flaw shape parameter (Q) -
af2c ratio relationship as developed by Tiffany were used. For these
calculations, the o/o__ ratio was assumed to be 1, the most severe condition.
In all instances, the’critical crack size exceeded the defect size that can .
be detected by NDT inspection techniques. ‘ :

The material is ‘classified ductile at temperatures as low as ~423°F.

-

4. . CONCLUSIONS:

Although the fracture toughness values (Kg) did not meet the rigorous
ASTM standards, the data can be utilized in establishing .the crack propaga-
tion characteristics of this alloy at LH2 temperatures. Kq values are
- lower than Ky., and determination of valid Ky, values will not aftecc the
conclusions reached by these data.. The data are classified category "AT
thougn only K. values were determlned.

Q
5. REFEREJCE:

-

Materials Memo 70-161, P. P. Dessau to W. E, Campbell, Squect: LH

Fracture Tougnness of Alloy 718, dated 27 April 1970, 2

APPROVED BY DATE PREPARED FOR: COMPONENT/
DATE: ASSEMBLY
IDENT
PREPARED BY AUTHORIZED CLASEIFIER DATE
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PAGE 3 oOF %
REV. 1, SurP. 1

AFROJET-GENERAL NUCLEAR ROCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

\

DATA RELEASE 4

: v

DRM No. _ M=1E PAGE NO. 3 pATE 7-15-70
1950°F Solution Treated '

conprroy __ Double Aged 1350°F/1200°F yegy prrecTIoN C-R
SPEC. Nos.  AGC 90172-2 ' ' FORM Forging
.DATA BAsIs  Category "A" ' COMMENT -
-- PROPERTY Fracture Toughness, KQ
Ko
TEMP LoTs/ . — ' COMPUTED
°F HEATS- N ldaf N X K s VALUE
€ ) psi vin.
=423 2 13 |12 157,3 3.659 6.75 132

w423 |2 13 7 '157.3 | 4.354

l~in.{thick specimen.

7.07 127

P TN

COMMENTS:

b\wmmwyz
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PAGE

4 or 4

-

REV. 1‘?_~§'Upp, i

DRM NO.

. CONDITION

SPEC. NOS.

ar~e

BN LVTY N 1Y

M-1B

Heat.Tréét h_

ATROJET-CTHERAL NUCLEAR ROCKLT OPLRATIONS
. - MATIRIAL S A% PROCLESES SLCTION
S e - D.'.\TA RELEASE

PAGT NO, 4 DATE _7-15-70 _

" FEST DIRLCTION

- e . aen

MATERIZL Alloy 718

C-R

BASIS

FORM

Category

fat )
A COMMERT

Critical Cracklsize

- PROPERTY .
. FLAW SURFACE CRACKS INTERVAL CRACKS | . .
3. E..".IP SHAPE ] ) '
¥ PARAM.. a in, 2¢, in. 2a, in. 2¢, in. .
R Q] | e
~423 .9 111 1.11 .26 | 1.33
1,41 .173 .576 418 .696
2.2 271 542 .652 652
\‘ .‘

A-79




DATA RELEAbLL MEMUKANDUM
NRO MATERIALS AND PROCESSES STAFF
VRM X ' ' . DRM NO.
_TYPE: AEROJET-GENZRAL CORPORATION M-3D
. . .- . . “‘f‘ - - PaE—————eSS——
SACRAMEGTO, CALIFORKIA SUPPLEMENT #1
REV. KO.
" SHEET _1 oOF 2
SUBJECT: FRACTURE TOUGHNESS OF ALUMINUM ALLOY D! IRz 7-16~70

7039-T63 FORGING

1. SCOPE: ' N M T : * -'éf' LOEI
Fracture toughness and critical flaw sizes allowed for aluminum alloy

7039-T63 forging are attached. This supplements DRM M-3B, Rev. 2, dated

6-2 4-70 . .. : .

2. TEST MATERIAL: ' Co : .

One subscale (Heat AA) external ring forging was tested to determine its
fracture toughness. The material was tested in foui sgpecimen groups at room
temperature and two specimen groups at -320°F. Giouping of specimens was made
on the basis of thickness. The specimen used was the WOL type with thickness
varying from .40 to 1.12 inches. Specimen orientation was arranged that the .
load axis was in the circumferential directicn, while the crack was orientated
in the axial direction of the forging to simulate the h00p stress direction .
of the pre55ure vessel. application. - ] L ’ -

3. DATA ANALYSIS :

LY

. Data from one group of specimens tested at RT (. 40— 50 thick) ‘were 1nvalid :

" because the thickness was not sufficient to meet the required criterion of

I ) 2 .
- K .
- 9
B = 2.5 (YS .
uherg B = Thickness, in.

Kg = Provisional value of fracturﬂ toughness
Y Yield strength

~Data from thic group were rot included in the analysi= The remaining three

groups covered the thickness ranze from .62 to 1.12 and fulfilled the ASTM
criteria for acceptable fracture toughness data. These groups, although from
one heat, Jere found to be heterogeneocus in means but homogeneous 1a variance
within groups. Satterthwaite's approximation yielded an Ne of 3, which was
considered too small for use in calculating realistic fracture toughness ‘
allowablz2s. This required the method developed Lty Layard [Ret. rence (c)]) '
to determine the 99/95 allowables at room_ temperature. The variance amr
g ps (60) was estimated te be 8 ksi in.Y/2 uhich vas approximately 2 k«*
. above and below the hizhest and lowest mean calculated from the tast data.

APPROVED BY DATE PREPARED FOR: _ -, . .. |COMPONENT/ ', : . 1
) $a ‘:L..,b,‘ [-""-‘ ¢ Y. | B &
- .| DATE: ' R ASSENBLY o
/ \ . ‘. F) . \e ey oy’ 3.
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NRO MATERIALS AND PROCISSES STAFF

7039-T63 FORGING

DRM . . . DRM NO.
“TYPE: AEROJET-GENERAL CORPORATION Mo3D
- i e
SACRAMERTO, C: ; SUPPLLIE,
“ SHEET 2_ OF 5 2
SUBJECT: FRACTURE TOUGHNESS OF ALUMINUM ALLOY DATE: 7-16-70

the allowable at -320°F.

. The same variances as calculated for room tempelature were used to establish

Using the minimum allowable fracture toughness values and yield strengths
at room temperature and -320°F, critlcal crack sizes were casiculated, using
the following formulas:

Fpr Int aal Flaws

For Surface Flaws

a N\
—— = .3i8
{ QJer
f 5 )
1-a_ = ,263
L Q)

cr

Flaw shape parameter -a/2c ratio relationships, as deveiosped by Tiffany,

were used.

most severe cundition.

For these calculations, the o/oyg ratio was assumed to be 1, the
.In all instances, the area of the crack thar can
" be tolerated exceeded the defect size that can be detected by NDT teczuiniques
- (ultrasonic for internal defects, dye penetrant ror surface defects).
Aluminum alloys are required to meet the quality level of AGC Standard 9014-11.°

Class 11 internal defects arc those equivalent to a 5/64-in. diameter flat-

bottom hoie; the area of this allowable defect is .005 square in.

The most

critical are the surface critical crack sizes (calculated on the basis of

~320°F data) whose areas
by AGC Standard 9014-11.

are only slightly greater than the defects a. owed
Although the critical crack sizes listed exceed

the detectable defects, no allowance is made for crack growth by fatigue or

stress corrosion.

4. CONCLUSIONS;

Because only one heat was tested and among-group variance was estimated,
the data are classified category "C" in acc rdance with SKPO-C direc.ives.
The critical flaw sizes are greater than the minimum allowable detectable
defects, and the material is considered ductile when stressed circumferentially
with flaw orientated in the axial darection.

AFPPROVED BY

DATE PREPARED . w3
DATE:

COMPONENT/
ASSEMRLY
IDELT

PREPARED BY

AUTHORIZED CLASSIFIER

DATE
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' DATA RELEASE MEMORALDUM
NRO MATERIALS AND PROCESSES STAFF
DRM . - DRM NO.
.TYPE: AEROJET~GENERAL CORPORATION Mo3B
SACRAMENTO, CALIFORWIA SUPPLEMENT 11
SHEET 3 oOF 5 2
SUBJECT: FRACTURE TOUGHNESS OF ALUMINUM ALLOY DATE: 7-16-70
7039-T63 FORGING .
5. REFERENCES: SeT e to T TRt
{a) Third Quarterly Report, Contract Year 1970 NERVA Materials
Developments, S131-PR3.
. (b)‘ Memorandum 7732:ML 70-219, G. F. Mader to L. C. Corrington,
Subject: "Interpretation of Technical Dlrectlve SNPO-C 69-28,"
dated 7 July 1970
(¢c) Memorandum, M. W. Layard to C. W. funk, "Adjusted Design
_ Allowable Values," dated 1 July 1970. ' ‘
’ ft(d) Campbell, J. E., Plane Strain Fracture Toughness for Selected
. - "Metals and Alloys, DMIC Report $—28, June 1969..
APPROVED BY DATE PREPARED FOR: COMPONENT/
: DATE: ASSEMBLY
| IDENT

PREPARED BY . AUTHORIZED CLASSIFIER DATE
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. DATA BASIS

* PROPERTY

. WY A hig

-
-

e Ao
D Wiohwe

COSDITION

M-3B

© T63

AYROJET-CHSERAL NUCLEAR ROCKLC OPERATIONS

HATURLAL R A5 PROCHESES SECTION

DATA RELEASE

PAGE NO. ___ '

TES™ DIRECTION

MATERIAL, 7039

C~-A

SPEC. NOS.

- - FORM

Ring Forging

C te llCll
ategory COMMENT

Fracture-Toughness

°F

L0TS/

HEATS

COMPUTED

W

VALUE
ksi vin.

R R

RT

=320

13 36.5 2.336 '1.33§|3.48

8 .| 30.1 .R.336] 1.33]|3.48

1.01

1.01

29.9

23.5

A-83




AFROJET-CYNNRAL NUCLEAR ROUKLUT OPLZRNVITONS

e T L T Ry e )

PAGE _ 5 GF 5 __
REV . 2, SUPP. 1.

MATURIAL R D PROCLERNS SICTION

DATA RELEASE

oo ng, M3B PAGE NO. 5 DATE _ 7-16-70  mpTeRizn 7039
CONDITION 763 TEST DIRECTION Cc-A
SPEC. NOS - FORM Ring Forging
L1 Py 1]
. DATA BASIS Category "C COMMENT
Critical Crack Size
-+ PROPERTY
N FLAW
TEMP SHAPE SURFACE | CRACKS INTERNAL | CRACKS '
[ F PARAM ¢ " "
" Q a, in. 2¢c, in. t,," 2a, in. | 2c, in, t. B
RT .9 .071 C.713 .172 .860
1.41 112 .374 .270 <450

=320

2.2

1.41

2.2

.174

.0266
.0416

.065

174

.266
.1386

.065

422

.064
.100

.156

422

.168

.156

A-84
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DATA RELEASE MEMORALDUM

NRO MATERIALS AND PROCESSLES STAFF

DRM . . DRM NO.
TYPE: AEROJET-GLNLERAL CORPOKATION MedB
MESTO, CALTFORNIA
SACRAMENTO, R REV. To.
'SHEET 1 OF 5 0
SUBJECT: TENSILE DESIGN ALLOWABLES FOR DATE: 7-17-70

TX 5AL-2.5SN ELI RING FORGINGS

1. SCOPE: S Lo el R

Data furnished by WANL and {rom an Aerojet test program were analyzed
to deyelop minimum design allowable values for the following mechanical
properties: :

Tensile Ultimate Strength
Tensile Yield Strength )
Tensile Elongation

2. TEST MATERIALS;
Ring Forgings, annealed, 40-in. diameter x 3-in. thick x 5-in. long.
" Purchased to WANL PDS 30028-1. Data from 23 heats were reported for tensile

ultimste strength, 22 he ts for yield strength, and 24 heats for tensile
elongation. ) : C

3. DATA ANALYSIS:_ ' . S T

L.

Test data were statistically analyzed to obtain minimum design allowables
for 997 reliability with 95% confidence. Box's modification of the Bartlett's
test and the one-way analysis of variance were used to evaluate homogeneity

of data and establish the heat-to~heat and w1Lh1n—heat varloblllty
" Tensile ultimate strength data from 23 heats tested at RT and -320°F
were used to estimate the within-lot variarnce and to test for homogeneity.
The within-group variances were homogeneous, but the means were heterogeneous.
The degrees of freedom were computed using the N effective method.

Tensile yield strength data from 22 heats tested at RT and -320°F were
"used to estimate the within lot variance and to test for homogeneity. The
within~group variances were homogeneous, but the means weve heterogeneous.
The degrees of freedom were computed using the N effective method.

Tensile elongation data from 24 heats tested at RT and ~320°F were used
to estimate the within~lot variance and to test for homogencity. The within-
group variances were homogeneous, but the means were heterogencous, except
for the radial-direction data at -320°F. The degrees of frecedom for the
circumferential data at -320°F and the circumferential and radial data at RT
were computed using the N, calculation method. )

_APPI\OVLD BY DATE PREPARED FOR: 4] \yz 3],‘,:'2(' COMPONENT/ 1y,
[‘ DATE: f ‘2!‘[’* 1 ASSEMBLY f A
* ARG 2
Ml o7 / ! 1/1(' B \/(u' >,
PRL,PARLD BYf AUTHOKRIZED CLASSIFIER DATE "
ol //(. Yirr 20 Jeutn
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DATA KELEASE MEHORANDUM
NKRO MATERIALS AND PROCESSES STAFF
DRM . : DRM NO.
TYPE: AEROJET-GENLRAL CORPORATION o
’ . . . : M-4
SACRAMENTO, CALITORWIA CEV. o,
SHEET 2 OF ° 0
SUBJECT: TENS1LE DLSIGN ALLOWABLLS FOR DATE: 721770

TI 5AL-2.5SN ELI RING FORGINGS

4, CONCLUSIONS:

The design allowable values are category "A" data, since the requirements
of TD 69-28 of 15 degrees of freedom to estimate the random variance and
homogeneity of the within-group variance at the 907% significance level were
satisfied. .

5. REFERENCES:

WANL Quality Control Data on Ring Forgings and Test Data Requisition
No. 51281, transmitted to Aerojet by R. Shollenberg.

APPROVED BY DATE PREPARED FOR: COMPONENT/
DATE: : ASSEMBLY
IDENT
PREPARED BY AUTHORIZED CLASSIFLER DATE
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ARROIL- GESLRAL HOULEAR ROOUET OFERIITONS
MATERIALL AND PROCECLI S SRGIGN
DATA RULEASE

Ti 5A1-2.5Sn
LR KO. _ MH4B PAGE WO. __ 3 DATR 7-17-70  MATERiAL __ (ELI)

a———— SR ————n e o aon
————— - -

CORBITION Annealed TEST DINWCTION C &R

Py —

SPEC. NOS.. YGRY _ Ring Forgings
Data from all 23 lots cr heats
at RT and -320°TF were used to

DATA BASIS Category "A" COMMENT estimate the within-lot variance.

C PRODERTY ' Tensile Ultimate Strength i

, T - !

s e i

e 1515/ % af _ ‘ CORPUTED |

oy MEAIS ‘N K% DIRECTION ; X K S VALOR

! e ot ksi ksi 1 __ksi_ ..

o em :ﬁ" ! — : oo S
t

RT 8 34 30.3 C¥%. 120 3.034 3.68 109
RT 7 20 36 Rt 117 2.972 3.09 108
=320 4 16 37 c 190 2.961 2.95 181

-320 4 8 27 R 185 3.098 4,77 170

See Comments

-t ot e ——ravw

4
=
i

Effgctive N

COMIYS L
AR NAMA

*%C Circumferential; R = Radial
REFERENCE 1,

A 7

TR AN

.

RETN



- ProsLuyy
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ract, 4 ow 5
REV. O

AUROIOT COZGRAL RUEAR ROl Ov o i

e s . T
AT AL AN PUACSEGES wh i ton

DATA WULTASY

Ti 5A1-2.55n

M-43B PAGE KO ¢

B - aina

1oy KO DATE 2217-79 ..........

Annealed TEST DIRLCH 106 C4R

ConnITIoL

SPEC. NOS rowt Ring Forgings
LY NID . -

Data from all 22 lats or heats
were analyzed to estimate the

Category "A" e e .
tegory A COrMERY within-~lot variance

- DAYA BASLS

Tensile Yield Strength

e ot s

iﬁégrees of frecdom, Ne caléulaLion
*#%C = Circumferential, R = Radial

COMMELS
AL

REFERENCE 1.

I S NS N B R I
b e e TR st b0 ksi | okei
e, __i ; -

RT 7 34 27 C# 1m 3.098 4.35 97.5

RT 7 22 27 R 107 3.098 4.34 "'93.6-

-320 - 4 7 24 C 175 3.158 5.87 157

-320 4 8 23 R 170 3.181 7.35 147

See
Comments
t
{ e -t

e

e

o



et A Bemeear® maah SiTaNes memet oS S@CEebe BMees b5 O RTINS Lies wWastEEE Liw s

AELO L S0 TRAL

g
£4050, AT @
ANl ale

L L Sy

DATA RELYARS

M~4B A

- cmm e e

Ditii N SLW0. 5

prte  7-

crmmta -,

RUCha PO OPRONAG LGy

. Y I e e N
Lo PEOGELS LS ST,

17-70
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REV, 0

I
fen

(ELI)

S ]
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Cuxpiafes  Anncaled TEST DARCCTTON
SPUC. LOS. FORY

Ring Forgings

 DATA LASIs Category 'A"

CoeilnT within-lot variance,

COPEOTRTY Elongation

Data from all 24 "heats or

were used to estimate the

—— -

Ti 5A1-2.58n
MATERLIAL,

lots

N R i T
TR p LTRSS g _ | ChpeTiD
oy HOATS TN df% DIRECTION X X s ; VaLUE E
b ce—— e s e b e cmtm eatmn L ee——— - %..., . -.Z.'......_-..,..... PR J ...Z ‘e o co- e --..Ii
e e LTTTT ' !
:
See
Comments
RT '8 34 58 CH* 16.6 -|2.812 1.835 11.5
RT 8 24 33 R 13.5 2.812 1.735 8.6
-320 4 16  37#%% c 14.4 2.961 2.94 5.7
-320 4 8 58 R 10.5 2.812 1.735 6.7

D e L L T P

*df = ﬁ;glees of freedom
k%G = Circumferential, R
***Ne Calculation

REFERENCE 1.

CormnaTs:

> e

= Radial

R A



. DATA RELEASE MEMORALDUM
NRO MATERIALS AND PROCESSES STAFF
DRM . o . DRM NO,
TYPE: AEROJET~-GLENLRAL CORPORATION M-2
. . . . ek
Yy LIFORWIA
3 SACRAMEKTO, CALIFORN REV. NO.
SHEET _1 OF 7 _0
f ~ SUBJECT: THERMOPHYSICAL PROPERTIES OF DATE:
AISI 347 STAINLESS STEEL " 6-22-70
?‘: 1. SCOPE: cee oLt .'"“.' &> ¢ gt .., .“-a‘-",“ e
i The following thermophysical properties of AISI 347 stainless steel are
€ attached: .
% ..
é .
E Density
Specific Heat
v Thermal Conductivity
g Solar Absorptance
g Total Emittance
¥ Radiant Energy Ratio
2. TEST MATERIAL: . C S , :

Material conforms:to‘chemical compoéition of AISI 347. - . S
" 3. DATA ANALYSIS:

_ Density was calculated using thermal expansion data. Thgtuncertainf§ o
_range of the values is + 57.

Specific heat at low temperatures was calculated using Neumann-Kopp's
“law and determined éxperimentally .at elevated temperatures. The uncertainty

in values is * 10% at temperature of —423°F and below and + 57% at other
_temperatures. . B

The uncertainty in values f01 thermal conductjvity is + 15% from -420°F to
~320° F, + 10% from -320°F to 540°F, and + 5% at temperatures above 540°F.

"The solar absoprtance and total emittance data are extremely sensitive
to surface cleanliness and condition. Because methods of cleaning or
polishing cannot be standardized, the values for emittance and absorptance
vary according to the efficiency of these operations. Minimum-maximum values
are presented for these properties. Radiant energy ratios are calculated
using minimum and maximum values of solar aosorptance and minimum values of
emittance.

4. CONCLUSIONS:

< .

No category classificaéion for these data is required.
‘ APPROVLD BY DATE PREPARED FOR: [ 3|\M(,¢ a.f/_wm COMPONENT/ I!c‘-%‘(i,

DATE: ASSEMBLY
{\ \A\m"mwﬂéo/?o W-anplell

I(\/

IDENT VG,

/g‘rmw, BY AUTHORIZED CLASSIFIER DATE ‘]”Pﬁ
? 7 /~\4 /A /'tn Hl)\l;: PRV %, T ¢ "4
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DR NG M-2

ATROET-CISIBAL NUCLEAR ROGKLT OPLRAYIONS

o AN o Cae s
.y -~ a - N
MATURIAT £ PROCHESES SECTIO

DATA RELEASE

PAGE NO 2 DATE 6-22-70  MATERILL _ 347

L}

CONDITION Wrought TEST DIRLCTION All
SPEC. KOS. FORM All
. DATA BASIS corpient Uncertainty + 5%
- PROPERTY Density '
TEHP | - | - - ;
01 . . 4 B .
F. LBS/IN°
1. - . A
%55 589
-279 .288
- 99.4 .287
80.6 .285
261 .284
‘141 .283
621 .281
801 .280
981 .278
1161 .277
1341 .275
1521 .273
1701 27N
1881 .269
2061 .267
2241 .265

T. S. Touloukian, Recommended Values of the Thermophysical Properties of
Eight Alloys, Major Constituents and Their Oxides, Thermophysical Properties
Rescarch Center, February 1966,
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race 3 or 7

o g S AW s B4R P uBanh o Aeame T ma i\Ev y 0
t " AMROJEP-CNEERAL NUCLEAR ROUKET OPERATIONS
MATERIALS 30 1E0GHESES SECTION
e DATA RELLY S8 -
pwi NG, M2 PAGE WO, __ 3 paTE 8722770 wpppapan 347
_ CONDITION T YUrEsT piRucTioN | . Al
SPEC. YOS, ' ' FORM
Uncertainty <423°F + 107%;
.DATA BASIS __ No Category Required corpieny >422°F + 5%
-+ PROPERTY specific Heat
!
TEAP 'CP TEMP. | CP i : 1. - i
oy {BTU/LB/°F . op - PTU/LB/°F - ~ :
4 I
450 .0001 1161 . 145.
~441 .0003 o 1341 149
~432 .0006 4 1521 .152
=423 i '.0010 1701 .156
-405 .005 1881 .160
"387 .007 2061 .lb“l :
" ~369 .013 2241 .168
-351 .026
-333 .036
-315 045
~297 .054
-279 .063
-189 .087
- a9 .097
80 .108 .
261 117 .
441 .123 ..
621 .130
801 /135
981 140

Touvloukian, T. S., Recommended Values of the Thermophysical Properties of
Eight Alloys, Major Constitucnts and Their QOxides, Thermophvsical Properties
Research Center, February 1966. ' :
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race 4 ar 7
REV. 0

G AeS P ime Y. —— e S - ..

AVROJE P-CUSERAL NUCLEAR ROCROY 0;‘Ll‘\'\'f]().w

MATERIAL S 230 PRGCLESES SECTION

DATA RELUASE

SPLC. MOS.

~

- DATA BASIS

DATE _6-22-70 = MATERILL _ 347

" TEST DIRLCTION ALl

FOoRrM

No Category Required

Uncertainty + 15% from ~420°F
+ to =320°F; > -320°F and < 540°-

Thermal Conductivity

Ce H‘;E}\I‘ + 10%; > 540°F + 5%

- PROPERTS —
TEP BTU/HR- _ i £
oy ) - FE-°F -
—— - ¥ - m———————
-420 1.39 .
-410 1.77
-360 3.50
- -320 4.5
~260 5.64
~200 6.44
-160 6.85
- 60 7.62
-0 7.9”
- 40 8.21
140 8.73
540 10.78
1040 12.82
1540 14.93
1840 16.11

Materials Mcmorandum 7732:MM 70-199, A. J. Giannuzzi to K. Sato, Thermal
Conductivity of AISI 347 Including Recommended Curves, dated 22 May 1570.

A-93
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REV. 0

. -~ —— s tam - -

COXNDITION

ATROJET-CYHERAL NUCLEAR ROCKET OPLRATIONS

.

MATURIALS L5 PEOCHESES SECTION

DATA RELEASE

M-2 PAGE NO. __ 5 DATE _6-22-70  waqeRyisn 347

= 77 7PpsT DIRECTION

N it e . s

SPLC. KOS,

- ' FoRN -

No Category Required COMMET

Solar Absorptance

PROTERTY
TEIE-}P . - MIN. | -MAX.
¥ - | SURFACE| CONDITION g
U | ~
(a) Vap¢r degreasefl in trichlproethylene
sangblasted with 100 mesif grit Alzoq . Tt
with nozzle 12} in. from sprface. = ~ 40°F .57 .69
(b) Mechanically pplished ] -t 40°F .32 44

Thermal Radiative Control Surfaces for Spacecraft, R. E. Gaumer and L. A. McKellar,

LMSD~704104, 1961.

A-94
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ALROJEF-CYHERAL NUCLLAR ROCKET OPLRATIONS

WATLRTIAL S A0 PROCHSSES SECTION

DATA RELEASE

race S or 7
REV. 0 _
MATERIZL 347

PAGE RO, 6 DATE _6-22-70

_ COXDITION

" TEST DIRECTION

= . ) FORY

v

SPL:C. NOS. _
Cat Required ) -
Daih BASIs o Garesory Require COMAENT
PROPERTY Total Emittance, €
TE4P _ .
oy "~ _SURFACE CONDITION MIN. - MAX.
(a) Vapor. degteased in tyichloroethylene, sandiléshed
: with 160 mesh A1,0, With nozzlef12 in.- fro
surface.
- = 60 .40 052
40 - 040 '52
140 A4l .53
(b) Mechanicafly polishedl
- 60 .11 .23
40 .13 «25
140 14 .26

Thermal Radiative Control Surfaces for Spacecraft, R. E. Gaumer and L. A. McKellar,

LMSD-704104, 1961.

A-95
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PAGE _7 OF _7._
REV. 0

AVROQIET-CENLRAL SNUCLEAR ROCKLET OPERATIONS

HAT!

PAGE YO,

“Wrought

DATA RELIASE

7. DATE 6-22-70  MATERIAL _347
" TLST DIRECTION ' A1l
FORM

SPIC. YOS,

. DATA BASIS

No Category Required

COMMENT

-* PROPERTY

Thermai Radiant Knergy Ratib,'hS/e :

MIN. _MAX.
TESP : : ag/e agle !
oy ’ . - JURFACE CONBITION
-40 ' Vapor- deglreased in tirichloroetl{ylene, .sandplasted 1.4 1.7
with 100 faesh A1,0, brith nozzld 12 in. frop
surface, .
40 Mechanical ly polished 2.5 3.4

Calculated using min. and max. o

data sheets.

S and min. ¢ at 40°F using values from individual

.

A-96
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NRO MATERIALS AND PROCESSES STAFF
DRM - DRM NO.
TYPE: AEROJET-GENLRAL CORPORATION M-33
ACRAMENTO, CALIFORKIA '
5 R ' REV. NO.
sueer L or 4 0
SUBJECT: DESIGN ALLOWABLES FOR THE THERMAL DATE: 7-17-70
AND PHYSICAL PROPERTIES OF LiH )
1. SCOPE: . - Do eyt tan L. . e s Tl ] -
The design allowables for the following prcherties of LiH are attached:
. Specific Heat ~ ‘L e
Thermal Conductivity ‘ oL
Density .
2.  TEST MATERIAL: ‘

3.

-320 F and + 5% at temperature above -320°F.

on Btu/lb, ‘there is no ‘difference in absolute values which may be attributed to
* the method of fabrlcatlon agglomeration (cast or compact)

“s» The uncertainties of thermal conduct1v1ty are i_ZC% to 302°F and + 15%
above 302°F. -

in

The data were obtained using material of 99.8% purity.

DATA ANALYSIS:

The uncertainty in values for specific heat is .+ IOA at temperatures below
Because specific heat is based

IS
D |

‘This uncertainty is attributed to conflicting data appearing
the literature. The thermal coaductivity will vary in proportlon to

density and composition of entrapped gases, if any.

The uncerta1nty in density measurement is i_lOA. Density will vary

according to method of agglomeration of powders or, if by casting, by the

amount of void formation during freezing.

The values of other temperatures

are based on room temperature density and thermal expansion.

4,

CONCLUSIONS:

The uncertainties for LiH are generally higher than for metals. . The

data are classified category e,

AlTRNED BY pATE PREPARED TOR: | S|y - COMPONENT/ <
DATE: " | - ASSEMBLY
(fw.m WAL o /}7/7;» : IDENT

AUTHORIZED CLASSIFIER DATE

Gt iy
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race 2 or 4
REY, 0. .-

- M-33
:..\:‘; };.\) .

- e - ———

ACROJET-CINERAL NUCLEAR ROCKET OPERATLONS
. ‘ . MATIRIAL S ANI PROCESSES SECTION
e DATA RELEASE

PAGE NO. 2_* " DATE 7-17-70 © MATERIAL LiH

© TEST DIRECTION ___ S

COXDITION

SPEC. XOS.

- ) - ForRM  99.8 LiF

N

. DATA BASIS

Uncertainty + 10% at cempera-
tures less than -320°F;

e ) .
Category "C o COMMENT + 5% above -320°F,

- PROPERT

Specifig Heat, C

P PP S

TESP
-3 I“

2 IBTU/LB *°F

CP . . o 1 .- | .

et e et 8 S e e

-420
-320 -
-160

-100

70
300
560

810

.1
47
.57
.72
.82
1.08
1.28

1.48 I .

‘ REFERENCE: Toulouki.'n, Y. S., Thermophysical Properties of lligh Temperature
... Solid Materials, Macmillan Co., New York, 1967. .

e



- SPEC. KOS.

" -+ PROPLRTY

..

DRy NO.

CONDITION

»

MaTll

race 3 or _"“
@emsmn —— -t REV. 0 ......
ABROJET-CFHIRAL KUCLEAR ROCKET OFLRATLONS
© r PROCESSES SECTION
DATA RELEASE o

PAGE NO.

—— m———————

(S

MATERIAL LiH

DATE _7-17-70_

o s B
R

" TEST DIRLCTION. .=

FORM éompacted 99.2% Dense

. DATA BASIS

Category "'C"

Uncertainty + 20% to 302°F;
' + 15% above 302°F.
COMMENT .

Thermal Conductivity, K

K
YEP BTU/ - ¢
oy’ |Fr-tr-°F
122 4.0
212 3.8 ‘
302 3.5
392 3.3
482 3.1
572 2.98

" REFERENCE: Technical Data Sheet, Lithium Hydride, Foote Mineral Co.

?#iymi\
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1‘ ATROJET-CIIERAL NUCLEAR ROCKLT OPLRATIONS
o . L MATURIAIG LND PROCESSES SECTION
e . DATA RELEASE
bt no. _ M33 PAGE Mo, __ 4 " DATE _7-17-70  MATERIAL _LiH
'"'“"" coxoiTIon -~ U MEST DIRECTION -
SPLC ' ¥O0S. - e FOoRrRY . 100% Dense
- e . . - s, o ’
. Density . : . : .
-+ PROPERTY ' .
LEHP : e N : R
o . . 3 : - .
F . ..-| LBS/IN. ,
-360 - .0284 , o
-260 .0283 ’ ' .. .
-160 | .0283
- 60 -1 .0282
80 .028
140 -} .0279
240 .0277 A
340 .0275 , o 3
440 o027 i ) ) -
540 |- .0271 k
740 .0265
L3 ' é

‘ Density will vary according to efficiency of compaction. This property will
vary in direct proportion to its room temperature density. In additionm,
uncertainties in the thermal expansion measurements with densities at
temperatures other than RT are calculated, will add to the uncertainty in

density values.
| A-100
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- 24", TEST MATERIALS:

’

CALA AN ANMIAIMIAB L bl sv A ts s

NRO MATERIALS AND PROCESSES STAFF

DRM L ' . DRM NO.
TYPE: AEROJET~GENERAL CORPORATION M3
’ ¢ . ".\'.' . - -'."F
SACRAMENTO, CALIFORITA
REV. NO. O
SHEET 1 oF 5 SUPP. NO. 1
SUBJECT: TENSILE DESIGN ALLOWABLES FOR DATE: 7-28-70
TI 5AL-2.5SN ELL PANCAKE FORGINGS : ‘
1. scopE: . 7 Lot L. ©ae g e T

Design allowables for the following properties of Ti 5A1~2.55n (ELI)
alloy are attached: :

Tensile Ultimate Strength -
. Tensile Yield Strength
- Elongation

This DRM supplements M~4B, Rev, 0, dated 17 July 1970. ..N - o

Three heats of billet stock from two producers (Titanium Metals Corp..

~ and Reactive Metals Co.) meeting requirements for chemical composition to

AGC Specification 90163 were tested. The raw stock was forged by two
forgers (Wyman Gordon Co. and Carleton Forge Co.) with each forger using
material from one producer. The billets were forged into pancakes 17-in.

" - diameter x 10-in. high and 14~in. diameter x 6-in. high, respectively,
.~ using accepted practice for this material. Tensile tests were conducted by

the forger at room temperature and by AGC at -320 and ~423°F. _ .

L%

3, DATA ANALYSIS: = B S

"The data results were grouped by heat, temperature and direction and then
combined to determine the homogeneity with respect to the means and to the
variances. All variances were homogeneous at the 907% level with respect to
temperature, heat and direction, and this permitted the use of overall
within-lot variance to calculate the allowables,

" The room temperature tensile ultimate strengths and the elongation at
=320 and -423°F were heterogeneous with respect to the means and Ne calcula-
tions were made. The design allowables are shown on.the individual data

- sheets attached.

The minimum allowable elongation at -320°F is 47%; tnis low value is
due primarily to the 1ow test values obtained from Reactive Metals Heat
-No. 294245,

.
k4

3

APPROVED BY DATE PREPARED FOR: : T COMPONENT/ TP}]
m J\ DATE: ASSEMBLY
\ Wil e, - W. Cetmp et 1DENT Vua{y .
REPARED B 0 AUTHORIZED CLASSIFIER DATE
' / 2L \\4.;7&“’ 74.7)7/]{7 ‘N Avw? 2&3;}(0/70
<7/ 1 <7 - < 7



NRO HATERIALS AND PROCESSES STAFF

DRM DRM NO.
TYPE: AEROJET—GLNLRAL COhPORATIOW Mo
| SACRAMENTO, ‘CALIFORNIA
REV. NO.O
SHEET 2 _oF 5 |l suer. yo. 1 ~
SUBJECT: TENSILE DESIGN ALLOWABLES FOR DATE: 4-28-70

TI 5AL-2.5SN ELI PANCAKE FORGINGS

Three heats were tested at -423°F. % Fracture accuréd at the gauge’
punch marks in three of the five specimens of Heat No. 294245, and these
. values were deleted. In addition, a yield point was not obtained for one
of the remaining specimens. Because uof these anomalies, all results of
this heat were not used in the analyses.

4. CONCLUSIONS: E L ':f.. A

The jata are classified category "A" accoréing to the intent of SNPO
TD 69--37. :

5. REFERENCES

(a) NRO Materials Memorandum 69-131, P. P. Dessau to w. E. Campbell
Subject: Evaluation of Large Ti 5Al1-2.5Sn ELI and Alloy 718
Forgings, dated 18 September 1969

" (b) NRO Materials Memorandum 70-001, P. P. Dessau to W. E. Campbell,
. Subject: Tensile Strength and Fracture Toughness of Ti 5A1—2 5 '
" Sn ELI Forging, dated 5 January 1970 ) '

(c) NRO Materials Memorandum 70-088 P. P. Dessau to W. E, Campbell,
.~ 'Subject: Additionul LHp Tensile Test ReSults of Ti 5Al-2. SSn ELI
. “Forging, dated 27 February 1970. s g-::_ -

M .

APPROVED BY . DATE PREPARED FOR: COMPONENT/

DATE: ' . ASSEMBLY :

. IDENT %

PREPARED BY AUTHORIZED CLASSIFIER DATE :
: ‘ i
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S e - PACE 3 oF?
‘ ' "REV. 0, SUPP. 1

‘ . AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

. MATERIALS AND PROCESSES SECTION

ot

'DATA RELEASE

e smaw e emese

Ti-5A1-2.58n

DRM No,  M-4B PAGE NO. 3 DATE 7-28-70 MATERIAL ELL
CONDITION Annealed TEST DIRECTION Rad and Circum.
SPEC. NOS. S FORM  Forging
.. DATA BASIS Category "A" ___COMMENT
! Tensile Ultimate Strength, F )
- -+ PROPERTY ~ . tu
TEMP | LOTS/ . _ _ COMPUTED
°F HEATS N N, X K s VALUE
RT (R) 3 10 37 118 2.961 3.4 108
RT (C) 3 10 32 119 3.206 3.5 108
~320 (©)| - 3 11 48 | 188 | 2.869 3.4 | 178
~423 2 28. 48 210 2.864 2.77 202
5
»> ‘ . »
COMMENTS : References (a), (b) and (c).

.

*

A-103
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S . L o .- PAGE 4 _OF 3
' ' ' REV. 0, SUPP. 1

AEROJET~GENERAL NUCLEAR ROCKET OPERATIONS

~~MATERIALS AND PROCESSES SECTION

DATA RELEASE

[

. . P L T L P

DRM NO. _ M~4B PAGE NO. __ 4 DATE _ 7-28-70 MATERIAL Ti~5/1-2.58n ELI
CONDITION Annealed TEST DIRECTTON Rad & Circum

SPEC. NOS. FORM Pancake Forging
. DATA BASIS Category "A" ___ COMMENT

. . PROPERTY Tensile Yield Strength
TEMP LOTS/ ‘ _ COMPUTED
°F HEATS N N, X K s VALUE
RE(C&H) 3 20 47 109 2,876 3.67 98
~320 (C) 3 11 47 - 175 2,876 4.18 163
=423 (C) 2 27 47 . - 191 <4876 4,15 § 179
y ",
L -
COMMENTS :

A AN

o

t "\*llﬁ‘.\ -

#f.,m;; .
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: SRR : L - PAGE 5 _OF 5_
’ ' ' ’ REV. 0, SUPP. 1]

o

AEROJET-GENERAL NUCLEAR RCCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

g

L ) . DATA RELEASE

DRM No. _ M-4B ~ PAGE NO. > DATE _7-28-70 MATERIAL Ti-5A1-2.5Sn ELI

-

CONDITION Annealed ’ TEST DIRECTION Circumferential and Radial

SPEC. NOS. ' ‘ FORM Pancake Forging

" .. DATA BASIS Category "A" . COMMENT

.-~ PROPERTY Elongation, e

'
I
)

TEMP LOTS/ ’ . COMPUTED
°F HEATS N R X K S V%%UE

RT (C&R) 3 20 20 5.8 2.862 1.86 10.5
~320 3 11 28 11.0 3.080 2.22 4.2

-423 2 29 22 . 15.8 3.206 2.4 8.1

PR D R U s DN R Y A SO T NN T R G T 1 T

B
E3

2
F

COMMENTS : o S . ;



DATA RELEASE MEMORANDUM
NRO MATERIALS AND PROCESSES STAFF

DRM - ‘ DRN NO.
TYPE: AEROJET-GENLRAL CORPORATION
: . . ) M-2A1

SACRAMESNTO, CALIFORNIA

. REV. NO.
u SHEET 1 OF 3 0

SUBJECT: TENSILE YIELD DESIGN ALLOWABLES DATE: 7-30-70

FOR AISI 347 TRIPLE SRAZE SHEET

1' SCOPE: :_- R - - -.‘__, -‘ -t ..‘. .‘f .

The tensile yield strength de81gn allowable for AISI 347 simulated braze
cycled sheet are attached.

2, TEST MATERIAL;

. Sheet stock .012-in. thick, Heat No. 42449, 28241-2, 42656, tensile
tested at Oak Ridge National Laboratory.

3. DATA ANALYSIS:

Test data were statistically analyzed to obtain minimum design allowdbles
for 997 reliability with 95% confidence. A one-way analysis of variance was
used to establish the heat-to-heat variability at room temperature. The
heat-to~heat variances for the other six temperatures were estimated from
"the room temperature value. To obtain this estimate, the yield strength at
each temperature was divided by the room temperature yield straength, then

“--the product of this ratio and the room temperature heat- ~to-heat variance

was used as an estimate of the among-group variance at the temperature of

~ interest.

4, CONCLUSIONS:

The data are classified category "C" since the heat-to-heat variances
at other than room temperature were estimated. ’

S. DATA REFERENCE:

Department 7850Memo A0701, A. J. Mihanovich to J. L. Watkins, Subject:
Statistical Analysis of CRES 347 Sheet Material Property Data, dated

7 July 1970.
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race 2 uor 3
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REV. 0

- aa— B ]

ALROJET--CUSERAL NUCLEAR ROCKLT OpuRATI0NS

MATLRIAM S LR PROCUSSES SECTION

Se- ‘ DATA RELLASE

0 DRM No. __M-2AI PAGE NO. __ 2 DATE _7-30-70

CO&DITIOH Simdléééd‘Bréze-C§él€'-.

-
i

MATERIZL AISI 347

Transverse and Longitudinal

Sheet

" TEST DIRUCTION to Rolling Direction

SPLC. NOS. - Foi
.DATA BASTs Category MC" _ COMHENT -
-+ PROPERTY * Tensile Yield Strength ]
- ) MIHTMUM
YEMP . X TOLERANCE SW . SH-H DESIGN :
op’ HEATS * | DIRECTION | N KSI | FACTOR KSI . KSI VALUES
0 : A (KSD)
-302 3 L* 33 -54.5 2.097 2.17 43.8
' 2.326 - 2.63 :
. =320 -+ 3 T# 36 53.0 2.232 | 1.74 43.0
' 2.326 2.63
~100 2 T 14 49.5 3.128 1.57. 38.8
2.326 2.51
- 52 2 L 23 45,7 3.995 - 0.827 36.8
2.326 2.41
- 52 2 T 18 47.4 3.961 0.8 . | - 38.4
2,326 2.41 '
75 3 L 36 37.3 3.009 0.829 . 29.8
2.326 2.16 |-
75 3 T 36 38.2 | 2.978 0.841 30.7
. 2.326 2.16

L* = Parallel to roliing direction.
T* = Transverse to rolling directiomn.. -
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race 3 or 3
- —— REV. 0. ...
ANROJET-CFHERAL RUCLEAR ROCGEEY OPLRATIONS
MATIRIALS AND IPROCLSSES sncrxo"
e DATA RECEASE
bt no. _ T2AL PAGE NO. _ 3 DATE _7=30-70 MATERTZL AISI 347

CONDI ;IOn

“"Simulated Braze Cycle ™~

" TEST DIRECTION

- Transverse and Parallel
"to rolling direction

Sheet

. - S
SPLC. LOS. FORY
Category "C" AP -
. DATA BASIS . COERT
. Tensile Yield Strength
-+ PROPERTY v
- MININUM
WEAP X | ToLERANCE | sw SH-H Dgiigg *
oy HEATS - | DIRECTION [ N KSI FACTOR KSI KSI (KST)
800 3 L 33 .25.7 | . 2.952 0.715 19.4
2.326 1.80
800 .3 T 35 26.5 3.181 0.642 20.3
2.326 1.80
1600 3 L 33 9.4 2.467 0.582 5.437
2.326 1.09
1600 3 - T 35 - 9.6 2.565 0.538 5.69
2.326 1.09
2000 3 L 32 2.1 2.257 0.457. | - - 0.665
2.326 ' 0.173
2000 3 T 35 1.98} 2.245 0.472 . 0.517
2.326 ' 0.173 |

" A-108
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. 3. ANALYSIS. OF DATA:

& CONCLUSION :
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NRO MATERIALS ALD PROCESSLS STAFF

DRM DRM NO.
_TYPE: ALROJLT GLVuRAL CORPORAIION M-10
SACRAMENKTO, CALIFORuIA REV. NO.
1 3 o .
SHEET ____ OF
SUBJECT: THERMOPHYSICAL PROPERTIES OF AISI 302 DATE: 8-3~70
. 1- SCOPE: :‘ e :*"_‘ 2 S :ﬁ, ; -\':.“- .. - . :‘: N

The design allowables for the following thermal propertles of AISI 302
are attached.

Thermal Conductivity -
Specific Heat

2. TEST MATERIAL:

Thermal conductivity data for material which conforms to the chemical
composition requirements for AISI 302 were gathered from two literature
sources., Data from AISI 303 were used at cryogenic temperature as a close
approximation to the thermal conductivity of AISI 302 material.

The specific heat of alloy AISI 301 is reported as a close approx1matlon
to the Spelelc heat of AISI 302 R

The thermal conductivity data for AISI 302 were compiled from three
-literature sources, and uncertainty factors were estimated to be + 20%
" from 37°R (~423°F),. + 15% to roints from 37°R to 140 R (-320°F), + 10% from
~320°F; to RT + 5% at RT aud hlgher.

L4

These data are categorized.'C", a conservative engineering estimate of the -
properties with uncertainty ranges.

5. CONCLUSIONS:

- (1) Crycgenic Materials Data Handbook, AFML-TDR-64-280, Supplemént 4, Vol. I.

(2) Thermophysical Properties of High Temperature Solid Materials, Thermo-
physical Properties Research Center, Purdue University, Purdue, Indiana,
Y. S. Touloukian, Editor.

(3) Aerospace Structural Metals llandbook, Syracuse University.Institute,
AFSC Project 7381, Contract AF33(615)-1184.

APPROVED BY ’ DATE PREPARED FOR: ¢, /. TohnSo nv COMPONENT/ /AL ves «
paAyY, —f DATE: ASSEMBLY  patenyer
,}\Z 7 o F - .;‘4 //-',,; IDENT

"PREPARED BY /7 AUTHORI?ED CLASSIFIER DATE
7 (:4({. 7 l4l? 70
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DRM NO.

.. CONDITION __

M0
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—— —_— arranen

ACROJET-CVHERAL NUCLEAR ROCKET OPLRATIONS

MATINTA

PIAGI‘: }30 .

——

LR LN PRGCNSSES SECTION

DATA RELLASE

sy

DATE _ 8-3-70

Sl

MATERTZL _AIST 302

" TEST DIRLCTION |

FORM

Category "C"

Data is from Alloy AISI '
coMuent 301 data

Specific Heat

TEHP
OF-

Cp

BTU/LB °F

UNCERTAINTY
FACTOR
%

~a,

© =300

~-200

200

400

0.0775
0.09
0.095
0.104
0.115

0.126

15

I+

10

1+

1+

10

I+ 1+
woow

I+
w

%

R

1

e W m Yy vr ks T Y

-
a

REFERENCE (2)
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PAGE 3 _ OF 3__

-- PROPERTY

DRM RO.

M-10

- MATERIA

REV. 0
AEROJET-CIAERAL NUCLEAR BOCLET OPiRATIONS
1S AND PROCLSSES SECTION
DATA RELEASE
pate 83770 yateRIAL

PAGE NO.

CONDITION

SPEC. NOS.

. DATA BASIS

TEST DIRLECTION

FORM

AISI 302

Category "C"

Data from 37°R to 137°R

is from AISI 303

COMHERT material.

——

Thermal Conductivity

N k UNCRRTAINTY |
1P BTU~FT/
°F HR FT2 °F FACTOR
S ' | S S
=420 1.39 + 20
-410 1.77 + 20
-360 3.50 + 20
-320 4.5 + 15
-260 5.64 + 5
-200 6.44 + 5
~160 6.85 45
- 60 7.62 + 5 |
- 10 7.93 + 5 Y

REFERENCES (1), (2), AND (3).
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DATA RELEASL MENORALDUM

NRO MATERIALS AxD PROCESSES STAFF

DRM DRM NO.
TYPE: AEROJET-GENLRAL CORPORATION M-28
MEiv 5 RiI .
SACRAMETO, CALIFORWIA REV. NO.
SHEET 1 oF % 0
SUBJECT: DESIGN ALLOWABLES FOR ALLOY 22-13-5 DATE: 8-7-70

STAINLESS STEEL BAR

1. SCOPE: s P ) oS

The design allowable values for the followiﬁg properties of alloy 22-13-5
stainless steel are attached:

Ultimate Tensile Strength
Tensile Yield Strength
Elongation '

2. TEST MATERIAL:

- The test data were taken from l-in. diameter anmnealed bar conforming to
the chemical requirements of alloy 22-13-5 stainless steel alloy.

3. - DATA ANALYSIS

The referenced product data sheet values were reduced by 20% to provmde
a conservatlve estimate for design allowable values. Cee s

4.. CONCLUSIONS:

The data are classified category "C" according to interpretation of
TD 69-37, a conservative engineering estimate of the design allowables.

5. REFERENCE:

(1) Armco Product Data Sheet S-45, Armco Steel Corp., Advanced Materials
Division, Baltimore, Maryland.

APPROVED BY DATE PREPARED FOR: X. /<O Aur /-“7’ COMPORENT/ /o 22/,
DATE: _ ASSEMBLY
/,f f /’//’//Z?/% IDENT
PREPARED BY AUTHORIZED CLASSIFLER DATE
~ L
L/ 5 ﬁ,l/ “F 7A.., 70
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PAGE 2 or _4
REV.0

K KO

CORDITION

AEROJEL-CFUIRAL NUCLLAR ROCALT OPERATIONS
MATERIALS AND PROCLUESES SECTION

DATA RELLAGE

Alloy 22-13-5

M~38 PAGE NO.' 2 DATE 8~7~70 MATE&I[J,Stainless Steel

Annealed TEST DIRECTION

SPLC. NOS.

¥ORM 1-In. Diameter Bar

Typical values reduced

Category '"C" by 20%

. DaTA BASIS COIR{ERT
i Tensile Ultimate Strength
PEQPERTY -
DESIGN ' {
NP VALUE
°r ksi
e - o et v v e b om e nn
~320 181
=100 117
75 97
600 84
800 78
1000 74
1200 66
1350 56
1500 42 ' ) T
)

A-113



PAGE _3 oF _4

REV.. QO

DM NO.

COXDITION

ALROJLE £-CFULRAL HUCLEAR ROCALL OPLRATIORS

MATERTALS AND PROCLESES SECTICY

PAGL NO.

Annealed

3 DATE _8-7-70__

DATA RELEASE

Alloy 22-13-5
MATERI/L Stainless Steel *

TEST DIRECTION

SPrC. MNOS.

. DATA BASIS

FORM -In. Diameter Bar

Category '"C"

Typical values reduced
COMMENRT by 20%

PROPERTY TENSILE YIELD STRENGTH
R _“!
i DESIGN i
'.l'f..:'”) V ALUE
°F . ksi
F-. SR S - T - ~j| @ e e~ a e
=320 102
~100 68
75 52
600 37
800 36
1000 33
1200 33
1350 32
1500 27 T
i

~
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PAGE _4 oF 4

REV. O
AEROJE f-CFELRAL BUCLEAR ROCAZT OPLRATIONS
MATERIAIS AND PLOCLESES SICTLON
DATA RLLLASE
. Alloy 22-13-5
it ko, _ 738 PAGL NO. ___ 4 paATE 877770  margiss, Stainless Steel

i

COXDITION Annealed TEST DIRECTION

SPL:C. NOS forM 1-In. Diameter Bar

Typical values reduced

. DiiA BASIS Category "C" comsmr  BY 20%
PEOPERTY Elongation
: DESTGN . —1
P VALUE
oy % IN 2 INJ
| N USSR S —
~320 33.0
~100 39.6
75 | 37.2
600 30.0
800 1 24.0
1000 31.6
1200 28.4
1350 31.2
1500 3.4 .
;
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NRO MATLRIALS AND PROCESSES STAFF

- D™ N,
TYPE: AEROJET-GLNLRAL GORPGRATION M-2B1
SACRAMEITO, CALIFORGTIA REV. NO.
SHEET 1 oF 4 2
SUBJECT: AISI 347 TRIPLE BRAZED FORGINGS DATE:  8-7-70

. 1 <
{ paitkau BY, /’/ AUTHOR;zfi:TASSIF;E& DATE

10 SCOPE: :.‘ Tt ‘e e -~ ::"f’. ‘ --'.."‘:-. PR .:

.
‘

Tensile .data from the two triple-brazed nozzle forgings were analyzed to
develop minimum design allowable values for the following properties:

Tensile Ultimate Stiength
" Elongation

This revision supercedes DRM M-2BI, Rev. 1, dated 4-24-70,

2. TEST MATERIAL.

Large triple-brazed nozzle forgings, S/& 27 and 5/N 33, fabricated by,

" the Ladish Company.

3.: DATA ANALYSIS:

Test data were Statistically analyzed to obtain minimum design-alléwhbles .

' for 99% reliability with 95% confidence. Box's modification to the Bartlett's
- test and the one-way analysis of variance were used to evaluate homogeneity of

data and establish the heat-to-heat and within-heat variability. Only test
data dated 30 September 1969 were used in the computation. The -320°F data

were not analyzed

All sources of variation (test temperatures, test diroctions and the two
heats) were tested for homogeneity using Box's modification of the Bartlett's
test. Since this test showed that the groups of data were not homogeneous, a
design allowable was computed for each direction at each temperature. A
one~way analysis of variance analysis was used to compute Lhe conponent of
variance contributed by the lot—~to-lot variability.

When the within-lot variances were homogenecus and the means were not,
the Satterthwaite's approximation was used to compute the degrees of freedom
associated with the combined within- and among-lot variance. When this
calculation resulted in an unrealistically small number of degrees of freedom,

"the method developed by Layard [Reference (2)] was uszd.

.
. .
.0 . . . o

PREEARED FOR: & /7. S—rccrtees. COMPONENT/ o3 5.
DATE: ASSEMBLY
IDENT

7&/« 7y 20
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DATA RELEASE MEMORALDUM
NRO MATERIALS AND PROCESSES STAFF
DRM - o o DRM NO.
“TYPE: AEROJET-GENLRAL CORPORATION Me2BI
SACRAMENTO, CALIFORWIA
REV. NO.
SHEET _2 OF % 2
. SUBJECT: AISL 347 TRIPLE BRAZED FORGINGS DATE: 8-7-70
4. CONCLUSIONS. [ ‘ C e e e

- . -

Although some data points were not homogenedus with regard to the within
var’ance, these estimated design values are supported by adjacent category
"A" data points; therefore, the entire curve or group of points are
categorized "A" data. . ’

" 5. REFERENCES,

(1) Materials Memo 70-104,'W. F. Emmons tc D. J. Lamvermeyer, Subject:
Raw Tensile Data for AISI 347 Nozzle Forgings, S/N 21, 27 and 33,
"dated 9 March 1970. ’

(2), .Dept. 7850 Memo 02698, M. W. Layard to C. W. Funk, Subject:

Adjusted Design Allowable Values, dated 1 July 1970.

APPROVED BY DATE PREPARED FOR: COMPONENT/
DATE: ASSEMBLY
IDENT

PREPARED BY . AUTHORIZED CLASSIFIKR DATE
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PACE 3 oF *

REV, 4

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

DATA RELEASE

3

pATE 8-7-70

**Ne calculation

A-118

DRY NO. M-2BL  ppGE No. MATERIAL AIST 347
CONDITION Triple Brazed TEST DIRECTION Axial and Circumferential
SPEC. NOS. FORM Forging
.DATA BASIs _ Category "A"  COMMENT
“PRﬁPERTY Tensile Ultimate Strength
TEMP LOTS/ _ COMPUTED
°F HEATS |N df* | Direction X K S VALUE
ksi ksi ksi
-100 2 23 8%x|  Axial 118 4.143 3.34 104
RT 2 |18 16 Axial 81.0 2.326 1.45 75.6
. ~ " 5.854 0.342
600 2 24 22 Axial 56.3 2.326 0.54 51.3
3.506 1.33
1200 2 22 4 Axial 43.6 5.741 - 0.61 40.0
-100 2 24  21%%} . Circ 121 3.233 4.26 107
RT 2 |36 34 Circ 81 2.326 | ~1.70 74.7
: 3.966 0.607
600 2 19 18 Circ 55.4 4,354 1.6 . 49.2
1200 2 i8  4*x]  circ 44.4 5.741 0.721 40.3
COMMENTS : *df = degrees of frecedom

¥ r‘»‘:: ]
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PAGE 4 oF 4

REV. 2
AEROJET~GENERAL NUCLEAR ROCKET OPERATIONS
. MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM NO. M-2BI " PAGE NO. 4 DATE 8-7-70 MATERIAL AISI 347
CONDITION Triple Brazed " TEST DIRECTICON Axial and Circumferential
SPEC. NOS. ' ' FORM Forging
. DATA BASIS Category "A" " COMMENT
. PROPERTY Tens: ile Elonga tion
TEMP LOTS/ . COMPUTED
°F HEATS | N~ df% pirection X K -8 VALUE
= % % %
<100. | 2 23 . .5%%| Axial 54,0 5.062 1.30 47.4.
RT 2 |18 17 | Axial 63.5 3.37 1.504 | 58.4 -
600 2 Ji6 14 | axal 35.8 | 2.326 | 1.3 30.5
) : ' 4,012 0.537
1200 2 2 22 Axial 39.0 | 2.326 2.86 28.0
2.698 1.40
«~100 2 25 23 Cire 54,9 | 2.326 2.26 45.9
' 2.698 | 1.39
RT 2 36 34 Circ . | 63.1 3.181 1.15 59.4
600 2 29 28 Circ 36.8 3.080 | 1.903 {~.30.9
1200 2 .{19 16**| circ 38.5 3.414 | 1,263 34.2

COMMENTS *df = degrees of freedom

*%N_ calculation, . .: .
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DATA RELEASE MEMORANDUM

NRO MATERT&LS AND PROCESSES STAFF

DRM DRM NO.
TYPE: AEROJET-GENLRAL CORPORATION ‘o1
SACRAMEnTO CALIFORNIA
REY. NO.
l SHEET 1 OF 2 2
SUBJECT: DESIGN ALLOWABLLS FOR THERMOPHYSICAL DATE:  g_;-70
PROPERTIES OF ALLOY 718 ~

1. SCOPE: - R C e s maein,

The design allowables for linear, thermal expansion of alloy 718 are
attached.

2. TEST MATERIAL:

Material conformed to chemical composition requirements for alloy 718

' Heat Treat B.

3. DATA ANALYSIS:

Thermal expansion experimental data from two sources were compared and
linear thermal expansion coeffic1ents calculated The estim-ted variability

" is + 10% for all temperatures.

© 4. CONCLUSIONS: . 'f- -

"This supercedes the linear thermal expan31on data contalned in Rev..l,-\

“DRM M-1, dated 6~12-70.

- 5. REFERENCES:

(l) Clark, A. F., "Low Temperature Thermal Expansion of Some Metallic
,Alloys," Proceedings of the Second International Cryogenic - '
Engineering Conference (ICEC°), Brighton, U.K., 1968, Cryogenics,
Oct. 1968.

(2) Aerojet LRP Report DVR 65~146, - Thermal Expans1on of TPA Materlals,
g Marcn 1965. :

- APPROVED BY DATE PREPARED FOR: (¢/. /5. kﬂzz//‘)ya/dbé/ COMPONENT/
{ : !/ / DATE: - ASSEMRLY
Sl __/r/r
i}"‘ﬁpm D BY =T AUTHORIZED CLASSLFIER DATE
, O
YE R UVEcn 10y 10




pace 2 or 2

REV. 2
AEROJE (-CF¥LRAL NUCLLAR ROCIST OPERATIONS
. - MATERTALS AND PROCLSSYS SECTLON
. T DATA RELEASE
DR KO, _ PAGE No. __ 2 pate _ 87770 warmpyps, Alloy 718
COXDITION Heat Treat B TEST DIRECTION ALl
SPLC. NOS. FORM All
: Estimated Maximum Variability
No Category Required ... Range + 107
rec COMMERT -

. DaTA BASIS

-* PROPERTY

Coefficient of Linear Thermal Expansion

o i

TEMP IN/IN/ °F ’

°p X 1076"

TR, S * e - e
0 6.4

~100 6.17

~320 5.47

~-423 4.78

*From froom tempﬁrature to kemperaturej indicated,

Aerojet LRP Report DVR 65~146, Thermal Expansion of TPA Materials,

A-121

March 1965.
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DALTA RLELLBADL MEMURKANDUM

NRO MATERIALS AND PROCESSES STAFF

DRM o oo o DRM NO.
“TYPE: AEROJET-GENERAL CORPORATION M-36
N ORNIA
SACRAMEL\TO', CALIFORN REV. NO.
| ) SHEET . oOF 4 0
SUBJECT: TENSILE DESIGN ALLOWABLES FOR DATE: 8-7-70

21-6-9 STAINLESS STEEL FORGINGS

l. SCOPE: e

The following design allowables for the Fe-21 Cr-6 Ni-9 Mn stainless
steel alloy forgings are attached:

Tensile Ultimate Strength
Tensile Yield Strength
Elongation

2, TEST MATERIAL:

The basic data were obtained from suppliér technical literature.

3. DATA ANALYSIS:

»

The tensile ultimate and tensile yield values at room and subzero

temperatures were based on typical values obtained on a 4-3/4 in. thick slab.-

_The values were adgﬁstiqgto compensate for the thermal effects of. the -

5

simulated brazing cycle and differences in room temperature properties.
These values werz then decreased by 20% to obtain a conservat1ve estimate
of the statistical allowable values.

The 600°F values were obtained using the same procedure as for subzero
properties exczpt that sheet typical values were used as the base.

4, CONCLUSIONS:

-

The data are classified category '"C", a conservative estimate of the
statistical allowables, according to directive SNPO TD 69-37.

«  REFERENCES:

(1) DRM M-36A, Tensile Design Allowables for the 21-6-9 Stainless
Steel Alloy Sheet, dated 8-7-70. .

APPROVLD BY DATE PREPARED FOR: L. /4. Ma«,_,(,uf, COMPONENT/ A/ 2y /
. 7 L g DATE: ASSEMBLY
{ iés / ‘/ e _ IDENT
j\m:n ,b'v/ AUTHORIZED CLASSIFIER ~ DATE
e / ) e
X/ ) // - BV 132
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.' : .. , . PAGE __ OF ___
' ' REV. 0

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS g
MATERIALS AND PROCESSES SECTION
DATA RELEASE

Fe-21 Cr-6 Ni-
9 Mn

' M-36B 2 8-7-70

DRM NO. PAGE NO. DATE MATERIAL

Triple Brazed Circumnferential and Radial

CONDITION ITST DIRECTION

- . - : Forgin
SPEC. NOS. FORM e
Category "C" : .
. DATA BASIS COMMENT
Tensile Ultimate Strength, F )
-* PROPERTY . tu
- TEMP LOTS/ . - COMPUTED
°F HEATS N N X - K (3 VALUE
- e
ksi
-423 : 186
-320 | | ' | . 154
-110 _ 102
RT ) 78

600 ’ ' 61

( COMMESTS : Adjusted values of data contained in Armco Technical Data Bulletin $-26,
2OETAR30 Armco Steel Corp., Middletown, Ohio, 3,66.

A~123
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PAGE > o ___4_
REV. 0
ALLOJEI-CLibnAL WOCLLAR ROCKLL OLEQATLONG
MATERLALS AND PUOCISSES SLECTIGN
DATA RLLEASC
: Fe-21 Cr-6 Ni-
.pry No, _ Mm36B  pagmno. 3 DATE 8-7-70  MATERIAL ____ 9 Mn
_COBD1ITION Triple Brazed TEST DIRECTION Circumferential and Radial
SPEC. NOS. - Fory Forging _—
. DATa BASIS Category "c" COMMENT
- PROPERTY Tensile Yield Strength, F .
T 7
e | 10TS/ : ' COMPUTED
°F MEL N X - K S VALLE
F LTS N e ] kﬁ}_ |
=423 . 141
~320 . . 108
-110 : 62
RT 42
600 24
oy e Adjusted values of data contained in Armco Tehcnical Data Bulletin $-26,
CO:%edBs  Armco Steel Corp., Middletown, Ohio, 3/66.
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PAGE 4 oF 4 _

REV._0O
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
‘ : Fe-21 Cr-6 Ni~-
DRM No. _ M~36B  pagp no, 4 DATE  8-7-70  waTERIAL 9 Mn
CONDITION Triple Brazed TEST DIRECTIoN Circumferential and Radial
SPEC. NOS. - FORM Forging
11
.DATA BASIS ____Category "C COMMENT
- PROPERTY Elongation, e
TEMP | LOTS/ _ _ COMPUTED
°F HEATS N N, X K S VALUE
' A
-423 12
-320 | ' : - 20
-110 ' : : 45
_RT ' 40
600 } C _ 33

e Adjusted values of data contained in-Armco Technical Data Bulletin S-26,
COMMESTS:  Aypco Steel Corp., Middletown, Ohio, 3/66.

A-125
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NRO MATERIALS AND PROCESSES STAFF

DRM . - DRM NO.
TYPE: | AEROJET-GENERAL CORPORATION M-36A

SAC.RAI-IENTOG, CALIFORWIA REV. No.

SHEET 1 oOF O 0
SUBJECT: TENSILE DESIGN ALLOWABLES FOR THE DATE: . 8-7-70
21~6-9 STAINLESS STEEL ALLOY SHEET

1. SCOPE: - .

The following design allowables for the Fe—21/

sheet are attached

-Tensile Ultimate Strength

Tensile Yield Strength
Elongation

2. TEST MATERIAL:

All data were obtained from supplier technical

3. DATA. ANALYSIS:

Cr-6% Ni-97 Mn alloy

literature.

To establish room temperature properties after exposure to the simulated
brazing cycle, the effect of annealing data for the 21-6-9 alloy was reviewed.
A gradual decrease (total 10 ksi) of TUS and TYS is noted when annealing

temperature is increased from 1800 to 1950°F.
. would further decrease 5 ksi by thermal exposure to temperatures above 2000°F.

It was estimated that strengths’

Values below room temperature (RT to -423°F).were available at the same
room temperature tensile ultimate strength level as ‘that selected for the
TUS of the brazed material, and, therefore, there was no need to adjust
room temperature tensile strength to determine subzero TUS properties.
However, it was necessary to adjust TYS room temperature properties to deter-

mine subzero TYS properties.

Elevated temperature properties were available; however, these had to
be adjusted to account for difference in room temperature baseline properties.
Values for the 1600°F temperature were extrapolated on the basis of AISI 347

behavior.:

All adjusted TUS and TYS values we-e discounted by 20% as a conservative
statistical estimate of design allowables.

Elongation values were decreased by 207% of published values. The typical .
elongation at 1600°F was estimated from the elongation curves at lqwer
temperatures. , . .
APPROVED BY DATE PREPARED FOR: . . &/ (e b« COMPONENT/ /. 7,’ ;P‘“
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DATA RELEASE MEMORALDUM
, ' NRO MATERIALS AND PROCESSLS STAFF
DRM . : DRM NO.
“TYPE: AEROJET~GENERAL CORPORATION ‘36
- L L —_—
ENTO, CALIFORNIA
.1{ SACRAMEXTO, i
: SHEET 2 OF 5 0
SUBJECT: TENSILE DESIGN ALLOWABLES FOR THE DATE 8-7-70
- 21-6-9 STAINLESS STEEL ALLOY SHEET :

4. CONCLUSIONS: o - L

The data are rated category "C", a con.:tcvative estimate of the statistical
allowable, according to directive SNFO 69-37.

5. REFERENCES:

(1) Technical Bulletin $-26, Armco 21-6-9 Stainless Steel, Armco Steel Co.,
Middletown, Ohio, 3/66.

APPROVED BY DATE PREPARED FOR: COMPORENT/
DATE: _ ' ASSEMBLY
IDENT
PREPARED BY .AUTHORIZED CLASSIFIER

A=127
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PAGE _3
REV. 0
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERTALS AND PROCESSES SECTION
DATA RELEASE
' . Fe-21 Cr-6 Ni-
pRM No, _136A 3 pate 87770 MATERIAL _ ° M0
CONDITION Triple Brazed TEST DIRECTION L&T
SPEC. NOS. FORM Sheet
nes :
.DATA BASIS ____catesory C COMMENT _
- PROPERTY Tensile Ultimate Strength, Fia
" TEAP LOTS/ ‘ - COMPUTED
°F HEATS N X K s VALUE
e ksi
423 196
-320 . 162
«~110 107
RT 82
800 57
1200 45
1600 16
COMMENTS :

A~=128
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. - : | _ PAGE _“_ OF
' ' REV. 0

AEROJET-GENERAL NUCLEA.. ROCKET OPERATIONS
2; ' o MATERIALS AND PROCESSES SECTION
DATA RELEASE

Fe-21 Cr-6 Ni-

bR No. T34 page no. 4 parz 87770 MATERT /., 9 Mn
CONDITION Brazed TEST DIRECTION L&T
SPEC. NOS. - FORM Sheet
. en
_DATA BASIS  catesory C COMMENT
-- PROPERTY Tensile Yield Strength, Fty
TEMP | LOTS/ _ _ COMPUTED
'F HEATS N N X K s .| vaLue
: e ksi
~423 . 151
~320 ) , : 116
~110 : ) 67
RT : : 45
800 : 20
1200 . . ' 18
1600 : 12
-
I -

f COMALTS :

A-129



PAGE 5 OF 2

REV. 0
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
_ - _ Fe-21 Cr-6 Ni-
DRM No. 1364 PAGE NO. 3 pate /70 MATERIAL 9 Mn
d L&T
CONDITION Brazed TEST DIRECTION
Sheet
SPEC. NOS. FORM ee
C t LLPeT1 A
. DATA BASIS ategory "C COMMENT
Elongation, e
- PROPERTY
TEMP LOTS/ _ COMPUTED
°F HEATS N N, X K s VALUE
=423 12
-320 24
-110 37
RT 34
800 33
1200 21
1600 14

' ‘ COMAENTS:

A-130
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DATA RELEASE MEMORALDUM

NRO MATERIALS AND PROCESSES STAFF

DRM . o o !  DRM NO.
“TYPE: AEROJET-GENERAL CORPORATION Mot
. SACRAMESTO, CALIFORWIA
REV. NO.
SHEET 1 OF 5 1
SUBJECT: TENSILE DESIGN ALLOWABLES FOR DATE: 9-1-70

TI 5AL-2.5SN ELI RING FORGINGS

1- SCOPE: . ) — L et BN . :O-" ° '“:,'_,'_::“' T

Data furnished by WANL were analyzed to develcp minimum design allowable
values for the following mechanical properties:

Tensile Ultimate Strength
Tensile Yield Strength
Tensile Elongation

This DRM supercedes DRM M-4B, Rev. 0, dated 7-17-70, to clarify numbers of
heats and lots from which the data originated.

2. TEST MATERIALS: .
" Ring Forgings, annealed, 40-in., diameter x 3-in. thick x 5-in. long.
Purchased to WANL-PDS 30028-1., Data from 12 different lots were reported.
Room temperature and -320°F tensile data were reported for 4 lots ‘in the:
radial direction (Wos. 39409, 24916, 19284, 19283), and 4 different lots in
the circumferential direction (Nos. 30949, 47428, TME 1860, 51281). 1In ‘

-, addition, RT data in both radizl and circumferential directions were reported
for 4 additional lots (Nos. 24918, 52782, 46784, 19285). Although the

lots were not identified as separate heats, since the forgings were large,
it is assumed each lot constituted a different heat. - - .

3

3. DATA ANALYSIS;

Test data were statistically analyzed to Obtaln minimum design allowables
for 99% reliability with 95% confidence. Box's modification of the Bartlett's
test and the one-way analysis of variance were used to evaluate homogeneity
of data and establish the heat-to-heat ‘and within-heat variability.

Tensile ultimate strength data from material tested at RT and -320°F
were used to estimate the within-lot variance and to test for homogeneity.
The within-group variances were homogeneous, but the means were heterogeneous.
The degrees of freedom were computed using the Satterthwaite approximation.

Tensile yield strength data from matevial tested at RT and -320°F were
used to estimate the within-~lot variance and to test for homogeneity. The

‘within-group variances were homogeueous, but the means were heterogeneous.

The degrees of freedom were computed using the Satterthwaite approximation.

APPROVED BY DATE PREPARED FOR:  N. a. Edlobeck COMPONENT/  TPA
/ DATE: - L. D. Johnson ASSEMBLY  VALVES
\ﬂ J fdipif . 354;1’ 90 . | IDENT

PREPARED BY AUTHORIZED CLASSIFIER DATE

3’ f 7 !{C( U:Lc(’. 0A f/-'(.-./u/ G.3-70
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DATA RELEASE HEMORALDUM

. , I NRO MATERIALS AND PROCESSES STAFF |
DRM L DRM NO.
_TYPE: AEROJET-GENERAL CORPORATION MoiB
SACRAMENTO, CALIFORNIA CEV. .
" SHEET 2 oF 3 1
SUBJECT: TENSILE DESIGN ALLOWABLES FOR DATE: 9-1~70

TI 5AL-2.5SN ELI RING FORGINGS

Tensile elongation data-from material tested at RT“and -320°F were used
to estimate the within-lot variance and to test.for homogeneity. The within-
group variances were homogeneous, but the means were heterogeneous, except

for the radial-direction data at -320°F. The degrees of freedom for the

circumferential data at -320°F and the circumferential and radial data at
RT were computed using the Satterthwaite approximation.

4. CONCLUCIONS.

The d-sign allowable values are category "A'" data, since the requirements
of TD 69-28 of 15 degrees of freedom to estimate the random variance and
homogeneity of the within—-group variance at the 907 significance level

were satisfied.

5. REFERENCES:

: WANL Quality Control Data on Ring Forgings and Test Data Requlsltlon
"No. 51281, transmitted to Aerojet to R. Shollenoerger. :

1

APPROVED BY DATE PREPARED FOR: COMPONENT/
DATE: ASSEMBLY
IDENT

PREPARED BY AUTHORIZED CLASSIFIER DATE
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AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATER1ALS AND PROCESSES SECTION

DATA RELEASE
Ti 5A1-2.58n

DRM NO.  M-4B PAGE NO. 3 DATE _ 9-1-70  MATERIAL  (ELI)
CONDITION Annealed " TEST DIRECTION ‘C&R
SPEC. NOS. FORM Ring'Forgings
Data from all 23 data groups a:
Categor "A" RT and —320°F were used to
. DATA BASIS gory COMMENT estimate the within-lot variance.
-- PROPERTY Tensile Ultimate Strength
TEMP LoTS/ df _ COMPUTED
°F HEATS [N N_* | DIRECTION X K S VALUE
e % . \
ksi ksi ksi
RT 8 34 30.3 Ck% 120 . 3.034 3.68 109
RT 7 [0 36 R¥* 117 2.972 3.09 108
-320 4 16 37 C 190 2.961 2.95 181
=320 4 8 27 R - 185 3.098 4.77 170
See (omments -
L

*Ne Satterthwaite's approximation

*%C = (Circumferential; R = Radial.

o %

.
LN

e

REFERENCE 1.

A-133
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REV. 1

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

DATA RELEASE
: : : e : : " Ti 5A1-2.5Sn
DRM NO. __ M-4B PAGE NO. __ 4 DATE _9-1-70 MATERIAL __ (FLI)
conprrioy  Annealed TEST ‘DIRECTION ‘C&R
SPEC. NOS. FORM Ring Forgings
' Data from all 24 data groups were
c pn analyzed to estimate the
. DATA BASIS ategory COMMENT within-lot variance
- PROPERTY Tensile Yield Strength
TEMP Lors/ dgs | _ COMPUTED
°F HEATS {3 N DIRECTION X K S VALUE
e kei ksi ksi
RT 8 34" 27 C##* 111 3.098 4.35 97.5
RT 8 fe2 27 R 107 3.098 | 4.34 93.6
-320 4 7 24 C 175 3.158 5.87 157
=320 4 8 23 R . 170 3.181 7.35 147
See (Comments

*Degrees of freedom, Satterthwaite's approximation,
g ppP
=, Radial .

*%C = (Circumferential; R

REFERENCE 1.

A-134

4wl



PAGE 5_ OF

***Satterthwaite s Approximation

REFERLNCL 1.

Al
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REV. 1
AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
- DATA RELEASE
, - - L Ti 5A1-2.5Sn
PRM No. _ M-4B  ° PAGE NO. __ 3 DATE 9-1-70 MATERIAL __ (ELI)
CONDITION  Annealed TEST DIKECTION C&R
SPEC. NOS. FORM Ring Forgin%‘ )
Data from all 24 data groups were
C an " used to estimate the within-
".. DATA BASIS ategory COMME\T lot variance
-- PROPERTY Elongation
TEMP | LOTS/ | _ COMPUTED )
°F HEATS [N df* | DIRECTION X K S VALUE
' % A %
See
Comnents
RT 8 34 58 CH* 16.6 2.812 1.835 11.5
RT 8 24 33 R 13.5 2.812 1.735 8.6
-320 4 16 37**% ¢ 14.4 2.961 2.94 5.7 )
-320 4 8 58 R 10.5 2.812 1.735 6.7
n 5
A
*df -~ Degrees of freedom - it
— #%C = Circumferential; R = Ra%ial Y z



DATA RELEASE MEMORANDUM

NRO MATERIALS AND PROCESSES STAFF
DRM . : . DRM NO.
TYPE: AERQJET-GENLERAL CORPORATION M-6H

' ' FORNI
SACRAMENTO, CALIFORWIA REV. NO. O

I ' SHEET 1 OF 5 SUPP. 1

SUBJECT: PHYSICAL PROPERTIES OF : DATE: 9~9-70
FIBROUS GRAPHITE COMPOSITE . ‘

1. SCOPE: Seoowwthwe o * e TR

The following physical properties of fibrous graphite composite are
~attached and include estimates of variability:

" Bulk Density , .
Thermal Conductivity Ce
Specific Heat

2. TEST MATERIAL:

Fibrous graphite composite specimens from 1/4-in. aad l-in. thick plates
were taken from one lot of material for bulk density and thermal conductivity
-data. The specific heat data are taken from manufactured graphite.

3. DATA ANALYSIS:

The bulk densities of specimens taken from 1/4-in. and 1-in. thick plates
were measured at room temperature. The.dimensions of the rectangular specimens
~were measured to within 0.0001 in. and the volume calculated. The specimen
was weighed on an analytical balance capable of welgnlng to 0.1 Mg. The RT
density was then calculated . ) :

The minimum and maximum densities at temperatures other than RT were
computed from thermal expansion data and the RT minimum-maximum values.
The uncertainty range of the data is estimated to be + .05.

The thermal conductivity of fibrous graphite is estimated for 5 tempera~
tures, RT to 3000°F from thermal diffusivity measurements. The uncertainty
range of the data is estimated to be + .20.

The specific heat data are for manufactured g.aphite with an estimated
uncertainty range of + .10 and is considered to be a.good estimate of the
specific heat of fibrous graphite.

4. CONCLUSIONS:

1e data are classified as category !'C" data since the values and
unc. cainty ranges were estimated.

PREPARED FOR: L. A. Shurley COMPONENT/ Skirt
DATE: 9-9-70 ASSEMBLY Extensio
. 0 IDENT
AUTHORIZEQ_CLASSIFIER DATE
U e, TStpr70

[ B 1
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DATA RELEASE MEMORANDUM
NRO MATERIALS AND PROCESSES STAFF
DRM . : : DRM NO.
TYPE: AEROJET-GENERAL CORPORATION MoGH
'z | SACRAMENTO, CALIFORNIA

REV. NO. 0

SHEET 2 OF 5 SUPP. 1

SUBJECT: PHYSICAL PROPERTIES OF DATE: 9-9-70

FIBROUS GRAPHITE COMPOSITE

R P - ® D I R
‘ - . . T EEERP »

5. REFERENCES:

o
Y .

(1) Davis, H. O., Kotfila, R. J., and Schleicher, W. J., "The Fabrica-
‘ - tion and Properties of the Fibrous Reinforced Graphite Composite,
AGCarb-101," Aerojet Nuclear Systems Company, RN-S-0549,
March 1970. .

' (2) The Industrial Graphite Engineering Handbook, Union Carbide Corp.,
: ‘Carbon Products Division, 270 Park Avenue, Newaork, New York.

. APPROVED BY DATE PREPARED FuR: ) | COMPONENT,
‘ DATE: ASSEMBLY
IDENT

PREPARED BY AUTHORIZED CLASSIFIER DATE




PAGE . 3 oF

5

REV. 0, SUPP. 1

DR No. M-6H

COXDITION

AEROJLL-CYELRAL NUCLEAR ROCALT OPERATIONS

MATERIALS AND PROCLESES SECTION

PAGE NO.

DATA RELEASE

DATE

TEST DIRECTION

SPLC. NOS.

9-9-10 MATERIAL

Fibrous Graphite

Composite

1-In. and 1/4-In. Thick

FORM

Block

- DATA BASIS

Category "'C"

=- PROPERTY

Bulk Density

Uncertainty Range of

COMMENT

+ 5%

DENSITY (JBS/IN.3)

EMP :
°F MAXIMUM MINIMUM p
75 .0560 .0506
250 . .0559 .0505
" 500 .0559 .0505
1000 .0557 .0503
2000 0554 .0500 :
3000 .0550 0497

REFERENCE (1)«

A-138
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ragi 4 or 3

. . REv L] 0 ’ SUPP . 1

- G4 GNP TGS O et S By s VS .

ALROJET-CRRERAL NUCLUAT ROCELT OPLRATIONS
. ' . MATERTALS A9 PROCHSSES SLCTION
I T - DATA RULTASE

. : . Manufactured
R xo, _ MOH PAGE MO, 4 " DATE _9-9-70 = MATERIAL _Craphite

CONDITION T TEST DIRCCTION
SPEC. Y0S. . s FOK..
) ‘ Uncertainty Range
* [17.11) o
ATA BASIS Category."C COMMENT + 10%
' ' . Specific Heat : ST v
-+ PROPERTY
) SPECIFI{ HEAT . : . ;
T{'..'-IP '. CP (BTU‘ LPI OF) ) ) ‘ ] .
°¥ L] MAXTMUM M {IMUM -
T T e Ty T e .
~100 .090 .109
80 . 55 | .190
170 1 .23 .188
" 350 .304 .248
530 _.355 . .291
4
rd . l >: .
. . . ' A -

REFERENCE (2). . S

A-)39
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. . CONDITION
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PAGE 5_ OF 5_

ACROJET-CI AL NUCLYAR ROCKLT JIPLRATIONS

.

MATDRLALS A% PRCCLESES SECTION

DATA RELLASE

PAGE NO, 3

SPEC. YOS.

DATE 9-9-70 -

REV. 0, SUPP, 1

o

Fibrous Graphit.
MATERIAL _

Composite

el

Perpencdicular and Parallel

to Plies

~" TEST DIRLCTION | .

s

Uncertainty Range is

" t}.t "C" ) SR rtd + 200/0
. DATA BASIS e LegOTYy COM_iokT . -
. - “
Thermal Conductivity, BU’f/Hr/FtZ/"F/Ft
+- PROPERTY . -
PERPE:IDICULAR PARAI|LEL . .
TESP 0 PLIES TO PLIES
O - N
. F MINIHMUM MAYIMUM MINIMUM | MAXIMUM| ,
80 4.0 21.0 ~26.4 39.6
500 10.4 15.6 20.0 30.0
1000 t. 13.2 15.3 22.9
2000 £.0 12.0 12.0 18.0
3000 8.0 - 12,0 13.2 14.8

REFERENCE (l)..

A-140
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UALA RLLUEADL LW IAGNDU
NRO MATERIALS AND PROCESSES STAFF
DRM e B . DRM NO.
.TYPE: AEROJET-GENLERAL CORPORATION M-7B
SACRAMENT03 CALIFORIIA | REV. NO.
SHEET _1 oOF _10 2
SUBJECT: DESIGN ALLOWABLES FOR 6061-T6 DATE: 9-3-70
ALUMINUM ALLOY FORGINGS ‘
1. SCOPE: B t o

The design allowable values for the followiﬁg properties of 6061-T6
aluminun alloy forgings are attached:

Ultimate Tensile Strength
Tensile Yieid Strength
Elongation

- This DRM supercedes the tensile data published in DRM M-7B, Rev. 1, dated 3-18-70

and adds detailed mean and standard deviation values for the computed values.

2. TEST MATERIAL:

The data are applicable to hand forgings or equivalent less than 4.00.
inches thick and not exceeding 256 sq. in. cross-sectional area.

3. DATA ANALYSIS:

“"A" basis Mil-Handbook~5 data were obtained which meet NERVA rEquifémenté of 99%

. reliability with 957 confidence level. The means and the standard deviations for

room temperature and each direction were provided by R. Koffman of Alcoa. However,
the number of specimens was not included. The one-sided tolerance factor (k) for

room temperature was calculated and assumed to be the same for all temperatures.

The standard deviations and means at temperatures other than room were calculated from
the Mil-Hdbk~-5 values and the assumed one-sided tolerance factor, k. The number

of actual test values, N, may be inferred from the k factor.

4. CONCLUSIONS:

The data are classified category "B" according to interpretation of TD

-69-37 which permits the use of handbook data providing the proper degree of

statistics were used to meet the intent of TD 28.
5.. DATA REFERENCE:
MIL-HDBK~-5 insert, dated 8 February 1966, and 1 December 1968.

Private Communication from R. Koffman, Alcoa, dated 26 May 1970.

’

PREPARED FOR: L. D. Johnson/ COMPONENT/ Valves,
DATE: L. A. Shurley ASSEMBLY Pressure
IDENT Vessel
AUTHORIZED CLASSIFIER DATE
?fLO g lceie oS b
T . [4
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. PAGE OF
¢ REV. 2
AEROJET-GENERAL NUCLEAR ROCKET OPEKATIONS
- MATERIALS AND PROCESSES SECTION
- DATA RELEASE
pRM No.  M7B PAGE No. __ 2 patE 07370 yarpriaL - 9982
CONDITION v TEST DIRECTION Longitudinal
SPEC. NOS. MIL-A-22771 FORM Hand Forging
pt - . '
_DATA BASIS Category "B" TD 69-28 COMMENT < 4.0 in. Thick
. PROPERTY Ultimate Tensile Strength, Ftu A
TEMP LoTS/ _ _ : COMPUTED
°F HEATS N N X K S VALUE
' e ksi ksi ksi
-423 68.9 3.05 3.4 58.5
-320 57.5 3.05 2.8 49.0
70 44.7 3.05 2.2 38.0
300 35.9 3.05 1.8 30.4
.

' COMMESTS:

Mil Handbook 5 - Basis "A", dated 8 February 1966. Room. temperature
data obtained from Table 3.2.6.0(d), page 324; multiplication factors for
other temperatures obtained Erom Figure 3.2.6.2.1(a), 100 hour exposure,

page 325 of reference. oo

A‘__‘Il") ' . .
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AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERYIALS AND PROCESSES SECTION

DATA RELEASE

DRM No. _ M-7B PAGE NO. 3 paTE 9-3-70 MATERIAL _ 6061
- CONDITION 76 TEST DIRECTION Transverse
SPEC. NoS. Mil-A-22771 FORM Hand Forging
.DATA BASI§ _ Category "B TD 69-28 COMMENT < 4.0 in. Thick
PROPERTY Ultimate Tensile Strength, Ftﬁ
TEMP LOTS/ _ - COMPUTED
°F HEATS N Ne x K S VALUE
} __lsi ksi Ksi
423 69.5 3.94 2.8 58.5
70 45,1 3.94 | 1.8 38.0
300 34,7 3.94 1.44 30.4
“\
Mil Handbook 5 - Basis "A", dated 8 February 1946. Room temperature
COMMENTS ¢ data obtained from Table 3.2.6.0(d), page ..”4; multiplication factors

for other temperatures obtained from Figure 3.2.6.2.1(a), 100 hour
exposure, page 325, of said rvference. ‘

Ao.-]_lo 3
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) PAGE OF
) REV. 2
AERQJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION
DATA RELEASE
DRM No. _ M-7B_ " pagE NO. _ 4 pATE _ 9-3-70  maTpRiaL 6061
CONDITION T6 TEST DIRECTION Short Transverse
SPEC. Nog.  Mil-A-22771 FORM Hand Forging
. DATA BASIS Category "™ TD 69-28 COMMENT _<_ 4.0 in. Thick
-~ PROPERTY Ultimate Tensile Strength, th
TEMP | LOTS/ . _ o COMPUTED
°F HEATS N Ne X K S VALUE
ksi ksi ksi ksi
—423 71;0 4-79 209 57'0
-320 59.4 4.79 2.45 47.7
70 46.1 4.79 1.9 37.0
300 36.9 4.79 1.52 29.6
.
N Mil Handbook 5 - Basis '"A", dated 8 February 1966. Room temperature
COMMENTS : data obtained from Table 3.2.6.0(d), page 324; multiplication factor

for other temperatures obtained from Figure 3.2.6. 2 l(a), 100 hour
exposure, page 325, of said reference.

A-144 L




PAGE ° oF 10
REV. 2

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION

DATA RELEASE

DRM No. M7B PAGE NO. paTE 273770 yapprianL 6061
CONDITION 19 TEST DIRECTION - Longitudinal
SPEC. Nog. [H1-A-22771 ' FORM Hand Forging
Hipn _ .
. DATA BASIS Category "B" TD 69-28 COMMENT £ 4.0 in. Thick
- PROPERTY Tensile Yield Strength, Fty
TEMP LOTS/ . _ COMPUTED
°F HEATS N N X K S VALUE
e ksi ksi ksi
"'4?.3 55'9 2-89 2062 48-3
-320 47.8 2.89 2.24 41.3
70 40.5 2.89 1.9 35.0
300

33.6 2.89 1.6 29.0

s
P
0

‘ " COMMEWTS :

Mil Handbook 5 -~ Basis "A", dated 8 February 1966. Foom temperature
data obtained from Table 3.2.6.0(d), page 324; multiplication factors
for other temperatures obtained from Figure 3.2, 6 2, l(b) 100 hour
exposure, page 326, of said rcfercnce. .

A-145
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PAGE

REV.

6 _or10_

2

AEROJET~GENERAL NUCLEAR ROCKET OPERATIONS

DATA RELLASE

MATERIALS AND PROCESSES SECTION

DRM NO. _ M-7B DATE _ 9-3-70  MATERIAL 6061
CONDLTION T6 TEST DIRECTION Transverse
SPEC® NOS. Mil-A-22771 FORM Hand Forging
.. DATA BASIS Category "B" TD 69-28 COMMENT < 4.0 in. Thick
-- PROPERTY Tensile Yield Strength,.Frv
TEMP LOTS/ _ - COMPUTED
°F "HEATS . N X K S VALUE
e ksi ksi ksi
~423 55.9 2.75 2.76 48.3
-320 47.8 2.75 2.3 | 41.3
70 40,7 2.75 2.0 35.0
-300 33.6 "2.75 1.66 29.0
’L‘
Mil Handbook 5 - Basis "A", dated 8 February 1966. Koom temperature
COMMERTS : data obtained from Table 3.2.6.0(d), page 324; multiplication factors

for other temperatures obtained from Figure 3. 2 6.2, l(b), 100 hour

exposure, page 326, of said reference.

Ry ot
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PAGE
REV.

or 10

Nl\l

AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
MATERIALS AND PROCESSES SECTION

DATA RELEASE

DRM NO. M-7B  PAGE No. 7 DATE _ 9-3-70  MATERIAL 5051

CONDITION T6 Short Transverse

TEST DIRECTION

SPEC. Nos. Mil-A-22771 - FORM Hand Forging
. DATA BASIS Category 'B" TD 69-28 COMMENT < 4.0 in. Thick
- PROPERTY Tensile Yield Strength, Ftv
TEMP LOTS/ _ COMPUTED
°F HEATS X K S VALUE
ksi ksi ksi
-320 47.4 3.8 2.24 38.9
70 40.3 3.8 1.9 32.0
300 33.5 3.8 1.6 27.4
L
: pnesma, - Mil Handbook 5 - Basis "A", dated 8 February 1966. Room temperature
t COMALSTS s data obtained from Table 3.2.6.0(d), page 324; multiplication factors

for other temperatures obtained from Figure 3.2.6.2. l(b), 100 hour
exposure, page 326, of said reference. '
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REV. 2
-" AEROJET-GENERAL NUCLEAR ROCKET OPERATIONS
= MATERTALS AND PROCESSES SECTION
DATA RELEASE
prYNo. 7B pageno, 8 pate 97370 yarpriaL | 062
connrrion __*° TEST DIRECTION Longitudinal
SPEC. Nog. Mil-A-22771 ' FORM Hand Forging
it - ’
_DATA BASIS Category "B" TD 69-28 COMMENT < 4.0 in. Thick
-~ PROPERTY Elongation, e
TEMP LOTS/ _ _ COMPUTED
°F HEATS N N X K s VALUE
e % % %
~423 : 29.0 4.33 3.0 16.6
-320 ' 25.0 4.33 2.5 14.0 o
200 13.7 4.33 1.7 9.4
~
- ;"’
-
Data obtaincd from Table 3.2.6.0(d), page 324, Mil landbook 5, ;
t COMMENTS: basis "A", datcd 8 February 1966. Data for -320 and 200°F are -
to be acquired by test or from literature. :
oy
A"‘ll's ' ) T ::}b

hand Bl LI B L aa 't B B [d LS L LU Ll
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REV.

AEROJET-GENLERAL NUCLEAR ROCKET OPERATIONS

MATERIALS AND PROCESSES SECTION

DATA RELEASE

by test or from literature, °

-

A-149

DRM No. _ M-7B PAGENO. _ 9 pate _9-3-70  arpRian 6061
conpITION __ T TEST DIRECTION Transverse
SPEC. NOS. Mil-A-22771 FORM Hand Forging
. DATA BASI§ Category "B" TD 69-~28 COMMENT < 4.0 In. Thick
- PROPERTY Elongation, e ’
TEMP LOTS/ , — COMPUTED
°F HEATS N Ne X K S VALUE
~320 -
70 14.3 ©2.86 2.2 8%
300 -
A
N Data obtained from Table 3.2.6.0(d), page 324, Mil Handbook 5,
COMMENTS:  gated 8 February 1966. Data for -320 and 300°F are to be acquired
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dated 8 February 1966,

A-150

“

REV' 2
AEROJET--GENERAL NUCLEAR ROCKET OPERATIONS
- MATERIALS AXD PROCESSES SECTION
' DATA RELEASE
DRM NO. __ M-7B 10 DATE ___9-3-70  MATERIAL __ 6061
CONDITION T6 TEST DIRECTION Short Transverse
SPEC. NOS.  Mil-A-22771 FORM Hand Forging
.DATA BASIS Category "B" TD 69-28 COMMENT < 4,0 in. Thick
- PROPERTY Elongation, e
TEMP LOTS/ _ _ COMPUTED
°F HEATS N, X K S VALUE
-320 -
70 12.7 3.66 2.1 5%
300 -
L
COMMENTS : " Data obtained from Table 3.2.6.0(d), page 324, Mil Haudbook 5,
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APPENDIX C
PRELIMINARY TEST PLAN MATRICES
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