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FOREWORD

This report was prepared by AiResearch Manufacturing Company, a division
of The Garrett Corporation, Los Angeles, California for the Langley Research
Center of the National Aeronautics and Space Administration., This report
presents the results of an experimental study performed under Task Order No. 3,
"Fabrication and Structural Evaluation for Regeneratively Cooled Panels." The
work is part of a comprehensive analytical and experimental study of regenera-
tively cooled panels performed under Contract NAS|-5002. This program was
under the cognizance of Mr. R. R, Howell and Mr. H. N. Kelly of the 8-Foot
High Temperature Structures Tunnel Branch of the Structures Division and

Dr. M. S. Anderson and Mr. J. L. Shideler of the Aerothermoelasticity Section,
Langley Research Center.



FABRICATION AND STRUCTURAL EVALUATION
FOR REGENERATIVELY COOLED PANELS

By C. Demogenes, 0. Jones, C. E. Richard, J. D. Duncan, and W. G. Flieder
The Garrett Corporation
AiResearch Manufacturing Company

SUMMARY

An experimental evaluation of sheet and sandwich panel specimens was
performed to select materials and fabrication techniques for regeneratively
cooled panels. Specimens, testing conditions and parent metal choices were
based on a previous analytical study of hydrogen-cooled panels. The braze
joining process was evaluated for several braze alloys which collectively
provide manufacturing fiexibility for the desired superalloy panel materials.

Tensile tests showed that the strength properties of Waspaloy, Inconel 718
and Inconel 625 coupons, subjected to heating cycles typical of expected braz-
ing conditions, were comparable to published parent metal properties, whereas
ductility values were generally lower than published properties. Similar
results were noted for Inconel 625 tensile specimens coated with braze alloy.

Metallurgical examination of brazed sandwich specimens showed that joining
quality was acceptable for most alloy combinations evaluated and minimal dif-
ferences were noted for different brazing times and brazing atmospheres. The
superalloy metals formed adequate fin shapes required for brazing of these
panels.

Burst and creep rupture tests, performed on single layer panels, deter-
mined coolant containment strengths and provided comparisons for braze alloy
selections. Burst pressures of Waspaloy, Inconel 718, Inconel 625 and
Hastelloy X were about 30 to 90 percent of calculated capabilities, whereas
creep rupture strengths were a smaller fraction, about 10 to 50 percent. The
more ductile alloys, Hastelloy X and Inconel 625, had the better containment
strengths in both tests.

Flexure tests of Waspaloy and Inconel 718 sandwich panels showed that
strength was 90 to 100 percent of predicted values. Panel performance for
external pressure loads satisfied design objectives and verified that weight
estimates developed in a previous study were realistic.

INTRODUCTION

In hypersonic cruise vehicles, where regenerative cooling of large sur-
face areas is required, weight and coolant conservation are of paramount
importance. Analytical studies of the interaction between structural weight



and coolant requirements (reference 1) showed that sandwich panel construction
provides minimum weight structures. Further, based on the assumption that

high temperature coatings are not available, the superalloy metals would pro-
vide the highest panel operating temperatures and hence the lowest coolant
usage. Therefore, the major objective of this program was verification that
compact sandwich panel elements could be fabricated with the superalloys
recommended in reference | and that suitable strength properties are attainable.

Although the materials and structural geometry were extensively evaluated
in the reference ! studies, the Joining process was not specified. The process
under consideration for these panels is brazing which is one of the best de-
veloped joining processes in present day state of the art. Several candidate
braze alloys were selected based on their strength, ductility, and potential
compatibility with the superalloy parent metals. 1In the initial evaluation,
braze cycle effects were determined by tensile tests of parent metal specimens.
Following this, a microscopic examination of brazed plate-fin samples indi-
cated filleting, intergranular corrosion and alloying properties.

For this application, the applicable sandwich panel strength properties
pertain to (1) containment of the coolant flowing inside the heat exchanger
passages and (2) containment of externally applied loads such as combustion
chamber pressure, aerodynamic pressure, gravity loads, etc. Since the pre-~
vious analytical studies (reference |) were based on published property data
and ideal structural behavior (i.e., perfect geometry, uniform thickness,
etc.), these experimental evaluations were intended not only to prove fabrica-
tion feasibility but, to provide an accurate measurement of panel strength in
simulated design conditions. Therefore, two basically different structural
tests were performed on sandwich specimens; (l) burst and creep rupture tests
primarily for determining coolant containment capabilities and (2) flexure
tests to evaluate external loading strength.

SYMBOLS
A area, in.z/in. (cmz/cm)
b fin or web spacing, width, in. (cm)
E elastic modulus (including plate correction), psi (MN/mZ)
E, tangent modulus, psi (MN/mz)
G shear modulus, psi (MN/mz)
h height, in. (cm)
I section moment of inertia, in.a/in. (cm4/cm)

K buckling coefficient; spring rate, 1b/in. (N/m)

L length, in. (cm)



M bending moment 1b-in./in. (N-m/m)
P load, 1b (N); pressure, psi (N/mz)
p load, 1b/in. (N/m)

q/A heat flux, Btu/sec-ft2 (kW/mz)

R radius, in. (cm)

RT room temperature

t thickness, in. (cm)

v shear load, 1b/in. (N/m)

x distance, in. (cm)

5 deflection, in. (cm)

M plasticity reduction factor; T = (E,C/E)l/2
6 angle of rotation, radians or degrees
v Poisson's ratio

o direct stress, psi (MN/mz)

T shear stress, psi (MN/mz)
Subscripts

c core (chevron fin)

cc critical buckling

eq equivalent

f face sheet

fin fin

m measured

r roller correction

ult ultimate

y yield



GENERAL CONSIDERATIONS

Configurations

Three basic conceptual designs for hydrogen cooled structural panels were
evolved in the course of the analytical investigation of reference I. Each
of these designs was found to be best suited to a particular range of thermal
and pressure loading. The three conceptual designs and their ranges of
applicability are illustrated in figure |. Concept | is a single sandwich
concept that combines the load carrying structure and the heat exchanger.
Concept 2 is a two-layer composite in which a surface heat exchanger is metal-
lurgically bonded to a load carrying panel. Concept 3 is a cooled shingle
concept in which the primary heat exchanger is mechanically attached to a
load carrying structure which is maintained at a low temperature by a secon-
dary heat exchanger.

Two typical panel configurations, shown in figure 2 form the nucleus of
the present fabrication studies. The first is typical of the single sandwich
concept which features an all Waspaloy sandwich and utilizes a plain fin core
material. The second is typical of the two layer composite used for concept 2
and the cooled shingle for concept 3. The structural panel for this con-
figuration is of Inconel 718 and utilizes a chevron type web core; the heat
exchanger is either Hastelloy X or Inconel 625 and utilizes rectangular
offset fins.

Parent Metals

The parent metals used in the study were selected as part of the previous
study of reference |. Important parameters that were considered in the pre-
vious study included operating temperatures, temperature differentials, the
nature and magnitude of applied stresses, fabricability, configuration life
and their effect on configuration weight and coolant consumption. Refractory
alloys were specifically excluded from consideration because of poor oxidation
resistance and because protective coatings that have extended life of 100 hours
or more are unavailable. Although Hastelloy X was preferred for the concepts 2
and 3 heat exchangers in the reference | studies, a newer alloy, Inconel 625,
was also suggested due to its potential for increased thermal fatigue life
and was therefore extensively evaluated in the present study. The potential
for increased fatigue strength was indicated by published ductility values
exceeding those of Hastelloy X.

Test Temperatures

Maximum test temperatures were based on expected component operating
temperatures as they evolved from the reference | studies. The concept |
Waspaloy panel limitation was about 140G°F (1030°K). Thermal, external
pressure, and coolant containment stresses in the fin and face plates are



substantial, however, the governing strength property above 1200°F (920°%K),
the stress~rupture strength, is still adequate although diminishing rapidly

as temperature increases. A maximum surface metal temperature of 1540°F
(1110°%K) was considered for the concept 2 heat exchanger because superalloy
strength properties and oxidation resistance are inadequate for extended oper-
ating times at higher temperatures. The maximum test temperature of 1 600°F
(1140°K) for Hastelloy X and Inconel 625 was consistent with that choice.

For the concept 2 Inconel 718 prime structure, a 1200°F (920°K) maximum is
about optimum considering coolant usage and weight limitations. The transi-
tion from yield strength limited to creep strength limited designs is at about
1200°F (920°K) and the rapid decrease in rupture properties at higher tempera-
tures increases weight significantly. Also, the maximum heat exchanger tempera-
ture, which is roughly the sun of the Inconel 718 maximum and the temperature
difference across the heat exchanger height, limits the Inconel 718 portion

at the higher heat fluxes.

Brazing Alloys

The criteria for selecting braze alloys in this application were good
high temperature strength, compatibility with the parent metal annealing or
solution heat treatment temperature and satisfactory brazing characteristics.
The brazing characteristics considered include wettability, filleting, amount
of parent metal intergranular corrosion and alloying depth. In addition, the
general requirements for multistep brazing operations dictate that a range of
brazing temperatures be available. Based on these considerations, the follow-
ing braze alloys were selected for evaluation.

Palniro | (50 Au~25 Pd-25 Ni, 2070°F (1410°K) braze temperature)
Palniro 7 (70 Au-8 Pd-22 Ni, 1950°F (1340%K) braze temperature)
Nioro (82 Au-18 Ni, 1800°F (1260°K) braze temperature)

Nicrobraz 65 (23 Mn-7 Si-5 Cu-Balance Ni, 1950°F (1340°K) braze
temperature)

The gold-base alloys have good elevated temperature strength and, compared
to the nickel-base alloys, they have lower hardness, better ductility and less
tendency for intergranular penetration and alloying. The three brazing tempera-
ture provide considerable flexibility for multistep braze operations. Another
gold-based alloy, Palniro 4 (30 Au-34 Pd-36 Ni, 2175°F (1460°K))was used in the
Hastelloy X tests, but was not evaluated in combination with the other three
superal loys.

Nickel-based brazing alloys containing silicon and boron have good elevated
temperature strength and good brazing characteristics, but one serious drawback
of these commonly used alloys is loss of parent metal ductility due to inter-
granular penetration by boron. Nicrobraz 65 was selected because it is not as
aggressive as other nickel-based alloys in terms of either alloying or inter-
granular penetration. Nicrobraz 65 is available only in powder form whereas
braze foil, available with the gold alloys, is preferable because it gives more



uniform coverage and composition. In addition, Nicrobraz 65 is not as strong
nor as ductile as the gold based alloys, however, it is much less expensive
($5/1b vs $700/1b) and, for this reason, merited consideration.

Fabrication ]

The fabrication approach used in this program was based on AiResearch
state-of-the-art techniques. Existing tooling, to the extent possible, was
used because of the limited number of test samples. However, three important
fabrication variables were evaluated with regard to plate-fin joint quality;
(1) fin formability of the superalloy materials, (2) the effect of pressure
loading on the plate-fin sandwich during the brazing process, and (3) methods
of applying this loading.

SHEET ALLOY PROPERTIES

Sheet tensile properties of Waspaloy, Inconel 718 and Inconel 625 were
determined for conditions typical of their use in brazed sandwich panels. The
sheet alloys were subjected to heat treatment cycles characteristic of the
various candidate braze processes. Braze process variables included tempera-
ture, hold times during brazing, and cooling rates subsequent to brazing.
Postbraze heat treatment cycles were also applied to investigate Waspaloy
strength for two final aging cycles and to evaluate Inconel 625, property varia-
tions due to the Inconel 718 aging cycle. In addition, Inconel 625 tensile
specimens were coated with the candidate braze alloys to observe the resulting
composite properties and for comparison with the uncoated, but similarly heat
treated Inconel 625 specimens. Sheet material, with thickness corresponding to
expected dimensions for fabricated panels, was selected for the test specimens
to eliminate possible size effects. Since the published properties of the
materials are generally reported for considerably larger thicknesses, the
results obtained augment available data. Furthermore, reduction in area esti-
mates were obtained for the three materials since this property is not always
reported, and in this application, provides data for low cycle fatigue estimates,
particularly for Inconel 625 heat exchangers.

The braze alloy-parent metal combinations selected for evaluation were:

Waspaloy Palniro 7, Nicrobraz 65
Inconel 718 Palniro 7, Nioro
Inconel 625 Palniro I, Palniro 7, Nioro

Important considerations affecting the above combinations are discussed in the
burst and creep rupture test section,



Specimen and Tests

The basic test specimen shown in figure 3, similar to a standard tensile
coupon, was cut from 6 in. (15 cm) square sheets of 0.010 in. (0.025 cm)
thickness sheet material. The composition of the square sheets was metallur-
gically verified to be within specifications and the simulated braze cycle or
coating operation was performed prior to machining the samples. The applicable
aging cycles followed the final machining operation. Except for one test case,
the specimens were cut to give transverse (relative to rolling direction) loads
on the material since this generally produces the lowest material properties.
Except for the coated Inconel 625 specimens, the elevated temperature coupons
included 0.04 in. (0.10 cm) thickness reinforcing tabs which were spotwelded
at either end to prevent hole deformation.

A1l of the specimens were tested with an Instron Universal Testing Machine.
For the room temperature tests the specimens were loaded at a strain rate of
about 0.005 in./in./min (0.00008 cm/cm/sec) to about one percent strain. The
specimens were then unloaded and reloaded at a strain rate of about 0.010 in./
in./min (0.00016 cm/cm/sec) to failure. At elevated temperatures the procedures
were the same except that strain rates of about 0.05 in./in./min (0.0008 cm/cm/
sec) were used for both loadings. An extensometer with a 500x magnification
was used during the initial loading to measure the specimen extensions from
which the strains were calculated. For the second loading, displacement of the
crosshead as recorded by the testing machine (50x magnification) was used to
determine the strain. Elongation data was reduced on the basis of a I-in.
(2.5-cm) gage length.

In addition to the standard stress-strain data, reduction in area measure-
ments were obtained on the failed specimens. The width and thickness were
measured about 0.05 in. (0.13 cm) from the fracture using a standard I-in.
(2.5-cm) micrometer. However, the measuring technique is not accurate for
these thin gages due primarily to the irregularity of the fracture and the
quoted values in subsequent tables should be considered as an indication rather
than an absolute measurement.

Test conditions, test objectives and qualitative results of the tensile
tests are summarized in table |.

Waspaloy

The Waspaloy tensile strength results in figure 4 show good agreement with
published data and exceeded specified minimums. The same is true of room tem-
perature elongation properties, however, the 1400°F (1030°K) elongation was
cons iderably lower than either published properties or specified minimums. As
discussed below, this loss in ductility is partially attributed to work harden-
ing. A complete summary for Waspaloy, including reduction in area measurements
which generally agree with elongation trends, is presented in table 2. The
yield and ultimate strength values within a sample are very consistent. The
elongation and reduction in area values show more scatter probably because in



this thin sheet material, local defect size influences crack initiation.
Notches, scratches, grain size and local property variations are more important
when the size of these defects is a significant percentage of sheet thickness.

Typical room and elevated temperature stress-strain curves, including both
the extensometer and crosshead readings, are shown in figure 5. The 0.2 percent
offset yield point and elastic line are noted for the extensometer portion of
the curve. The shape of the 1400°F (1030°K) curve (crosshead reading) suggests
that some creep deformation was recorded since the maximum stress level was
displaced toward the lower strain values.

Effect of brazing and aging cycle.- A comparison of Palniro 7 cycles to
the reference double-aging at 1550° and 1400°F (1120° and 1030°K) of as-received
material indicates that the simulated brazing caused only minor changes in
wWaspaloy properties. The 1400°F (1030°K) tests, simulating Palniro 7 with
vacuum and hydrogen environments, show that the slower vacuum cooldown (about
1500 s to cool below 1000°F (810°K) versus about 480 s for hydrogen) tends to
decrease strength and increase ductility. Similar overall results would be
expected for Nicrobraz 65 since its brazing temperature is close to that of
Palniro 7.

The normal double-aging cycle was compared to a single cycle at 1400°F
(1030°K) since the latter would simplify fabrication. The single-aging cycle
resulted in substantially lower Waspaloy elongation values and the double-
aging cycle was retained in subsequent evaluations. If as surmized, cold
working at the specimen edges (see below) contributed to the lower ductility,
the double-aging cycle was more effective in relieving undesirable machining
effects., In an actual application, the panel braze operation would follow any
machining operations, rather than preceding them as in these tests, and the
single-aging cycle might prove to be acceptable.

Effect of work hardening.- The low Waspaloy elongation at elevated tem-
peratures was partially attributed to work hardening of the edges during
machining. To eliminate the work hardening contribution, a two-hour, 1825°F
(1270°K) soak was added after machining the specimens which were then double-
aged. In 1400°F (1030°K) tests, the elongation increased by about 100 percent,
equal to specified minimum values (figure 4). The yield strength decreased
about |0 percent but exceeded specifications whereas the ultimate strength was
unaffected. Satisfactory Waspaloy properties are expected for this application
since brazing would have an effect similar to the added 1825°F (1270°K) soak.

Additional coupons, treated with the 1825°F (1270°K) soak prior to aging,
were tested in the longitudinal direction. As expected, longitudinal properties
exceeded transverse properties. However, the difference is slight and direc-
tionality does not appear to be a factor for Waspaloy.



Inconel 718

The Inconel 718 tensile properties (figure 6) agree favorably with
published data and exceeded specified minimums for all test conditions. A
summary of the test results in table 3 indicates that property variations within
each sample were comparable to Waspaloy. Typical room and elevated temperature
stress-strain curves are shown in figure 7.

The simulated braze cycles, in general, tended to reduce Inconel 718
properties as compared to the as-received and aged condition (table !). The
largest variation occurred in the 1200°F (920°K) tests, where elongation values
were 25 to 30 percent lower. Of the two braze cycles, the Palniro 7 cycle
produced the lower strength properties, about 10 percent less than Nioro.
However, the ductility of the Palniro 7 case exceeded that of Nioro by about
I0 percent at elevated temperature.

The slightly higher properties of the as-received material, compared to
the Nioro cycle specimens, is attributed to the more rapid cooldown after
annealing (annealing temperature and Nioro braze temperature are the same).
Although the hydrogen brazing environment was not evaluated, cooldown is faster
than for vacuum brazing so slightly higher Inconel 718 properties would be
anticipated.

Inconel 625

The ultimate strengths of Inconel 625 specimens generally exceeded speci-
fied minimums and published properties. Room temperature yield strengths
exceeded reference data except that with the Palniro | cycle yield strength
was about 10 to 15 percent less than both minimum and published values (figure 8
and table 4). At 1400° and 1600°F (1030° and 1140°K), yield strength was
consistently lower than published data, up to about 30 percent in one case.
The elongation properties, displayed in figure 8b, tend to agree with room
temperature published values and to exceed the minimum specified, whereas the
elevated temperature elongation is significantly less than the published
properties, a 70-percent reduction in one case (no minimum is specified at
elevated temperatures). A partial explanation may be creep deformation which
was evident in the high temperature stress-strain curves {typical room and
elevated temperatures curves are presented in figure 9). Since creep rupture
generally occurs for lower total elongations, the full short-time elongation
may not have been realized.

Effect of brazing and aging cycles.~ From a comparison of results of the
as-received material tests and those with the Palniro | and 7 braze cycles it
is apparent that the only major effect of the brazing cycles is the 50 percent
reduction of the elongation of the specimens with the Palniro | braze cycle at
1600°F (1140°K) shown in figure 8b. The difference apparently is the result
of the higher brazing temperature of the Palniro | alloy, since the close agree-
ment between the as-received and Palnire 7 results indicates that cooling rate
has little or no effect on Inconel 625,




Inconel 625 is apparently age hardened by the Inconel 718 heat treatment
as evidenced by the higher strength and lower ductility of the heat treated
specimens relative to the as-received specimens. This is attributed primarily
to the 8-hr soak at 1325°F (990°K), although the aging effect on Inconel 625
properties at higher test temperatures would diminish.

Effects of braze alloy.- In the 1600°F (1140°K) braze alloy coating tests,
the ultimate strength (based on the original uncoated sheet thickness) varied
from 42 ksi (290 MN/m ) for Palniro | to 52 ksi (360 MN/m2) for Nioro compared
to 43 ksi (300 MN/m2) for as-received material. With the braze coating, the
material ultimate equaled, or exceeded, the simulated braze cycle samples,
however, yield strength variations were negligible between any of the test
coupons. Elongation values were fairly consistent between the three braze
coated types, ranging from 36 to 45 percent, although they were much lower than
the as-received and Palniro 7 cycle values (but slightly higher than the simu-
lated Palniro | cycle elongation). Measurements of braze alloy diffusion into
Inconel 625 (0.0004 in. (0.00! cm) for Palniro | and 0.0007 to 0.0010 in, (0.00I8
to 0.0025 cm) for Palniro 7 and Nioro) do not indicate any definite trend which
would explain the difference between coated and uncoated Palniro | and 7
specimens,

BRAZING CHARACTERISTICS

Metallographic examinations of brazed plate-fin specimens established
brazing and forming characteristics of Waspaloy, Inconel 718 and Inconel 625,
In addition, the effect of fin and plate contact stress variations was investi-
gated. In this program, the contact stress was applied by deadweight loads,
however, an alternate method, evacuated envelope loading, was briefly examined.

As summarized in table 5, the parent metal and braze alloy combinations
were retained from the previous evaluation. Vacuum and hydrogen atmospheres
were compared with all parent metal-braze alloy combinations except Waspaloy-
Nicrobraz 65, The hydrogen brazing environment is preferred because it
restricts preferential evaporation of manganese from Nicrobraz 65. Hold times
of 300 and 1200 s were used to investigate time~-dependent alloying, inter-
granular penetration and erosion effects.

Specimen Preparation

Geometries of the basic 2 by 3 in. (5 by 8 cm) samples used in the brazing
evaluation are indicated in Figure 10 (slightly smaller, 1.5 by 2-in. ( 4 by
5 cm) Inconel 625 specimens were used in the braze pressure evaluation).
Fin geometries were similar but not necessarily identical to those of the
reference configurations of figure 2. Prior to panel assembly for brazing,
the Waspaloy and Inconel 718 components were nickel plated (0.0002 to 0.0003 in,
(0.0005 to 0.0008 cm) thickness) to obtain the required braze alloy wetting
action. Inconel 625 components were not nickel plated since previous experience
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indicated that it was not required. During the assembly operation, which
includes insertion of the braze foil or powder, the components are spot-welded
together to prevent movement during brazing. Gold alloy braze foil thicknesses
of about 0.00! in. (0.0025 cm) were used and the thickness of the sprayed
mixture of filler powder and Nicrobraz cement was about the same.

Following brazing and final heat treatment, photomicrographs were taken
of the panel cross section. These photographs were used to determine braze
characteristics such as depth of braze penetration. In some cases, micrographs
were obtained prior to brazing to detect possible fin geometry changes resulting
from the braze operation.

Effect of Brazing on Materials

Waspaloy.- The Palniro 7 alloy formed good joints and fillets when brazed
with Waspaloy as shown in figure Il. No differences were noted between hydro-
gen and vacuum environments, however there was a slight increase in diffusion
for the longer hold time. Alloying depths were typically about 0.0013 in.
(0.0033 cm) and about 0.0004 in. (0.0010 cm) of intergranular penetration was
observed. The intergranular penetration is somewhat greater than expected,
possibly because of interaction between the nickel plating and Palniro 7.
Discounting the contribution of intergranular penetration, the alloying depth
was about 0.0009 in. (0.0023 cm) compared to the original separation of 0.00! in.
(0.0025 cm) caused by the braze foil between the plate and fin (assuming com-
plete contact prior to brazing).

Increased filleting would be desired for Nicrobraz 65, indicating the
need for additional brazing powder. Very little diffusion occurred with this
alloy and the lack of intergranular penetration shows that Nicrobraz 65 was
not aggressive to Waspaloy.

Inconel 7/8.~- The braze flowing and filleting characteristics of Palniro 7
were good as shown in figure (2a. The Nioro alloy was generally comparable to
Palniro 7, however recessed fillets were noted (figure I2b). No significant
difference was noted between vacuum and hydrogen brazing or between the two
hold times for either alloy. Diffusion was uniform, although the depth was
0.00025 in. (0.00063 cm) for Palniro 7 compared to 0.00015 in. (0.00038 cm)
for Nioro. Similarly, intergranular penetration was about 0.0004 in. (0.0010
cm) for Palniro 7 compared to 0.0003 in. (0.0008 cm) for Nioro. The difference
may be attributed to the Inconel 718 nickel plating which may have reacted
more with Palniro 7 due to its higher brazing temperature.

Inconel 625.- The brazing properties of the three alloys were good with
no appreciable differences noted for either brazing environment or the two
hold times. The diffusion of Palniro | into Inconel 625 was 0.0004 in, (0.001
cm), about one-half of that for Palniro 7 and Nioro. Diffusion was uniform,
with minor intergranular penetration observed.
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As shown by photomicrographs in figure |3, there is considerable separation
between the plates and fins, probably because of the initial rounded fin shape
(figure 13a). (The separation may be exaggerated since the apparent metal
boundary is shifted by diffusion of the filler alloy in the gap). Capillary
action may have caused the braze alloy to concentrate in the initial rounded
fin contact area although the Joad during brazing is sufficient to eventually
increase the contact area due to fin creep deformation. A comparison of the
Waspaloy and Inconel 625 joints in figures ||l and 13, respectively, supports
this explanation since the Inconel 625 braze alloy covers a lower percentage of
the potential fin-to-plate contact length. :

The ability of the braze alloy to fill small gaps is of prime importance
in determining acceptable fabrication tolerances. The relative capability of
the various alloys to fill gaps was not determined, however, the following
observations were made from the photomicrographs. Nioro failed to fill a gap
of 0.004 in. (0.0l cm) in one instance, but this alloy was capable of spanning
a 0.003 in. (0.008 cm) spacing. Palniro | filled a gap of 0.003 in. (0.008 cm),
whereas filled separations for Palniro 7 did not exceed 0.001 in. (0.003 cm).

Superalloy Fin Formability

Initially some question existed as to the feasibility of forming Waspaloy
into the desired compact fin array due to its lower ductility properties as
compared to Inconel 625 and Hastelloy X. A fin thickness of 0.003 in. (0.008 cm)
was desired, however the available forming die was for 0.004 in. (0.0l cm)
material. Both fin sizes were fabricated on the available die and since the
0.003 in. (0.008 cm) fin was acceptable (see figure I1) it was used in the
subsequent Waspaloy evaluations. Furthermore, the plain 0.003 in. (0.008 cm)
waspaloy fins were more nearly rectangular than the 0.004 in. (0.0l cm) offset
Inconel 625 ones (compare figures Ilb and |3a).

Inconel 718 chevron fins initially presented fitup and brazing problems
since the brazing tab was not perpendicular to the web due to springback during
fabrication. An acceptable fin shape was achieved by hand forming the tabs
during the fitup and assembly process. However, the nonuniformity of fin-to-
tab angle apparently led to gaps which exceed typical fin height variations in
rectangular, plain or offset, fin geometry.

Fin shape did not change during the braze operations in any specimens.
The only effect related to fin shape was the increased separation of e fin
and plate of the Inconel 625 specimens attributed to the rounded fin d the
fit up of the Inconel 718 chevron fins.

Effect of Pressure on Brazing
Increased contact pressures were investigated for the Inconel 625 fins,

which had pronounced curvature on the surface contacting the plate, to determine
if joint quality was affected, The relatively large plate and fin separation
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was undesirable and the fillets could be improved. 1In the previous braze
operations a 1.8 psi (12 kN/m2) deadweight loading provided the fin and plate
contact pressure. The test flxture shown in figure 14 applied Ioadlng pressures
of 2 to 12 psi (14 to 83 kN/m2) in 2 psi (14 kN/m2) increments on six |.5 by

2 in. (4 to 5 cm) Inconel 625 samples.

Metallographic examination revealed no dlscernable differences in bra2|ng
characteristics for the 2 to 12 psi (14 to 83 kN/m2 ) pressures as shown in
figure 15. The plate and fin separation and filleting agreed closely with the
previous 1.8 psi (12 kN/m2) value of about 0.001 to 0.002 in. (0.003 to 0.005
cm). There was no indication that fin buckling occurred, even for the highest
loading. Based on these results, subsequent fabrication was performed with
about 2 to 4 psi (14 or 28 kN/m2) loading, depending on fixturing considerations.

Evacuated Envelope Brazing Method

An alternate method of achieving fin and plate contact pressure, utilizing
an evacuated envelope, was evaluated. In this approach, the panel is encapsu-
lated in a sheet metal envelope (see figure 16) which can be evacuated so that
atmospheric pressure provides the brazing contact load. This method is attrac-
tive because little or no fixturing is required. Furthermore, it avoids
undesirable temperature lags and minimizes thermal expansion restraint which
result from deadweight loadings on large panel surfaces.

An Inconel 625-Palniro | specimen was brazed in an envelope evacuated to
provide an external pressure of one atmosphere. The cross section of the
brazed sample, shown in figure I5c, shows that contact between fin and plate
was similar to the deadweight resuits, although filleting was not as good.

The lower braze quality of this specimen could be attributed to a slightly
higher brazing temperature, 2085°F (1410°K) compared to previous temperatures
of 2070°F (1410°K), and a 20°F (11°K) overshoot which lasted for about 120 s.

In addition, some collapsing of fins is evident, either because of the slightly
higher brazing pressure, or a combination of increased temperature and pressure.
The evacuated envelope method was not given further consideration in this pro-
gram because some further development appeared desirable and deadweight loading
was satisfactory.

INTERNAL PRESSURE TESTS

Burst and creep rupture tests were conducted on single layer brazed plate-
fin sandwich specimens to evaluate the pressure containment properties of
several material systems and to provide aid in the selection of braze alloys
for the fabrication of specimens for subsequent flexural tests. In addition to
quantitative measurements of the pressure containment properties, visual,
microscopic, and metallographic examinations were made to determine braze alloy
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placement and quantity, parent metal erosion, and types of failures. The
results of similar tests with Hastelloy X specimens obtained in a related
program are also reported since both Hastelloy X and Inconel 625 are prime
candidates for the heat exchanger of the two layer panel of figure 2b.

Test Specimen

Single layer sandwich specimens were used to simulate components of the
reference configurations of figure 2. Geometries of the 2- by 3-in. (5- by
8-cm) specimens are given in figure I7. With the exception of the thickness of
the faceplates for the Inconel 718 specimens the geometries of the fins and
faceplates were identical to those of figure 2. Thicknesses of the Inconel 718
specimen faceplates were increased to 0.020 in. (0.05 cm) to ensure that failure
would occur in the chevron fins. Geometries of the Hastelloy X specimens were
similar; however, 0.015 in. (0.037 cm) faceplates and a variety of fins of the
offset type (figure 2b) were used.

The Waspaloy specimens were representative of the materials and geometries
proposed for a single layer sandwich (figure 2a). These specimens were tested
at 1400°F (1030°K) to evaluate the pressure containment properties under typical
operating conditions and to aid in the selection of a braze alloy for subsequent
flexural tests. The Inconel 718 specimens were representative of prime struc-
tural panel of a two-layer sandwich (figure 2b). Although this section of the
two-layer sandwich would probably not be pressurized internally the relative
web joint strength at 1200°F (930°K) would indicate the best braze alloy for
subsequent flexural tests. The remaining specimens were representative of the
heat exchanger section of the two layer sandwich (figure 2b). The Inconel 625-
718 specimens were tested at 1200°F (920°K) to evaluate the pressure containment
properties of the colder heat exchanger joint near the prime panel and the all
Inconel 625 specimens were tested at [600°F (1140°K) to evaluate the containment
properties of the joint next to the hot surface. The Hastelloy X specimens
were tested at room temperature, 1200°F (920°K), 1500°F (1090°K), and 1600°F
(1140°K).

Brazing Conditions

The four braze alloys evaluated previously were retained, however braze
conditions were limited to those providing a desired comparison or a range of
strength properties. In cases where the brazing conditions were unlikely to
have a large influence on strength, the conditions expected to produce the
lowest properties were preferred.

Waspaloy panels. - Due to its good strength and compatibility with the
Waspaloy heat treatment, Palniro 7 was evaluated for two braze conditions,
vacuum and hydrogen brazing. A range of Waspaloy strength properties would
be expected since the slower vacuum cooldown lowered Waspaloy properties as
compared to hydrogen brazing. In addition, inclusion of hydrogen brazing
provides a comparison with Nicrobraz 65 which was brazed in hydrogen to
restrict the evaporation of manganese. Palniro | was compared to Palniro 7
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because of its potentially greater creep rupture strength. Although the
brazing temperature for Palniro | (2070°F (14109K)) exceeds the maximum
recommended solution heat treatment for Waspaloy (1975% (1350°K)). Recent
experience with this allox indicated that it did not degrade the Waspaloy
properties at 1300% (980°K). The common 1200 s hold times represent con-
servatively the time for temperature stabilization, and would have the effect,
if any, of reducing Waspaloy properties.

Inconel 718 panels. - Palniro 7 exhibits good strength and is compatible
with both Inconel 718 and Inconel 625. The braze conditions included vacuum
brazing with a 1200 s hold time to give the lowest Inconel 718 properties and
hydrogen brazing for 300 s for the best results. The lower melting point alloy,
Nioro, permitted multi-step brazing flexibility and was a backup for Palniro 7.
Nioro properties were compared for a vacuum environment with a 1200 s hold
time.

Inconel 625 -~ Inconel 718 panels. - Palniro 7 has good high temperature
strength and it is compatible with the maximum recommended solution heat
treatment temperature for Inconel 718. Because no difference between hydrogen
or vacuum brazing was noted for Inconel 625 and only a slight difference for
Inconel 718, the panels were vacuum brazed. The 1200 s hold time provided a
conservative test because both parent metals tend to have their strength
reduced slightly as hold time increases. Nioro was compared to Palniro 7 for
the reasons discussed above for Inconel 718.

Inconel 625 panels. - Palniro | has good strength at the 1600°F (1140°K)
test temperature and composite properties were desired for 300 and 1200 s
hold times. Palniro 7 was included for one step brazing of two layer panels.
The comparison between these alloys was made with a 1200 s hold since Palniro 7
brazes near the solution annealing temperature of Inconel 625 and hold time is
not a significant factor. Since cooling rate is not a factor with Inconel 625,
vacuum brazing was employed.

Hastelloy X panels. - Various fin geometries were tested with two braze
alloys, Palniro 4 and Palniro 1. Braze foil thicknesses ranged from 0.0005
to 0.0014 in. (0.0013 to 0.0036 cm) and 300 to 1200 s hold times were used in
a vacuum environment.

Fabrication

The specimen assembly was the same as that for the brazing evaluation.
For the brazing operation a deadweight loading of about 3 psi (2! kN/m?) was
used for all but the Hastelloy X specimens. For the Hastelloy specimens the
loading was from 2 to 6 psi (14 to 42 kN/m?). After examination and proof
testing as described in the following section the specimens were subjected to
the appropriate heat treatment. For the Waspaloy specimens the standard double
aging cycle (1550°F (1120°K) for 4 hours, air cool, 1400%F (1030°K) for 16 hours,
air cool) was used. Both the Inconel 625 - 718 and Inconel 718 specimens were
subjected to the Inconel 718 aging cycle (1325% (985°K)) for 8 hours, furnace
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cool 100% /hr (56°k/hr) to 1150° (895%K), hold for 8 hours, air cool). The
Hastelloy X and Incomel 625 specimens were not heat treated.

Preliminary Examination and Proof Tests

Following the brazing cycle and prior to final heat treatment each
specimen was subjected to an x-ray examination and 1000 psi (6890 kN/m?) room
temperature proof pressure test to detect voids in the braze or leaks in the
specimen. The x-ray examinations were particularly successful in determining
if all fins were brazed because the relatively greater density of the gold-
base brazing alloys, compared to the plate and fin material, was easily
detected. Furthermore, unbrazed fins typically had thinner brazing alloy
coatings (about 0.001 in. (0.0025 cm) compared to about 0.00l5 in. (0.0038 cm))
and the x-ray density could be adjusted to detect coated but unbrazed regions.
Following heat treatment the specimens were again proof pressure tested. If
voids or leaks were detected the samples were generally repair brazed
and retested until the sample was satisfactory.

Based on the results of the preliminary tests, modifications were made to
the test specimens and Nicrobraz 65 was eliminated from further examination.
The specimen modification consisted of substituting one-piece, rectangular-frame
headers (shown in figure |7) for the separate side and end header strips used
in the initial specimens. The modification was made to eliminate recurrent
leakage problems at the corner joints of the strip headers. Nicrobraz 65 was
eliminated after several unsuccessful attempts to obtain satisfactory specimens.
After the first series of Waspaloy panels gave unsatisfactory results, the
panels were rebrazed adding additional brazing powder and a flux to increase
wettability. The brazing quality improved, but the panels still could not
pass the 1000 psig (6890 kN/m?) room temperature proof test. It was concluded
that brazing techniques for Nicrobraz 65 powder would have to be improved
considerably to produce satisfactory joints and no further evaluation of
Nicrobraz 65 was performed.

Tests

Table 6 shows the test specimen evaluation schedule. Both burst and
creep rupture tests were conducted for all configuratiQns except the Inconel
625~Inconel 718 panels which generally simulate operations at tempergtgres
below the transition from yield strength limited to creep strength ]lmlt?d
designs. A minimum of three samples were generally tested for each particular
configuration to give some indication of test consistency; although one or two
samples were tested with some Hastelloy X combinations.

The test setup, shown in figure 18, includes Marshall Tube furnaces.
Platinum-10 percent rhodium/platinum thermocouples were placed in the chamber
near the specimens for furnace control which is provided by a Leeds and
Northrup recorder. In addition, two chromel-alumel thermocouples were spot-
welded to each panel and the maximum temperature difference observed between
them was 5°F (3°K). Nitrogen gas was used to pressurize the samples for
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shorttime burst testing. For the creep-rupture tests, argon was used to
avoid any nitriding effects.

The panels were heated to test temperature in about | hr, and were
stabilized at temperature for at least 900 s before testing. In the burst
tests, nitrogen gas pressure was gradually increased until the panel ruptured,
i.e., could not contain pressure. The test time, from zero pressure to
failure, was about 120 s. 1In the stress-rupture tests, argon pressures
ranging from about 200 to 1000 psi (1380 to 6890 kN/m?) were selected to
give panel failures in times of 50 to 100 hrs. Pressures were adjusted to
gi ve reasonable specimen life if the initial values were out of the desired
range. Subsequent to testing, the panels were sectioned in the failure
region. Photomicrographs were then obtained of representative cross-sections
to analyze brazing characteristics and failure types. Although the exact
origin of failure generally could not be pin pointed, the major failure mode
and average brazing characteristics were determined. Photographs of typical
samples after failure are shown in figure |9.

Results and Discussion

Results of the burst and creep rupture tests are summarized in tables 7
and 8, respectively. In addition to the basic test data the tables present
the fin tensile stress (obtained by dividing the pressure load at burst or
rupture by the fin tensile area) and the ratio of fin tensile stress to
ultimate or rupture stress for parent metals at the same conditions obtained
from published data (references 2 to 4).

The fin stress ratio, used extensively in discussions to follow, is a
measure of the overall efficiency of the fabricated specimen and indicates
the fraction-of the parent metal strength potential realized by that configu-
ration. To attain the full potential of the parent metal (stress ratio = |.0)
the face plates and braze material must sustain the load (initial failure must
occur in the fin material), the fin loading must be uniform throughout the
specimen, the fins must be loaded in pure tension, and the brazing and forming
process must not degrade the properties of the fin material. Since (as
discussed further in the sections to follow) fin shape, thickness, spacing,
and face plate thickness influence the loading and fabrication processes can
affect the material properties, the stress ratios are strickly applicable to
configurations of identical geometry and caution should be exercised in
attempting to apply these data to other configurations.

Failure modes. - Initial failures of the fabricated specimens, as determined
from examination of photomicrographs of failed specimens, occurred in the
braze joints and in the fins (see figure 20). Thicknesses of the facesheets
were sufficient to preclude initial failures of the facesheets themselves.
However, as indicated in the following sections, the thin facesheets contributed
to the failures which occurred in the braze joints and fins.
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Braze joint failures: Braze joint failures occurred in all of the tests
of specimens with Waspaloy or Inconel 718 fins, in some of the high tempera-
ture burst tests of specimens with Inconel 625 fins and in all of the creep
rupture tests of specimens with Inconel 625 fins. Specimens which failed in
the braze joints realized strength ratios that ranged from about 0.28 to 0.62
in burst (excluding data obtained with the Nioro braze alloy) and from about
0.07 to 0.25 in creep rupture. As indicated in figure 20a and b, two types
of braze joint failure were noted. In one type, (figure 20a}, which was
encountered with the Waspaloy and Inconel 718 specimens, failure occurred at
the interface between the braze material and the nickel plating used with
these alloys to promote wetting by the braze alloys. In the other type
(figure 20b), which was encountered with the Inconel 625 specimens, failure
occurred in the braze material. This latter type of failure is closely
associated with the strength and shape of the braze fillet. The increased
cross-sectional area of the fillet is required to compensate for the lower
strength of the braze alloy relative to the fin material and to offset bending
stresses in the fillet. Bending stresses are induced in the joint by bending
moments in the facesheets which are functions of the fin spacing and facesheet
thickness. Bending stresses may also result from the effects of tensile loads
on a poorly shaped fin or from a poorly shaped fillet which does not provide
a direct load path to the fin.

Fin failures: Fin failures occurred in some of the burst tests of
specimens with Inconel 625 fins and in both the burst and creep rupture tests
of specimens with Hastelloy X fins. Specimens which failed in the fin material
(figure 20c) realized strength ratios from 0.37 to 0.90 in burst and from
0.34 to 0.48 in creep rupture. In addition to being directly dependent upon
the effects of processing on the material properties, the strength of the
specimens which failed in the fin material may be influenced by nonuniform
load distributions induced by poorly shaped fins (see appendix A), localized
braze imperfections or by fin bending stresses which, as in the case of the
braze joint stresses, are dependent upon fin spacing and shape, facesheet
thickness, and braze fillet shape and quality. Sensitivity of the specimens
to load nonuniformity and bending loads is also dependent upon fin height
and material ductility since taller more ductile fins can relieve the localized
loading through plastic deformation.

Burst tests. - In general, the consistency of the burst strength data
presented in table 7 is good with the maximum variation within a given set of
samples usually less than 20 present. Exceptions to this may be attributed
to test time variations which are important at elevated temperatures where
creep deformation occurs.

Waspaloy: The Waspaloy specimens realized from 28 to 34 percent of the
parent metal strengths. The results indicate that vacuum brazed specimens
were slightly stronger than hydrogen brazed specimens and that Palniro |
brazed specimens were slightly stronger than those brazed with Palniro 7.
Since failures occurred at the interface between the braze ailoy and the
nickel plating, the higher strength of the vacuum brazed specimens is probably
the result of slightly greater diffusion of the braze alloy through the
nickel plating into the parent metal due to the longer time at temperature
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for vacuum brazing (slower cooldown rates) and due to the higher temperatures
for the Palniro | braze alloy (2070° (1410%K) versus 1950°F (1340°K)).

Inconel 718: The Inconel 718 specimens brazed with Nioro realized only
about 1! percent of the parent metal strength; whereas the specimens brazed
with Palniro 7 realized from 30 to 45 percent of the parent metal strength.

In view of the especially poor performance of specimens brazed with Nioro,

this alloy was eliminated from further study. The poor performance was
attributed to recessed brazed fillets (previously noted in the braze evaluation,
see figure 12) which induce high bending stresses in the fins and joints due

to the indirect load paths. The brazing atmosphere had little effect on the
strength of the specimens brazed with Palniro 7; although, in contrast to the
Waspaloy results, the hydrogen braze cycle produced slightly stronger specimens.
Specimens held at the brazing temperature for 1200 seconds were stronger than
those held at brazing temperature for 300 seconds, a result which is apparently
due to greater diffusion of the braze alloy through the nickel plating. In

view of the apparent difficulty in obtaining adequate penetration of the nickel
plating by the braze alloy, it appears that elimination of the plating might
improve the performance of both the Waspaloy and Inconel 718 specimens if
adequate wetting by the braze alloy can be obtained without the plating.

Inconel 625: Specimens with Inconel 625 fins realized from 46 to 71 per-
cent of the parent metal strength. As with the Inconel 718 specimens, Inconel
625 specimens brazed with Nioro gave inferior results. Failures in specimens
brazed with Palniro 7 transitioned from the fins to the braze joints as the
test temperature was increased from 1200° F (920° K) to 1600° F (1140° K).
However, the stress ratios were approximately the same at both tempera-
tures. At the 1600° F (1140° K) test temperature specimens brazed with
Palniro i were consistently stronger than those brazed with Palniro 7 as might
be expected with a braze alloy which has a higher brazing temperature. The
shorter braze time (300 s) yielded specimens with higher average strength and
the failures occurred in the fins. The scatter in the data for the three
specimenswith the 1200 s brazing time may be due to varying quality of the
specimens, or to creep effects resulting from slight variations in test time
or temperature. The Inability of specimens which failed in the fin to attain
full theoretical strength may be due to creep effects or reduced material
properties; however, it is suspected that bending stresses induced by the thin
face sheet (0.010 in. (0.025 cm)) and by rounded corners of the fins (see
figure 13) are primarily responsible for the reduced performance.

Hastelloy X: A large variety of Hastelloy X specimens were investigated.
These specimens, which generally failed in the fin material, realized from
37 tc 9t percent of the parent metal strength. Several definite trends can
be noted in the Hastelloy X data which are summarized in table 7b. The
specimens with more closely spaced fins consistently gave higher average burst
strengths. This is to be expected, since closer spacing reduces plate bending
stresses and, since each fin carries a smaller fraction of the load, reduces
the sensitivity of the specimens to defective fins or localized braze imperfec-
tions. Increased hold times at braze temperature from 300 to i200 s gave lower
strengths in all cases and, in comparative tests, the average loss in burst
strength was about 33 percent. Decreased fin thickness increased the fraction
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of the parent metal strength that could be obtained, apparently through better
formed fins. For example, a decrease in fin thickness from 0.006 in. (0.015 cm)
to 0.004 in. (0.010 cm) results in an increase in stress ratio from 0.57 to
0.85. 1In a single comparison, increasing braze alloy sheet thickness from
0.0005 to 0.00l in. (0.0013 to 0.0025 cm), gave a 50 percent strength improve=-
ment; however, this may be partially attributed to the strength of a coating

of braze alloy on the fin which was not considered in computing fin stress.

It was noted that the braze alloy formed a significant coating on the 0.002 in.
(0.005 cm) fins used in this comparison.

Creep rupture tests, - The creep data are summarized in table 8, and the
variations of rupture stress with time are presented in figures 2l through 24.
The average fin stress to published strength ratios in the table were obtained
from the figures (the test data lines are drawn parallel to the published line
unless the tests showed a definite trend otherwise). The average strength
ratios were 0.08, 0.11, 0.22 and 0.4 for Waspaloy, Inconel 7!8, Inconel 625,
and Hastelloy X, respectively. These ratios are consistently less than the
burst strength ratios, indicating that panel rupture capability must be eval-
uated for high temperature design since the burst strength does not correlate
to creep strength in the plate-fin structure.

The reduced capability of the plate-fin structures in creep rupture,
compared to burst, is attributed to possible differences in the effects of
processing on creep strength and failure mechanism and to increased sensitivity
of the structures to minor fin imperfections. In creep, the loadings are with-
in the elastic range of the material; consequently, relatively large stress
increases accompany fin deformations required to accommodate any minor imper-
fections. By contrast, loadings in the burst tests are in the plastic range
and relatively small stress increases accompany the deformations. Because
creep life is a strong function of stress level, the initial high stress level
resulting from imperfection will cause much more damage to the highly loaded
fins than to the adjacent fins. Since the damage is accumulative, it cannot
be recovered through subsequent creep relaxation. Furthermore, material
plastic deformations due to creep tend to be less than tensile elongations at
fracture, lowering the relative capability for redistribution in the creep
case.

Waspaloy and Inconel 718: The trends noted in the burst tests with
Waspaloy and Inconel 718 were duplicated in the creep testing. Waspaloy
panels showed somewhat greater strength when brazed in vacuum and Palniro |
gave better results than Palniro 7. It was noted that Waspaloy grain size
was slightly larger when Palniro 7 was brazed in vacuum rather than in hydrogen,
probably because of the slower heating and cooling rates of the vacuum environ-
ment. Since larger grains tend to increase the stress-rupture properties of
Waspaloy, the results on figure 21 are consistent with, and may be at least
partly attributed to this effect. Inconel 718 brazed with Palniro 7 was
stronger after hydrogen brazing and the increased hold time in hydrogen improved
strength-.
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Inconel 625: In the 1600° F (1140° K) Inconel 625 tests, the Palniro |
alloy brazed for 1200 s gave the highest creep strength. The shorter hold
time resulted in an |8 percent lower strength, a reversal of the trend
exhibited in burst tests. The Palniro 7 alloy showed a 2! percent lower
strength than Palniro |, consistent with the burst tests. 1In single point
tests at 1400° F (1030° K) the trends noted for the 1600° F (1140°% K) creep
tests are duplicated as shown by the rupture times at a 10 ksi (69 MN/m?)
fin stress level. '

Hastelloy X: The Hastelloy X specimens failed in the fin at higher
stress ratios than the other alloys. Furthermore, the absolute strength
of Hastelloy X exceeded that of Inconel 625 as shown by the comparison in
figure 24. The use of the highest melting point alloy, Palniro 4 for the
majority of the Hastelloy X tests is a possible explanation for the improved
performance; however, limited tests with Palniro | and Hastelloy X did not
result in significant loss in rupture strength (the use of slightly increased
braze alloy thickness may contribute to the comparatively good performance of
Palniro | compared to Palniro 4). The Hastelloy X creep results showed about
a 50 percent lower strength ratio than the burst results and, in general,
showed less variation between tests than the burst tests, although some of
the same effects can be noted. The closer spaced fins had improved strength
with the exception of the 0.036 in. (0.091 cm) spacing case which did not
form as square a fin. As for the burst case, increased hold time decreased
‘strength, and decreased fin thickness increased the percentage of the parent
metal strength attained.

Alloy system selection. - The tests indicate that the Palniro | alloy
gives the strongest Waspaloy panels for internal pressure containment based
on both creep rupture (figure 2l) and burst strength (table 7). Palniro |
was therefore selected for the flexure tests. Containment strength was a
small fraction.of theoretical capability, however, internal pressure contain-
ment is of secondary importance in single~layer panels primarily because of
the relative insensitivity of panel weight to fin strength.

The burst and creep rupture tests of Inconel 718 chevron fins (table 7
and figure 22) showed that Palniro 7 gave the strongest joints and this alloy
was selected for the flexure tests. Also, the longer hold times resulted in
highest properties based on both the stress rupture and burst tests.

Comparison of the two, double-layer heat exchanger materials, Inconel 625
and Hastelloy X, at 1600° F (I|40° K) shows the latter to be stronger, partic-
ularly in creep tests. Based on rupture strength (figure 24) and burst
capabilities (for the same fin geometry, the mean burst pressure was 1880 to
2480 psi (13,000 to 17,000 kN/m®) for Inconel 625 and 188C to 2690 psi (13,000
and 18,500 kN/M?) for Hastelloy X) Hastelloy X would be the preferred heat
exchanger material; however, in all cases, important specimen differences must
be considered which preclude a direct comparison of the two materials. In
the Hastelloy X panels, both the Palniro 4 braze alloy and the increased foil
thickness would probably contribute to increased fin strength. In addition,
the Hastelloy X face sheet thickness was 0.015 in. (0.038 cm) compared to
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Results and Discussion

The test results, summarized in table 10, show that the measured panel
stiffnesses, yield strengths, and buckling strengths compared favorably with
theoretical estimates based on published property data. Load-deflection
curves taken at center span, are shown for each specimen in figures 29 and 30.
These curves provide the basic data for determining panel stiffness and yield
strength following data reduction procedures outlined in appendix B. Ratios
between the tested and estimated strengths are also presented in table 10 for
the applicable design criteria, yield strength for Waspaloy and test buckling
vs theoretical yield for Inconel 718. These strength comparisons are important
for panel weight estimates since, as shown in figure 3!, variations in panel
strength for external pressure loading can appreciably effect reference |
estimates. The tabulated values from 0.91 to greater than 1.0 for the two
panels indicate that the reference | weight estimates are realistic.

Pure bending tests. - Measured yield strength of the Waspaloy panels
exceeded theoretical estimates by about 40 percent at room temperature and
20 percent at | 400°F (1030°K) . The difference between measured and estimated
strength can be attributed to several factors; deviations from elastic bending
theory, biaxial stresses due to the restraint of free bowing across the panel
width, variations from published yield values, and deviations from nominal
dimensions used for the estimates of section moment of inertia. As shown in
appendix B, elastic bending theory underestimates the panel yield moment by
about 8 percent at the 0.l percent offset engineering yield point and, assuming
50 percent restraint in pure bending, uniaxial stress theory underestimates
yielding by about 7 percent. In addition, comparison of published and test
yield values in figure 4 indicates that Waspaloy yield properties in the
as-received and double-aged condition were |10 percent greater than the value
from reference 2. These combined effects reduce the room temperature des-
crepancy to about 10 percent, well within geometry variations particularly
since the braze foil itself could increase section moment of inertia by
|0 percent (appendix B). Application of the same corrections to the elevated
temperature case would indicate that test values are lower than estimates,
probably due to creep deformation.

Visual observations of the room temperature Waspaloy tests showed that
unsymmetrical bending was beginning in the 0.1 percent plastic strain region.
Post-test photographs of the room and elevated temperature specimens in
figure 32 verify the unsymmetrical permanent deformations. This non=circular
deformation was attributed to roller friction which developed axial loads
sufficient to flatten the central panel region. Because of this, and to pro-
vide conservative strength estimates, the 0.1 percent plastic strain point
was selected in preference to the general engineering practice of using the
0.2 percent offset.

In addition to the yield properties, the bending stiffness and failure

properties of the Waspaloy panel are recorded in table 10. The room tempera-
ture bending stiffness exceeded the theoretical estimate although geometry
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variations could readily account for the difference. However, at elevated
temperature, tested stiffnesses were less than the estimate, probably because
of creep deformation. This was substantiated by the third sample which was
tested at a higher loading rate. The stiffness increased from 488 and 465
Ib-in./in.? (86 and 82 kN-m/m®) to 530 Ib-in./in.? (93 kN-m/m22 and compares
more favorably with the calculated estimate of 555 lb~in./in.* (97 kN-m/m?).
The Waspaloy panel failures were fin buckling at room temperature and face
sheet creep rupture at 1400°F (1030°K). Both failure types were consistently
in the region of smallest curvature near the end reinforcement as shown by
the overall failed samples in figure 32 and by closeups in figure 33. Since
failure occurred subsequent to yielding in all cases, the design objective
was satisfied.

Inconel 718 panel buckling strength exceeded estimated room temperature
yield strength and achieved 91 percent of the 1200°F (920°K) theoretical yield.
The variation within a sample was relatively small, a maximum of about |10 per-
cent, considering the nature of the buckling phenomena. The biaxial effect
due to bowing restraint and the effect of geometry variations would be adequate
to explain the higher room temperature value. The other two effects mentioned
for Waspaloy are of lesser importance because departure from elastic bending
theory is minimal when face sheet thickness is much less than web hei.ht and
significant material property variations did not occur between tensi tests
and published data in figure 6. The lower value in the 1200°F (920°K; iest
was attributed to creep deformation which reduces buckling strength. Also,
predicted panel strengths based on the published 0.2 percent yield strength
would be expected to slightly overestimate actual strength since buckling
calculations (appendix B ) predict failure at 0.l percent offset (As shown
by the load-deflection curves in figure 30, the 0.1 percent offset was reached
in the room temperature tests whereas at high temperature there was only a slight
departure from the elastic line). It should be noted that these test results
verify two important design aspects for this panel configuration; (!) panel
strength based on buckling at engineering yield is a reasonable measure -f
ultimate load capability and (2) the fabrication process is consistent and
repeatable.

The design buckling mode of the Inconel 718 panels is simultaneous collapse
of the face sheet and webs on the compression side although in the fabricated
panel the optimum balance was not achieved and the web was expected to initiate
failure. Web buckling may have initiated failure, however, the apparent
buckling mode was column failure of the compression sheet. Failure occurred
over a notch placed in the chevron fins for fabrication purposes, and the
buckle (figures 32 and 33) foliowed the notches in a straight line across the
width of the panel. Room temperature web buckling strain was estimated to be
0.6 percent assuming the face sheets are stronger than the webs due to
the reinforcement effect of the chevron fin tabs (appendix B). Column
buckling calculations for the unsupported region of the face sheets indicate
than an unsupported sheet span of 0.12 in. (0.3! cm) would also produce buckling
at about the 0.6 percent strain value. Failed specimens were measured and
the length of buckled sheet is from 0.10 to 0.12 in. (0.25 to 0.3l cm), agreeing
with the required unsupported length and indicating why sheet column failure
may have preceded web buckling. Panel strength might have been slightly
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improved if the desired failure mode had occurred, however, the potential
improvement would be small since the panels had reached the plastic region
where buckling strength decreases rapidly.

The agreement between measured and calculated stiffnesses presented in
table 10 is reasonably close for the Inconel 718 panels and the test values
tend to exceed calculated estimates. This is attributed to variations from
the nominal dimensions used for the estimates and to possible braze alloy con-
tributions to face sheet thickness. Non-linearities, recorded in the initial
load range, particularly at elevated temperatures, were attributed to warping
of the test fixture and Instron machine flexibility.- This portion of the
curve was deleted in computing the slope for the Inconel 718 pure bending
test at 1200%F (920°K).

Combined shear and bending tests.- Waspaloy panel yield strength exceeded
theoretical estimates by about 50 percent and also exceeded the pure bending
test yield, contrary to theory which indicates that a | percent reduction
should occur (appendix B). The overall discrepancy may be attributed to the
same factors discussed above for Waspaloy. In addition, the apparent contra-
diction can be explained by assigning full biaxial restraint for the combined
loading case (up to |5 percent stress variation for full restraint compared
to assumed 7 percent for pure bending) due to the solid bars adjacent to the
high stress region.

The Inconel 718 combined shear and bending specimens buckled prior to
reaching the 0.] percent offset point, however some plastic deformation was
evident (figure 30). The mode of failure was identical to the pure bending
case. A comparison of pure bending and combined loading buckling strengths
indicates about a 5 percent reduction for the latter, consistent with a
theoretical stress increase of about 5 percent for the combined loading
(appendix B).

Panel stiffnesses under combined loadings agreed closely with predicted
values for both Waspaloy and Inconel 718. With external reinforcements, both
panel types were from 7 to 10 percent less than estimates contrary to pure
bending room temperature results which gave tests results exceeding estimates.
The internally reinforced Waspaloy specimen average stiffness was practically
the same as the estimate. The minor variations in stiffness were attributed
to variations in geometry and braze alloy contribution and are not considered
to be significant.

CONCLUDING REMARKS

A comprehensive experimental evaluation of sheet and sandwich panel speci-
men has been performed to select material systems and fabrication techniques
and to provide design data for regeneratively cooled panels. Specimen con-
figurations, testing conditions, and superalloy parent metal choices were
based on a previous analytical study of hydrogen-cooled panels reported in
reference |. The braze joining process was evaluated for several candidate
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braze alloys, which collectively provide manufacturing flexibility for the
desired parent metals. The study included sheet alloy tensile tests, metal-
lographic joint evaluation, and burst, creep rupture, and flexure tests of
sandwich panel specimens.

Room and elevated temperature tensile tests of Waspaloy, Inconel 718,
and Inconel 625 sheet alloys, subjected to heating cycles typical of expected
brazing conditions, showed that the strength properties were comparable to
published values. However, the simulated braze processes tended to reduce
sheet alloy ductility properties particularly for Waspaloy and Inconel 625
specimens at elevated temperatures. 1Inconel 625 tensile specimens coated
with braze alloy exhibited similar properties in comparison to published
property data.

Photomicrographs of brazed specimens indicated that joining quality was
acceptable for all alloy combinations, although the Nioro alloy formed some
recessed fillets with the Inconel 718 chevron fins. Minimal differences were
noted for various brazing times and hydrogen and vacuum atmospheres. The
behavior of the gold-based alloys was more consistent than the Nicrobraz 65
powder and it was concluded that improved brazing techniques would be required
to procedure satisfactory Nicrobraz 65 joints. The superalloys metals formed
adequate fin shapes for brazing, however, Inconel 625 offset fins were not
as square as plain rectangular Waspaloy fins. Dead-weight braze load appli-
cation was suitable for pressures from |.8 to 12 psi (12 to 83 kN/m?) based
on metallographic examination of brazed samples. An alternate loading method,
utilizing an evaucated sheet metal envelope, did not improve brazing
characteristics.

Burst pressures of Waspaloy, Inconel 718, Inconel 625, and Hastelloy X
single layer panels were about 30 to 90 percent of calculated material capa-
bilities based on published properties. Creep rupture strengths were a
smaller fraction of calculated values, about 10 to 50 percent, apparently
because of the lower average fin elongation which diminished load redistri-
bution and the lower braze alloy rupture strength. The relatively lower
strengths of Waspaloy and Inconel 718 were attributed to their lower ductil-
ities, nickel plating prior to brazing, and in the case of Inconel 718,
higher sheet bending stresses.

In addition to measuring coolant containment capability, the single
layer burst and creep rupture panels provided material selections for the
reference configurations. The designs were based on two cooled-panel con-
figurations, a single-layer sandwich for low heating and loading conditions
and a two-layer panel which separates the cooling and structural functions
for high heating and loading conditions. Waspaloy brazed with Palniro |
proved to be the best candidate for the single-~layer sandwich. An Inconel 718-
Palniro 7 system was selected for the structural portion of the two-layer
panel because Palniro 7 gave superior joint strength and good Inconel 718
strength properties. Several braze alloys were satisfactory with either
Hastelloy X or Inconel 625 coolant passages in the two-layer sandwich.
Hastelloy X would be the preferred heat exchanger material; however, important
specimen differences existed precluding a direct comparison.
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Flexure tests, consisting of pure bending and combined shear and bend-
ing loads, on Waspaloy and Inconel 718 sandwich panels gave 90 to 100 percent
of predicted values based on published property data. Waspaloy panel per-

formance in bending and Inconel 718 panel buckling capability satisfied
design objectives. Therefore, this lightweight panel construction will have
weights comparable to previous estimates.
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APPENDIX A

FIN TENSILE STRENGTH

Fin Stress Calculations

The burst and creep rupture tests conducted in the internal pressure
panel tests measured the plate-fin pressure capability for various fin geo-
meteries. For this information to be useful to the designer, a means of cor-
relating tests such as those conducted in the evaluation, with other plate
fin geometries is desired. The applied pressure is not a true measure of the
severity of the loading on this structure since fin geometry, and, to a lesser
extent, face sheet geometry can be widely varied to improve or reduce the
plate-fin internal pressure strength. The simplest means of expressing the
loading level devised to date is the fin tensile stress, given by

Load/Fin area

fin

9fin = P(bfin -t

Factors Affecting Fin Strength

The major factors which affect fin strength are fin geometry, plate
strength and joint quaiity. The plate-fin structure capable of achieving
100 percent of theoretical strength (based on the above fin stress equation)
includes plates of infinite stiffness and straight, parallel, square-cornered
fins with good braze joints (assuming no variation in material properties,
no variation in fin thickness, adequate braze strength, etc.), as shown below.

S-453476

Deviations from this ideal structure such as the imperfect fin shown below

cause strength reductions. Also, thin plates deviate substantially from the
infinite stiffness plates of the ideal structure since they are incapable of
transmitting the loads of imperfect fins to all other fins. Rather the load
is primarily transmitted to the fins adjacent to the imperfect fin. 1In this
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respect, the fin ductility is also important since the elongation before rup-
ture also effects load redistribution. Local deformations of the thin sheets
aiso add bending stresses to the highly loaded adjacent fin. 1In the thin
sheet case it is assumed that complete failure of a single fin results in
progressive failure of adjacent fins not only because of load increase but
due to the increased bending stresses.

Before pressurization After pressurization

S-45483

An analysis was performed to determine the effect of face sheet thickness
on fin strength, assuming the presence of one imperfect fin. The burst pres-
sure of a nine-fin array with weak central fin was determined using a beam-on-
an-elastic-foundation model, as shown in figure 34, to simulate a plate on fins.
Fin strength, stiffness, and ductility were taken into account by using the
complete stress~strain curve for room and elevated temperatures. The calcu-
lations were performed for Waspaloy and Inconel 625 at room and elevated
temperatures using sheet thicknesses of 0.005, 0.010, and 0.020 in. (0.013,
0.025, and 0.05! cm) and one fin geometry with 0.004 in. (0.010 cm) fin
thickness, 0.050 in. (0.130 cm) spacing and a 0.075 in. (0.190 cm) fin height.
The weaker-fin failure was simulated by using 100 percent, 50 percent, and
zero tensile ultimate strength values (In the zero strength case, failure of
the adjacent fins denotes burst pressure).

The fin strength results are tabulated as ratios of a perfect fin array
in figure 35. Values as low as 56 percent are predicted for a zero strength
fin using the smallest sheet thickness. As expected, increasing sheet thick-
ness increases strength due to the increased capability of the sheet to trans-
fer the load to the stronger fins. Also, the generally lower Waspaloy values,
as compared to Inconel 625, are expected since less load redistribution is
possible before fin rupture occurs for the lower ductility material, parti. -
larly at elevated temperatures. Strength losses are greater for a reducticn
in weak fin strength from 50 to O percent as compared to a reduction from
100 to 50 percent. This indicates that fin strength is a non-linear function
of weak fin capability and slightly weaker fins will not appreciably reduce
plate~-fin internal pressure capability.

The zero strength results compared favorably with the test results
although the lower test values, down to 0.28 for Waspaloy, are considerably
less than the calculated value of 0.56 (for the Waspaloy zero percent weak
fin case). The 1600°F (1140%°K) test results for Inconel 625 compare more
closely with the analysis giving @ test range from 0.54 to 0.7! and analytical
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values from 0.65 to 0.80 in the zero strength case. These disparities could
be partially attributed to strength reduction caused by additional stresses
at the plate-to-fin joint due to face sheet bending.

It appears from a practical fabrication standpoint that theoretical
maximum fin strength values could be established on the premise that at least
one fin in the array is always weaker than the other fins. This premise is
probably realistic since minor fin height variations, due to either fabri-

" cation or brazing, would produce the uneven loading which was simulated.
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APPENDIX B

FLEXURE TEST CALCULATION PROCEDURES

The supporting calculations for the pure bending and combined shear and
bending tests are presented in this appendix. The data reduction procedures
are provided for converting the measured load-deflection curves in figures 29
and 30 to panel stiffness, yielding moment and buckling moment. Calculated
panel properties used for comparison with the measured values are discussed.

Data Reduction

The slopes of the measured load-deflection curves (table [0) were obtained
by a least-squares~fit of a straight line to the data in the elastic region
{(which was determined visually). This slope, or stiffness value, was then
adjusted for changes in moment and deflection due to the finite size of the
rollers, changes in moment due to rotation at the ends of the panel, and the
stiffness effect of the Instron machine. The yield and buckling moments
(table 10) also required corrections due to roller size and panel end rotation.

The various corrections were expressed as functions of the center span
deflection of the panels. The test corrections for stiffness and bending
moment were computed from measured deflections assuming that the relation
between angle of rotation at the rollers and center span deflection satisfied
beam theory.

In order for the test values to be valid, the panel deflected shape must
conform to bending theory throughout the load cycle (figures 29 and 30). This
condition was satisfied in the elastic range for all specimens, however in the
Waspaloy pure bending tests there was some distortion from the theoretical
circular shape above the proportional limit. This distortion was caused by
sliding friction at the rollers, especially at the higher loads when larger
deflections were required to maintain the circular shape. Typical deflected
shapes for Waspaloy tests at room temperature are illustrated in figure 36.
Figure 36a shows pure bending deflections at three load levels. The departure
from circularity is noticeable at the 550 1b (2450 N) load level. Comparison
of this load level with the first load deflection curve in figure 2%9a shows
that this corresponds roughly to an O.l percent offset plastic strain. The
panel retains a symmetrical deflected shape in the combined shear and bending
test as shown by measured data points in figure 36b.

The following is a summary of the corrections applied to the measured
properties (figures 29 and 30) to obtain the test values shown in table 10.

Pure bending, room temperature; 0 = ém
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M =P
m

Bending moment corrections. - In pure bending tests, the load for calcu-

lating applied moment must be normal to the panel surface. The relation between
applied load and normal load for an end rotation of © degrees is

Normal load = (Applied load)/cos @

The angle of rotation is equal to the center panel deflection for a 4 in (10 cm)
long panel in pure bending. The center deflection was obtained from linear
transducers at room temperature and Instron crosshead movement at elevated
temperatures. This estimate ignores secondary effects such as deflection of
the solid overhanging sections on either end. The increase in moment for
Waspaloy was from | to 2 percent for this correction. An increase of 0.05 to
0.3 percent resulted for Inconel 718.

The moment arm varies during loading since the rollers and knife edge are
fixed. This is illustrated in figure 26 for the two-roller end of the pure
bending setup. In the pure bending tests, the moment arm at the two=-roller

end is
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Z| = [zo - (2R +h) sin G] /cos ©

where fo is the initial center-to-center roller spacing and R is the roller
radius. At the single roller end the moment arm is

Ly = [‘Zo - (R + h) sin e-] /cos ©

The correction for pure bending was taken to be the average of El and 22- The
correction factor to be multiplied by measured load was

[%Zo - (3R + 2h) sin © ] / 289 cos ©

The adjustment for Waspaloy represented a decrease of about 6 percent at room
temperature and 2 to 4 percent at elevated temperature. The Inconel 718
moments decreased by 3 to 5 percent.

The moment arm for combined shear and bending is obtained from the measured
load and moment arm by the relation (A sample width of 2 in (5 cm) was used)

M=P [z - b - (2R + h) sin e] /8

where the roller separation, £, is 4 in (10 cmland b is the width of the
central reinforcement (figure 26). The angle of rotation at the rollers is
three~fourths of the center deflection based on elastic bending theory. The
effect of rotation produced a change in moment of about | to 5 percent for
Waspaloy and 0.6 percent for Inconel 7!8.

Peflection corrections. = The vertical reference point for deflection

measuremunts shifts due to panel movement over the rollers. 1In the pure
bending case the deflection at the two-roiler end is

8, = (R + h/2)(} - cos @)

The movement at the knife edge is

8, = (h/2)(t - cos @)

The average correction for the two ends is

5r = (6y +63)/2 = (R + h) (1-cos g)/2

The movement over the rollers reduces the measured deflection so the true
deflection at the center is
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and the correction factor to the stiffness in terms of the angle of rotation,
which 1s equal to the center deflection, is

6m/5 = 2¢0/ [ 20 + (R + h) (1 = cos e{]

This deflection adjustment reduces the measured Waspaloy and Inconeil 718
panel stiffnesses by about | percent.

There are rollers at each end in the combined shear and bending tests so
the correction is

6r =8, = (R + h/2)(! - cos 8)

The movement over the rollers is in the same direction as panel movement so
the correction subtracts from the measured value. The angular rotation is
related to center deflection by

6 = p4/3 = 1.336
so the correction to the stiffness is

Sm/é = 1.339/ [l.sse - (R + h/2) (1 - cos e)]

The Waspaloy and Inconel 718 panel stiffnesses are increased by about | percent
and 0.5 percent, respectively, due to this correction-.

Instron flexibility correction. =~ The room temperature deflection measur-
ing system was independent of the Instron machine motion. However, in the
high temperature pure bending tests the Instron machine provides the most
convenient deflection readout because the furnace encloses the specimen. The
measured slopes therefore include panel, Instron stiffness and test fixture
(figure 28), measured in series. The true panel stiffness is therefore

¢ - | oo &

where Ky is the combined Instron and fixture stiffness. The correction factor
relating panel stiffness to measured stiffness is therefore

K./[ K - (P/6)m]
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The stiffness of the Instron machine and test fixture was measured in a
separate load-deflection test. The fixturing curves exhibited non-linearities
in the O to 400 1b (1780 N) load range which correspond to non-linearities
noted in the Inconel 718 tests. This effect is attributed primarily to
non-parallel plates on the test fixture. The Waspaloy test loads in the
elastic range correspond to the non-linear portion of the curve. Therefore,
an average stiffness of 83,000 1L/in (15,000 kN/m) over the O to 400 Ib (1780 N)
range was used for the Waspaloy correction. The elastic portion of the Inconel
718 data was used for stiffness calculations and the measured fixture stiffness
for loads greater than 400 1b (1780 N) was 266,000 1b/in (47,000 N/m). The

increase in stiffness for these corrections was about 2 percent for Waspaloy
and 12 to |3 percent for Inconel 718.

Calculated Panel Properties

The equations for obtaining the calculated panel properties listed in
table 10 are prescnted below. Published material properties were taken from
reference 2 using he nominal specimen dimensions in figure 2. Refinements to
the calculations of the Waspaloy bending moments are included in the following
bending moment discussion. The refinements were not used for the estimates in
table 10.

Stiffness. ~ The panel deflection is obtained from the equations for
strain energy in the elastic range. The maximum deflection in pure bending is

L/2

_ Mxdx
6 _Of EI (I)

and for the combined shear and bending test is

2/2 2 272
- px_dx . . pdx
6 = f 2E1 f 2AG (2)
0 0

The plate effect is included by considering the elastic modulus, E, in the
equation to be the material elastic modulus divided by | - v?®. The expression

for section moment of inertia of the solid portions is

_ .3
I, = h™/12
The plate-fin section properties are obtained from the idealized rectangular

cross-sections assuming the face sheet and fin material are 100 percent
effective. The resulting expression for the Waspaloy sandwich is
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I = (hfin + th):’) _ (bfin - tfin) [hfin5 + (hfin - thin)é] (3)
i 12 24 b_.
fin
The moment of inertia expression for the Inconel 718 sandwich is similar to
the above and includes the contribution of a nominal 0.084 in (0.2l cm) chevron
fin tab length but not the effect of the chevron bend angle.

Since the section properties vary along the panel, equations (1) and (2)
must be integrated piecewise from edge to center. In addition, the panel
lengthening or shortening due to movement over rollers is included in the
limits of integration. As an example, the approximate equation for deflection
of a panel in pure bending is (all dimensions are in inches):

(0.075 + ¢ ) (2.0 + 2 )
5 :f Mxdx + / Mxdx
fT, ET,
o (0.075 + 4 )
where £ = (R + h/2) sin 6/2. The panel travel over one roller is halved since

one end rests on the knife edge-

To a close approximation we may ignore all terms except the upper limit
of the second integral, giving:

M2+
b =3¢ T,
or
2E I,
(M/8) = 5
(2 + 1)

The above derivation assumes that the panel takes a circular deflected shape,
consistent with the previous discussions.

Variation in material dimensions will have a noticeable effect on the
calculated value of plate~fin section moment of inertia. For fin thickness
much less than fin height, equation (3) can be written in the approximate
form

2 3

f M fin . Srin M fin
3 126 ..

fin

Since the major contribution to moment of ipertia is represented by the first
term in this equation, the variation in inertia is roughly proportional to
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variations in sheet thickness. Typical thickness tolerances for this sheet
material are about 10 percent above and below the mean, amounting to about

$0.001 in. (0.0025 cm) for the sheets and * 0.0005 in. (0.0013 cm) for the

fins or webs. Typical braze alloy thickness are in this same range.

Yield strength. = The panel yield strength estimates in table 10 are
based on elastic bending theory. The governing equation for maximum principle
stress, o, in a stress field with one shear component is

o =0,/2 +\/(o|/2)2 + 12 (4)

This equation can be used for both loading conditions since T = 0 gives
o =0g- Equating oy to the maximum elastic bending stress we have

5, = Mh/2I
The maximum shear stress for a centrally loaded panel is approximately
T = pbf/thc

This may be rewritten in terms of the applied moment and moment arm, £/2, to
give
T = (2bf/£htc) M

The principle stress, 7, in equation (4) is then equated to publish engineering
yield properties and the yielding moment can be calculated from

2 2
My =0/ | heT % (5) + %)

In the pure bending case the above equation simplifies to

= 2 h
My o, I/ (5)

The above expression for yielding moment assumes a linear stress distri-
bution across the panel height. However, plastic deformations are present at
engineering yield and the stress distribution in the outer fibers becomes non-
linear. This is illustrated in figure 37 by superimposing the Waspaloy room
temperature stress-strain curve (figure 5a) on the panel cross-section. The
stress at the outer fiber is the 0.1 percent plastic strain offset value from
the stress-strain curve. The elastic line for equation (5) is shown for the
same maximum stress. The difference between the two curves represents the
additional moment that is developed for the actual case as opposed to the
moment calculated by equation (5). The following equation,
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= d
M ./.OY A

was used to compute the bending moment for the inelastic curve. The inelastic
result was 123 1b-in/in (548 N-m/m), compared to ll4 lb=in/in (507 N-m/m) for
the elastic case, an 8 percent increase. This effect is also present for
Inconel 718, although to a much lower degree, because the ratio of web height
to face sheet thickness is much greater.

In some cases the specimen is held flat during testing and a biaxial
stress state is produced. The relation between the developed stress, oy in

the width and the applied stress, o,, in the length is determined by the
boundary condition for the flat sur¥ace which is that the total strain in the
width must be zero. The two stress components are then related by Poission's

latio, 1.€.,
(e} = Udy

In distortion energy theory, the equivalent stress in the biaxial case is:

1/2
Oaq = (042 =0y 0y *+0,2)
Substituting for o, We get
1/2
o =0, (v = v +vY)

eq

The equivalent stress is 87 percent of o using an average Poisson's ratio of

0.4 since the value must be between about 0.3 for the elastic case and 0.5 for
plastic flow. This corresponds to an effective yield stress reduction of {5
percent and a corresponding apparent increase in panel yield strength.

Complete restraint is expected for combined shear and bending tests be-
cause the central high stress region was reinforced locally to provide means
of applying the load. However, for the pure bending tests, only 7 percent
restraint was assumed since the panel was not held completely flat over the
rollers.

Inconel 718 panel buckling. = Calculated estimates of the buckling
strength of the Inconel 718 panels presented in the flexure test summary
(table 10) were obtained by the procedures outlined in reference |. The
critical buckling stresses for the webs and face plates are written in the
form
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cc plate ] ! ( f°f

where T is the plasticity reduction factor defined as

1/2
M= (Et/E)

Typical reference | calculations were performed with N =1, i.e., elastic
stresses were considered. However, the tangent modulus, Et’ may be determined

when a stress-strain curve is available and the reduction in buckling stress
due to yielding may be evaluated. The curve of buckling stress vs applied
strain can then be superimposed on the material stress-strain curve to
determine the buckling stress of the panel.

Figure 38 shows the web buckling stress and the Inconel 718 room tempera-
ture stress-strain curve from figure 7 indicating that buckling will occur at
a strain of about 0.6 percent. The web buckliing stress defines panel buckling
since face sheet buckling occurs at a higher stress level. A web buckling
coefficient, KZ’ of a 35.5 was used on the assumption that the stronger face

sheets will provide a fixed ended condition for the webs. The extreme slope
of the buckling stress curve illustrates the rapid loss in strength that
accompanies plastic flow
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TABLE

TENSILE TEST SUMMARY

Results as compared to standards

L

Nioro

on ductility {Nioro)

| 1600°F( 1 140°K)

1600°F( 1140°K}

Simulated brazing Brazing
Parent atmosphere as it temperature, Reference or Simulated Test Tensile Yield
materiall affects cooling rate OF(°Kk) brazing alloy heat treatment objective strength strength Ductillty
Waspaloy] Rapid cooling 1950( 1340) | As-received condition| Waspaloy double Standard for comparison - - -
(similar to hydrogen) aging (4,
Vacuum 1950{ 1340) | Palniro 7 Waspaloy double Effect of slower cool- Stightly lower Slightly lower No change
aging (1) ing rate
Hydrogen 1950( 1340) | Palniro 7 Waspaloy double Effect of rapid cool- No change No change RT - 15% higher
aging (1) ing rate no change at
1400°F(1030°K)
Rapid cooling 1950( 1340} | As-received condition| Waspaloy single Effect of different RT - slightly lower,| RT - slight!y lower,| RT ~ 25% less.
(similar to hydrogen) aging (2) aging cycle 1400°F( 1030°K) - 1400°F(1030°K) - 1400°F(1030°K)
no change no change 50% less
Inconel Rapid cooling 1800( 1260) As-received condition| Inconel 718 aging {3)| Standard for comparison - - -
718 (similar to hydrogen)
Vacuum 1950( 1340) | Palniro 7 Incone! 718 aging (3)} Effect of temperature Stightly lower Slightly lower Slightly lower
higher than solution
heat treat temperature
Vacuum 1800( 1260} | Nioro Inconel 718 aging (3) | Effect of slower cooling | No change Slightly lower RT - no change,
rate IZOO°F\920°K§ -
25% less
Inconel Rapid cooling 1800( 1310) As~-received condition| None Standard for comparison - - ] -
625 (similar to hydrogen} (Nioro} i
Rapid cooling 1800( 1310) [ As-received condition| Inconel 718 aging (3" | Effect of Incone! 718 15% higher at RT 507 higher at RT | 30% less at RT
(similar to hydrogen) (Nioro) aging cycle !
Vacuum (slow cooling) | 2070( 1410} Palniro | None . Effect of higher temper- | RT - slightly lower.| RT - [0 lower. ] RT - No chance.
| ature then normal 1600°F (1140°K) - 1600°F(1140%K ) = | I600°F {i140°K) -
{ annealing temperature 157 less no change | 507 less
] J ]
1
Vacuum 19501 £340 Palniro 7 None 1 Effect of slower cooling | No change No change ‘ No change
i rate i
I Vacuum 2070( 1410) Coated one side with | None | Effect of bra ing alloy | No change at No change at | 40% less at
Palniro | Lo ductility éPalniro 1) 1 1600°F( 1140%K) 1600°F( 1140°K) ‘ |boo°r(|u.o°x)
!
i ) ;
1 Vacuum 1950( 1340} Coated one side wilh | None Effect of brazing alloy |No change at No change at . 25% less at
i pPalniro 7 - on ductility (Palniro 7} | 1600°F( 1140%K) 1600°F( 1140°K) i 1600°F (1140°K)
1 7 ;
! Yacuum 1800 1260, |Coated one side with | None Effect of brazing alloy {207 higher at No change at j 307 less at

1600°F (1 140°K)

(1) waspalcy double aging cycle; |550°F(|:20°K') for 4hr, air cool. 1400°F(1030°k) for 16 hr.. air cool.

(2) waspaloy single aging cycle, |400°F(l030°K) for 16 hr., air cool.

(3) Inconel 718 aging cycle; 1325°F(985°K) For 8 hr.. furnace cool 100°F{56°K)/hr. to 1150°F(895°K), hold at 1150°F(@95°K) tor & nr.

coair cook.



TABLE 2
WASPALOY TENSILE TEST SUMMARY

a. U.S. CUSTOMARY UNITS

Ultimate Yield Elongatidn, Reduction in
Simulated braze Test Specimen Specimen strength, ksi strenyth, ksi percent ‘2, area, percent
cycle and/or temperature, width, thickness, |~ ~
heat treatment °F in. in. Test | Average | Test | Average | Test | Average | Test | Average
As recelved Room 0.250 0.0103 195 130 21.5 24
«mill annealed at temperature
1975°F; rapld cooled) .250 L0103 192 193 130 129 21.0 24,2 21 23
plus aging (3)
.250 .0103 191 128 24.0 25
1400 0.250 0.0103 113 106 6.0 8
.250 L0103 112 "3 105 105 6.0 6.7 8 8
.250 .0103 13 105 7.0 8
As received plus 0.250 0.0103 106 103 7.0 a
Palniro 7 cycle,
vacuum. 1200 sec, .250 .0103 104 103 101 101 8.5 7.8 io 9
and aging (3"
.250 L0103 t00 98 8.0 10
As received plus Room 0.250 0.0103 191 125 28.0 24
pPalniro 7 cycle, temperature
hydrogen. 1200 sec, .250 L0103 193 192 127 126 27.0 27.7 24 23
and aging (3!}
.250 L0103 192 127 28.0 22
1400 0.250 0.0103 114 tog 7.0 7
.250 .0103 113 14 105 107 7.0 6.8 10 7
.250 .0§03 15 107 6.5 3
As recelved plus Room 0.250 0.0!103 185 124 19.5 20
aging at 1400°F temperature
for 16 hr .250 .0103 182 184 125 124 16.0 8.0 17 9
.250 L0103 186 124 18.5 19
1400 0.250 0.0103 (RE 104 4.0 3
.250 .0103 115 "3 106 105 2.5 3.3 4 4
.250 L0103 13 103 3.5 - o6
.250 L0103 1o 105 -4 -
As received plus 1400 0.250 0.0102 1o 89 13.0 8
1825°F for 2 hr
plus aging (3) .250 .0102 (RN} 110 89 89 15.0 14.7 17 8
.250 L0102 109 88 16.0 19
As received plus 1825°F 1400 0.250 0.0102 14 90 - (&) -
for 2 hr plus aging, (3)
longitudinal .250 .0102 H3 114 90 90 16.5 16.3 19 1)
.250 L0102 14 90 16.0 17

NOTES: (!} Specimens were tested transverse to the rolling direction, except as noted.
‘2} Extensometer readings and elongation were taken on a 1.0 in. gage length.
/3, 1550°F for 4 hr, air cool, 1400°F for 16 hr, alr cool.

‘4, Specimen falled at gage mark.
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TABLE 2. Concluded

WASPALOY TENSILE TEST SUMMARY

b. SI UNITS
Ultimate Yield Elongation, Reduction in
Simulated braze Test Spec imen Specimen strength, MN/m | strength, MN/m percent (2, area, percent
cycle and/or temperature, width, thickness,
heat treatment °K cm cm Test Average Test Average Test Average Test Average
As received Room 0.635 0.0262 1340 ’ 900 27.5 v T éA 7
{mil} annealed at temperature
1350°K; rapid cooled) .635 .0262 1320 1330 900 890 21.0 24,2 21 23
plus aging (3)
.635 .0262 i320 880 24.0 25
1030 0.635 0.0262 780 730 6.0 8
635 .0262 770 780 720 720 6.0 6.7 8 8
-635 .0262 780 720 7.0 8
As received plus 1030 0.635 0.0262 730 710 7.0 8
Palniro 7 cycle,
vacuum, 1200 s, .635 L0262 720 710 700 700 8.5 7.8 10 9
and aging (3}
.635 L0262 690 680 8.0 10
As received plus Room 0.635 0.0262 1320 860 28.0 24
Palniro 7 cycle, temperature
hydrogen, 1200 s, .635 .0262 1330 1320 880 870 27.0 27.7 24 23
and aging (3)
L635 .0262 1320 880 28.0 22
1030 0.635 0.0262 790 740 7.0 7
.635 .0262 780 790 720 730 7.0 6.8 10 7
.635 . 0262 790 740 6.5 3
As received plus Room 0.635 0.0262 1280 850 19.5 20
aging at 1030°K temperature
for 16 hr .635 .0262 1250 1270 860 850 16.0 18.0 17 19
.635 .0262 1280 850 18.5 19
1030 0.635 0.0262 780 720 4.0 3
. 635 . 0202 790 780 730 720 2.5 3.3 4 4
.635 .0262 780 710 3.5 6
.635 .0262 760 720 - {4, -
As received plus 1030 0.635 0.0259 760 610 13.0 18
1270°K for 2 hr
and aging (3. .635 .0259 770 760 610 610 15.0 14.7 17 18
. 635 .0259 750 610 16.0 19 |
As received plus 1270°K 1030 0.635 0.0259 790 620 - (4) -
for 2 hr and aging (3),
longitudinal .635 .0259 780 790 620 620 16.5 16.3 19 18
635 .0259 790 620 16.0 17
S U NS S,
NOTES: {1} Specimen were tested transverse to the rolling direction, except as noted.

(2) Extensometer readings and elongation were taken on a 2.5 cm gage length.
(3} 1120%K for 4 hr, air cool, 1030% for 16 hr, air cool.

.47 Specimen failed at gage mark.

44



TABLE 3

a. U.S. CUSTOMARY UNITS
_ —— _— . —— o
Ultimate Yield Elongation, Reductlon in
Simulated braze Test Speclmen Specimen strength, ksi strength, ksi percent (2) area, percent
cycle and/or temperature, width, thickness, ————- —
heatl treatment °F in, in. Test Average | Test Average Test Average Test Average
As received {mil} Room 0.251 0.0101 207 176 16.5 20
annealed at (800°F, temperature 3
I hr) and aged (3) .249 .0101 206 206 175 176 19.0 19.8 22 23
.247 .olol 206 176 21.0 26
1200 0.250 0.0102 167 145 18.0 23
.250 .0l02 166 167 144 145 16.5 16.5 19 21
245 .0102 168 146 15.0 L_ZO
As received plus Room 0.250 0.0102 192 160 21.0 20
Palniro 7 cycle, temperature
1200 sec, vacuum, . 250 .0102 i99 197 t67 164 18.5 19.7 19 20
plus aging {3}
200 166 19.5 20
1200 155 153 136 133 16.0 8.0 16 16
250 0in2 151 130 20.0 15
As received plus Room 0.250 0.0102 204 167 16.5 16
Nioro cycle, 1200 sec, temperature
vacuum. plus aging (3) .250 0102 205 205 v 169 9.5 8.7 22 20
.250 0102 206 22
0.250 0.0102 166 141 1.0 o - ‘VI_Z -
.250 o102 163 164 139 140 15.0 1.1 V7 14
. 250 0102 164 141 J J II.OJ 12
NOTES: .1' Test loads applied transverse to rolling direction.
.2} Extensometer readings and elongation were taken on a .0 in. gage length.
(3 Inconel 718 aging: 1325°F for 8 hr, furnace cool |00°F/hr to 1150°F, hoid at 1150°F for 8 hr, air cool.
Ultimate Yield Elongation, Reduction in
Simulated braze Test Specimen Specimen strength, HN/m | strength, MN/m percent (2 area, percent
cycle and/or temperature, width, thickness, R . "_‘l R S S i s
heat treatment ° cm cm Test Average Test Average Test Average Test Average
S . e 4 PR [ O A DA B
As received .mill Room 0.638 0.0257 1430 1210 16.5 20
annealed at 1260°K, temperature
| hr' and aged 03} .632 .0257 1420 1420 1210 1210 19.0 19.8 22 23
.627 . 0257 1420 1210 21.0 26
920 0.635 0.0259 1150 1000 t8.0 23
.635 .0259 1ao 1150 990 1000 16.5 16.5 19 21
.635 .0259 1160 1010 15.0 20
As received plus Room 0.635 0.0259 1320 1100 21.0 20
Palniro 7 cycle, temperature
1200 s, vacuum, 635 .0259 1370 1360 1150 1130 18.5 t9.7 19 20
plus aging ’3)
.635 .0259 1380 1140 19.5 20
920 0.635 0.0259 1070 1050 940 920 16.0 18.0 16 16
.6 .0259 1040 900 20.0 15
SR UUR U P - R N 3.5 . 0,5. ——— - A S _‘_,,,,_A [ S
As received plus Room 0.635 0.0259 1410 1150 16.5 16
Nioro cycle, 1200 s, temperature
vacuum, plus aging (3) .635 .0259 1410 t410 1180 1160 19.5 18.7 22 20
.635 .0259 1420 60 20.0 22
920 0.635 0.0259 1140 970 1.0 12
L0635 .0259 t120 1130 960 970 13.0 .7 17 14
L .635 . 0259 1130 970 .o 12

NOTES:

{1) Test loads applied transverse to rolling direction.

(2) Extensometer readings and elongation were taken cn a 2.5 ¢m gage length.

{3) Inconel 718 aging:
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SPECIMEN BRAZING CONDITIONS

TABLE 5

Braze
Parent Braze Braze temperature, Braze
material alloy atmosphere °F( %K) time, s

Waspaloy Palniro 7 Vacuum 1950( 1340) 300
Palniro 7 Vacuum 1200

Palniro 7 Hydrogen 300

Palniro 7 Hydrogen 1200

Nicrobraz 65 Hydrogen 300

Nicrobraz 65 Hydrogen 1200

Inconel 718 Palniro 7 Vacuum 1950( 1340) 300
Palniro 7 Vacuum 1200

Palniro 7 Hydrogen 300

Palniro 7 Hydrogen 1200

Nioro Vacuum 1800( 1260) 300

Nioro Vacuum 1200

Nioro Hydrogen 300

Nioro Hydrogen 1200

Inconel 625 | Palniro | Vacuum 2070(1410) | 300

Palniro | Vacuum 1200

Palniro | Hydrogen 300

Palniro | Hydrogen _ 1200

Palniro 7 Vacuum 1950( 1340) 300

Palniro 7 Vacuum 1200

Painiro 7 Hydrogen 300

Palniro 7 Hydrogen 1200

Nioro Vacuum 1800( 1260) 300

Nioro Vacuum 1200

Nioro Hydrogen 300

Nioro Hydrogen 1200
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TABLE 6

BURST AND CREEP RUPTURE TEST SCHEDULE

Y 3

: i Brazing conditions Post Test Tests
| ) i ‘ ) braze heat : tegpegature, . Creep
! Material 1 Alloy | Atmosphere Time, s ! treatment® F(°K) . Burst ' rupture
E Waspaloy | Palniro 7 i Vacuum 1200 . Waspaloy . 1400(1030) . Yes . Yes
| | : i
! { Palniro 7 5 Hydrogen ; % :
l i Nicrobraz 65 | Hydrogen i
L . Palniro | i Vacuum ;
! Inconel 718 L Palniro 7 i Vacuum " 1200 ' Inconel 718 1200( 920) : Yes Yes
: Palniro 7 _ Hydrogen ©1200 j " Yes " Yes
‘. + Palniro 7 . Hydrogen 300 : . Yes Yes
‘ Nioro - Vacuum l 1200 ' " Yes  No
. Inconel 625 sheet, : Palniro 7 . Vacuum ;1200 ] Inconel 718 , 1200(920) i Yes ) No
i Inconel 625 fins, ; ! ¢ ; _ :
; Inconel 718 sheet . Nioro : . :
+ Inconel 625 i Palniro 7 ~ Vacuum E 1200 é Inconel 718 i 1600( 1140} - Yes : Yes
Palniro | . I 1200 T ‘ i
Palniro 00 | : '
; Hastelloy X : Palniro | g Vacuum 300 : None ‘ 1600(1140) f No E Yes
: Palniro & IE 300 RT | Yes ; No
; -~ Palniro 4| 300 | 12000920) | Yes i No
Palniro 4 300 1500( 1090) Yes : Yes
Palniro 4 300 1600( 1 140) Yes Yes
Palniro 4 600 1600( 1 140) Yes Yes
Palniro & 1200 1500( 1090) Yes No
Palniro & 1200 1600(1140) Yes Yes
*Haspaloy heat treatment: 1550°F (1120°%K) for 4 hr, air cooled plus 1400°F (1030%°K) for 16 hr, air cooled.

Inconel! 718 heat treatment: 1325°% (990°K) for 8 hr, furnace cooled at 100°F per hr (50°K per hr) to I1150°F
(890°K), held at 1150% (890°K)} for 8 hr, air cooled.



TABLE 7

BURST TEST SUMMARY

. e - - - J——— — -
Averaqge lin
Test burst Average bursiL| tensile siress
Material and Brazing pressureé pressur;, at burst, gl)
test temperature| conditions | psi (kN/m ) psi (kN/m") ksi (MN/m )
Waspaloy, pPalniro 7, | 2110( 14 500)
1400°F( 1030°K) vacuum,
1200 s 1900( i3 100) 2330( 16 100) 36.7(253)
2990(20 600)
palniro 7, | 2100 14 500)
hydrogen,
1200 s 2020( 13 900) | 2060( 14 200) 32.4(223)
2050( 14 100)
Palniro t, | 2660( 18 300)
vacuum
1200 s 2550( 17 600) 2490( 17 200) 39.1(270)
22600 15 600)
Inconel 718, palniro 7, | 1770(12 200)
1200°F{ 920°K) vacuum,
1200 s 2310015 900) | 1990( 13 700) 64.6(445)
1900( 13 100)
Nioro, 600( 4140)
vacuum,
1200 s 410( 2830} 490( 3380) 15.9(110,
470({3240)
palniro 7, | 2180( 15 000,
hydrogen.
1200 s 2040{ 14 100} | 2100(14 500) 67.9{468)
2080( 14 300)
palniro 7 1380( 9520)
hydrogen,
300 s 1320(9100) 1380(9250) 44.7(308)
1450( 10 000)
Inconel 625, Palniro 7, | 5280{36 400}
Inconel 718, vacuum,
1200°F; 920°K ; 1200 s 4980(34 300) | 5280(36 400) 60.8(419)
5580( 38 500}
Nioro, 4330(29 900}
vacuum,
1200 s 4520731 200) 4480(30 900; 51.6(356)
4600(31 700}
Incone! 625, Palniro 7, | 1550( 10 700)
1600°F * 1140%K vacuum,
1200 s 2300( 15 900} 1880( 13 000) 21.7(150)
1800( 12 400)
palniro 1, ] 2150( 14 800)
vacuum,
1200 s 2920(20 100) 2320( 16 000) 26.8(185)
1900( 13 000)
Palniro I, | 2200(15 200)
vacuum,
300 s 2700( 18 600) 2480( 17 100) 28.6(197)
2550( 17 600)
NOTES: (1) Fin stress = {pressure load at burst)/(fin tensile area).

a. WASPALOY, INCONEL 718 AND INCONEL 625

Average fin s
divided by

ultimate stress (2

0.32

0.28

0.71

tress

R

Predominant
failure
locat ion

Brazing alloy

Brazing alioy

Brazing alloy

Brazing altoy

Fins

Brazing alloy

Fins

(2) Published ultimate stress values for the Waspaloy, Inconel 718 and Inconel 625 fins are quoted

in figures 4, 6 and 8, respectively.

from

reference 4.
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Hastelloy X published uitimate stress values were taken

.




TABLE 7. Concluded
BURST TEST SUMMARY

b. HASTELLOY X

Fin dimensions, (3) Time at Palniro & ) Average fin Average
in. {cm} braze braze foil Test Test_burst b Average ( _“"““e ”:""‘“ lin stress
™ h . lemperature, (4) thickness, temperalure, pressurez) urst prcssur;-, 51| at hurst, 2” divided by
fin fin fin s in. (cm) 26(°Kk) psi (kN/m psi (kN/m"} kel (HN/m") ultimate siress 2,
"0.063 | 0.153 { 0.006 300 0.001(0.0025) | 1600(1140) | 2130(14 700) 2130( 14 700) oz, 1 oss
\0.159 | 10.390] (0.018) f--- = = . e —e - A e e e
1200 0.001(0.0025) 1600( 1140) 1610( 11 100)
1700( 11 700) 1660( 11 400, 15.87 109, 0.427
1680( 11 600)
. . R I i P S S —
600 0.001(0.0025) 1600( 1140) 1480( 10 200)
1580( 10 900) 1530( 10 500) 14.5( 100, 0.391
1530( 10 500)
300 0.001(0.0025) 1200(920) 3600( 24 800)
3600( 24 800) 3650(25 200, 34.7(239, 0.413
3750(25 900)
300 0.001(0.0025) Room 7400(51 000)
temperature
7350(50 700; 69.8(481, 0.605
7300(50 300)
0.050 0.050 0.006 300 0.001(0.0025) 1600( 1140) 2750( 19 000)
(0.127 10.127V } (0.015) |
2790( 19 200, 20.5' 141, 0.571
2830( 19 500)
0.050 0.075 0.004 300 0.001(0.0025) 1600( 1140) 2680( 18 500) D
.0.127° | ;0.1911 | (0.0t0}
2380( 16 400) 2690( 18 500, 30.9(213, 0.847
3020(20 800)
1200 0.001(0.0025) 1600( 1140) 2080{ 14 300)
1880( I3 000) 21,64 149, 0.592
1680( 11 500
0.029 0,025 0.002 300 0.001(0.0025) 1500( 1090) 3650(25 200)
1{0.074 (0.064 | (0.005: 3450723 800, 46.6 321 0.909
3250(22 400)
1200 0.001(0.0025) 1500( 1090) 2130( 14 700) 2130( t4 700, 28.8, 199 0.561
1200 0.0005(0.0013)| 1500(1090) 1400(9700) 1400(9700" 18.4( 130 0.370
300 0.0005(0.0013) 1500( 1090) 2580( 17 800}
2530( 17 400; 34.2(236 0.677
2480( 17 100}
300 0.0005(0.0013)| 1600{ 1 140) 1980( I3 700)
2240( 15 400) 30.2,208 0.841
_J 2500( 17 200)
NOTES: (1) Fin stress = (pressure load at burst}/(flIn tensile area).
‘2. Published ultimate strass values for the Waspaloy, Inconel 718 and Inconel 625 fins were taken from figures 4. 6 and 8.
respectively, Hastelloy X ultimate stress values were taken from reference 4.
{3, Rectangular offset fln geometry as shown in figure 2b. Face sheet thickness was 0.015 in. (0.038 cmi.
(4, The majority of the Hastelloy X specimens were vacuum brazed.
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TABLE 8
CREEP RUPTURE TEST SUMMARY

a. WASPALOY, INCONEL 718 AND INCONEL 625

r:::Lre Time to z::e;:nsf:j Published Average ralio
Material and Braze P i rupture, ’ 2 ruplure stress, (2)f of fin stress o
test temperature| conditions | psi (kN/m") hr ksi (MN/m") kei (MN/m?) published sireas
waspaloy, Palniro 7, | 400(2760) 24.3 6.3(43) 74(510) 0.076
0 o
1400°F( 1030°K) T;g;”f' 300(2070 27.7 4.7(32) 73(500)
300( 2070) 83.2 4.7(32) 62(430)
350(2410) 26.7 5.5(38) 74(510)
350(2410) 32.0 5.5(38) 72( 500,
325(2240) 44.5 5.1(35) 67( 460
Palniro 7. { 325(2240) 30.2 5.1(35) 72( 500 0.067
T;gg°ge”' 275(1900) 38.3 4.3(30) 70( 480
225( 1550) 64.5 3.5(24) 64( 440,
300(2070) 117.3 4.7(32) 59( 410,
Palniro 1, | 600(4140) 3.6 9.4(65: 1001 690, 0.087
vacuum,
1200 & 400( 2760) 33.9 6.3(43) 710490,
400( 2760) 54.0 6.3143, 66( 460,
350(2410) 63.3 5.5(38; 641 440,
350({ 2410) 43.5 5.5(38) 68(470,
350(2410) 38.1 5.5(38) 701 480.
Inconel 718, Palniro 7, | 400(2760) 34.0 12.9(89, 115(790 0.118
0 [V
1200°F 920K Yggg”z' 4001 2760) 60.2 12.9:89) 110 760,
400( 2760) 113.0 12.9: 89, 104 720
R IR S AR . L
Palniro 7, | 400(2760: 284.0 {3)) 12,9189 951660 3 0.128
hydrogen, | 400, 2760° 89.6 12.90 89 106( 730
1200 s
500, 3450° g.2 16.27 112 130 900
Palniro 7. | 400(2760" 12.4 12.9° 89 126 870 0.097
hydrogen, \
350 o 400, 2760 8.7 12.9,89, 130 900 1
300( 2070 69.7 9.7(67 109 750 i
Inconel 625. Palairo 7, | 520(3590: 1.3 6.0(41: 267180 0.207. 1
0 0 1
1600°F( 1 140°K Yacuums 260( 1790° 35.0 3.0021; 14 97 :
390( 2690 7.5 4.5031 19, 130, :
175{ 1210} 128.0 2.0(14 176 !
175, 1210, 82.5 2.0014, 12 83 |
220, 1520, 8t.8 2.5(17) 12i 83
870(6000, (4) 12.5 10.0( 69, 39,270
Palniro |, | 390(2690. 39.6 4.5(31, 1497 0.251 _7
vacuum, - , 14 7
1260 s 260(1790) 37.5 3.0(21 9 |
220(1520) 82.9 2.5(17 12 83
260( 1790, 54.0 3.0(21 13 90,
390( 2690) 14,6 4.5(31 160110 :
870(6000) {4){ 18.7 10.0(69) 37(260 ;
T
palniro |, | 390(2690) 15.5 4.5(310 16( 110 0.212
vacuum, . . . | 90
300 o 260( 1790 52.5 3.0(21) 3
260( 1790 1.8 3.0(210 18,120
390( 2690) 5.2 4.5(31) 20 140"
220( 1520) 16.0 2.5(17) 16(110
870(6000) (&) 4.3 10.0(69} 42,290V
NOTES: ‘1) Fin stress = (pressure load}/{+i~ tensile area:

(2; Values obtained from figures 21, =% and 23 for the test rupture life of Waspaloy. Inconel 718
and Inconel 625, respectivel,, «astelloy X values obtained from figure 24 and reference &
for the test rupture life.

{3, Test discontinued, no rupture occurred. Published rupture stress is based on 284 hr rupture life.
(4) Test at 1400°F( 1030°K;, not included in average ratio.

{5) Failure occurred in the braze alloy for all panels.
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TABLE 8.

Conc luded

CREEP RUPTURE TEST SUMMARY

b. HASTELLOY X
. —_—— P B T ——
Fin dimensions. | 6) W Time at . . .
in. (cm) braze Braze foil Test rT':f, Time to ::“ lcm{‘lu" PUhl:"hEd ‘2 Averaqge ralio
5.1 h. 1 Braze temperature, (7) | thickness, temperature, pre reé rupture, ress, 2' rupture - res;, Hoof tia sirgos to
rin fin fin alloy s in. (cm) OF(°K) psi (kN/m ) hr ksi (HMN/m®; kui (MN/m", pubslivhed ot
0.063 0.153 0.006 Palniro 1200 0.00l0 1600( 1140) 550( 3790) 10.8 5.2(36) i4.701101, 0.3242
(0.159%] {0.390}| (0.015) 4 10.0025)
700( 4830) 2.5 6.6(46; 20.0( 138, P
600 0.0010 1600( 1140) 550(3790) 7.7 5.2036) 15.81 109, T 0.351
(0.0025}
550({3790) 5.3 5.2(36) 17.00 117,
550(3790) | 26.0(8) 5. 12,2184,
0.050 0.050 0.006 Palniro 300 0.0010 1600( 1140) 650( 4480) 15.4 4. 13.8/95, 0.365-
10.127° | (0.127°] 0.015} 4 (0.0025)
700( 4830) 12.6 5. 14.2798,
750(5170) 1.5 5.5(38, }‘ 14.57100,
300 0.0013 1600( 1140) 700(4830) ta.1 5.1(35) 13.9196, 0.402
(0.0033)
750(5170) 17.2 5.5(38, 13,4092,
L— 800{ 5520} 15.3 5.9041, 13,7694,
R e e - —_——— e — f_ et re— e -
Palniro 300 0.0014 loOO(IMOﬁ 800{ 5520/ 1.6 5.9(41) 14,4199, 0,414
1 (0.0036)
800(5520) 12.0 5.9(4l) 14.3 99
800({ 5520 15.6 5.9(41) 13,7794
AN S s S b b ——e e L R S [ ._1
0.036 | 0.050 0.006 Palnira 300 0.0013 1600{ | 140} 950( 6550) 18.0 4.833 13.3 92 1 0.339
0.091°] 0.127 | 0.015 . 10,0033} |
1000( 6890, 13.7 5.0(34, 14.0 97 i
1050{ 7240) | 10.7 5.3 3%, L 16.7 104 !
Palniro 300 0.0014 1600( 1140) 1000( 6890, .3 5.0t 34, 14.4 99 W 0.33¢6 [
i (0.0036) 1
1000( 6890 8.8 5.0034, 15.2 105 |
!
1000 6890 9.3 5.0( 34 15,00 103, .
e - — . _,,_}LA AT F
0.050 0.075 0.004 Palniro 300 0.0010 1600( 1140) 780( 5380 3.4 9.0(62; 18.6 128 0.435 .
0.127 | .0.191 { (0.010 4 {0.0025) !
650( 4480) 5.2 7.5152, 16.9 117
I
7001 4830, 3.5 8.1(56, 18.5 128 ,
| 600, 4140) | 8.3 6.9(48 15.5. 107
I 600( 4140, 3.3 6.9: 48 18.8 130
—— - B e
1200 0.0010 1600( 1140, 600( 4140 5.6 6.9(48 16.9 117 0.362 |
(0.0025) |
550( 3790, 4 4 6.3143 17.70122
550(3790) 2.8 6.3(43, 19.5 134
0.029 0.025 0.002 | Patniro 300 0.0010 1500( 1090} 850(5860) 6.4 11.5,79, 23.0, 139 0.485 _]
70.074, | 10.0641] {0.005 4 (0.0025)
750(5170) 4.7 10, 1{70 24,0, 165
300 0.0010 1600{ 1140) 600( 4140) 5.1 8.1(56 17,00 147 0.4706
(0.0025}
300 0.0005 1500( 1090) 750(5170) 6.8 10.1{70: 22.5, 155 0.450
(0.0013)
700{ 4830) 10.6 9.5(65, 21.0. 145
NOTES: (1) Fin stress = {pressure load)/(fin tensile area).
.2, Values obtained from figures 21, 22 and 23 for the ts.t ‘upoture |ife of waspaloy, Inconel 718 and Inconel 625, respectively.
Hastelloy X values were obtained from figure 24 and re/:-~nce 4 for the test rupture life.
(&, Rectangular offser fin geometry as shown in figure 2b. Fface sheet thickness was 0.015 in. {0.038 cm).
{7, The majority of the specimens were vacuum brazed.
2,
(8, 26 hr at 550 psi (3790 kN/mz) is equivalent to the actuail test of 10 hr at 550 psi (3790 kN/mz)and 5.3 hr at 700 psi .4830 KN/m
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TABLE 9

FLEXURE TEST SPECIMEN DETAILS

Waspaloy panel

Inconel 718 panel

Braze alloy

Palniro |

Palniro 7

Brazing conditions

Vacuum, 1200 s at
2070°F (1410°K)

Vacuum, 1200 s at 1950°F
(1340°K)

Heat treatment

[550°F (1120°K) ~ 4 hr,
air cooled

1400°F (1030°K) -~ 16 hr,
air cooled

1325°F (990°K) - 8 hr,
furnace cooled from |325°F
(990°K) to 1150°F (890°K)
at the rate of 100°F (58°K)
per hour, 1150% (890°K) -
8 hr, air cooled

Cross section geometry

Same as figure 26e

Same as figure 26f
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TABLE 10

FLEXURE TEST SUMMARY

Gg

' . o 2 2 : T
: Stiffness: (M/4', Ib-in./in. (;N—m/m ,2, i : iRatlo of test !
X ! R for pure bending, (p/3), Ib/in.” (XN/m ., . ito theoretical 1
for combined loading : Yield moment, Ib-in./in. iN-m/m) ! Buckling moment, b-in./in. 'N-m/m,|values, yield |
Test g * - T " for Waspaloy and .
‘temperature, i Theoretical : Test . Theoretical Test i Theoretical [buckling vs yield|
Material | Test : OF(°K) ' Test values | Test Average . value + Test values | average value Test values| average | value fer Inconel 748 1
: ; : . ! : 1
Waspaloy Pure RT - 708( 124) - 7500132 . 700(123) 133592, ¢ 141(627, , 1021454, ' 155( 690, tel’' 716, ! > 1.0 !
bending . . : ; ) : :
. . . : ; . ! !
798( 140) L 1470656 i ! 11597708, ; . '
s . : i : | H
745 131) : 1421 632, : ! I 1697752 , :
; + T t 1
. 1400(1030)  488(86) . 493(86! © 555(97. © 107476, ' 104 463, | 87'387, i ; ! : > 1.0 '
) . . H . ’ +
| 465(82) ' o ose(427) . -3 -5 - !
| ‘ | ! ‘ | i
530(93) . . 109485} . ' ! ! |
- N : T " T - 1
Bending ; RT I 1220(8410) ! 1180(8130) 1110( 7650 ; 1520 676) 148(659; ] 1017450; | 173(770] 170( 804, > 1.0 !
:plus : | i | '
! shear, ! 1250(8620) ; 148( 659" : ! 172{ 765, - '
t internal ! | | | r .
. rein- ¢ 1 1080( 7450 ] | 144(641) J 166( 738, !
i t : | : ! '
» forcement: ; ‘ | ' ] !
Bending AT : 1200(8270) " 1180(8130; [ 1200(8270) 151672 | 1470654, | 101,450; I resi 734 1s9 708 ! > 1.0 ;
iplus ‘ ! : ! i : I i
shear, | - 1i80(8130) ! | ©149( 663 I [ 1 154{685 - |
| external - : ! ' | : l
rein- | | 1160(8000) . | 1argean) ‘ | | 159708
| forcement,’ : i ‘ ‘ l ‘
T ] B T * t + + -
Inconel ]Pure RT i 12 900(22607  : 11 600(2030) ' 10 700(1880) ' 620{2760 (4;' 636(2830)! 643,2860 ‘ 641,2850 | 649 2890 | e22.2770 ! 0.99 |
718 | bending | . i i | ; i | .
' © 10 500( 1840) ‘ ! 62002760" 14" i i 620{ 2760 | |
) ! ; i ' \
j ! 11 500(2020, : I 667(2970 (4 ! | E 686,3050 . |
H L 1 i
: T H t T
! | 1200920, ' 8380( 1470 | 1940(1390: ‘ 97804 1540, | 1 E 529, 2350 | 478(2130 |47a_213o 525,2340 0.9!
| ! ! t
! 7850( 1380 | Y N ! 473,2110 l . i .
1 i H t '
. ! ' 1 |
7580( 1330 i ) ! 4842150 | . ' :
L ! I : .
T . ! T H
Bending |RT 15 000( 103 000,“ 15 6001107 OOO)\ 16 000 114 000} 610. 2710 584, 2600 569 2530 ] 590, 2630 ' 0.93 I
plus H .
shear 16 400( 113 000) ‘ - .5 -5 564, 2510 : i .
15 4001 106 000! l 558 2480 \ l ‘
[ L
NOTES: {1, All units and values in parenthesis are S.1. units.
€2, all values per inch of panel width as indicated by the units.
{3, Failure occurred in creep rupture.
‘4, Taken at lasi deflection point which is extremely close to 2 cereent ol tset point.

’5, Buckling occurred prior Lo reaching 0.1 percent alfset poiet,
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Heat flux, q/A, Btu/sec ft? (kw/m?)
Pressure, P, psi (kN/m?)

Total weight, 1b/ft? (kg/m?)

Thickness, t, in. (cm)

Figure |.

q/A and P
gq/A and P

“"'

Concept }

Concept 3
5 to 100 (57 to 1140)

5 to 50 (35 to 350)

10 to 500 (110 to 5700)

5 to 100 (35 to 690) 50 to 250 (350 to 1730)
2 to 4 (10 Lo 20)

10 to 500 { {10 to 5700)

3 to 6 {15 to 29)

! to 3 (3 to8) 2 to 5 (5 to 13)

5 to 8 (24 to 39)
3to7(8 to I8

Operating Conditions and Configuration for Regeneratively Cooled
Panel Applications




Face sheet (typical)

te= 0.010 in.
(0.025 cm)

Side header bar
(typical)

Fin (typical)

Plain rectangular fin geometry

hfin = 0.075 in. (0.19) cm)

beo, = 0.05 in. (0.13 cm)
t.. = 0.003 or 0.004 in.
fin

(0.008 or 0.010 cm)

a. Single layer panel

Figure 2. Geometry of Reference Panels
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Heat exchanger face
sheet (typical)
Heat exchanger fins

Heat exchanger
side header
bar

Prime

Prime -q\\ ;;;;;
panel ’ panel
SN ol
4 . <D
t, = 0.010 in.t}:\\\ /;\\~\\J!h5!l 444444544
(0.025 cm) \I‘ '

(typical three . .
places) Prime panel side

\/* header bars

b, = 0.20in.
i N
(O.5| Cm) \

0.08 in.

0.50 in.
(1.27 cm)

Chevron fin details

h = 0.306 in. (0.777 cm)

Rectangular offset fin geometry

t = 0.006 in. (0.015 ¢
hen = 0.05 in. (0.13 cm) c in. ( m)
be,, = 0.05 in. (0.13 cm)
te. = 0.004 in. (0.010 cm)

b. Two layer panel

Figure 2. Concluded
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1.0 in.

(2.5 cm) Spotweld (typical)
| 2in. (5 cm) | , 2 in. (5 cm)
[ ] [ \ l
[ ) T
Specimen width

0.5 in. (1.3 em)
radius (typical)

0.37 in. (0.94 cm)
diameter (typical)

(see table)

5
~

A

O

Doubler (typical four

places), also referred —
to as tabs, 0.05 in.

(0.13 em) thickness

Specimen thickness

(see table)

7 1 p— - I ' :
1 [ | T H H
l@——9-{0.75 in. (1.9 cm)
6 in. (15 cm)
}
Specimen Specimen
Material width, in. (cm) | thickness, in. (cm)
Waspaloy 0.25(0.64) 0.010(0.025)
Inconel 718 .25(.64) .0l0(.025)
Inconel 625 .25(.64) .010(.025)
Coated Inconel 625 .15(.64) .010(.025)

Figure 3.
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m Elongation

Material
condition

As received plus
double aging

Palniro 7 in
vacuum plus
double aging

Paitniro 7 in
hydrogen plus
double aging

Aged at 1400°F

(1030°K)

18259F( 1270°K)
plus double
aging

1825°F( 1270°K)
plus double
aging. longitudinal

‘Published data
on bar
(reference 2)

AMS5544 for
strip (up to
0.02 in.
(0.05 cm)
thickness)

Figure 4.

[ ] viela

Ultimate

Test ) 2
temperature Stress, ksi (MN/m")
0 40 80 120 160 200
(280) (550) (830) (1100) (1380,
| T T 1] 1 ] | I T
RT [ _J
1400{ 1030) |
1400( 1030) E
RT | [,]
14001 1030 I
RT [ ‘]
1400 1030}
1400 1030) Fjg}- j

1400( 'OSO‘IW

RT
1400(1030)

RT Minimum
1400 1030} properties

I I |

20 30

]
40

Elongation, percent

Ultimate Strength, Yield Strength and Elongation For
Waspaloy at Room Temperature and 1400°F(1030°K)
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19

Stress, ksl(MN/m?)

Specimen movement

= — — — Elastic line
= = == 0.2 percent offset
200( 1380)
180( 1240) |- -/
= 1951340 M/m?
= 130 ks1{900 MA/m®)
160{ 1100) |- 4
Fracture
140(970) |-
120(830) |-
100( 890} |-
20(350) -
Load applied
60(410) |- i
Load
10(280) Load remved/ reapplied
20( 140)
0 i L I\ I | | 1 L ! L l 1 | { ] | 1
2 4 .6 [ [ 4 [] 2 16 20 2 28 32

Strain, percent
{extensometer movement )

120(2830) -

100(690) |-

80(550) |-

60(410) |-

Stress, ksi(MH/m?)

40( 280) [~

200140}

Load applied

o, = 105 ksi 720(MN/m?)

Y

Strain, percent (crosshead movement)

a. Room temperature

o
ult

= 113 ksi (780 MN/m?)

Fracture

reapplied

Figure 5.

.2 4 ]

Strain, percent

(extensometer movement)

b.

.8 ro¥o 2 4 ) »
Strain, percent
{crosshead movement)
1400°F (1030°K}

Temperatures, As-received with Double Aging Condition

Typical Waspaloy Stress-Strain Curves at Room and Elevated




m Elongation : Yield Ultimate
Material Test Stress, ksi (MN/mz)
conditio temperat
ition mperature 40 80 120 160 200
0 (280) (550)  (830) (1100) (1380)
T T T T T R

s received plus RT AU [ e ]
aging 1200(920) g .
Palniro 7 plus RT % [ . 1
aging 1200(920) 3 :
Nioro plus RT [ —— ]

aging 1200(920) o] ]

Published data on RT L " ]
aged sheet 1200( 920 L
{reference 2! 200(920) l . J

RT Minimum [ - ‘
AMS 53596A 1200(920) m properties :

Certification f9r RT l ]
purchased material

] ] L L L L I I ] L
0 10 20 30 40

Elongation, percent

Figure 6. Ultimate Strength,Yield Strength, and Elongation For Inconel 718
at Room Temperature and |200%F (920°K)
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Stress, ksi (MN/m?)

—  — Specimen movement
— = — — Elastic line
— — == 0.2 percent of f1et

oy, = 192 ksl (1320 MH/a")

ult
200 (1380) /
/ .
180{ 1240 |- , = 160 ks 1{1100 HH/m’)
Fracture
160 {1100) }~
140970 |-
T 12008300 |- oud apptied
=
£
* 100{690} |-
-
g
£ sosso) tosd removad T
/ toad
60{410) reapplied
20280
20 (140)
) 1 | 1 Il 1 Il L 1 l
° .2 . ) .8 1) v ° s 10 15 0 25
Strain percent (extensomater movement) Straln, percent (crosshead movement)

a. Room temperature, Painlno 7 cycle plus aging condition

180 11240}
’— Ty = 106 ksi (1140 HN/mT)

2
160 {1100} |- o, " 144 k3i{990 KN/m’)

Fracture
120 (970) |-

120(830)
100 1690) -

sosss0) |
Load #pplled

en(z10) -
Los¢ removed

40(280)

Load respptled

20 (120}

SR W S 1 1 | 1. A I | ] i L} 3 1 | 1

¢ .2 4 .6 .8 1) 1.2 A ° 2 “ 6 8 10 2 14 6 8
Strein percent (extensometer mavement) Strain, percent (crosshesd movemant)
b. 1200°F(920°K), as recelved and aged condition

Figure 7. Typical Inconel! 718 Stress-Strain Curves at
Room and Elevatcd Temperatures
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Material
condition

As received

As received plus
Inconel 718 aging

Palniro | cycle

Palniro 7 cycle

Coated with Painiro |

Coated with Palniro 7

Coated with Nioro

Published data on
sheet (reference 3)

AiResearch EMS95353

Certification, heat no.
8473

Figure 8.

Ultimate

[ viela

Test
temperature 1 T L
RT
1600( 1140)
RT ‘l
RT
1400( 1030)
1600( 1 140)
RT 3'ff1
1400( 1030)
1600( 1 140)
1600( 1140)
1600( 1 140)
1600( 1140)
RT [
1400( 1030 | |
1600{ | 140} l
RT
RT 3
1 ) J
0 40 80 120 160
(280! (550) (830, L1100,

Stress, ksi {MN/m?)

3. Ultimate and Yield Strength

Inconel 625 Tensile Test Results
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Material
condition

As received

As received plus
Inconel 718 aging

Palniro 1 cycle

Palniro 7 cycle

Coated with Palniro |

Coated with Palniro 7

Coated with Nioro

Published data on
sheet (reference 3)

AiResearch EMS95353

Certitication, heat no.

8473

Test
temperature
1 1 1 T

1600( 1140) .QWM

RT

TR0 0D VTV

RT SRR
1400( 1030)
1600( 1 140)

RT
1400( 1030)
1600( 1 140)
1600( 1 140)
1600( 1140)

P TS
1600( 1140) BRRRERERIITLEE

1400(1030) RRRoe R eSS &
1600( 1140) BRI iSRS

RT RS Minimun 2o

RT

Elongation, percent

b. Elongation

Figure 8. Concluded

65

100



99

Strass, ksl(MN/m?)

Specimen t

= ——=— Elastic line

———— == (.2 percent offset

160 (1100) —

i

140(970)

120(830) |-

100(690) |-

80(550) -

Stress, ksl (MN/m?)

60(410) |-

40(280) |~

20(t40) |-

1
0

Load applied

/
/

Load removed

v
¢

Load reapplied

o = 95 ksi{660 HN/m?)
¥y

L 1
-4 6 I\/ [}

= 156 ksi (1080 MN/m?)

ult

1 L L 1 | 1 L 1

2 . 5 10 15 20 25 30 35 40 45 50
Strain, percent (extensometer movement) Strain, percent (crosshead movement)
a. Room temperature, as received plus Incone} 718 aging condition
/ = 31 ksi(210 MN/m?)
100(690) - %y s /m Tupe = 38 ksi (260 HH/a?)
80(550) |-
60(410) -
Fracture
40(280) - Load removed T Load respplled
20(140)
i I A 1 1 l L L 1 i 1 I L L 1 L
.2 .4 .6 .8 1.0 v [} 2 & [} L] 10 12 14 13 1] 20 22 24 26 28 30 32 34 X
Strain, parcent {extensometer movement)

Strain, percent (crosshead movement)

b. 1600°F (1040°K}, Palnino 1 cycle, vacuum, 300 s condition

Figure 9. Typical Inconel 625 Stress-Strain Curves at Room
and Elevated Temperatures




Header ——>
bar width

e e e e e e e o ot e e e —n - — o ———

Panel width

y

Pfinm| fe- 0

FTPTOOGI GG I EEE LG IEES rrss

t
A &j
!

fin

Typical section f
Fin type Lj{jhfin_ 7 bfiﬁ__ m””ffin 3 te STZS:r :?::A
Material (figure 2} in. [em [in.fem ] in. | em in. Jem in. lcm in.] cm
Waspaloy Plain r;ctangu{;:vw6TTBO Btzg;ﬂé;g;jB:Z;TBTBGSV01008 0.01070.02510.068{0.17312.2]5.6
.100]| 2541 .09| .23 .00s] .010]{ .o10| .025| .068| .173[2.215.6
Inconel 7t8]Chevron ~ Jo.306 Jo.777]0.20[0.51 0. 006 f0.015| 0.010]0.025]0.115]0. 288 2.7 6.5
Inconel 625|Rectangular offset|0.075 [0.191 [0.05 [0.13]0.004 [0.010] 0.010]0.025[0.068]0.173]2.2][5.6
.075) 191} .05 .13] 004 .010| .010| .025 @21 . hlsis.e

{1, Pane! length was 2 in. (5 cm) for the braze pressure evaiuations with Inconel 625.
{2) The panel for the braze pressure evalustions (figures 14 and 16) did not have header bars.

Figure 10. Brazing Evaluation Specimen (Nominal Dimensions)
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a. Shape of 0.004 in. (0.010 cm) thick Waspaloy fins
before brazing (Strips above and below fins are
not faceplates)

b. Shape of 0.003 in. (0.008 cm) thick Waspaloy fins
before brazing (Strips above and below fins are
not faceplates)

c. Typical cross section of panels brazed with
Palniro 7

d. Cross section of panels brazed with Nicrobraz 65

Figure If, Cross Sections of Waspaloy Plain
Rectangular Fins and Brazed Specimens
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a. Typical joints for Palniro 7 brazing alloy

b. Typical joint for Hioro brazing alloy

Figure 12. Cross Sections of Brazed Inconel 718 Chevron Fin Specimens
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a. Shape of Inconel 625 offset fins before brazing

b. Typical Inconel 625 panel after brazing

Figure 13, Cross Sections of Inconel 625
Rectangular Offset Fins and
8razed Specimens
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| i | '.

a. Deadweight loading at 2 psi (14 kiN/m2)

b. Deadweight loading at 12 psi (83 kiN/m2)

c. Envelope brazing at 14.7 psi (101 ki/m?)

Figure 5. Photomicrographs of Inconel 625 Specimens
Brazed with Palniro | at Three Pressures by
Deadweight and Evacuated Envelope Methods
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To vacuum pump

f

To vacuum gage,

To bleed valve @—

Thermocouple —

5x10™> mm Hg

”””,,—— Inconel 625
braze sample

(both sides) 1[
|

l

1

| i

| |

A (

|

a

Section A-A

One atmosphere (exaggerated for clarity)

Pressure\‘ ‘ < ’ y ‘ ‘

ff/'\/’ N

Inconel 625 fin
Palniro | foil

Inconel 625 plate
Refrasil cloth

Hastelloy X envelope

Tungsten, inert
gas (TIGs weld
edges of Hastelloy
X sheet envelope

Figure 6. Schematic of Evacuated Envelope Method
for Brazing Inconel 625 Panels
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Pressurizing tube; 0.06 in. (0.15 cm)
outside diameter, 0.009 in, (0,023 cm)

wall thickness —\f
V4

Header width —s
(four sides)

Panel
length

i
><-—]

S |

~——2 in, (5 cm) ——=
b t,.. t
fin _ fin f
e I Y {
Mfin Q N N A==/ ’
N\ Nl 1
i
Typical finned section (A-A) U

Header Panel
. Pfin Btin t¢in te wldth length
Fin type . — s . .
Material (figure 2) in. cm in, [ em in. cm in. cm in, cm in.| em
Waspaloy Plain rectangular [0.07510.19110.05[0.1340,003{0.008|0.010[0,025]0.20 [0.5! }3.0 |7.6
Inconel 718|Chevron L3061 .777| .20 .51) .006] .0I5| .020] .051] 13 | .33 |3.3 8.4
Inconel 625[Rectangular offset|{ .050} .127| .05] .13} .004} .0I0| .010| .025] .20 | .51 | 3.0 |7.6
-718%
Inconel 625|Rectangular offset| .050)| .127] .05{ .t3] .004| .0!0 .OIOJ 0251 .20 .51 13.0 |7.6
*One faceplate of Inconel 718§

Figure 17. Burst and Creep Rupture Specimens
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Internal Pressure Test Facility

: 1§,

Figur:
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a. Waspaloy burst specimen b. Incomnel 718 burst specimen

¢. Inconel 625-Inconel 718 d. 1Inconel 625 creep rupture
burst specimen specimen

Figure 19. Typical Burst and Creep Rupture Failed Specimens
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Figure 20.

a, Failure at the nickel
plating interface

b. Failure through the braze joint

c. Failure through the fin

Typical Burst and Creep Rupture Joint Failures

(N



B4

ksi

Rupture stress,

200

100

50

N
O

S

1000
]
~~~\
B Published data, reference 2 uig
————— QO Palriro |, vacuum, 1200 s N
[ —.— [ Palniro 7, vacuum, 1200 s A 200
—_—--— A Palniro 7, hydrogen, 1200 s
100
i d 0 50
gy -
- = 6 -
——LHHA
T L
20
2 5 10 20 50 100 200 500 1000
Time, hr

Figure 21. Stress Rupture Data for Waspaloy
Panels at 1400°F (1030%)

2

Rupture stress, MN/m



6L

ksi

Rupture stress,

200 AR ! i P
1 h Jl I ) . | i I
100 == S0 S L
| Published data, reference 2 o I s
— R ; i
————-QPalniro 7, vacuum, 1200 s | . ! | R
S I It i
>0 ~——-—[Palniro 7, hydrogen, 300 s | ; ’ : '
| —--—APalniro 7, hydrogen, 1200 s j” ‘} ]
(Solid symbol indicates no rupture): | “‘
\ ;
20 ——— ] N ‘ i
Halily] :--U:: —_— 1
10 ‘ —r— ——
1
5
2
! 2 5 o 20 50 100 200 500 1000

Time, hr

Figure 22. Stress Rupture Data for Inconel 7{8 Panels
at 1200°F (920°K)

200

100

20

Rupture stress, MN/m



08

ks

Rupture stress,

Open symbols, 1600°F(1140°K)
Solid symbols, 1400°F(1030°K)

Published data, reference 3 1000
oY1= QO Palniro |, vacuum, 300 s 7
——-—— 0O Palniro t, vacuum, 1200 s 4500
\\

50% — ——-~—— A Palniro 7, vacuum, 1200 s

H200 =
\\
20 \,\ V hhi.ﬂﬁ. I;;
Sam = [400°F(1030°K) 1T "
\\ 2
‘\\ o IOO -
\ T 3
oyHs =
A \=1600°F(1140°K) o
] E
T ERERD i
= ~ o
4“ﬁu e
‘~‘\~‘L\ ~
2 < i - ~ =420
O | h S
A
| 2 5 10 20 50 100 200 500 1000

Figure 23. Stress Rupture Data for Inconel 625 Panels
at 1400°F(1030°K) and 1600°F(1140%K)



ksi

18
Rupture stress,

91000
B
100f— —H
} Brazed specimen ] ] ‘ L
t —=f 500
50 — — ——Parent metal [,;
‘chonel 625 (reference 3) {200
20 =T /
1‘~+ L ~~r.~\\
= L =} 100
Hastelloy xLil it S T
10 (table 75) ]\ =l ~~~
| \b \ kS ~—
Z - s
5 ; a:j; é-Hastelloy X (reference 4
N
\55555553
Al o
| Inconel 625 (table 7a) | ———k
) I RN
! 2 5 10 20 50 100 200 500 1000

Time, hr

Figure 24. A Comparison of Stress Rupture Results for Brazed Plate-fin
Specimens with Parent Metal Properties. Hastelloy X and
Inconel 625 Specimens Tested at 1600°F(1140°K)

2

Rupture stress, MN/m



P, applicd load

Support (typical)

Load application

. B

Shear diagram

At /////////////////////////////// I M= Pa/s

Moment diagram

b. Shear and bending between supports

Figure 25. Flexure Loadings and Shear and Moment Diagrams
(2 in. (5 cm) beam width)
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a. Pure bending
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O
I— —1 Load application

— b

0.2 in.
(0.5 cm)

b. Combined shear and bending, external reinforcement

Reinforcing header

(same as section A-A)
Knife edge (typical)

AN

W W W WS W WA W WA W W W W W, W A VR VR WA W WA Ve R R WY e W W VE W W W -

—] f— O*—Roller (typical)

Fins in non-shaded (0.25 cm)
areas (typical)

c. Combined shear and bending, internal reinforcement

Figure 26 Specimen and Loading Details
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,///, 0.01 in. (0.025 em) face sheets

o~ Solid bar height
equals fin height

d. Section A-A (not to scale)

0.0l in. (0.025 cm) face sheets

n rectanau ins O 05 in. (0.13 cm)
'Z:ciagl;ure 2;) gular i \ —"| }
Ez“']| I ‘l_]'lLJ]'T[: 0.075 in. (0.19 cm)

!it, 2 in. (5 cm)-___—————-J_ﬂ1-

e, Section B-B, Waspaloy

0.0l in., (0,025 cm)

0.2 in. (0.5 cm)-—‘ l<— [ face sheets

Chevron fins —_
(figure 2b)

0.306 in.
(0.777 cm)

f. Section B-B, Inconel 718

(R+h/2)sin® = 4

0.5 in., (1.3 cm) -

diameter room 1
temperature

roller (typlca1)~\\\\
. \ |

A
Relative size of \\“\ .
0.25 in. (0.6 cm) CoN . — (R+h/2)(l-cosB)

1
diameter high d///’\\_
temperature roller

g. Loaded position of two-roller
end in pure bending

Figure 26. Concluded
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Deflect .un

Def Force applied by

indicators cross head of
Instron Universal
Testing Machine

7 7
/ \Cross head of
Instron Universal
Testing nachine
a. Schematic of test fixture setup
for pure bending

b. Combined shear and bending test setup
with external reinforcement Waspaloy
specimen installed

Figure 27. Room Temperature Flexure Test Fixture
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|

e

Figure 28.

High Temperature Test Fixture With Waspaloy
Specimen Installed and Furnace Removed
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Figure 29. Load-Deflection Results For Waspaloy
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Figure 30. 1nconel 718 Load-Deflection Curves
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O Reference | design condition
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Ratio of actual strength to theoretical
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Figure 31, Effect of Panel Strength for External Pressure

Loading on Overall Panel Weight
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From top to bottom the specimens are;

(1)
(2)
(3)
(4)
(5)
(6)
(7

Waspaloy pure bending at 1400°F (1030°K)

Waspaloy shear and bending, externally reinforced
Waspaloy shear and bending, internally reinforced
Waspaloy pure bending at room temperature

Inconel 718 pure bending at room temperature
Inconel 718 shear and bending

Inconel 718 pure bending at 1200°F (9200K)

Figure 32, Flexure Test Specimens After Testing
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a. Waspaloy pure bending at b. Waspaloy pure bending at
room temperature 1400°F (1030°K)

T

¢c. Waspaloy bending plus d. Waspaloy bending plus
shear at room temperature, shear at room temperature,
external reinforcement internal reinforcement

e. Inconel 718 pure bending f. 1Inconel 718 pure bending
at room temperature at 1200°F (9209K)

g. Inconel 718 bending plus
shear at room temperature

Figure 33. Closeups of Flexure Test Failures
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Defectlve or weak fin

J LT Ly TUHUHI'

a. Fin configuration

|‘_ _’L__ fin
t
(typ) Interpal pressure simulation

B T O O O O O O

tt

77/ /777

K ~ spring rate
Kz < K,

b. Model of fin configuration

Figure 34. Defective Fin Analysis Model
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Figure 35. Theoretical Burst Strength Ratio For a Panel With One Defective

Fin. Fin Geometry Consists of 0.004 in.
\0.191 cm) Height and 0.05 in.
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n. (cm)

Deflection,

(cm)

in.

Deflection,

.4(1.02)

.3(.76)

.2(.51)

L1(.25)

J(.25)

Measured deflection poinfs:
O 400 1b (1780 N)

500 1b (2220 N)

Theoretical shape (circular)
through central data point:
400 1b (1780 N)

—=—e——500 Ib (2220 N)

0 1b (2 N
A 550 1b (2450 )A

—— «——550 1b (2450 N)

1(2.5) 2(5.1) 3(7.6) 4(10.2)

Length, in. (cm)

a. Pure bending measured at five points along the
specimen compared to circular shape

Measured deflection points:

®) 100 1b (450 N)
0 200 1b (890 N)

A 300 1b (1340 N)
A
#1]
1 a
o
(0] o)
1(2.5) 2(5.1) 3(7.6) 4(10.2)

Length, in. (cm)

b. Combined shear and bending at three
points along the specimen

Figure 36. Typical Waspaloy Panel Deflected Shapes
at Room Temperature
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—————— Etastic stress distribution

Elastic~-plastic stress distribution,
Waspaloy stress-strain curve (figure 5)

o, = 128 ksi (880 MN/m?)

Stress

Y Q
T 1 1y

Figure 37. Comparison of Etastic and Elastic-Plastic
Stress Distributions for Pure Bending
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Figure 38. Inconel 7!8 Euckling Stress at Room Temperature
for Fully Suncorted Chevron Web
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