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FOREWORD
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H. Hill acting as project engineer.

This report covers work conducted from April 1, 1959 to May 31, 1961.
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Project 02902,






ABSTRACT

An extensive investigation was made of the influence of creep-exposure at
1000° to 1800°F on the mechanical properties of a structurally stable 80Ni -
20Cr alloy. Strain hardening and residual stresses raised strength and lowered
ductility for creep at the lower temperatures. With increasing temperature of
creep, this factor diminished. Internal microcracking in the grain boundaries,
however, then occurred increasingly with exposure temperature and creep strain.
A remarkably large amount of microcracking was required to reduce ductility
and, when more severe, to reduce ultimate tensile strength. Two grain sizes
were investigated. The fine grained material was less damaged by cracking than
the coarse grain material for a given exposure. It was, however, subject to
grain growth at intermediate temperatures with a loss in strength.

The results suggest that internal cracking had to be extensive for appre-
ciable damage. This is probably due to the low strength and high ductility of the
alloy. A higher-strength alloy would almost certainly show more damage to the
properties from increased notch sensitivity. In other alloys studied previously,
thermally-induced structural changes have been a major factor. Other than the
instability of the fine grained material, there was little evidence of this for the
80Ni - 20Cr alloy. There were, however, impurities and minor phases present
which could have been a factor.

Due to uncertainties of material and experimental difficulties, no conclusive
results were obtained with TZM molybdenum alloy, 0.55Ti-.064Zr-.017C.
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INTRODUCTION

Studies of the effects of elevated temperature creep-exposure on the short-
time mechanical.properties of aircraft structural metals have been conducted at
the University of Michigan for several years under the sponsorship of Materials
Central, Aeronautical Systems Division, under the present contract AF 33(616)-
6462 and its predecessor AF 33(616)-3368.

Earlier studies (Refs. 1-6) were conducted on alloys of established creep
resistance whose properties depended on some mechanism of strengthening, i.e.
precipitation hardening or martensite transformation, which could be unstable
under exposure to temperature and creep. These materials included 2024-T86
aluminum, C110M and Ti-16V-2.5Al titanium alloys, 17-7PH precipitation-
hardening stainless steel, and Rene' 41 nickel-base alloy.

It was deemed essential that more insight be gained into the aspects of
damage due to creep itself, relatively independent of microstructural changes.
This is most easily performed through experiments on a material which is as
free from thermally-induced changes as possible. Ideally, the material should
undergo a transition in the characteristic creep fracture from transcrystalline to
intercrystalline as the test temperature and/or time period of exposure is in-
creased. It was expected that this would result in a transition in the effect of
prior creep on mechanical properties from effects due to strain hardening to
those due to cracking.

A binary alloy of 80Ni - 20Cr was selected as the material most nearly
meeting the requirements of structural stability and simplicity for the require-
ments of the investigation. In addition, this composition is the basis for the
large family of complex nickel-base alloys of which Rene' 41 is an example.

Two conditions of grain size were selected for study; small grains and large
grains prepared by heating the small grain material. Differences in the creep
properties were expected between large grain and small grain material prepared
in this manner. The effects of creep-exposure on short-time mechanical pro-
perties were to be evaluated by room temperature tensile and impact tests and
supporting metallographic studies.

In addition to the 80Ni - 20Cr alloy, tests were to be conducted on an
alloy representative of the high melting-point or "refractory'' alloys gaining in
importance for future Air Force usage. This was tentatively selected to be a
binary Mo-0. 5Ti alloy, however, the Mo-0.55Ti-0.064Zr (TZM) alloy was
later substituted as being of more promise. These tests were to be conducted
in vacuum on uncoated specimens or in air on coated specimens.

Manuscript released by the authors June 30, 1961 for publication as an ASD
Technical Report.



TEST MATERIALS

80Ni - 20Cr ALLOY

Alloys of the basic 80Ni - 20Cr composition are produced commercially
for use as resistance heating elements. Because of their ready availability, -it
was decided to procure one of the commercial compositions.

Approximately 112 pounds of Chromel-A alloy were received from the
Hoskins Manufacturing Company in the form of hot-rolled 1/2-inch diameter
bar stock with the designation of Heat No. 1067. The following chemical analysis
was furnished:

Element Percentage (wt.)
Chromium 20. 44
Nickel 77.48
Carbon 0.01
Silicon S 1.41
Manganese 0.15
Iron 0.31
(Others - by difference) 0.20

The test stock was cut into 4-inch long specimen blanks and annealed in
groups of 24 blanks each to produce either small grain or large grain material
according to the following schedule:

Small grains (ASTM Size 10.4) -- 1550°F - 4 hours
plus air cool (Treatment coded ""C1'")

- Large grains (ASTM Size 4.1) -- 2100°F - 1 hour
plus air cool (Treatment coded ""C2'")

The experiments leading to the selection of these heat treatments are des-
cribed in a later section of this report (see pages 7-10).

TZM MOLYBDENUM ALLOY

The procurement of the molybdenum alloy was delayed until availability
of a vacuum testing unit. Originally, it was intended to study the binary
Mo-0.5Ti alloy, however, in the interim, communications with ASD rep-
resentatives indicated the considerable promise of a ternary alloy Mo-0. 5Ti-
0.08Zr (TZM alloy) -- with the provision that carbon content be 0. 02 percent
or lower -- and when it was determined that stock of this alloy was available,
it was procured.



Approximately 69. 5 pounds were purchased from the Climax Molybdenum
Company of Michigan. The material was identified as being all from Heat TZ-
6001 and was received in the form of 8 5/8-inch diameter stress-relieved bars,
each approximately 6 feet long, and one bar 30-inches long. The Diamond
Pyramid Hardness was reported to range from 283-293. The reported chemical
analysis follows:

Element Wt. Percent
Titanium 0.55
Zirconium 0.064
Carbon 0.017
Oxygen 0.00048
Hydrogen 0.000005
Nitrogen 0.0009
Aluminum 0.0008
Calcium 0.0002
Iron 0.0016
Silicon 0.0026
Tin <0.0010
Lead <0. 0010
Tungsten <0.0100
Cobalt <0. 0005
Copper <0.0001
Nickel <0. 0001
Manganese <0. 0001
Magnesium <0. 0001
Chromium <0. 0001
Molybdenum balance

The material was tested in the stress-relieved condition with no additional
heat treatment. No information was available for the stress-relief conditions,
however, this is usually accomplished by heating for one hour at 2100°-2200°F
(Refs. 19, 20).

TEST SPECIMENS

Details of the test specimens for studies of the 80Ni - 20Cr alloy are
shown in Figure 1. The test specimens used for studies of the TZM molybdenum
alloy are discussed separately (pages 22-23 and Fig. 64)

Creep-exposure of the 80Ni - 20Cr alloy was conducted on specimens with
a 0.350-inch diameter gage section and a reduced section of approximately 2
inches. The specimens for subsequent mechanical property testing were designed
to be machined from the gage section of the creep-exposure specimens. In order



to eliminate the effect of surface attack in the tensile tests, approximately 0.025-
inches were machined from the gage section diameter of the exposed creep speci-
mens.

The ASTM. Type-W notched sub-sized specimen was used for impact tests.
The dimensions, 0.197-inches square by 2. 16-inches long, were such that it
could be conveniently machined from the reduced section of a creep specimen.
The notches were roughed in with a special notch cutter to establish the angle and
root radius and then ground out to the final dimensions.

EQUIPMENT AND PROCEDURES

CREEP-EXPOSURE AND CREEP-RUPTURE TESTS

The creep-exposure and preliminary creep-rupture tests on the 80Ni - 20Cr
alloy were conducted in individual University of Michigan creep-testing machines.
Equipment and procedures for the TZM molybdenum alloy are discussed else-
where (page 21). Stress was applied through a third-class lever system having a
lever-arm ratio of about 10 to 1. The specimen was gripped by threaded holders
that fitted into a universal joint assembly for uniaxial loading. Heating was pro-
vided by a wire-wound resistance furnace fitting over the specimen and holder
assembly. Strain measurements were made with a modified Martens optical ex-
tensometer system which permitted the detection of a specimen elongation of
approximately 10 millionths of an inch. Correction factors were used to account
for the diminished contribution of the specimen shoulders and fillets to the ob-
served deformation (Ref. 3).

Temperature measurements were made from three chromel-alumel thermo-
couples wired to the gage section. Asbestos cord was used to shield the thermo-
couple beads from direct furnace radiation. Prior to starting a test, the furnace
was heated to within 50°F of the test temperature. The specimen was then placed
in the hot furnace and was brought up to proper temperature and distribution in a
period of four hours before the load was applied. ASTM Recommended Practices
were used in controlling both temperature and distribution.

Strain measurements were made as each weight was applied during loading
and then periodically throughout the test. At the end of the exposure period, a
final reading was made and the power to the furnace turned off. The specimen
was then cooled under load in order to minimize the effects of creep recovery.

The fracture time in creep-rupture tests was measured by an automatic
timer, accurate to one-tenth of an hour, that was actuated by the fall of the spe-
cimen holder.



TENSILE TESTS

Short-time tensile tests were conducted in a hydraulic testing machine.
Elongation was measured with a microformer strain gage and recorded auto-
matically as a curve of load versus elongation. A strain pacer was used to
maintain a strain rate of 0. 005 inches per inch per minute. The data determined
in the tensile tests were the ultimate strength, 0.2-percent offset yield strength,
elongation, reduction of area, and the modulus.

IMPACT TESTS

Izod notched bar impact tests were run on the ASTM Type-W sub-sized,
specimens. In this test, the specimen is gripped at one end and mounted as a
vertical cantilever. A special holding fixture was constructed to accommodate
the sub-sized specimen. The impact machine was set to produce a striking
energy of 120 foot-pounds. Prior to running a test, the measuring scale of the
machine was zeroed by allowing the pendulum to swing through its cycle with no
specimen in place and noting the height to which the indicator was raised.

In addition to measuring the impact energy, the ductility characteristics
of the fractured specimens were determined by measuring the lateral contrac-
tion at the base of the notch and the lateral expansion at the surface opposite the
notch.

STRUCTURAL EXAMINATION
The techniques used for structural studies of the 80Ni - 20Cr alloy included

optical microscopy, electron microscopy, x-ray diffraction of extracted residues
or of filings from the specimens, and hardness tests.

Specimen Preparation

Specimens for microscopic examination and hardness testing were sectioned
longitudinally with a water-cooled cut-off wheel and then mounted in Bakelite. The
mounted samples were wet ground on a rotating lap through a series of silicon
carbide papers finishing at 600-mesh grit. Final polishing was carried out on a
cloth-covered rotating lap using fine diamond compound and then on a vibratory
polisher in an aqueous media of Linde "B" polishing compound. The samples
were cleaned ultrasonically in a detergent solution.

Etchants

Similar etching techniques were used for both optical and electron micro-
scopy. The 80Ni - 20Cr alloy was etched by swabbing in Marble's reagent for



3-5 seconds. The TZM molybdenum alloy was etched in a similar fashion in
Murakami's reagent. The composition of the etchants follows (Ref. 7):

Marble's Reagent Murakami's Reagent
CuSO4 20gm KsFe(CN), 10gm
HC1 (conc) 100ml KOH 10gm
H_O 100ml H_ O 100ml

Electron Microscopy

Electron microscopy was carried out in an RCA EML Electron Micros-
cope. For examination in the microscope, collodion replicas were prepared
from the surface of the etched specimens and mounted on nickel grids. The
replicas were shadowed with palladium to increase the contrast ar°1d reveal sur-
face contours. Polystyrene latex spheres of either 2580 or 3400 A diameter
were placed on the replicas prior to shadowing to indicate the angle and direc-
tion of shadowing. The micrographs reproduced in this report are direct prints
from the original negatives; consequently, the polystyrene spheres appear black
and the shadows appear white. Since the spheres are raised from the surface
of the replica, a particle casting a shadow opposite to that of the spheres is in
relief in the metal specimen; conversely, areas casting shadows in the same
direction as those cast by the latex spheres are depressions in the surface of
the metal specimen and correspond to material that was attacked or eaten out
by the etchant.

X-ray Diffraction

X-ray diffraction analysis of the 80Ni - 20Cr alloy was used both for the
determination of the lattice parameter and for the identification of minor phases.

Samples of the as-treated Cl and C2 conditions were studied for differences
in parameter. Very fine filings were made from each sample using a thin file.
The filings were sifted with a magnet to remove any iron particles that might
have come from the file and then sifted through a 200-mesh screen. The resul-
tant fine powder was rolled into a thin filament using a Duco cement binder.

This was exposed to unfiltered cobalt radiation for 4 hours in a 114. 6 mm diam-
eter Debye camera. The lattice parameters were determined by the extrapola-
tion method of Bradley and Jay (Ref. 8).

The identification of minor phases was made from analysis of the powder
patterns from residues extracted from the solid samples by immersion in a
bromine-methyl alcohol solution. The extraction procedures were described
detail previously (Refs. 1, 6). The extracts were formed into thin filaments and
exposed to nickel-filtered copper radiation for 4 hours in a 114. 6 mm diameter
Debye camera. The line positions were determined on an optical comparator



and "d" values were calculated. The patterns were analyzed by comparison
with standard patterns available from the ASTM X-ray Powder Data File.

Hardness Measurements

Diamond Pyramid Hardness measurements were made on a Vickers
Hardness Machine using a 50 kilogram load. Both diagonals of each of three
impressions were measured and the six measurements averaged. Knoop
microhardness traverses were run on several samples using a Tukon Superfi-
cial Testing machine at 1000 grams load.

RESULTS AND DISCUSSION

Creep-exposures followed by room temperature tensile tests were used
to evaluate creep-damage to mechanical properties of the 80Ni - 20Cr alloy
and the TZM molybdenum alloy. The exposures of the 80Ni - 20Cr alloy were
conducted in air, and the few exposures conducted on TZM molybdenum were
run in vacuum. Metallographic examination was directed towards delineation
of cracking.

STUDIES OF THE 80Ni - 20Cr ALLOY

After initial studies to establish the heat treatments, the 80Ni - 20Cr
alloy was tested in either a large grain or a small grain condition. The large
grains were produced by heating the small grain material. Survey creep-
rupture tests established the relative properties of the two conditions.

Creep-exposures were conducted generally from 5 to 100 hours at 1000°-
1800°F. Both room temperature tensile tests and impact tests on notched sub-
sized specimens were used to evaluate properties. Metallographic studies
were made to study the cracking of the material and the possible role of minor
phases.

Establishment of Heat Treatments for 80Ni - 20Cr Alloy

The desirability of studying a range of grain size was evident from data of
Kozyrski, Kononenko, and Okrainets (Ref. 9) showing an appreciable difference
in the creep of an 80.2Ni - 19.8Cr alloy when the average grain diameter was
increased from 0.02-0.03 mm to 0.5-0.6 mm (approx. ASTM 8 to -1) by anneal-
ing the small grain material for 64 hours at 2140°F. The coarse grained
material then exhibited considerably greater creep resistance in tests at 1290°F
and 14,200 psi. For the present investigation, grain sizes of ASTM 1-2 and
ASTM 7-8 were tentatively selected to allow comparable variation in creep re-
sistance.



After consultation with the supplier, it was decided to obtain the 80Ni -
20Cr alloy in the hot-rolled condition with their recommendation for the final
annealing treatment to produce the desired grain sizes. In this way, it was
possible to avoid cold straightening required after coil annealing in the supplier's
furnaces.

In a series of preliminary experiments, the supplier annealed hot-rolled
samples for one-half hour each at temperatures between 1600° and 2000°F.
Both the as-hot rolled material (Fig. 2) and the sample annealed at 1600°F had
fairly uniform fine grains, however, difficulty was encountered in producing
uniform large grains at higher annealing temperatures. In a sample annealed.
at 2000°F (Fig. 3), a mixture of two widely different grain sizes was produced
with a coarse zone part way between the surface and center of the sample. . A
similar effect was noted in a sample pre-annealed one-half hour at 1600°F before
final annealing at 2000°F.

These effects were probably due to germination caused by a critical amount
of residual strain as a gradient from the surface to the center of the rolled bar.

The presence of such a gradient in the as-hot rolled bar stock was later
confirmed by a Knoop microhardness survey (Fig. 5a), which showed a decrease
in the hardness from the surface to the center.

A preliminary sample of the hot-rolled stock was then obtained from the
supplier for further experimentation at the University. One sample was annealed
for an hour at 2100°F (Fig. 4) and another was pre-annealed for 24. 2 hours at
1550°F prior to annealing one hour at 2100°F. In both samples, large grains
were obtained throughout the cross-section without an excessive gradient in grain
size. The average grain size produced by various annealing conditions follows:

Average ASTM Grain Average Grain

Heat Treatment Size No. Diameter (mm)
As-Hot Rolled 10.4 0.0109
1600°F - one-half hour 10.4 --
1550°F - 24.2 hours +2100°F - 1 hour 4.4 --
2100°F - 1 hour 4.1 0.098

These data are plotted in Figure 6 to show the effect of annealing tempera-
ture on grain size. This figure also includes additional data taken for another
investigation on samples which had been cold-worked prior to annealing. The
purpose of the cold work was to remove the critical strain gradient by increasing
the over-all level of strain. Apparently, more than 24 hours annealing was re-
quired to produce large grains at temperatures below 2000°F.

Several samples were also annealed for various times at 1550°F and



Vickers hardness readings were made at a point midway between the surface
and the center with the following results:

Sample Vickers Pyramid Hardness
As-Hot Rolled 198
1550°F - one-half hour 204
- one hour 202
- two hours 206
- four hours 199
- 24. 2 hours 193

In addition, Knoop microhardness surveys were run on the samples
annealed for one, four, and 24 hours at 1550°F (Fig. 5b, c, d).

These data indicate that the four hour anneal removed the original surface-
to-center hardness gradient although the over-all hardness level was apparently
increased slightly by the one and four hour anneals and then decreased by the
24. 2 hour anneal. This observation agreed with the trend of the Vickers hardness
data and suggested that the material aged slightly with a peak effect occurring in
two hours. The grain size produced by the four hour anneal at 1550°F was ASTM
No. 10. 3, while the 24. 2 hour anneal produced a grain size of ASTM No. 9.5.

Based on these observations, it appeared desirable to anneal the hot-rolled
material for at least four hours at 1550°F and use this condition as the fine-
grained material for the creep-exposure studies. This caused a negligible amount
of grain growth but did remove the strain gradient.

With a size of ASTM No. 10. 3 as the fine grain condition, it was felt that
the coarse grains of ASTM Size No. 4.1 produced by the 2100°F anneal would
provide a sufficient variation for the purposes of the investigation. This would
be a difference of six ASTM numbers, a spread comparable to that intended under
the tentative specifications of ASTM 1-2 and ASTM 7-8.

However, before finally fixing the annealing conditions, cognizance was
taken of the slight over-all hardening produced by the 1550°F anneals. Tests
were made to determine if the tensile properties were affected by annealing for
one, four, or 24 hours at 1550°F. The results of room temperature tensile
tests are summarized in Table 1 and plotted as a function of annealing time in
Figure 7. Figure 7 also includes the Vickers hardness data taken on the original
metallographic slugs.

The results indicate that increasing the annealing time caused a slight
decrease in the ultimate tensile strength and the tensile yield strength. There
was little, if any, effect on the ductility. The principal change in strength
occurred in the first four hours, with little further effect resulting from increas-
ing the time to 24 hours.



The Vickers hardness data did not appear to correlate with the mechanical
property changes.

Replicas for examination under the electron microscope were made of an
as-hot rolled sample and the sample aged four hours at 1550°F. These indica-
ted the presence of a minor phase or phases in the alloy. An increase in the
number of discrete precipitate particles in the grain boundaries occurred as the
annealing time was increased (Figs. 8 and 9). A rough estimate of the particle
density was made by counting the number observed at 2200x in one grid of the
nickel screen on which the replica rested. The following results were obtained:

No. of particles

Sample at 2200x per unit area
As-hot rolled-center 66
1550°F - four hours - edge of bar 98
- center of bar 120

The increased particle density appeared related to increased hardness.

On the basis of the mechanical properties, the microstructure, and the
microhardness data, the four hour anneal at 1550°F was then selected to provide
relatively strain-free, fine-grain material of ASTM Size No. 10.3 for the creep
exposure tests. This treatment was coded "Cl1'". The one hour anneal at 2100°F
was chosen to provide the large grain material of ASTM Size No. 4.1 and was
coded "C2",

Base Properties of 80Ni - 20Cr Alloy

Short-Time Properties

Tensile tests at room temperature (Table 1) were run on specimens from
different heat treatment lots to establish base properties for comparing the
effects of creep-exposure. The large grain ""C2' material had a somewhat
lower ultimate strength, a considerably lower yield strength, and an appreciably
increased ductility in comparison to the small grain '""C1'" material.

Creep-Rupture Properties

Creep-rupture tests were run on material in both heat treatment conditions
to obtain data for selection of creep-exposure conditions and to provide a further
basis for comparing the effects of grain size. In order to provide variations in
strain rate and exposure temperature, the test stresses were selected to cause
rupture in approximately 5 to 100 hours at temperatures between 1000° and 1800°F.
The stresses were selected with the aid of a master rupture curve derived from
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data of Shahinian and Achter (Ref. 10) for tests of sheet material of similar com-
position and an average grain diameter of 0.09 mm (ASTM 4. 3) produced by
annealing for 20 hours at 2000°F. This grain size was extremely close to the
0.098 mm diameter (ASTM 4.1) of the present "C2'" material. In the initial tests,
the same stresses were used for both the ""Cl' and ""C2' conditions.

The test data show (Table 2) that the large grain ""C2'" material had appreciably
better rupture strength than the small grain '""Cl'" material in contrast to the better
room temperature tensile properties of the small grain material. On the other
hand, the elongation of the ""C2'' material in the rupture tests was less than that
of the '""C1'" material.

The master rupture curve (Fig. 10) for the large grain material agreed
quite well with the curve derived from the data of Shahinian and Achter for ma-
terial of almost the same grain size. The curve for the small grain material
was displaced towards lower parameter values (shorter time for rupture at a
given stress and temperature) and the individual test points also had a considerably
greater scatter at parameter values corresponding to the higher temperature,
longer time tests. In several of the tests reported in Table 2, the elongation on
fracture exceeded the reduction in area. This indicated that extensive interior
cracking had occurred.

The creep curves in Figures 11-15 show that the large grain material
possessed appreciably higher creep resistance than the small grain material
at all temperatures of testing. Master curves (Fig. 16) show this for 5-percent
creep. Such variations in creep resistance are expected when large grain ma-
terial is prepared by simply heating the small grain material (Refs. 11, 12).
For both conditions, the creep was rapid and extensive under the conditions
studied. With the exception of a few tests at 1000°F, the creep rate accelerated
continuously through the test period.

Eifect of Creep-Exposure on Tensile Properties of 80Ni - 20Cr Alloy

Creep-exposures were conducted primarily for 5, 10, 50, or 100 hours at
temperatures between 1000° and 1800°F. Following exposure, 0.025-inches
were machined from the gage section diameter and the specimens were tensile
tested at room temperature. In addition to the elevated temperature exposures,
several specimens were pre-strained various amounts at room temperature in
the tensile machine before tensile testing for comparative purposes. Most of
the short-time creep-exposures were conducted for 5 hours as a convenience.

The test data are summarized in Tables 3 and 4 for the small grain and
large grain materials, respectively. Individual plots of total plastic strain
versus residual room temperature mechanical properties for each exposure
temperature are included in Figures 17 and 18. Comparisons of the effect of
creep on the two grain sizes are presented in Figures 19 and 20, while the time-
elongation curves from the creep-rupture tests and creep-exposures are plotted
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in Figures 11-15. In most cases, the creep rate accelerated continuously from
the start of the test.

The influence of creep-exposure on the tensile properties at room tempera-
ture was qﬁalitat_ively the same for both grain sizes (Figs. 17 and 18). Exposure
at the lower temperatures raised both ultimate and yield strengths. The increase
in yield strength relative to the original strength (Fig. 19) was less for the fine
grain than for the coarse grain material. (In using Figure 19, it is necessary to
recognize that the ratios are relative to the strength before exposure. For
instance, the lower relative yield strength of the fine grained material is due in
part to the initially higher yield strength.) As the temperature of exposure in- |
creased, the increase in ultimate tensile and yield strengths became less and
finally the strengths were reduced rather than increased by prior creep-exposure.
Large amounts of creep at 1600° or 1800°F were required to reduce the strengths
below that of the original material with the coarse grained material requiring more
severe exposure than the fine grained. In no case were the yield strengths of the
coarse grained reduced below the original. Exposure time did not have much
effect on yield strength, except to produce somewhat lower values after the
longer exposures at 1200° and 1400°F. The larger strains at 1600° and 1800°F
reduced the tensile strength of the fine grained material to very low values. The
tensile strengths of the larger grained material were less after prolonged expo-
sure than for short exposure at 1400° to 1800°F,

The relationships of the actual strengths, as influenced by exposure tem-
perature and amount of creep, are compared on a more quantitative basis for
the two grain sizes by Figure 20. For 5 hours hours of exposure, the fine
grained material fell off in strength for lower exposure temperatures the larger
the amount of strain and became lower than the coarse grained material for the
higher exposure temperatures. There was less evidence of this for exposure in
100 hours and the strengths stayed above the coarse grained material except for
exposure at 1800°F.

Ductility was reduced below that of the original condition by all creep ex-
posures (Figs. 17 to 20). In most cases, the reduction was somewhat more for
the longer exposures at a given strain. The ductility of the coarse grained
material was reduced more by a given amount of strain than that of the fine
grained material except for 1800°F exposure. Exposure temperature had little
effect on the fine grained material until the temperature was raised to 1800°F.
The amount of strain was the controlling factor. For the coarse grained material,
increasing the temperature of exposure above 1200°F reduced the ductility markedly
for a given strain.

The plastic pre-strain at room temperature was included in the investiga-

tion to help clarify the observed effects on properties by providing a comparison
condition where there were no temperature or time effects.

It will be noted that in general the effect of a given amount of strain at room
temperature was about the same as at 1000° or 1200°F. Exposure temperature
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had to be h‘igher before temperature of exposure was much of a factor. The
major exceptions were large strains in prolonged time periods.

Limited data (Tables 3 and 4) indicate that exposure without creep had
little effect on properties. The fine grained material at 1800°F was an excep-
tion due to the reduced strength and increased ductility. Plastic strain other-
wise was required to change tensile properties.

The creep curves for exposure at elevated temperatures are included in
Figures 11 to 15. In most cases, the creep rate increased from the start of
the tests under the exposure conditions used. In the exposures of the fine
grained material at 1000°F and the coarse grained at 1000°F and 1200°F, the
plastic yielding during loading was an appreciable part of the total strain. At
the higher temperatures, creep strain was predominant. Because previous
research (Ref. 6) had indicated that there was no difference from short-time
strain and creep strain on these properties, the total plastic strain was used in
plotting Figures 17 through 20.

The creep curves for Specimens C1-28, C1-55, and C1-15 of fine grained
material at 1800°F were unusual. There was a period of relatively slow creep
followed by acceleration for a time and then the curve levelled off again before
the exposures were interrupted. Figures 21 and 22 show the extensive surface
cracking on these specimens. When tensile tested at room temperature without
re-machining, they exhibited negligible ductility. The fracture surfaces were
nearly completely oxidized and the specimens were riddled internally with cracks.
A similar creep curve was reported in Reference 10 for creep in longer time
periods at lower stress levels.

Effect of Creep-Exposure on Impact Properties of 80Ni - 20Cr Alloy

Izod impact tests on sub-sized notched specimens were used to evaluate the
properties of the large grain and small grain material at room temperature after
5 hours prior creep at temperatures between 1000° and 1600°F. The test data
are included in Tables 3 and 4 and plotted in Figure 23.

In the as-treated condition, the small grain material had slightly higher
impact strength than the large grain material (11.5 ft-1bs versus 10 ft-1bs),
however, the lateral expansion and contraction at the notches was about the same.

Creep-exposure reduced both the impact strength and ductility with fairly
substantial amounts of creep required to effect a significant reduction. In the
specimens exposed at 1000° and 1400°F, approximately 20-25 percent creep was
required, while in the exposures at 1600°F approximately 8 percent creep was
sufficient. After careful study of the data, it was concluded that there was no
significant difference between the small grain and large grain materials in the
response of their impact properties to prior creep. At first inspection, Figure
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23 appears to indicate that the small grain material was more susceptible to
decreased properties, however, comparisons up to about 10 percent strain (which
was the limit of the available data for the large grain material) revealed no dif-
ference between the conditions that could not also be attributed to experimental
scatter. The decreased strength for small grain material strained 20 percent at
1000°F and 25 percent at 1400°F and for both materials at 1600°F is substantial
and beyond the range of possible scatter. On this basis, it appears that the .
impact properties were a less sensitive indicator of creep damage than the tensile
properties -- particularly with respect to the behavior of the tensile elongation
and reduction of area.

Microstructural Studies of 80Ni - 20Cr Alloy

Metallographic examination of the 80Ni - 20Cr alloy was made to study the
extent of grain growth and cracking during creep-exposure and also to determine
if minor phases were a factor. Optical microscopy was used for the grain growth
and cracking studies and x-ray and electron microscope examination were used
for minor phase studies.

Optical Examination of 80Ni - 20Cr Alloy

Specimens used for optical examination had been crept to rupture at elevated
temperatures or creep-exposed and then tensile tested at room temperature.

Micrographs of a representative group of ruptured specimens are presented
in Figures 24-29. For both the small grain and large grain material, extensive
intergranular cracking occurred. In the small grain material, there was a
tendency for the cracks to link together that was not as apparent in the large grain
material. Grain growth occurred in the small grain material during testing at
1600° and 1800°F. There appeared to be little, if any, additional grain growth in
the large grain material. The cracks occurred in boundaries transverse to the
tension direction of the specimens. The fractures were intergranular.

- In both materials, surface cracking was also observed. An example of this
is shown for the large grain material in Figures 30 and 31 for two specimens
tensile tested after exposure to approximately 14 percent creep in 10 hours at
1400°F. Figure 30 shows the specimen tensile tested without having the surface
re-machined. The ultimate strength and ductility were both somewhat lower than
the corresponding re-machined specimen of Figure 31. The surface condition
thus had an effect on tensile properties even in the presence of extensive internal
cracking. This result confirmed the need for re-machining test specimens in
order to restrict the mechanical property effects to those due to internal changes
in the specimens.

Micrographs of the small grain material after creep-exposure and tensile
testing are presented in Figures 32-43. Grain growth during creep-exposure

appeared to start at 1600°F (Fig. 36), with 50-100 hours exposure required
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before it became appreciable. The grain growth was fairly uniform for the 50
hour exposures, however, in a 100 hour exposure (Fig. 38) bands of much larger
grains were observed in the longitudinal direction of the specimen. Fairly uni-
form large grains were found in the specimens creep-exposed at 1800°F (Figs.
40-43). While exposure without stress for 100 hours at 1800°F also caused grain
growth (Fig. 42), the grain sizes were mixed. For the specimens exposed under
stress for 5 or 50 hours (Figs. 40 and 41), the grain size appeared to be larger
and more uniform than in the specimen exposed without stress.

Cracks were observed in the transverse boundaries of small grain speci-
mens exposed to creep at 1400°F and above. For the specimens exposed 50
hours at 1600°F (Figs. 36 and 37), an increase in the strain from 11 percent to
4] percent caused the cracks to link together. In the specimen with a mixed.
grain size (Fig. 38), the cracking was concentrated at the transverse boundaries
of the coarse grains. In a specimen exposed to 5 hours creep at 1600°F and then
sectioned for metallographic examination without tensile testing (Fig. 39), the
appearance was little different from analogous samples after tensile tests. Tensile
tests caused some elongation of the grains in the tension direction, and perhaps
hbpened cracks slightly. This rendered the cracks somewhat more detectable, but
it is doubtful that it increased their number or extent. Lineal analysis indicated
that the structure shown in Figure 39 contained about 7 percent voids.

Micrographs of the large grain material after creep-exposure are presented
in Figures 44-53. Cracking at transverse boundaries was noted for almost 23
percent strain in 50 hours at 1000°F (Fig. 45). However, 8-10 percent strain at
1200°F (Fig. 46) did not cause cracking. If the exposure temperature was increased
to 1400°F, approximately 6 percent strain caused visible cracking (Fig. 47) and a
greater number of cracks were evident for strains of 14-15 percent (Figs. 30-31).
Increased cracking occurred for creep at 1600°F (Figs. 48-50) and 1800°F (Figs.
51-53), however, there was little or no evidence of cracking in a sample strained
to only 0.6 percent in 100 hours at 1800°F (Fig. 53).

The relative ease of crack detection in the large grain material made it
possible to treat the results from a quantitative standpoint. The fraction of
cracked boundaries in a group of samples exposed to creep at 1400°, 1600°, or
1800°F was determined by lineal analysis and expressed in Figure 54a as the
ratio of the number of cracked boundaries to the total number of boundaries inter-
sected by random straight lines on the plane of polish. This procedure was used
in preference to determining the relative area occupied by voids because it
eliminated the possible effect of the tensile test in further opening up the cracks.
There was a fair correlation (Fig. 54b) between this measure of cracking and the
ductility of coarse grained specimens exposed above 1400°F. For the group of
specimens studied, the exposure time did not appear to be a significant factor in
the fraction of cracked boundaries. As the exposure temperature was increased,
a smaller amount of deformation was required to institute cracking.
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Examination of 80Ni - 20Cr Alloy for Minor Phases

Inasmuch as the two grain size conditions of the 80Ni - 20Cr alloy were
produced by differing heat treatments, the possibility existed that the properties
were affected by some other factor than merely the grain size and its means of
production. In addition, the studies leading to the establishment of the heat
treatments indicated that a slight amount of aging occurred when the as-rolled
material was heated at 1550°F, and electron micrographs (Figs. 8 and 9) showed
an increase in the number of discrete particles at the grain boundaries as the
annealing time was increased.

Electron micrographs of representative specimens before or after creep-
exposure are presented in Figures 55-62. The apparent structure in the matrix
of these specimens is due to etching effects which are sensitive to grain orienta-
tion. In the as-treated small grain condition (Fig. 55), discrete particles of a
minor phase occurred at isolated portions of the grain boundaries. In the large
grain condition (Fig. 60), although there is an isolated particle within the grain,
the principal occurrence of minor phases is a fine, apparently continuous network
at the boundaries. The matrix lattice parameters of these samples were deter-
mined by analysis of the x-ray diffraction pattern from filings (Fig. 63 and Table
5). A fair degree of scatter was present in the data, however, it appears that the
lattice parameter of the large grain material was about 0. 004 A larger than the
small grain condition. This suggests that solutioning may have occurred at the
2100°F annealing temperature.

Creep-exposure of the small grain material (Figs. 56-58) resulted in a
considerable decrease in the number of discrete particles and an increase in the
size of those remaining. Exposure of the large grain material (Figs. 60-62)
caused an increased number of discrete particles to appear within the grains and
a dissolution of the continuous boundary phase. For samples of either material
exposed at intermediate temperatures (Figs. 56, 60, 61), the structures were
fairly similar.

The results of x-ray diffraction analysis of the residues from bromine-
alcohol extractions of selected samples are summarized in Table 6. The minor
phases in both as-treated conditions were identified as a complex chromium-iron
carbide and a complex manganese-iron oxide. (The chemical analysis of this
material (page 2 ) indicated the presence of appreciable amounts of both iron
and manganese.) The pattern for the carbide was somewhat weaker in the large
grain sample. This further suggests that the increased matrix lattice parameter
could have followed solution of the carbide. Calculations of the effects of solution-
ing on the matrix lattice parameter, however, indicated that the difference be- '
tween the case where all the carbon was in the form of the complex carbide and
the case where the complex carbide was completely in solution could not completely
account for the apparent measured difference between the large grain and small
grain conditions. This suggests that either thel;e was some other solutioning
effect or that the measured difference of 0.004 A in the lattice parameter was in
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error. A further possibility could have been segregation of chromium so that an
over-all difference in chromium level could have contributed to the parameter
difference. For nickel-chromium solid solutions in this range of chromium con-
tent, a difference of 1 atomic percent chromium would account for a parameter
change of approximately 0.0015A.

After creep-exposure at 1400° and 1600°F, the complex carbide and oxide
phases were again identified and a possible identification was also made of
Cr-Os. Only oxide phases were identified in the specimen exposed 484 hours at
1800°F. Several diffraction lines were observed that did not correspond to any
of the listed phases.

In view of the relatively slight effects of aging on the short-time mechanical
properties after heating at 1550°F and the indication that distribution of the minor
phases, although initially different, tended to become similar for comparable
conditions of exposure, it is suggested that the minor phases could have had only
slight effects on the response of the alloy to creep-exposure.

Correlation of Results

The outstanding feature of this investigation was the remarkable retention
of properties in the 80Ni - 20Cr alloy in the presence of extensive microcracking.
The cracking had to develop to an amazing extent before there was a noticeable
reduction in properties. This is evident in Figure 54b for the correlation between
the amount of cracking and the ductility of the coarse grained material. The
microstructures of the fine grained material also showed quite large amounts of
cracking before there was a substantial reduction in properties. This carried over
to impact testing where the changes were nowhere near as extensive as is com-
monly encountered, particularly when there are thermally-induced structural
changes.

It must be recognized that, in general, large amounts of creep strain were
required to develop the extensive cracking. Both this and the amount required to
affect properties point to a severe limitation on the generality of these results in
any application to the effects of cracking from creep on properties of higher-
strength alloys. In all the other investigations of this series (Refs. 1-6), internal
cracking has not been a factor in the results. It is reasonably certain, however,
that if cracking did occur in high-strength alloys, not as much creep would be
required to develop damaging cracking. Furthermore, damage would be noticeable
at less cracking. Higher-strength alloys would almost certainly be more suscept-
ible to the stress concentration effects of the cracks.

The 80Ni - 20Cr alloy did fulfill the requirement of a material which under-
went changes in mechanical properties due primarily to creep itself. For both
the fine and coarse grains, the following effects can be identified:

1) At 1000° and 1200°F, the ultimate strengths were raised and
the ductility reduced primarily by strain hardening similar to
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2)

3)

4)

the results of strain hardening at room temperature. The
yield strengths were unquestionably subject to Bauschinger
effects due to residual stresses such that the tensile yield
strength was raised and the compressive yield strength would
have been reduced if it had been measured.

The microstructural examination, however, disclosed that

the coarse grained material did exhibit microcracking after
creep-exposure as low as 1000°F when the exposure time

for a large amount of creep was 50 hours. Thus, the reduction
in ductility observed for such conditions was, in part, due to
cracking.

When the exposure temperature was increased above 1200°F,
the mechanisms changed in the following manner:

(a) The amount of increase in strength from strain hard-
ening and Bauschinger effects decreased. Presumably,
this was due to simultaneous recovery during creep.

(b) The tendency to internally crack increased. This
reduced ductility, thus offsetting the presumed increase
in ductility from relief of strain hardening.

(c) The recovery process in the fine grained material was
so strong that actual grain growth was visible after ex-
posure at 1600° and 1800°F. This was responsible for
the reversal of strengths with amount of creep at rela-
tively low temperatures and the decrease to values
below those of the coarse grained. Presumably, the
recovery process was effective whether or not grain
growth was visible. The lesser effect for the longer
exposures and the grain growth noted at 1800°F for
exposure without stress suggest that the grain growth
effect was completed in a relatively short time.

(d) Exposure at 1800°F resulted in considerable internal
oxidation of the fine grained material with a resultant
drastic reduction in properties at room temperature.
This apparently is strain-time dependent as well as
structure sensitive.

One of the difficulties in identifying the effects summarized in
Item 3 is the inclusion of the effect of the difference in cracking
susceptibility of the materials with fine and coarse grains.
Cracking first of all reduced ductility. When this was sufficiently
severe, the ultimate tensile strength was also reduced. Very
little effect of cracking on yield strength was noted. The low
ultimate and yield strengths of the fine grained material relative
to the original condition after exposure at the higher temperatures
was due to the recovery and grain growth. The greater cracking
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tendency of the coarse grained material was not associated with
reduced yield strengths. It is otherwise nearly impossible to
separate from the effects of cracking the reduced effects of strain
hardening and residual stresses with increasing temperature and
time of creep. The cracking certainly was a factor in the reduced
ultimate strengths for the larger strains and longer time periods
of exposure, particularly for the coarse grained material. It was
a major factor in ductility under the same conditions.

5) Considerable effort was expended attempting to understand the
difference in cracking tendencies between the materials with fine
and coarse grains. Present theories could be made to both
support and refute explanations based on the influence of grain
size and its preparation on dislocation movements (Refs. 11-18).
Due to lack of time, this feature of the analysis was dropped. It
can be observed that the results were usual in the sense that
cracking is generally more severe in reducing properties (partic-
ularly ductility) in coarse grained material.

6) It was necessary also to leave the possible effects of impurities
and minor phases in a rather unsatisfactory state. It is difficult
to attribute all the increase in creep resistance for the large
grain material to grain size and its method of production alone.
Solution effects as well as substructural characteristics seem
to be likely candidates in addition. The higher creep resistance
would be expected to contribute to increased cracking due to the
reduced relaxation of stress concentrations at the points in the
grain boundaries where they develop during creep. There seemed
to be little on which to base any appreciable effects from the ob-
served minor phases. This could well be in error, however.

7) It should be noted that the effects of thermally-induced structural
changes in the 80Ni - 20Cr alloy were minor compared to all
other materials used in this series of investigations. In all other
materials, particularly Rene' 41 (Refs. 1, 6), the thermally-
induced structural changes were the major factor for the tempera-
tures above which strain hardening was a major factor.

Conclusions from Studies of 80Ni - 20Cr Alloy

The following conclusions were derived from the investigation of the effect
of creep-exposure of 80Ni - 20Cr alloy on mechanical properties at room tempera-
ture:

1) As in the other materials previously investigated, the 80Ni - 20Cr

alloy was subject to increased ultimate tensile strength and reduced
ductility from strain hardening after creep at the lower temperatures
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2)

3)

4)

5)

of exposure. The tensile yield strengths were increased by
Bauschinger effects from residual stresses.

In this essentially structurally stable material, the only signi-

~ ficant evidence of thermally-induced structural change was that

the fine grained condition was subject to reduced strength from
recovery and grain growth at the higher temperatures.

The major effect of creep on properties other than the strain
hardening effect was to cause internal microcracking. The
amount of cracking required to significantly reduce properties
was amazingly large. Presumably, this was due to the low
strength and high ductility of the material. Higher-strength
alloys subject to internal cracking from creep would show far
more pronounced reductions in properties.

Internal cracking started to become a factor both as the tem-
perature of creep increased and the time period for a given
amount of creep was increased. For large amounts of creep,

it was a factor as low as 1000°F. The amount of creep re-
quired to develop noticeable cracking decreased as the exposure
temperature and time was increased. The cracking mainly re-
duced ductility, although when severe enough, it reduced ultimate
tensile strength as well. For the large grain material, the
extent of cracking was quantitatively related to the subsequent
tensile ductility. Yield strengths were hardly changed. The
onset of cracking overlapped the reduced effects of strain
hardening with increasing temperature so that the two effects
could not be separated.

The coarse grained condition was damaged more by cracking
than the fine grained condition. This is the usual behavior for
coarse grained materials. The reasons for this were not satis-
factorily explained. The creep strength of the coarse grained
material was higher than that of the fine grained material. The
data suggest that factors over and above the method of producing
the large grain size may have been involved. The small amount
of impurities and minor phases in the alloy may have had a
larger effect than was readily evident.

STUDIES OF THE Mo-0.55Ti-0. 064Zr (TZM) ALLOY

A molybdenum-base alloy was to be included in the investigation as an
example of the high melting point or refractory alloys expected to be of future
importance to the Air Force. The material was to be evaluated both in vacuum
in the uncoated condition and in air with one of the more promising coatings
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Procurement of the alloy was delayed until vacuum testing equipment was
available. This procedure was adopted in order to eliminate the danger of
obtaining an expensive material that might become obsolete before testing could
be initiated. The tentative test material was to be the binary Mo-0.5Ti alloy,
however, by the time that procurement became possible the higher-strength TZM
alloy had become available and so was substituted.

Equipment and Procedures for Vacuum Creep-Exposures

The test unit utilized a vacuum chamber over the standard loading system
of the creep units at the University of Michigan. The specimen was heated by
radiation from a tantalum wire resistance heating element inside the vacuum
chamber. Molybdenum radiation shields were used with one shield movable to
assist in obtaining proper temperature distribution. The chamber was sealed to
the pull rods by specially designed water cooled O-ring seals.

Vacuum was provided by a system including a mechanical pump and a dif-
fusion pump. Thermocouple and ionization gages were used to measure vacuum.
Deformation was measured by the movement of the pull rods outside the vacuum
chamber.

The pressure could be reduced to 0. 03 micron at room temperature with a
leak rate of 0. 6 micron per minute. The temperature was brought up gradually
so that the pressure could be maintained below 1 micron. After one hour at
1800°F, a pressure of 0.1-0.2 micron was maintained with a leak rate of 0.8
micron per minute. After about 10 hours at 1800°F, the pressure dropped to
0. 05 micron.

The general procedure in starting a test was to load the unit in the afternoon
and pump it down cold overnight. The heating element was turned on the next
morning and the specimen brought up to temperature in several steps which took
most of the morning. When the test temperature was reached, the specimen was
adjusted to the position giving proper temperature distribution and the load was
then applied.

Temperature measurement was by means of three chromel-alumel thermo-
couples attached to the gage section. Several methods of thermocouple attachment
were investigated with the most satisfactory results obtained with 28-gage couples
percussion welded directly to the reduced gage section. In the course of another
investigation conducted in the vacuum creep unit, several chromel-alumel couples
were checked after being used for 135 hours at 1800°F and found to be less than
8°F off calibration. For the time being, it was decided to use the relatively cheap
chromel-alumel couples in preference to noble-metal couples in short-time tests.
By continued checking, it was intended to establish maximum time and temperature
limits for the utilization of chromel-alumel. The temperature difference observed
over the gage section at 1800°F was 13°F.
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The original intention was to use one-inch long, 0.250-inch diameter-gage
section threaded-end specimens. The first tensile specimen fractured in the
threads and the gage sections of later specimens were machined down to 0.187-
inch diameter (Fig. 64). Although the revised specimens proved satisfactory for
creep-rupture testing, difficulties were encountered in removing the threaded
portions from the holders following the test. Accordingly, the holding system
was revised to permit the use of button-head specimens to be gripped at the
shoulders. This would also obviate the possibility of premature failure at the
threads in tensile tests. Details of the button-head specimen and holders are
also shown in Figure 64. They were used successfully for a tensile test.

Tensile, Creep-Rupture and Creep-Exposure Tests
of TZM Molybdenum Alloy

Tensile tests at room temperature were run on specimens of the as-received
TZM alloy to provide base property information for evaluating the effects of creep-
exposure and to confirm that the material had properties representative of the
alloy.

Three tensile tests were run, two on threaded-end specimens and one on a
button-head specimen. The data are included in Table 7. The first threaded-end
specimen failed in the threads rather than in the 0.250-inch diameter gage section.
This was the only indication of brittleness encountered until specimens were ex-
posed at 1800°F. The gage section of succeeding specimens were then machined
down to 0. 187 inch. Comparative tensile test data were available from Reference
19 for a heat of the following nominal composition, 0.46Ti-0.074Zr-0.017C. The
0.2 percent offset yield strength was not reported in Reference 19, consequently,
comparisons with the present heat TZ-6001 were made on the basis of the 0.1
percent offset yield strength. Good agreement was obtained between the two sets
of data -- particularly with respect to the yield strength and ductilities. This
confirmed that the tensile properties of Heat TZ-6001 were apparently represent-
ative.

Creep-exposure at 1800°F for 10 hours at 60, 000 psi resulted in about 2-
percent creep (Table 7), while 65,000 psi resulted in about 4 percent. Rupture
occurred in 2. 2 hours at 70, 000 psi and in 5.4 hours at 67,500 psi. These data,
together with a test at 57, 500 psi which ruptured in 114. 5 hours, were used to
establish the stress-rupture curve of Figure 65. The indicated stress for rupture
in 100 hour s of about 57,500 psi was considerably below the 70, 000 psi indicated
for a similar alloy in Reference 19.

The creep curves are included in Figure 66 and the stress-time values for
2 and 4 percent of creep have been added to Figure 65.

At room temperature, the yield strength was increased slightly and the

ultimate strength was reduced slightly (Table 7 and Fig. 67) by exposure to about
2 and 4 percent of creep in 10 hours at 1800°F. The ductility was reduced
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severely in the specimen exposed to 4-percent creep. Extremely brittle behavior
was encountered when attempts were made to remove the fractured threaded-end
specimen from adapters after rupture tests. A very light torque caused them to

shatter.

Further progress was blocked for several reasons. Difficulties were en-
countered with the creep-unit heating elements. In order to avoid problems in
removing threaded-end specimens from holders after creep-exposure, it was
deemed necessary to develop the button-head method of attachment. Foremost,
however, was the uncertainty of the suitability of the material or the exposure
conditions in view of the low apparent ductility after exposure and the low rupture
strength. Attempts to resolve these problems were not successful. The uncer-
tainty regarding the material was judged as reason to not undertake the expense
of having specimens coated.

Metallographic Examination of TZM Alloy

Optical micrographs at 500x of the microstructure of the TZM alloy before
and after creep-exposure are presented in Figures 68 through 71. The as-received
stress-relieved material (Figs. 68 and 69) had an essentially single phase structure
with a considerable amount of substructure. There are also indications of small
amounts of minor phases. Creep-exposure for 10 hours or creep-rupture after
114.5 hours at 1800°F (Figs. 70 and 71) had little, if any, discernable effect on
the microstructure in the interior of the specimens.

The fractured areas of specimens M-3 and M-4 which were tensile tested
at room temperature after 10 hours prior creep at 1800°F are shown in composite
pictures in Figures 72a and 73a. Specimen M-3 had 24-percent elongation, while
specimen M-4 had only 2-percent elongation. Of particular interest are trans-
verse cracks occurring at approximately 60°-90° to the tension axis of the speci-
mens. Specimen M-4 fractured at two places -- one of which was parallel to
the transverse cracks. A schematic drawing of the cracking (Fig. 72a) was made
from the actual sample to supplement the composite (and re-photographed) micro-
graph of Figure 72a. These cracks apparently represent planes of weakness
rather than shear cracks since there appeared to be no translation of the structure
along the crack direction. Figure 72a shows a longitudinal crack almost along the
center line of specimen M-3. A similar crack was observed in the tensile fracture
of specimen M-2, the as-received condition.

Figures 72b and 72c also show that recrystallization occurred in a narrow
zone at the surface of specimen M-3. Indications of similar recrystallization in
specimen M-4 were slight. The transverse cracks shown in Figure 72b may
have originated as intercrystalline cracks propagated inwards from the recrys-
tallized skin. The available data do not indicate if the surface effect was a true
recrystallization or a manifestation of surface reactions. Other than the possi-
bility that surface changes were responsible for embrittlement, no other reason
was found.
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Conclusions from Tests of TZM Molybdenum Alloy

The results were too limited for any definite conclusion as to the effect of
creep-exposure in vacuum on mechanical properties at room temperature. The
loss in ductility could have been due to the particular lot of material or to expo-
sure conditions not being suitable. Experimental difficulties precluded resolution
of the questions.
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Talb:le 2

RUPTURE TEST DATA FOR 60 Ni-Z0Cr ALLOY

Test Temp Stress Rupture Time Elongation Reduction "
Spec. No. (°F) (psi) (hrs) (%) of Area(%) Parameter

Annealed 1550°F - 4 hrs.

Cl-6 1000 80,000 0.5 33.6 38.0 28.8
C1-9 1000 55,000 54.3 28.0 36.5 31.7
Cl-2 1200 35,000 5.4 46.5 46.0 34.5
Ci-10 1200 20,000 63 +5 57.5 44.8 36.2
Cl-3 1400 15,000 3.1 35.8 34.6 38.2
Cl-45 1400 6,000 84.4 35.1 28.4 40.8
Cl-7 1400 5,000 150.5 28.5 24.4 41.3
Cl-4 1600 5,000 4.9 23.6 21,6 42.7
Cl-54 1600 2,250 92.1 49.5 26.0 45. 4
Cl-8 1600 2,000 216.1 68.0 29.0 46.1
Cl-5 1800 3,500 3.6 13.8 14.2 46.6
Cl1-56 1800 3,200 5.0 10.9 9.5 46,8
Cl1-60 1800 2,900 3.4 13.2 17.5 46.5
Cl-25 1800 2,500 17.5 6.5 5.6 48.0
Cl-64 1800 1,800 17 + 3 18.4 18.5 48.0

Annealed 2100°F - 1 hr.

C2-13 1000 80, 000 On Load 51.7 62.0 25. +
C2-33 1000 70, 000 18.9 36.2 35.4 31.1
C2-37 1000 68, 000 37.4 31.5 28.5 31.5
C2-3 1000 60, 500 102.8 21.2 25.2 32.1
c2-2 1200 35,000 14,7 24,2 24,9 35.1
C2-6 1200 22,000 109.9 18.5 20.4 36,

C2-4 1400 15, 000 12.5 22,0 19,0 39,2
C2-7 1400 10, 000 54,0 12.5 13,8 40.5
C2-5 1600 8,000 4,7 17.7 14.7 42.7
C2-10 1600 5,000 28.6 10. 8 10.2 44,3
C2-35 1600 4,100 66.6 11. 6 8.5 45,1
C2-12 1800 3, 500 10,71 9.5 11.5 47.6
C2-34 1800 2,500 26.3 9.5 10.7 48.4
C2-39 1800 2,500 29.6 12.5 11.1 48.6

* P=T(20 + log t.)', where T= temperétur'e',‘_ °R; t=time, hrs,
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Table 6

X-RAY DIFFRACTION DATA FROM EXTRACTION RESIDUES OF 80 Ni-20 Cr ALLOY
EXTRACTION: BROMINE-METHYL ALCOHOL
DIFFRACTION: COFPER Ke RADIATION ( 4 HOUR EXPOSURE)

(Data given are "d" values and relative intensity of the line)

Spec, No. c2-1 c2-18 G2-15 c2-29 Cl-t Cl-18 Ccl-14 Ccl-15 Standard Patterns of Possible Phases (ASTM Cards)
Exposure As Treated | 1400°-10 hr | 1400°-50 hr | 1600°-5 hr | As Treated | 1400°-50 hr | 1600°-5 hr | 1800°-484 hr | (MnFe);03 ] Cr,04 CrFe)yC3 | y-MnO; 7%
Conditions
Gonditons 383 60
3.50-3, 99 3,62 _ms — 3,63 14
- .35 10
3,20-3.49 3,20 60
3,00-3,19
2,80-2,99 2,99 30
2,60-2,79 — 250 11 2 ST (U [
’ 2,71 vs N 2,71 s |2.71 s 2,71 s
2,70 ms 2,70 me 2,70 s
c 2,67 100
2,65 ms
2,63 mw 2,63 mw 2,63 w 2,63 w 2,63 mw+ x
2,50-2,59 2,51 20
2,40-2,49 2,48 96
2,47 ma
2,425 m 2,42 m- . x
2,405 m- 2,40 100
2,30-2,39 2,35 40
2,34 ve 2,34 ms 2,34 ms 2,34 8 2,345 s 2,34 s+ 2.34 8 2,34 m
2,30 40
2,20-2,29 2,29 mw 2,295 mw | 2,295 mw 2,295 m-
2,28 m- | 2,28 mw 2,28 m-
2,26 12
2,22 mw 2,22 mw 2,22 m 2,22 mw 2,22 m
2,21 20
2.10-2, 19 2,17 mw 2.17 38
2,163 m
2,135 mw 2,128 vs 2,13 m 2,13, 8+ 2,13 ms
2,12 mw 2,12 m 2,115 8 2,12 60
2,11 10 2, 11__70
2.00-2,09 2,05 9
2,045 m 2,045 m- 2,045 m+ 2,045 m- [ 2,045 m 2,045 ms 2,04 100
2,01 40 |
1.90-1, 99 1,995 vw | 1,995 mw ! x
1,92 10
1,80-1,89 1,88 vw 1,873 40
1,84 w x
{I.BI] - 1,82 m- 182 39
1,8l mw 1,815 w+ 1,85 1,815 vw 1,81 m 1,81 60
1,70-1,79 1,785 mw x
1,755 mw- 1,75 ww
: 1,74 60,
.72 25
1,71 w 1,71 mw ~ ~
1,60-1,69 1,67 90
1,655 s 1,657 m 1,655 m 1,655 ms | 1,655 ms | 1,657 ms 1,66 ms 1,66 90
1, 64 w4
1,63 80
1,62 20 !
1,613 mw 1,607 vw 1,613 wvw 1,612 w 1,615 mw
1,50-1,59 1.58 13
1,57 20
1,53 30 ;
1,40-1,49 1.48 20 |
1,46  m- 1,46 25| 1,46 30!
1,45 30 i
1,43 w+ 1,437 ms |1,43 m 1,43 40
1,42 80
1,413 ms 1,413 m 1,414 ms} 1,413 m |1, 413 m i
1,30-1,39 1,396 m 1,39 40
1,377 mw 1,376 vw 1,376 mw "
1,36 30
1,352 m+ 1,352 mw 1,352 mw 1,352 m-| 1,352 m [ 1,352 m 1,352 m 1,35 20
1,33 10
1,322 w .
1,31 20
1,30 20
1,20-1,29 1,294 w
1,288 m
1.28 30
1,264 m 1,264 w 1,263 m | 1,264 mw 1,26 20
1,253 w
1,241 mw 1,24 17
1,226 w X
.2t w L2l w | 1,21 mw]1.208 w 1,212 mw| 1,208 mw .21 71 1,205 60
1, 10-1,19 1,188 " w 1,187 w L 19 20
1,185 w 1,185 mw 1,185 mw| [, 185 mw 1,18 m 1,18 40 1,178 60
1,173 m 1,171 mw 1,173 mw 1,171 mw{ 1,173 m 1,172 mw .17 mw
1.i164 m-| 1.16 40 .16 60
1,15 10l
1. 14 30
.12 30f 1,12 10
1, 1 30
1,00-1,09 1,09 30 1,09 17
1,084 m .08 70
1,058 mw x
1.044 mw 1,045 m 1,044 m 1,044 m- 1,038 mw 1, 04 16
<1, 00 3 lines 2 lines 5 lines 4 lines 3 lines 2 lines 4 lincs ? ? ? ?
Phases {MnFe),0 {MnFe),0 (MnFe),0 (MnFe),0 (MnFe)20 {MnFe)20 {MnFe),0 (MnFe),0
Tentnt}vely (Crl-"e)7zC3J? (Crl-‘e)—,C:,3 (CrFe)7zC 3 (CrFe)7C33 (CrFe)-,C; (Cx-):‘e)-,C33 (CrFe)7ZC:3 1203
Identified Cr03 7 Cr;04 73 Cr,0, 7 Cr,04 7 Cr,0,
Y-MnO,

* lihes not showing reasonable agreement with any of the possible listed phases
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NOTE: 0.025 IN. MACHINED OFF GAGE
SECTION DIAMETER AFTER CREEP-EXPOSURE

R - -
& %‘.’ %’? -13 NG
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~{_ Y -
| |11 _ _ _ R !
{111 —
" aperox |
3 il e ARPR ol |t g
< 4.0 >

TENSILE AND CREEP SPECIMEN

0039

H
I-%— 0.197

0.0i0 R —\;I 108 __,1‘

nl /;-:\T J '»j Lo.m

TYPE -W IMPACT SPECIMEN

R

Note: Center of the Impact Specimen to Coincide with the Center of the
Creep Specimen,

Figure 1 Details of Specimens For Tests of 80Ni-20Cr Alloy
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Figure 2

100x

Figure 3

100x

Figure 4

100x

80Ni-20Cr Alloy
As Hot Rolled

80Ni-20Cr Alloy
2000°F - 1/2 hr + Air Cool

80Ni-20Cr Alloy
2100°F - 1 hr + Air Cool
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Figure 5 Knoop MicroeHardness Surveys of Annealed 80Ni-20Cr Alloy
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Ultimate Tehsile

0.2% Offset Yield Strength

Reduction

Strength - 1000 psi

1000 psi

Elongation

of Area

120

Ultimate Tensile Strength

Vickers Hardness
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o |

65

60 0=9

55

10 15 20
Annealing Time at 1550°F - hours

25

Figure 7 Effect of Annealing Time at 1550°F on Room Temperature Tensile
Properties and Hardness of 80Ni-20Cr Alloy
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Figure 8 80Ni-20Cr Alloy
As Hot Rolled

3500x

Figure 9 80Ni-20Cr Alloy
1550°F - 4 hrs + Air Cool

3500x
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Stress - 1000 psi
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90 .
80— O+
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o\ Rupture
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Derived from data of
Shahinian and Achter
( Ref. 10)
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6 .
nczn
51 AI\\(\;‘
4 — A _\
EE AR
3F Code | \ 00\\ .
~=Q—~—"Cl" (Annealed 4 hr. 1550°F) OM\
(o]
5 8——1C2" (Annealed 1 hr. 2100°F) 0—-\
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~—«— Data of Ref,10 \
I Lt B N N NN NN SN SO I R N SO EN U I I T
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P =T (20 + logt)x10-3  (T,°R t, hours)
Figure 10 Master Rupture Curve for Annealed 80 Ni-20Cr Alloy
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Figure 16 Master Curve for 5 Percent Creep for Annealed 80Ni-20Cr Alloy
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Figure 20 Effect of Creep-Exposure Temperature on Room Temperature Tensile Properties of 80 Ni-20 Cr Alloy Subjected to Prior
Creep of 5 to 20 Percent in 5 Hours or 100 Hours
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Figure 21

Figure 22

1.15x

Specimen No. Cl1-28 after 50 hours Creep-Exposure at
1800°F and 1900 psi. Note the extensive cracking.
Specimen elongation was 9. 3 percent and reduction of
area was 4.0 percent after the creep-exposure. The
ductility was negligible in the subsequent tensile test.
(Surface cleaned before photographing)

4. 8x

Specimen No. Cl1-55 after 100 hours Creep-Exposure at
1800°F and 1750 psi. Specimen elongation was approxi-
mately 8 percent and reduction of area 4 percent after
the creep-exposure. The ductility in the room tempera-
ture tensile test was negligible. (Surface cleaned before
photographing)
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Annealed 2100°F-1 hr.
e ‘{, . ...-"/‘?",:{.(;..(.2

f“~/y., ety OSSN

L3 ARRAN

Figure 2 100x Figure 25 100x
Spec. No. C1-10: 1200°F - Spec. No. C2-6: 1200°F -
20,000 psi. Failed at 63+5 22,000 psi. Failed at 109.9
hrs. - hrs.

L3

:a\.’.‘f s

SRR RAA “.:1" NI ARE S

Figure 26 100x Figure 27 100x
Spec. No. Cl-4: 1600°F - Spec. No. C2-5: 1600°F -
5000 psi. Failed at 4.9 hrs. 8000 psi. Failed at 4.7 hrs.

Figure 28 100x Figure 29 100x
Spec. No. Cl-5: 1800°F - Spec. No. C2-12: 1800°F -
3500 psi. Failed at 3.6 hrs. 3500 psi. Failed at 10.1 hrs.

Etchant: Marble's Reagent

Optical Micrographs of 80Ni-20Cr Alloy After Rupture.
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Figure 30 Spec. No. C2-31
Creep-Exposure 10 hours at
1400°F to 14. 6% total plastic
strain. NOT remachined
before tensile test.

Tensile Properties

UTS = 88,100 psi
2% YS = 44,300 psi
El = 18.1%
RA = 23.6%

100x

Figure 31 Spec. No. C2-18
Creep-Exposure 10 hours at
1400°F to 14. 1% total plastic
strain. 0.023-inches ma-
chined from diameter before
tensile test.

Tensile Properties

UTS = 93,000 psi
.2% YS = 45,900 psi
El = 22.3%
RA = 28.2%

100x

Effect of Remachining Gage Section of 80Ni-20Cr Creep-Exposure Specimen
Prior to Room Temperature Tensile Test
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250x

33

Figure

100x

Figure 32

ition

As-Heat Treated C-1 Cond

1 Condition

As-Heat Treated C

L AR S

i Wiy

W’

i .... RS n....
it

v

Coroy

250x

35
Spec.

Figure

250x

Figure 34

-18 Creep-Exposure

Cl
50 hours at 1400

Cl-61 Creep-Exposure

5 hours at 1400°F to 21.7%

Spec.

F to 2. 9‘70

Deformation, Then Tens

[+

ile

Then Tensile
Tested at Room Temperature

ion,

Deformat

Tested at Room Temperature
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Figure 37 100x

Spec. Cl1-53 Creep-Exposure Spec. Cl1-31 Creep-Exposure
50 hours at 1600°F to 11.2% 50 hours at 1600°F to 40.9%
Deformation, Then Tensile Deformation, Then Tensile

Tested at Room Temperature Tested at Room Temperature

TR 2
ALY - D

R
ek 30

3 X

Figure 38 Approx. 120x
Spec. Cl-46 Creep-Exposure 100 hours at 1600°F to 10. 5% Deformation,
Then Tensile Tested at Room Temperature
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Figure 39 taken at 100x, enlarged to 360x
Spec. Cl1-59 Creep-Exposure 5 hours at 1600°F to 13%
Deformation, NOT Tensile Tested
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Spec. Cl-22 Creep-Exposure
5 hours at 1800°F to 2.5%
Deformation, Then Tensile
Tested at Room Temperature

Figure 41 100x
Spec. Cl-66 Creep-Exposure

50 hours at 1800°F to 6.5%
Deformation, Then Tensile

Tested at Room Temperature

Figure 42 100x

Spec. C1-58 Unstressed Exposure
100 hours at 1800°F, Then Tensile
Tested at Room Temperature
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Figure 43 100x
Spec. Cl1-15 Creep-Exposure
484 hours at 1800°F to 9. 8%
Deformation, Then Tensile
Tested at Room Temperature



Figure 44
C-2 Condition As-Heat Treated

Figure 46
Spec. C2-9 Creep~-Exposure
5 hours at 1200°F to 8.6%
Deformation, Then Tensile
Tested at Room Temperature

100x

58

Figure 45 50x
Spec. C2-47 Creep-Exposure
50 hours at 1000°F to 22. 7%
Deformation, Then Tensile
Tested at Room Temperature

Figure 47 100x
Spec. C2-38 Creep-Exposure
50 hours at 1400°F to 6.2%
Deformation, Then Tensile
Tested at Room Temperature



......

Figure 48
Spec. C2-61 Creep-Exposure
5 hours at 1600°F to 9.2%

Deformation, NOT Tensile
Tested

Figure 49 100x
Spec. C2-62 Creep-Exposure

50 hours at 1600°F to 3.8%
Deformation, NOT Tensile

Tested T

Figure 50 100x
Spec. C2-44 Creep-Exposure
5 hours at 1600°F to 7.5%
Deformation, Then Tensile
Tested at Room Temperature
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Figure 51

Spec. C2-63 Creep-Exposure
5 hours at 1800°F to 7.6%
Deformation, NOT Tensile

Tested

P

LT by
AERED Sy

Figure 52
Spec. C2-20 Creep-Exposure
5 hours at 1800°F to 3.9%
Deformation, Then Tensile
Tested at Room Temperature

Figure 53 100x
Spec. C2-60 Creep-Exposure
100 hours at 1800°F to 0. 6%
Deformation, Then Tensile
Tested at Room Temperature

60
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Fraction of Boundaries Cracked®

Fraction of Boundaries Cracked

54b)

Figure 54

\
\ O As-Treated
. 9 -1
\ O 1400° Creep-
A 1600° Exp.
8 ———\ 0 1800° Temp. oJ°F

\ ( ) Exposure Time - hrs

.5 l
| 1600°F
4 1800°F (5) ——=—8(67) —,(10) ———
/ 1400°F
5| o
—0(50)
.2 (5)
O 1400° )} Creep
A 1600° Exp.
-1 g 1800°] Temp -°F
( ) Exposure Time-hrs
W JV— 1 1 L | 1 ! ! L | 1 L L 1 ’
0
0 5 10 15 20

% Fractiqn of Boundaries
Cracked is the ratio:
No. of Cracked Boundaries

Total Boundaries Intersected,
for a 4. 5-inch line in
the tension direction of

an approx.
graph.

6 \
\
® \
4 (5) \ (10)
o
RE)
3 —\G?) a5)
A (50)
) (50) ____\ al®_|
A(100)

.1

0 <59)D_

0 10 20 30 40 50 60

Room Temp. Tensile Test Elongation - %

100x micro-

Relation of Cracking to Creep-Exposure Conditions
and Subsequent Room Temp. Tensile Elongation of

"C-2" Material
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Figure 55 3500x  Figure 56 3500x
Cl-1 Condition As-Heat Treated Spec. Cl-14 Creep-Exposure
5 hours at 1600°F to 6%
Deformation

Figure 57 3500x Figure 58 3500x
Spec. Cl-22 Creep-Exposure Spec. Cl-15 Creep-Exposure
5 hours at 1800°F to 2.5% 484 hours at 1800°F to 9. 8%
Deformation Deformation

Electron Micrographs
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Figure 59 3500x Figure 60
C2 Condition As-Heat Treated Spec. C2-18 Creep-Exposure
10 hours at 1400°F to 14.1%
Deformation

3500x

Figure 61 3500x  Figure 62
Spec. C2-62 Creep-Exposure : Spec. C2-50 Creep-Exposure
50 hours at 1600°F to 3.8% 5 hours at 1800°F to 4.8%
Deformation Deformation

Electron Micrographs
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Figure 63 Lattice Parameter Determination for Annealed

Samples of 80Ni-20Cr Alloy
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Figure 64 Details of Specimens and Holders for Tests of Molybdenum Alloy
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Figure 67 Effect of Creep-Ekposure at 1800°F on Room Temperature Tensile

Properties of TZM Alloy
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Figure 68 500x  Figure 69 500x

TZM As-Received (Transverse TZM As-Received (Longitudinal
Section) (Rolled and Stress- Section) (Rolled and Stress-
Relieved) Relieved)

Figure 70 500x  Figure 71 500x
TZM Spec. M-4 TZM Spec. M-9
Creep-Exposure 10 hours at Creep-Rupture after 114.5 hours
1800°F to 4.26 Percent at 1800°F

Deformation, Then Tensile
Tested at Room Temperature
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-Exposure 10 Hours

3 After Creep

Fracture Area of Specimen M-

Figure 72

at 1800°F in Vacuum to 2. 25-Percent Deformation And Then

Tensile Tested at Room Temperature
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Re-photographed from approx 2.5x
composite of 8 50x

ik

photomicrographs of
individual areas. (Some
resolution and crack
delineation lost in
re-photographing).

Schematic Drawing Showing Location of Cracks
In Fracture Area of Specimen M-4

Figure 73

Fracture Area of TZM Specimen M-4 After Creep-Exposure
10 hours at 1800°F in Vacuum to 4.26 Percent Deformation
and Then Tensile Tested at Room Temperature
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