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ABSTRACT

This report covers an investigation of the creep rate and
metallurgical stability of candidate materials for a supersonic
transport airplane when exposed to heat alone and to creep loading
at temperatures of 550° or 650°F. Specimens were exposed to inter-
mittent heating and to creep loading for times of 1000, 5000,
10,000 and 30,000 hours and, also, to steady heating and to creep
loading for 30,000 hours. The materials tested were Ti-8Al-1Mo-1V
(dquex annealed) and Ti-6A1-4V (mill annealed) titanium alloys,
Rene 41 (20% cold rolled + 16 hours at 1400°F) superalloy, and
AM-350 SCT (825) and PH 14-8 Mo (SRH 1050) stainless steels. The
30,000 hour creep stress level for the two titaniums and Rene 41
was 40,000 psi, whereas, 67,000 psi was used for the 30,000 hour
creep stress level of the two stainless steels. The creep stress
levels for the 1000 hours exposures were set below the yield stress
of each material at the exposure temperature and intermediate stress
levels were used for the 5,000 and 10,000 hour creep loadings to
give a range of creep rates. The influence of each of these condi-
tions on the tensile, fracture toughness, and metallurgical prop-
erties of materials was determined. Plastic deformation due to
creep was measured throughout the duration of the exposure.

The results indicated that all five materials would be satis-
factory for use at 550°F for 30,000 hours at the 30,000 hour creep
test stress levels. The creep behavior of Ti-6Al-4V titanium makes
it undesirable for long time use at 650°F. Also, the AM-350 SCT
(825) stainless steel is embrittled by long time exposure to 650°F.
The PH 14-8 Mo stainless steel was not tested at 650°F. The expos-
ure to creep loading at 6500F did not reveal any characteristics
of the René 41 superalloy or the Ti-8Al-1Mo-1V titanium that would
make these alloys undesirable for use in a supersonic transport
airplane.
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SECTION I

INTRODUCTION

Two factors are of concern when materials are to be used at
the operating temperature and for the long life expectancy of a
supersonic transport airplane. They are the amount of creep strain
accumulated and the influence of the exposure on the mechanical
properties of the materials. Current life expectancy of a super-
sonic transport airplane is in excess of 30,000 hours of flight time
with skin temperatures reaching the 550° to 650°F range during cruise
conditions. To further complicate the exposure, the heating and
loading is intermittent following the ground-air-ground flight cycle
of the airplane.

This testing program was planned to resolve these questions
with regard to five candidate materials for a supersonic transport
(SST) airplane. The specific questions were:

1. How much does the material creep?

2. 1Is the creep rate the same for intermittent heating
and loading as for steady heating and loading?

3. What changes, if any, are produced in the mechanical
properties of the materials as a result of heating
and loading?

4. 1Is it the heating or the loading or both that causes
the changes?

The five materials tested were:

1. Ti-8Al-1Mo-1V (duplex annealed) titanium alloy
2. Ti-6A1-4V (mill annealed) titanium alloy

3. AM-350 SCT (825) stainless steel

4. PH 14-8 Mo (SRH 1050) stainless steel

5. Rene' 41 (20% cold worked + 16 hours at 1400°F)
superalloy.



The test was started with PH 15-7 Mo (RH 1100) stainless
steel as one of the five materials but after approximately 4000
hours of creep loading the PH 15-7 Mo steel was replaced with the
newer PH 14-8 Mo (SRH 1050) steel because its increased toughness
made it more desirable for SST applications.

Initially, creep was of primary concern for a SST airplane.
As the test progressed, other sources of data became available
indicating that the magnitude of creep strain accumulated over
30,000 hours at cruise flight conditions would not be a problem with
any of the candidate materials. However, the metallurgical stability
of the candidate materials after 30,000 hours of exposure remained
unknown and became the prime concern for this program.



SECTION II

SUMMARY

A testing program was initiated in July 1962 to determine
the magnitude of creep strain accumulated on specimens of five
SST candidate materials after times of 1000, 5000, 10,OOOOand
30,000 hours of exposure to stress at temperatures of 550 and
650°F. The creep exposure was applied intermittently by cyclicly
heating the specimens to temperature in 10 minutes, applying the
load and holding the load and temperature constant for 2.5 hours
followed by a release of the load and then cooling the specimens
to approximately room temperature in 20 minutes. Also, creep was
measured during 30,000 hours of steady exposure to heat and stress
to determine if there was any difference between the creep rate
due to intermittent exposure and the creep rate due to steady
exposure. Following the creep exposure, the effects of creep on
the tensile properties and fracture toughness of the materials was
determined. Soon after the start of the program the scope was
enlarged to include exposure of unstressed materials so that a
comparison could be made between the influence of heat alone and
heat plus stress on their mechanical properties.

During the program time span, creep rate data from other
sources indicated that creep would not be excessive at 550°F, if
any of the candidate materials was used for the construction of
a supersonic transport, and the Ti-6Al-4V titanium was the only
material, of the five being tested, that showed an excessive creep
rate at 650°F. However, the tensile strength and fracture tough-
ness stability after exposure was a growing concern with fracture
toughness occupying the major importance.

The specimens used in the program were cut from .025 inch
thick sheet with the length of the specimens laid out parallel
to the longitudinal grain direction. The candidate materials were
selected as skin materials for use in sheet form and the .025 inch
thickness was expected to be in the range of gages used.

An overall summary of the results is shown in bar graph form
in Figures 1 through 5. Figure 1 shows the ratio of ultimate
strength divided by density for all of the materials tested after
each exposure condition. There are some small changes existing
between ultimate strength of each alloy after various exposures.
There are only slight trends and it is believed the differences
measured are within experimental scatter.



Figure 2 shows the ratio of tensile yield strength to density.
The only definite trend is a slight increase in tension yield of
the AM-350 SCT (825) stainless steel after exposure to 650°F .
Figure 3 compares the percent elongatiog of the materials after
various exposures. The exposure to 650 F appears to increase the
percent elongation of the AM-350 SCT (825) steel. The other
materials show erratic behavior with no definite trends. The maximum
variation of percent elongation with exposure time, for any one mate-
rial including AM 350 steel, is within 5 percent which could be
attributed to experimental scatter.

The specimen size used for fracture toughness testing was with-
in the ASTM recommended standard specimen proportions at the time
the program was formulated. It has since been established that the
thin gage used will show an upper limit of toughness rather than a
toughness value that is a constant for the material. However, the
aim in this program was to determine if changes in toughness re-
sulted from the creep or heat exposure. For this purpose the resi-
dual gross fracture stress measured using a constant specimen size
offers the best basis for comparison. Figure 4 compares the residual
gross fracture stress divided by density of all of the materials
tested at room temperature using center notched, fatigue cracked,
specimens. Again, no significant change with respect to exposure
was found. However, Figure 5 shows the residual gross fracture
stress divided by density when the same materials with the same
exposure conditions and specimen configuration were tested at -65°F.
The AM-350 SCT (825) stainless steel shows a very definite embrittle-
ment after 30,000 hours exposure to heat alone and after 10,000
hours to creep loading at 650°F. The creep loaded specimens showed
the most embrittlement.

Throughout the testing no significant differences were observed
between results obtained after steady creep loading compared to
results obtained after intermittent creep loading on an equal expos-
ure time basis. It should be noted that the intermittently exposed
specimens were under heat and load for 5/6 of the test time.
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SECTION III

TEST REQUIREMENTS

Test Conditions

The program consisted of four parts:
1. Evaluation of the materials prior to creep straining

2. Measurement of creep during, and evaluation of the
materials after 1000, 5000, 10,000 and 30,000 hours
of intermittent creep testing

3. Measurement of creep during, and evaluation of the
materials after 30,000 hours of steady creep

4. Evaluation of the materials after 1000, 5000, 10,000
and 30,000 hours of heating without loading.

Creep Stress Levels

In order that a range of creep rates be measured, a creep
stress level slightly below tension yield of the material at tem-
perature was used for the 1000 hour exposure of each material.
Lesser stresses were used for the 5000 and 10,000 hour exposures
and a stress level expected to be used for design at cruise flight
condition was used for the 30,000 hour exposure. These stress
levels are shown for the five materials in Table I.

Evaluation of Material

Unexposed control specimens, specimens exposed to heat alone
and specimens exposed to creep loading were tested to determine
any change in tensile properties or fracture toughness resulting
from the exposure. Also, an examination was made by means of the
optical and electron microscopes to determine if any metallurgical
changes to the microstructure could be found.
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Number of Specimens per Creep Condition

To evaluate the tensile properties and the fracture toughness
after each exposure condition, different types of specimens were
exposed. The number of specimens of each type exposed to creep
is shown in Table II. Strips of material sufficient to make exactly
the same number of specimens as exposed to creep were hung in the
ovens for exposure to heat without load.

Intermittent Creep Cycle

A comparison between the influence of creep applied during
steady state heating and loading with the influence of creep applied
intermittently was a primary aim of this testing program. The inter-
mittent creep would represent the exposure of a supersonic transport
airplane to heat and stress during the ground-air-ground flight
cycle. The intermittent creep test cycle used consisted of 10
minutes to heat the unloaded specimens to test temperature, load
the specimens and hold under steady heat and stress for 2.5 hours,
and then remove the load and drop the temperature to approximately
room temperature in 20 minutes. A typical heating cycle as recorded
by a Brown recorder is shown in Figure 6.

13



Table IT SPECIMENS PER CREEP CONDITION

STEADY CREEP TESTS INTERMITTENT CREEP
EXPOSURE Tensile Fracture Tensile Fracture
HOURS Test Toughness Test Toughness
CREEP TEMP. (°F) 550° | 650° | 550° | 650° | 550° | 650° | 550° |650°
; 1000 5 5 5 5
e}
=1 5000 5 5 5 5
_
§ 10,000 5 5 5 5
o
=| 30,000 5 5 5 5 5 5 5 5
1000 5 5
3
' | 5000 5 5
=
Y| 10,000 5 5
o
=
30,000 5 5 5 5
1000 5 5 5 5
3
@ | 5000 5 5 5 5
a
o~ | 10,000 5 5 5 5
>
<1 30,000 5 5 5 5 5 5
1000 5 5
@]
=| 5000 5 5
%
< | 10,000 5 5
=| 30,000 5 5 5 5
1000 5 5 5 5
= | 5000 5 5 5 5
’% 10,000 5 5 5 5
“1 30,000 5 5 5 5 5 5 5
TOTAL 15 10 25 15 |100 60 [100 60

L4
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Figure 6 CHART OF OVEN TEMPERATURE DURING A 550°F
INTERMITTENT HEATING AND COOLING CYCLE
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SECTION IV

TEST SPECIMENS
Specimen Materials

All materials for this program were procured under their trade
name to vendor specifications. Each of the materials is typical of
a production run with no special requirements added. The materials
purchased, the vendors, and the heat numbers are shown below:

AM-350 Condition H from Allegheny-Ludlum, heat number 89324
PH 14-8 Mo (SRH 1050) from Armco, heat number 31562

Rene 41 (20% cold rolled) from Cannon Muskegon, heat number
V-2146

Ti-8A1-1Mo-1V (duplex annealed) from TMCA, heat number D-1237

Ti-6A1-4V (mill annealed) from TMCA, heat number M7858. This
material was supplied to the Fort Worth Division of General
Dynamics for this program by courtesy of Bureau of Naval
Weapons from the sheet rolling program stock.

The AM-350 stainless steel was transformed from Condition H to
Condition SCT (825) at the Fort Worth Division by following Allegheny-
Ludlum's published heat treat procedure. The Rene' 41 was given a
1400°F soak for 16 hours to bring it to its final condition. All
other alloys were tested as received.

Specimen Configuration

All specimens were cut from 0.025-inch (nominal) thick sheet
stock with the length of the specimens parallel to the longitudinal
grain direction.

All of the creep specimens used for tensile properties evalua-

tion after creep had a conventional tensile test configuration as
shown in Figure 7. €Each set of five specimens was machined in a

17



continuous sequence as shown in Figure 8. The holes were drilled

and the side contours were cut on the '"Fosdamatic' tape-controlled
jig bore during one setup. This jig bore has a tolerance of less

than 0.001 inch; therefore, the centerline through the loading pin
holes shculd correspond to the centerline of the gage length to a

high degree of accuracy.

The fracture toughness test specimens were proportioned to
agree with the 1960 recommendations of the ASTM Committee on Fracture
Testing of High-Strength Sheet Materials (Ref. 1). These recommenda-
tions were current when this program was planned. A view of the
specimen is shown in Figure 9. The material exposed to creep, for
fracture toughness evaluation, was loaded in the ovens in l-inch-
wide strips as shown in Figure 10. Results in preliminary tests
indicated that if the center notches were added prior to creep exposure
the specimens would fail in fatigue because of the intermittent load-
ing and unloading cycle.

Following creep exposure, the loading pin holes were drilled
along the centerline of the strips on the 'Fosdamatic" jig bore and
then the strips were cut into 4-inch specimen lengths.

The center notch was formed by first cutting a slot 0.005 inch
wide by 1/4-inch long with the "Elox'" electric discharge erosion
process. Care was taken to assure symmetry of the notch, with
respect to the centerline through the loading pin holes, by locating
the specimen on a holding fixture by pins through the loading holes.
The "Elox'" electrode was passed through the specimen. The specimen
was then relocated on the holding fixture by rotating it about the
centerline through the loading pin holes and the electrode was again
passed through the specimen. Any eccentricity of the electrode
with respect to the centerline through the loading pin holes was
offset by the double machining. After the "Elox'" notch was formed,
the crack was extended to a nominal 3/8-inch length by tension-
tension fatigue cracking using a minimum/maximum stress ratio of
+0.5. The maximum stress used for each of the materials is shown
below:

AM-350 SCT - 54,000 psi
PH 14-8 Mo - 50,900 psi

Rene 41 - 67,800 psi
Ti-8A1-1Mo-1V - 43,500 psi
Ti-6A1-4V - 39,000 psi.
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These stresses and the stress ratio were selected to propagate
the crack the desired amount in 15 to 20 minutes. By trial and
error it was found that the crack length could be controlled under
these conditions.

After fatigue cracking, the specimens were again placed in the
holding fixture on the "Elox" machine and a center hole was added
for attaching the compliance gage. A 3/16-inch diameter hole was
used for the control specimens, but this was changed to 1/8-inch
diameter for the remainder of the specimens.

The material used for heat-soaked specimens was hung in the
ovens in 1-1/2-inch-wide strips. After heat exposure this material
was machined into tensile specimens and fracture toughness specimens
using the same technique as that used to machine the specimens exposed
to creep.
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SECTION V

CREEP TESTING
Ovens

To creep load the large number of specimens for such long time
spans required a maximum utilization of the creep machines. This
was accomplished by building special ovens and adapting them to
existing Arcweld Model C creep machines. The ovens were heated by
circulating hot air heated in a heater box by electrical resistance
heating elements. The hot air was drawn from the heater box by a
blower through a connecting duct and discharged at the bottom of the
oven. The air moved upward and was returned to the heater box through
a duct connecting the top of the oven with the heater box. The length
and cross section of the ovens were proportioned to accommodate four
tanden sets of five specimens. Automatically controlled flapper
valves in the oven air inlet and exhaust ducts isolated the heater
boxes from the ovens and allowed room temperature air to circulate
through the ovens during the cool-down portion of the cycle of inter-
mittent heating and loading. The temperature during the heating
portion of the cycle was sensed by a thermocouple mounted in contact
with a specimen in the center of the oven and controlled by a Brown
"Electronik" recorder controller. A timer and relay system provided
the controls to make the heat-up, hold at temperature, cool-down
cycle completely automatic. The steady creep loaded specimens were
exposed in similar ovens except without flapper valves and automatic
cycling controls.

A temperature survey of the ovens showed a variation of 20°
from the hottest specimen to the coolest specimen. By adding de-
flector vanes and channeling air from hot spots to cooler regions
the maximum variation between hottest and coolest specimens was
reduced to 5°F.

Load Divider

Four tanden sets of specimens were loaded by each creep machine.
To develop the desired stress in the specimens, the single dead-
weight load applied by the creep machine was distributed to each
set of specimens by a whiffletree load divider. The bottom of the
specimens were anchored to the creep machine by pin-ended links.
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A complete description of the oven construction, temperature
controls and load dividers can be found in Reference 2.

Creep Measurements

Creep strain measurements were made on the specimens used for
tensile testing after creep exposure. This required measurements
to be made on 10 specimens in each oven. It was considered desirable
to measure creep without attaching anything to the specimens. The
method selected was tc indent each specimen with a pair of marks
giving a 2-inch gage length. The marks were made by a Tukon micro-
hardness machine with a 500-gram-load indenter. Creep strains
were then determined by comparing the distance between indentations
with the distance between similar indentations in a standard block
as read with a Gaertner Scientific Dual Creep Microscope. Creep
measurements were made prior to exposure; when the exposure tem-
perature was reached; immediately after loading and then after 1
hour, 6 hours, 24 hours, every 168 hours thereafter for the first
10,000 hours and once a month until 30,000 hours was accumulated.

The creep microscope was mounted on a movable stand with
sufficient vertical adjustment to allow creep reading on all five
specimens through windows in the front of the ovens while the chain
of five specimens was mounted in an oven. A horizontal adjustment
was built into the stand to allow ease in focusing the microscope
on the specimens.

All measurements reported as creep in this report were made
while the specimens were stabilized at the creep exposure temperature.
The magnitude of creep reported for any time is the difference
between the dual microscope reading at that time and the initial
dual microscope reading at the beginning of the test (after the
oven temperature had stabilized and load had been applied to the
specimens). Only the time-dependent strain is reported as creep.

Some difficulties were experienced in using the dual creep
microscope. Since creep measurements were made while the specimens
were stabilized at the creep exposure temperature, measurements had
to be made while air was blowing over the specimens. The airflow
produced a slight flutter which made it difficult to focus on the
gage marks. Another difficulty occurred in measuring creep on the
bottom specimen of the series of five specimens. When the bottom
specimen was read, the lower creep microscope barrel was in contact
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with or very near the insulation covering the plenum chamber at

the bottom of the oven. The unequal heating produced an error

in the instrument. It was, therefore, decided to omit measuring

creep on the bottom specimen in each set. As time progressed, the

specimens oxidized adding to the difficulty of reading creep through

the windows in the ovens. The indentations are approximately .001

inch in width which is approximately the width of the crosshair in

the microscope. If it is assumed that the error in aligning the

top and bottom gage marks with the crosshairs in the dual instrument

is one crosshair width, this vjuld produce a possible error between

individual reading in a two inch gage length of .001 x 100 = .05%.
2

Such tolerance would be acceptable for usual creep measurements of

.5 to 2%, but it is a large error compared to the small amount of

creep found for the candidate materials under the planned test con-

ditions.

After two of the special ovens became available, a new creep
test of Ti-6A1-4V and Ti-8Al-1Mo-1V titanium specimens was started
under General Dynamics Corporate sponsored research and is reported
here as related information. The purpose of the research was to
develop a method for more accurately measuring creep as well as to
gain additional creep data on the two titanium alloys. 1In this test,
30 inch gage length specimens as shown in Figure 11 were used. Each
specimen had a strip of Ti-8Al-1Mo-1V titanium attached at one end
by a single rivet as shown in Figure 12. The unloaded strip served
as a reference for measuring the change in the specimen length. The
strip had holes at zero, 7.5, 15, 22.5, and 30 inches spacing.

Again the indenter of a Tukon microhardness tester was used to in-
dent the specimen near the center of each hole and indent the strip
at each side of the hole as shown in Figure 12. Before placing the
specimen in the oven, a measurement was made of the difference
between the mark on the specimen and the marks at the edge of hole
on the reference strip for the initial zero, 7.5, 15, 22.5, and 30
inch lengths using one element of the dual creep microscope. The
specimens were then exposed to intermittent creep for time intervals
of one hour, increasing to time intervals of one month. At the end
of each time interval the specimens were removed from the oven,
clamped in a helding fixture to assure flatness of the strip, and
again were measured to determine the difference in gage marks on
the specimen with reference to the gage marks on the unloaded strip
as shown in Figure 13.

With this system, the possibility of parallax error in the dual
microscope readings is completely eliminated. Again assuminé a
reading error of .00l-inch in 30 inches the error is only 001 100 =
.0033%. An error of this magnitude can be considered negligible.
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Figure 11 30-INCH GAGE LENGTH CREEP SPECIMEN
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Figure 12 DIAGRAM OF 30-INCH GAGE LENGTH CREEP SPECIMEN
WITH REFERENCE STRIP ATTACHED
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Figure 13 30-INCH GAGE LENGTH CREEP SPECIMEN IN HOLDING
FIXTURE FOR MEASURING CREEP
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The most likely error with this system is due to variations in
heating over the 30-inch strip. Unequal heating can be detected

by thermocouples located throughout the oven. Any effects from
unequal heating will be shown by variations in creep rate between
the 0 to 7.5, 7.5 to 15, 15 to 22.5, and 22.5 to 30-inch lengths.
The creep measured will be an average creep for an average tem-
perature and an average sheet thickness over the 30-inch gage length
and is realistic for aircraft structural design information.

The intermittent cycle of heating to temperature, applying load,
and holding load and temperature constant for 2.5 hours, and then
relieving the load and cooling to approximately room temperature was
the same for the 30-inch specimens as used for the 2-inch specimens.
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SECTION VI

TENSILE PROPERTIES TESTING

Except for the measurement of modulus of elasticity, all tests
to determine the tensile properties of the materials were performed
in accordance with Federal Test Method Standard 151, Tension Test
211. The specimens were loaded in a 5000-pound capacity Baldwin
Universal Test Machine at a strain rate of 0.005 inch per inch per
minute to yield and at approximately 0.05 inch per inch per minute
from yield to failure. The load-deformation curve was autographically
recorded on a Baldwin Model MA-1B recorder; an averaging type Class
B-1 extensometer was used to measure strain over a two-inch gage
length.

The modulus of elasticity of the materials was determined from
the slope of the load-deformation curve. It is included in the data
for information only and should not be used for design. Federal
Test Method Standard 151 requires a Class A-1 extensometer to be
used for determining modulus of elasticity.

The reduction in area was determined by measuring the width

and thickness of the necked down section. The width was measured on
an optical comparitor with a 20X magnification. 1In those specimens
failing in a line perpendicular to the load, no problem was en-
countered in determining the necked down area. In specimens failing
at an angle to the centerline, the fractured specimens were rejoined
and the minimum width of the neck was measured on a micrometer stage
using a 100X magnification microscope. The thickness of the final
fracture surface was measured by differentiating between the rough
fracture surface and the relatively smooth necked down outer surface.
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SECTION VII

FRACTURE TOUGHNESS TESTING
Requirements

The test plan required five fracture toughness specimens to
be exposed for each creep loading condition and each corresponding
heat soaking condition. Three of each set of five exposed specimens
were to be tested to measure K. at room temperature for comparison
with K. measured on unexposed specimens. The remaining two of each
set of five specimens were spares. With the permission of the Air
Force Project Engineer the two spare specimens for each exposure
condition through 10,000 hours were tested at -65°F under a General
Dynamics Corporate sponsored research program. The two spare speci-
mens for each 30,000 hour exposure condition were tested at -65°F
as part of this program. The test set-up for testing the specimens
at -65°F was the same as used during the room temperature tests
except that the specimen was surrounded by a styrafoam box. Air was
blown over solid carbon dioxide and then into the styrafoam box until
a thermocouple attached to the specimen indicated the desired tem-
perature had been reached. The light used to illuminate the speci-
men for photographing had a warming action. Therefore the tempera-
ture at the start of loading was held below -659F so that failure
would occur at the time the thermocouple indicated a specimen tem-
perature of -65°F. A variation of +3°F resulted in trying to syn-
cronize the failure with the -65°F temperature.

Procedure and Instrumentation

The original intent in this program was to follow the recom-
mended procedures of the ASTM Committee on Fracture Toughness
Testing of High-Strength Sheet Materials (Ref. 1) in measuring the
fracture toughness of the materials. However, the ASTM recom-
mendations have been modified since the conception of this program
and several deviations exist between the current ASTM recommenda-
tions (Ref. 3) and the test procedure described in Reference 1.

At the time of the program planning, December 1961, the l-inch

wide by 0.025-inch thick specimen size was in accord with the ASTM
recommendations of 1960. A small specimen size was essential to
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accomplishing the simultaneous creep loading of the large number of
specimens required for this program. It has since been shown that
plane stress fracture toughness is a function of specimen size.
Ideally, a very wide specimen width should have been used. As

stated by Dr. J. M. Krafft in a report to the ASTM Committee for
Fracture Testing of Metallic Materials (Ref. 4), "From the fracture
mechanics viewpoint, an ideal fracture specimen is a very large one."
The current recommendations are that a specimen size should be of a
width and thickness such that the stress on the net section at fracture
is less than 0.8 yield stress. This condition is definitely not met
in this test. The materials for this program were selected for their
outstanding toughness and in most cases, the net stress at fracture
is greater than 0.8 yield stress. However, inasmuch as K, is not a
material property and this test program was planned to compare the
toughness of each alloy before and after exposure to heat and to
creep for various times, the small specimen size is entirely adequate.

Variocus techniques were investigated for testing this small
specimen. A compliance gage technique seemed the most promising
for detecting pop-in The first attempt was to use a semicircular
compliance gage attached to one side of the specimen and record load
versus compliance on an x-y recorder. This approach gave very poor
results with the thin specimens. The eccentricity of the compliance
gage, with respect to the neutral axis of the specimen, produced
slight bending in the unloaded specimen. On loading the specimen,
the curvature was removed, but application of axial load resulted
in a very nonlinear trace plotted by the x-y recorder. The x-y
recorder itself created an objection to this method. The recorder
trace lacked smoothness and it was felt that should a '"pop-in"
occur, it would be undetectable.

After consideration, a modified technique was devised which
departed in some respects from the technique commonly used for
fracture toughness testing. The first consideration was given to
the design of a new compliance gage. Requirements for the gage were
these:

1. Gage must not bend the specimen

2. 1t must have high sensitivity

3. It must not be damaged by the rapid fracture of the
specimen

4. 1t must be capable of responding to rapid changes.
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A compliance gage was built which satisfied all of these con-
ditions. The gage is a l.4-inch inside diameter ring 0.l-inch
thick, machined from 7075-T6 aluminum alloy bar stock. The width
is 0.25 inch to allow for strain gages to be mounted on the inside
and the outside of the ring. Diametrically opposite the strain
gages, a section 0.2-inch wide was removed and steel prongs were
attached, as shown in Figure 14, to be inserted in the hole in the
specimen as shown in Figure 15. The gage was calibrated in the
Fort Worth Division of General Dynamics Standards Laboratory and
was shown to have a linear response of less than 2 percent variation
when prong deflection was plotted versus strain gage reading from
fully closed to fully open. This gage design was selected for the
following reasons: First, a single gage that loads the specimen on
the neutral axis is the surest means of eliminating bending. Second,
by loading at a small center hole, the gage does not pick up the error
introduced by a warped specimen being pulled straight. Third, a gage
in contact with the free boundary of the crack is the most sensitive
to changes in crack width. If a compliance gage extends over a
length L, the response is a function of two terms, the PL/AE elonga-
tion in the gross section over the gage length and the elongation
due to the distortion of the material in the neighborhood of the
crack. Only the change in compliance with respect to crack length
contributes to the information desired. The elongation in the gross
section away from the crack only serves to mask the information
desired. It is obvious that if L becomes very large the compliance
gage would have a response consisting of a negligible term due to
the crack as compared to the large term due to PL/AE. If L is
reduced to zero, the entire response of the compliance gage is due
to change in crack width. Therefore, the most sensitive gage for
pop-in detection is one that bears on the surface of the crack along
its minor axis. Fourth, since the gage bears on the crack inner
surface, it will spring free of the specimen without damage when the
specimen fractures. Fifth, a compliance gage using strain gages is
capable of rapid response to crack growth.

Consideration was next given to the method of recording the
load versus the compliance gage output. A Consolidated Engineering
Co. oscillograph was selected to record load cell output and com-
pliance gage output versus time. The oscillograph was capable of
recording extremely rapid changes in load or compliance and was free
of the mechanical difficulties found in the x-y plotter. Examples
of the oscillograph records are shown in Figures 16 through 21.

The top trace shows the load cell input; the center trace shows the
compliance gage output with normal amplification; and the bottom
trace shows the compliance output fed through a preamplifier with
approximately a 10 factor amplification.
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After some preliminary investigations, it was decided that
photographic recording was the best method of measuring crack
length at the point of slow crack growth to fast fracture transi-
tion. A 16 mm movie camera was used to photograph the crack growth
at approximately 40 frames per second. With the loading rate used,
each frame corresponded to a change in load of approximately 10
pounds. The maximum crack length for slow crack growth, measured
from the photographs, is within one frame of failure and, therefore,
was the crack length existing in the specimen when the load was with-
in 10 pounds of maximum.

A further deviation from usual testing practice was the addition
of a spring in series with the specimens. The spring was added to
provide sufficient energy in the system to allow the crack to propa-
gate without a drop in load. When a specimen was large in length
and width, the strain energy stored in the specimen was large com-
pared to the strain energy released as a result of a small increment
of crack propagation. For a fixed grip system, any release in strain
energy caused a drop in the load. When a small specimen was tested,
the stored strain energy was small. The same increment of crack
propagation as before might then require a release of a large per-
centage of the stored strain energy, thus causing an appreciable
drop in the leoad. This drop in load could be sufficient to allow
crack arrest. The preliminary tests without the spring showed a
slow buildup in load and then a gradual drop. There was no sudden
"pop-in'" or fast fracture. Neither the stored energy in the specimen
nor the test machine was capable of supplying energy to the crack
fast enough to produce fast crack propagation. The load would
build up to a maximum and then slowly drop off as slow tearing of
the specimen progressed. The rate of tearing depended on the test
machine head travel speed rather than an energy instability condi-
tion. When the spring was added, the load increased at a very uni-
form rate and then suddenly dropped to zero at the onset of fast
fracture.

The spring consisted of 18 Belleville washers stacked in series,
giving a spring constant of 5000 pounds per inch. The energy stored
in the spring was approximately 50 times the strain energy in the
specimen.
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SECTION VIII

DISCUSSION AND RESULTS
Creep Testing

The average percent creep measured for the AM-350 SCT (825)
stainless steel is shown in Figure 22, There is very little differ-
ence between the intermittent creep recorded for 550°F and for 650°F
at the same stress levels. The creep measured by the Joliet: Metal-
lurgical Laboratory (Reference 5) up to 20,000 hours on AM-350 SCT
(850) specimens exposed at 650°F and 67,000 psi steady loading is
shown for comparison. There is as much as .03% variation between
the Joliet curve for steady loading and the General Dynamics curve
for intermittent loading. This could be attributed to differences
in technique in reading creep. However, it is questionable that
true creep can ever be measured on AM-Z50 with this degree of
accuracy. This material grows approximately .477% during heat treat-
ment from the H condition to the SCT condition. The dimensional
instability of the material at 650°F may be affecting the accuracy
of the measurements. Regardless of the cause, the deformation
measured up to 30,000 hours is not enough to prevent the use of
AM=350 in a supersonic transport design.

The average percent creep of PH 14-8Mo (SRH 1050) stainless
steel is shown in Figure 23. The curves fall short of 30,000
hours since this material was added to the program after creep
loading had started. There seems to be no difference between the
intermittent creep and the steady creep. The magnitude of creep
is approximately the same as was measured for the AM-350 SCT (825)
stainless steel. The PH 14-8Mo is another precipitation hardening
alloy that grows during heat treatment and the same dimensional
problems exist in determining creep deformation.

The Rene 41 (20% cold rolled + 16 hours at 1400°F) showed the
most peculiar behavior of the five alloys tested. As shown in
Figure 24, at low stress levels there was a slight shrinkage for
the first 5000 to 6000 hours and thereafter some creep was measured.
The shrinkage was probably due to relaxation of the cold work
remaining after the 16 hours at 1400°F. 1In an alloy as complex as
Rene' 41 the small amount of deformation measured as creep could
easily be due to undetectable metallurgical changes rather than
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Figure 22 AVERAGE PERCENT CREEP OF AM-350 SCT (825) STAINLESS
STEEL SHEET. (INTERMITTENT HEATING AND LOADING

UNLESS OTHERWISE SHOWN).
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FOR AM-350 SCT (850) STEEL
AVERAGE OF FOUR SPECIMENS
REF AFML-TR-65-18
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Figure 23 AVERAGE PERCENT CREEP OF PH 14-8 Mo (SRH 1050)
@ 550°F STAINLESS STEEL SHEET. (INTERMITTENT
HEATING AND LOADING UNLESS OTHERWISE SHOWN).
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AVERAGE PERCENT CREEP OF RENE' 41 SHEET.
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plastic deformation due to load. R. Widmer, et.al. (Ref. 6) has
shown that Udimet 500, which is a complex nickel base alloy similar
to Rene' 41, at 1200°F under no load shrinks..06% in 1800 hours due
to phase changes, whereas, at 1500°F and no load, there is very
little shrinkage in 2000 hours. Only by measuring changes in un-
loaded as well as loaded specimens can the full significance of the
observed small changes in length be determined. Regardless of the
cause, the deformation shown in Figure 24 should be well within
design requirements for an SST.

The 30 inch gage length specimen data is shown in Figures 25
and 26 for the titanium alloys in lieu of the 2 inch gage length data
since it is considered to be more precise. Neither the Ti-6Al-4V
(mill annealed) or the Ti-8A1-1Mo-1V (duplex annealed) creeped
appreciably at 550°F even at stresses as high as 65,000 psi. The
creep of the steady loaded Ti-8Al-1Mo-1V(mill annealed) at 550°F and
67,000 psi, as measured by the Joliet Metallurgical Laboratory (Ref.
5), is shown in Figure 25 for comparison. The amount of creep of
the mill annealed Ti-8A1-IMo-1V more nearly corresponds to the creep
of the mill annealed Ti-6A1-4V than it does to the duplex annealed
Ti-8A1-1Mo-1V. At 650°F the Ti-6A1-4V creep rate increases rapidly
whereas the duplex annealed Ti-8Al-1Mo-1V shows only a moderate
increase in creep rate. At 550°F creep of either titanium alloy
would be of no consequency in the design of a SST. At 650°F the
Ti-8A1l-1Mo-1V (duplex annealed) would be satisfactory, whereas, the
use of Ti-6A1-4V (mill annealed) should be restricted to very low
stresses or short exposure time.

Tensile Testing

AM-350 SCT (825) Stainless Steel

Both heat alone and creep loading at 650°F has a slight tendency
to raise the ultimate tensile strength. Specimens tested at room
temperature after exposure showed a more definite upward trend than
specimens tested at 650°F after exposure as shown in Figure 27. It
appears the heat is the predominant factor causing the increase
rather than creep. The 550°F exposure had no effect on the ultimate
tensile strength.

The increase in tensile yield strength after exposure to 650°
(heat or creep) was more pronounced than the increase in ultimate
strength, as shown in Figure 28. Except for an increase in yield
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EXPOSURE TIME IN THOUSAND HOURS
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éTZOO-— Heat alone @ 650 = .
[ Creep loaded @ 650 --==—=-—===- .
190 :
Specimens Tested at Room Temperature
After Exposure Shown
220} -
<2101 .
% - -
~ 200 -
— A — = —— e
5190/__ Creep loaded 9
- Heat alone o
180
Specimens Tested at 550°F
After Exposure at 550°F
220 .
22101 il
2 - Heat alone
vzoo_ __‘__1;—-'::._._;____;__ - - i
= - Creep loaded =
™ 190 il
180

Specimens Tested at 650°F
After Exposure at 650°F

Figure 27 INFLUENCE OF EXPOSURE TO HEAT AND TO
CREEP ON Fpyy of AM-350 SCT (825) STEEL
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EXPOSURE TIME IN THOUSAND HOURS
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16 Heat alone @ 650 - n
150 Creep loaded @ 650 @ ———-———- - 7
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After Exposure Shown
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Specimens Tested at 550°F After
Exposure at 550°F
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L S~o Heat alone
150_’ _>J== - e A vE————
/ 1l Creep loaded F
140? 1
130t

Specimens Tested at 650°F After
Exposure at 650°F

Figure 28 INFLUENCE OF EXPOSURE TO HEAT AND TO
CREEP ON Fry OF AM-350 SCT (825) STEEL

53



strength after 1000 hours of creep loading at 550°F, the 550°
exposure had no influence on the yield strength. The stress for
1000 hours of creep loading was near the 550°F yield strength of

the material. This_singular increase in yield strength after 1000
hours of intermittelit exposure to 550°F and 120,000 psi stress could
indicate that working the material in the plastic range at 550°F
would increase its yield strength.

The percent elongation of specimens tested at room temperature
after exposure showed a slight tendency to increase after all exposure
conditions. However, when specimens were tested at 650°F after ex-
posure to heat or creep at 650°F, the percent elongation had a down-
ward trend. No definite trend up or down was evident when specimens
exposed at 550°F were tested at 550°F as seen in Figure 29.

The percent reduction in area of AM-350 SCT (825) specimens
appears to be independent of exposure condition as shown in Figure
30. Only the percent reduction in area of specimens exposed to creep
for 30,000 hours at 650°F and then static tested at room temperature
appears significantly lower with a drop from 51.3% for the unexposed
contfol specimen to 37.6% for the creep loaded specimen.

In summary, a comparison between the tensile properties of AM-
350 SCT (825) specimens tested with no prior exposure and the tensile
properties of similar specimens tested after exposure to heat alone
or to creep loading indicates the alloy is slightly affected by
heating at 650°F. However, all of the trends are small and the
actual magnitude of the change is of no design significance.

PH 14-8Mo (SRH 1050)

There is some scatter in the data but there is no definite
trend in any of the tensile properties toward an increase or a
decrease with exposure time. This material was only exposed at
550°F for 25,060 hours intermittently and 25,800 hours steady. The
tensile properties measured after intermittent exposure agree with
the tensile properties measured after steady exposure within ex-
perimental scatter. The comparisons in tensile properties versus
exposure time are shown in Figures 31 through 34.

Rene 41 (20% cold rolled + 16 hours at 1400°F)

The tensile properties data for the Rene' 41 scatters more
than the data for any of the other materials due to its tendency
to fail at the extensometer grips. The most definite change noticed
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14 |- .
12 / ————— — T T —E
e — —— = ——— e |
10 Heat alone @ 650 - -
8 Creep loaded @ 650 -----—---- -
Specimens Tested at Room Temperature
After Exposure Shown
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AN -
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Specimens Tested at 650°F After
Exposure at 650°F
Figure 29 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP



7% REDUCTION IN AREA 7% REDUCTION IN AREA

7% REDUCTION IN AREA
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50 === = e : =
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After Exposure Shown
60 |- i
50 -
% — Creep loaded - —
- Heat alone i
30 -
20
Specimens Tested at 550°F
After Exposure at 550°F
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50 T —
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40 f"fﬁp---—h-_..—mca_re:a\___lo-'aie'd-—-—_—— ————— —_—— e
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EXPOSURE TIME IN THOUSAND HOURS

Specimens Tested at 650°F
After Exposure at 650°F

Figure 30 INFLUENCE OF EXPOSURE TO HEAT AND TO
ON 7% REDUCTION IN AREA OF AM-350 SCT
STEEL
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Fry (KSI)

Fry (KSI)

EXPOSURE TIME IN THOUSAND HOURS

o ~ (To) E: f%
230 |-
- Creep loaded @ 550 5
220 7%"“‘--__‘ — A ~
- Heat alone @ 550 g
210~ =
200 =
190 -
Specimens Tested at Room Temperature
After Exposure Shown
220 =
210 -
200F A — 1 Creep loaded A =
r— o -
190 Heat alone -
e —d
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Specimens Tested at 550°F
After Exposure at 550°F

Figure 31 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP

ON FTU OF PH 14-8 Mo (SRH 1050)
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Fry (KSI)

EXPOSURE TIME IN THOUSAND HOURS
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Specimens Tested at Room Temperature
After Exposure Shown
200} -
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Specimens Tested at 550°F
After Exposure at 550°F

Figure 32 INFLUENCE OF EXPOSURE TO HEAT AND TO
CREEP ON Fry OF PH 14-8 Mo (SRH 1050)
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EXPOSURE TIME IN THOUSAND HOURS
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Specimens Tested at 550°F After
Exposure at 550°F

Figure 33 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP
ON 7% e OF PH 14-8 Mo (SRH 1050)
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% REDUCTION IN AREA

% REDUCTION IN AREA

EXPOSURE TIME IN THOUSAND HOURS
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Specimens Tested at Room Temperature
After Exposure Shown
60 o
50 ad
Heat alone ]
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Creep loaded -
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Specimens Tested at 550°F
After Exposure at 550°F

Figure 34 INFLUENCE OF EXPOSURE TO HEAT AND TO
CREEP ON 7% REDUCTION IN AREA OF
PH 14-8 Mo (SRH 1050)
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was a rise in the yield and ultimate tensile strength after 1000
hours of exposure to heat or to creep. The Fr; and FTy of speci-
mens tested at room temperature after 1000 hours of creep at 650°
are low as shown in Figures 35 and 36, but it should be pointed

out that two of the three specimens tested failed at the extenso-
meter grips whereas the third specimen had a yield and ultimate
tensile strength in agreement with specimens tested after the other
exposure conditions. Exposure time greater than 1000 hours tends
to decrease the strength below the unexposed control level. The
percent elongation of specimens static tested at their creep ex-
posure temperature drops with exposure time up to 10,000 hours and
back to the unexposed control percent elongation for 30,000 hours
exposure as shown in Figure 37. The percent reduction in area does
not appear to be influenced by exposure condition as shown in Figure
38. There is very good agreement between the tensile properties

of the steadily exposed and the intermittently exposed specimens.

Ti-6A1-4V Titanium Alloy

The yield and ultimate tensile strength of Ti-6A1-4V titanium
alloy appears to be independent of exposure at 550°F as shown in
Figure 39 through 40. The percent elongation shown in Figure 41
shows some variations without any definite trends and it is be-
lieved the variations are due to experimental scatter. The percent
reduction in area shown in Figure 42 is exceptionally constant.

The 30,000 hour steadily exposed specimen data agrees very closely
with the intermittently exposed specimen data.

Ti-8A1-1Mo-1V Titanium Alloy

The ultimate strength of the Ti-8A1-1Mo-1V appears to increase
slightly up to 5000 hours of exposure to all conditions and from
there on to decrease very slightly as shown in Figure 43. The
variation is so slight that it could well be ignored. The tensile
yield strength remains very constant as shown in Figure 44. The
percent elongation has the usual scatter in data but there appears
to be a slight drop in the values measured at room temperature
after 5000 hours exposure as shown in Figure 45. The reduction in
area shown in Figure 46 is constant within experimental error for
all exposure conditions. There is very good agreement between the
tensile properties measured after steady exposure and the tensile
properties measured after intermittent exposure.
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Exposure at 650°F

Figure 35 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP ON
Fry OF RENE' 41 (20% C.R. + 16 HRS. @ 1400°F)
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Figure 36 INFLUENCE OF EXPOSURE TO HEAT AND TO
CREEP OF Fpy OF RENE' 41 (20% C.R.
+ 16 HRS. AT 1400°F)
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Figure 37 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP

ON % e OF RENE' 41 (20% C.R. + 16 HRS, @

1400°F)
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Figure 38 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP
ON % REDUCTION IN AREA OF RENE' 41 (207% C.R.
+ 16 HRS. @ 1400°F)
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Figure 39 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP
ON FTU OF Ti-6A1-4V (MILL ANNEALED)
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Figure 40 INFLUENCE OF EXPOSURE TO HEAT AND
TO CREEP ON Fry OF Ti-6Al-4V
(MILL ANNEALED)
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Figure 41 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP
ON % e OF Ti-6Al-4V (MILL ANNEALED)
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Figure 42

INFLUENCE OF EXPOSURE TO HEAT AND TO
CREEP ON 7% REDUCTION IN AREA OF
Ti-6A1-4V (MILL ANNEALED)
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Figure 43 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP
ON Fpy OF Ti-8A1-1Mo-1V (DUPLEX ANNEALED)
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Exposure at 650°F
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Figure 44 INFLUENCE OF EXPOSURE TO HEAT AND
TO CREEP ON Fry OF Ti-8Al-1Mo-1V
(DUPLEX ANNEALED)
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Figure 45 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP
ON 7% e OF Ti-8Al-1Mo-1lV (DUPLEX ANNEALED)
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Figure 46 INFLUENCE OF EXPOSURE TO HEAT AND TO CREEP
ON % REDUCTION IN AREA OF Ti-8Al-1Mo-1V
(DUPLEX ANNEALED)
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Fracture Toughness

One requirement of this program was to compare the stress
intensity factor for onset of fast crack propagation, K¢, versus
time for each material after each exposure condition. At the time
this program was formulated (1961), the specimen size selected
was within the existing recommendations of the ASTM Special Committee
on Fracture Testing of High-Strength Metallic Materials (Reference
1). There has been considerable advancement in the field of fracture
mechanics since that time. It has since been agreed that K¢ is not
a material property but varies with specimen geometry. Larger speci-
mens than were tested in this program should be used for determining
minimum values of Kc. Since the specimen size was kept constant
throughout the program, the K¢ determined is quite valid for compari-
son purposes within the test conditions for each alloy. However,
discretion should be exercised in using the values of K¢ obtained
in this investigation or in comparing them with K¢ values measured
in other tests.

Ko was calculated using Irwin's tangent formula

s
Kc =0 | Wtan Z&
W
where O = gross stress at rupture
W = specimen width
a = Lrack length 4t the transition

2
from slow crack growth to fast fracture.

Recommended calculation of K. is by the modified formula
X
2

Ko =0 | W tan-ﬁ%— (a + rp)]

where r'p is the plastic zone radius given by

2
rp = L <l(-¢-> in inches
27T O'y

and Ty yield stress
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Irwin (Reference 7) originally proposed this plastic zone
radius correction for K. with the assumptions that it would be
small with respect to %x(crack length). A test is considered
valid if the net stress at fracture (ON) is equal to or less
than 0.8 oy. Now assume

KC = O'N

Using 0.8 for K¢/ oy then
rp = 5-}; (0.8)2 = 0.102 inch

The initial %x(crack length) used was approximately 0.18 inch.
Thus, rp, so calculated, is not small compared to %x(crack length)
and it is approximately four times the 0.025 inch thickness of the
specimen. Therefore, the basic assumptions for calculating rp were
exceeded and the use of rp as the plastic zone size is not justified
for this size specimen.

Each crack length, 2a, was measured from the enlarged photo-
graph of the last frame of 16 mm movie film exposed just before
catastrophic crack propagation occurred. Examples of the last two
frames, photographed prior to rupture, for each material are shown
in Figures 47 through 51. Measurements made of the crack length
included the dimple at the end of the crack to allow for tunneling
and plastic zone correction.

The reasonableness of this approach as applied to the 0.025
inch thick specimens is demonstrated in Figure 52. Measuring to
the apex of the crack in Figure 52C includes the plastically de-
formed material along the triangular sides of the crack and should
be a sufficient plastic zone correction.

In addition to K, it was desired that Kyc be calculated if the
data permitted. The compliance gage output as recorded on the
oscillograph record was used to detect ''pop-in'" if it occurred.
Only the tests performed at -65°F on the AM-350 SCT (825) steel
showed any signs of "pop-in.'" However, all of the records showed
a deviation from linearity when compliance gage deflection was
plotted versus load. 1In the initial report on this program,
AFML-TDR-64-138, the load at the point of deviation from linearity
was used for calculating the stress for onset of slow crack growth.
The validity of this stress was suspect and K¢ was not shown.
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Figure 48 PH 14-8 Mo (SRH 1050) STAINLESS STEEL FRACTURE
TOUGHNESS SPECIMEN JUST PRIOR TO COMPLETE
RUPTURE (MAG. = 2.65)
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Figure 49 RENE' 41 (20% C. R. + 16 HRS. @ 1400°F) SUPERALLOY
FRACTURE TOUGHNESS SPECIMEN JUST PRIOR TO COMPLETE
RUPTURE (MAG. = 2.60)
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Figure 50 Ti-6A1-4V (MILL ANNEALED) TITANIUM ALLOY FRACTURE

TOUGHNESS SPECIMEN JUST PRIOR TO COMPLETE RUPTURE
(MAG. = 2.60)
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Figure 51 Ti=-8Al-1Mo-1V (DUPLEX ANNEALED) TITANIUM ALLOY FRACTURE
TOUGHNESS SPECIMEN JUST PRIOR TO COMPLETE RUPTURE
(MAG. = 2.60)
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A. AM-350 SCT (825) UNEXPOSED SPECIMEN FATIGUE CRACKED AT 54,000 PSI (MAX.)
GROSS STRESS AND THEN LOADED TO 112,000 PSI GROSS STRESS.

6

L8 1Y S bl ¢

3.87 INCHES
MEASURED 2a @ 10X MAG,

B. FRACTURED SURFACE OF THE SAME SPECIMEN AFTER ADDITIONAL FATIGUE CYCLES
WERE APPLIED SUBSEQUENT TO THE LOADING TO 112,000 PSI GROSS STRESS,

ELOX
NOTCH—

FIRST FATIGUE CRACK

DISTANCE TO TIP
OF SLOW CRACK GROWTH
= 2.34 INCHES @ 6X MAG,

[~<—— SECOND FATIGUE CRACK ——~

C. ENLARGED VIEW OF REGION OF SLOW CRACK GROWTH (25X MAG.)

ELOX —>
[~<——FIRST FATIGUE
CRACK

SLOW CRACK GROWTH

SECOND FATIGUE CRACK

LENGTH OF CRACK DUE TO SLOW CRACK GROWTH
_3.87

2a = 10 = .389 INCH MEASURED EXTERNALLY
2.34 _
2a = 6 .387 INCH MEASURED INTERNALLY

Figure 52 AM-350 Specimen A3-5 Showing Plastic Deformation And Well
Defined Slow Crack Growth After Loading To 2800 Pounds
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Since that time, further investigations have been made of the
significance of the deviation from linearity. This investigation
consisted of preparing groups of 3 unexposed specimens exactly the
same as the control fracture toughness specimens, loading one to
the point of deviation from linearity, another to a load half way
between the point of deviation from linearity and failure and the
third to a load approximately ten percent below the expected failing
load. These specimens were then returned to the fatigue machine and
the fatigue crack propagated for another 30,000 cycles. Finally,
the specimens were loaded to failure. (Note: This is the technique
as used to produce the photographs in Figure 52.) The initial slow
crack growth was isolated between two fatigue cracked regions.
Oscillographic time histories of load and compliance gage deflection
were made while the one high stress cycle was being applied. AM-350
SCT (825) steel and Rene 41 were tested in sets of 3. Only one PH
14-8 Mo (SRH 1050) specimen was available so two PH 15-7 Mo (RH 1100)
specimens were used to make up that set of 3.

The load versus compliance gage deflection plots and photographs
of the fractured surface of each of the three AM-350 specimens is
shown in Figure 53. Similar plots and photographs for the Rene 41
are shown in Figure 54 and the plots and photographs for the PH 15-7
Mo and PH 14-8 Mo are shown in Figure 55. The pertinent data is as
follows.

Initial
Crack Length Max. Load
Specimen Material (inches) (pounds)
Al-2 AM-350 SCT/825 .365 1590
A3-4 AM-350 SCT/825 .356 2200
A3-5 AM-350 SCT/825 .367 2800
D3-7 Ren€ 41 ? 1780
D3-10C Rene' 41 .356 2240
D2-15C Rene 41 .367 2580
B1-13B PH 15-7 Mo (RH 1100) .367 1600
B5 PH 14-8 Mo (SRH 1050) » 3 T2 2200
B1-13C PH 15-7 Mo (RH 1100) =350 Failed at
(Photograph not shown) 2310

Specimen Al-2 of the AM-350set was loaded just beyond the
point of deviation from linearity whereas specimens A3-4 and A3-5
were loaded well beyond. 1In every case the load-deflection diagrams
indicate plastic deformation occurring. The photograph of specimen
Al-2 shows a very small indication after the one time, high-load
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Figure 53 Comparison of Effects of Loading on Crack Propagation
in AM-350 SCT (825) Stainless Steel.
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Figure 54 Comparison of Effects of Loading on Crack Propagation
in Rene' 41 (20% Cold Rolled + 16 Hours @ 1400°).
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Figure 55 Comparison of Effects of Loading on Crack Propagation
in PH 14-8 Mo (SRH 1050) and PH 15-7 Mo (RH 1100)
Stainless Steel.
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cycle between the two fatigue cracked regions. Specimen A3-4 shows
some slow crack growth and there is very definite slow crack growth
shown in the photograph for specimen A3-5. An enlarged view of the
slow crack growth (triangular, dark area) along with the permanent
separation of the fatigue crack and plastic dimples at the end of
the crack are shown in Figure 52. This photograph clearly shows
that the deviation from the straight line is resulting from a mixed
mode of crack propagation plus plastic flow.

The load-deflection diagram for the Rene 41 specimen D3-7C in
Figure 54 is a straight line with no indication of inelastic behavior.
The corresponding photograph of the fractured surface shows no evidence
of crack growth. The load-deflection curve for specimen D3-10C shows
inelastic behavior but it is not evident as slow crack growth in the
photograph. There is definite inelastic behavior shown by the load
deflection diagram for specimen DZ-15C and some evidence of slow
crack growth shown in the photograph but it does not have the usual
triangular pattern as found in the AM-350 steel. A photograph in
Figure 56 of specimen D2-15C taken after the application of the 2580
pound load shows plastic dimples at the end of the fatigue crack but
only a slight crack separaticn.

The PH 15-7 Mo specimen (B1-13B) tested to 1600 pounds shows
evidence of plastic dimple formation but indiscernible slow crack
growth. The load-deflection curve and the photograph of the fractured
surface also indicate this. The PH 14-8 Mo specimen loaded to 2200
pounds shows inelastic behaviocr in the load-deflection diagram as
well as slow crack growth in the accompanying photograph of Figure
55. The side photograph of the specimen shown in Figure 57 definitely
shows plastic deformation at the end of the fatigue cracks with only
a slight separation in the crack. Specimen B1-13C failed prematurely
and did not yield any informafticn.

With this evidence at hand it was concluded that the point of
deviation from linearity was more iikely to be the poinr of onset
of plastic flow than the onset of slow crack growth and K;. could
not be calculated using this value.

Perhaps the most meaningful and least controversial interpreta-
tion of the data can be had by comparing the residual gross fracture
stress after each exposure condition. The residual gross fracture
stress is the failing load divided by the unnotched cross-sectional
area of the specimen. Since all specimens had nominally the same
thickness and width, variations in geometry are excluded and the
comparison of results after various exposure conditions is a valid
one.
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Figure 56 Rene' 41 Specimen D2-15C Showing Plastic Deformation But

Poorly Defined Slow Crack Growth After Loading To 2580
Pounds
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Figure 57 PH 14-8 Mo Specimen B5 Showing Plastic Deformation And Start
Of Slow Crack Growth After Loading To 2200 Pounds
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A similar method of evaluating the effects of exposure is by
comparing the residual net fracture stress, ( o pet). This value
was calculated by

O nat = Failing load
Thickness (width -2a)

where 2a is the crack length at onset of fast crack propagation. This
calculation contains the uncertainty of accuracy of 2a as measured
from the photographs.

The final method of evaluating the effects of exposure on the
materials is by a comparison of notched to unnotched strength ratios.
This ratio is determined by calculating 9 net/FTU.

It should be noted that this ratio is calculated differently
from the usual notched to unnotched strength ratio in that the net
stress is based on the area at the point of maximum load rather than
the unloaded net area.

AM-350 SCT (825) Stainless Steel

A comparison of the effects of exposure on K¢ as shown in Figure
58 and on the residual gross and net fracture stresses as shown in
Figure 59 for AM-350 SCT (825) steel indicates that the room tem-
perature fracture toughness is unaffected by the exposure. However,
an examination of Figures 60 and 61 for K. and residual gross and
net fracture stresses measured at -659F definitely indicates a
ductile to brittle transition occurring with time as the specimens
are exposed to 650°F. The first indication occurred after 10,000
hours of creep loading at 85,000 psi. No embrittlement was noted
after 10,000 hours of heat alone. After 30,000 hours the creep
loaded specimens showed further embrittlement, whether exposed inter-
mittently or steadily. Also, the specimens exposed to heat alone
were embrittled but to an extent lesser than the creep loaded
specimens, indicating that both heat and stress contribute to the
embrittlement.

This transition to brittle fracture is also clearly shown by
the oscillograph recordings of load and deflection time histories
and the appearance of the specimen fracture surface. Comparing the
oscillograph record of Figure 16 for specimen A2-14A, tested at
room temperature after steady exposure to 67,000 psi at 650°F with
the oscillograph record of Figure 17 for specimen A3-11D, tested
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Figure 58 AM-350 SCT (825) K. versus Time for Center Notched
(fatigue cracked) Specimens Tested at Room Temperature
After Exposure as Indicated
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Figure 59 AM-350 SCT (825) Fracture Stress versus Time
for Center Notched (fatigue cracked) Specimens
Tested at Room Temperature After Exposure
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at -659F after a similar exposure, a drastic change in maximum

load and compliance gage deflection is easily seen. At room tem-
perature there is a large smooth deflection of the compliance gage
trace, even at low magnification, except for one slight discon-
tinuity that might be a pop-in. At -65°F failure of specimen
A3-11D occurred at a very low load with only a slight deflection of
the compliance gage. The high magnification compliance gage trace
shows one '"pop-in'" followed by sudden failure with no sign of
plastic flow.

The ductile to brittle transition of the AM-350 SCT (825) steel
is further confirmed by examining the specimens. Figure 62 shows
the mode of failure of two specimens tested at room temperature
after 30,000 hours of exposure compared with the mode of failure of
specimens tested at -659°F after similar exposure. The specimens
tested at room temperature failed ductilly with necking both in the
thickness direction and the width direction. 1In the descriptive
terms of Srawley and Brown (Reference 8) the fracture was of the
slant type. The specimens tested at -65°F, failed with no signs
of plastic flow with a square fracture.

In summary, it can be said that exposure to heat alone at 650°F
raises the ductile to brittle transition temperature of AM-350 SCT
(825) stainless steel from well below to well above -65°F. Stress
in addition to heat augments the embrittlement mechanism causing
greater loss in toughness. Steady heat produced a greater effect
than intermittent heat, probably due to the increased time at tem-
perature. (Note: The intermittent specimens were under load and
elevated temperature 5/6 of the total exposure time.) There seems
to be no difference between the embrittling effect of steady versus
intermittent exposure to creep loading. The embrittling effects
were not evident until the 650°F exposure time reached 10,000 hours
and it became more pronounced as time at temperature accumulated.

PH 14-8 Mo (SRH 1050) Stainless Steel

This material was only exposed at 550°F. At room temperature,
Ke and the residual net fracture stress was raised by all exposures
to heat or creep but the residual gross fracture stress remained
almost constant as shown in Figures 63 and 64. The net fracture
stress was increased by approximately 18 percent. Tests made at
-65°F show a slight increase in K, residual gross and residual
net fracture stress which seems to confirm that the exposure is
having a slight toughening effect on the material as shown in
Figures 65 and 66.
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-65° TESTS - BRITTLE FAI LURES, VERY LITTLE SHEAR LIP

Figure 62 Comparison of Mode of Failure of Fracture Toughness
Specimens of AM-350 Tested at Room Temperature and -65°F,
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The oscillograph time histories of load and compliance gage
deflection, as shown in Figure 18, as well as the fracture appearance
of the specimens indicates a ductile failure after all exposure con-
ditions. There were no signs of "pop-in'" on the oscillograph com-
pliance gage traces. There was no difference between the results
obtained from steady and intermittent exposures.

Rene' 41 (20% cold rolled -+ 16 hours at_1400°F)

The Rene 41 had a slight rise in K¢ and residual net fracture
stress after 1000 hours when tested at room temperature but this
rise was not shown by the residual gross fracture stress. There 1is
a sharp peak in K; and residual net fracture stress after 5000 hours
of heat alone at 650°F. This peak could easily be due to error in
measuring the crack length at onset of fast fracture from the photo-
graphs. Film magazine difficulties caused the loss of cne loading
sequence and very poor photographs of the other two out of three
5000 hour heat soaked specimens tested at room temperature. Similiarly
exposed specimens tested at -659F did not show any such peak after
5000 hours but there was a slight decrease in K¢ and residual net
fracture stress after 30,000 hours of heat at 650°F and creep at
both 550° and 650°F. Results from specimens exposed for 30,000
hours under steady heating or creep loading agreed quite closely
with results from specimens exposed to intermittent heating or creep
loading as shown in Figures 67 through 70.

The oscillograph records like shown in Figure 19 for Rene 41
indicated less plastic flow occurred during loading than was found
in any of the other materials except the embrittled AM-35G. The
failure takes place fairly abruptly but there is no evidence of
"pop-in'" occurring. Examination of the failed specimens showed a
slant fracture along a line normal to the center line of the speci-
mens. The Rene 41 did not neck-down in the width direction.

Ti-6A1-4V (Mill Annealed)

Except for a slight drop after 5000 hours of exposure, the
Ti-6A1-4V titanium specimens tested at room temperature showed no
significant variation in K; or residual gross or net fracture stress
as shown in Figures 71 and 72. When similar specimens were tested
at -65°F there was a slight loss in all three values with time as
shown in Figures 73 and 74. The 30,000 hour intermittently exposed
and steadily exposed specimen gave results in very close agreement,
when specimens were tested at room temperature, and the residual
gross fracture stresses were in close agreement when specimens were
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tested at -65°F. However, the steadily exposed specimens showed

a slightly greater reduction in KS and residual net fracture stress
when specimens were tested at -65°F after 30,000 hours of exposure.
This is probably due to the greater time at temperature experienced
by the steadily exposed specimens. Both the oscillograph records,
as illustrated in Figure 20, and the specimens fractured surfaces
indicate considerable plastic flow prior to failure. No "pop-in"
was found. The specimens failed with a slant fracture with some
necking in the width direction much the same as the AM-350 specimens
failed at room temperature.

Ti-8Al-1Mo-1V (Duplex Annealed)

The Ti-8A1-1Mo-1V titanium produced very consistent results with
no significant variations in fracture toughness at room temperature
after any of the exposure conditions whether intermittent or steady
as-shown in Figures 75 and 76. Tests performed at -65°F show a
slight decrease in toughness with time as shown in Figures 77 and 78.
Apparently heat is the cause of the decrease in toughness since the
residual fracture stress (net and gross) curves for creep loaded
specimens lie between the curves for specimens exposed to heat alone
with the curve for the 650 heat alone exposure being the lowest. The
specimens exposed to steady creep for 30,000 hours gave results
slightly less than was measured for the intermittently exposed speci-
mens ; however, the difference is within experimental error.

The load and deflection time histories, as recorded on the
oscillograph records for Ti-8Al-1Mo-1V titanium, were very similar
to the load and deflection time histories as recorded for Ti-6Al1-4V
as seen by comparing Figure 21 with Figure 20. Likewise, the failure
mode as shown by the fractured surfaces of the specimens is very
similar.

Notched Strength Ratio

A final comparison between types of materials is shown in
Figures 79 through 84 for the ratio of net fracture stress divided
by ultimate strength. The AM-350 SCT (825) and the PH 14-8Mo (SRH
1050) stainless steels, when tested at room temperature after
exposure, are compared in Figure 79. Within experimental error,
the ratios are very near 1.0 regardless of the exposure condition
for both alloys. When these alloys are tested at -65°F after ex-
posure.the ratio for AM-350 remains approximately 1.0 while the
ratio for the PH 14-8 Mo is slightly above 1.0 as shown in Figure
80. After creep loading AM-350 for 10,000 hours at 650°F and sub-
sequently testing at -65°F, the notched to unnotched ratio drops
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rapidly. After 10,000 hours of exposure to either heat or to creep
the ratio is lowered until it reaches .27 for the creep loaded
specimens. There is very little difference between the notched to
unnotched strength ratio of specimens tested after intermittent ex-
posure and steady exposure.

The notched to unnotched strength ratio of Ren€ 41 as shown in
Figures 81 and 82 is slightly less than 0.9 regardless of exposure
condition or static test temperature.

The notched to unnotched strength ratio of Ti-6A1-4V and Ti-8Al-
IMo-1V is very nearly the same and only slightly affected by exposure
at 550°F. The ratio starts around 1.0 and drops about 5 percent
after 30,000 hours. At 650°F the Ti-8Al-1Mo-1V notched to unnotched
ratio drops to approximately 0.90 after 30,000 hours indicating
temperature and time are having a slight effect on the titanium,
as shown in Figures 83 and 84.

Metallographic Studies

Longitudinal sections from all material exposed to both inter-
mittent and steady heat and stress were examined on a B & L Research
Metallograph. Photographs at 500 X were made of representative
sections which had received the severest test conditions. That is,
where a material was exposed to either 550° or 650°F, the 650°F
exposure was considered to be the most likely to show microstructural
changes if any existed. The creeped material was compared to the
material which was exposed to temperature only.

To further amplify and clarify any structural changes which
might have occurred in the five materials evaluated in this investi-
gation, electron microscope studies were made using a JEM-6a instru-
ment. Replication of the metal surfaces was made using nitro-
cellulose acetate tape softened in acetone. The replica was chromium
shadowed at 45° followed by evaporated carbon backing. Electron
micrographs were taken at 3500 and 11,000X magnifications of the
sample of each material which was intermittently stressed at the
highest exposure temperature.

AM-350 SCT (825) Stainless Steel

The microstructures of the AM-350 (SCT 825) semimartensitic
stainless steel exposed to the various periods of temperature and
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stress are shown by optical microscopy in Figure 85 and by electron
microscopy in Figure 86. Basically, the microstructure consists of
stringers of ferrite in a martensite matrix with retained austenite
interspersed in the matrix. Small particles of chromium carbide
have precipitated at the ferrite-martensite interface and at grain
boundaries. Normally AM-350 contains approximately 10 percent
ferrite, 70 percent martensite, and 20 percent retained austenite
in the solution treated and aged condition. The unexposed material
has a microstructure which would correspond approximately to this
composition.

Referring to Figure 85, the most noticeable changes in the micro-
structure are to the light etching islands of ferrite and the dark
etching carbide particles. After 10,000 hours of exposure at 650°F,
the almost continuous ferrite stringers had changed into nearly
equiaxed ferrite grains. However, the stringers reappeared in the
30,000 hour exposure material. It was concluded that the equiaxed
condition observed in the 10,000 hour material was a localized con-
dition in the sheet of AM-350 rather than being an effect of time
at temperature. The sections photographed for the 30,000 hour
exposure contained more ferrite. However, the ferrite was not
uniformly distributed across the thickness of the sheet and the
photomicrographs contained the maximum density of ferrite. The
material exposed to the 550°F environment showed no microstructural
changes.

The basic change that occurred to the AM-350 resulted in the
chromium carbide precipitation. Although an increase in the dark
etching constituent is apparent in Figure 85, the increase in car-
bide precipitation is more evident in the electron micrographs of
the 10,000 and 30,000 hour material in Figure 86. This precipita-
tion occurred primarily at the ferrite-martensite interface. The
mechanism involved was an agglomeration of small carbides already
present in the material as verified by extraction replication
techniques.

To summarize, the effect of the 650°F exposure on AM-350 was
to cause an agglomeration of the chromium carbides, primarily at
the ferrite-martensite interface. This agglomeration became detri-
mental to the -65°F fracture toughness properties after 10,000 hours
of exposure, causing a 60 percent drop in strength. After 30,000
hours of exposure, both the creeped and non-stressed AM-350 were
adversely affected. 1In addition, the carbide agglomeration cagsed
an increase in the yield strength and a slight decrease in 650°F
ductility.

121



ONIQV01 43349 ANV INO1V LV3H OL 34N SO0d X3
AWIL 9NOT Y314V (628) 13S 0SE-WY 40 I¥NLINYLSOUIIW 68 24nbi4

- INOV LV3H —>

HOL13 IDH + TvdDId
*OVW X 00§

ISH £9 ISH £9 ISH 68 ISH 101

SINOH 0000€ SYNOH 0000€ SINOH 00001

35059 4,059
¥NSOdX3 o
- ¥NSOdX3I INILLIWYILNI - a3soOdXxaNN

AQV3LS

122



ISH £9

ON1QV0T 43343 Ol F4NS0dX3
JWIL ONOT 4314V (628) LIS 09¢-WY 40 SHAYHI0dIIW NOYLIT13

HOL13 IDH ® 1viDId

S¥H 0000€ IS 68 - S¥H 00001
45059

PNSOdX3 INILLIWYILNI —

98 8.nbi4

"OVW X 00011

d3sOdX3INN

123



PH 14-8 Mo (SRH 1050) Stainless Steel

The PH 14-8 Mo (SRH 1050) evaluated in this program represents
an improvement by Armco Steel to increase the toughness of PH 15-7 Mo.
Originally, PH 15-7 Mo was part of this investigation but specimens
were changed to PH 14-8 Mo after about 4000 hours of exposure. This
is the reason for the microstructural comparison being made at 1000,
6000, and 25,000 hours whereas all the other materials were compared
at 5000, 10,000 and 30,000 hours. A comparison of microstructures
is shown as observed on the metallograph in Figure 87 and on the
electron microscope in Figure 88.

PH 14-8 Mo is quite similar in composition and microstructure
to AM-350. It contains less carbon, manganese, silicon, phosphorus,
sulfur and nitrogen than AM-350. These elements are considered to
lower the toughness of a stainless steel. The main difference in
composition is that the PH 14-8 Mo contains a nominal 1.2 percent
aluminum which combines with nickel to form precipitation hardening
intermetallics, Ni3Al and NiAl. 1In the heat treatment of the AM-350,
the final heating operation consisted of tempering at 825°F which
reduced the strength of the martensite. 1In the final heating opera-
tion of the PH 14-8 Mo at 1050°F, an increase in the strength of
the semimartensitic steel resulted because of precipitation hardening.
These precipitates can not be detected by observation of the etched
surface even with the electron microscope, but require diffraction
techniques which were beyond the scope of this program.

In the aged condition, PH 14-8 Mo nominally contains 77 percent
martensite, 8 percent ferrite and 15 percent retained austenite.
That this condition exists in the material evaluated in this program
is shown in Figure 87. The ferrite exists mostly in small, isolated
islands with occasional short stringers, surrounded by the marten-
sitic matrix. Non-metallic inclusions were more predominant in the
PH 14-8 Mo than in the AM-350. Retained austenite is difficuilt
to discern in the optical photomicrographs but can be observed in
the electron micrographs of Figure 88. The enlarged electron micro-
graph of Figure 89 shows the ''veined" structure of the martensite
phase compared to the relatively smooth appearance of the retained
austenite. The ferrite phase has the same smooth texture but appears
to stand out in relief due to the difference in etch rate of this
constituent to the electrolytic oxalic acid etchant. No observable
change in the microstructure was detected in the PH 14-8 Mo after
25,060 hours exposure to 550°F. This includes both intermittent
and steady exposure to temperature and with and without creep stress.
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Those specimens under conditions of steady exposure received a

total of 25,800 hours at temperature with no cool-down to room
temperature (except for a few shut-downs due to equipment repair).
The intermittent specimens were exposed to maximum temperature for
2.5 out of every 3 hours of exposure. Thus, the intermittent
specimens were at temperature for a total of 22,483 hours with 8,353
cool-downs to at least 1259F.

Rene' 41 (20% Cold Rolled + 16 Hours at 1400°F)

The complex microstructure of the Ren€ 41 evaluated in this in-
vestigation was further compounded by the extreme amount of cold
work, 20 percent reduction, put into the material by Sendzimir rolling
to the 0.025-inch thickness. This severe rolling resulted in a very
small grain size at the outer 1/4 thicknesses of the sheet. The
center of the sheet had a larger grain size as shown in Figure 90,
but was still a relatively small grain size of ASTM 6. A considerable
amount of twinning is also evident in the photomicrographs of Figures
90 and 91. This cold work raised the normal ultimate strength of
the 1400°F aged Rene' 41 from 185 ksi to 243 ksi.

The effect of the long time exposure at 650°F is shown in the
photomicrographs of Figure 91 and the electron micrographs of Figure
92. No significant change is readily discernable. The etchant has
revealed a considerable quantity of carbide precipitation at the
grain boundaries and dispersed throughout the nickel-base matrix.
The large white appearing carbides are TiC and were not affected by
the exposure at 650°F, both for the stressed condition as well as
the heat-soaked only material. The smaller carbides are MgC. The
electron micrographs did not reveal any obvious embrittling films
of M23Cg carbides. Generally, extraction replica procedures are
necessary to detect carbide films. The electron micrographs did
show the primary strengthening constituent, gamma-prime precipitate,
Ni3(Al, Ti) as a fine dispersion in the matrices in Figure 92.
Carbides can also be seen at the grain boundaries and within the
matrix. A very slight increase (57%) in the precipitated carbides
was observed in the initially (1000 hours) exposed material which
did not increase with exposures up to 30,000 hours. It was also
observed that randomly scattered throughout the sheets of Ren€e 41
were bands of severely segregated alloy concentration such as that
shown in Figure 90. These bands of carbides undoubtedly accounted
for the occasional extremely low ductility measured in the tensile
tests.
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It would appear that the initial heating of the Rene' 41 caused
a slight secondary precipitation of carbides which resulted in some
strengthening. After extended exposures to temperature and repeated
cool-downs by the intermittent nature of the test, the strengthening
was offset by some relaxation of the cold work.

Metallographically, no difference could be observed in the
material which was exposed to steady heat as compared to that of the
intermittent heat.despite the fact that the time at temperature was
actually 30,000 hours instead of the 25,000 hours for the inter-
mittently exposed Rene 41.

. Ti-6A1-4V (Mill Annealed)

The microstructure of the mill annealed Ti-6Al1-4V for conditions
of intermittent and steady exposure with and without creep stress,
are shown in Figures 93 and 94. 1t is evident that exposures up to
30,000 hours at 550°F with creep stresses of 40 ksi did not signifi-
cantly cause any change in the alpha-beta titanium alloy. The opti-
cal micrographs show a light etching primary alpha matrix surround-
ing areas of stable beta. The elongated grains of alpha indicate
that the annealing operation did not remove all of the effects of
the sheet rolling operation. The electron micrographs of Figure 94
show the substructure of the alpha matrix and the beta particles
and platelets.

This lack of microstructural change from temperature and stress
exposure collaborates with the mechanical property results previously

discussed.

Ti-8Al-1Mo-1V (Duplex Annealed)

The stability of the microstructure of the duplex annealed Ti-
8Al1-1Mo-1V is indicated in the optical and electron micrograghs of
Figures 95 and 96. The effect of 30,000 hours at either 550°F or
650°F for steady or intermittent exposure was nil in so far as metal-
lographic changes were concerned. Essentially, neither the primary
alpha phase (light etching) nor the transformed alpha-beta phase
(dark etching - lamellar structure) were altered by the long time
exposure. No transformation of beta could be detected despite the
fact that the alloy contains only a small amount of beta-stabilizing
elements, molybdenum and vanadium, and a relatively large amount of
aluminum, an alpha-stabilizing addition. Unlike the Ti-6A1-4V, the
duplex annealing operation was effective in removing the effects of
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the rolling operation and an equiaxed grain structure resulted.

Isotropic properties would be expected from the Ti-8A1l-1Mo-1V
sheet.
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SECTION IX

CONCLUSIONS

The magnitudes of creep deformation measured after 30,000
hours of loading at 5500F should not create a problem in the
design of a supersonic transport airplane. The Ti-6Al-4V
titanium alloy showed a rapid increase in creep rate as the
exposure temperature increased from 550° to 6500F and, there-
fore, its use should be limited to low stress levels for short
times at 650°F. Otherwise, the magnitude of creep measured

at 650°F at the 30,000 hour creep loading stress levels on the
AM-350 steel, the René 41 superalloy and the Ti-8Al-1Mo-1V
titanium specimens should be within the allowable creep
deformation for 30,000 hours of flight of a supersonic trans-
port airplane.

Creep loading applied intermittently produces the same magni-
tude of plastic strain per unit of time as steadily applied
creep loading when measured at 550° and 650°F on the candidate
alloys.

a. Based on fracture toughness measurements, it was found
that the ductile to brittle transition temperature of
AM-350 SCT (825) stainless steel was raised from below
-650F to between -659F and room temperature by exposure
to creep loading at 650°F for 10,000 hours. The fracture
toughness of the AM-350 stainless steel tested at -65°F
continued to decrease as the creep exposure time increased
td 30,000 hours. Exposure to heat alone at 650°F for
30,000 hours also raised the ductile to brittle transition
temperature above the -659F test temperature. Exposure
to heat alone or to creep loading at 550°F had a negligible
effect on the AM-350 steel up to 30,000 hours.

b. The exposure of PH 14-8 Mo (SRH 1050) stainless steel to
heat alone or creep loading at 550°F did not reveal any
important changes in this alloy when exposed up to 25,800
hours. There was a slight increase in toughness shown
when exposed fracture toughness specimens were static
tested at -650F.

c. The variations in tensile and fracture toughness properties

of René 41 with exposure at 550° and 650°F are slight and
are of no design significance.
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d. Neither Ti-6Al-4V nor Ti-8Al-1Mo-1V titanium alloys are
significantly affected by heat alone or creep loading as
applied in the program.

The only alloy of the five tested that showed any appreciable
degradation with exposure was the AM-350 SCT (825) stainless
steel. This degradation was a result of applying heat alone
or heat plus stress at 650°F. The stress added to the effect
of heat in producing lower fracture toughness at an earlier
exposure time than caused by heat alone.

a. Of the five materials tested, only the AM-350 showed any
significant change in microstructure. After 10,000 hours
exposure, a growth in carbides at the martensite-ferrite
interface was noted in the creeped material only. An
electron microscope study of extraction replicas revealed
that an agglomeration of smaller precipitated carbides was
occurring. This same condition was observed in the heat-
soaked only material as well as the creeped material after
30,000 hours exposure. Primarily, the effect of the agglom-
erated carbides was to drastically reduce the -65°F fracture
toughness strength and slightly increase the yield strength
of the AM-350.

b. The Rene 41 (20% cold rolled + 16 hours at 1400°F) showed
a very slight (57%) increase in precipitated MgC carbides
which could be metallographically detected only by careful
study of the microstructure. This increase in carbide con-
centration occurred after the initial 1000 hours of exposure
to 650°F and no further increase was observed for exposures
up to 30,000 hours. Tensile properties were affected by
an initial increase in yield and ultimate which gradually
lessened with longer periods of exposure.

c. The stability of the mill annealed Ti-6Al1-4V and the PH 14-8
Mo (SRH 1050) stainless steel was not affected by inter-
mittent or steady exposures at 550°F for 30,000 and 25,000
hours, respectively. Likewise, the duplex annealed Ti-8Al-
IMo-1V alloy was not affected by 30,000 hours at tempera-
tures of 650°F.
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SECTION X

RECOMMENDATTIONS

Where small magnitudes of creep are to be measured, such as

was found in this program, creep should be measured over a

long gage length to minimize the error in physically making

the measurement. Accompanying the specimen throughout its
entire exposure duration, there should be an unloaded specimen
measured precisely the same as the creep specimen to determine
how much of the deformation measured was actually plastic
strain and how much was growth due to metallurgical instability
of the material.

AM-350 SCT (825) stainless steel should not be used above
5509F for long periods of time until the temperature required
to start embrittlement is determined and should not be used
more than 5000 hours at 650°F wherever brittle fracture would
cause catastrophic failure.
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The results indicated that all five materials would be satis-
factory for use at 550°F for 30,000 hours at the 30,000 hour creep
test stress levels. The creep behav1or of Ti-6Al- 4V titanium makes
it undesirable for long time use at 650°F. Also, the AM-350 SCT
(825) stainless steel is embrittled by long time exposure to 650C°F.
The PH 14-8 Mo stainless steel was not tested at 650°F. The expos-
ure to creep loading at 650°F did not reveal any characteristics
of the Rene 41 superalloy of the Ti-8Al-1Mo-1V titanium that would
make these alloys undesirable for use in a supersonic transport

airplane





