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INFLUENCE OF CHEMICAL COMPOSITION ON RUPTURE PROPERTIES AT 1200° F
OF FORGED CHROMIUM-COBALT-NICKEL-IRON BASE ALLOYS
IN SOLUTION-TREATED AND AGED CONDITION !

By E. E. RevnoLps, J. W. FrREEMAN, and A. E. WaITE

SUMMARY

. The influence of systematic rariafions of chemical composi-
tion on rupfure properties at 1200° F was determined for
62 modifications of a basic alloy containing 20 percent
chromium, 20 percent nickel, 20 percent cobalt, 8 percent
molybdenum, 2 percent tungsien, 1 percent columbium,
0.15 percent carbon, 1.7 percent manganese, 0.5 percent
silicon, 0.12 percent nitrogen, and the balanee iron. These
modificationg included irdiridual varigfions of each of 10

elements present and simulieneous variations of molybde-
num, tungsten, and columbium. Laboratory induction fur-
nace heats were hot-forged to round bar stock, solution-
treated at 2800° F, and aged at 1400° F. The melting and
faﬁn’caﬁon conditions were carefully controlled in order to
minimize all Lamable effects on properties except chemdcal
compogition. -

For the limited number of composition variables studied the
range in 100-hour rupture strengths was from 26,000 to 52,000
D8i. Magor strengthening effects resulted from addmons of
molybdenum’, tungsten, and columbium, individually or simul-
taneously. The lowest-strength alloy contamed none of these
elements. Chromium also had ¢ major strengthening influ-
ence. Howerer, no alloy was obtained which had properties
which were outsfa.ndmg compared with those of the basic
analysis.

Carbon (varied from 0.08 to 0.60 percent), nitrogen (0.08 to
0.18 percent), manganese (0.30 to 8.5 percent), nickel (10 to 20
percent), cobalt (20 fo 32 percent), and columbium (2 to 4
percent) had Little influence on rupture properties. Nitrogen
(0.004 to 0.08 percent), chromium (10 to 80 percent), nickel
(0 to 10 percent), cobalt (0 to 20 percent), molybdenum (0 to 4
percent), tungsten (0 to 4 percent), and columbium (0 to I
percent) increased sirength appreciably. Silicon (0.5 to 1.6
percent) and nickel (20 te 80 percent) had a fweakening tnflu-
ence. Columbium had a marked influence on mcreasmg total
elongation to fracture.

Rupture strengths varied directly with @ measure of the
registance to creep of the alloys with total elongation fo fracture
as e parameter. This indicafed that rupture strengths were a
Function of the effect of the composition modifications on both

_ the inherent creep resistance and the amount of deformation the
alloys would tolerate before fracture.

Interpretation of the results on the basis of microstructural
studies indicated that molybdenum and tungsten improved
creep regisiance by entering solid solution. Nickel and cobalt,
two elements forming part of the mairix solid solution, appeared
to improve strength by increasing the solubility of molybdenum

Chromivm improved creep resistance, at least
Columbium did

and tunguten.
tn pert, as @ result of an aging reaction.

-not appreciably affect creep resisiance but improred rupture

strength by increasing the elongation to fracture.

Information is presented which indicates that melting and
hot-working conditions play an important role in high-tempera-
ture properties of alloye of the type investigated.

INTRODUCTION
s - .

This investigation had as its object & study of the influence
of systematic variations of chemical composition on the
1200° F rupture properties of forged alloys in the solution-
treated and aged condition in which the composition was
varied from the following basic analysis:

Chemical composition

(percent)
Carbon, G oo 0.15 Cobalt, Con o oeemmee . 20
Meangenese, Mn_________ 1.7 Molybdenum, Mo________ 3
Silicon, 81 _____________ 0.5 Tungsten, W____________ L. 2
Chromijum, Cr _________ 20 Columbium, Cb..____.___ 1
Niekel, NI oo oo e 20 Nitrogen, N_________.___ 0.12
Iron, Fe_ . _. i

Siﬁcty—t.wo modifications of this alloy were studied in which
each of 10 elements was systematically varied individually
and Mo, W, and Cb were varied simultaneously.

The investigation was prompted by the fact that at
present there are no published date which make possible a

correlation between systematic variations in chemical com-

position and the high-temperature properties of forged
Cr-Ni-Co-Fe-Mo-W-Cb alloys of the fype investigated.
Past research has shown that close control over processing
of alloys is necessary to reproduce high-temperature proper-
ties between different heats of the same analysis. Lack of
such control of processing variables has resulted in the
failure.of attempts to correlate the published high-tempera-
ture date on these types of alloys. Such correlations are
needed to provide a basis for establishing optimum chemieal
compositions for heat-resistant alloys, for reducing the re-
quired alloy content while retaining worth-while properties,

and for determining the fundamental mechanisms by which .

alloying elements influence properties at high temperatures.
As an initial approach to the solution of a lerge problem,
the investigation was necessarily limited in scope. The

1 Bupersedes NACA TN 2449, “Investigation of Inflnence of Chemieal Composlthn on
Forged Modifled Low-Oarbon N-156 Alloys in Solution-Treated and Aged Condition as
Related to Rupture Properties at 1200° F* by E. E. Reynolds, J. W. Freeman, and A, E.
Yhite, 1951.
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number of compositions studied, the use of only one condition
of processing, the evaluation of high-temperature character-
istics only by rupture properties for 100 hours at 1200° F,
and the use of only microstructural and hardness data to
provide interpretation of results were the major limitations
placed on the investigation.

This work was conducted at the Umver31ty of Mlclugan
under the sponsorship and with the financial assistance of
the National Advisory Committee for Aeronautics.

EXPERIMENTAL PROCEDURE

The basic analysis selected for study of the influence of .

systematic variations. in chemical composition on rupture

properties at 1200° F was“that of & commercial alloy which'

has the following nominal composition;

Chemical composition

{percent)
Carbon. ... e 0.16. .Cobalt ._________ ————— 20
Manganese._.__._.-- ee-w . L7 Molybdenum.. .. __._._._ .. . 8.
Silicon. .o coom e 0.5 Tungstem_______ . . .2
Chromium. ____.___..___ 20 Columbium-._.- —mmmmmem S 1.
Nickel oo oo, 20, NitrogeDaaw o cococceooaoo 0.12

The influence of composition was evaluated on 62 modifi-
cations of this alloy with the following composition variables:

(1) Individual variations of the eclements in the basic
analysis:

C, percent____...__ et e o e e . 0.08, 0.40, 0.60.
Mn, percent. oo n 0, 0.30, 0.50, 1.0, 2.5
Si, pereent . oo e 12, 1.6
Cr, pereent. e 10,30
Ni, percent—_ .. ___ e e m e --~ 0,10, 30
Co, pereent__ . _.___..__ e e m—— e mmmm e 0, 10, 32
Mo, percent . e —m—m e 0,1,25,7
W, pereent. oo ool e 0, 1,57
Cb pereent . . _ . reeeermm e 0: 2,4, 6
N, pereent e 0.004, 0.08, 0.18

(2) Simultaneous variations, in steps of 2 percent, of Mo,
W, and Cb from 0 fo 4 percent

In ali cases Fe variations compensated for the variations of
total alloy content.

The first step in the mvest,1gat10n was the development of
meltmg, forging, and heat-treatment procedures which would
minimize all variable effects on properties except chemical
composition. This work _was done on the basic alloy with
the reproducibility of 1200° F rupture properties from heat
to heat being the main criterion for final adoption of prep-
aration procedures. Six heats were prepared to develop
melbing practice Three additional heats were prepared
using varying deoxidation practices. The forging procedure
was developed on six additional heats of the basic alloy.

The work on procedure development and detailed deserip-
tions of the final procedures adopted are summarized in the
subsequent section ‘“Preparation of Experimental Alloys.”
Briefly these consisted of melting the alloys as 9-pound indue-
tion-furnace heats, hot-forging the ingots between 2200° and
1800° F to bar stock, heat- treating at 2200° F for 1 hour, and
water-quenching followed by aging at 1400°F for 24 hours.

All alloys wore chemically analyzed. for the modified ele-
ment while complete analyses were made only on spot heats
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within & group after it was established that melting practice
was yielding the desired compositions.

Metallographic examinations were made of all the alloya
in the as-cast, hot-forged, solution-treated, aged, and rupture-
tested conditions. Vickers hardness tests were made on bar
stock in the solution-treated and the aged conditions. _

The high-temperature load-carrying ability of the alloys
was evaluated by means of stress-rupture propertices at 1200°
F. Rupture test specimens, machined from the heal-~treated
bar stock, were 0.250 inch in diameter with a I-inch gage
length. The stress-rupture tests were made in individual
stationary units with the load applied by a simple beam
acting through a system of knife edges. At least two and
usually three or four tests at various stresses were made on
each alloy and were of sufficient duration to establish the 100-
hour rupture strengths and to permit at least an estimate of
the 10Q0:-hour strengths. Time-clongation data were {uken
during the rupture tests by the drop-of-the-beam method and
also, in the case of many of the longer time tests, by means of
modified Martens type extensometers with a sensitivity of
0.00005 inch per inch. There was gaod agreement between
curves from the two types of deformation measurements in
all cases where both types were used on the same tests.

PREPARATION OF EXPERIMENTAL ALLOYS

This section discusses the development of techniques for
melting, forging, and heat-treating, describes the procedures
finally adopted, presents the observed behavior of the alloys
during processing, and shows the reproducibility of rupture
properties of the basic alloy resulting from the processing
procedures used. .

- MELTING

Preliminery melting experiments.—Six heals were pre-
pared originally to develop and standardize melting praclice,
particularly to obtain control over final composition from
charge calculations and reproducibility from heat to heat.
Actual anslyses of these heats are given in lable I. 11
was found necessary to make certain minor corrections
in the charged materials and the next five heats of the basie
alloy had reassonably consistent compositions.

Melting procedure.—The alloys were melted in & 12-pound-
capacity induction furnace as 9-pound heats. The heatls
were poured into 9-inch-long tapered (1%- to 1}-in.-sq.)
cast-iron .ingot molds with 2}-inch-square hot tops. The
life of the magnesia melting crucible was from 10 to 12
heats. . -

A typical me]tmg chavge and schedulo are gwcn in lnble
II. This table shows the various ferroalloys used to make
up the charges. The Fe, Cr, Ni, and Co charge was first
melted down; Mn and Si were added, followed by Mo, W,
and Cb. The heat was then deoxidized with 15 grams
of calcium-silicon alloy, power turned off, bath temperature
taken with both a Leeds and Northrup optical pyrometer
and & platinum, platinum-rhodium immersion thermo-
couple, and the metal poured. The calibration of the im-
mersion thermocouple was checked periodically.

Immediately after pouring, & Chromel-Alumel thermo-
couple was immersed into the molten metal in the hot top
and the cooling curve determined by readings at 5-second
intervals on a Leeds and Northrup portable potentiometer.
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In & subsequent study of the effect of deoxidation on
properties, three heats of the basic alloy were prepared
using deoxidation practices varying from the normal use
of 15 grams of calcium-silicon alloy. The three variations
were: No deoxidation (alloy 74); 15 grams of zirconium-
silicon-iron. alloy (75); and melting under a lime-fluorspar
slag (76).

Melting characteristics.—Table I gives the chemical com-
positions of the experimental alloys. The intended modi-
fications from the basic slloy are given along with actual
values where chemical analyses were made. In general,
the actual analyses were consistently close to the desired
composition.

Table III gives bath temperatures just prior to pouring
the alloys. There was a fair agreement and no consistent
difference between the optical pyrometer and the immersion
thermocouple readings. Cleanness of the bath surface
was found to be of importance in the pyrometer readings.
The agreement between the two methods in so many cases
indicates that the temperatures given are reliable.

A macrographic section of the ingot cross section was
- taken from each heat from just below the hot top to deter-
mine if pipe or porosity existed. All of the heats actusally
tested were sound: The ingot grain structure was well-
defined on these sections, a typical example of which is
shown in figure 1 for several heats. In general the various
ingot macrostructures reflected the relative pouring tem-
peratures rather than variations in chemical composition.
The higher the pouring temperature, the greater was the
. totalarea covered by the columnar grains and, the greater

the size, the less the total area covered by the equmxed
grains at the center.

| i

r.-?zns '

F15URE 1.—Typlcal macrostructures of ingots. Etchant, Marbie’sreagent.

The cooling curves obtained on the metal in the ingot

hot tops were similar in that, in all cases when readings ~

were begun early enough to determine it, they had a de-

finite halt in temperature within what seemed to be the solid-

ification range for the alloys. TUsually these halts were

preceded on the curve by what appeared to be an under-

cooling effect. The time of the ‘constant temperature halt

“varied for the alloys from 10 to 60 seconds. After these

halts the cooling curves were smooth with a gradual de-

crease in cooling rate as the temperature decreased. The
last column in table ITI contains the temperatures of halts

in the cooling curves during solidification. In cases where

temperature readings were not started early enough the
halt temperature is indicated as being greater than thaf

at which the cooling ecurve was started.

The over-all temperature range of the halts was from

about 2420° to 2610° ¥ and they -varied consistently with
systematic chemical-composition variations. Alloying ad-
ditions tended to lower the temperature of the halt, with
Cb having the greatest effect.
ficance of the temperature halts, beyond an indication of the
temperatures at which the major portion of the alloy solidi-
fied, is uncertain.
FORGING

Preliminary forging experiments.—There was available
for the forging work a Nazel air forging hammer (size 3,
type B) which is approximately equivalent to a 400-pound
steam hammer. This hammer was fitted with 3%- by 8-inch
flat dies.

The exact physical signi- .

Preliminary forging to determine the forging temperature

range for the alloys was done on Z%-inch-square bar stock
of the basic alloy, reducing it to 0.43-inch squares from 2100°,

2200°, 2300°, and 2400° F. The plasticity increased with'

temperature, but burning, which resulted in forging ecracks,
occurred at 2400° F. Further experiments on a 0.55-per-
cent-C heat (alloy 5) indicated that burning could occur
at 2300° ¥ in this alloy. Since the alloy was quite difficult
to forge with an initial temperature of 2100° F it was de-
cided to use 2200° F as the initial forging temperature.
Subsequent work on the heats with wvariable composition
showed that all the alloys were forgeable from this tempera-
ture, the forgeabilify, however, varying with the composition.

Finishing forging temperatures were kept at 1800° F

_or above as ]udged by color, in order to minimize hot-cold-

work, which is known to mﬂuence the properties of these
alloys.

Several ingots were forged to ¥-inch-square bars between
the flat dies, a reduction of approximately 90 percent.
Microstructural examination of these forged bars showeda
nonuniformity of grain size in the cross section. A diagonal
“X,” distinetly visible on visual examination of ‘the etched
cross section, was present in all the bars. The grams were

appreciably finer along these diagonel planes than in the

triangles, under the flat surfaées of the har, formed between

these planes.

A number of. chfferent methods of forging were fried in
order to determine the cause of and in an effort to eliminate

this grain size nonuniformity. The methods used and their
results were: -
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(1) Forging at a 45° angle to the original square of the

ingot resulted in the same diagonal “X’ from the corners
of the final square indicating that the ingot structure bore
no relation to this characteristic.

(2) Upset forging prior to final reduction to a sguare
showed no advantage of the added working on the structural
uniformity.

3) leshmg as an octagon between flat dies yielded
areas of fine grains originating at all eight corners of the bar.

(4) Forging wholly between a flat top die and bottom
“yY” dies to an octagon appeared to abuse the metal more
than any other method used. It was difficult to draw the
metal out, the cross section merely being changed back and
forth. This tended to open up the center of the bar.

(5) Forging to approximately 1 inch square and finishing
to 4 inch round between hand swages in four steps gave
the best struetural uniformity. A narrow band of fine
grains was sometimes present near the surfaces of the round
bars but the over-all grain size was quite uniform.

. The ahove experiments showed that the forging “X’" in

the square bars was the result of the relatively greater amount
of hot-work along the diagonal planes. This was further
verified by the fact that occasionally in forging the square
bars diagonal cracks would form completely through the
bars.

As g result of the forging experiments it was decided to fit
the hammer with a set of dies with swaging impressions.
Subsequent experiments using this method proved satis-
factory so it was adopted as the standard forging procedure
for the experimental alloys.

Forging procedure .—The general ar rangement of t,he 400-
pound-capacity air forging hammer and the heating furnace
is shown in figure 2. A picture of the forging operation in
swaging dies is shown in figure 3. Figure 4 shows a bar
which was forged to indicate the steps in reduction from the
ingot to the final round bar. A typical forging record is
presented in table IV.

The temperature of the furnace was controlled by en
automatic temperature controller through a platinum, plat-
inum-rhodium thermocouple. The temperature of the forg-

F1oURE 2.—Arrangement of folging hammer and furnace.
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ing stock was measured by a Chromel-Alumel thermocouple
gttached to a small bar placed next to the stock.

The cast ingots were ground to remove all surface defects
prior to forging. The ingots were preheated to approu—
mately 1400° F, then placed just inside the door in the
coolest region of the furnace, and finally moved to the center
of the furnace at 2200° F.

Generally half of an ingot was forged at a time. After
holding at least 30 minutes at 2200° F the ingot was forged
from approximately 1.4 inches square to slightly over 1 inch
square between flat dies with from two to four reheats. A
number of the blows in the flat dies were on the corners of

~ the bars to prevent corner cracks and to prepare the piece

for the first swage. The bar was reheated and forged Lo
approximately 0.95 inch round in the first swage with from
one to three reheats. The second swage reduced the bar to
approximately 0.75 inch round with two to’ four reheats.
The forged bar was then cut off the unforged half of the ingot
and recharged to the furnace. The third swage reduced the
bar to approximately 0.58 inch round with three to six
reheats. The bar was then cut in two equal pieces for the

final swaging. The last swage finished these bars to 0.40 to

0.:50 inch round with from 5 to 10 reheats. . The number of
blows from the hammer were counted and tabulated. The
number of reheats and blows varied depending on the case of
forging of the alloy and the size of the stock. Total re-
duction of area during forging was approximately 90 percent

b L-72750

FIGURE 3.—Forging experimental! alloy in swaging dies.
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q——------ 1.4 in. square

-~ —— - ———- 1.15 in. square

w_ ~ 0.95 in. round

____________ Q.75 in. round

e —————— 0.58 in. round
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m———eeem--———— 040 in. round

L-72751 : )

FIcURE 4.~—Forged bar showlng reduction steps used in swaging experimental alloys from
original Ingof to final round bar steck.

 Reduction in the individual swages was done in steps; that

is, after the first reheat only a portion of the bar was reduced
to the swage diameter, after the second reheat another
portion of the bar was reduced, but in the last reheat or two
the whole length of the bar was worked to the final diameter
of that swage. In particular, in the finishing swage, the
complete length of the bar was given some work during the
final two or three operations. ~

Finishing temperature of forging was judged by the color
of the stock by an experienced forger. An attempt was
made to hold this temperature above 1800° F.

Forging characteristics.—During forging an effort was
made to evaluate the relative forgeability of the experimental
alloys. This evaluation consisted of observing the forging
characteristics of the alloys—ease of reduction and tendency
to form cracks—and of keeping complete records of the
number of reheats and blows required to forge each alloy.
These methods were at best only very approximate.

Since the small hammer used was taxed to capacity during
the initial stages of the breakdown by the rigidity of most of
the alloys and since the force of the blows was varied some-

what, depending on the forgeability of the alloys, the method
of comparing the required blows was usable only for dis-
tinguishing between alloys with wide differences in plasticity.
Judging the relative response of the alloys to the blows from
the hammer seemed to be the best. method to evaluate
forgeability. Relative forgeability could be only qualita-
tively estimated, however, by this method, because only two
ingots were forged together and only a few forged in 1 day.

In table V a summary is given of forging data and the esti-

mated forgeability of 2ll the alloys compared with that of the
basic alloy. This forgeability is listed merely as “better,”
“poorer,” or the “same’” as that of the basic alloy. In cases
where the alloys are either poorer or better, remarks are
given to explain this rating.

On the basis of these forgeability ratings the following

effects of composition on forgeability were evident:

(1} Additions of 3i (0.5 to 1.6 percent), Mo (0 to 7 percent),
and N (0.004 to 0.18 percent) had no observable effect on
forgeability.

(2) 1t appeared that Mn (0 to 2.5 percent) increased forge-
ability by lowering the tendency of cracking.

. (3) Additions of C (0.08 to 0.60 percent) decreased forge-
ability by lowering the plasticity and increasing the tendency
of cracking.

(4) The elements Ni (0 to 30 percent) , Co (0 to 32 per-
cent), and Cr (10 to 30 percent) lowered plasticity and thus
forgeability, Cr seemingly having the greatest effect.

(5) Additions of W (0 to 7 percent) lowered plasticity and
forgeability.

(6) The effect of Cb (0 to 6 percent) was unique among the
elements. Alloys without Cb were subject to severe cracking
during the initial breakdown of the ingot between flat dies,
the forgeability thus being poorer than that for the basic
alloy. Inereasing Cb to the 1 percent of the basic alloy
seemed completely to alleviate this situation. When it was
increased to 4 and 6 percent the material wes more difficult
to forge as & result of the decreased plasticity.

HEAT TREATMENT

Originally a solution treatment at 2100° F was considered
to be & satisfactory condition for testing. This was on the

basis that for one heat of the basic alloy previously studied

(Feference 1), for which the solution-treatment temperature
was varied from 1800° to 2300° F, a treatment at 2100° ¥

gave slightly higher rupture strengths than the other condi-

tions. Further work, however, indiceted that there was poor
agreement between properties of two heats in this condition
and the best agreement between heats resulted from a 2200°

F solution treatment followed by a 1400° F aging treatment.

The variability in properties between heats was attributed to
the relative residual effects of the hot-working which had not
been removed by the 2100° F solution trestment. It ap-
peared that the 2200° F treatment tended to minimize, but

did not completely remove, the residual hot-working effects -

without excessively coarsening the grain size. It was there-
fore selected as the solution temperature for the alloys in thls
investigation.

Previous investigation of the basic alloy had shown that a&

temperatures of solution treatment above 2050° F the 100-

hour rupture test elongation wes quite low and decreased
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with increasing solution temperatures. Accompanying this
low elongation was a tendency for the alloy to be sensitive
to stress concentrations at the specimen fillets, fractures
occurring in these regions. However, proper aging of the
solution-treated alloy eliminated this stress-concentration
sensitivity and increased the 100-hour rupture strength
slightly while not appreciably affecting 1000-hour strengths.
Aging between 1350° and 1500° F did not-produce significant
changes in properties. A temperature of 1400° F for 24
hours was selected for aging the experimental alloys in this
investigation so thet variable effects resulting from stress-
concentration sensitivity would be minimized and the mate-
rials would be in a more stable condition then when only
solution-treated.

It is known that the treatment used does not give the

highest strengths at high temperatures for the basic alloy .

and it is not believed that this treatment necessarily would
give the best properties for any of the composition modifica-
tions studied. But it is believed that_use of this treatment,
plus the careful control to hold melting and fabrieation con-
ditions as constant as possible, has minimized all variable
cffects on properties except chemical composition in this
investigation.

Heat-treatment procedure.—All of the alloys were solu-

tion-treated for 1 hour at 2200° F, water-quénched, aged 24"

hours at '1400° F, and air-cooled prior to rupture testing.
Solution treatments were made in a gas-fired furnace and
aging was in an electric resistance furnace.

Heat-treatment observations. —An observation made dur-
ing heat treatment of the effect of Cb on scaling character-
istics of the alloys appeared to be significant. In alloys
containing four or more percent of Cb relatively heavy scal-
ing occurred during the 1-hour solution treatment at 2200°
F. This scaling effect was greater on these high-Cb alloys
than on the alloy containing 10 percent Cr which was ex-
pected to have the poorest corrosion resistance of the alloys
studied.

REPRODUCIBILITY OF RUPTURE PROPERTIES AT 1200° F OF BASIC ALLOY

The final objective of the work on techniques for preparing
the experimental alloys was the development of & condition
in which the rupture properties at 1200° F would be repro-
ducible from heat to heat of a given composition.- The
interpretation of significant property variations with chem-
ica] composition depends on the range of this reproducibility.

The rupture test characteristics at 1200° F for six heats of
the basic alloy, the alloy used to evaluate the preparation
procedures, are given in table VI, for both square and réund
bar stock. The range of reproducibility of rupture proper-
ties indicated for the round stock forged by the finally
adopted swaging procedure was as follows:

100-hour rupture strerigth, Pl . 48,000 to 50,000
1000-hour rupture strength, psi._____ . _____.__ 87,000 to 38,000
100-hour rupture elongation, percent. .. ____ e 218 t0 25

These ranges are used in interpreting the significant influ-
ences of composition variables for the materials forged as
rounds. Properties of alloys with variable C and Mn,
forged early in the program as square stock and tested as
such, are compared with the wider property range indicated
in table VI for square stack of the basic alloy.
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changing the forging procedure.

The stress and rupture-time data for the six heats are
plotted in figure 5 with curves drawn which indicate the
range in strengths for the round stock. Figure 6 presents in
a similar manner the data for stress against creep rafe ob-
tained from curves of elongation against time for the rupture
tests. The narrower property ranges for the round stock
compared with those of the square stock are noted.
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F1aORE 5.—Curves of stress agalnst time for rupture for six heats of basle alloy. Range indi-
cated for round bar stock. Treatment: 2200° F for 1 hour, water-quenched; 1400* F fur
24 hours,
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F1aURE 6.—Curves of stress against minimum creep rates at 1200° F for six heats of basie
alloy. Range Indleated for round bar stock. Treatment: 2200° F for 1 hour, water-
quenched; 1400° F for 24 hours.

As an example of the narrowing of the range by using the
mote easily controlled and duplicated swaging procedure,
alloy 8 had the lowest (46,500 psi) and alloy 10 the highest
(62,000 psi) 100-hour rupture strengths of the 5500-psi over-
all range for square bar stock. After forging as rounds these
same two heats had 100-hour rupture sirengths of 48,500
and 50,000 psi, thus narrowing the over-all range of 100-hour
rupture strengths to 1500 psi. The 1000-hour ruplure-
strength range was narrowed from 2500 to 1000 psi by’
Similar changes in ranges
for squares and rounds are indicated in table VI for stresses
at constant creep rates and for the minimum creep rate at
constanf. stress.

Table VI also gives properties of alloys 74 and 75 which
indicate that variation in melting deoxidation practice can
have a pronounced effect on high-temperature characteristics
of alloys of this type.

The influence on rupture test characteristics of changing
hot-working and deoxidation procedures indicates that the
solution. treatment at 2200° F did not completely eliminato
variables in prior processing. However, the use of the samo
deoxidation practice for all the alloys and the control of
hot-working resulting from the adoption of the procedure
producing rounds rather than squares plus the use of the
2200° F solution treatment are believed to have minimized
the effects of variables in processing on the high-temperature
properties.
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Data for two commercial heats of the basic dlloy with the
same heat treatment as the experimental alloys have been
included in table VI to show the relationship between the
experimental alloys and normal commereial properties.

INFLUENCE OF CHEMICAL-COMPOSITION YVARIABLES ON
ROOM-TEMPERATURE METALLURGICAL CHARAC-
TERISTICS OF MODIFIED ALLOYS

"Microstructural studies and hardness tests were made on
all the experimental alloys to obtain metallurgical informa-
tion to aid in interpretation of the influence of chemical
composition on rupture properties.

MICROSTRUCTURE

Microstruetural studies were made of each of the alloys in
the following conditions: As-cast; hot-forged; solution-
treated 1 hour at 2200° F and water-quenched; aged 24
hours at 1400° F after solution treatment; and rupture-
tested - the maximum time at 1200° F. An electrolytic

solution of 10 percent chromic acid weas used as an etchant.

Effect of treatment on microstructures.—The as-cast
structure revealed the amount and distribution of the excess
constituents in the cast dendritic pattern. The hot-forged
structures were examined for flaws, uniformity of grain size,
and distribution of excess constituents. Only limited infor-
mation is mcluded on the cast and forged struectures, the
main emphasis being placed on struetures of the alloys prior
to testing in the heat-treated condition. The solution-
trented structure showed the amount of insoluble excess
constituents after licht etching and the grain size after deep
stehing. The grain size was much easier to determine in the

(s) Ingot.

aged structures because the grain boundaries were revealed _
by light etching. The aged structure also revesled the

amount and mode of matrix precipitation. From the strue-
ture of the maximum-time rupture test any change occurring
during testing and the mode of fracture could be observed.

An example of microstructural variation with treatment
for the basic alloy is shown in figure 7. The as-cast condition

contained a considerable amount of excess constituent.. .
After hot-forging the alloy was uniformly fine-grained and
contained excess constituent at the grain boundaries and in

the matrix. Solution-treating at 2200° F dissolved the grain
boundary constituent but not the matrix constituent. So-
lution-treating also coarsened the grains considerably as is
best shown by the aged structure. Aging caused consider-
eble grain boundary precipitate and some random matrix

precipitation. Rupture testing at 1200° F increased the

matrix precipitate slightly. .

As an example of one extreme to which microstructures

varied with composition, figure 8 shows microstructures for ..

the OMo—0OW-0Cb elloy in the as-cast, solution-treated,
aged, and rupture-tested conditions., The structures differed
from those of the basic alloy in that: There was much less
excess constituent in the as-cast and the solution-treated

conditions; grain size after solution treatment was much _

larger; and aging produced more precipitate near the grain
boundaries and a preferred type of matrix precipitate which
tended to follow definite crystallographic planes. The fwo
alloys also differed in that the 0Mo-0W-0Cb alloy had
& completely intergranular fracture while that of the basic
alloy was approximately half intergranular and helf trans-

FiaURE 7.—Microstructures of basile alloy (heat &).
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(¢) Bolution-treated; 1 hour at 2200° F, water-quenchod. . -

FirorE 7—Continued.
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(e) Rupture specimen; 490 hours for rupture at 1200° F under 40,000 psL.

Frourke 7—Concluded.
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100X . 1000X
(b) Solution-trested;  hour at 2200° F, water-quenched.

Fiourz 8.—Efleet on microsiracture of omitting molybdenum, tungsten, and colnmblium from baste anslysis (heat 43).
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(¢} Solution-treated and aged 24 bours at 1400° F.

g
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° F under 20,000 ps.

(d). Rupture spacimen; 819 hours for ruptare at 1200

Fiaure 8.—Concluded.
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The above comparison has pointed out the major simi-
larities and differences in structures which were found for all
the alloys. Similarities were: _ )

(1) The amount of excess constituent in the solution-
treated condition was proportionate, for any given alloy, to
the amount of excess constituent in the as-cast condition.
The structures indicate that the rapid cooling of the ingot
after solidification effectively solution-treated the material.

(2) All grain boundary constituents were dissolved during
solution treatment. - -

(3) Precipitation occurred during aging at 1400° F.

(4) Very little additional precipitation occurred during
rupture testing at 1200° F for any of the alloys with the ex-
ception of low-Co modifications. =~ o

Major structural differences between the alloys were:

(1) Amount of excess. constituent after solution treat-
ment.

(2) Grain size. _

(3) Location, type, and amount of aging precipitate.

Classification of miecrostructures.—In order to condense
the description of and to make possible a quick comparison
of the changes in microstructure occurring with variation in
chemical composition the following classification of micro-
structures of the solution-treated and the aged materials was
devised. Symbols were used to indicate the differences in
the basic structural, characteristics. c

(1) Solution-treated structures

Amount of insoluble constituent: .
I—small
II—medium

REPORT 1058—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ITT—large
IV—very large
(2) Aged structures
A, S. T. Al grain size number:
1(up to 1% grainsfsq in. at 100X magnification) o 8
(96 grains or more/sq in. at 100X magnification]
Amount of grain boundary precipitate:
x—small
y—medium
- z—large
Type of matrix preecipitate:
C—precipitate tends to follow erystallographic planes
R—random matrix preeipitate

Amount of matrix precipitate:
a—small
b—medium
c—large
As an example of how this classification works the strue-
tures of the basic alloy (fig. 7) and the 0Mo-0W-0Cb
modification (fig. 8) are classified below:
(1) Basic alloy:
Classifieation—II 5 y Rb
IT—medium amount of insoluble constituent
5—number 5 A. S. T. M. average grain size
. y—medium amount of precipitate near the grain

boundaries -
Rb—medium (b) amount of random (R) matrix pre-
cipitate . .

{a) Carbon, 0.08 percent (beat 13}.

F1auRE 8.—Influence of carbon content on microstructure of solution-treated and aged beste alloy. . Treatment: 2200° F for 1 hour, water-quenched; 1100° F for 24 hours.
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(b} 10 hours at 2200° F, water-quenched.

FIGURE 10.—Effect of Increasing solution time on microstructure of 0.60-percent-carbon basic alloy (beat 16},
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(a) Silicon, 1.2 percent (heat 28).
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(b) Silicon, 1.6 parcent (heat 80).

1400° F for 24 hours.

nt: 2200° F for 1 hoar, water-quenched;

Fieure 11.—Influsnce of sflicon content on microstructure of solution-treated and aged basic slloy. Trestme
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10 percent (heat 51).

(s} Chromium,

WA

: S

1000X

100X

(b) Chrom!am, 30 percent (heat 52).

F16URE 12—Infiuencs of chromium content on micrestructure of solution-treated and aged basio alloy. Treatment: 2200° F for 1 bour, water-quenched; 1400° F for 24 hours.
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FiGTRE 13.—Influence of nickel content on microstrueture of solution-treated and aged basie alloy. Treatment: 2200° F for 1 hour, water-quenched,

218637—53——88
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{0) Nickel, 30 percent (heat 26).

Fiacre 13.—Concluded. -
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(8) Cohalt, 0 percent (heat 29).

F16URE 14 —Influence of cobalt content on mlcrostructare of soliition-treated and aged basle alloy. Treatment: 2200° F for 1 hour, watar-quenched; 1400° F for 24 hours
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(b} Columbium, 2 percent (heat 48).

F1ouRE 15~Influence of columbium content on microstructure of solution-treated and aged basic alloy. Treatment: 2200° F for 1 hour, water-quenched; 1400° T for 34 hours,
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Ficure 16.—Influence of varying molybdenum and tungsten addltions on microstructure of modifled alloys oonth.lnLng 4 peroent columbium. Treatment: 2200* F for 1 hour,

1400° F for 24 hours.
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{c) Mélybdenum, 4 percent; tungsten, 4 percent; columblnm, 4 percent (heat 87).
FIGGRE 18.—Concluded.

(2) 0Mo—-O0W—0CD alloy:
Classification—I 1 z Cb

T—smell amount of insoluble constituent

1—number 1 A. S. T. M. average grain size _

z—Jarge amount of precipitate near the grain
boundaries

Cb—medium (b) amount of matrix precipitate on

crystallographic planes (C)

The microstructural classifications are given in“table VII
for all the experimental alloys arranged for comparative
purposes on the basis of the alloying element varied. For
the alloys in which simultaneous variations were made in
Mo, W, and Cb the classifications are repeated to show the
influence of individual variations of these elements.

Influence of alloying elements on microstructure.—The
effects on microstructure of variations of the elements will be
given on the basis of the classification of table VI, supple-
mented by photomicrographs showing only the more pro-
nounced effects observed.

Carbon: It is indicated in table VII and by the micro-
structures in figure 9 that as C was increased from 0.08 to
0.60 percent in the basic alloy the amount of insoluble con-
stituent and matrix precipitate increased considerably and
the grain size decreased, while the amount of grain boundary
precipitate and the randomness of the matrix precipitate
did not change. Figure 10 also shows that the amount of
insoluble constituent was not reduced by heating the 0.60-
percent-C alloy 10 hours at 2200° F over what it was after
1 hour.

The increase in the amount of soluble and insoluble eon-
stituents indicates that C is an important component in both

the soluble and precipitating phases found in the basic alloy

- and its modifications.

Manganese: There was no apparent effect of Mn on micro-
structure.

Silicon: As will be shown later, Si was the only element
which consistently lowered rupture strength over the com-
plete composition range studied (frem 0.5 percent in the
basic alloy to 1.6 percent). The micrestructures in figure
11 indicate that variation of Si did not change microstrue-
tural characteristics except for a smaeller grain size for the
high-Si alloy.

Chromium: Increasing Cr from 10 percent fo the 20 per- -
cent of the basic alloy and to 30 percent drestically changed
the microstructure as shown by the classification in table
VII and the microstructures in figure 12. Increasing Cr
caused the following changes: (1) The grain size became
larger; (2) the amount of grain boundary precipitate in-
creased between 10 and 20 percent Cr; (3) the matrix pre-
cipitate became heavier, especially between 20 and 30 percent
Cr; and (4) for the 30-percent-Cr alloy the matrix precipi-
tation occurred on the crystallographic planes rather than
having a random pattern as for the Iower-Cr alloys.

Nickel: The only pronounced structural variation for the
series of Ni alloys was the ferrite-sigma-type phase which
was present in the O-percent-Ni alloy (see fig. 13). In the
solution-treated alloy this phase was free from precipitate
and the alloy was magnetic. In the aged condition a large
amount of precipitation occwrred in this phase and the alloy
wes nonmagnetic, signifying the transformation from the
magnetic ferrite-type phase to the nonmagnetic sigma phase.
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Upon rupture testing at 1200° F the magnetism increased
with testing time, indicating some reversion to the ferrite-
type phase. :The 0-percent-Ni alloy also had less grain
boundary precipitate and less precipitate in the austenite
mafrix than the higher-Ni alloys. None of the ferrite-type
phase was observed in the alloy containing 10 percent Ni
or in any of the other alloys studied in this investigation.
" Alloys containing 10 and 30 percent Ni were very similar
in structure to the 20-percent-Ni basic alloy.

Cobalt: Varying Co from 0 t6 32 percent produced
two marked effects (see table VII and fig. 14). The 0-
percent-Co alloy had a large amount of random matrix
precipitation in the aged condition. The 10-percent-Co
alloy resembled the basic 20-percent-Co alloy having only
a medium amount of matrix precipitate. Increasing Co
from 20 to 32 percent produced an alloy in which marked
germination occurred at the 2200° F so]utién—tcbeé.ting tem-
perature, resulting in severa.l very massive grains surrounded

~REPORT 1058—NATIONAL Ai)"V-ISORY“_COMMI’I‘TEE FOR AERONAUTICS

Another effect of Co on the structure occurred during
rupture testing. Much additional matrix precipitation ec-
curred in the 0-percent-Co alloy during testing; somo also
occurred in the 10-percent-Co alloy, and there was very
little additional precipitate in the 20- and 32-percent alloys.

There was no evidence that Co changed the amount of
the insoluble constituent or the grain boundary precipitate
in the alloys.

Nitrogen: There was no appreciable mﬂuence from N
varied from 0.004 to 0.18 percent.

Molybdenum: There were 10 modifications of alloys in
which Mo was varied between 0 and 4 percent with 10
different constant ratios of W and Cb.

In the basic composition Mo was varied from 0 to 7
percent (alloys 32 to 36 in table VII). The only apparent
effect of Mo was the larger grmns at both the lower and
the higher percentages.

For the nine other n]loy modifications (alloys 43, 45,

by grains of normal size across the “bar. 46, 53 to 73, and 82 to 84) increases in Mo to 2 and 4 fxom
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FIaURE 17.—Curves of herdness against alloy content for Individusl element modifications,
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0 percent produced only very slight changes in structure
except in the allojs containing Cb (particularly 4 percent
Cb) in which case the grain size was refined and the amount
of matrix precipitation during aging was increased. :

Major structural changes between these alloy modl—
fications were the result of variation in Cb.

Tungsten: In the 10 alloy modifications in which W was
varied systematically (alloys 37 to 40, 43, 45, 46, 53 to
73, and 82 to 84 in table VII) similar observations to those
for the influence of 3To were made. Increases in W slightly

- refined the grains and increased the matrix precipitation

to & small degree in some cases.

Columbium: As shown in table VII for the 10 alloy
modifications with variable Cb, this element had & marked
influence on all the structural classification variables. A
typical example of microstructural changes occurring with
Cb additions from 0 to 6 percent to the basic composition
is shown in figure 15.

Increasing Cb from 0 to the 1 percent of the basic alloy
produced the following structural changes: (1) Increased the
- insoluble constituent from very little to an appreciable
amount; (2) drastma]ly reduced grain size; (3) decreased the

concentra.tlon of grain boundary prec1p1ts.t10n during aging;
(4) changed the mode of matrix precipitation from internal

crystallographic planes to & random pattern; and (5) de-
creased the amount of matrix precipitation during aging.

Increasing Cb from the 1 percent of the basic alloy to 4
percent continued to increase markedly the amount of _
insoluble constituent, to further gradually reduce grain size,
and not to alter appreciably the grain boundary concentration
effects or the randomness of precipitation while i mcreasmg
the amount of matrix precipitation during aging in alloys _
containing four or niore percent of Mo or W.

While Cb did produce major changes in microstructurs, it
is noted that for the alloys arranged in table VII with Cb as
the systematic variable the presence of either or both Mo or
W in the alloys increased the tendencies for these changes.
This is shown in figure 16 for 4-percent-Ch alloys containing
increasing Mo and ¥ contents.

Summary of influence of alloying elements on miero-
structure.—A summary of the effects of alloying elements
on tendencies for microstructural changes is given in table
VIIL

Two elements producing major microstructural changes

were Cb and C. Both elements increased the smounts of .

msoluble constltuent and a.gmg precipitate and refined the ]
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Flaure 18.—Curves of hardness against molyhdenum content for 10 tongsten-columbinm modifications,
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preferred, when no Cb was present, to random, when the 1
percent of the basic alloy or more was present.

Additions of Mo and W produced little change in micro-
structure except in alloys containing 4 percent Cb in which
case these elements decreased the grain size and increased
matrix precipitation.

Between 20 and 30 perceiit 6f Cr a pronounced increase
occurred in the amount of aging precipitate and the mode of
precipitation changed from random to preferred.

Grain size was mildly increased and the amount of aging
precipitate decreased by Co.

Additions of Ni (between 10 and 30 percent) produced
only minor changes in structure. The 0-percent-Ni alloy

contained a ferrite-sigma type of phase whlch dlsappeared

when Ni was raised to 10 percent.

The only effect. of Si, within the limits studied, was to
refine grain size slightly. No discernible change in structure
wes produced by Mn and N.

HARDNESS

Vickers bardness tests at room temperature were made on
metallographic specimens of all the experimental alloys in
the solution-treated (2200° F, 1 hr, water-quenched) and the
aged (1400° ¥, 24 hr, air-cooled) conditions. Preliminary
hardness surveys on several alloys indicated that the forged

REPORT 1058—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

bars had uniform hardnesses both in the lengthwise and the
crosswise directions. . .

Hardness test results, representing the average of at least
four tests on each sample, are given in table IX and are plot-
ted against composition variables in figures 17 to 20.

There was fair agreentent between the hardnesses of five
heats of the basic alloy. Additions of C, N, Cr, Mo, W, and
Chb tended to increase hardness in both conditions; Ni, par-
ticularly from 0 to 10 percent, lowered hardness; and Mn,
Si, and Co did not appreciebly affect hardness. Perhaps
an exception to this was the effect observed for the I.6-per-
cent-Si alloy, which was the only one of all the alloys studied
which did not show hardening as a result of aging. The
addition of Cr from 20 ta.30 percent markedly increased the
age-hardening characteristics of the alloy.

Figure 18 shows the influence of Mo for 10 W-Cb modlﬁ- _
cations. Additions of Mo, while tending te increase bardness,
did not appreciably increase the age-bhardening tendency
except for the modifications containing more than 4 pereent
total of W plus Ch. For the 10 Mo-Cb modifications
(fig. 19) ‘the effect of W additions was similar to that observed
for Mo, although there was less tendency for increasing age
hardening with higher alloy contents. In both figures 18
and 19 it is seen that there was a greater difference between
the hardness in the solution-treated and the aged conditions
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for the modifications not containing Cb then for the modifi- | is shown in fig. 5); estimated elongation to rupture in 100

cations containing Cb. This effect is shown again in figure | hours; stresses for creep rates of 0.1 and 0.01 percent per -

920 in that Cb additions from 0 to 2 percent to the 10 Mo—W | hour obtained from double-logarithmic plots of stress against
modifications narrowed the age-hardening range. Additions | minimum creep rates from the rupture tests (an example
of Cb from 2 to 4 percent tended to broaden the sge-harden- | is shown in fig. 6); and minimum creep rates at 40,000 psi.
ing range for modifications containing the larger amounts | The alloys are listed in table X in the approximate order.
of Mo and W¥. of the element varied in the basic analysis.

1t is recognized that these hardness results are not a Rupture tests of sufficient number and duration were
true evaluation of the comparative aging effects caused | conducted to establish the 100-hour rupture strengths.
by composition variables. Such an evaluation would neces- | The 1000-hour rupture strengths were obtained by extra-

sarily require aging-time-temperature date. polation of the double-logarithmic curves of stress against

\ rupture time. Unless the maximum-time rupture fest was
INFLUENCE OF CHEMICAL-COMPOSITION VARIABLES ON longer than 500 hours, however, the 1000-hour strengths

RUPTURE TEST CHARACTERISTICS AT 1200° F are listed in table X as estimated and are indicated as such

The results of rupture tests at 1200° F for all the alloys | on the curves of strength sgainst chemical composition.
studied are given in table X. Inecluded in this table are the In this evaluation of the influence of variations in chemical
times for rupture, elongations, reductions of area, and mini- | composition on the properties most emphasis has been placed
mum creep rates obtained from the curves of elongation | on rupture properties at 1200° F. Because the creep data-
against time for the individdal fests. Also included are | were obtained from the rupture tests, it is emphasized that

100- and 1000-hour rupture strengths obtained from double- | the rates of deformation were much higher than those ,

logarithmic plots of stress against rupture time (an example | usually associated with reported “creep strength.”

IMo-2W (basic) L OMo-0wW 2Mo-aw 0Mo-2W 2Mo-2W
" A : .
3 ———x——--7/———7=\—--—— - —— — ——————t+—- — -t —
*§250 — -{__Z_.__\ P —— p— — AR Y Y By P N PR S U U A =
§ I e e e e [ e e e e T e e i e e e e e T —
- ol
o L ANZL 1 1] 1 I N ) W == P = =
S L~ & L T
s . |
150 - "/
0 2 P 6 7 2 £ 0 2 £ 0 2 £ 0 2 4 .
) Columbium, percent . .
27 Basic 48 49 50 43 77 68 69 “ 63 ¢4 53 70 72 55 34 59 &2
tloy
525 . .
N OMo—4W ZMo—aW LMo—-OW LMo-2W AMo-4W /1
o ' 7
%275 ,/ pd )
I i el s A ot S i e S M B S N - e =i
P o v s [ s s it == SO s e s i e e e ) i 2 i
Sazs 7\/%:—""‘“ — _ -
i N I R 4 = [ N R N < I of B N
N P vl v 7
X b 71
2 £ 0 2 £ 0 2 24 0 2 £ 0 E) P
Columbium, percenf
54 71 73 57 &1 g2 46 &5 66 56 60 83 58 &4 67
) ) Afloy
Treafment .

2200° F, ! Ar; water-queriched

2200"5: thr, water—quenched; I400°
24 ~Ar, air-cooled

Hardness ronge for four basic heats

——— Solufion-freated conditfion
————— Solution—freated and aged condifion

FIGURE 20.—Curves of hardness agafnst columblum content for 10 motybdenum-tungsten modifications.

oo

li

i



1W-HOUR RUPTURE PROPERTIES AT 1200° F OF MODIFIED ALLOYS

The 100-hour rupture strengths and elongations for all
of the alloys are arranged in order of increasing 100-hour
rupture strengths in figure 21. The ranges in properties
for the basic alloy heats, forged both assquares and asrounds,
are indicated to show the significant variations in properties.
The following observations are made:

(1) The over-all 100-hour rupture strength range was
from 26,000 to 52,000 psi.” The lowest-strength alloy was
the one which did not contain Mo, W, and Cb. The two
highest-strength alloys were modifications of the basic alloy,
one containing 30 percent Cr, the other 7 percent W.

(2) Six alloys had rupture strengths above the range
of the basic alloy forged to round bars. None of the alloys,
however, were above the range for the basic alloy forged
to squares where the practice was nat so well controlled.

(3) It appears that all of the elements can be varied indi-
vidually over relatively wide ranges without appreciably
altering rupture strengths. It will be shown, however, that
in most cases rupture strengths varied consistently with
systematic variations in composition.

(4) Alloys having strengths near the lower end of the
range were those containing the smallest amounts of Mo,

REPORT 1058—NATIONAL ADVISORY COMMITTHE FOR AERONAUTICS

W, or Cb added separately or two at a time. Additions of
greater amounts of these elements generally yielded rupture
strengths which were closer to the strength range of the
basic alloy.

(5) Adding 2 percent of either Mo, W, or Cb to the lowest-
strength alloy increased the 100-hour rupture strength in
the order of 10,000 psi or more,

(6) Strengths in the order of those of the basic alloy were
obtained without the presence of Cb. Strengths almost as
high were obtained without the presence of Mo or of W.

(7) Low Cr, Co, or Ni and high Si resulted in low or
strengths than the range for the basic heats.

(8) Elongation at rupture in 100 hours ranged from 5 to
40 percent.

(9) There was no relationship apparent between rupture
elongation and strength. The omission of Cb resulted in
consistently low elongation. More Cr or Co than the 20
percent of the basic alloy also lowered clongation.

INDIVIDUAL VARIATIONS OF ELEMENTS

The influence on rupture test characteristics of systematic
variations of the individual elements, shown in figures 22
to 31, was as follows:
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Carbon.—The effect of C, varied from 0.08 to 0.60 per-
cent, was only slight. All the rupture strengths fell within
close proximity to those of the basic alloy (see fig. 22). The
variable C heats were forged as squares and are compared
with the property ranges found for similarly forged basic
heats. The lowest and the highest C heats had rupture
elongations below normal.

Nitrogen.—Variations of N, from 0.004 to 0.18 percent,
tended to increase strength somewhat (see fig. 23). The
alloy containing 0.004 percent N had strengths which were
slightly below those of the basic 0.12-percent-N alloy while
the 0.08-percent-N alloy was slightly stronger.

Manganese.—Figure 24 shows that Mn variations from
0 to 2.5 percent had no sigrificant influenee on rupture
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properties except a somewhat lower elongation for the low-
Mn heat.

Bilicon.—Figure 25 shows that increasing Si from the 0.5
percent of the basic alloy to 1.6 percent produced a marked
lowering of rupture strength and an increase in elongation.
The stresses at constant creep rates were lowered and creep
rates at 40,000 psi were noticeably raised in agreement with
trends in rupture properties. This was the only case in

which the addition of an element consistently lowered

strength over the complete composition range studied.
Chromium.—The influence of Cr variations from 10 to 30

percent is shown in figure 26. The 100-hour rupture strengths

were increased from 39,000 to 52,000 psi while rupture

elongation decreased from 25 to 10 percent. Similar marked
55,000 — T T oo
2 Rupture Strength
~50,0001 ~—{~ ————— F———f———
£
.‘G\ e — i ——_{NQ.___J-__'_ fo e e e e e e
g o
9 100 Ar :
< 45,000
B o
L ) ]
2 40,000 — :
8 ik Sty el iettd Sl Sty
Q3: S ———_>>o.<-——— ————— S SN
\,» -~
35,000 1006 hr | o o S
- L
- # .
100-hr rupture elongation 40 &
o t'\
1R
0%
. - erengut LR WY SO \%
Stress for minimum creep rafe Q
S0000 ===F=—=¥=——F-——=f-——f-—=f===&0 v
; iL\m H
_— ———fmmpm—efee &
S 45,000 T T~__o7 percent/hr <
Q .
@ ' _
3 40,0001 :
8
nd R [ I S, _————
S e b o S N U N
95000 ' 0.0/ percent/hr
30,000
. Minimum creep rate of 46000 psi
.08 &
£
é §
06 8
// i
u\
]
/ 04§
el S g’“
o 5 Lo e

. LS
Silicon, percert -

O Measured value
O Estimated value
. (Values for basic alley ore
average of three basic heats)

REPORT 1058— NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

55,000 T T
Rupture strength "
'250,0'00 - l o
L] —— - - ——_r———_—_-
*'g. 100 hr
§45,ooo V4
Lo
k 0,00 / =
g“' N — ___C__; P N
a I N R D V777 Y S
& 35,000 - - -
/ *
;
(o] - >
30,000 100-hr rupture elongation %0 8
- ———ﬁdg‘——— —-——1——————- Q
<
gy mp——— ey =gy w—-——————--ea.é
\ 5
2l 108
[
L]
1%
60,000 03
\Stress for minimum creep rate g
! A <
55,000 / /6
.550,000___ I\ a4
QU . / 0./ percentfhr
-~ )____._....._..__._.l—_. —— ] —— _.1_-.—-—-
3 45,000 } v 2
T \ &
5 A /l" *
40,000 \ R ./0%
v \ e
—— —_ L] -
B i s e N s e it I
35,000 )(0.0/ perceritfr | g
/ N
30,000 4’1 \\ .06 a
Minimum creep rate at 40,000 psi 5
y 04
\
— e — I—--——--————P_—— ey A Iendendents
~ 02
N\
b
g
(o] 10 20 30

Chromium, percent

O Meosured value

O Estimated value
Valves for basic alloy ar=
average of three basic heats)

F16URE 26.—Curves of rupture test data at 1200° F against chromium content of baste slloy.
Horlzontal dashed lines indlcate property range for throe basic heats,

increases occurred in 1000-hour rupture strengihs and
stresses af constant creep rates while the creep rate at 40,000
psi was drastically reduced, particularly between 10 and 20
percent " Cr.

Nickel.—Additions of Ni from 0 to 30 percent had little
influence on properties as shown in figure 27. The 0- and
30-percéuit-Ni alloys had slightly lower rupture strengths

FiouRE 25.—Ourves of rupture test data st 1200° F sgainst silicon content of basioalloy. Hor-
izontal dashed lines indicate property range for three basic heats,

than the range for the basic 20-percent-Ni heats, producing

.an apparent maximum in strength between 10 and 20 per-
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cent Ni. A similar slight trend was noted in stresses at
constant creep rates wbile the creep rate at 40,000 psi
decreased and then increased with increesing Ni, following
the trend of the change in elongation at fracture in 100
hours.

Cobalt—Figure 28 shows the influence of Co variations
from 0 to 32 percent. The 0- and 10-percent-Co alloys had
lower rupture strengths than normal with little effect on
elongation. The 20- and 32-percent-Co alloys had equal
100-hour rupture strengths at a higher level than those
with lower Co. The 1000-hour rupture strengths and
stresses at constant creep rates were improved, while the
elongation and creep rate were lowered, when Co was in-
creased from the 20 percent of the basic alloy to 32 percent.
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Molybdenum.—Additions of Mo from 0 to_7 percent im-
proved rupture and creep properties as shown by figure 29.
The most marked improvement in rupture strength frem
Mo was from additions of 1 to 3 percent.

100-hour strength from 45,000 to 52,000 psi. The stresses
at constant creep rates showed a similar trend to rupture

by W.

to the 1 percent of the basic alloy increased the 100-hour

rupture strength from 40,000 to 48,000 psi. Additions of Cb

Tungsten.—Figure 30 shows that the Improvement in
rupture strength with additions of W from 0 to 7 percent
was gradual over the entire range, this addition increasing

strengths while rupture elongation was not at all affected

Columbium.—Higure 31 shows that i ineressing Cb from 0
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from 1 to 6 percent produced no further improvement in
strength. A similar trend was shown by creep properties.
However, the increase of 44,500 to 47,500 psi in the stress
for a minimum creep rate of 0.1 percent per hour between
0 and 1 percent Cb was not of the same magnitude as the
rupture strength increase. Rupture fest elongation was
raised from 12 to 22 percent by the addition of 1 percent Cb
and tended to increase further with higher Cb.

SIMULTANEQUS VARIATIONS OF MOLYBDENUM, TU'NGSTEN AND
COLUMBIUM

In addition to the individual variations of all the elements
the effects of simultaneous variations of Mo, W, and Cb
in steps of 2 percent from 0 to 4 percent were evaluated.
This made possible curves showing the influence on prop-
erties of systematic variations of one of these elements for
10 different constant ratios of the other two elements.
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Molybdenum.—The influence of the Mo variations from
0 to 4 percent on rupture test characteristics of alloy modi-
fications, including the basic alloy, with 10 different con-
stant ratios of W and Cb is shown in figure 32. Curves
comparing the relative effect of Mo on the 100-hour rup-
ture strength of the 10 W-Cb modifications are shown in
figure 337 o

Increasmg Mo from 0 to 4 percent tend(.d contmuousl)
to increase the 100-hour rupture strength for all the ratios
of W and Cb. The relative effect was greatest for the
modifications containing neither W nor Cb, the strength
increase being from 26,000 to 42,000 psi. In alloys con-
taining W or Cb the strengthening effect of Mo was greatest
for the alloys which contained 2 and 4 percent of W and
no Cb. This strengthening effect was less for alloys con-
taining 2 and 4 percent Cb and no W and became even less
for those. containing both Cb and W which had a higher
level of initial strength.
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The 1000-hour-strength trends followed those of the 100-
hour strengths. There was a slight tendency for increasing
Mo to widen the difference between the 100- and 1000-hour
rupture strengths in the modifications containing more than
6 percent total of W plus Cb.

In general Mo tended to improve the 100-hour rupture
elongation. It is noted that for the alloys in which Cb was
absent the elongation was quite low (5 to 15 percent) as
compared with the elongations above 20 percent of the alloys
containing 2 and 4 percent Cb.

The stresses causing & minimum creep rate of 0.1 percent
per hour followed the trends and were of the same order of
magnitude as the 100-hour rupture strengths. The frends

and magnitudes of stresses causing a creep rate of 0.01 per-

cent per hour were somewhat similar to those of the 1000-hour

rupture strengths. Creep stresses were consistently higher
than rupture strength, however, for the 0-percent-Cb alloys
having low rupture elongation and were somewhat lower than
rupture strength for the alloys with higher elongation.
Tungsten.—By rearranging the data for alloys involving
simultaneous variations of Mo, W, and Cb figures 34 and 35
were obtained. These show the influence of YW variations

from 0 to 4 percent on rupture test characteristics of alloy

modifications with 10 different constant ratios of Mo and Cb.

Additions of W produced an almost linear increase in 100-
hour rupture sirength. The greatest improvement, 26,000
to 41,000 psi, was for the 0do—0Cb modifications, with the
relative improvements tapering off for the alloys with higher
Mo and Cb to about 4000 psi in the range 46,000 to 50,000
psi for the 4Mo—4Cb modifications. The 1000-hour rupture
strengths, although only estimated in maay cases, followed &
similar, but not quite so pronounced trend. The trends in

creep properties were elso, in generel, the same as those for

the rupture strengths with the additional effect of the level
of elongation on the relation between rupture strength and
stresses at constant creep rates.

There was a general tendency for Y to lower the 100-hour
rupture elongation very slightly. The low elongation of the
alloys which did not contain Cb was again noted.

Columbium.—The data arranged to define the influence - _
of Cb are shown in figures 86 and 37. The influence of Cb_

on rupture strengths was significantly different from the
influences of Mo and Y. Additions of Cb from 0 to 2 percent,

in general, increased the 100-hour rupture strength, but there

was no sigoificant strength increase with greater additions.
This finding, in addition to the observation of the influence
of 1 percent as compared with that of ¢ percent Cb on the
strength of the basic alloy, led to the preparation of an
additional alloy (77) containing 0Mo—-0W—1Cb which fits
into the 0Mo—0W alloy modifications as shown in figure 36.
This alloy hed as good or better strength properties than the
0Mo—0W-2Cb modification. The addition of Cb to the
4Mo—2W and 4Mo—4W meodifications evidently had no effect
or a slightly detrimental effect on rupture strength.

One or two percent of Cb markedly improved the rupture
elongation. An additional slight improvement was realized
with even higher Cb.

The stresses causing a creep rate of 0.1 percent per hou.l"

were higher than the 100-hour rupture strengths for 0-per-
cent-Cb alloys but lower than the rupture strengths for alloys
contammg Cb. Thus the creep stress did not follow the
increase in rupture strength with the additions of 1 or 2
percent Cb but either remained constant or decreased. It
appeared that the marked increase in elongation with small
Cb additions was the factor responsible for the improvement
in rupture strength.

It can be concluded that, for the alloy mochﬁcatlons
studied, additions of Cb are necessary to produce substantial
ductility in the rupture test, but additions of more than 2,

or probably 1, percent of Cb add nothing to the rupture

properties of the alloys.
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F1augs 82.—Curves of rapture test data at 1200° F against molybdenure content for 10 tungsten-columbiam modifications. Horlzonta! dashed lines Indtente range of 100-hour rapture strength

for three beste heats.
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Comparative influences of molybdenum, tungsten, and
columbinm.—Figure 38 shows comparative influences of
Mo, W, and Cb on the 100-hour rupture properties af
1200° F for three of the alloy modifications in which these
elements were varied simultaneously: 0Mo-0W-0Cb, 2Mo-
2W-2Cb, and 4Mo-4W-4Cb. Two of the three elements
are constant while the third is varied from 0 to 4 percent
giving a family of three curves with one common composition.
The 100-hour rupture strengths varied from 26,000 to 51,000
psi. Comparative influences of elements on rupture strengths
were as follows:

(1) For the family of curves in which there is a common
alloy with a compasition of 0Mo-0W-0Cb, a Cb addition
of 1 percent gave the highest strength; higher Cb Iowered
the strength. Increasing Mo and W increased strength
continuously with Mo having the greatest influence. The
strengths of the alloys on this family of curves 'were at a
lower level, 26,000 to 42,000 psi, than those for the other
two alloy modifications.

(2) For the 2Mo-2W-2Cb modifications, having strengths
between 40,000 and 49,000 psi, Mo had the greatest strength-
ening influence; Cb was next, bubt strength dropped off
above 2 percent Cb; and W produced a consistent, but the
least, over-all strength increase.

55,000
100 -hr rupture strengfh
&.C6 4 .t
— __<A_______-
50,000 =

35,000 F ~ <

/ 2 - 2 £
Composition variable, percent

7wa of three elements comstont gt—

Q0 percent 2,2 percent
———0——— _—
—_———g—— — —_—

(3) The 4Mo4W-4Cb modifications were at the highest
strength leve] of the three, 45,000 to 51,000 psi. _
of Mo and W had about the same strengthening influence
while Cb tended to lower strength.

The effects of the elements on 100-hour rupture elongations,
also shown in figure 38, were the same for all three levels
of composition: W tended to lower elongation slightly;

Mo raised the elongation slightly; and Cb additions from
0 to 1 or 2 percent markedly raised the elongation from
values below 10-percent elongstion to 20 percent or higher.

The combined influence on 100-hour rupture strength of
Mo, W, and Cb, on 2 total weight percent basis is shown in
figures 39, 40, and 41. Each of these graphs contains the
same points plofted to the same coordinates, these points
representing all of the alloys in the testing program in which

Additions
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Mo, W, and Cb were varied, the remainder of the basic
analysis being constant. The difference between the graphs

is in the method of joining the points. In figure 39 the points
are joined to give curves showing the effect of Mo varied

from 0 to 4 percent for 10 constant ratios of W and Cb.

In figure 40 the points are joined to show the effect of W
and in figure 41 the curves show the effect of Cb.

Estimated 100-hr rupture elongation
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range for three basic heats.
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The array of points in these graphs indicates the general
strength increase resulting from increasing the total alloy
content of Mo plus W plus Cb from 0 to 12 percent. The
main regson for the scatter of the points is evident from
comparison of the curves in the three graphs. Both Mo
(fig. 39) and W (fig. 40) produce strength increaseés over the
entire composition range, while the Cb curves (fig. 41)
above 1 and 2 percent Cb flatten out and cut horizontally
across the property range. This emphasizes the unique
influence, shown in previous graphs of Cb on rupture
strength.

The compamtlve influence on 100-hour rupture strength
of Cb in relation to the influence of Mo and W is broken
down further in the graphs of figure 42. Curves at constant
Cb contents of 0, 1, 2, and 4 percent indicate the combined
strengthening influence of Mo plus .\W. Curves represent-
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ing this influence have been drawn and are summarized in
the bottom graph in which Cb content is the parameter.
The short-dashed curves on the upper four graphs repre-
sent the influence of Mo and the long-dashed curves, the
influence of W at constant amounts of the other element. "

The spread in data in the graphs of figure 42 was much
less than that in figures 39, 40, and 41 in which the influence
of Cb was not separated. When Mo is added in lower per-
centages it has the greater strengthening influence and W
has the greater influence at higher percentages. These trends
cause the curves representing the Mo and W influences o
turn toward the center of the range representing the data
spread at the higher percentages of these two clements and
thus to strengthen the reliability of the single curves repro-
senting the data at constant Cb contents.

The summary curves in figure 42 indicate that additions
of more than 1 percent of Cb were of no benefit to the alloys.
When approximately 8§ percent fotal of Mo plus W was
present any addition of Cb was of no benefit to the strength.
As has been noted previously, however, Cb additions of 1
percent markedly improved the rupture ductility over that
of the 0-percent-Cb alloys, regardless of the influence of Cb
on strength.

From the summary curves in figure 42 it is possible lo
predict the 100-hour rupture strength of alloys with any
combination of Mo and W, at the four Cb levels, within the
composition range in which these elements were investigated.
Such predictions for alloys falling within the range of 0 to 1
percent Cb are not possible because data were not obtained.
Based on the data, the largest error in these predictions
would be in the vicinity of 2 percent total of Mo plus W,
This error could be as much as 2500 psi, which is not large
compared with the 2000-psi range in properties found from
heat to heat of the basic alloy. Such predictions of course
are tempered by the limitations of the investigation, par-
ticularly by the limitation of only one condition of prepara-
tion and heat treatment.
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SUMMARY OF INFLUENCE OF CHEMICAL COMPOSITION ON RUP’I‘U‘RE
TEST CHARACTERISTICS

Individual variations of elements.—Figure 43, which sum-
marizes the rupture properties at 1200° F for variations of
one element at & time in the basic analysis, indicates the
following influences of chemical composition for alloys melted,
forged, and heat- trea.ted under the conditions of this in-
vestigation:

(1) Variation of C and Mn had no appreciable influence
over the renges examined.

(2) Very low N caused somewhat low rupture strength
and intermediate N produced str engt,hs slightly above normal.

(3) The effect of Si was unique in that increasing amounts
lowered rupture strength and increased elongation.

(4) Increasing amounts of all other elements resulted in

increased rupture strength over the complete range of vari--

ation except Ni, Co, and Cb which apparently reached a
saturation content for rupture strength at 10, 20, and 1 per-
cent, respectively Additions of Cb caused a pronounced
increase in rupture elongation

(5) A saturation point for Mo and VV was a,pproa.ched at
the 3- and 2-percent levels of the basic alloy although im-
provements were obtfained by further additions of these
elements. The element Mo 1ncreased and W had no effect
on elongation. '

(6) The rupture strength was markedly increased by ad-
ditions of Cr from 10 to 30 percent, and rupture elongation
was decreased.

(7) Relative magnitudes of 100-hour rupture-strength
improvements were: 20 percent Cr increased strength 13,000
psi; 7 percent Mo, 8500 psi; 7 percent W, 7000 psi; and 1. per-
cent Cb, 8500 psi. ' The addition of 1 percent of Si decreased
strength 5000 psi. ' ' R
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The following modifications had strengths appreciably
below that of the basic alloy: 1.2 percent Si, 1.6 percent Si,
10 percent Cr, 0 percent Co, 10 percent Co, 0 percont Mo,
1 percent Mo, 2 percent Mo, 0 percent W, 1 percent W, and
0 percent Cb. The only alloys which had appreciably higher
strengths than the basic elloy were those with 30 percent Cr
end 7 percent W. From this it appears little was done to
improve the 1200° F rupture strength of the basic alloy in
the single condition of treatment studied, that rather wide
individual variations of the elements can be permitted,
particularly to higher values than those in the basic analysis,
without appreciably altering properties, and that Cr, Co,
Mo, W, and Cb are necessary for high strength.

Simultaneous variations of molybdenum, tungsten, and
columbium.—The summarized influences on rupture prop-
erties at 1200° F of simultaneaus variations of Mo, W, and
Ch in the basic analysis, shown in figure 42 for the 100-hour
rupture strength, serve to emphasize the general findings
when these elements were varied individually. These
influences are as follows:

(1) The absence of \Io, W, and Cb }mldcd an alloy w 1th
very low rupture strength, 26,000 psi for rupture in 100
*hours. _. _

(2) Separate ac1d1t1ons of Mo, W, or Cb in amounts up
to 4 percent to the 0Mo-OW-0Ch analys:s raised the 100-
hour rupture strength up to at least 40,000 psi as compared
with 49,000 psi for the basic alloy.

(3) Simultaneous additions of the three elemenis in
amounts up to 4 percent at least doubled the strength of
the 0Mo—OW-0Cb analysis. Such additions did not,
however, yield alloys with properties which were outstand-
mgly better than those of the basic alloy.
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(4) Additions of Mo and W to 4 percent raised strength
progressively.
however, were not beneficial to strength.

(56) Additions of Mo and W had litile effect on ruptu.re
test elongation. Alloys containing no Cb had consistently
low elongation and additions of 1 to 2 percent Cb markedly
increased the elongation.

Relation of rupture and creep properties.—It was noted
in table X and in the graphs of properties against composi-
tion that the stresses causing & minimum creep rate of 0.1
percent per hour were similar in magnitude to the 100-hour
rupture strength. In general it was also noted that changes
* in rupture strength were accompanied by similar changes in
ereep properties except for alloys with relatively low rupture
elongation, perticularly alloys not containing Cb, where
total elongation appeared to have relatively greater in-
fluence on fracture time.

It appears, therefore, that the rupture strengths of the
alloys were controlled by their inherent resistance to ereep,
as measured by the stresses based on minimum creep rates
obtained during the rupture test and their tofal elongation
to fracture.

DISCUSSION OF RESULTS

The results indieate that by careful control of processing
conditions the high-temperature characteristics of forged
Cr-Ni-Co—Fe-Mo-W-Cb alloys can be related to systematic
veriations of chemical composition and that major changes
in rupture characteristics at 1200° F accompany certain
varietions in composition. A summary of the influence of
alloy modification on the 100-hour rupture strength at
1200° F is shown in figure 44 for the elements (Si, Cr, Ni,
Co, Mo, W, and Cb) producing significant changes. There
were also marked changes with alloy modification in such
other metallurgical properties as microstructure, hardness,
and melting and forging characteristics which indicate
reasons for the observed imfluence of composition on rupture
characteristics.
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Additions of more than 1 percent of Cb

The range in 100-hour rupture properties associated with
the composition variables studied was 26,000 to 52,000 psi
for the rupture strength and 5 to 40 percent for the rupture
elongation. These ranges compare with properties of other

heatresisting alloys as shown in table XI. It is seen that

the rupture properties of the basic alloy can be varied over
just as large a strength range, but at e higher level, as a

regult of variations in prior processing as was obtained by

composition modifications for a single processing condition.
The strength of the modifieation (0M[o—0W—0Cb) at the
Iow end of the composition strength range is similar in

magnitude to strengths of the standard heat-resisting alloys =~
Wide property ranges are also shown

of the 18Cr—8Ni type.
for seven superalloys studied in a research program on &
large number of alloys in which it was found that no accurate
comparision could be made between alloys on the basis
of chemical composition because prior processing conditions
were not controlled. The present investigation has shown
that certain variables in melting and hot-working procedures
definitely result in msajor variations in high-temperature

properties and that these variations probably cannot be ..

completely removed by subsequent heat treatment.
LIMITATIONS OF DATA

Interpretation of the results can be made only subject to
the limitations initially placed on the investigation and those
which developed as a result of the investigation. The major
limitations which appear to be of significance are listed below:

(1) A limited number of composition variables were stud-
ied. Simultaneous variations of elements were made only
for Mo, W, and Cb. While certain of the compesition vari-

ables studied showed significant influences on properties

there was only limited indication of what to expect from

simultaneous variation of other combinations of the elements .

in the alloy.

(2) Comparisons between alloys were limited to properties

in one condition of prior processing. It was shown that the
control exercised over processing was sufficient to obtein
relinble reproducibility of properties between heats of the

basic alloy. But it was also shown that, unless ell the

processing procedures, including both melting and hot-
working conditions, are controlled, variability in properties
may result. Reasons for this variability were not evident
from this investigation. The relative influences of processing
on allovs other than the basic are not known. Because
only one processing condition and heat treatment were used
for all the alloys no indication could be obtained of the
optimum properties which would be expected for the alloys
by variation of treatment.

(3) Limitations are also imposed in the interpretation of B
the influence of composition on high-temperature character-

istics in general by the fact that only one type of test was
used to evaluate properties and this at only one temperature.
Testing time was also usuelly limited to that necessary to
establish the 100-hour rupture strength.

In the discussion of the results of this investigation cog-

nizance is made of these limitations. e
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COMPARATIVE RUPTURE AND CREEP CHARACTERISTICS

The main reason for consideration of the creep data from
time-elongation curves of the rupture tests was to determine
if creep resistance or elongation best correlated with the rup-
ture strengths. It was observed that in general the stresses
to cause a creep rate of 0.1 percent per hour were of the same
order of magnitude and followed the same trends with com-
position variation as the 100-hour rupture strengths. The
main exception to this observation was in the alloys in which
Cb was systematically varied from 0 to 4 percent in which
case the stresses for constant creep rates remained constant
or decreased with increasing rupture strength (see fig. 36).
It seemed apparent, therefore, that the marked influence of
Cb additions from 0 to 1 or 2 percent on increasing inherent
ductility was responsible for the unusual relation between
creep and rupture properties. While stresses at a constant
creep rate of 0.1 percent per hour were of the same order. of
magnitude as: the 100-hour rupture strength, these stresses
were higher for the 0-percent-Cb alloys (low elongation) and
equal to or less than the rupture strength for the 1- and 2-
percent-Cb alloys (high elongation). Apparently, therefore,
the influence of Cb on changing the rupture strength was less
dependent on the resistance to creep, as measured by stress
at constant creep rate, than on the relative ability of the
alloys to deform before fracture.

Figure 45 shows, for all the alloys studied, the variation of
the 100-hour rupture strength with stress to.cause a creep
rate of 0.1 percent per hour. Average curves are drawn
representing the points indicating the low (5 to 10 percent),
intermediate (11 to 19 percent), and high (20 to 40 percent)
100-hour rupture-elongation levels encountered. While there
are ranges for the rupture-creep property relations it is noted
that the range representing high elongations is definitely at
a higher level, than that representing low elongations. The
range for intermediate elongations overlaps both those for
high and low eIongatlons These ranges, while partially the
result of variation in actual elongation within the range,
particularly at the lower elongations, are believed to be
mainly caused by the limitation of the reproducibility of
properties from heat to heat of a given analysis and by the
fact that the creep properties in many cases were estimated
from only a small amount of time-elongation data. Another
possible cause of the ranges could be that for certain alloys
the stress at constant creep rate is not an accurate representa.—
tion of the creep resistance.

In general it appears, however, that the stress to cause 2
creep rate of 0.1 percent per hour is a measure of creep resist-
ance which does control the 100-hour rupture strength, that
the relation is linear and represented by a line with a slope
of approximately 45°, but that the level of rupture properties
at a given creep resistance is dependent upon inherent ability
to deform before fracture. Specific examples of the relative
dependence of rupture strength on stress at constant creep
rate are as follows (see fig. 45):

(1) At a constant 0.1-percent-per-hour creep strength of
45,000 psi (which means all alloys on this vertical 45,000-psi
line have constant creep resistance) alloys having high elon-
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gation will take longer to fracture than those having low
elongation. The 100-hour rupture strength will be approx-
imately 5000 psi higher for an alloy with 20-percent or more
total elongation than for an alloy with 5- to 10-percent
elongation.

(2) The 100-hour rupture strength must remain the same,
for example at 45,000 psi, evén though the stress af constant
creep rate, or creep resistance, decreases by approximately
5000 psi because the ability to deform prior to [fracture
increases at the same time.

Itisnoted in figure 45 that the leve] of thc relation hetween
rupture strength and creep resistance is dependent on {otal
elongation only at the lower elongations. The reason for this
is the difference between the time-clongation curves for
ductile and brittle materials. For ductile materials toward
tha end. of the period of increasing creep rate (third-stage
creep) there is a large amount of deformation in a very short
time perfod. In this case the total elongation has a relatively
small time dependence, the elongatien having little influcnce
on the rupture time. For brittle materials, on the other hand,
the elongation change with time is more gradual near the end
of the test. Thus with the same creep resistance the rupture
time is more dependent on the relative inherent ability of the
materials to deform before fracture.

The points in figure 45 that indicate clongations between 5
and 10 pércent represent the alloys which did not contain Cb.
One point at the highest stress represents the high-Cr alloy
which had low duectility. It is evident that the unusual
relation between creep and rupture properties observed for
alloys in which Cb was varied systematically was the result
of the added influence of total elongation on rupture strength.
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It can be concluded that the rupture-strength variations
with chemical composition observed in this investigation
were the result of the changes in inherent creep resistance
caused by alloy additions except for composition variations
for which total elongation to fracture changed from low
(5 to 10 percent) to high (above 20 percent) in which case the
greater ability to deform before fracture also improved the
rupture strength.

INTERPRETATION OF INFLUENCE OF CHEMICAL-COMPOSITION VARTABLES
ON RUPTCRE PROPERTIES AT 1200° F OF MODIFIED ALLOYS

Interpretation of the menner in which the eomposition
variations influence the high-temperature properties of these
alloys by controlling the inherent ereep resistance and the
ability to deform before fracture can be made in view of
simultaneous effects noted in other metallurgicel charac-
teristics. The following observations of such effects were
made:

(1) Only the following nine alloys of the 63 different com-
positions studied developed a pronounced amount of visible
microstructural precipitate during aging: )

Composition
Alloy | cnriable (percent)”
0.40C
18 0.f0C
52 30Cr
2 0Co
49 3IMe2W-iCh
50 3Mo-2W-8C b
82 2Mo4W-4C
3 43 o2W—C b
3 I+ W—Ch

Except for the 30-percent-Cr alloy, the additional precipitate,
resulting from either increased C or Cb or decressed Co,
did nof have any apparent beneficial effect on strength. The

matrix precipitate which occurred during aging eof the 30-

percent-Cr alloy was of a different type from that of other
alloys with heavy precipitation, being preferred rather than
random. The hardness increase during aging of the 30-
percent-Cr alloy was exceptionsally large. Thus the sub-
stantial strength increase with the addition of Cr frem 20 to
30 percent appeared to result, at least in part, from the aging
characteristics caused by hlgher Cr.

(2) Neither Mo nor W, when varied from 0 to 7 percent in
the basic alloy containing 1 percent Cb, showed the least
effect upon the relative amounts of visible precipitate occur-
ring during aging. However, accompanying the increases in
these elements were improvements in creep resistance and
rupture strength over the entire composition range. Like-
wise Mo and W, when varied simultaneously from 0 te 4
percent, produced no increase in amount of visible aging
precipitate in alloys containing 2 percent or less of Ch.
Creep-resistance and rupture-strength improvements were
considerable and continuous in the 20 series of alloys in which
either Mo or W was increased systematically. In 16 series of
alloys, there was no appreciable change in the effect of these
clements on aging precipitate present. The remaining four
series were those containing 4 percent Cb, and in these the
presence of at least 6 percent total of Mo plus W was neces-
sary to increase the amount of visible aging precipitate. The

elements ¥o and W were similar in effect on properties in
these systems as in the systems containing lower Cb. How-
ever, these high-Cb alloys did not develop an eppreciable
relative increase in hardness during aging and had a random

rather than the preferred matrix precipitate of the high-Cr ~

alloy which apparently derived its superior strength from the
aging reaction.

(3) The Cb produced its major improvement in rupture

strength in additions of 1 percent to the 0-percent-Cb alloys.
This increase in rupture strength appeared to be the result
of the higher ductility caused by Cb rather than an impreve-
ment in creep resistance, which Cb additions either did net
change or reduced. Additions of more than 2 percent Cb
did not add anything to rupture strength because creep resist-
ance was not mcrea.sed and the rupture elongations were
ell at a high level where changes in fotal elonga.tlon did net
appreciably affect fracture time.
tions indicated that Cb, or the compound it caused te form,

was at most only partially soluble at temperatures up to.

2200° F. Limited solubility appeared to be the reason that
there was no improvement in creep resistance when Cb was
added. The major changes in micrestructure caused by
Cb—increasing the amount of insoluble constituent, changing
the mode of aging prec1p1ta.t10n from preferred to randem,
and refining the grain sme—a.ppea.red to be associated w1th
the marked incresse in rupture elongation resulting from
Chb additiens. It is noted that low rupture elongation was
alse associated with the preferred type of aging precipitate
in the 30-percent-Cr alloy. Rupture-strength improvements
with Cr additions, however, were the result of increased
creep resistance which was not the case for the Cb-modified
alloys.

Additions of 4 percent or more of Cb in the presence of
6 percent or more of Mo plus W caused & marked increase
in the amount of random matrix precipitation during aging.
This additional precipitate added nothing to strength and
did net appreciably increase the relative hardening during
aging. However, the strength increases accompanying

additions of Me and W in this region continued to be con-

sistent with those which appeared to be the result of selid-
solutien effects for the lower-Cb alloys.

(4) There were certain similarities between the effects
of C and Cb on the amount of excess constituents present
in the microstructures. While the excess constituents result-
ing from C and Cb additions were not necessarily the same
phases, the appearance of large amounts of excess constitu-
ents, both in the solution-treated condition and during aging
of the higher-C modifications, had little effect on properties.
Apparently C combines with elements normally present in
the solid solution to form certasin of the observed excess
constituents. In view of this the inherent matrix strength

of the material should be reduced. This effect appeared

to be the case for the 0.60-percent-C alloy which did show
& tendency toward lower strength. However, balancing
factors, which could hold strength up to a certain extent,

could be that some strengthening resulted from the very

heavy aging precipitation, or that C did not combine with
the major elements causing the strength.

Microstructural examina-
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(5) Additions of Co from 0 to 20 percent which tended
to raise creep resistance, and thus rupture strength of the
alloy, decreased the amount of visible aging precipitate,
apparently increasing the solubility of the strengthening
elements. Further addition to 32 percent Co increased
creep resistance but did not appreciably improve rupture
strength because of the lower rupture elongation.

(6) The major strengthening effect of Ni was between
0 and 10 percent.. The addition of 10 percent Ni changed
the alloy from an unbalanced ferrite-sustenite composition
of the 0-percent-Ni alloy to the austenitic-matrix-type alloy
typical of all the other alloys studied. By preventing the
formation of the weak ferrite-sigma-type phase 10 percent
Ni caused the elements in this pha.se to enter the solid solution
of the matrix, thus increasing the creep resistance and
rupture strength.

Each of the above observations of relations. of metallur-
gical characteristics and high-temperature properties points
- to the conclusion that the major strengthening effects pro-
duced by alloy variations in this investigation were the result
of the elements entering into solid solution in the alloys.
The two outstanding examples of solid-solution strengthening
were for Mo and W. These elements would enter the solid

solution by substitition, as also would Cr, Ni, and Co, for

atoms of Fe, which they replaced in the alloys. The atoms
of Cr, Ni, and Co are all about the same size as Fe atoms
and could substitutionally enter the crystal lattice of the
golid solution with ease. Substitution of the larger or incon-
gruous atoms of Mo and W into the lattice, however, would
necessarily set up a strained condition.
lattice would interfere with the flow conditions during creep,
thus giving the material higher creep resistance. The role
of Cb, which also has relatively large atoms, is complicated
by t.he high affinity of Cb for C and by the apparent low
limit of solubility of Cb, or the phase which it forms, in the
basic alloy system studied. The substitution of the similarly
sized elements, Cr, Ni, or Co, into the lattice would not set
up particularly strained conditions and thus strengthening
from solid-solution effects would not result. This has also
been demonstrated by a recent investigation of Fe-Cr-Ni
alloys (reference 2).

ments influencing the matrix solubility of other elements,
the two most probable other elements being Mo and W. As
noted, Cr apparently increased strength, at least in part,
by aging effects. .

It would appear therefore that as- the number of incon-
gruous atoms entering solid solution increased the strength
should increase proportionstely. The composition modifi-
cations studied most thoroughly in this investigation were
those involving the simultaneous variation of Mo, W, and Cb.
The modifications in which Mo and W additions caused
strength increases were pointed out as examples of strength-
ening as a result of solution effects. Figure 46 shows the
influence on the 10Q0-hour rupture strength of total atomic
additions of Mo and W to alloys containing four levels of Cb.
This figure is similar to the presentation in figure 42 of the

Such strains in the.

The effects of Ni and Co on properties
and microstructure appeared to be the result of these ele-.
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same data on a weight percent basis. The solid-line curves
drawn. represent the dats even better, however, when pre-
sented on an atomic percent basis. Trends in the summary
curves, with Cb content as a parameter, are the same.in
both presentations, Cb above 1 percent being of no benefil
to strength. In general, the curves in figure 46 show a
confinuous and approximately proportionate increase in
strength with atomic additions of 3Io and W. This is
consistent with what would be expected if solid-solution
effects are responsible for the strength increase.

The points in the graphs of figure 46 have been connected
so as to show the comparative effects of Mo and W, the
short-dashed lines showing the Mo effects and the long-dashed
lines the W effects. There is a general trend indicated by these
curves for W to cause a relatively greater strengthening than
does Mo. This means that, although the average solid-line
curves drawn do represent quite well the data in the graphs
for the composition ranges studied, additions of atoms of W
to the solid solution had a greater strengthening cffect than
equivalent atomic additions of Mo.

Exceptions to the solid-solution strengthening cffect, par-
ticularly that of the 30-percent-Cr alloy, were noted pre-
viously. One other major exception, which does not agreo
with the conclusion that strengthening resulted from solid-
solution_effects, was that encountered in the influence of
Si varistions. - The effect of Si, varied from 0.5 to 1.0
percent, was to lower strength properties markedly and to
increase total deformation to fracture. There was no
apparent change in microstructure produced by Si. It was
also observed that the high-Si alloy was the only alloy of all
those studied which did not show any increase in hardness
during #ging.

A clue to the apparently anomalous effect of Si is to be
found in the results of the effect of deoxidation practice
during melting on the properties of the basic alloy. Table
VI shows & 100-hour rupture strength of 52,000 psi for alloy
74 which was not deoxidized before pouring. This strength
of 52,000 psi is to be compared with the strength range of
48,000 to 50,000.psi for the basic alloy deoxidized in the
normal manner with calcium-silicon deoxidant and with the
55,000-psi rupture strength of alloy 75 which was deoxidized
with & zirconium-silicon-iron deoxidant. These results indi-
cate that a marked influence may occur on properties of a
given elloy as a result of variation of melting procedure.
The element Si definitely plays an important role in melting,
particularly in deoxidation practice. One heat (alloy 27) in
which the charge was aimed at yielding 0.25 percent Si in the
basic amalysis and which was deoxidized in the normal way
with 15 grams of ealcium-silicon alloy resulted in 0.58 percent
Si and gave properties typical of the basic alloy. Another
heat (alloy 79) aimed at 0.25 percent Si, but in which only
5 grams of calcium-silicon deoxidant were used, resulted in a
blow hole at the ingot center. It thus appears that inherent
characteristics, imparted to the material during melting,
not removed by subsequent processing, and not evident in
microstructure, could be responsible for the unusually low
strengths of the high-Si alloys.

-
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The basic alloy has been shown by previous investigations
to be an alloy which does not develop appreciable strength-
ening at high temperatures as & result of visible precipitation
reactions during aging after solution treatment (references
1 and 3). Evidence presented in this discussion indicates
that the major strengthening effects accounting for the good

strength of the basic alloy result from additions of incon-
gruous atoms of elements to the solid-solution lattice of the

austenite-type matrix.

Another characteristic evaluated for the alloys was the
relative forgeability. Although this evaluation was only
qualitative the indications were that high-temperature char-
acteristics as measured by rupture tests at 1200° F were in
general reflected at temperatures of 1800° to 2200° F in the
relative forgeability of the alloys. Alleys which had higher

“rupture strengths as a result of greater resistance to creep
also tended td.be less plastic in the forging range. The main
exception to. this was for Mo additions which apparently did
not affect forgeability. The alloys net centaining Cb, which
had quite low rupture elongatien, tended to crack during

forging. . . o e
OPTIMUM ALLOY CGONTENT AND COMPOSITION RANGES

In addition to the main objective of determining the
influence of chemical-compositien variations on rupture
properties at 1200° F, the present investigation was also
intended as an initial step toward establishment of optimum
compositions for alloys of the basic-alloy type. Interpre-
tation of the results for this purpose, however, is subject to
the limitations of the number of compositions studied and
the single preparation condition placed on the investigation.

While the over-all property range obtained was quite wide
and information was obtained concerning the influence of
each element on properties, no alloy was obtained which had
properties which were outstanding compared with those of
the basic analysis.

It was shown that most of the elements present in this
analysis are necessary to yield the best properties, but that
variations over relatively wide rangescan be made of one
element at a time in the basic analysis without appreciably
altering properties. Indications are that Ni cen be varied
from 10 to 20 percent, C from 0.08 to 0.60 percent, Co from
20 to 32 percent, Cb from 1 to 4 percent, Mn from 0 to 2.5
percent, and N from 0.08 to 0.18 percent in the basic analysis
without appreciably affecting properties. It was also shown
that Cr, Mo, and W are necessary for maintenance of proper-
ties and that Cb in additions not beyond 1 percent is neces-
sary for high ductility characteristics. It is possible, how-
ever, to obtain strengths as high or higher than that of the
basic alloy without the use of Cb but this involves increasing
Mo and W.

Seemmgly the only major reduction in required a.lloy con-
tent in the basic alloy, which could be made without appre-

ciably lowering properties, is that Ni could be lowered to 10.
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percent. Possibly Cb could be decreased a few tenths of & _
percent below 1.
NATURE OF PHASES PRESENT IN EXPERIMENTAL ALLOYS

As yet little is known concerning the nature of the phases
present in alloys of the type investigated. It is gencrally
accepted that the austenile-type matrix is a solid solution
which is saturated with respect to certain unidentified con-
stituents at both the solution and aging temperatures. It
is also known that Cb, Cr, Mo, and W are prone to form
carbides or nitrides under certain conditions and that inter-
metallic compounds, such as the Fe-Cr sigma phase, and also
a ferrite-type phase, are possibilities of microconstituents.

There was a limited amount of evidenca gained from the
microstructural studies of this investigation coneerning the
nature of the phases encountered. There is evidence that C
entered into the reaction forming the phase which was at
least partially insoluble at the solution-treatment {erpers-
ture and that Cb was the other significant element in the
formation of this phase. It also appeared that C was
an important constituent of the precipitate which occurred
during aging.

Evidently Cr contributed to the formation of the phase
which precipitated during aging of the 0Mo-0W-0Ch alloy.
It appeared that Cr was also guite important in the aging
reaction in the 0-percent-Cb alloys since additions of Mo and
W to these alloys did net change the appearance or apprecm-
ably affect the amount of aging prec:pltate

Additions of Cb from 2 to 4 percent in alloys containing
high Mo plus W appreciably increased the amount of aging
precipitate. Evidently this occurred as & result of exceeding
the selubility limit of the solution which caused the rejcetion
during aging of the excess phase from supersaturated solu-
tion. The constituents of this phase were not evident from
the data, aithough there was some indication that Mo and
W, which spparently increased strength by substitutional
entrance into solid solution, probably were not present in
the precipitate. The two examples of this were:

(1) Additions of C to the basic alloy increased aging pre-
cipitate but did not appreciably lower strength which would
be expected if Mo or W were forced out of solution.

(2) Additions of Cb from 2 to 4 percent in alloys also
containing at least 6 percent total of Mo plus W did not
affect strength appreciably while increasing the amount of
aging precipitate. On the other hand, when Mo or W was
raised from 2 to 4 percent in alloys conteining 4 percent Ch,
producing alloys with more aging precipitate, the strengﬂ_} .
was improved, indicating that Mo and W went into solution.

In the event Mo and W did maintain strength by remain-
ing in or entering into solid solution, it is probable that Cr
or some of the other elements with atoms of similar size to
Cr were forced out of solution as carbides or intermetallic
compounds. .

On the basis of the composition range studied for N, it did
not appear that this element apprecmb] y affected the micro-
constituents. S
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CONCLUSIONS

By the use of careful control over processing conditions
this investigation has shown that for forged alloys containing
chromium, nickel, eobalt, iron, molybdenum, tungsten, and
columbium it is possible to correlate the stress-rupture
properties at 1200° F with systematic variations in chemical
composition and that a wide range in properties can be ob-
tained by such variations. However, no alloy was obtained
which had properties which were outstanding compared with
those of the basic analysis.

Subject to the limitations placed on this investigation of
the limited number of composition variables studied, the use
of only one condition of processing, the evaluation. of high-
temperature characteristics by only relatively short-time
rupture tests at 1200° ¥, and the use of only microstructural

and hardness data to provide interpretation of results, the .

findings lead to the following conclusions:

1. Carbon (varied from 0. 08 to 0. 60 percent), manganese
(0 to 2.5 percent), nitrogen (0.08 to 0.18 percent), nickel (10
to 20 percent), cobalt (20 to 32 percent), and columbium
(2 to 4 percent) do not appreciably influence 1200° F rupture
properties. Nitrogen (0.004¢ to 0.08 percent), chromium
(10 to 30 percent}, nickel (0 to 10 percent), cobalt (0 to 20
percent), molybdenum (0 to 4 percent), tungsten (0 to 4
percent), and eolumbium (0 to 1 percent) improve the rupture
strength. Silicon (0.5 to 1.6 percent) and nickel (20 to 30
percent) lower rupture strength.

2. The rupture-strength variations with chemical composi-
tion observed in this investigation were the result of changes
in inherent creep resistance, caused by alloy additions, ex-
cept for composition variations for which total elongation
to fracture changed from low (5 to 10 percent) to high (above
20 percent), in which case the greater ability to deform be-
fore fracture also improved the rupture strength.

3. The rupture-strength improvements accompanyng the
increased creep resistance with additions of molybdenum and
tungsten apparently are the result of the strengthening in-
fluence of these incongruous atoms entering substitution-
ally into the matrix solid solution. Increased creep resist-

ance with nickel end cobalt additions apparently results
from the manner in which these elements improve the solu-
bility of molybdenum and tungsten. The increased creep
resistance produced by chromium additions apparently re-
sults, at leest, in part, from an aging reaction. The creep
resistance is not influenced by columbium which enters
solid solution to only a very limited extent.
in rupture strength with small additions of columbium re-
sult fréin the greater ability to deform before fracture of

Tmprovements

alloys containing columbium. The detrimental effect of
silicon on strength properties is possibly connected with
melting phenomens which are not yet understood.

4. Columbium, chromium, and carbon produce major
changes in microstructure.
indicate that these are the major elements in the present
excess constituents in the structure of the alloys.

5. Melting and hot-working conditions have an important
influence on the inherent high-temperature properties of
alloys of the type studied.

Unrversiry oF MIicHEIGAN,
Ax~ ArBor, MicH., October 26, 1949.
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TABLE IL—CHEMICAL COMPOSITION OF EXPERIMENTAL ALLOYS
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TABLE HO.—TYPICAL MELTING RECORD
[Alloy 72. Alm analysis, percent: 0.15 G, 1.7 Mn, 0.5 8i, 20 Cr, 20 N1, 20 Co, 6 Mo, 2 W, 4 Gb, 0.12 N]

- (a} Charge .
Composition contributed by melting stock (percent)
Melting stock elant -
Fe c An 81 Cr Nt - Co Mo W Cb . N
Electrolytic nickel .__ 820 —_ JUSURENNEEN IR I, 26 | acaeas - ——— .
Cobalt rondles 0.1 IR (U DUV [ S [ | ——— 20.0 IR N [P,
Armee fron 721 0.004 (11,1 2 SR N R U SRR R .
Ferrochromfom (Jow ‘{;-----___-_____---_-----:-- 544 011 —— 0.053 9.18 | aaae- —_— - 0.110
Ferrochrominm d Tow N3 2 | a5 | 88 | .035 ra | T RN .01
Ferrochrominm (low C, Tow . S ——— —_ 589 -008 mamn - 1.8+ | oo ——— R S I — 008
Electrolytic manganese. 63 S S, 1.69 [N S I NN N AN SRR I ’
Fmﬂﬁn (80 percent Sfy___ 0 | e | mmmeam PRI NI NI [ S —— S U I
Perromolybdenum (69 pereent Moy .. [: I [ AN RN O, ORI S, i
Ferrotungsten (So(gmen Wi 100 0.43 0.012 0.005 0.014 — | 200 | o____
Ferrocolumbium (60 percent Cb) 278 2.38 023 | . - 4.00
Totals - 4000 29.93 0.148 170 0.68 0 4.00
Actualanalysls | e ] e 0.14 L& 0.66 0 4.18
(b) Melt data
X ©© Opemtion ' _ s
Fe, (l'::E \')I and Co melting stock placed in hot erucible (fifth heat In o
Power on, 400 volts, 10 kw.
C] e melfed.
I3
Mn added.

Ferrotungsten and ferrocolnmbiom added.
| Power down to 300 volig, 8 kw.
glingm of so-pement—Ca and 6¥percent-8f alloy added to deoxtdize.

_| Power off. Bath temperaturs: Leeds and \orthru o]ﬂ:ieal pyTO-
meter—2560° F. t- {fmmersion
thermccouple—!&iﬂ

Heet poared.

Cooling-curve data taken on hot-top metal. Temperature halt in curve at 2406° F.

21868T—53-—92
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TABLE III.—MELTING DATA FOR EXPERIMENTAL ALLOYS

Bath temperature before
pouring (°F)

Modification from basie alloy Cooling-curve
Alloy . temperature
(percent) Yeodsand | pe prRn | halt (F)
p immersion
opﬁa;ltgrmm- thermocouple|
(SRR B - 1:T:1 . SO SR 2570
Baslo. R 2560
Basle I S . 2666
Baslo. e} meea . 2680
Basio. oo 2185
Basio 2628 2600
Basle, no deoxidation_ ... 2780 2840
Basle, Zr-8i- Fe deoxldant. a0 2745
Basfe, melted under ime-fi 2526 2520
slag.
0.08C ; - 2560
0.40 C R 2588 | cemmccoan-
04001 ... 2835 2500
0.60C__. - 2585 2518
0.60 C 2585 >2470
o0 Mn 2550
(100§ < Y 2630 2617 ;2490
0.30 M. e OV 2530
0. 50 Mn — 2840 2587 2501
1.0Mn - 2560 2545
2.5 Mn. 2585 2514
2675 2682 P
2840
2580 2610
- 2788 2542
2792 2754 >2430
2026 | -emeeceei | emecmoana
2600 2622 2487
2690 2634 2458
2660 2858 2471
2600 | eoeeone- 2470
2670 2587
Zi00 292 2529
2670 2660 2405
2660 2643 >2440
2718 26084 2471
210 2688 U474
2710 2808 205
2705 2602 2487
2685 2690 >2490
2700 - 2693 2484
2770 T 2553
_______ - 2780 2508
2650 2703 2404
2600 | | e >2390
2708 a7 2508
T2 | cmoemenn 2480
2632 2648 2479
Mo w Chb
0 ] 0 2740 2760 28592
[ 0 [} 2790 >2520
2 0 0. 2780 2768 >2530
4 0 0 2750 2770 2537
0 2 0 2870 2805 >2520
0 4 )] 2785 2783 2542
2 2 (1] 2752 2736
4 2 0 2742 2762 2529
2 4 0 3732 2670 2818
4 4 0 2832 2835 2482
2 3 2 | meao. — 2790 2484
4 2 2 2085 20880 2466
2 4 2 2725 2728 2474
2 2 4 2710 2703 . D>
2 [1] 2 2802 2847 >2500
2 0 4 2740 7e2 2450
4 0 2 2750 2768 458
4 0 4 2670 2442
4 4 4 26850 20678 2424
[1] 0 ) S SN [ 2613
1] 0 2 2810 2815 2521
0 [}] 4 2710 2740 2471
0 2 2 2750 2782 2532
¢ 4 2 2740 757 >2510
4] 3 £ 2880 2408
1] 4 4 2730 2178 2476
2 -4 4 " 2500 2602 >2400
4 2 4 2625 2680 2410
4 4 2 2602 2585 2442

& Blow hole in Ingot of low-Mn (18} and Jow-8i (70) heats.
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TABLE IV.—TYPICAL FORGING RECORD
[Alloy 85, $/o-0W-2Cb]
(a) Forglng operations

Operation

Tngot moved fo centeralmmacost 22(0° F after a preheat near door of furnace.
Ingot on temperature,

Gait;:?metblowsbetwee:nﬂatﬁesonsqummam ; forging only top half of

55 blows between fiat dfes on square faces; 10 blows hetween flat dies on corners.

60 blows between flat dies on square faces; 10 blows between flat dfes on corners.

&5 blows between flat d.les on square faces; 10 blows between £at dies on corners to
approximately L.10-in_-squere bar.

'ublowsinﬂ.rstswaee

21 blows In first swage to approximately 0.95 in. mund.&ﬁbluwsinmond_swaga
64 blows in second swages.

85 blows In second swage.

40 blows in second swage to ap mﬂmntelyﬂ"sin.round,mmdplececutoﬂirom

unforged half of ingat: plece recharged

65 blows in third swage.

47 blows In third swage.

55 blows In third swage.

{ 55 blows in third swage.
-} 48 blows In third swage.

55 blows!nthirdswngeto approximately 0.58 in. rotmd, this plece cut In two, both
pleces recharged to turnace fgr forging In the last swage.

ﬂ.mshmg {0 0.40 in. round.
Fitx)ﬂsgélng temperatures for all forging opemtbns were 15800° F or above as judged
¥ colar.

(b) Forglng summary

Die Heatings Blows
4 260

2 91

4 215

6 325

8 Bar C—397

D—ii3

Total heatings: 16.
Total blows:
Bar C—797.
Bar D—S818.
Forging range: 2200° to 1800° F.

~

Initial size of i.ug
.42 square tapered to 1.04 [n. sqoare.

Fl.nnlslzeotrot ed bars:
Bar C: Omin.roundbyln.xtn.
Bar D: 0.40 in. romnd by 21.0 In.
Reduction during forging> 93 percent,

ALLOYS 1435
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TABLE V—~FORGING DATA FOR EXPERIMEXNTAL ALLOYS T

Modification from basl Total A‘!JJ':I:%:? o Ters Estimated f billty pared w-!f.h of
cation from 0 e orgea’ com| that
Alloy Bare alloy (percent) heatings | total N basic alloy
blows | Lenet Dismeter (in.) ¢
. e
T A Basie 8 861 25.5 0.428q e .
7. B 7 2687 14 0.50
8 A Basie. 8 356 25 0. 408G e
8 D 18 875 26 0.4 -
10 A Basle o] ] 423 25.5 Q42 8Qummm e
10. D 20 239 20 0.41
11 —| B {Baso e . 3 384 30 0B8Q oo |
12 A Basic. 8 434 23 .41 sq
27 D Basie_ ¢ 824 25.2 0.43
4. D Basic, no deoxidation . ___.__ 18 o] 2 0.40 Sams.
I; E gaslc, Zr-Bi-Fe d;g:xlsii:gt_- 14 T3 21 [ %ame. fat dle
- T, asfe, melted on S N S —- e oorer—many cracks during Inftial work;
forging discontinued.
13 - A 5 292 245 Better—more plastic.
L R, A 8 350 21.5 Poorer—corner and end cracks; less plastfe.
18 A 5 169 0.5 Poorer—many center and corner cracks; less plastic.
16 B 5 Pal 13 ’
24 D.|0NMn 15 909 L 20.8 Poorer— bed corner cracks developed d.m'lng
forging on flat dies.
19. A (.30 Mn 5 45 28.5 Same—some corner cracks,
20. A .80 Mn____ . . [ ] 480 7.5 Sama—some end aracks.
21 A 1.0 Mn ] 444 29 -
- A 2.5 Mn 4 344 25 - S].lghtly better.
=, D 15 895 26.4 Same.
80. D 15 863 -3 0.41 -- Bame.
Bl D 15 705 o 0.4 Better—mnch more plastie.
52__ D 20 059 2LE | 00 Poorer—much less plastic.
. T D 12 613 15.4 [V S, X_--| Better—more plastie.
25. D I1 &7 17 0.48 Better—more plastfe.
26 D 16 846 2 0.45 Paorer—Jess p
29 D 12 5% 25.2 0.42 Better—more plastic.
30 D 15 813 7.2 0.41 Sama.
8. D 18 T2 2.5 o4 Poorer—Iess plastfe.
> D 73 7L 22 0.4 Same,
3. D 18 660 22 0. 42, Same.
34 - D 19 28 27.82 0.42_ Same.
5 D 16 804 22.5 0.40 Same.
38 D .18 818 z R Same. )
ar. D n 603 17 .41 Bettar~—more plaste.
38 D 14 674 21.5 0.41 Better—more (0
1 T, D 14 750 215 Q.41 Poorer—Iess plastic.
40. D 17 874 22 042 - Poorer—lass plast{c than 39.
47, D 16 629 17.5 .41 Pmmy crocks developed durlng forging on
48 D 16 736 2.3 Y Same.
L D 19 815 21 0.41 P plastfe.
5_. D- 18 889 at 0.49. Poorer—less plastic; no forging eracks.
41 D 4 634 20.5 0.41 Same.
42 D 16 70 10.5 0.41 Same.
81 D 135 812 218 [ 0.4F e Same.
Mo w Ch
43 D [1] 0 ¢ 18 854 26 0.45 Better—much more plastic. N
45_ . D 2 0 ) 14 646 22.5 041 Poorer—more plastlc but more subject to cracking.
48 D 4 0 0 17 700 22 0.41 Poorer—similar to 45.
.4 D 0 2 0 15 683 2.5 |0.40. Poorer—more plastie but mnch more subject fo
e -
5 . D 0 4 (] 18. :vd 23 0.41 Poorer—same as 53.
55 D 2 2 0 19 1050 28.8 0.40. Poorer—much more tendency to crack.
56 D 4 2 1] 19 1034 28.5 0.41 — Poorer—same as 55. :
57 D 2 4 0 20 SS1 21 0.41 Poorar—less plastic; tandency to crack.
58 D 4 4 0 22 098 2.5 0.40 Poorer—same as 57.
58 b 2 2 23 10 904 24 0.4t Same.
60 D 4 2 2 18 804 22.5 0.41 Samae.
6L D 2 4 2 18 826 21.5 0. 40, Poorer—less plastic. -
ez D 2 2 4 19 917 23 0. 40 Poorer—sams as 61.
63, D 2 1] 2 14 728 2.5 0.40 - Better—more plastic,
64 _ D 2 a 4 14 754 19 0.40 Same.
85~ D 4 o 2 16 813 21 0.40 Same. .
66 D 4 [i] 4 16 859 a5 [0 Poorer—less plastic.
7. D 4 4 4 12 674 18.3 40 - Pqorer—Iess plastle.
7 D 0 [} 1 15 841 26.5 0.40. Beéter—more plastic.
68 D 0 ¢ 2 I8 887 2 0.40 Better—more plastie.
69 D 0 1) 4 10 521 _17.3 0.41 Better—muore plastic.
0 D 0 2 2 17 82 21 0.40 Same.,
71 D i} 4 2 1T 850 24 0. 40 Same,
= D ¢ 2 4 18 7L 2L6 0.40. Same.
] D [} 4 £ 16 822 22.5 R ) Same,
82 D 2 4 L 16 833 24 0.41 Poorer—Iess plastic.
83 D 4 2, 4 18 850 2 0.4 aorer—same as 82,
8 = D 4 4 2 14 a51 20.8 [ & R Poorer—same as 82,

¢ Letter designates locatfon of bar in ingot as follows:

BarA.wasﬁ:ombottom uarteroﬂngotina.ueasuexeeptlﬁA,whichwas&omIowarm[ﬁdqumteruﬂum
qunrterexcept 16B, which was from bottom of ingot
Baera.sﬁ:omuppeJ:quarter

BarB

rounds exeapt where squates (sq) ere indicated.

- ———
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TABLE VI—INFLTUENCE OF FORGING AND MELTING VARIABLES ON RUPTURE TEST
CHARACTERISTICS AT 1200° F OF BASIC ALLOY «

[Heat trestment: 2200° T, 1 hr, water-quenched; 1400° F, 24 hr, sir-cooled]

Estimated | Stress (psl) to canse creep
Bupture strength (ps) lwtgie rates of— Ml:n!mual
11l ’ rupi creep ra
d &‘fé?‘“ i 0.01 01 ‘(n; et )
cen A ‘percen!
100 br 1000}1: 1in.) percent/hr
Final adopted forging procedure—round bar stock
8 __. 48, 500 37,000 22 35, 800 47, 500 0622
10. 50, 60Q 38, 600 19 400 40, 000 .02
z 48,000 - 37,000 25 37, 000 48, 200 .03
e | 48,800 37,800 = 36,000 47,600 0.023
Range . . 48, (00 87,000 19 85, 400 48, 200 0.02
to ta to to to to
50, 000 38, 000 25 87,000 49,000 023
Preliminary forging procedure—square bar stack
T 45,300 ~ | 87,000 2 35,800 46,300 ‘0.028
8 48, 500 36, 000 18 34, 500 48, 000 033
10 - 52,000 86, 300 20 35,400 50, 100 022
1L 48, 000 38,000 2 36, 600 47, 500 -0
12 49, 000 38, 500 2 38, 200 46, 000 .018
Average. 48, 800 37, 200 20 34,000 47,200 0.025
Range 46, 500 Mﬁgm 18 34, 00 46, 000 0.018
to to to to to
52,000 38,300 22 35, 200 50, 100 .033
YVariable deoxidation practice «—round. bar stock
52,000 541,000 16 540,700 & 55, 500 8 0. 0020
55,000 44, 500 18 42,300 57,000 b, 0045
Comparative properties of commercial har stock of basle alloy
Heat 80276 50, 000 ¥ 42 000 14
A-1726. 47, 000 5 42,000 16

s Results based on detailed rupture fest data given in table X.
* Estimated value. -
« Deoxidstion practice:

None—no deoxidation

Zr-Si-Fe—zirconinm-silicon-fron deoxidant

2IBGRT—G3— 91



TABLE VIL.—INFLUENCE OF CHEMICAL COMPOSITION ON MICROSTRUCTURAL CLASSIFICATIONS OF MODIFIED ALLOYS

Simultaneous variation of Mo, W, and Ob
Individual varistion of elements in basic slloy
Variable Mo Variable W Variable Cb
hdflm-ostruufutal olaa.si- i Alldy modification Mlorosh-uo-tm‘-al oiasal- ' 1 Allos; ﬁb&lﬂmﬁdnu Mim'ostructm-al élassi- 'Anoy”n'zod.'llfl.\ué,ﬂon Mlcroshuctm'al alassl-
Alloy modi- fieation = (percent) fleation = (percent) . feation e (percent) flcation
Alloy (pmﬂeaﬁo%) L] Alloy Alloy ) Alloy .
10 | @8 | GB | MP Mo | W | Ob | 10 | g8 | @B | MP Mo | W | Ob | 10 | G8 | aB | MP Mo | W | Ob | IO | G8 || GB | MP
Baalo I 5| v | Bb | 4 o | o | 1 s | ob | 4 0o | o e o | s oo ol 2] |o
45 2 0 0 I 3 % Cb | B8 0 2 0 1 1 L G | T 0 0 1 hi 6 v Ra
13 0.08 Q I 5 ¥ Ra | 46 4 0 0 I | 2 v COo | b4 4 0 2 g Cc | 68 0 0 2 I 5 y RDb

Basie 0150 I 5 y | Bv ] 0 0 4 i 6 y Rb
15 0.40 Q oI 6 y Re
18 0.60 O v 8 vy | Ra :

R I I e O I - 2 T I O O - O O T I O 3 0 T A O A
» dMn | I By il al s 2. 0 I 1 | = |G| & 1 0 I | 2 z 4 | 2 | o il | s |7 =
SO I AT et A E Y Y Tt
o - : : . LN I '
b 25Mn E 5 ; Rb . . : f . :

Basie 0.5 81 It 5 y | Bb | 68 0 2 jud 5 |.y | Rb | 68 0 0 2 I 5 y BRb | = 0 2 0 I 1 x Ce
28 1.38i II B y | Bb | 63 9 0 3 i 5 .y | Bb | 70 0 2 2 u 5 y | Rb | 70 0 2 2 I B y Rb
20 1.681 iid 6 y | BRb | 65 4 0 2 i 5 y |Bb | 71 0 4 2 I 4 | vy | BB} 72 0 2 4 v 7 y Rb

Basl nor | m | B[ 5 lE ' ' :

o T v, 70 0 2 2 IT 5 vy |'Bb | e 2 0 3 hed 5 vy | Bb | &5 32 2 0 I 1 z }.0e
2 8 Or o s ypoal | 2 2 a |m| s y [ B | 8 | 2 2 2 | o0 | s vy | Bo| | 2| 3 1 [ | & vy | &b
2 0 Ni VTV 6 x [*Rb | 48 3 2 2 m 6 vy | Bb | a 2 4 2 fuid y | Rb | & 2 2 2 piid 6 y | B
28 10 Ni I 4 vy | Rb | 60 4 2 3 Faid 7 y | BD 62 2 3 4 v 6 y | B

Bagle 20 Ni pui B y | Rb
2 30 N1 o 5 y | Rb .
b3 0 0o o 6| v | Ba| g, v | BB v : ,

2 | BG [m | sy m B30 | ARV B|BIS S YRy R d
) 3 00 T |15 5 R | 8| ¢ 0 4. | Iv | 7 y | R | B O 4 4 | Iv y | R | B | 0 4 4 | IV | &6 ¥y | Re
32 0 Mo hu 4 y Rb . o
28 1Mo o | 26 y | R | 0 ] 4 v 7 y | Bb | 64 2 0 4 v ,¥ | Bb | & 2 4 0 I 32 | = Ce
34 2Mo s ] ¥y Rb 62 2 2 4 IV 8 | ¥ Rb 63 2 2 4 Iv 6 v Rb a1 2 4 2 o1 b ¥y Rb

Basic 3 Mo, u 5 ¥ Rb | & 3 2 4 v | 8 x | Ra:] 82 2 4 4 v 8 ¥y | Rd | g2 2 4 4 v 8 y | ra
85. 5Mo O | 46 y | BRp | &8 4 2 4 v 8 vy | Rd .

3 .7Mo o | +5 y | Rb .
7 oW o |- & | b | : 1 qer o | ) ,

LN TN X ARSI ERLENEEREENE B ERNE NN Rah S Rl
% AW o : g ®o | 8| ¢ 0 I [ 3 z Go-| &8 4 4 I 3 T Co | 66 | 4 0 4 | IV 7. ¥ Re |
40 TV i 6 b4 Rb . '

47 0Cb I 1 z O : : : . : \

Basic "10b x| 5 vy | B | - 4 2 II 4 y | Bb | 65 4 0 2 I 5 v Rb:[ &6 41 3 0 I 1 y Qe
4 2Ch i [ y |rRy| & 2 i 2 ox 5 y | Bb | 60 4 2 2 I 7 y [Rb.| 60 | 4 2 |. 2 puis 7 ¥y | Bp |
49 40h v 8 x| Rd | saf £'{ 2 | o ] iy | Rb| &4 4+ |4 3 find 6 y ] Rb| 8 |+ 4:4 2. 1 v 8 |-y | Ral}
5 6Ch IV 8 x Ra . )

4 0,004 N i g 5 Rb ’ . . .
P2, [ teN tm | sy Bt RSB e REYIBIEs RS
a 018 N o s| §F {m| o ¢ 4 [Iv | 8| vy |Bd| & | 4 4 4 | IV | 8 y 67 | 4 | .4 4 | IV | 8 ¥ | Brd
& Classification key
Sol%&mated A-Mswom :
P) !
Amount of insolu- Amommt of grain Aging precipitate In matrix (M.

bla constitnent A. 8. T. M. ?G,»é? sizs nnmber boundary (Fe-

o) clpitats (GB) Typs Amount IJ

T—small, 1 ainafsq x—small. C—precipitate_ tends to follow | a—amall.

I—medium. l(npto 12 !n.) y—madinm, graphio planes. b—mediom, ﬂ

IIT—largs. to £—large. R—random precipltate. o—large, F

IV—very large. 8 (96 grains or mare/sq in.) d—vory large. .

*Frﬂhilun&typei:hauino-pmt-manoyn A Jargs amount of pracipitats cocurred in sigma phase during aging bat only a amwll amormt in anstenits matrix,

= -

8EY1

—8901 JHOJIHEYH

SOILAVNOHEY _YOod HHELLININOD XUOSIAQY TVNOILVN:
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TABLE VIIL.—SUMMARY OF INFLUENCE OF ALLOYING ELEMENTS ON INCREASING TENDENCY FOR
MICROSTRUCTURAL CHANGES T

Qompositinn Grain houndary preci]
pitatl Amount of matrix pre-
ATloying element varied r&g% (per- |Insoloble constitment increase| Grain size decresse nerease on.‘ Mode of matrix precipitation aipitation Mmerease
Mad Nons. Random Very strong.
Nona None. Random None.
Mhd None. Random Noank.
Negative mild Mid__ Random Mid. |
Negative mild None. Bandom to preferred. ] Strong.
Negativemdld  ___________ Negative weak Random Noue,s
Weak Nons Random Nona.
Negative mild Nome. Raondom Negative mild.
Weak None Random d . ]| Weak.
Weak None N Random ¥ _________ | Weak.
Strong _ Negativemild . ..____| Preferred to random... mﬁve mild.
Mid y Nong Random
None - None BandOL None.
& Ferritesigma phase In 0-percent-Ni alloy In all conditions. A Iarge gp:eo:lpita ut only g small amount In ausenite matric,

te oecmed n mg.m
¥ Mode of precipitation affected by Mo and W. In elloys euntain!ng Gb tate was random; without p:ecipitate ollowed a preferred orlentation.
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TABLE IX.—HARDNESS DATA ON EXPERIMENTAL ALLOYS

"} Vickers hardnesgs number ¥

Modifleation from basic alloy Solution- Solntfon-

Alloy (percent)e treated; | treated and
1lhr, wnto’sr- f %4 hr
quenched alr-ooole&

Basic 220 245

asio ggg ..... 228 43

Bagto (50) b 7

8810 (8G) - n o eme oo 7

o 24 259

Basle ggg 235 H7

Basic 228 252

Basie 211 pvi ]

| Basic, no deoxidation . ___ 214 233

Basfe, Zr-§i-Fe deoxidant....__. - 220 247

208 219

261 258

290 309

227 251

2r 251

223 241

218 281

220 245

21 249

243 42

177 198

233 408

288 330

238 281

226 152

210 252

205 226

21 235

: 208 219
202
197
208
36 7 Mo. 221
37. oW, 206
8. 1W.__. 208
____________ | 6W 223

SRR | BEBE | RRNE | 2gE

Mo w Ch
¢ 0 0 157 19¢
2 0 0 205
4 0 ] 185 285
0 .2 0 178 210
0 4 0 187 235
2 . 0 201 242
4 3 0 104 243
2 1 0 198 251
i 4 0 202 252
2 2 2 213 220
4 3 . 2 34 252
2 r 2. B4 242
2 3 4 8. 240
2 0 3 162 215
2 0 4 213 238
e a 2 221 229
4 0 4 285 258
¢ 4 & 258 31
9 0 - 1 197 204
0 0 2 198 201
a 0 1 204 216
0 2 3 211 213
0 4 2 pr= 227
0 ‘3 £ 215 219
0 . 4 4 221 229
_ 8. ey 4 237 258
F 2 4 288
4 s 2 245 272

¥ Vickers hardness tests were made with a 50-kg load on bar-stock cross sections of metal-

s All testa were made ou round bar stock excogé where square bar stock Is Indleated (sq).
lographic specimens.
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TABLE X —RUPTURE TEST CHARACTERISTICS AT 1200° F FOR MODIFIED ALLOY:?:
[Heat treatment: 2200° F, 1 hr, water-guenched; 1400° ¥, 24 hir, alr-cooled]

Estimated | Stress (psD) to cause Minlmom
Time | Elongation | Reduotion Lmﬂn!mnmme Eapture strength (psh) mmpom-h: creep rotes of— creep rate
Alloy Alloy modification (percent) « | Stress (ps | "ty 1. of area (uetl:.-ent y ; clongation at 40,000 petl
: (percent) | (percent) he) 100Br | 1000me |@ercsntin odiper ! 01 (percent/
10} cent/hr cenﬁ
A — --| Baslc (square) . _________ 80, 000 4 20 26.8 [, 48, 500 37,000 20 33, 800 46,300 0.028
) 45000 | 184 84 30.2 0678
40, 0600 518 7 7.4 .028 i .
(Round) .o oocom oo —] 50,000 82 a8 U8 m———— 49,000 ¥37,000 30
45,000 208 3L 3L5 070
T Basie (squBYe). e emoeeean -~ 50,000 [18 19 _ 178 ———- 46,800 | 36,000 18 34,500 46,000 .033
45, 000 142 17 2.5 .083
40, 600 368 21 154 .033 .
(Bomnd) e e 50,000 87 22 18.3 .160 48, 500 37,000 22 85,800 47,500 022
45, 000 162 23 22.6 -066 ~
40,000 499 25 23.4 -022
87, 000 1178 37 3.4 L0124 ~
10 Basie (square) oo oooeeee -] 52,000 [ 20 251 115 52,000 35, 500 29 a5, 400 . 50,100 022
50, GO0 156 21 i Mg .083
45,000 259 27 80.1 .
40,000 | 422 il 20.5 22 N
(Round) o oo oo 53,000 [ 2] 15 138 | e 50, 000 38,000 19 3885, 400 49,000 .023
50, 000 100 19 W0 1168
45, 600 210 36 37.0 057
40, 550 . 584 24 27.5 023 . 3
b o —| Basie (square)... .. - 50,000 7 26 240 112 48,000 38, 000 - 22 86, 000 47, 800 <024
45,000 170 18 2.6 .084 .
40,000 575 % 2.2 024
) I I —| Basio (square}_________.______| 50, 000 88 2 28.4 [ 48,000 88, 500 38,200 46, 000 -018
45,00 | 200 2 6.6 o7 _ )
40,000 719 22 0.9 .0
b S Basie round) .o 50,000 82 26 8.5 | ammcmae 48, 000 37,000 23 387,000 48,200 023
45,000 176 18 168 075
40, 000 525 23 28.8 -023
[ S—— Baslo, no deoxidation .. ___ 57,000 33 2.3 | e 52, 600 & 41,000 18 3 40,700 * 56, 500 ¥ 0. 0090
54,000 8 16 IS | —amooee
49, 000 184 15 13.4 0.039 -
i 45000 | 47 144 .
[ (- T Basic, Zr-Si-Fe deoxidant...-.| 87,000 i3 16 11, 3, S I, 55,000 40, 800 18 42,300 57,000 3. 0065
54,000 i34 2.3 076
49, 000 263 18 8.1 -
45, 000 502 20 10.¢ .019
) < S 0.08 C (square).—_—o_ceoo——-} 50,000 % 14 2.8 | e 48,500 & 36,000 14 & 36, 000 47, 000 $0.038
. 45,000 22 14~ 10.9 Q.00
40,000 325 26 a.8 .
) 7 S 0.40 O (3QUAre) —— —eocemmeee 0,000 106 19 b1 7% T S 50, 500 36, 500 19 38, 500 48, 000 . 0102
45, 000 193 19 18.2 - 040 -
40,000 518 9. 124 .0202
[ —| 0.60 C (square) __...cc—ccoaem - 50,000 39 18 184 | oo 46, 000 37, 500 15 88,000 4 49,00C 5016
: 400 | 11 18 0.4 ~000
40, 000 436 12 16.2 018
(Round) . ___ oo 49,734 - 78 17 b 1 7 S 48, 000 37,000 15
45,000 178 14 16.2 . .
40, 000 528 13 15.4 .0145
.- S 0Mn (round)} oo —~| 54,000 84 8 8.8 | o 50,000 8 36, 000 13 8 30, 000 —— +0.013
50,000 125 18 108 ] oo
45, 000 185 1¢ 8.7 0.036
b 1 S, —| 0.80 Mn (square}.. e 53,000 43 2 284 | - 48, 000 541,000 24 30,000 49, 000 8,013
50,000 83 o4 22.6 JI40
45,000 352 19 21.8 .82 -
.1 T —-] 0.50 Mn (square). .. _....__| 50,000 74 22 L8 | - 48,000 ¥ 87,000 22 86, 000 61, 000 -019
45,000 218 21 22.6 42
. - 40,000 452 23 0.5 019
3 I —— 1.0 Me (square)_.._..__. . §0,000 53 21 16.9 e 47,000 38,000 20 39,000 47,000 015
45, 000 168 14 18.7 059 . .
: 40, 000 617 16 17.6 . 0145
b S —— 2.5 Mn (square) .. —| 50,000 85 20 4 . 147 49, 000 37, 500 20 35,000 48,000 024
45, 000 208 19 23.4 0635
49,000 563 26 240 024
28, 1.2 8f 50, 000 41 26 2.5 45, 000 34, 500 28 33, 700 43,000 C. 05t
45, 000 115 b3 .9
40, 000 224 a1 26.8
36,000 672 26 35.56
80, LG68E 50, 000 28 41 37.8 43, 500 &34 000 [ I T, 43,000 -071
45, 000 53 42 36.0
43, 000 114 a8 842 -
40, 000 208 4] 423
5l 10Cr 45,180 18 25 248 [ 39,000 3 82,000 25 8 30, 000 38, 000 0.160
42, 500 36 2% 275§ e
40, 000 109 25 27.6 0.18
- 35,000 389 21 21.8 .
52 80 Cr. 58,000 - &3 10 ILQ ————— 52, 000 42, 500 10 42, 800 ¥ 57, 000 006
50, 000 152 8 10.2 035
43, 000 284 6 125 0160 .
00 | m8 17 1.6 -0134
23, 0 Ni 80,000 a8 13 131 44, 000 34, 500 5 84,000 - 46,000 0037
49,000 87 25 248 .
44, 000 133 2% 2.0
. 40,000 305 25 248
35000 | 885 = . %6
10 Nt 5, 000 86 17 147 49,000 38, 000 7 0, 200 81,000 012
45, 000 217 5. 146
40, 000 642 14 154 -
30 Nt &0, 0600 56 b3 226 47, 000 & 35, 500 25 5 32, 500 485, 000 04
43,000 152 prg 24.8 -
40, 000 369 2 26.2 -

g
2

:Sqmiefg_tgedassqmtebmmmd,mmdasmd < all heats higher than 22 were forged as round bars only.
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TABLE X.—RUPTURE TEST CHARACTERISTICS AT 1200° F FOR MODIFIED ALLOYS—Continued
[Heet treatment: 2200° F, I hr, water-quenched; 1400° F, 24 hr, afr-cooled}

- —. e s
. = Estimated Strcss(miltocnuse Minimam
) Pime Elongation | Reduction w’?gﬁ Rupture strength (psD nlf&'ulfe areep rates of creep rafe
Alloy _ Alloy modification (percent) = | Btress (psi) () (::Imi) o.fareat) (per%enf,' clongation :(;g.rooo
TORT (percen g . cenl
B) L 10m | woone |@ergentin) OOTper | 01 hr)
S ] 00 e 000 8¢ 19. 226 0.130 44, 500 36, 000 (] 34, 500 43, 500 0. 051
0600 | 278 18 7.5 . 051
. 386, 000 11268 30 3LE& . 0131
. T ——. B (1 L O T 45, 000 86 14 240 .185 43, 000 36, 000 0 34, 000 43, 000 M3
- 40, 000 142 25 24.6 043 - .
a0 | 9% % 815 -015
) S 82 O L &, 000 69 14 16.8 . 143 48,000 - 39, 000 12 39, 000 18, 009 L0128
%.000 178 g 131 .089
, 000 280 8 2.5 L0122
40, 000 [ T I SR .011
40, 000 719 23 228 L0148
kA .0 Mo ﬂOOO 11 23 2.0 41, 500 b 34, 000 18 35, 200 41, 500 0. 062
E - 000 5 18 2.1
40, 000 158 17 10.7
. .- 37,000 382 14 10.7
- —|:1 Mo, - 50,000 16 13 10.9 42, 000 b 33, 500 10 385, 000 44,300 037
. ) 43, 000 82 1 1.7
40, 000 120 9 125
. L 37,000 357 12 17.8 -
34___ -2 Mo &000 48 ] 16.6 44, 500 ¥ 34, 500 15 * 36, 000 3 44,000 .023
. - 45000 i 11 16.5
44, 000 56 11 13.8
42, 000 156 16 187
40, 000 243 8 . 10.0
., I & Mo. .- 52, 500 58 21 2.6 48, 500 38,000 20 3 37, 000 48, 000 .t
. i 50, 000 72 10 154
. 45, 000 203 20 18.7 .
L 7 Mo - 55, 000 25 16 16.2 50, 000 b 42, 000 25 4 38,000 50, 000 010
51, 000 65 % 24.8
50, 000 157 25 26.8
- 45, 000 210 19 2.8
. - 45, (00 302 21 20.5
.1 (R oW 22000 42 19 248 | oomaeee 45, 000 * 33, 500 21 34,000 ¥ 44, 500 0. 061
Poeen ot 00¢ 102 21 240 0. 076
i 40,000 246 25 28. 5 L0581
- R, 1W. 50, 000 85 24 240 . e m—— 45, 000 b 37, 500 23 4 36, 500 ¥ 48, 500 027
. 45,000 102 23 28. 4 JA15 - .
40, Q00 “3 2% 28.8 .07 - . .
L. S 5W 54, 000 50 16 20.5 m———e 50, 000 b 39, 000 2 # 38, 000 ¥ 50, 500 s, 015
50, 000 05 22 282 .20 .
45, 000 270 26 4.0 028 .
40, e ™. 35, 000 62 17 240 amemenan - |- 52,000 & 40, 000 22 b 38, 000 50, 500 015
50, 000 156 25 21.8 .Q78
) 45, 000 336 19 147 . 040
[ R —— p Ch 50, 000 27§ ¢ 18.8 | e 40, 000 ¥ 29, 500 12 33, 500 44, 500 0,045
. . 45, 000 44 il 126, | ooee- —
' L ag, 000 161 13 10.¢ 0028 .
. B < 34, 000 376 9 9.6 .o11
48._ 2Cb.. 50, 000 51 - 23 24.0 J— 48, 000 534, 000 0 35, 500 44, 500 . 038
. 45, 000 115 20 25.5 122 :
4D, 000 278 26 25.4 036
49 . £ 0Ob 55, 000 39 32 3.0 | s 49, 000 ¥ 37, 500 30 36, 000 48, 000 .022
50, 000 112 30 32.8 .
- 48, 000 217 35 34.2
50- .| 8C0b. 50,000 57 24 22.8 47,000 - 36,000 25 35, 000 48, 500 .30
45, 000 178 23 4.0
41, 000 282 25 23.4
. 28, 000 502 7 . 23.4
L POOEN. ..o e 50, 000 39" 24 25.4 45, 500 & 36, 500 25 36, 000 b 46, 500 0. 030
. - 45, 000 110 27 28.2
40, 000 372 28 30.1
42 o eaan 0.08 N. 55, 000 &6 19 19.7 51, 000 ¥ 40,000 22 # 38, 000 50, 000 &, 018
. 50, 000. 180 aL 22,6
48, 000 145 17 21.8
45,000 352 24 28.8 041
81 0.18 N 54, 000 47 10 18.7 | ceemooee 49, 500 ¥ 38, 000 20 38, 000 49, 000 4,015
] 52, 000 75 12 19.0 . 180,
50, 000 76 16 18.3 . 160
45, 000 280 29 30.8 .038
Mo W Cb )
[ S 1] 0 0 38, 000 11 8 1. N S : 26, 000 18, 500 7 25,800 | commmmne | cccmmame
25, 000 141 5 7.2 0. 0089
20, 000 818 13 7.1 .0018 -
[ S —— 2 ] 4] 45, 000 47 10 10.9 [ 39,000 - 27, 500 9 33, 000 44,000 | . 0.050
40,000 88 9 L3 S A
35, 000 183 T 1L0 016
30,000 578 8 - g4 N
[ T " 4 [ 0 45,000 65 123 13.8 26 42,000 ¥ 30, 500 n 34, 100 45, 000
40, 000 148 10 13.8 .32
35, 000 385 8 9.4 .0125 |
[ S ¢ 2 0 40, 000 - 11 0.2 | et 34,000 | 26,000 7 30, 000 a7, 700 .20
: 35, 600 £8 7 &7 L0500
30, 000 256 T 56 .0098
28, 000 539 a &6 L0080
-7 S, ] 1 0 . £ [+ 45, 000 81 ¢ 80 | ccmmeaee 41, 000 3 32, 000 5 38, 200 ¥ 50, 000 L0158
- 42, 500 72 8 0.4 022
40, 0600 180 5 6.4 018
_ 85,000 | 487 2 1.6 1 .. .k ) L L

: %gtu‘gg, hf)grged as square bar; round, forged as round bar; sll heats higher than 32 were forged as round bars only.
¢ Overheated at 300 hr. ’
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TABLE X—RUPTURE TEST CEARACTERISTICS AT 1200° F FOR ;\'IODIFIED ALLOYS—Conecluded
[Heat treatment: 2200° F, 1 br, water-quenched; 1400° F, 24 br, alr-cooled]

5 Estimated | Stress (psi) to canse Mintmamn
ime | Elongation | Reduction Mimme mmte Baopture strength (ps) r}:upto umh[ creep rates of creep rate
ATloy Alloy modification (percent) o | Stress (psl) i | ofares Ao elongation [~ |2 000
hr) (percentin| 0.0L 0.1 per-
100 br 1000 hr 1fn.) m@ﬁ? cani?tfr F")
Mo w Ch
- S 2 2 0 45,000 57 T 6.4 | e 41,000 + 82,000 6 38,000 | *43,500 0.038
40, 000 97 8 8.0 0.036
35,000 | 419 5 2.0 -00°0
L T 4 2 0 50, 000 43 18 16.8 — e 47,000 38, 000 15 39,000 47, 500 .013
45, 000 154 16 13.8 (056
40,000 | 603 12 16.8 -013
./ A | 2 4 0 45, 000 87 8 10.2 083 44,000 433,000 6 40,000 j 549,000 L0145
40,000 | 213 6 1 -0145 .
87,000 | 418 T 5.6 .0042
- N £ 4 0 54,000 62 10 81 | . — | »sLo00 40, 000 10 40, 000 55, 000 .010
00 | 131 9 155 .018
000 | =2 12 131 024
2000 | &7 r 2.5 -0157
7 2 2 2 50,000 63 2% 18.3 —eem 47,000 4 36,000 23 * 37,000 45,000 | - G.080
48,000 85 26 2490 |
45000 | 105 2 240 0185
40,000 | 282 1% 18.3 . 030
' 4 2 2 50, 000 80 2 s | . . | 49,000 b 41,000 30 b 40, 500 47,500 0090
48,000 | 177 30 a5 1T
45,000 | 241 39 30.8 L7 -
I 2 2 50, 000 69 19 2.3 —_—n 48, 500 % 40, 000 20 V37,500 | 349,000 018
45,000 | 4T 21 235 _018 :
82 e 2 4 £0, 000 [31 T 05 | oo 46,000 5 84,000 25 * 88, 500 45, 000 .028
45,000 | 122 28 2.5 -100
40,050 | 247 3 %5 084 -
68. | 2 0 2 45,000 70 34 35.6 43, 500 884,000 30 33,600 45, 500 0.048
40,000 | 200 25 30.1
84. 2 ¢ 4 g’% *g% » g.g 34,000 2 41, 000 085
___________ , 000 b R .
45,000 75. 21 240 “ -
40, 000 236 25 282
85| 4 0 2 50,000 4.5 o7 28 45,500 » 37,000 30 3 35, 000 44,000 .03
45,000 101 30 3001
- 40,000 | 444 38 348 -030 )
T 4 (] 4 50,000 46 3 380 | e 46,000 » 36, 500 EL 435,000 | 45,000 034
45,800 114 a3 35.6 ———— . .
40,000 | 418 43 12,3 061
[ 1 4 4 54, 000 [ 8r . 35 —ee 50, 000 38,000 30 38, 000 47,500 .025
50,000 %g % 309 ~200
45,000 . 3% 30.8 .02
41000 | 58 81 332 029
A 0 0 1 45,000 6 18 16.8 0.160 42,000 5 81, 000 18 » 30, 000 4, 500 0.085
40,000 | 181 15 16.8 . 065
85,000 | 887 18 16.8 -030
68 | ¢ 0 2 43,000 48 4 437 e | 20,500 581,500 35 + 31,500 38,000 .19
40; 000 o1 25 22 18
- 25,000 | 260 o7 7.5 S 037 : .
! 0 a 4 . 42,000 47 a 30.9 S 38, 500 % 30, 500 25 $3L500 [ . 37,500 .28
r 40,000 8 31 2.5 ] .
38, 000 95 2 %48 .10
35,000 | 263 24 2.2 030
T a 2 2 4£,000 42 2 2.8 40, 000 » 32,000 20 82,800 30,200 0.120
40,000 | 102 20 219 . :
7! 0 4 2 2&% 4%4‘ 1 1.0 000 5 87, 000 20 38,000 43,800 026
[ T L 44, . -
45,000 63 T isd
2. 0 2 4 1200 333 1 6 000 5 82, 500 30 3 34,000 40, 500 03
40, 000 181 27 25 4 089 2 X .
3 0 4 4 ﬁ% t: ] s -0 45,000 538,500 24 38,000 43,800 021
45,000 99 2% %8 ~185
40,000 | 3% 17 298 021
88 o _ 2 4 4 50, 000 T 2 219 0.200 48,000 + 37,000 2 35, 000 46,000 0.031
000 | 106 25 264 . 083
8 4 2 4 7000 43? g% gé."g - 48, 000 % 36, 000 30 5 34, 000 44, 500 041
45,000 | -160 37 38.6 0] . .
40,000 | 439 12 30.8 041
8 o] 4 4 2 53, 000 ™ 2% a4 | I 50, 500 30, 500 29 37,000 -| 48,500 .20
50,000 | 109 2 2.5 .38
45,000 | 163 2 28 -oa7
40,000 | 880 28 283 .

:gﬂqaa;;e, tgo({ged a8 squars bar; round, forged as round bar; all heats higher than 22 were forged as round bars only.
stima
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TABLE XI—COMPARISON OF 1200° ¥ RUPTURE PROPERTIES OF WROUGHT HEAT-RESISTING ALLOYS

= - 100-hr rupture
100-hr rupture Refor-
Alloys Varisble . Remsarks elongation -
- S strength (ps) (percent) ence
; g - y
Meodified alloys. Chemicsl composition. | Priot Pmcessin and heat treat- 26,000 to 52,000 5to 40 (O
. ment controlled and held con-
. i i . stant,
Basio alloy. Heat treatment and hot- | Single commercinl heat, 40,000 to 68,000 1to 50 1
. . cold-work.
Bix standard heat-resisting alloys: Trestment: -
18Cr-8N{. 2000° T, water-guenched. 20,000 20
18Cr-8N-1Cbh, Chemieal compos{tion and 2250° F, water-Quenched. 30,000 8
18Cr-18N1-8Mo. prior p . 2000° F, water-quenched. 31,000 18 £
25Cr-1aN1, 2200° F, water-quenched. 24,500 7
25Cr-20N1, . 2150° F, water-quenched. 24,000 7
16Cr-356N1. 2000° F, water-quenched. 22,000 3
Beven heat-resisting super alloys: Treatment variable:e
19-9DL, s R 42,000 to 62,000 2t020
17W, Amn, HW, CW, 30,000 to 45,000 2t{o02¢
OBA., Chemical composition and Ann, HW, CW, 47,500 to 53,000 §to 25
Timken, prior processing. Ann, HW, CW, 49,000 to 57,000 9to28 5
Low-carbon N-158. Ann, Ann+A, HW, CW, 42,500 to 61,000 5to17
High-carbon N-165. Ann, BW, CW. 52,000 to 63,000 dto1l
8550, . S Ann, Ann+ i 51,000 to 53,000 8 to 20

« Numbors refer to references listed at end of text,

¥ Diata from this investigation,

«Treatment variables: Ann—annesled (solution-treated).
Ann+A—solution-treated plus aged.
HW—hot-worked.
CW-—hot-cold-worked.



