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ABNORMAT, GRATN GROWTH IN M-252 AND S-816 ALLOYS

By R. . Decker, A. I. Rush, A. G. Dano,
and J. W. Freeman

SUMMARY

A laboratory study was carried out to establish the basic causes
of abnormal grain growth in air- and vacuum-melted M-252 end S-816 alloys.
The results were in general agreement with a previous study of Waspaloy,
Inconel X-550, and Nimonie 80A alloys. Results of tests on the five alloys
indicated that small reductions of essentially strain-free metal were the
basic cause of abnormal grain growth. In most cases, there was & narrow
range of reductions responsible for abnormal growth between reductions
of 0.4 and 5.0 percent. In a few speciasl cases the responsible reduc-
tions were as low as 0.1 percent and as high as 9.7 percent.

The prevention of abnormal grain growth clearly requires avoidance
of small critical reductions. The main problem 1ls to antlicipate and to
avoid conditions leading to critical deformation. Insuring thet all
parts of a metal plece receive more than 5- to 1l0-percent reduction will
prevent it. Nonuniform metal flow during hot-working operations is prob-
ably the major source of abnormsl grain growth. Any small reduction,
particularly i1f it includes a strain gradient so that the critical reduc-
tion will definitely be present, 1s a common source. Strains arising from
thermal stresses during repid coollng can cause susceptibility to ebnormal
grain growth. Removal of strein by recrystallization during working fol-
lowed by a small further reduction can, in certaln cases, induce abnormal
grain growth in the presence of large reductlons.

The phenomenon of abnormal graln growth is remarkably independent
of temperature of working and of heating temperstures. If the heating
temperature and time are sufficient for abnormal grain growth, higher
temperatures increase the grain size only slightly. Prior history of
the alloys before critical straining has a relatively minor effect, pro-
vided the prior treatment reduces strain below the critical amount.
Certain conditions of worklng or heating seemed to minimize abnormal
grain growth. These, however, do not appeer dependable for controlling
abnormal grain growth because of the probability that their effectiveness
is dependent on prior history of the alloy.

The influence of alloy composition seems to be meinly in varistion
of flow characteristics during working and variation In excess phases
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which restrict grain growth. Waspaloy and Nimonic 80A alloys readily
underwent grain growth at l,950° F. Because of higher carbide content,
the M-252 alloy had marginal growth at 1,9500 F. While S-816 and -
Inconel X-550 alloys did not undergo abnormal growth at 1,950° F,

at 2,1500 F, the normal solution temperature for these two alloys,
abnormal growth did occur. However, in S-816 alloy, 2,150° F was mar-
ginal and temperatures of 2,200O to 2,500o F were required for rapid
growth. Apparently the more stable columbium compounds in S-816 and
Inconel X-550 alloys restralned grailn growth to e higher temperature
than the less stable growth restrainers in the other alloys.

L

INTRODUCTION

An experimentel investigetion was carrled out to study causes of
abnormal grein growth 1n heat-resistant alloys of the type used for the
blades in the rotors of alrcraft gas turblnes. The present report covers
the results obtained for M-252 and S-816 alloys. A preliminary report
(ref. 1) has previously been issued for S-816 alloy. A similar report
(ref. 2) presents the results of the studies of the phenomenon for
Waspaloy, Inconel X-550, and Nimonic 80A alloys. The present report
includes results of tests on four normel alr-melted arc-furnace heats
of M-252 and S-816 alloys and two vacuum-melted heats of M-252 zalloy.

One of the vacuum-melted heats was very low in mengenese and slllicon.

The primary purpose of the investigation was to determine the cause
of abnormal grain growth in typlcal heat-resistant alloys and in aircraft —
gas turbines. The research was undertaken because abnormally large L
grains sometimes develop in forged blades durlng fabrication and hesat
treatment with a consequent deleterious effect on properties of the
blades. The conditions and causes for the phenomenon as well as the
principles for avolding the difficulty have not been understood.

For purposes of the investlgation, abnormal grain growth was defined
as the development of greins larger than ASTM 1. It had been well estab-
lished that the abnormal grain growth of .Interest occurred at normsl
working and heat-treating temperatures. Therefore, for the most part,
normal temperatures of solution treatment were used to allow grain growth
after susceptibility to ebnormsl grain growth was developed by various
experimental conditions.

The investlgations previously reported (refs. 1 and 2) disclosed
no source of abnormal grain growth other than smell critical deformations.
The problem appeared to be mainly the identification and avoidance of
the often complex condltions under which such small deformations could
occur. The two alloys covered by the present report differ from the
alloys covered by reference 2 melnly in that their structure contains e
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large numbers of dispersed carbides. These serve to act as graln refiners
and generslly ceuse a finer grained structure for a given heat treatment.
The lower carbon alloys covered by reference 2 have far fewer dispersed
phases in thelr structures and thelr gralns become coarse at lower tempera-
tures. The Inconel X-550 alloy included ln reference 2 was an exception
in that it had a higher coarsening temperature even though its carbon
content was low.

The investlgetlon was carried out by the Engineering Research
Institute of the Universlty of Michigan under the sponsorship and with
the financlal assistance of the National Advisory Committee for
Aeronautlics. The members of the NACA Subcommittee on Power Plant
Materials assisted 1n the planning of the experimental program, partic-
ularly by defining conditlons of working where grain-growth problems
had been troublesome.

PROCEDURES

The general procedure involved the following steps:

(1) Commercially produced bar stock was procured for use as experi-
mental materials. In the case of M-252 alloy, stock from three different
heats melted in air and two different heats melted in vacuum was used.
The ailr-melted materlals were sald to vary in grain-growth sensitivity
and the vacuum-melted meterial was sald to be relatively lmmune. The
inclusion of several heats also served as a check on the generality of
the findings.

(2) The as-received stock could not be relied upon to be free of
uneven or abnormal grain-growth tendency. Therefore, In most cases,
stock was initially "equalized" through a heavy reduction by rolling and
8 heat treatment for 1 hour at the normal solution temperature. The heat
treatment was necessary to produce an essentielly strain-free material
which would not obscure the experimental results through the influence
of prior straln. In a few limited cases, the equalizing treatment con~
sisted of only a heat treatment.

(3) Repeated heating and cooling were used to study the induction
of abnormal grain growth by thermal stresses alone. Air-cooling, oil-
quenching, and water-quenching were used.

(4) The influence of the amount and tempersture of deformation was
studied by rollilng tapered specimens to flat bars between open rolls in
a rolling mill. The tapered specimens were machined from equalized stock.
Two types of specimens (fig. 1) were used to vary the range of reductilon.
One bar (fig. 1(a)) gave about O- to 15-percent reduction when rolled
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flet in one pass. A second type (fig. 1(b)) was repeatedly reduced,
giving 0- to 5-percent reduction per pass. The specimens were placed
in a furnace at the desired working temperature, held 1/2 hour, rolled,
and air-cooled. In the case of S-816 alloy, the influence of cooling
rate from the rolling mill was also studled to obbtaln an indication of
the importance of this factor in view of the ease of introducing sus-
ceptibility to abnormel grain growth by rapld cooling.

The rolled specimens were reheated to the usual solution-treating
temperatures for the ususl times during which grain growth occurred. The
specimens were carefully measured for reduction of area during rolling.
The bars were then split lengthwise, polished, and examined metallo-
graphlcally and the graln slze was measured as a function of percent
reduction of area. .

(5) Additional study of the effect of amount and temperature of
deformetlon was carried out using tensile specimens to obtain uniform
small reductlons to induce abnormel grain growth.

(6) The grain-size rating system used was that established by the
American Society for Testing Materials (ref. 3). It was necessary to
extend this system to sizes larger than O by using the notation -1 to -5
grain sizes. The actual grein sizes involved were as follows:

ASTM grein-slze Grains per sq in. of Approximate diametexr
number image at 100 dlameters of grains, in.
8 128 — 0.0009
T 64 ' .0012
6 32 .0018
5 16 .0025
N 8 .0035
3 L 005
2 2 007
1 1l .010
0 .5 ' .01y
-1 .25 .020
-2 - .125 . .028
-3 : .0625 = .00
-k .0312 .056
-5 .0156 .080

In reporting grain sizes, the range 1s glven In the tables of data. The
graphical presentations are generaelly limited to the meximum slze.
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EXPERIMENTAT, MATERTALS

The experiments were carried out on commercielly produced bar stock.
The information furnished by the suppllers of the alloys is given in the
followlng sections.

M-252 Alloy

Alr-melted M-252 stock was supplled gratis by the General Electric Co.
from three heats. Heats 43482 and 6367k had been made by the Allegheny
Ludlum Steel Corp. in arc furnaces. The bars were 1 inch and 7/8 inch
square, respectively. Heat A6891 had been mede by the Universal-Cyclops
Steel Corp. in an are furnace and was in the form of 7/8-inch-square bars.

The chemical analyses of these heats were reported to be:

Chemical analysis, percent by weilght
Heat

c Mn | 81 | Cr Ni Co Mo Ti | AL | Fe S P

hzh820.17(1.30[0.62119.0|Balance | 9.97|10.2 |2.08{0.62|3 .1k |memae {oees
6367h| .12{1.28| .59|19.0|Balance(11.3 | 9.k4|{2.88{1.141.63[0.016]/0.01k
A6891| .18|1.26{----]19.0|Balance|10.3 | 9.85]2.67| .95| .84 |-—ccc|mmm—m

Stock from two vacuum-melted and cast heats was supplied gratis by
the General Electric Co. The heats had been made by their Carboloy
Division. The bars were 7/8 inch square. Complete chemical snalyses
were not supplied. The information given lndicated the following differ-
ences between the two heats:

(a) Heat A-41: Silicon and mangenese were omitted from the alloy

(b) Heat B-29: Normal M-252 composition

S-816 Alloy

The S-816 alloy used wes hot-rolled and centerless-ground 3/L-inch-
diameter bar stock from heat 61858 supplied gratis by the Allegheny
Ludlum Steel Corp.
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The compositlon was reported to be as follows:

Chemlcal compositlion, percent by weilght ' -

c Mn | 81 | Cr | Ni Co Mo | Fe | W Cb S P

0.38§1.28]0.23119.5]19.9|Balance }53.82{3.65{4.15]3.84]0.019/0.011

FACTORS INFLUENCING GRAIN GROWTH

A number of factors influenced observed grain-growth characteristics
in the experimental materials. Because these factors were fairly com- «
plicated, consideration of the following discussion of some of these -
factors will help in understending the results of the studies:

(1) The experimental materials in the as-received condition had
been hot-worked to bar stock under unknown conditlions. In some cases
the grain sizes were initlally mixed. The grain-growth characteristics
when rehested to normal hot-working or solution-treating temperature
indicated susceptibllity to eabnormal or uneven graln growth in most cases.
Usuelly this tendency varled along the bar-stock lengths.

(2) These varied and uncertain prior-hilstory effects were minimized A
in most experiments by an equalizing treatment. This was a falrly heavy :
reduction by rolling combined with a heat treatment for 1 hour at the S
normal solution temperature. Thls gave a unlform graln structure in &

materlal with unlform response to subsequent experimental variables. _
The cooling rate from the heat treatment had to be restricted to that

-of air- or oll-quenching in order to avoid susceptibllity to abnormal

grain growth on the surface during subseguent reheating.

It should be recognized that there are certain lmportant consldera-
tions Involved in these equalizing treatments:

(a) The best way to avoid uneven or abnormsl graln growth
during ‘eny subsequent heating is to introduce more than a minimum
amount of uniform work into the stock. As discussed later, this
should be a reduction larger thaen at least 5 percent. Material
glven such reductions would, however, be unsuitable for the experi-
mental program because the initial reduction would mask the experi-
mentel verlable to be studied. -

(p) The equalizing treatments do not make the material inde-
pendent of prior history. The actual graln size is influenced by
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the prior working and heating conditions. It can be postulated that
1f the prior working results in & material which undergoes recrystal-
lization and grain growth to uniform reasonably fine grain size 1t

i1s then in a condition suiteble for study of abnormel grain growth.
The recrystallization reduces prior strain-hardening to a minimum.
Ag far as is known, some other sequence of treatments could have
resulted in a different initial grain structure. Thls, however,
would alter the results of the experiments only in detall.

(c) First, the heat-treatment step probably did not attain the
equilibrium grain size for the temperature of heating. Second, the
degree of solution of excess phases was probaebly varisble. Third,
the cooling from the heat treatment introduced a smell straein 1n the
surface of the metal. However, the affected zone was probably com-
pletely removed when the tapered speclmen was machined.

(3) The equalized materiasl when reheated for working might or might
not have undergone further alteration of grain structure as a result of
the gdditional heating before working actuslly started.

(4) When the tapered specimens were rolled, a range of conditions
was set up In the specimens:

(a) A zone of no reduction where any change should have been
only that induced by reheating.

(b) A zone of increasing amounts of strain resulting from the
increasing reduction.

(¢) If the temperature of reduction wes too low for any recrys-
tallization for the range of reductions, the whole length of the
specimen was etrain-hardened. This was dependent on the amount and
temperature of reduction and the opportunity for recovery during

cooling.

(&) If the temperature of working was sufficiently high for
recrystallization during working, there was a zone of increasing
straln-hardening followed by a zone at the larger reductions where
strain-hardening had been reduced by the recrystallization. In
general, the zone of cold-worked materiel decreased with increasing
temperature of reduction. The zone of recrystallization was reduced
in strain-hardening in proportion to the degree of completeness of
recrystallization. In general, this increased with both temperature
and amount of reduction.

(e) The air-cooling from working introduced some surface strain
from the thermasl stresses.
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(5) When the tapered specimens were reheated for solution treatment,
the reaction was characterized by zones as follows:

() A zone of no or very small reduction where the grain growth
was malnly dependent on the further growth to be expected from
unstrained materiasl. Presumably the machining of the tapered speci-
men removed any surface metel strained during cooling from the
equelizing treatment. Conesequently, only the air-cool from the
working temperature was Involved.

(b) A zone, covering reductlons generally in the order of
0.5 to L.k percent, which was critically strained, resulting in a
few grains growlng to ebnormal sizes.

(¢) A zone of higher reductions where deformation resulted in

more gralns growlng In competition to prevent eabnormsl finel grain
size.

(&) At still larger reductions recrystallizstion definitely
occurred in the more severely strain-hardened metal during reheating
uniess it occurred during working. In the latter case grein growth
occurred. Many of the specimens showed partisl recrystallization at
the heavier reductlons. Presumebly recrystallization occurred during
reheating In those locatlions where it did not occur during rolling.
The zones of recrystallizastion presumably underwent grein growth.

RESULTS

Grain-growth characteristics of M-252 and S-816 alloys were studied.
Repeated heating and coolling, deformation by rolling, and tenslle
straining were used to induce grain growth.

In the experiments involving rolling, tapered specimens were rolled
to flats. 1In the regions of small reductions causing abnormal grain
growth, as dlscussed in subsequent sections, the grailn growth wes remark-
ably uniform across the entlre section of the specimens. The line of
demarkatlion at the smsllest reduction causing such growth was very sharp.
The recrystallizetion and grain growth was also uniform on a macroscopic
scele across the bar section. Recrystallizetion during working or after
solution treatment, however, was often banded.
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M-252 Alloy

Induction of abnormal grain growth in M-252 slloy by repeated
heating and cooling and by rolling was studied. A final solution tempera-
ture of 1.,9500 F was used to promote grain growth.

The M-252 experimental materlels all hed uniform fine grain sizes
after the equalizing treatments (figs. 2 and 3). Two of the air-melted
materials had a grain size of 6 to 8 and the third had a grain size of 8
or finer. The grain size of the vacuum-melted heat with low silicon
and mangenese content was 7 to 8 and that of the normal-composition
vacuum-melted heat was 5 to 8.

Induction of abnormal graln growth by repeated heating and cooling.-
The experiments conducted on the induction of abnormal grain growth by
repeeted heating and cooling and the resulting grailn sizes are summarized
in figures 4, 5, and 6. The major points observed were:

(1) Air-cooling from 1,950° F d1d not induce abnormal grain growth
in elther air- or vacuum-melted stock.

(2) Water-quenching induced grain growth on the surface of all heats
equalized by rolling at 1,950° F. Equalizing by rolling at 2,1500 F
suppressed growth in the vacuum-melted heat A-41 with low silicon and
mangenese content.

The maximum grain size Jdeveloped was larger than 1 for only alr-
melted heats 63674 and A6891 and vacuum-melted hest B-29.

In reviewing these data 1t should be recognized that it was shown
in reference 2 that the time at the solutlon-~treating temperature and
not the number of reheats was the controlling factor in grain growth.
Therefore the data in flgure 6 far the vacuum-melted heats should be
comparable with the data for the air-melted heats where repeated heating
and cooling was used.

The absence of grain growth during 5 hours of heating without a
water quench (fig. 6) shows the necessity for the more drastic thermal
stressing of water-quenching for grain growth.

Photomicrographs (fig. 5) show typical grain sizes after various
emounts of rehesting subseguent to a water guench.

These results Indicate the followlng general observetions:

(1) The solution-treating temperature of 1,950° F is marginal for
grain growth in M-252 alloy. The graln sizes were not so large nor the
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growth so extensive as those observed for the lower carbon alloys of
reference 2.

(2) The vacuum-melted hests were Just as susceptible to grain growth
as the air-melted heats.

(3) Either hot-working or exposure to 2,150° F reduced the suscepti-
bility to grain growth of the vacuum-melted materisal.

(4) Lower carbon content was the only apparent difference between
heat 63674, which was slightly more susceptible to grain growth, and
the slightly more resistent heats 43482 and A6891. The low silicon and
menganese content in vacuum-melted heat A-41 may have been related to
its being somevhat less susceptible to growth after working at 2,1500 F.
In the absence of actual snalyses, variation in carbon content could be
postulated, however.

Induction of abnormal grain growth by rolling.- A sharp increase in
grain size occurred at some critical reductlon between 0.5 and 3.4 per-
cent id all the experiments carrled out on the induction of abnormal
grein growth by rolling. (See table I and figs. 7 to 9.) The grain
gize diminished as the amount of reduction was increased further. The
grain size was 1 or less for reductions greaster than O to L.4t percent,
depending on the working conditions. The range in reductions was
obtained by rolling tepered specimens and was limlted to a maximum
reduction of approximately 15 percent.

Minor variations in the eritical reduction and the maximum grain -
size resulted from varying the rolling temperature and the equalizing -
treatments and by heating to a high temperature before rolling. There e
was also only slight variation between alr- and vacuum-melted materials.

The effects of these varilables are as follows:

Effect of temperature of reduction: There was a slight tendency
for the critical reduction to increase wlth increasing temperature of
rolling. This was not consistent or pronounced.

The maximum grain size dld not vary much with temperature of reduc-
tion. In most cases rolling at 1,600° F produced the lergest grains.

Effect of variation in equalizing treatment: Agealn there was very
little effect from the varisbles studied. The reduction for critical
deformation was generally Increased slightly by prior rolling at 2,100o F
over thet obtained when the materisl was equelized by rolling at l,950° F.
There was, however, little difference in maximum grain size.

The critical reduction appeared to increase slightly for rolllng at
any temperature except 2,100° F when the stock was first treated
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at 2,100° F. Either rolling at 2,100° F followed by & treatment at
1,950° F or heating to 2,100° F and then cooling to a lower temperature
seemed to have this effect. This supports the 1ndicetion of the data

in reference 2 that the aspparent increase in critical reduction at higher
temperatures was the result of heating to those temperatures and not the
temperature of working.

Influence of vacuum-melting: There was little dlfference in the
critical reduction between stock melted in air or in vacuum (fig. 9).
The critical reduction perhaps tended to be a little larger for the
material mede in vacuum. There was no consistent difference in maximum
grain size (fig. 9). The low-silicon and manganese heat A-41 tended %o
have & slightly smaller maximum grain size than the normal-composition
vacuun-made heat B-29.

S-816 Alloy

The induction of abnormsl grain growth in S-816 alloy by repeated
heating and cooling, by rolling, and by tenslle straining was studled.
A heating temperature of 2,1500 F was extensively used because it 1s a
common temperature for heating, for working, and for final solution-
treating. A solution treatment of 2,300o F was also extensively used
to intensify grain growth.

The original bar stock was subject to uneven grain growth in the
as-received condition (fig. 10). Most of the experiments were carried
out on material equalized by a reduction of 15 percent at 1,000° F to
remove thls uneven-grain-growth tendency. When solutlon-treated
at 2,150° or 2,300° F, this treatment resulted in uniform grain slzes
of 5 to 8 and L to 7, respectively (fig. 11). The reduction at 1,000° F
was uged in early experiments simply because it was the first one tried
and it gave the necessary graln uniformity. Other equalizing treatments
were subsequently used, as indicated in the results of the individual
experiments.

Induction of ebnormal graln growth by repeated heating and cooling.-
The induction of abnormel grain growth by dquenching was discovered when
unexpected sbnormal grain growth occurred during early experiments on
water-quenched S-816 alloy. Consequently, the subject was quite exten-
slvely studled to clear up the factors. involved (see fig. 12).

The grain slzes which developed in stock equalized by the 15-percent
reduction at 1,000° F and in as-received stock after a number of condi-
tions of heeting and cooling are shown by figure 12(a). Mzcrographs of
the specimens of figure 12(a) are shown by figure 13. The significance
of these flgures can be summerized as follows:
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(1) When air-cooled from repeated heating to 2, 150° ¥, abnormal
graln growth d1d not occur during subsequent treatments to 2 l50o and
2,300° F in stock equalized by a reduction of 15 percent at 1 000 F.
When water-quenched, however, it did occur on the surface.

(2) The as-received materisl did not undergo abnormsl grain growth
from repeated heating to 2,150° F and air-cooling or water-quenching but
314 when finally heated to 2,300° F. The degree of abnormal grain growth
at 2,5000 F was much greater in the water-quenched samples. Unlike that
in the equalized stock, abnormal graln growth tended to occur first at
points Iintermediate between the surface and center.

(3) When treated at 2,300° F and weter-quenched after an equalizing
reduction of 15 percént at 1,000° F, abnormasl grain growth did not occur
during reheats to 2 l50° F with air-cooling. When finally reheated
to 2, 300° F, it did occur extensively. Water-quenching from reheats
to 2,1500 F aid start growth on the surface.

(L) The as-received stock when solution-treated at 2,300° F did
undergo graln growth on the surface during reheats to 2,1500 F with alr-
cooling. This growth was more extensive when the stock was water-quenched
from 2,1500 F. When they were flnally heat-treated at 2,500O F, extenslve
abnormal grain growth occurred in materiesls both alr-cooled and water-
quenched after reheating to 2,150° F.

The general conclusion from these experiments seems to be that a
water quench somevwhere in the history ls required to obtain ebnormal-
type grain growth at 2,l50° F. It 1s presumed that the tendency for
abnormal grain growth in the as-recelved stock even after alr-cooling
1s related to the prior history which caused uneven grain growth.

Materilal equelized by & reduction of 15 percent at 1,400° F appeared
to be considerably more susceptible to abnormsl grain growth (fig. 12(b)).
This material developed gralns as large as -2 when reheated to 2,150° F
after a water quench from 2,150° F and as large as -k after 4 hours at
2, 150° F. Material equalized by & reduction of 7O percent at 2, 150° F
was less susceptible to abnormal grain growth (fig. 12(b)) although it
developed grains as large as -2 in 3 hours at 2,150° F after an initial
water quench from 2 1500 F. Typicsal photomicrographs of the materisl
equalized by rolling at 1,400° F are shown in figure 14.

Meterial oil- quenched or air-cooled from 2,150° F after a T0-peréent
reduction at 2,150° F was not so susceptible to sbnormsl grain growth as
when water- quenched (fig. 12(b)). Three hours at 2,150° F did, however,
result in gralns es large as 1 on the surface.

Apparently total time at temperasture after a water quench 1s the
controlling factor 1n abnormel grain growth and repeated heating and
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cooling has very little additional effect. (See the date in figure 12(b)
for material equalized by rolling at 1,400° F.) This confirms the same
finding for the data in reference 2.

All the results of repeated heatlng and cooling may be summarized
as. follows:

(1) Water-quenching from either 2,150° or 2,300° F introduced sus-
ceptibllity to abnormal grain growth. The susceptibility wes prevented
or greatly reduced when alr-cooling or oll-quenching was used.

(2) The susceptibility to abnormal grain growth varled considersbly
with the conditions of the 1nitilal equalizing treatment.

(3) Total time of reheating is the controlling factor in abnormal
grain growth while repeated heating and cooling have little additioneal
effect.

Inductlion of abnormal graln growth by rolling.- A range of reduc-
tlons was obtained by rolling tapered specimens. A number of conditions
of rolling were used. The graln sizes after subsequent finsl solution
treatment were then measured as & function of degree of reduction.

As In all alloys studied, abnormal grain growth started abruptly
at some critical reduction. This was between 0.5 and 2.8 percent for
S-816 alloy. The meximum grain size alweys developed at the smallest
reduction inducing abnormal grain growth. The grain size fell off
rapldly with further reductlon so that the maximum grain size was 1 or
smaller for reductions of 3.3 percent or less. The maximum grain slze
decreased rgpldly with further deformation so that it was quite smsll
for deformations of 6 to 8 percent.

The experimental conditions included a number of varisbles as
described 1in the following sections.

Influence of rolling temperature: Rolling temperature between
1,000° and 2,250° F had very little effect on the critical deformation
for abnormal grain growth (fig. 15(a)). The total range of critical
reductions for the experimental conditlions used was from 0.7 to 1.5 per-
cent with the highest temperatures of reduction tending to require the
most deformation and to have the smallest range of critilical deformation.

Influence of solution-treating temperature: The maximum grain size
at the critical reduction was either -1 or -2 when the solution-treating
temperature wae 2,300° F (fig. 15(a)). When the solution-treating
temperature was 2,150° F the meximum graln size was 3 (fig. 15(b)). In
considering these grain sizes it 1s important to recognize that the sam-
ples were hested only 1 hour during the solution treatments. As was
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indicated 1n the studles of quenching, grailns larger than 1 would have
developed if longer heating times at 2, 150° F had been used, and possibly
gralins lerger than -2 would have developed for longer times at 2, 300° F.

The temperature requlred for abnormel graln growth to occur in
1 hour after critical deformation appears to be between 2,000 and 2,100° F
(figs. 16 and 17). A temperature higher thean 2, 150° F was required to
produce gralns larger than 1. Mlerostructures of the sample solution-
treated at 2,200° F have been included in figure 18 as typical of those
of the tapered speclmens examined.

The relilabllity of the exect values of eritlicel reduction for grain
growth and the grain slzes developed 1s uncertain. The general trends,
however, sppear to be valid. The reason for questioning the reliability
of the exact values 1ls the apparent varlation with prior history.

Influence of prilor history: When the equalizing treatment Included
a water quench from 2, 300° F, the maximum grailn size at the criticsal
reduction for rolling at 1, h00° F wae 3 for a final solution treatment
at 2,150° F (fig. 15(b)). "When the equalizing hest treatment was 2,150° F
this maximum.grain size was 1 (fig. 16). When the final solution tempera—
ture was 2,300° F, the respective grain sizes were -1 and 0 (figs. 15(a)
and 16). It will also be recalled that there wes an indicetion of prior-
history sensitivity in the samples quenched to Induce ebnormal grain
growth.

The apparent influences of prilor history suggest that there msy be
considerable varietion in the minimum temperature for sbnormsl grain
growth in 1 hour (fig. 17) a8 well as in the meximum grain sizes. =~

Influence of working at or near the filnel-sclution-treatment tempera-
ture: In a number of experiments, indications were found suggesting that
abnormal grain growth could be suppressed by working at or Jjust above the
finel-solution-treatment temperature. This has not been fourrd to be
relieble in either this report or reference 2. Flgure 19 shows that
rolling at 2,2500 F did not suppress grain growth at the critical reduc-
tion very much.

Development of very large grains.- One of the disturbing features of
the experiments was the inability of the S-816 alloy to develop the very
large gralns which had been experlenced in forging of blades. BSome special
experiments were therefore undertaken to attempt to produce such grains.

The first method used wes to heat and cool the specimens repeatedly
after rolling as tapered specimens. GCrains as large as -2 were produced
by four cycles to 2,150° F (fig. 20) as compared with a maximum grain
glze of 1 for one cycle for materlal with the same equalizing treatment
(fig. 16). As has previously been discussed this was probebly due to -
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the increase 1in time at temperature rather than to the repeated heating
and cooling. Superimposing a final treatment at 2,300° F increased the
maximum grain size to -4. This is considerably coarser than that obtained
from just 1 hour at 2,300° F in any test.

The second experiment involved repetitive rolling in the critieal
deformation range with intermediate reheats to 2,150° FAfig. 21). A
specimen with only a small amount of taper (fig. 1(b)) was used. Fig-
ure 21 differs from the other figures in that i1t shows the range in
grain size. The maximum grain size developed was -3 ag compared with
a maximum of -1 when rolled only once (fig. 15(a)) with a final treat-
ment at 2,300° F. It is uncertain, however, whether the increase was
due to the repetitive critical deformation or to the increased exposure
to 2,l50° F during the heatlngs between rolling cycles. Material with
the same equalizing treatment given one pass through the rolls and
reheated to 2,150° F for 1 hour developed & maximum grein size of only
3 (fig. l5(b)s. The experiments involving heating and cooling, however,
indicated that longer time at 2,150° F resulted in lasrger grains.

It seems evldent from both experiments that repetitive exposure to
conditions inducing abnormsl graln growth leads to larger grains. The
deta cited do not, however, conclusively indicate whether increased time
at temperature for graln growth or repeated criticasl deformation 1s the
controlling fector.

Influence of cooling rate after rolling.- The discovery that
abnormal grain growth was induced by rapid cooling raised a questlon as
to the effect of cooling rate after rolling. To obtein information on
this point a series of samples were prepasred using the following steps:

(1) The stock waes equalized by a reduction of 15 percent at 1,000° F.

(2) Bars were reheated to 2,150° F and given reductions of O, 1,
L, and 7 percent. Two bars were used for each reduction, one being air-
cooled and the other water-quenched from the rolling mill. Two samples
were cut from each bar, one being solution-treated at 2,150° F and the
other, at 2,300° F.

(3) The remainder of the bars were agailn reheated and rolled samples
cut off and solution-treated as in step (2).

(4) The remainder of the bars were again reheated, rolled, and sam-
ples cut off and solution-treated as in step (2).

Examination of the samples for grain size revealed the following
results:



16 NACA TN L4084

(1) No abnormal grain growth occurred in the sasmples reduced 4 or
T percent during each pass. The reduction was more than the critical
amount. There wes likewise no effect on the grain size from cooling
rate from the rolling mill.

(2) Samples given no reduction did not undergo sbnormel grain growth
when air-cooled but did when water-quenched, ss expected.

(3) Samples given & reductlion of 1 percent per pass did undergo
abnormal grain growth whether air-cooled or water-quenched. The slightly
larger grain size for water-quenching mey or may not be significant.
Apparently the reduction of 1 percent combined with the thermal-stressing
effect carried the deformation slightly past the critical amount on two
faces with a consequent slight reduction In grain size on those faces in
comparison with that of semples simply quenched. It 1s evident in fig-
ure 22 that the reduction of 1 percent influenced graln size completely
through the bar stock.

(4) The general conclusion seems to be that cooling rste from the
rolling mill has little effect unless the rolling reduction is at or
below the eritlcal amount for abnormel grain growth. Apperently the
deformations from thermal stresses on cooling are additlve to those from
rolling and would therefore have some effect when working deformetlions
ere very small. For instance, it is possible that if a part was receiving
eritical reduction during working, a water quench after working might
increase the deformetion past the critical amount.

Induction of abnormal grain growth by tensile straining.- Tensile
specimens deformed small amounts at 1,300° and 1,600° F and solution-
treated at 2, 300° F developed grain sizes shown by figure 23. The small
deformetions definitely Induced growth similar to that induced by criti-
cal reductions by rolling. The smeller grain size In the undeformed
threaded ends shows that temperature alone wag not responsible.

Comparison can be made of the tensile-straining data at 1,400° F with
rolling date et 1,400° F with the same equalizing and final treatments
(fig. 16). While the criticel reduction by rolling was 1.2 percent,
resulting in a meximm graln size of O, tensile straining 1 percent
resulted in slze 1 grains after final solution treatment.

The uniform tenslle deformastion dld not ceuse quite so large grains

to form as dld the critical reductlon by rolling of tapered specimens.

In two of the speclimens slze 0 gralns formed in the fillets where the
exact critical deformation must have occurred. These grains were smaller
than those obtalned in analogous tapered specimens. Possibly the slower
cooling of the tensile specimens was involved. However, simllar data for
Waspaloy (ref. 2) showed closer agreement between tensile and rolling
deformation. - The general conclusion of reference 2 that the amount of
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deformation is the comtrolling factor in sbnormal grain growth and not
the method of deformatlon or streain gradlent seems valid.

Deformation required to refine large gralns.- As-received stock wes -
heated to 2,300° ¥ for 2 hours and air-cooled. This produced grains
ranging in slze from -2 to 5. This material was rolled at 2,150° F to
give reductions of 9 to 56 percent. The recrystallization during rolling
and the graln-size ranges after subsequent solutlion treatments of 2, 150°
or 2,300° F are summsrized by figure 2k.

While a reduction of 9 percent gave very iittle recrystallization
during rolling, the grain-slze range after subsequent solution treatment
at 2,1500 F was 4 to 7 and after trestment at 2 300o F was 3 to 6. Thus,
as little reduction as 9 percent at 2,150° F broke up the initial large
-2 graing. A reduction between 40 and 56 percent was required to refine
the graln structure completely by recrystallization durlng rolling. It
will be noted that the grain slze after solutlon treastment decreased
with increasing amounts of recrystallization during rolling. Very little
ves galned, however, by reductions of more than 20 percent; the largest
effect was between 13 and 21 percent.

DISCUSSION

The investlgetion provides considersble information regarding the
conditions which can cause abnormal grain growth In heat-reslstant alloys
of the type studied. Many, 1f not most, of the conditlons of working to
be avolded for freedom from abnormal grain growth can be specified. The
basic mechanlisms involved in meny of the Interreleted veriebles can also
be postulated from the theory of graln growth.

Preventlon of Abnormal Grein Growth

The only meens found for Inducing abnormal grain growth ln any of
the alloys investigated Including Waspaloy, Inconel X-550, and Nimonic
80A alloys (ref. 2) was by small deformestions of strain-free material.
The phenomenon seemed to be Independent of the temperature of deforma-
tion. The most important conclusion therefore is that abnormal grain
growth can occur only during reheating to graln-growth temperatures after
small criticel deformations, usually between 0.5 and 5.0 percent, of
initislly straln-free material. Apperently, if all metal in eny part is
deformed more than 5 to 10 percent, abnormsl grain growth will be pre-
vented during a subsequent reheat.

The major problem in preventing abnormal grain growth in practice
is to ldentify and anticipate the possible sources of critical
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deformation. It 1s obvious that small deformations and especially defor-
mations causing straln gradients, both common procedures in strailghtening
methods, should be avolded. Critical deformations can occur in the pres-
ence of large overall deformations due to uneven metsl flow ln dies. Die
design and operation must Ilnsure thet all parts of the meftal plece move
more than the eritical amount.

In working operatlons involving reheating, the reheats can remove
the effects of large prior reductions. It 1s therefore lmportant to
recognize that critical deformation must be avolded in every working
operation. For instence, trimming a forging wlthout & reheat will prob-
ably simply superimpose deformation on material already deformed more
than the critlcal amount. If the forging is reheated for trimming with
the reheat removing the strain from prior deformation, susceptibility to
ebnormal grain growth 1s sure to develop because trimming inftroduces a
strain gradient certain to Include the critical deformation.

If nearly complete recrystallization occurs during working, the
resulting strain-free condition of the metal leaves 1t susceptible to
critical deformation by a small amount of further deformation. Thus
multiple-blow forging can lead to abnormsl grain growth even with large
total deformations 1f initilal deformations cause recrystallization and
subsequent blows deform some parts only the critical amount. Thils prob-
ably frequently occurs when the final operation involves small deforms-
tions to obtelin desired size. Avoidance of abnormal grain growth in
maltiple-blow forging requlres that complete recrystallization be
avolded in any one blow or that more than critical deformation be used
in all parts with every blow. : ;

The critlcal deformetion must be applied to essentiaelly strain-free
materials to induce subsequent sbnormel grain growth. If small deforma-~
tions superimposed on unrelleved prior deformation result in more than
critical deformation, abnormsl growth will not occur. This apparently
1s the reason why sensitivity to abnormal grain growth does not often
occur as a result of cooling from the worklng operations. Conditlons
involving a rapld cool after simple heating without mechanical deforme-
tion followed by reheeting do not often occur. It 1s important to recog-
nize, however, that thermal stressing is a function of the degree of
restraint as well as of the cooling rate. There may be shapes and sizes
in which slower cooling rates than water-quenching could induce critical
strain. Likewlse, in other shapes, water-quenching might not do it.

The amount of reduction required to break up ebnormal grains once
they are formed was studied slightly for S-816. It appeared that 5- to
10-percent reduction by rolling would be sufflcient prior to subsequent
solution treatment. It 1s suspected, however, that in practice metal
flow characteristics may retard deformation of large grains and prevent
these grains from recelving sufficlent deformation to cause
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recrystallization. While 1t was not studied, it mey be that large
grains retained from solidification of ingots may be more difficult to
break up than those formed by heat treatments.

The results clearly Indicate the principles necessary to avoid
sbnormal graln growth. They are

(1) Rapid cooling from an essentlally strain-free condition must be
avoided. Thils strain-free condition might be present before quenching
in parts which had received no deformation or in parts which had been
heavily reduced, resulting in extensive simultaneous recrystallization.

(2) Any reductions should be more than the criticel asmount. Thus
a reheat followed by a small finishing reduction should be avolded if
the reheat conditions leave the metsl essentially strain free.

(3) When multiple operatlons are used between reheats, care must be
exercised to be sure that extensive simultaneous recrystallization is
not followed by & final small critical reduction before reheat.

(k) Working at or above the normsl solution temperature cannot be
depended on to reduce abnormal grain growth.

Metallurgical and Compositional Effects

The use of abnormally high temperatures had relatively little effect
on abnormal grain growth (ref. 2). It gppears that increased temperatures
only slightly increase the size of the grains, unless the ususl tempera-
tures and heating times are marginsl for grain growth. In S-816 alloy
2,150° F was marginal. Therefore increasing the temperature to 2,200° F
conslderably increased grain growth. Increasing the temperature from
2,200° to 2,300° F, however, had little effect (fig. 17), apparently
because 2,200° F far 1 hour was sufficient for nearly complete grain
growth. In reference 2, alloys which underwent nearly complete grain
growth under normal heat-treating conditions showed little further effect
from higher temperatures.

In practice temperatures and heating times are merginal for complete
recrystallization or grain growth. Consequently the grain-growth charsac-
teristics cen be sensitive to prior history. Therefore variatiomns in
grain-growth cheracteristics between heats may result In wide differences
in abnormal-grain-growth sensitivity for a fixed working and treatment
schedule. For instance, 1t was found that S-816 alloy equalized by a
reduction of 15 percent at 1,000o F plus & l-hour treatment at 2,300° F
would not develop gralnse larger than 3 during & l-hour treatment after
critical deformation. Abnormally lerge grains did form during the same
final treatment after other equalizing treatments. It would seem that
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the practical differences between heats involve varlatlons which change
the grain-growth rates under the marginal conditions for grain growth
usually used. So far as the experiments carried out were concerned, this
showed up as a variation in time to attaln a glven grain size after eriti- ~
cal deformation.

There are differences between alloys in the temperatures and times
required for abnormel graln growth after criticel deformation. These
temperatures were not well established for the alloys studied. Two of
the alloys studled in reference 2, Nimonic 80A and Waspaloy, were very
sensitive to sbnormal grain growth when heated to 1 950° F. Inconel
X-550 alloy required & higher temperature with the grain growth occurring
readily at 2,150° F. M-252 alloy required more than 1 hour at 1,950° F
for abnormal grains to grow. The same was true for S-816 alloy at 2,1500 F
for lohour. Larger abnormel grains grow in S-816 alloy in less time at
2,300 F

It is probable that varlation in grain-growth restralners was a
major reeson for the difference in grain-growth cheracteristics between
alloys. S-816 alloy contains large numbers of refractory carblde parti-
cles because of 1ts high carbon and columbium content. These apparently
ralse the temperatures and increase the time required to obtain a given
grailn growth. The higher carbon content of M-252 alloy apparently
increased the resistance to graln growth in comparison with that of
Nimonic 80A or Waspaloy. Inconel X-550 apperently required a higher
temperature and longer time perilods for abnormal grain growth because
of the grain-growth-restraining cheracteristics of refractory columbium ¥
carbides and nitrides. In the studles made it was noted that higher '
carbon heats of the varlious elloys were sllightly more resistant to grain
growth. High-temperature treatments glving more solutlon of graln-growth «
restralners seemed to Increase the severlty of ebnormsl grain growth T
somewhat.

In practlce 1t 1s probable that dlfferences in flow characteristics
between alloys are very importent verlsbles. For a glven working opera-
tion one alloy might be far more susceptible than another to nonuniform
flow, thereby providing opportunity for critical deformstion. Recrys-
talllizatlion temperature and time differences between alloys might slso
be very important. An alloy resistent to recrystallization mey be much
easler to keep stralned above the critical amount than one which readily
recrystallizes.

Temperatures of heating for working and hesting times are often
found important in controlling grain structure in practice. It appears
from this Investigation that these factors probably have their msjor
effect through the way the metal moves. Certaln temperstures probably
are conducive to more uniform metal flow, in particular hot-working
operations. Heatling times, other then thelr posslible influence on the
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temperature attained in the metal, probably influence strain recovery
between operations. As is evident in the data, recrystallization and
grein growth at usual hot-working temperstures are time dependent. Con-
trol of the heating time may prevent recovery effects from dropping the
strain below the critical amount. This would prevent the metal from
becoming susceptible to abnormal graln growth in parts which receive a
smell deformation in subsequent working.

Heating temperstures for working may be lmportant 1f the temperature
is sufficiently high and the time long enough for abnormal grain growth.
This would allow grain growth during hot-working which would have to be
broken up by subsequent working to bé eliminated from the structure. It
might allow repeated critical deformation and grain growbth under the right
conditions. This may be the source of the extremely large grains some-
times encountered.

There was no great difference found among air-melted heats or
between aslr- and vecuum-melted heats of a given alloy. Yet in practice
these melting conditions are often found to be lmportant verlebles, The
Investigation did not dlsclose the reasons for this. The most probable
reason ls differences in flow characteristics which for a glven procedure
result 1n veriation in the way the metal moves during working. This, in
turn, sets up criticel deformation conditions In some heats and not in
others.

The method of deformation does not seem to be important to abnormal
graln growth. Approximately equal effects were obtalned by rolling,
tensile straining, and thermsl stressing by quenching. Straln gradients
are not requlred for abnormal grain growth. The greater chance for erlti-
cal deformation in the presence of a straln gradient explains thé frequent
agssoclation of abnormal graln growth with siraln gradients.

The overall data dld not indicate any particular effect of initisl
graln size on abnormel grain growth. The degree of growth possibly
decreased as very large gralns were formed and were subsequently again
critically deformed. Apparently treetment at varlous temperatures haed
some effect on the rate of ebnormal grain growth. This probably was due
to variation in solution or precipitation of particles acting as grain-
growth restrainers.

Mechanism of Abnormal Grain Growth

There are two basic mechanlsms resultling in grain growth: (l) Absorp-
tlon of surrounding grains by grain-boundary migration, and (2) formation
of new grsins by recrystallization followed by grain-boundsry migration.
Both mechanisms require a difference 1ln energy between grains such that
those at a higher energy level are absorbed by those at a lower energy
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level. In the first case, some factor sets up & condition such that some
grains are et a higher energy level than others. It is the common mechan-
ism for growth of larger greains from smaller grains. In the second case,
relief of strain due to deformetion causes & smell new grain to form.
This grain then grows at the expense of the surrounding metel which is

at a higher energy level by virtue of the strain present. If there are
many centers at which the small new grains form 1n relatlon to the origi-
nal grain size, there will be more grains after recrystalllzation 1ls com-
plete and grain refinement will have occurred. If there are few centers
strained enough to recrystalllze, growth of only a few grains will occur,
resulting in grein coarsening.

The literature (refs. 4 and 5) does not clearly define whether sbnor-
mal grain growth occurs by grain-boundary migretion of existing grains or
by growth of a very few small gralng formed by recrystallization. In
elther case the essential feature would seem to be nonuniformity of strailn
within the individual original grains. Grain-boundary migration would
require that a few grains receive very little strain in relation to their
neighboring grains. Recrystallizatlon followed by grain growth would
require sufficlently large deformstions at a very few centers initiating
new grains.

Regardless of this initlal mechanism, it can be postulated that the
characteristic shape of the curves of graln slze versus percent reduction
by rolling results from the following sequence of conditions:

(1) In regions of no reduction or smeller reductions than the criti-
cal amount, there 1s not a sufficlent contrast in energy levels to make
only a few grealns grow et the expense of surrounding grains. Graln growth
that occurs 1s the normal uniform growth.

(2) At the critical reduction, the straining leaves only a very few
low-energy grains. The energy difference 1is great enough to allow them
to grow during subsequent heating, leaving a few large sbnormel grains.

(3) At somewhat larger smounts of strain than the critlcal, appar-
ently there ere more grains in a conditlion to absorb theilr neighbors than
at the critical strain. The increase in the number results in competition
for avallable surrounding greins. The grain size 1s then restricted
because there are not enough grains available for any one to become
large.

(4) At st1ll larger emounts of strain, normel recrystalllization and
graln growth most certeinly take place. The effects at larger amounts of
straln are, however, complicated 1f simultaneous recrystallization occurs
during working. It appeared from the data that there was little dlffer-
ence in the grain size 1n either case except when & very small amount of
recrystalliizatlion occurred. Mixed grein sizes resulted during reheating
in this caese, apparently by the few initlial small grains growing at a
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faster rate than those which formed by recrystellization. In the experi-
ments conducted, this mechanism did not develop abnormally large grains
although 1t was theoretically possible. The mechanism, however, seemed
to be mainly responsible for mixed flne and coarse grains.

CONCLUSIONS

An investigation of asbnormal grain growth in M-252 and S-816 alloys
led to the following results and conclusions:

1. In a study of gbnormal grain growth in M-252 and S-816 alloys, as
well as in a prior study of Waspaloy, Inconel X-550, and Nimonic
B0A alloys, only one cause for such grain growth was found. Small criti-
cal deformatlion of essentially straln-free metal is required. In the
experimental work on M-252 and S-816 alloys, these deformations were in
the range of 0.5 to L.4 percent. Considering the data from a8ll five of
these heat-resistant alloys, the deformations inducing abnormal grain
growth were usually within the range of 0.4t to 5.0 percent and were within
the range of 0.1 to 9.7 percent for all variasbles considered. WNormsl
solution-treating temperatures and times were sufficient for sbnormal
grain growth, although those commonly used for some alloys were msrginal
for growth.

2. The main problem in avolding ebnormal grain growth seems to be
ldentification and avoldance of the often complex conditions which lead
to critical deformation. In additlon to small deformations themselves,
nonuniform metal flow during working leaving part of the metal critically
deformed appears to be a common source. Attention must be given to design
of metal-working operatlons to insure more than critical deformation
throughout the part being worked. Recrystallization during working leaves
metal susceptible to critical deformation and care must be exercised to
avoid small deformatlions after such recrystallization since abnormsl grain
growth can occur 1ln such ceses even wlth large overall reductions.

3. Rapld cooling of nearly straln-free material from the heating
temperature can be the source of critical deformation leading to abnormal
growth during subsequent heating.

L. Critical deformation and abnormel grain growth were remsrksbly
independent of temperature of working. Abnormelly high temperatures do
not contribute very much to ebnormal grain growth. Metallurgical vari-
ables such as grain size and initial heat treatment generally had very
little effect. The major difference between aslloys appears to be differ-
ences 1n temperatures and times for grain growth. The presence of exten-
sive excess-phase precipliates restralned grain growth, tending to increase
the temperatures and times for grain growth. The slight effects of priokr
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temperatures of heating probably resulted from the variations in solution
of grein-growth restrainers.

5. In practice, a number of variables are often found important.
Such varlables as heating temperature, equipment used, heat-to-heat 4if-
ferences, melting practice, and alloy composition usually lnveolve dliffer-
ences in metal flow characteristics. Thus, for a fixed operation, the
flow characteristics may govern whether or not critical deformatlion occurs.
When marglnal temperatures and times for grain growth are present, the
small inherent differences in grain-growth rates mey also considerably
infiluence the final grain size in a fixed hot-working operstion. Experi-
mentally it was found that, although meny of the variables mentioned
altered the details and extent of growth, the same mechanism of abnormal
growth occurred in air- and vacuum-melted M-252 and Waspaloy alloys, and
in air-melted S-816, Inconel X-550, and Nimonic 80A alloys.

University of Michigan,
Ann Arbor, Mich., June 15, 1956.
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plus 1 hr ot 1,950° ¥, AC ' ! P oradn siza . . |68 67K | 1-3|203] 35} 58| 6B || ] —m
Do 2,100 | =ure—rr——G0rren-ar—{Redoation . . .| O 1.8] k7| 6.8/7.5] 8.410.8|-—|—-|—|—] 1.8 3.2
Grain ajze . . .|6-8| 0-1] 2-5{ 3-W|4-5| 5T| 68 cwmm |ammia| mmmm| e
Haat ASBSL
Rolled 5C percent mt 1,550° ¥ 1,600 |& kr ot 1,950 P, AC|Bedustion [+} o.7| 2.,6| %.316.6] 8.1| 98| == |—e| —~=| =] 0.7 2.6
plus 1 b st 1,550° F, AC Orain size JT8) 01 13| 35|56 6-T| 68| wman || e | —=
Do 2,100 |——eeeelOee e Reduction . . | D 0.8} 1.0| Mo0[6.0| T.5| 8.2|1L8|eer | ~—=]—]| 1.0 Lo
Grain size . . .|6-B| 6.8} o-2] 21-3|a-%| 55| 57| 6-B |

® AD, air-coaled.
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TARLE I.- GRATH-STRER DATA FROM ROLLED PAPERRD SFECIMENE (F M-232 ALLOY « Conslieled

" Belling Winimm
reduetion
Equlizing treatment TANPATATUTS]  Fine) trestmont Poroent refustion by rolling and ADTH mredn alse ACter finel TReKDMaNt  |romirooe.|to pravent
af as-recsiysd wiock fur.p.:;:;-d far gradn growth as mossured along tapared spocimens percemt, || WEmorm
. Fl gdns,
(») bl (») parcsut
1
Hoat A-kl
Rollsd 50 parcent at 1,9%0° F 1,%0 |4 nr wt 1,930° ¥, AC|Reduction . . .f O 'R 1.9 s.6/5.7]7.3]8.2f0.1 1.9 0
plullwhrnl,m"l",m ' ' ' arnin atze - . o|=8] s 13| 5[5 | w5 |58 68
Do~ 1,600  |wsm—mre—lltreeermee | Rednotion . . .| 0 | 0.6] 1.2| 21.8|2.2|k.3[6.2] 1.9 1.8 2.2
' min slxe . . J6-B| 68| 6-T| 0-L|1-3|&6|5-B] OB
Do- i O T e b: LS T N ] [+ N 1.5 ¥.6/6.0 | 7.6 [ B.7]10.% 1.5 2.%
1900 Grodn sise . . o|%8| = o [ ey K P
Do- 2,100 |—=r———ellomemcimes| Radnction . . o] O p6| 23| 3Ah|hA|80 u [ 7~ [N (SO pu B 19 3 '
Orain sise . . .| 06 [ . k-6 0=1|1=3 | 35 U, § SNGENEN ORIV FUSRE
Rolled ot ot £,100° ¥ 1,400 4 Befustion .. .| O Lo| =2.2]| 3.6|%.k]7.7[8.2] 9.6|mwwn]|aran]re—]| 2.2 2.9
plus ?p_ml,d:'g" !"j AC ’ Orain size . . JJ8-7] k6] oul]| 2-4i3-8 i—; 56| 6-8
Do 1,600 ! fon ... © 0.6 12| e.ole.8|k.8(n.7] 7.9[]|—-]-—] e.0 o
' Gredn sdze « o o B=T| h6]| W-6| 1-3]2-K|D25 s-z JUUSIIFSY RN (N
Do 1,500 Az JEsfustios . . o O o7 a4l eslzalé6oltol 83000l —0] 2.3 o
orin size . . oh-8| M4| 7| 1%a|ad |z |wev| -7 88| —-|-—
Do 2,100 |~ mrwsiOrer | Rdngtdon . 4 o] O 0.6 1.7] 2.8)3.9]15.9]| 7.2]| 8.3 || wmma|emme]| 2.8 0
! Gratn size . . J%7] 56| k6 Sale|%E | TE| v ===
Tient B-2§
Bolled %O perosnt &t 1, r 1,500 |b br st 1,950° ¥, AC]Redustion . . J O o.7| 2.2] 3.3|5.6] 7.9] 9-5|20. 4| wmme| s emn] 0.7 1.2
plus ir;:t 1,907 f‘?’.ﬂcu ! i " oreda sixe . . |68 o] 13| 3-5|5-6|s-T|6-8 | s | e
Do- 1,600 | wemwrmeme—ommr=— Redugtion . » o O L2 1.4 1.7]3.2]5.6 E—: B B P D] J B} 1.7
Opedn sime , o o 58] 5B|(~1)-1] 2-3|3«h|5-T RSN FIVGIGN NSO P,
Do 1,900 | -—meeuacfome—eee—{ Rafuntion . . o © 0.8] 1.0 35.0/%.8]6.5]8.0| 9b|--—|-er]| - .8 1.0
Oradre aive . . | GB[{-1)-1] 1-85| 2-B|dD[0-T|OuB| Enli]mmre| w—r| —~
Do 2,100 | ~rreemtiper ———ed nams.an s d O 0.8 X, 2.83.5] 5.8 7.7| 8.4|emen| ]| 2.8 3.3
! Grain aies . . | 3-T| 96 h—! 0-2{2-5 | 5.5 | 27| 68| ——|~—re| ==
Rolled %0 percent st 2,100 ¥ 1,400 |-e———do-—wrmer] Raduotion . . J 0 o7l 1.2|] 1.73.9]%.6] 6.9} 8.1]10.0| <] =—=] 1.2 1.5
plus 1 b at 1,500 F, AC ' Grain size . .+ 491 %7 o1 =[5 el bg] malee ==
Do 1,600 | -esvrmeredee———— Raduction ., ., J O 06| 1.2| 2.002.8]|k3 u B9 | | =] 240 2.5
OGrein sisa , . J5-6] 56| M6f(<1)-2]2=3|3-D A1 PRSI v ph—
Do 1 it i eme] Bedyetion . . 4 O 1,1] z2.0] 3.05.9] 7.2 7.6] 9.3|1L.8]—| =] 2.0 2.3
e Grain sisa . . 56| 6| o-L| B5-5]5D| k6| b-b| 3-3| 6-B|wnim|--—
o 2,100 a0 loa « .4 O o.61 11l esds.elsol7el 1.9l ielcew! 2.3 9
Grain mize . . JU6] 46| k7| © PACY IC ] I W NS DR

% AC, alr-ocaled,

#B50% NI VOVN
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TABIE Il.~ GRAIN-GIZE DATA XRCM ROLIED TAFFRED SPRCIMERS OF 5-816 ALIDY

R Min s
Equaliring clliog critical |Teduction
trestment tsmperatire Finel tresiment Perceat reduction by rolling and AHTM grain sire after fimel treatment |peduetion,|t0 Preven:
of es-recefved |For tapersd for gredn grovth @ maesured along taparad specimens ?| abmormal
stock @Egrma parcent | gratns,
{a} fah parcent
A& F A%
Rolled l5ogu'cent 1,000 1hrat 2,300° F, ¥q Rednctica .. J O o] 11| 1.3 | 2.0 ko] 6.0 8.0|10.0]12.0 0.9 2.0
at 1,0000 P Gredn gize . . J5-8|{-1)-1] o0-3| o3 | 1-3 3-4] 5-8 5-8] 5-8
plus 1 hr et
2,300° ¥, wq
Dommmmmmmeemee | 1,400 3 Reduction . i} 0.8 18| 2.0 | .0 |[6,0}8,0h0.0022.0}-——- .8 2.7
Orain eige . . J5-8|(-1)-1| o-1| o-1 | 3% |[5-8f%-8|5-8] 58—
Qe e | 1,800 A Reduction . . J O 0.7 13| 2.0 | 4o |6.0]8.0Ww.022.0[-— T 2.0
Ormin wize . . J5-8|(-1)-1| o2| 12 | 24 [3-4]|s-8) 58| 5-B|-—
DO e | 2,000 4 Rednction . « 4 O o7 Lo| 2.0 | 3.6 |%8]6.0{8.0/10.0{12.0 1.0 2.8
’ Grain slse . » +/5-8] 3-1[{-1)-0| o-1 gv | 34| 5-8] 5-8| 58] 5-8
R 2,100 4o Beduction . .. 0 [ 0.8] 15| 24 | 38 |6.0|8.0/0.0[12.0[-—— B 2.9
: Gradn sies . . J5-B((-2)-0[ o2 D—J.i 3k |94 :.Lﬁl 5§ 5-8[-— o .
[ 1 | . ] f .
Do | 2,1%0 do Redustion . . o O L3 16| 2.6 .9 |».8]6.0]8.0{10.0[12.0 1.3 2.6
’ Geutn size . . |5-8l(-2)-1| 61| 1% 3-5 55| 68| 68| 68
Dommmmssee—anmm | 2,800 & Rednotion . . J 0 | 1.0] Lh]| 2.6 | &b 3| 6.8] 8.0|10.0]22.0 1.0 2.2
Gradn nize . . 38 1-2 (=1})-0| 2-3 | 45 5| 68| 6-8 6_-8 6-8
DO e e vome 2,250 40 Redretion . . | O 0.5 1.5 2.0 | 31 |4.7] 6.5] 8.0|10.0[12.0 1.5 1.8
Gedn siee . . J5-8] 3-5((-1)-1 k5 |&5| 9B} 58] >8] 58 .
DO e | 1,400 1br et 2,150° F, Wq Bednction . . J O 0.8 2. 2,6 | ko |6.0] 8.0}10.0[12.Q |-~ .8 4}
: ! ’ ! Gredn siee . . J5-8] 34| 5-1 b5 | 5.8 [+-8| 48|98 58[—-
Do-—- -] 1,800 & Reductica .+ . 4 O 0.8] 16| =24 | &k |6.0] 8.0[10.0/12.0(-—— .8 o -
dredn siee . . J9-8] 45| k6| WA | 3-8 |6-B| 6B 68—
) U——— - TF | 1} a fuction . . J O 1.3 2.6] &1 | 6.0 |8.0}10.022.0]~—]|—- 1.3 0
. Orain size . . J5-8] 35| s8] 68 ] 68 (68| 6-B| 6-8|-=—|-m

gz
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PABIE JI.= GRAIN-OIZ® DATA FEOW ROLLED TAPERED SFECIMENS (F 8-0156 ALLOY - Concluded

Rolling Minisum
Equalizing N e Critica) |FPdvetion
treatment twww':"“ Fipal treatment Porcant reduction by rolling and ASIM grain size after final treatwment rndmt;.:nn to prevant
of ax-recaived e for grain grovth a¢ maamred along tapered specimens 4| abnormal
stock ¥pocimen, percant gmins
op ot
{s) {a) peree
Rollad 15 percent| 1,400 L hr st 1,800°0 F, AC Redustion . . .| © o.2] o.1] 351 5.2] 1.5 B:g 9.5 [~wmm|—=| Nona 0
at 1,000° F Groln aive . . .|6-0 68 57| 5T 6-8 68[ 6 [JN:] (SU R
plus 1 hr at
2,190° ¥, AC
S 1 hr at 1,9009 F, AC Reduction . . .| O o.2| o7| 2.2 h.o| 5.0| 1.4 B.8]|~-m=(=r—| Nome 0
: Graln slse . . .j68) 6-8] 68| 6-8] 6B 5-7] 57| GBjrrvv|
. SR 1,h00 1 hr et 2,000° F, AC Redustion . . .| O Lkl 3.2] ko| 5.8] 6.9] 8.1 |ouan]|omen]  Hone 0
Grain sizs . . .[6-B| 68| 57| 5-6] 67| 6-B|6B|—em|—n]irmm
DO mcerirmrrmmens | 1,200 1 hr at 3,100° ¥, AC Beduation . , «f O 0.5 e.2] b4 E.j 6.5 z,s S FOIT 2,2 )
Grain siae . . J[S-B| W6| 21-3| &5 N S Y ;) USSR S, -
Do | 1,400 1 br st 2,1%° F, WQ Reduotion . . .| O el 3.7] 6.2 8.0| 9.6/10.1[18. 4 emamtrnaa 1.2 0
Grain mize . . J9-8] 13| 2-E| 3T| 58| 5-B] 68| 6B wmmn| i
Doram e | 1,300 1hrat2,2000F, W3 |Redustion . . .| 0| o.7| 2.7] 3.6 5.6] 7.5] 9:5) 9.8 mmn|—- 7 .9
Grain size . . .[6-8|(-1}-2K-1)-2] e-4] W6] 5-T|57] 6-8|—=|——
1 — -—| 1,%00 lhrat 2,20°F, W Boduction . . «| O 2.8 ho| 63| 8.3 9.TPTfemmm || 2.8 3.5
’ ! ! Gradn aixa . . . |hS{(-1)-2] W6 56 B5.7| 68 5.3 [SUNSIEY WP v
e M ) 1kr at 2,30°F, W Beduction . . .| © l.a] 1.7( 42| 6.6 B.3[10.2[10.8[23.2[mmn 1.2 2.6
) Gredn siee . . S [A=T] 0-3| O3] 36§ 5-T| 5-8)A-8f5-8| 58|~
DOt | 2,200 1 br at 2,200°0 P, WQ Reduction . « .| O o7l 1.5] 2.8] k6| 6.8]8.7] 9.7|10.8] == 1.3 2.0
Grain mise . . . [%=T| B5-5[(-2}-3| 35| 56| »-6]5-7|6-B ——
DO e s | 2,250 1 hraet 2,250°7, W Reduction . . .| O 0.5 1.0 2.8 5.0 7.2] 8.4 [10,1110.6] — 5 1.6
Grain sire ., . .(3-8] 16| 0-2 3 5-6| B-6(3-6] 3-1| 51—
Dom e smmssisimarens | 1,400 % oyales of 1 h» et 2!150" ¥, Beduction . . .| 0O 0.9 L.7| k6| 64] 8.1]9.8]|1.8]13.0|—m- .9 3.2
AD, pine L br ab £,150° F, | Grein sixe . . ([3-B[(-2]-3| 0-3| &3] 57| 3-8 58|58 65—
DOmssmtam mctmsissorms | 1,100 aycles of 1 hr st 2,1%0° F,| Baduction . . .| O 0.8| 2| 1.5] 4.8] 6.8]8.7|10.2{11.9/13.0 .8 3.8
! AC, plua 1 hr et 2,500° 7, | Grmin wize . o . [2-7)(-8)0[(-2)-0| o3| 2A| M6 be b-5| 16
L]
[ ] bJ.,hoo 1 hr at -a,mo“ ¥, W Redustion . . .| O o2 o8] 0.8 1.0 215]e.0| 2.5 5.0 5.2 015 2.5
Orain miee o o o|3-7| 05 [-2)=5 |(«3)-2 [(-2)-3 {(-1)-3| O-B| 2~b| 2-5] 25

lm, water-quenchod; AC, air-cooled.
® Rollag at 2,%00° P, plus 1 he at 2,150° ¥, AC, plus rolled at 2,400° F, plus 1 hr at 2,150° F, AC, plus rolled at 1,400° F.
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30 NACA TN LO8l

. 530

. 380

Ti\

/
. 500

(a) Tepered specimen used to obtain gpproximately O- to 15-percent
reduction in one pass.

F'E_ . 450
Al

L3

20 ]
>

.450

(b) Tepered specimen gi{ring reductlons of O to 5 percent per pass used
to study effect of repeeted critical reductions. Specimen remachined
between passes to obtaln seme range of reductions.

Figure l.- Tapered specimens used to dbteln range of percent reduction
by rolling to flat bars (dimensions in inches).



NACA TN LO84

(a) Heat 43482; grain size, (b) Heat 63674; grain size,
6 to 8. 6 to 8.

(c) Heat A6891; grain size, 8 to less than 8.
L-57-4027
Figure 2.- Microstructures of sir-melted M-252-a21l10y bar stocks after
equalizing treatment of S0-percent reduction at 1,950° F plus 1 hour
at 1,950° F, then air-cooled. Magnification, X50.

31
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e
A

bk

Eiﬁ

(a) Heat A-41l; grain size,
7 to 8; low silicon and
menganese content,

NACA TN 408k

(o) Hest B-29; grain size, 5

to 8; normal composition.
L-57-4028

Figure 3.- Microstructures of vacuum-melted M-252-alloy bar stock a.fter
equalizing trestment of 50-percent reduction by rolling at 1 950 F
plus 1 hour at 1,950° F, then air-cooled. Magnification, X50.



T

Equalizing Treatment

Rolled 75% at Lg50°F

Rolled 50% at 1550°F + 1 hour
at 1950°F, air-coocled

Material = — —— —— Heat 43482 Heat 63674 Heat A6891
Cooling Method———- Alr-Cooled W ater-Quenched Water-Quenched Water-Quenched
Heat Treatment
3-4
1 hour at 1950°F 6-8 67 5-8 6->8
2 cycles of 1 hour 1-2 1-3 )
at 1950°F 6-8 6-7 5-8 6-8
P N | a4
3 cycles of 1 hour 34 (-1 -1/ 0-1 5-8 3-4
at lBSO‘F 6-8 6-7 '—)'—\ 5—7 |
~ TN A g
F————
LS /
4 cycles of 1 hour b 2-3 5.7 0-3 0
at L350°F — R ___\3 5-8
5 cycles of 1 hour 6 1-3 /T
at 1950°F =7 =37
A

Figure k.- Effect of repeated heating and cooling upon grain sizes of transverse sections
alr-melted M-252-alloy bar stock.

of
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3} NACA TN 4084

(&) 1 hour at 1,950° F, (b) Two cycles of 1 hour
then water-quenched. at 1,950° F, then water-
quenched.

(¢) Four cycles of 1 hour at 1,950° F,
then water-quenched.
L-57-4029
Figure 5.~ Effect of repeated heating and cooling upon microstructure _
of transverse sections of heat 43482 of alr-melted M-252-alloy bar
stock. Equalizing treatment was TS5-percent reduction at 1,950° F.
Magnification, X50. '



Equalizing Treatment

Rolled 50% at 1950*F + 1 hour
at 1950°F, air—cooled

Rolled 50% at 2100°F + 1 hour
at 1950°F, alr-ccoled

Material -———— = =~

Heat A-41 Heat B-29

Heat A~4] Heat B-29

Heat Treatment

1 hour at 1950°F,
air-cooled

[#-]
]
o
o
=l

1
e

[
]
0
oy ]
1
)

1 hour at 1950°F,
air-cooled + 4
hours at LF5G°F,
air-cooled

5-6 4-7

5-7 5-6

5 hours at 1950°F,
air-cooled

1 hour at 1950°F,
water-quenched

7-8 6-8

6-8 5-7

1 hour at 1950°F,
water-quenched +
4 hours at 1950°F,
air-cooled

1-2
A%

0-4 d4-6

) _\@

Figure 6.- Bffect of equalizing treatment and repeated heating end cooling upon grain growth of

vacuum-melted heats A-41 and B-29 of M-252 alloy.
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NACA TN Lo8L
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L-57-4030

O-percent reduction.
90° F upon

microstructure of heat 43482 of air-melted M-252 alloy after final

4

15

)

(a
Flgure .- Effect of percent reduction by rolling at 1

Equalizing treatment of as-recelved stock was

a 50-percent reduction et 1,950° F plus 1 hour st 1,950° F, then
Final solution treatment was 4 hours at 1,950° F, then

Magnificgtion, X50.

led.

solution trestment.
air-coo

(¢) 2.2-percent reduction.
alr-cooled.



Meaximom ASTM Grair. Siza

-4

-2

Equeiizing Treatment of As-Recelved Stock

Rolling Temperature {for Tapersd Specimans

Final Treatment [ r

Heat Troatment ~0— L&00°F
—1 hour at 1950°F, atr— LoorF  — O~ 600°'F 4 hours at 1950°F, air-cooled
ooled, ——
Rolled 50% at L950°F ¢ —_p. 1950°F 2100°F
— o Praheated 1/2 hour at R - = *
2100°F —— :':zg.;
1 1 [ 1] 'I f i 1 1 1 1 L T | T 1 1 T

A IS SR S S Iy N U S S OO N Y N AN M T
3 3 4 b h 8 L 10 11 12 1]
Percent Reduction by Ralling
(a) Heat 43482 of air-melted alloy.

Figure 8.- Effect of rolling tempersture and percent reduction upon maximm grain size of
M-252 alloy after final soluticn treatment,
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Momxcimum ASTM Graln Size

-4

-2

Equalizing Treatment of As-Recelved Stock

[Rolling Temperature for Tapered Specimens

Final Treatment for Grain Growth

Rolled 50% at 1950°F + 1 hour at 1950°F, air-cooled o Lsoo-r>_ Hoat ABB9!
g 2000°F~" . 4 houre at 1950*F, air-gooled
ﬁ ;‘:3::;} Heat 63674
| | T { ! | l 1 1 ( I l 1 T 1T 1 1T 1
L~ O D_\
—
i
'_ |
iy m
| I TN A NN N TN A KN (NSO (N T OO (NN FONN (N N (SO TN MU N DO DA
a 1 I3 3 + 5 [ Ik I 9 10 11 12

Percant Redaction by Rolling

(b) Hests 63674+ and A689L of air-melted alloy.

Figure 8.- Continued.
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Kqualising Treatmont of As-Received Stock Rolling Temparature for Tapered Specimens | Finel Traatment for (train Growth
Rollod 50% at L350°F + 1 hour at 1950°F, air-cooled o laoo*r
(m] Lb600*F 4 hooxs at 1950*F, alr-coolad
Fay 1900°F
@ Al00°F
“ .
1 T T T | I I R I 17 T 1+ 17 11
=2 —
: e ]
"
g a 1
I ™
o
:
<
P i
i+ —
4 - —8- - ]
6 ~0 0 -
-
P NS TR TSN ISV NS T NN T S O A T U T N N S S NN A I NS O SN
0 1 2 3 4 5 [] v B 10 11 12 13

Pearcent Redoetion by Rolling

(c) Iow menganese and silicon heat A-41l of vacuum-melted alloy.
rolling st 1,950° F.

Figure 8.~ Continued.

Equallzing treatment included

1RO HI VOV
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Maximum ASTM Grain Size

Equaliring Treatment of As-Received Stock Rolling Temperature for Taparad Spacimens Final Treatment for Grain Growth
Rolled 50% at 2100°F + 1 houx at 1950°F, aircooled 0 ld00°F

n] 1600*F 4 houra at 1950°F, sir-cooled
a 1300°F
L 2100°F

-4

| U U O D O L 1 1T 1 1 1T 1
2 - T
0 |—

o

' gpeota-gpdd |

T

[
wh

{d) Low mengenese snd gilicon heat A-L1 of v

4lllle_IJIIIII_I_Illll

[} K 8 9 1o 11 Y 3
Percent Redoction by Roelling

artmm-maltad allov
L A ac ed oY

rolling et 2,100° F,

Figure 8.- Continued.
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Maximum ASTM Grain Size

Helh N& VOVN

Equalixing Treatment of As-Received Stock Bolling Temporature for Tapered Spacimans Final Treatment for Grain Growth
Rolled 50% at 1930°F + 1 :.our at 1950°F, air-coolad o 1400 F
a LE0O°F 4 hours at 1950°F, afr-cooled
& LS500°F
o zloo°F
~4
I | | | ] I I [ | ] | i | I | | I | ] | |

Percent Reduction by Rolling

(e) Normal manganese and silicon heat B-2G of veem

=T
lncluded rolling at 1,950°

Figure §6.- Continued.

1ted sllav.
elted 8. Loy

™



Maximnm ASTM Graln Size

Equalixing Treatmant of As-Recelved Stock Rolling Tempereture for Fapered Specimens | TFinal Treatment for Graln Growth
. 0 1400°F
Raolled 50% at 2100°F + 1 houor at 1950%F, air-cooled
o L600°F 4 boura at 1950*F, eir-coaled
A 1900*F
L] 2100°F
-4
1T T 17T 1T 1T 1 T 1 [ D B B r 1T 1T 1 1T 1
I
-2 |— _.__{
° u
P —
4 l
6 | 0 TTe—A —]
8 S AN OSSO A N AN EN NN N N U [ 1 1 1 1 |
0 1 2 3 4 L] ] 7 10 11 12 13
Psrcent Raducton by Rollisg

ol

(f) Normal mangsnese and silicon heat B~29 of vacuum-melted slloy. Equeliz treatment
Y o
included rolling at 2,100° F.

Figure 8.- Concluded.
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L3

NACA TN 4o84
Code| Heat | Equalizing Treatment
—9— 43482 | Rolled 50% at 1950°F + 1/2 hr at 2100°F
'e 43482 ditto + 1 hr at 1950°F, AC
—— | 63674 ditto + ditto
O A6891 ditto + ditto
“A- |A-41 ditto + ditto
-F-- A-4] | Rolled 50% at 2100°F + ditto
~{F- [B-29 | Rolled 50% at 1950°F + ditto
-J-- | B-29 | Rolled 50% at 2,100°F + ditto
4
I D D D D D

Critical Reduction,
percent

Maximum ASTM Grain
Size at Critical
Reduction

2 | 1

|

| | I N

1400

1,600

1800 2000
Rolling Temperature, °F

2200

Figure 9.~ Summarized compserison of critical reductions and meximum

grain sizes for alr- and vacuum-melted M-252 alloy. AC, air-cooled.



Lh NACA TN 408L

(a) Approximete distribution of grain sizes.

(b) Microstructure at Jjunction of coarse- and fine-grained areas.
Magnification, X50.
L-57-4031
Figure 10.- Microstructure and grain sizes of transverse section of
as-received S-816-glloy ber stock.



NACA TN Lo8k L5

5-8
(a) Approximate distribution (b) Microstructure after
of grain sizes after 15~percent reduction &t
15-percent reduction at 1,000° F plus 1 hour at
1,000° F plus 1 hour at 2,150° F, Magnification,
2,150° F. X50.
fay
(c) Approximate distribution (d) Microstructure after
of grsin sizes after 15-percent reduction at
15-percent reduction at 1,000° F plus 1 hour at
1,000° F plus 1 hour at 2,300° F. Magnification,
2,300° F. X50.

L-57-403%2
Figure ll.- Microstructures and grain sizes of transverse sections of
equalized S-816-alloy bar stock.



Equaliring traatment of as-recelved stock

Holled 15% at 1L000°F

As-Raceaived Bar Stock

An Rolled + 1 hour at 3300°F, water- + 1 hour at 2300°F, water—
H quenched quenched
eat .
Treatment 8 P\ >s [ 4 2.8 m 4-6 1-3
1 X 4% N7

Alr-Cooled Water-Quenched | Air-Cooled Water-Quenched Adir-Cooled Water-Quenched | Air-GCoolad Water-{Juenched
1 cycle of 1 hour AN 4-6 o 1-3
at Z150°F, 5-8 5-8 4-7 4-1 4-6 i
cooled
2 cycles of 1
hoar at Z150°F, iy T ] uwrim AN £f S 143
cooled 5.8 1__1? 5-8 Q 4-7 13 4.7

LT
3 cycles of 1
h t 2150°F, (i T
c:':;a": 2'1 £_3 13124 - l 4'6/.5}\\2'4 4-6 o s 1-3
5-8 —[4 53-8 4-7 __:J 4-7
. d /i
3 cycles of 1
hoar at 2150°*F rg 4 - - =1 - -1
cooled,+ 1 hour N 507747, W 7777, vt B A W LY 777\l U fat ] e s
at 2300°F, =i =423 Z’!\W i-1)-4 =% 3 3
cooled / s
/A 7 I"/_/.IA
[ 2 N N o o= . - - . - - e e . PO Y o T
\a) As-recelved bar stock and stock rolled 15 percent at 1,000 F.

Figure 12.- Effect of repeated heating and cooling upon grain sizes of transverse sections of
8-816-slloy bar stock.
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Egualizing Treatment of As-Received Stock

Rolled 15% at 1200°F

Rolled 70% at 130T

T T Lour af ZI50°F,
wQ

+ 1 hour at 2150“F,
wQ

1 hour at 2150°F,
oQ

+ 1 hour at 2150°F,
AGC

6-8 5-8 5.8 5.8
Heat
Treatment
Air-Cooled Water-Quenchad OilFQuenched Air-Cooled
1 cycle of 1 hour at "
2150*F, cooled (-2}-2 D\ 5-8 Y 0-1 5-8 5-8 5-8
g 4
3 Y P . . ryyys
2 cycles of 1 hour at |.3)- [
2150°F, cooled (T~ 5-8 1-2 " 5.8 5-8 5-8
s,
3 cycles of ] hour at -4}, / 2 mﬁp—ﬂ_ 1.3
Z160°F, cooled tﬁ-_\ -87/] [ -2)-1 o) —A 53 A 1-4 Iquﬁ
4 cycles of 1 hour at (~4)- V
2150°F, cooled — -
{-1) 4
1 cycle of 4 hours at
2150°F, coocled (-4}- /
=T 44
i

(b) Stock rolled 15 percent at 1,400° F and then rolled 70 percent at 2,1500 F

quenched; 0Q, oll-quenched; AC, air-cooled.
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48 NACA TN Lo84

Air-cooled Water-quenched

() Reduced 15 percent at 1,000° F, reheated to 2,150° F three times,
end cooled as indicated.

Air-cooled Water-quenched

(b) Reduced 15 percent at 1,000° F, reheated to 2,150° F three times,
end cooled &8s Indicated, and finally soclution-treated 1 hour &t
2,300° F.

Alr=-cooled Water-quenched

(c) Reduced 15 percent at 1,000° F, solution-treated 1 hour st 2,300° F
and water-quenched, snd then rehested to 2,150° F three times and
cooled as indicated.

Air-cooled Water-quenched L-57-4033

(&) Reduced 15 percent at 1,000° F, solution-treated 1 hour at 2,300° F
and water-quenched, reheated to 2,150° F three times and cooled as
indicated, and finally solution trested again at 2,300° F.

Figure 13.- Macrographs showing grain-size distribution in S-816-alloy
bar stock after repeated heating to 2,150° F and cooling. Magnifica-
tion, X1.5.



NACA TN LO84 49

Alr-cooled Water-quenched

(e) As-recelved bar stock heated three times to 2,150° F and cooled as
indicated.

Air~-cooled Water=quenched

(£) As-recelved bar stock heated three times to 2,150° F and cooled as
indicated and finally solution-treated for 1 hour at 2,300° F.

Air-cooled Water-quenched

(g) As-recelved bar stock solution-treated for 1 hour at 2,300° F and
water-quenched and reheated to 2,150° F three times and cooled as
indicated.

Alr-cooled Water-gquenched L-57-403)

(h) As-received bar stock solution-treasted for 1 hour at 2, 300° F and
water-quenched, reheated to 2,150° F three times and cooled as Indi-
cated, and finally solution-treated again at 2,300° F.

Figure 15.- Concluded.



50 NACA TN 4084

(a) 1 hour at 2,150° F, then (b) 1 hour at 2,150° F, then
water-guenched. water-quenched, plus 1 hour
at 2,150° F, then air-cooled.

L-57-4035
(¢) 1 hour at 2,150° F, then (3) 1 hour at 2,150° F, then
water-quenched, plus _ water-quenched, plus
four cycles of 1 hour at : - one cycle of 4 hours at
2,150° F, then air-cooled. 2,150° -F, then air-cooled.

Figure 1lh.- Effect of repeated heating and cooling upon nicrostructure
of S-816 alloy which had been equalized by a l5-percent reduction at
1,4000 F. (Transverse section at bar surface.) Magnification, X50.



Maximum ASTM Grain Size

-4

-2

(a) Final solution treatment st 2,300° F.

Figure 15.- Effect of rolling temperature and percent reduction upon maximum grain size of

Porcent Reduction by Rolling

Equalizing Treatment of A4~Reecived Stock Rolling Temperature for Tapered Specimens Final Treatment for Grain Growth
0 Lpo0*F v 4L00°F
Rolled 15% at LOOO®F + 1 hr nt 2300°F, water- o 1400°F o  &l5'F L hour at 2300°F, water-quenched
qeenclied A LBOO*F [} 2200°F
& 2000"F X 2260°F
11 1T 71T 1 1 T T 1T71 1 1 1 1 v 17 1T 11
k —
— -
(- .
s :
f—— —
3 —
| -~
Pt 1 1 1 1 1 1 [ I S O R N N I I T S
[+] 2 3 [ 3 [ 7 T8 1o i 12

3-816 alloy after final solution treatment.
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Maximum ASTM Grain Size

-4

-2

Parcent Reduction by Rolling

(b) Final solution treatmemt at 2,150° F.

Figure 15.- Concluded.

Equalizing Treatment of Aa-Raeceived Stock Rolling Temperatore [or Tapered Spacimaens Final Treatmant for Grain Growth
Ruql-:lidm:l}?:l at L000*F + 1 hour at 2300°F, water- (I:)‘ 1400F 1 hour at 2150°F, waterquenched
1L800*'F
A 2200°F
1t 17T 1T 1 11 L 1 1T 1 1
1
O N g 0 —
| 7 \\ : :
- —OA — —
]
| 11 1 1] J I | N I A I 11 P 111 | |
1] 1 . 2 3 4 5 & 1 [] 10 11 12 13

2<
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ASTM Grain Size

Maximuom

upon maximum graln size of S

¥ i
~-816 elloy after final solution treatment.

v N & 'l r
Equelizing Treatment of As-Recoived Stock Rolling Temperature for Tapered Specimens Final Treatment for Grain Growth
. o 1800°F g 2150°F
Rolled 15% at L000°F + 1 hour at 4150°F, air-coaled 1400°F n horE @ 2200°F
A zp00°F O 2250°F
o 2100°F X 2300°F
il All for | hour
(T v T 1 7 T 1 17T 17T 1T 1T [ (1 1
-2
T 1 \
— b
2 b
4:L!-(:F ) . \\\\?v\

-l Pt \% —
em—_& ~ 0 4 o oA A SO—A——n —~g v
sl |t r ey 1

0 1 ] 3 4 3 1] v 8 10 11 12
Percent Reduction by Rolling
Figure 16.~ Effect of percent reduction by rolling at I_leg-ooo F and finel solution trestment
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1,700 1800 1900 2000 2100 2200 2300 2400 2500

Solution~Treatment Temperature, °F

Figure 17.- Maxiwmum grain size at critical reduction es a function of final solution-treating
temperature for S-816 alloy. Egqualizing treatment of as-received stock was a 15-percent

reduction at 1,000° F plus 1 hour at 2,150° F, then air-cooled.
1 hour.

All solution treatments were

He
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NACA TN Lo84 55

At AL LA N
- e aad - 4 5 . r .
vt , :’} '. '_‘ :l‘: ol '. : . - g.. R
3 - . =
(a) Zero-percent reduction. (b) O.T7-percent reduction.
: L-57-4036
(e} 1.6-percent reduction. (d) 10.0-percent reduction.

Figure 18.- Effect of percent reduction by rolling at l,erO0 F upon
microstructure of equalized S-816 alloy after final solution treat-
ment. Equalizing treatment of as-received stock was a 1l5-percent
reduction at 1,000° F plues 1 hour at 2,150° F, then air-cooled.
Final solution treatment was 1 hour at 2,200° F, then water-quenched.

Magnification, X50.



Marimom ASTM Grain Sise

Figure 19.~ Effect of percent reduction at 2,250° F with finel solution treatment at 2,200° F

-4

-2

9%

Equalizing Treatment of As-Recelved Stock Rolling Temperatuzre for Tapered Specimens Final Treatment for Grain Grawth
(8] 1 hr 2200°F, water—quenched
Bolled 15% at LOOO®F + 1 bour at 2150°F, air-coaled 2250°F A 1or é@SQ'F, water-quenched
T 1T T v T " T1T7T1T 1 P T T T T T
B 7
B o \:o _
N I SN[ S S [ s [ T [ N O WO
I3 2 3 4 5 ) K B g 10 1T 12 T

Percent Reduction by Relling

and 2,250° ¥ upon maximum graein size of S-816 alloy after final solution treatment.
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Equalizing Treatmant of As-Received Stock Relling Temparature for Tapered Spocimens | Final Treatrnent for Graln Growth é
. . 3 cycles of 1 hr at 2150°F, air-
Ralled 15% at J000"F + L hour at 2150°F, air-cooled 1400°F O ooiet s Thr o SO e -
guenchad o
[ ] 3 cyclas of 1 bx at 2150°F, aire g
cooled + 1 hr at 2300"F, water- -
. quenched
T T T T | [ I R N B T T T 1T 1
-4[— -
b
@A . —_
a
d
8 -2}— -
3 \
B
4 - -
B
g T |
- \ . . . d
FaY L. '\c C —
oL 1 1 L 1 1 [ 4 v o1y Ly
0 I ] 3 4 5 b 7 B 10 TI 1Z I3
Percent Redoction by Rolling
Figure 20.- Effect of percent reductlon at 1,400° F and repeated solution trestment st 2,150° F
and 2,300° F upon maximum grain size of §-816 elloy after final solutlon treatment.
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Maximum and Minlmuorn ASTM Grain Size

Equelising Treatment of As-Received Stock Rolling Gonditions for Tapered Specimen Final Treatment fox Grain Growth

Rolled at 1400°F
1 bonr at 2150°F, air-cooled, remachived
Rolled at 1400°F 1 hour at 2300*F, weter-quenched
1 hoar at 2150*F, air-cooled,  remmchined
Rolled at 1400°F

Rolled 15% at LOOO®F + | hour at Z150*F, air-cooled

+F o+

71T 1T+ rr+r 171+ 7tntT 1t 1T 1rr T T 1T 1T 1 11

' T N S N U O OO M N T M R N N MO D A M N A O

.5 1.0 1,5 2. ¢ 2.5 3.0

Percent Reduction by Rolling Per Pass

Figure 21.~ Effect of repeated reduction by rolling with intermediate heat treatment upon grain

gize of 8-816 alloy after final solution treatment.
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Na ReductHon 1 Porcant Reduction
Mothod of
Cooling -—-—— Air-Cooled Water-Quenched Air-Coolad Water-Quenched
Solution
Treatrnent ~ == FALTT Z300°F Z150°F 2300°F 2180°F 2300°F 2156°F. 2300°F
wzn |
Firat
Rolling 5-8 4-7 5-8 -6 1-6 1-6 1-6 1-6
Cycla A
-3 £1-3
Secand 7 RS
Rolling 5-8 4-7 = -5 0-6 1-6 1-6
Cyale
rod e
L{-1)-3 &-1)-3 L(-3)-3 (-1}-3
1-5 T-%
- ] - i
Third /L w7 z 777
Rolling 5-2 4-7 5.8 W (-1)-6 1-6 1-6 %
yele / /
/) A/, 7 L 7777 /’
24-2)-1 £(-2)-3 L(-3)-1 £ |-2)=2 £ (-3)-2

Figure 22.~ Effect of cooling rate after rolling at 2,150° F on grein size of S-816 alloy after

solutlon treatment at 2
at 1,000° F.)

,250° and 2,300° F. (Equallzing treatment was 15-percent reduction
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60 NACA TN LOo8k4

Equalizing Treatment of As-Received Stock

15% Reduction at 1000°F + ! hour at 2150°F,

air-cooled
Tensile
Test Elongation, | Approximate Distribution of Grain Sizes
Tempera=- percent After Final Solution Treatment
ture, °F
1400 1.0 4-7 1-5 4-7
0-4
1,600 0,8 4.7 1-5 4-7
0-4
1600 1.5 'l,,ll
' 1-5
Final Treatment for Grain Growth
1 hour at 2300°F, water-quenched

Figure 23.- Graln-growth characteristics of S-816 alloy after critical
deformation by tensile straining followed by final solution treatment.
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Figure 24.- Influence of
initial grain silze of
as uniform grain silze
Initiel grain size of

20 30 40 50 60 70 80
Percent Reduction by Rolling

smount of reduction at 2,150° F on grain size of S-816 alloy with an
-2 to 5. Extent of recrystallization during rolling is shown &8 wel']_
developed during subsequent solution treatment at 2,150° and 26500 F.
-2 to 5 obtained by heating as-recelved stock 2 hours at 2,300
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