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FOREWORD

This report was prepared by the Engineering Research Institute of the
University of Michigan under USAF Contract Number AF 33(616)-3239, The
contract was initiated under Task Number 73512, with Mr, C, B. Hartley
acting as project engineer for the Materials Laboratory, Wright Air Develop-
ment Center, This report covers work done from December 15, 1956 to
March 15, 1958, '

The A-286 and the "A" Nickel used in this research were supplied

gratis by the Allegheny Ludlum Steel Corporation and the International
Nickel Company, respectively,
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SUMMARY

Progress is reported for an investigation of the influence of conditions of
hot working on the properties of alloys at high temperatures, Conditions of
working can be used to control microstructural variations in a manner which
cannot be obtained in any other procedure and is capable of developing struc-
tures superior in properties to any other treatment, The major objective is
to define the basic principles involved so that they can be applied to the general
problem of developing optimum properties in any alloy, The relatively simple
structure of "A'" Nickel is being used as an experimental material for study
of the role of working for properties in the as-worked condition, A-286 alloy
is being used as an example of a material whose properties are influenced
after solution and aging treatments by the conditions of prior working,

The results reported cover the initial surveys of the relationships of
working conditions to creep and rupture properties, Structural analyses to
define the basic principles involved were confined to preliminary partial
studies, The investigation is being continued with emphasis on the structural
studies,
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INTRODUCTION

Ewing and Freeman (l)* demonstrated that creep and rupture strengths
for low carbon N-155 could be raised appreciably by controlled hot rolling,
Frey and Freeman (2) studied the effects of cold working on the same alloy,
Others (3-11) have reported similar work on several ferrous and non-ferrous
alloys, The general conclusion of these studies was that for all materials
both strengthening and weakening are possible effects of working, Frequently
it was found that maximum strengths were obtained with an optimum degree
of working which became lower as the test temperature was raised, Working
much beyond the optimum amount sometimes reduced strength below that of
the annealed or base condition, In a few instances the optimum reduction was
reduced to zero with the result that any working at all was detrimental, Ex-
cept for the work by Ewing and Freeman (1) the vast majority of the work
cited above involved working only at room temperature, Very few data are
available relating high temperature properties to hot-working conditions where
the results are amenable to the development of basic metallurgical principles,

The results presented in this report consist mainly of creep and rupture
data shown as a function of working conditions, Except for a.few preliminary
structural observations already made, the correlation of structures with
properties will be done as a part of the next phase of the investigation,

The investigation was sponsored by the Materials Laboratory, Wright
Air Development Center under Contract AF 33(616)-3239,

The objective of the investigation is to provide the basic knowledge
necessary to apply controlled hot-working conditions to provide optimum
properties in alloys at high temperatures, It is known that maximum, all-
around engineering properties are observed for the hot-worked condition of
many alloys, The principles involved are not, however, understood well
enough to enable predictable application to alloys, Secondly, the properties
of alloys at high temperatures are known to vary to a marked extent in some
cases with the conditions of working, This is the source of much of the
common variation between such products as sheet, plate, forgings, and bars,
The investigation has been undertaken with the expectation that the results
can be applied to reduce variation in properties and to develop better properties
than by customary production procedures,

In the investigation general principles are beinyg sought which will have
general application, The principles should be adaptable to any alloy from
aluminum or titanium to super alloys or high melting point alloys based on
molybdenum, tungsten, or niobium, In selecting metals for experimental
purposes two requirements were established, One material should have a
simple microstructure, preferrably a pure metal, where extraneous reactions
such as precipitation would not complicate the study, '"A'" Nickel came closest
to meeting this requirement, The other material was required to show pron-
ounced effects from working conditions which persisted after standard heat _
treatments, A-286 alloy was chosen for this purpose because of its known wide
variability in properties which appeared to be due to variation in prior hot-
working conditions,

* Numbers in parentheses pertain to references listed at the end of the report,



General principles are being developed by determining the basic cause
of observed effects through study of the microstructural characteristics as
influenced by hot working, The research evolved naturally from previous
research which sought to evaluate similar general principles using heat treat-
ment to vary microstructures, Variable response to a given heat treatment
due to prior working history of alloys is a source of major variation,

Due to the normal variations in properties of alloys at high temperatures,
both power plants and airframes have to pay a considerable penalty in weight,
Designs must be based on minimum statistically expected properties, This
becomes of even more importance in missles and space vehichles due to the
ever increasing penalty for excess weight, Even if the results only raise the
minimum assured properties and provide a basis for avoiding the unexpected
low values so often found in fabricating unfamiliar parts, the investigation will
be very worthwhile, There is, however, a greater potential in having to utilize
working conditions to develop even better properties,

TEST MATERIALS

For the study of the influence of working conditions on properties in the
as-worked condition, certain metallurgical requirements were needed for the
experimental material, The ideal material would have a simple, single-phase
microstructure free from precipitates and other complicating structural changes,
Because substructures as controlled by working and testing conditions were
expected to be the main structural variable by which working conditions would
influence properties, the material should be one in which substructures could be
studied with a minimum of difficulty, "A'" Nickel was selected as the nearest
approach to the ideal material which was readily available in the quantities
needed for the required creep and rupture testing program, It was recognized
that "A" Nickel does contain a number of impurities which could lead to the
formation of precipitates,

The second material needed for the investigation had to be subject to
pronounced variation in properties after a solution treatment as a result of
variable prior working conditions, The Ti + Al strengthened alloys widely used
in aircraft gas turbines and airframes appeared to be the most subject to this
variation, A-286 alloy was selected as a typical material for the type of basic
information required from the investigation,

The "A'" Nickel was supplied gratis by The International Nickel Company
as l-inch diameter cold-drawn bars, The A-286 alloy was supplied by the
Allegheny Ludlum Steel Corporation as hot-rolled 3/4-inch diameter bars, The
bars had been rolled from consumable electrode, vacuum melted (""Consutrode'')
Heat Number 21030, The chemical compositions of the two materials reported
by the manufacturers were as follows;



Alloy C Mn Si Cr Ni Mo \4 Fe Other

"A" Nickel 0,06 0.27 0,06 -- 99,46(Ni+Co) == =-- 0,09 0,03 Cu; 0,008 S
A-286 0.06 1,35 0,47 14,58 25,3 1.38 0,21 Base 2,00 Ti; 0,17 Al;
0.004 B

The history of the A-286 stock prior to the time it was supplied for the
investigation was reported by Allegheny Ludlum as follows:

l, The 20-inch diameter ingot was pressed and cogged from 2150°F
to a 4-1/4-inch square,

2, Recogged to 2-7/8-inch square from 2100°F,
3. Rolled to 3/4-inch diameter round from 2100°F,

4. No straightening or other conditioning was applied to the bars
before shipment,

EXPERIMENTAL PROCEDURE

Preparation of Stock

The "A'" Nickel barstock was put into a standard, base condition as follows:
. The l-inch diameter rods were cold rolled 20 percent into 7/8-inch round
cornered square rods and batch annealed at 1600°F for 1 hour, The annealed
grain size was 2 to 4 on the ASTM scale, and the hardness was 88 DPH, The
annealing temperature was limited to 1600°F to avoid excessive grain growth,

The as-received plus heat-treated condition of the A-286 was used as
the base condition, By special order the A-286 rods were shipped in the un-
straightened, as-hot rolled condition to ensure maximum lineal uniformity of
microstructures and residual stresses,

Conditions of Working

In this report the meaning of the term '"hot working'" is extended beyond
the classical definition to include working of heated bars regardless of whether
or not recrystallization occurs during the operation, ‘

The mode of working was limited to closed-pass rolling because the
temperatures and amounts of working are fairly easily controlled, and the
lineal uniformity of working is good, The rolling was done on a two-high mill
equipped with 9-1/2-inch diameter rolls driven at 30 RPM, Closed, square
passes were used without a lubricant, Heating for rolling at elevated tempera-
tures was done in a gas -fired furnace adjacent to the mill,



Two types of rolling schedules were used for each alloy, One schedule
was designed to approximate isothermal working conditions and consisted of
two passes in rapid succession, The maximum reduction under these condi-
tions was determined by the capacity of the mill to deform the alloys at their
lowest hot rolling temperatures, The other type of rolling schedule was in-
tended to simulate commercial practice where the last stage of hot working
is usually carried out over a range of falling temperature, This involved
successive reductions without reheats using 3, 4, 5, or 6 passes, depending
upon the total reduction,

To obtain a rather broad survey of working conditions a wide range of
rolling temperatures was used for both alloys, The highest temperature in
each case was selected to give increasing amounts of recrystallization with
increasing reduction, For purposes of comparison a series of samples rolled
at room temperature were included for both the "A" Nickel and the A-286
alloy.

The nominal temperatures and reductions were as follows:

Nominal Percent Reduction of Area
Material Initial Rolling Temperature Isothermal Falling Temperature

"A" Nickel 80°, 1400°, 1600°, 1800°F 0,5,10,15,27,37  20,34,59

A-286 ~ 80°, 1700°, 1950°, 2200°F 0,5,10,20,26,34 12,19,25,39

The degree of working was not completely uniform through the bar cross
sections, Hardness decreased from the surface to center in a manner which
varied with the temperature and degree of reduction, The degree of reduction,
is, therefore, not a perfect indicator of what happened to the material during
rolling, Due consideration of this effect, however, indicated that the non-
uniformity of working was too small to affect the general conclusions drawn
from the data, ‘

Heat Treatment

The "A'" Nickel was tested in the as-rolled condition while the A-286 alloy
was solution treated and aged after rolling, The A-286 heat treatment was;:
l hour at 1650°F, oil quench + 16 hours at 1325°F, air cool,

Temperature Measurements

Temperatures were measured with Chromel-Alumel thermocouples using
proven’pyrometric practices, In addition to the usual temperature measure=-
ments, a considerable amount of experimentation was carried out to enable
measurement of finishing temperatures during rolling, A method was developed
involving a two-tyned thermocouple fork, but the reliability of the method has
not yet been established,



The decrease in temperature of the nickel during 2 passes through the
mill from 1800°F is now estimated at about 140°F, This arises from air
cooling as is shown by Figures 1 and 2, as well as the chilling effect of the
rolls, The air cooling causes a drop of about 60°F and the chilling effect of
the rolls amounts to about 80°F, This has been checked using a two-tyned
thermocouple fork to measure surface temperatures and with a bar carrying
a thermocouple in the center of the bar, At present the measurements have
only been completed for nickel rolled from 1800°F, No measurements have
been obtained for A-286,

The measurements of temperature changes during rolling made to date

indicate that the so-called isothermally rolled bars actually decreased in
temperature about 150°F during rolling,

Hardness Measurements

Diamond Pyramid Hardness values were obtained for every condition
prior to testing, Loads of 30 and 50 Kg. were used for the "A'" Nickel and
A-286 samples, respectively, The measurements were made on representative
longitudinal sections mounted in bakelite and prepared for metallographic
examination, Each value was derived from the average of six diagonal
measurements on three identations, Care was exercised in locating the three
indentations to give an average hardness across a l/4-inch wide area corres-
ponding to the l/4-inch diameter reduced section of the test specimens,

Evaluation of Creep and Rupture Properties

Three different measures of high temperature strength were used for
each material in order to evaluate the effects of working both for temperature
of testing and for strain rate effects, The properties were evaluated using
test temperatures relatively low and relatively high in the creep range, Re-
latively slow strain rate creep tests were used as well as high strain rate
rupture tests, The specific test conditions used to evaluate the high tempera-
ture properties were as follows:

Test Applied
Material Temperature Stress Data Used in the Evaluation
"A'" Nickel 1100°F 20,000 psi Rupture Life and Ductility
1100°F 11,000 psi  Minimum Creep Rate
800°F Variable Stress to Produce Minimum Creep
Rate of 0, 0001 Percent per Hour
A-286 1350°F 40,000 psi Rupture Life and Ductility
1200°F 65,000 psi  Rupture Life and Ductility
1200°F 35,000 psi Creep Strain vs, Time Curve



All of the creep and rupture tests were run at a constant load which was
applied by a dead weight through a cantilever beam system, Standard test
specimens having a 0, 250-inch diameter and a l-inch gage length were used
with a Martens-type optical extensometer, The least reading of the extenso-
meter on these specimens was about 0, 00001 inches per inch, Each test
was started by placing the specimen into a pre-heated testing unit, making
any adjustments necessary to bring the center and ends of the gage section
all to within +3°F of the nominal test temperature, and then applying the load,
The entire starting procedure usually lasted about four hours., Extension
readings were taken one, two, or three times daily, depending upon the rate
of elongation,

RESULTS AND DISCUSSION

The experimental results for ""A" Nickel and A-286 alloy are presented
separately in the following two sections of the report, In each case the data
are analyzed and discussed from the viewpoint of the objective of es tablishing
the basic mechanisms by which working conditions can influence properties at
high temperatures,

Commercially Pure Metal (""A'" Nickel)

The influence of working conditions on hardness, rupture, and creep
properties in the as-rolled condition was evaluated with specimens from
samples of "A" Nickel rolled as detailed in Table I. Preliminary micro-
structural studies are also reported,

Rupture Properties at 1100°F and 20, 000 psi

The log rupture time (Fig, 3) increased with percent of isothermal
reduction nearly independent of the temperature of reduction for rolling at
80°, 1400°, 1600°, or 1800°F until either recrystallization during rolling
or during testing limited the strengthening, Recrystallization during rolling
at 1800°F caused the rupture time to level off for reductions of more than
6 percent, Recrystallization during testing caused the rupture time of the
material rolled at 80°F to fall off for reductions of more than 20 to 30
percent, Both factors were probably operating for reductions of 30 to 40
percent at 1600°F with some possibility that slightly more isothermal reduc-
tion at 1400°F would be required for recrystallization during testing, The
independence of log rupture time from temperature of reduction and the
dependence mainly on degree of reduction, in the absence of recrystallization,
was unexpected and, as will be discussed later, is probably a very significant
factor in the role of working conditions related to creep-rupture properties,



Five rupture tests were conducted on material from five separate bars
rolled 15 percent at 1600°F to establish a measure of the reproducibility of
rupture times, When plotted on Figure 3 these tests suggest that the material
rolled at 1600°F was slightly weaker than those rolled at 80° or 1400°F,
Statistically, however, there was no significant difference based on the avail-
able test results, It is concluded, therefore, that any eff ect of temperature of
reduction was relatively small and that the main factor was percent reduction,
This apparently applied for reductions up to 20 to 30 percent at 80°, 1400° and
1600°F and up to 6 percent at 1800°F,

When the temperature was allowed to decrease as rolling proceeded, the
strength of material rolled from 1800° or 1600°F was increased to higher
levels than was obtained by isothermal reduction, Apparently this occurred
because reduction was continued at temperatures below which recrystallization
continued, and the resulting structures were resistant to recrystallization
during testing, The strength was not built up by the larger reductions over a
falling temperature range from 1400°F, apparently because recrystallization
occurred during testing, The reduction in strength from the larger reductions
was not as severe for rolling from 1400°F as for equivalent reductions at room
temperature,

In general, rolling under the conditions of this investigation influenced
ductility in the rupture tests (Fig. 4) in the opposite direction to the rupture
time, Those conditions of rolling which increased rupture time reduced
ductility, When rupture time fell off for the larger reductions, the ductility
increased, The ductility values were not, however, as independent of the
temperature of reduction for the smaller reductions,

These results for "A'" Nickel suggest that a build-up in strength for a
large total reduction from a number of small reductions on a falling temperature
requires an initial working temperature high enough to have allowed at least
partial recrystallization during equivalent isothermal reduction, A similar
build -up in strength was observed for N-155 alloy in Reference 1l for a number
of small reductions on a falling temperature, The suggested relation to
potential recrystallization during isothermal reduction was not observed in
Reference 1, A review of that data now indicates, however, that the initial
temperature for rolling had to be high enough to induce recrystallization during
isothermal reduction, Further study of the A-Nickel should clarify the type of
microstructure having unusual strength and stability which is developed in this
manner,

Creep Properties at 1100°F and 11,000 psi

The effect of rolling conditions on the log minimum creep rate at 1100°F
and 11,000 psi is shown in Figure 5, The general pattern of creep resistance was
similar in many respects to the rupture resistance (Fig, 3). The creep resist-
ance was apparently somewhat more sensitive to initial structural variations
and structural changes during testing, For instance, the total range of creep
rates covered about 2, 7 orders of magnitude while the overall range of rupture
lives (Fig, 3) extended over about 1, 7 orders of magnitude, For isothermal
reductions of 10 to 25 percent there seemed to be a significant difference be-
tween cold-rolled material and material rolled isothermally at 1400° and 1600°F,
There was no significant difference in rupture resistance at 1100°F and 20, 000
psi in this region,



Creep Characteristics at 800°F

The very large increase in strength at 800°F from working made it
impossible to use a single-stress type survey, The use of a median stress
would have resulted in excessive yielding on loading in tests on annealed
material (See first two lines of Table I); whereas, there would have been
no appreciable secondary creep in material in the strongest condition,
Therefore, the stress to produce a minimum creep rate of 0, 0001 percent
per hour was determined approximately for each candition, Each value was
obtained by extrapolation of the creep rate of a single test parallel to a
typical stress versus log creep rate curve, The typical curve was deter-
mined with three tests on nickel rolled 15 percent at 1600°F,

The extrapolated values are presented in Figure 6 as a function of
rolling conditions, The strengths continued to increase with percent reduc-
tion up to the maximum reduction except for isothermal reductions at 1800°F
where recrystallization limited the strength, Apparently the absence of re-
crystallization during testing at 800°F was the reason why the cold worked
material maintained its superior strength even at the highest reduction,

The temperature of rolling had a definite effect on strengths at 800°F,
No effect of rolling temperature could be seen in tests at 1100°F and 20, 000
psi, and very little effect was found in tests at 1100°F and 11,000 psi so long
as no recrystallization occurred either during rolling or testing,

With an appropriate change in the vertical scale, the plot of creep
strength versus percent reduction (Fig, 6) would bear a close resemblance
to the pattern of as-rolled hardness versus percent reduction (Fig, 7)., It
would, therefore, be expected that a correlation could be found between
creep strength at 800°F and as -rolled hardness, As will be shown in the next
section,three separate correlations were found,

Relation of Rupture and Creep Properties to Hardness

Hardness values for the as-rolled samples (Fig, 7) showed that hardness
increased with amount of reduction over the whole range of reductions and
temperatures of rolling except 1800°F, For isothermal rolling at 1800°F, the
hardness did not increase for reductions begrond about 10 percent, apparently
because recrystallization during rolling limited the hardness, Rolling over a
falling temperature (dashed curves, Fig, 7) resulted in a higher hardness for
a given reduction than for isothermal reduction, The first 10-percent reduc-
tion resulted in considerably more increase in hardness than subsequent equi-
valent reductions, Furthermore, the rate of increase in hardness for reduc-
tions of more than 10 percent was the same for isothermal reductions at 1400°
and 1600°F, The rate of increase was also the same for all four temperatures
of rolling with a falling temperature for reductions larger than approximately
15 percent,

The rupture times at 1100°F and 20,000 psi were correlated with the as-
rolled hardness (Fig, 8) to obtain insight into the factors of working which
govern properties, Figure 8 may be interpreted as follows:



l, The relationship between rupture time and hardness varies with the
temperature of rolling, The characteristics of Figure 3 and 7 indicate that
separate correlation curves could have resulted from the difference in hard-
ness resulting from the first 10 percent of reduction, The correlations are
nearly parallel for larger reductions because the hardness tended to increase
at a rate which was nearly independent of the rolling temperature, Figure 3
indicates that the amount of reduction was the controlling factor and not the
temperature of reduction, The differences between hardness change and rupture
time change with amount of reduction, therefore, might explain the separate
correlations of Figure 8, ‘

2, There were very wide differences in rupture time for a giveh hard-
ness, as is emphasized by the creep curves of Figures 9 and 10, for tests on
materials with equal hardness, This illustrates two important factors:

(a) If hardness measures the initial strain hardening, some other
factor than strain hardening is a controlling factor, Figure 3 indicates that
it is mainly related to the degree of reduction, It has not yet been established
if the pronounced changes in rupture time with hardness for a given temperature
of rolling indicates that rupture time is either highly dependent on initial hard-
ness or that some other factor not measured by hardness influenced rupture time
to a marked extent, ‘

(b) The correlations amply illustrate that initial hardness cannot be
relied upon to indicate rupture strength at 1100°F for the as-worked condition of
"A'" Nickel,

3. The correlations of Figure 8 indicate that finishing temperature was
not important and that from the viewpoint of correlation with hardness the
initial temperature of rolling controlled, This is not, however, established
" beyond question by the available data, The points on Figure 8 for rolling over
a falling temperature tend towards higher hardness for their rupture time
than the correlations indicate, This may, therefore, represent an effect.of
finishing temperature, A single solid curve has been used to correlate data
for material rolled from 1600° or 1800°F, The data for isothermal rolling
at 1800°F may actually be a separate curve and the points for rolling on a
falling temperature from 1800°F may plot on the curve for 1600°F data as a
result of the lower finishing temperature, At least it does not seem possible
to explain the high strengths at higher hardness levels obtained on rolling
with a falling temperature from hardness values,

4, Those specimens rolled at 80°F and from 1400°F on a falling tempera-
ture to the higher hardness levels recrystallized during testing and did not
fall on the correlations of Figure 8, It may well be that when the other speci-
mens are examined in more detail, it will be found that recrystallization may
have been contributing more to the lower rupture life than the correlations
indicate, In that event it would point to an independence of rupture time (in the
absence of recrystallization during testing) as Figure 8 suggests,



5. The overall indications of Figures 3, 7, and 8 are that other factors
than strain hardening are the predominant factors by which working conditions
influence rupture time at 1100°F and 20,000 psi, Figure 3 indicates that it is
most closely allied to degree of reduction (in the absence of recrystallization
during working or testing) than temperature of working or amount of hardening
from working,

The correlation between initial hardness and minimum creep rate at 1100°F
and 11,000 psi (Fig, l1) did not separate the samples rolled at different tempera-
tures as well as it did for rupture time at 20,000 psi (Fig. 8). Those samples
rolled from 1800° or 1600°F, however, generally had the highest creep resist-
ance and those rolled from 1400° or 80°F, the lowest creep resistance for a
given hardness, Again there were remarkably wide variations in strength for
a given hardness, Also those samples which recrystallized extensively during
testing were far off the correlation, Also those samples which were rolled to
large reductions on a falling temperature tended to have faster creep rates for
a given hardness than thos which were rolled at a more nearly constant tempera-
ture, While Figure 11l suggests more dependence of creep strength on hardness
than was indicated by Figure 8 for rupture time, it is probable that there was
really little difference, More data better defining the effects of hardness as
controlled by rolling temperature would probably show no more slope to the
curves of Figure 11 than for Figure 8,

When the creep strengths at 800°F were correlated with as-rolled hard-
ness (Fig, 12) the following features were evident:

l, The creep strength correlated with hardness on the basis of rolling
temperature as did rupture strength at 1100°F (Figs, 8),

2, The creep strengths correlated on the basis of initial temperature of
rolling for all tests whether rolled isothermally or on a falling temperature,

Finishing temperature did not appear to influence the correlation with hardness,
Because recrystallization did not occur during testing at 800°F and the strength
did correlate with the hardness values for a given initial temperature of rolling,
it is suggested that more detailed examination of the specimens tested at 1100°F
will show that recrystallization rather than finishing temperature caused devia-

tion from the correlation of Figure 8,

3. Because separate correlations of creep strength with hardness (Fig,
12) were obtained depending on the initial temperature of rolling, it seems
evident that other factors in addition to strain hardening influenced strength,

Simply heating to the working temperature did not change strength or
hardness, The unidentified factors influencing strength then must arise from
the influence of temperature of heating in combination with reduction, This
effect appears to be responsible for the greater increase in strength for a given
har(})ness when the initial temperature of reduction was raised from 80° to 14Q0°
to 1600°F,

The slopes of the curves of Figure 12 decreased with temperature of
reduction, This indicates that the gain in strength from a given amount of
hardening was less the lower the temperature of working, This appears to be
due to an increase in strength with amount of reduction over and above that
due to hardness since a larger reduction was required to attain a given hard-
ness the higher the rolling temperature, At 1100°F the amount of reduction
was the controlling factor,
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Relation of Microstructure to Rupture and Creep Properties

The photomicrographs shown in Figures 13 through 18 were taken of
samples which were electropolished in a solution of 10 percent perchloric acid
plus 90 percent glacial acetic acid and etched electrolytically in a 40 percent
aqueous solution of ortho-phosphoric acid, :

The major microstructural features observed were:

1. The grain size did not vary appreciably as a result of heating for working
without reduction (Figs, 13a, l4a, 15a, and lé6a),

2. Considerable precipitation apparently occurred during cooling after
heating without reduction, It outlined the grain boundaries and appeared within
the grains in small angular outlines, The exact nature of this precipitate has
not been established, "A'" Nickel has several contaminating elements present
which would be expected to form precipitates, In addition, the precipitate may
form within the grains at locations which may be related to the substructures to
be described later resulting in an apparent exaggeration of the amount of precipi-
tate,

3. Reductions of about 20 percent at 80°, 1400° or 1600°F (Figs, 13b, 14b
and 15b) noticeably distorted the grains and made the grain boundaries irregular,
Partial recrystallization occurred on working at 1800°F (Fig, 16b), The amount
of angular precipitate was reduced by rolling 20 percent at the three elevated
temperatures but not at room temperature (Figs, 13b, 14b, 15b, and 16b),

4, Approximately 60 percent reduction over a falling temperature range
exaggerated the microstructural changes described under Item 3 (Figs, 13d, l4c,
15c, and l6c), Even the recrystallized grains were distorted in the material
reduced from 1800°F, The materials rolled 60 percent at 80°F and from 1400°,
1600°, or 1800°F showed the more usual spherical form for the precipitates,

5. A nearly isothermal reduction of about 30 percent at 80°, 1400°, or
1600°F (Figs, 13c, 14d, and 15d) resulted in extensive grain distortion, with
an apparent increase in the amount of precipitate after reduction at 1600° and
1800°F, The grains were nearly completely recrystallized (Fig., l6d) as a
result of reduction at 1800°F and the etching effects accompanying the preci-
pitate resembled the unworked condition, Distorted grain boundaries were
observed at all temperatures of working,

6. Some of the conditions of working resulted in material which showed
extensive substructures, as the examples of Figures 17 and 18 show, Two
problems have been found to complicate the determination of substructures,
After some conditions of working, the etching procedures used to date fail to
reveal a substructure, although it seems certain that it exists, In those cases
where substructures are revealed there is a wide variation in its appearance
from grain to grain (Fig, 18),

7. A number of specimens have been examined after testing, This part
of the study is still incomplete and is continuing, It has previously been noted
that the two largest reductions at 80°F and the largest reduction on a falling
temperature from 1400°F resulted in materials which underwent extensive
recrystallization during testing at 1100°F but not at 800°F, It is suspected that
some of the other conditions of working will show partial recrystallization as a
result of testing at 1100°F,
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The relationships of properties to the observed microstructural conditions
have not yet been sufficiently well evaluated to allow the establishment of definite
conclusions, Only the following statements can be made:

1, There seems to be no relationship between as-rolled grain size and
properties, The amount of recrystallization from rolling at 1800°F did not
appear to correlate with properties,

2, Itis believed that a proper evaluation of substructures will be closely
related to properties, With the techniques used to date it has not, however,
been possible to properly evaluate the substructures to check this hypothesis
or even obtain a qualitative trend,

3, Grain distortion observed as a result of working has been consistent
with the temperature and degree of reduction and with the hardness values,
There does not seem to be any relation of this feature of the microstructure of
any more significance than the hardness values,

| 4, The role of the precipitates has not been clarified, As yet no signifi-
cant correlation has been found,

General Discussion

The research completed to date has fairly well outlined the relationship
of creep and rupture properties to rolling conditions, Future research will be
aimed at establishing the basic mechanisms involved with emphasis on the
evaluation of substructure effects, In addition, it seems necessary to study the
structural changes which occur during heating for testing as well as those which
occur while the specimens are exposed to creep,

It is difficult to anticipate the exact experimental steps which will be
taken, Creep and rupture testing will be carried out only to fill in missing
points which seem significant or to check various hypotheses that develop as
the structural studies progress, As previously mentioned the main factor is
believed to be substructures and the major emphasis will be placed in checking
this hypothesis, This will be difficult, because it is already known that the
techniques used by others to study substructures do not work well for the large
reductions involved in this investigation, In addition, the role of the precipitates
and the minor elements present in the material must be established,

A ge-Hardenable, Austenitic Alloy (A-286)

The influence of working conditions on the creep and rupture properties of
A-286 was measured for the case where a solution treatment at 1650°F plus
aging at 1325°F was applied after working, The conditions of rolling and creep-
rupture properties are detailed in Table II. The general effects of prior working
conditions on the hardness and microstructure of heat treated A-286 are presented
below,
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Rupture Properties at 1200°F

The major variable influencing rupture properties at 1200°F and 65,000 psi
(Figs. 19 and 20) was the temperature of heating for working, The major increase
resulted from raising the temperature of working from 1700° to 1950°F, Raising
the temperature to 2200°F resulted in slightly lowered strength except for reduc-
tions of more than 20 percent, The rupture time tended to fall off for reductions
of more than 20 percent at 1950°F and for more than 10 percent at 1700°F, There
was no significant difference between samples rolled isothermally and those rolled
with the temperature falling, It should be recognized that in those cases where
the properties did vary with percent reduction, the variation was small in compari-
son to the effect of heating alone, except possibly far rolling from 1700°F,

Elongation and reduction of area (Fig. 20) varied opposite to the rupture
times, The samples rolled at 2200°F had the lowest ductility, The ductilities of
the samples rolked at 1700° or 1950°F tended to overlap, The reduction of area
for the samples rolled at 80°F tended to be high,

For the material investigated, the major variable was the temperature of
heating for rolling, or at least increasing the rolling temperature from 1700°
to 1950°F, Degree of reduction was secondary to the temperature effect, Appar-
ently the temperature of heating for working was more influential than the finish-
ing temperature,

Rupture Properties at 1350°F

The results for rupture tests at 1350°F and 40,000 psi (Figs, 21 and 22)
were generally similar to those at 1200°F except that the maximum rupture time
was obtained for rolling from 2200°F, Reductions up to 10 percent at 1950° and
2000°F reduced rupture time, However, continued reduction from 2200°F again
raised strength, Again there was little if any significant difference from isother-
mal and falling-temperature reduction, '

Ductility values were more dependent on temperature of rolling (Fig, 22)
than at 1200°F, The ductilities generally decreased with temperatures of rolling
except that the larger reductions at 80°, 1700° and 1950°F all gave similar and
high ductility,

As at 1200°F the major variable was the temperature of heating for rolling
with relatively minor effects from degree of reduction, At 1350°F the strength
continued to increase with temperature up to 2200°F,whereas it was lower for
2200°F than for 1950°F when tested at 1200°F,

Creep Resistance at 1200°F and 35,000 psi

The strain rate for evaluating the effects of rolling was reduced by lowering
the stress to 35,000 psi at 1200°F and measuring the creep characteristics, The
results of these tests are shown as the creep curves of Figures 23 through 30,
Actual curves are reported because decreases in volume and continuously increas-
ing creep rates with time in most of the tests made it unfeasible to report mini-
mum creep rates, Only a few of the conditions of rolling exhibited first and
second stages of creep, : :
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Qualitatively the results were similar to those obtained from the rupture
tests, The effect of amount of reduction (Figs, 23 through 26) was small in
comparison to the effect of temperature of rolling (Figs, 27 through 30), When
rolled at room temperature all of the creep curves (Fig, 23) were within the
expected degree of reproducibility, At 1700°F a reduction of 8,4 percent
(Fig. 24) gave the highest strength as it did in the rupture tests, The creep
tests after rolling at 1950°F (Fig, 25) were also qualitative the same as the
rupture tests and in addition showed a decrease in length (negative creep) in
the early portions of most of the tests, When rolled at 2200°F (Fig., 26) the
influence of amount of reduction, was small and a number of the specimens
underwent negative creep,

The creep curves for specimens heated to the rolling temperatures with-
out reduction (Fig, 27) show the pronounced effect of temperature of heating,
As in the rupture tests the material heated to 1950°F was slightly stronger
than heated to 2200°F, These effects were maintained for reductions of about
9.4 and 20 percent (Figs, 28, 29 and 30), Furthermore, these figures suggest
that the negative creep was associated with reduction at 1950° and 2200°F with
the intermediate reductions being most effective,

In evaluating Figures 23 through 30 attention should be given to the scales
used for showing strain, For instance, the strain scale for Figure 26 is 10
times as sensitive as for Figure 23, Thus, the variation for conditions of
rolling at 2200°F was considerably less than for rolling at room temperature,
Similar variations occur in the other figures, Furthermore, only creep strain
is shown on the figures since no plastic deformation occurred on loading,

Relation of Properties to Hardness

The hardness values after rolling and heat treating (Fig, 31) gave an
overall range of 284 to 335 DPH with most values being between 300 and 320
DPH., The peak values for material rolled 10 percent at 1950° or 2200°F
seem significant as does the high values for material rolled on a falling temper -
ature from 2200°F, No relation between hardness values and creep and rupture
properties at 1200° or 1350°F was evident,

Relation of Properties to Microstructure

The photomicrographs presented in Figures 32, 33, and 34 were taken of
samples which were electropolished in a solution of 90 percent glacial acetic acid
plus 10 percent perchloric acid and etched electrolytically in a 5 percent
aqueous solution of sulphuric acid,

The grain size of the original stock after solution treatment at 1650°F
and aging (Fig, 32a) was very fine (ASTM grain size <8), Heating to the working
temperatures without reduction resulted in the grain sizes shown by Figures 32b,
32c and 32d, These were rated as follows:
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1700°F ASTM grain size 8
1950°F ASTM grain size 4-6
2200°F ASTM grain size 0-2

The rupture and creep tests at 1200°F previously presented showed that there
was some increase in strength from heating to 1700°F; a large increase from
heating to 1950°F; and heating to 2200°F resulted in a somewhat lower strength
than for 1950°F, When rupture tested at 1350°F, the material heated to 2200°F
was slightly the strongest, Research carried out under Contract AF 33(616)-3380
indicated that solution treatment at 2100°F actually gives maximum rupture
strength at 1200°F and 65,000 psi, These results indicate, therefore, that the
strength did not increase regularly with grain size, If grain size in itself was

a major factor, a very doubtful possibility, the optimum size apparently would

be close to ASTM 5,

The microstructures after a reduction of about 20 percent at all four
temperatures considered and solution treatment at 1650°F and aging (Fig, 34)
show the following:

1, The grain sizes after heat treatment were slightly larger after reduc-
tion at 80° or 1700°F (Fig, 34a and 34b) than when no reduction was involved,
Considerable intergranular precipitation was present, The very slight change
in grain structure seems consistent with the observed absence of change in
properties,

2, When reduced about 20 percent at 1950°F, the grains were not changed
in size (Fig. 34c) but did appear to be deformed. Precipitation had occurred at
the grain boundaries and along twin boundaries, The rupture and creep data
indicate that these changes in microstructure did not alter the properties at
1200°F over simply heating alone, At 1350°F the rupture strength was some-

" what lower,

3., When reduced 20 percent at 2200°F and heat treated there were fine
recrystallized grains along the grain boundaries of the large grains (Fig., 34d)
established by heating to 2200°F, There seemed to be considerable precipitation
at the boundaries of the fine recrystallized grains and no precipitation was evident
in their interior, The larger unrecrystallized grains appeared to contain a
considerable amount of fine precipitates, Again these changes in microstructure
were not accompanied by an appreciable change in creep and rupture properties at
1200° or 1350°F,

The reductions of about 20 percent at the four temperatures did induce
changes in microstructure without appreciable changes in properties,

The microstructures after various reductions at 2200°F followed by
solution treatment at 1650°F and aging (Fig. 33) show the recrystallized grains
at the boundaries of the larger grains established by heating to 2200°F, The
distortion of the larger grains is also shown, An isothermal reduction of 35,1
percent from 2200°F resulted in about 20 percent recrystallization, The preci-
pitation within the large grains may have been intensified by increasing reduction,
The fine recrystallized grains were outlined by precipitation at the boundaries,
The changes in creep and rupture properties as a result of this working were
hardly significant,
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General Discussion

The data obtained to date indicate that the major factor influencing the
properties of the A-286 studied was the temperature of heating for working,
The amount of reduction either had no effect or was secondary in magnitude
compared to the effect of heating, The generality of this observation is open
to considerable question, The stock used had a very fine grain size when heat
treated at 1650°F, There is considerable doubt that the temperature of heating
would have been so influential if the original stock had been produced under
conditions which would have resulted in a larger grain size when heat treated
at 1650°F,

The study of the relationships between structure and properties is very
incomplete at this stage of the investigation, So far it has not been possible to
correlate properties with the observed microstructures, Grain size in itself
does not seem to be the answer, The development of fine grains along the grain
boundaries of coarse grains resulting from reductions at a high temperature did
not appear to appreciably influence properties,

Further work will initially be concentrated on evaluation of the Niz(Al, Ti)
precipitate as influenced by heating and working, This study will also evaluate
the influence of the carbide type precipitates, Additional experiments involving
the variation of the structure before working will also probably be necessary,
The general objective will be to determine if temperatures of heating rather
than degree of reduction are really the controlling variable which causes wide
variations in the properties of A-286 alloy when given a standard heat treatment,

One feature of the indications that heating temperature for working is the
major variable influencing properties arises for the reported processing of the
stock by the Allegheny Ludlum Steel Corporation, As was described in the
section on TEST MATERIALS, the stock was finish rolled from 2100°F, Accord-
ing to the results of these experiments this should have given high strength,

Some other factor which has not been included in the investigation to date must
have been involved, The original bars were reduced from 2-7/8 inch square

to 3/4 inch round, a reduction of about 95 percent, This is a much larger reduc-
tion than was used in the experiment, Both Figures 19 and 21 suggest that
strengths do fall off with the larger reductions from 1950°F, but not from 2200°F,
It may be that when the material is reduced from 2100°F a similar decrease in
strength occurs, Certainly the material recrystallized during working or during
heat treatment to a very fine grain size, In any event, the low initial strength
has not yet been explained in view of the temperature of heating for rolling of
bars and should be considered as a further restriction on the generality of the
results of the experiments which suggested that heating temperatures controlled
the strength of A-286 alloy,
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CONCLUSIONS

The progress attained to date in the study of the relationship between
properties at high temperatures and conditions of hot working is still too in-
complete to permit many conclusions, The relationships between properties
and conditions of working have been outlined for a simple microstructure
material in the as-worked condition using '""A'" Nickel as the experimental
material, Similar data have been established for the Ti + Al strengthened
alloy A-286 when solution treated at 1650°F and aged after working, These
together with partial structural studies indicate the future research to be
carried out,

"A" Nickel

The results obtained for A" Nickel indicate that unidentified factors
over and above strain hardening govern properties at 1100°F and are about
as influential as strain hardening at 800°F, In general, the properties at
1100°F appeared to be mainly a function of degree of reduction independent
of the initial or final temperatures of working, Recrystallization during roll-
ing or during testing were the two limitations on this generality, At 800°F,
the degree of reduction was still an important factor although the increased
influence of strain hardening made properties more dependent on the tempera-
ture of working, The properties at both temperatures increased markedly for
a given as-worked hardness with temperature of working up to 1600°F, There
appeared to be little difference in properties for working at 1600° or 1800°F
on the basis of hardness, Higher strengths at higher hardness levels for
larger reductions were developed by rolling on a falling temperature from
1800° or 1600°F than could be obtained by nearly isothermal reductions,
No direct relationship to grain size has been observed, The investigation is
being continued to determine if the major unidentified factor governing
properties is the influence of working conditions on substructures,

A-286 Alloy

The results for the A-286 alloy indicated that the major factor was the
temperature of heating for working and not the degree of reduction or the
finishing temperature, The generality of this conclusion is open to doubt be-
cause it may have been due mainly to the prior history of the stock resulting
in initially low strength and very fine grain size when heat treated at 1650°F,
In the experiments, working at 1950°F gave maximum or near maximum
strengths, Working at 80° or 1700°F did not raise strengths much above the
low strength of the original stock, Compared to strengths obtained on working
at 1950°F, working at 2200°F resulted in slightly lower strength at 1200°F and
slightly higher strength at 1350°F,

Research carried out under another Air Force contract on the same
A-286 stock indicated that the maximum strength was associated with heating
to about 2100°F, Therefore, the results for working at 1950°F probably do not
give true maximum strengths, No correlations between grain size and other
microstructural characteristics have developed from the very incomplete
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structural studies, The investigation is being continued with emphasis on
determining if the major factor in the hot working of A-286 which influences
properties is the temperature of heating, and determining the microstructural

effects which induce the observed effects,
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Cooling Curves for 7/8-Inch Square Bars of "A' Nickel Air

Cooled from 1400°, 1600°, and 1800°F, The bars were
held at temperature for 45 minutes before cooling,
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Figure 2 . Cooling Curves for 3/4-Inch Diameter Bars of A-286 Alloy

Air Cooled from 1700°*, 1950°, and 2200°F, The bars were
held at temperature for 45 minutes before cooling,
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Figure 3, - Variation of Log Rupture Life with Rolling Cond1tions for "A"
Nickel Tested at 1100°F and 20, 000 psi,
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Figure 4 , = Variation of Rupture Ductility with Rolling Conditions for

""A'" Nickel tested at 1100°*F and 20, 000 psi,
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—0— 1400°F
—0— 1600°F
Y \— 1800°F

SOLID CURVES: 2-pass reductions, except at 80°F

DASHED CURVES: 3-, 4-, or 6-pass reductions with no reheats

I I

0,01
1100°F and 11,000 psi

0,001 —]
o)
/
~
~
0.0001 R « N

Minimum Creep Rate (percent per hour)

Number of

3 4 «4—— Pasgses for ——p 6
Dashed Curves

0 20 40 60
Reduction of Area by Rolling (percent)

Figure 5, - Variation of Log Minimum Creep Rate with Rolling Conditions
for "A" Nickel Tested at 1100°F and 11,000 psi,



Stress to Produce Minimum Creep Rate of 0, 0001 Percent per Hour (1000 psi)

Symbol Initial Rolling Temperature

+ 80°F
50 - —o— 1400°F
—0— 1600°F
— A 1800°F

DASHED CURVES: Falling-Temperature
Reductions
SOLID CURVES: Isothermal Reductions

40

30

20

Number of

3 4 «a—— Passes for —p 6

Dashed Curves
10 | I

|

a 20 40
Reduction of Area by Rolling (percent)
Figure 6 , - Influence of Rolling Conditions on the Stress to Produce a

Minimum Creep Rate of 0, 0001 Percent per Hour for "A"
Nickel at 800°F,

60




Symbol Initial Rolling Temperature

—— 80°F
—O0— 1400°F
—0— 1600°F
—0— 1800°F

SOLID CURVES: Z2-pass reductions, except at 80°F.

DASHED CURVES: 3-, 4-, or 6-pass reductions with no reheats

270 -

230

190

150

As-Rolled Hardness (DPH)

110

Number of
3 4 44— Passes for —» §
Dashed Curves

70l | | .

0 20 40 60

Reduction of Area by Rolling (percent)

Figure 7 , - Relationship Between Hardness and Rolling Conditions for
"A' Nickel,



Rupture Life (hours)

Symbol Initial Rolling Temperature
9 80°F
o) 1400°F
o 1600°F
A 1800°F
1000 |— —_
1100°F and 20, 000 psi
500 }— —
200 |— —_
Recrystallized
During Test
100 — —
50 }— ]
Horizontal dash through symbol
denotes multi-pass, falling
temperature reduction,
No Reduction
20 l | | | I | ]
90 170 ' 250
As-Rolled Hardness (DPH)
Figure 8 , - Correlations of Log Rupture Life with As-Rolled Hardness

for "A" Nickel Tested at 1100°F and 20,000 psi,
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Symbol

> a O

Initial Rolling Temperature

80°F

1400°F

1600°F

1800°F

No Reduction

o.or 1= \ \ 1100°F and 11,000 psi
\ A \

\ Aa \\

0,001 [— \ 4 \ ®
\ o .
&
\ o
. .
\ -a-0 \ Horizontal dash through symbol
g o denotes multi-pass, falling
\ ga \ temperature reduction,
-O-\
\ % °
0.0001 |— o \
\ .
-O-
L ‘ L |
90 170 250
As-Rolled Hardness (DPH)
Figure 11, - Correlation of Log Minimum Creep Rate with As-Rolled Hardness

for "A" Nickel Tested at 1100°F and 11,000 psi,




Stress to Produce Minimum Creep Rate of 0, 0001 Percent per Hour (1000 psi)

Symbol Initial Rolling Temperature

e 80°F
o 1400°F
0 1600°F
A 1800°F

50 }—

40 |—

30

Tested at 800°F

No Reduction

Horizontal dash through symbol
denotes multi-pass, falling
temperature reduction,

| I

170 250
As-Rolled Hardness (DPH)

Correlations Between As-Rolled Hardness and the Stress to
Produce a Minimum Creep Rate of 0,000l Percent per Hour
for "A" Nickel at 800°F,
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(b) Same as in (a) + 16,5 Percent Cold Work,

Figure 13 , - Microstructure of ""A'" Nickel in the (a) Base Condition
and As Subsequently Cold Rolled (b) 16,5 Percent, (c)
35,5 Percent, and (d) 61,2 Percent, Etched electroly-
tically in 40 percent H3 POy,
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(d) Same as in (a) + 61,2 Percent Cold Work,

Figure 13 :. - Concluded,
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(a) Heated 45 Minutes at 1400°F, Rolled 4, 7 Percent in 2 Passes, Air Cooled,

(b) Heated 45 Minutes at 1400*F, Rolled 19,5 Percent in 3 Passes, Air Cooled,

Figure 14, - Microstructure of A" Nickel Rolled at 1400°F, The
reductions were (a) 4, 7 percent in 2 passes, (b) 19,5
percent in 3 passes, (c) 58, 7 percent in 6 passes, and
(d) 36,1 percent in 2 passes, Etched electrolytically
in 40 percent H;PO,.



o

(c) Heated 45 Minutes at 1400°F, Rolled 58,7 Percent in 6 Passes, Air
Cooled,

[0h

S
FCER S

(d) Heated 45 Minutes at 1400°F, Rolled 36, 1 Percent in 2 Passes, Air
Cooled, .

Figure 14, - Concluded,
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(b) Heated 45 Minutes at 1600°F, Rolled 20,3 Percent in 3 Passes, Air Cooled.

Figure 15, - Microstructure of "A'" Nickel Heated to 1600°F and (a)
Air Cooled, (b) Rolled 20,3 Percent in 3 Passes, (c)
Rolled 59,1 Percent in 6 Passes, and (d) Rolled 36, 8
Percent in 2 Passes, Etched electrolytically in 40
percent H3 POy,
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(c) Heated 45 Minutes at 1600°F, Rolled

P,
ST W

(d) Heated 45 Minutes

«

CROR e . . Lo

Rk

at 1600°F, Rolled 36, 8 Percent in 2 Passes, Air Cooled,

Figure 15, - Concluded,



(b) Heated 45 Minutes at 1800°F, Rolled 20,7 Percent in 3 Passes, Air Cooled,

Figure 16, - Microstructure of "A'" Nickel Heated to 1800°F and (a)
Air Cooled, (b) Rolled 20, 7 Percent in 3 Passes, (c)
Rolled 59,3 Percent in 6 Passes, and (d) Rolled 37,5
Percent in 2 Passes, Etched electrolytically in 40
percent H3POy.
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(c) Heated 45 Minutes at 1800°F, Rolled 59,3 Percent in 6 Passes, Air Cooled,

(d) Heated 45 Minutes at 1800°F, Rolled 37,5 Percent in 2 Passes, Air Cooled,

Figure 16, - Concluded,



Figure 17.

- Appearance of Substructure in "A" Nickel at Different
Magnifications (Same Area), The sample was rolled
5.8 percent in 2 passes at 1800°F and air cooled.,
Electropolished and then etched electrolytically in
40 percent H3PO,.
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Figure 18, = Effect of Orientation and Inhomogeneous Strain on the
Appearance of Substructure in a Single Sample of "A"
Nickel, The sample was rolled 5,8 percent in 2 passes
at 1800°F and air cooled, Electropolished and then
etched electrolytically in 40 percent H3 POy,



Symbol Initial Rolling Temperature

—— 80°F
—O0— 1700°F
—0— 1950°F
—hDA— 2200°F

SOLID CURVES: 2-pass reductions, except at 80°F
DASHED CURVES: 3-, or 5-pass reductions with no reheats

HEAT TREATMENT AFTER ROLLING: | Hour 1650°F, Oil Quench
+ 16 Hours 1325°F, Air Cool

1200°F and 65,000 psi

Number of

3 3 «4——— Passes for ——» 5
Dashed Curves

200

100

Rupture Life (hours)

0 10 20
Reduction of Area by Rolling (percent)

Figurel9 . - Variation of Log Rupture Life with Prior Rolling Conditions for
Heat Treated A-286 Alloy Tested at 1200°F and 65, 000 psi,



Reduction of Area (percent)

Elongation (percent)

15

10

15
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Symbol Initial Rolling Temperature

—— 80°F
—0— 1700°F
00— 1950°F
—A— : 2200°F

SOLID CURVES: 2-pass reductions, except at 80°F,
DASHED CURVES: 3- or 5-pass reductions with no reheats,
HEAT TREATMENT AFTER ROLLING: 1 Hour 1650°F, Oil Quench

+ 16 Hours 1325°F, Air
Cool,

. Number of
Z : 3 3 «—— Passes for ——» 5
Dashed Curves

Reduction of Area

l ] | |

0 10 20 30 40

Reduction of Area by Rolling (percent)

Figure 20, - Influence of Prior Rolling Conditions on the Ductility of

Heat Treated A-286 Alloy Tested at 1200°F and 65, 000 psi,



Rupture Life (hours)

Symbol Initial Rolling Temperature

—— | 80°F
—0— 1700°F
—0— 1950°F
— A 2200°F

SOLID CURVES: 2-pass reductions, except at 80°F
DASHED CURVES: 3-, or 5-pass reductions with no reheats

HEAT TREATMENT AFTER ROLLING: 1 Hour 1650°F, Oil Quench

16 Hours 1325°F, Air Cool

150

1350°F and 40, 000 psi

100
A4
50
20
10 —
Number of
3 3 44— Passes for ———p 5
Dashed Curves
I I | |
0 10 20 30 40
Reduction of Area by Rolling (percent)
Figure 21 ,

- Variation of Log Rupture Life with Prior Rolling Conditions for
Heat Treated A-286 Alloy at 1350°F and 40, 000 psi,




Reduction of Area (percent)

Elongation (percent)

60

60

Symbol Initial Rolling Temperature

—— 30°F
—O0— 1700°F
—0— 1950°*F
—h— 2200°F

SOLID CURVES; 2-pass reductions, except at 80°F
DASHED CURVES: 3- or 5-pass reductions with no reheats,

HEAT TREATMENT AFTER ROLLING: 1 Hour 1650°F, 0Oil Queqch +
16 Hours 1325°F, Air Cool

Reduction of Area

Number of =
3 3 «——— Passes for —» 5 X
| Dashed Curves
——

Elongation

| _ |
10 20 30 40
Reduction of Area by Rolling (percent)

Figure 22 . - Influence of Prior Rolling Conditions on the Ductility of Heat

Treated A-286 Alloy Tested at 1350°F and 40, 000 psi,
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Heat-Treated Hardness (DPH)

Symbol Initial Rolling Temperature

—— 80°F
—O0— 1700°F
—0— 1950°F
Y 2200°F

SOLID CURVES: 2-pass reductions, except at 80°F
'DASHED CURVES: 3-, or 5-pass reductions with no reheats

HEAT TREATMENT AFTER ROLLING: 1 Hour 1650°F, Oil Quench
16 Hours 1325°F, Air Cool

Number of
270 3 3 «@&—— Passes for — 5
Dashed Curves

I | ' | |
0 10 ' 20 30 © 40
Reduction of Area by Rolling (percent)

Figure 31, Effect of Prior Working Conditions on the Heat-Treated Hardness
of A-286 Alloy,



(a) Solution Treated and Aged, (b) 45 Minutes at 1700°F, Air

Cooled + Solution Treated
and Aged,

PV R P

(c) 45 Minutes at 1950°F, Air (d) 45 Minutes at 2200°F, Air
Cooled + Solution Treated Cooled + Solution Treated
and Aged, : and Aged,

Figure 32, -

Microstructure of A-286 Alloy Solution Treated 1 Hour at
1650°F and Aged 16 Hours at 1325°F with (a) No Prior
Heating, (b) Prior Heating to 1700°F, (c) Prior Heating to

1950°F, and (d) Prior Heating to 2200°F., Magnification
X100D,
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(2) Heated 45 Minutes at 2200°F, Hot Rolled 5,4 Percent in 1 Pass,

Air Cooled + Solution Treated 1 Hour at 1650°F and Aged 16 Hours
at 1325°F,
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(b) Heated 45 Minutes at 2200°F, Hot Rolled 14,5 Percent in 3 Passes,

Air Cooled + Solution Treated 1 Hour at 1650°F and Aged 16 Hours
at 1325°F,

Figure 33, - A-286 Alloy Hot Rolled from 2200°F and Subsequently

Solution Treated and Aged, The hot rolling was (a) 5,4
percent inl pass, (b) 14,5 percent in 3 passes, (c) 26,8

percent in 4 passes, and (d) 39, 8 percent in 5 passes with
no reheats,
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(c) Heated 45 Minutes at 2200°*F, Hot Rolled 26, 8 Percent in 4 Passes,
Air Cooled + Solution Treated 1 Hour at 1650°F and Aged 16 Hours at

1325°F,

(d) Heated 45 Minutes at 2200°F, Hot Rolled 39, 8 Percent in 5 Passes,
Air Cooled + Solution Treated 1 Hour at 1650°F and Aged 16 Hours at

1325°F,

Figure 33,- concluded,



(a) Rolled 19,7 Percent at Room Temperature + Solution Treated 1 Hour at
1650°F, Oil Quenched + Aged 16 Hours at 1325°F, Air Cooled,

(b) Heated 45 Minutes at 1700°F, Rolled 21,5 Percent in 2 Passes, Air Cooled
+ Solution Treated 1 Hour at 1650°F, Oil Quenched + Aged 16 Hours at
1325*F, Air Cooled,

Figure 34, - Microstructure of A-286 Alloy Solution Treated and Aged
after Rolling 20, 0 (+2.0) Percent at (a) Room Temperature,
(b) 1700°F, (c) 1950°F, and (d) 2200°F, Etched electroly-
tically in 5 percent HySOy4,
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(c) Heated 45 Minutes at 1950°F, Rolled 18,0 Percent in 2 Passes, Air
Cooled + Solution Treated 1 Hour at 1650°F, Oil Quenched + Aged 16
Hours at 1325°F, Air Cooled,
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(d) Heated 45 Minutes at 2200°F, Rolled 20, 2 Percent in 2 Passes, Air
‘ Cooled + Solution Treated 1 Hour at 1650°F, Oil Quenched + Aged 16
Hours at 1325°F, Air Cooled,

Figure 34, - Concluded,
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