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TECHNICAL NOTE L082

ABNORMAL GRAIN GROWTH IN NICKEL-BASE
HEAT-RESTSTANT ALLQYS

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

SUMMARY

A laboratory study was carried out to establlsh the basic causes
of sbnormal grain growth 1n eir- and vacuum-melted Waspaloy, Inconel
X-550, and Nimonic 80A alloys. All of the results indicated that small
reductions of essentlally strain-free metal were the basic cause of
abnormal grain growth. Between reductlons of 0.4 and 5.0 percent, in
most cases, there was a narrow range of reductions responsible for
abnormel growth. In a few special cases the responsible reductions
were as low as 0.1 percent and as high ag 9.7 percent.

The prevention of abnormal grain growth clearly requlres avoidance
of small critical reductions. The main problem 1s to anticlpate and to
avold condlitions leading to critical deformation. Insuring that all
parts of a metal plece receive more than 5- to lO-percent reduction will
prevent it. Nonuniform metal flow during hot-working operations is
probebly the major source of abnormal grain growth. Any small reduction,
particularly if i1t includes a strain gradlent so that the critical reduc-
tion will definitely be present, ls & common source. Strains arising
from thermasl stresses during rapid cooling can develop susceptibility.
Removal of strain by recrystallization during working followed by a small
further reduction can, in certain cases, induce abnormal grain growth in
the presence of large reductions.

The phencmenon of abnormel grain growth ls remarkably independent
of temperature of working and of heating temperatures. If the heating
temperature and time are sufficient for abnormael graln growth, higher
temperatures increase the graln size only slightly. Prior history of
the alloys before eritical straining also has relatively little effect,
provided the prior treatment reduces strain below the eritical amount.
Certain conditions of working or heating seemed to minimize abnormal
grain growth. These, however, do not zppear dependable for controlling
abnormal grain growth because of the probablllity thet their effectiveness
is dependent on prior history.
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The influence of alloy composition seems to be mainly in variation
of the excess phases which restrict graln growth. A somewhat smaller
grain size in vacuum-melted than 1in air-melted Waspaloy was apparently
due to more grain-growth restrainers resulting from s higher carbon
content. Inconel X-550 did not undergo abnormal grsin growth at 1,950o F
as did Waspaloy and Nimonic 80A alloys. At 2,150° F, the normal solution
temperature for Inconel X-550, it did occur. Apparently the more stable
columbium compounds in Inconel X-550 regtralned grain growth to & higher
temperature than the less stable growth restrainers in the other alloys.

INTRODUCTION

A study of the causes of abnormally large greains forming in nickel-
base heat-resistant alloys during hot-working or subsequent final solution
treatment was carried out. The alloys investigated were Waspaloy end
Inconel X-550. Vacuum-melted Waspeloy, reputed to be less susceptible to
grain growth, as well as aslr-melted material, was included in the Iinvestl-
gation. A limited amount of data for Nimonic 8QCA alloy is ineluded from
another investigation (reported in a private communication). One previous
report (ref. 1) presented preliminary results for & similer study of
§-816 alloy.

The objective of the investigation was to establish the fundamental
principles governing the formation of abnormaelly large grains during hot-
working and final heat treatment 1n heat-resistant alloys of the types
used in the gas turbines of Jet engines. For purposes of this Investi-
gation, any grains larger than ASTM 1 were consldered abnormally large.
Furthermore, the investligation was mainly limited to normal conditions
of heating for hot-working and for heat treatment, it having been well
established that the abnormal grain growth of interest occurred under
these conditions. However, a few experiments involving tempersatures
higher than normel were included.

The presence of abnormally large gralns has been assoclated with
poor propertles in heat-resistant alloys, perticularly with low fatigue
strength and brittleness under creep-rupture conditions. The consequent
necesgsary grain-size control is a recurring problem in making forgings
and other hot-worked products from the heat-resistant alloys used in air-
craft gas turbines. In practice, procedureg for hot-working are eventu-
ally developed which eliminate or minimize grain-size problems. Those
developed have generally been empirical and have not defined the basic
principles involved. The data included in this report for Nimonic 80A
alloy, for Ilnstance, represent experiments carried out to help clarify
a production problem of grain-size control in an alloy which hes been
extensively used.
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The general procedure of the investigation was to carry out con-
trolled laboratory experiments on samples of bar stock to find conditions
of heating and hot-working which resulted in abnormal grain growth. Like
the investigation on S-816 alloy (ref. 1), this investigation did not
disclose eny conditions for sbnormasl graln growth other than by small
amounts of eritical deformation. The investligation does, however, define
many conditlons which lead to such critical deformation which are not so
obvious as slmple small amounts of deformetlon during hot-working.

The investigetion was carried out by the Engineering Research
Institute of the University of Michigan under the sponsorship and with
the financial assistance of the Nationel Advisory Committee for Aeronsutics.
The members of the NACA Subcommititee on Power Plent Materiels assisted in
the planning of the experimentel progrem, particularly by defining condi-
tilons of working where grain-growth problems had been troublesome.

PROCEDURES

The general procedures used to establish conditions leading to abnor-
mal gralin growth were as follows:

(1) Commercially produced bar stock was used for experimental mate-
rials. The only exceptions were small commerclelly produced ingots of
vecuun-melted Waspaloy rolled to bar stock at the Unlversity of Michigan.

(2) Most of the as-received bar stock was not suitable for experi-
mental research because of uneven grain growth or susceptiblility to
abnormal grain growth during reheating to hot-working or solution-treating
temperatures. Accordingly, most stock was given an "equalizing trestment"
deslgned to produce & uniform reasonably fine grained material for experi-
mental purposes. This treatment usually consisted of:

(a) A fairly heavy reduction by rolling

(b) A heat treatment of 1 hour at the usual solution-treating
temperature for the alloy

The cooling after the equalizing heat treatment was performed by
elther air-cooling or oil-quenching. Water-quenchling made all of the
alloys susceptible to abnormel grain growth on the surface of the bars.
In some ceases even air-cooled alloys developed some susceptlbllity to
such growth. An equalizing heat treatment was, however, necessary.
Otherwise, the initial uneven-grain-growth characteristics could mesk the
influence of the experimentel conditions used to obtain abnormal grain
growth.
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The conditions of the equalizing treatment were sometimes deliberately
varled, or the treatments omitted, to study the influence of such factors
on abnormal-grain-growth characteristics.

(3) Repeated heating and cooling was used to study the abnormal grain
growth induced by thermal stresses alone. Water-quenching, oll-quenching,
and air-cooling were used to vary the cooling rate and resultant thermal
stresses.

(4) The influence of amount and temperature of working was studied by
rolling tapered specimens to flat bars between open rolls in a rolling
mill. The tepered specimens were usually mechined from the equalized
stock. Two sizes of specimens (fig. 1) were used to give reductions
ranging from O to about 15 or 29 percent. The specimens were placed in a
furnace at the temperasture selected for rolling and held in the furnace
1/2 hour before rolling. In most cases, only one pass through the rolls
was used. The speclmens were alr-cooled from the rolling operation.

A few experiments were carried out using tensile specimens to obtain
uniform reduction to study the compaerative effects of uniform straln and
the strailn gradients from the tapered specimens.

(5) The rolled specimens were heated to the ususl solution-treating
temperatures for the usual times for grain growth to occur. In some cases,
the specimens were cut into two pleces parallel to the direction of rolling
before solution treatment. One half was examined in the as-rolled condi-
tlon and the other, after solution treatment.

(6) The specimens were then carefully measured and the reduction in
cross-sectlonal area computed. The specimens were sectloned and examined
microscopically for grain size along the lengths of the rolled bars.

(7) The grain-size rating system used was that established by the
American Society for Testing Materials (ref. 2). It was necessary to
extend this sytem to larger sizes than number O through the notation -1
to -5 grain sizes. The actual grelin sizes involved were as follows:


http://www.abbottaerospace.com/technical-library

NACA TN 4082 _ 5

Grains/sq in. of Approximate diam.
ASTM grain size 1mage a'{ 100 diam. of grains, in.
8 128 0.0009
7 64 .0012
6 32 .0018
5 16 .0025
L 8 .0035
3 L .005
2 2 .007
1 1 .010
0 5 .01k
-1 .25 .020
-2 125 .028
-3 .0625 040
-4 0312 .056
-5 .0156 .080

In reporting grain sizes, the complete range is given in the tables of
data. The grephical presentations are generally limited to the maximum
size.

EXPERTMENTAL MATERTALS

The experiments were carried out on bar stock commercislly produced
from alr-melted heats, with the exception of the vacuum-melted Waspaloy.
The information furnished by the suppliers of the test materlals 1s glven
in the following sections.

Waspaloy Alloy

The air-melted Waspaloy alloy was supplied gratis by the Allegheny
Ludlum Steel Corp. as l-inch-square bar stock made from a 9-inch ingot
from heat 43638. The vacuum-melted Waspaloy was supplied gratis by the
Utica Drop Forge and Tool Corp. as a 2-lnch-diameter ingot from heat 3-259.
The chemical anslyses supplled by the producers were as follows:
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Chemical composition, welght percent

C {Mn| S1 | Cr Ni Co | Mo | T1 | AL | Fe Cu S P

Heat 43638
0.03|1.14|0.63/18.8|Balance}13.7|3.15(2.56|1.43|1.18 [ 0.11|0.015 [0.0L6

Heat 3-259

0.08/0.27|0.57)19.8|Balance|13.8(3.90|3.17{1.15 [0.69 [<0.10|0.005 [-=---

The small ingots of vacuum-melted stock were hot-rolled at 1,950° F
to 3/4- and l/2-inch bars at the University of Michigan.

Inconel X-550 Alloy

The Inconel X-550 stock was furnished grstis by the International

Nickel Co., Inc., as hot-rolled 2%- by lfg_inch flat bars from heat Y7180X.

The only other information supplied was the following report of chemical
composition: '

Chemical composition, weight percent

C| Mn | Fe S Si | Cu Ni Cr | A1 | T1 [Ta and Cb

0.05|0.73(6.59/0.007(0.28|0.03{72.63|14.97(1.16 |2.50 1.03

Nimonic 80A Alloy

The Nimonic 8CA alloy was in the form of l-inch, hot-rolled, center-
less, ground bar stock which had been purchased by the Continental
Avistion end Engineering Corp. from commerclel air-melted heat 5331B
made by the Internationsl Nickel Co., Ine.

The following report of chemical composition was supplied:

Chemical composition, weight percent

C Mn Fe S Si Cu Ni Cr Al Ti

0.05} 0.55| 0.59| 0.007| 0.34 | 0.05| Balance | 20.5| 0.98 | 2.20
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FACTCRS INFLUENCING GRAIN GROWTH

A number of factors influenced observed grain-growth characteristics
in the experimental materials. Because they were falrly complicated,
consideration of the following discussion of some of these factors will
help in understanding the results of the studies:

(1) The experimental masterials in the as-received condition had been
hot-worked to bar stock under unknown conditions. In some cases the
grain sizes were initislly mixed. The gralin-growth characteristics when
reheated to normal hot-working or solution-treating temperature indicated
susceptibility to abnormal or uneven grain growth in most cases. Usually
this tendency varied along the bar-stock lengths.

(2) These varied and uncertein prior-history effects were minimized
in most experiments by an equalizing treatment. This treatment was a
fairly heavy reduction by rolling cambined with a heat treatment for
1 hour at the normal solutlion temperature. This gave & uniform grain
structure in material with uniform response to subsequent experimental
variables. The cooling rate from the heat treatment had to be restricted
to that of air-cooling or oil-quenching to avold susceptibllity to abnor-
mal grain growth on the surface during subsequent reheating.

It should be recognized that there are certaln important considers-
tions involved 1n these equalizing treatments:

(a) The best way to avoid uneven or abnormel grain growth
during any 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 than at least 5 percent. Material
given such reductions would, however, be unsuitable for the experi-
mental program because the inltial reduction would mask the experl-
-mental variables to be studied.

(b) The equalizing treatments do not make the materiasl independ-
ent of prior history. The actual graein size is Influenced by the
prior working and heating conditions. It can be postulasted that if
the prior working results in a material which undergoes recrystalli-
zation and grain growth to uniform reasonsbly fine grain size, it is
then in a condition sultable for study of abnormal grain growth.

The recrystallization reduces prior strain-hardening to a minimum.
As far as is known, some other sequence of treatments could have
resulted in a different initial grain structure. This, however,
would alter the results of the experiments only in detail.

(e) First, the heat-treatment step probably did not attain the
equilibrium grain size for the temperature of heating. Second, the
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degree of solutlion of excess phases was probably variable. Third,
the cooling from the heat treatment Introduced a small strain in
the surface of the metal. However, by alr-cooling or oll-quenching
this was kept below the criticel smount requlred for abnormal graln
growth.

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

() When the tapered specimens were rolled, the following 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.

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

(d) If the temperature of working was sufficlently high for
recrystallization during working, there was a zone of inecreasing
strain-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 material decreased with lncreasing
temperature of reduction. The zone of recrystalllization was reduced
in strain-hardening in porportion to the degree of completeness of
recrystallizetion. In genersl, this increased with both temperature
and amount of reduction. .

(e) The air-cooling fram working introduced some surface strain
from the thermal stresses.

(5) When the tepered specimens were reheated for solution treatment,
the reaction was characterized by zones as follows:

(a) A zone of no or very small reduction where the grain growth
was mainly dependent on the further growth to be expected from
unstrained msterial. Presumably the machining of the tapered specil-
men removed any surface metal strained during cooling from the
equalizing treatment. Consequently, only the air-cooling from the
working temperature was involved.
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(v) A zone covering reductions generaslly in the order of 0.4
to 5.0 percent which was critically strained, resulting in a few
grains growing to sbnormal silzes.

(c) A zone of higher reductions where deformation resulted in
more grains growing in competition to prevent abnormel final grein
size,

(d) A zone of still larger reductions where recrystallization
definitely cccurred in the more severely strain-hardened metal during
reheating unless it occurred during working. In the latter case
grain growth occurred. Many of the specimens showed partial recrys-
tallization at the heavier reductions. Presumably recrystallization
occurred during reheating in those locations where it did not occur
during rolling. The zones of recrystallization presumably underwent
grain growth.

EXPERIMENTAT. RESULTS

Grain-growth date were obtained for Wespaloy and Inconel X-550 alloys.
In addition, date are reported for experiments on Nimonic 80A materisl
from another investigation. The major experimental conditions studied
were induction of abnormel grain growth by repeated heating and cooling
and by deformation by rolling.

In the experiments involving rolling, tapered specimens were rolled
to flat bars. In the regions of small reductions causing sbnormal grain
growth, as discussed in subsequent sections, the grain growth was remark-
ably uniform across the entire section of the specimens. The line of
demarkation at the smallest reduction causing such growth was very sharp.
The recrystallization and grain growth were also uniform on a macroscopic
scale across the bar section. Recrystallization during working or after
solution treatment, however, was often banded.

Air- and Vacuum-Melted Waspaloy Alloy

Grain-growth experiments were carried out on bar stock from both
alr- end vacuum-melted heats of Waspaloy alloy. A number of experiments
were carried out on the bar stock to establish grain-growth characteris-
tics and to develop initial treatments which would provide a reasonably
uniform and fine initiel grain size.

In the as-received condltion, the air-melted stock was fine grained
on the outside with a mixed grain size in the center (fig. 2). This
material developed a nonuniform grain size when heated to 1,950° F
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(fig. 3). Using temperatures higher than 1,950° F reduced the variation
in grain size and d1d not cause large grains to form (fig. 3). It was
considered, however, that it would be best to reduce the bar stock
further by rolling before heat treatment in order to obtaln a uniform
fine grain size with the normal treatment at 1,950° F. A reduction of
70 percent from 1,950° F followed by & treatment of 1 hour at 1,950° F
was epplied to materlal used for the repeated heating and cooling
experiments. This gave a grain size of 4 to 6 (fig. 3). A simllar grain
size was obtained by a reduction of 50 percent from 1,950° F (fig. 4) and
this treatment was used for all the deformation experiments except when
prior treatment was deliberately varied. Figure 4 shows that rolling at
l,950° F to a reduction of 50 percent resulted in partial recrystallize-
tion to very fine grains. However, this material had e uniform grain size
of 4 to 6 after heating 1 hour at 1,950° F (fig. 4).

The vacuum-mélted stock as originally rolled had & graln size of 5
to 8 (fig. 5). Heating to 1,950° F for 1 hour gave a grain size of 4 to
7 (fig. 5). The latter condition was used for all of the grain-growth
experiments.

Induction of abnormal graln growth by repeated heating and cooling.-
The experiments conducted to induce grain growth by repeated heatling and
pooling and the resulting grain sizes are sumearized by figures 6 to 9.
The observed grain-growth characteristics were:

(1) Air-cooling did not induce abnormal grain growth in air-melted
stock. There was & graduel lncrease in grain size during four reheats
so that the final grain size was 2 to 4 with few random O grains (fig. 6).
Vacuum-melted stock was also free from abnormal greain growth as & result
of repeated heating and alr-cooling. The normel grain growth was less
then for the alr-melted stock, final grain size being 3 to 6 (fig. 8).

It should be noted that one L-hour cycle gave nearly the same grain
sizes as four cycles of l-hour duration (figs. 6 and 8).

(2) Water-quenching between reheats did induce abnormal grain growth
starting at the surface in both air- and vacuum-melted stock. The air-
melted stock developed larger grains and a larger percentage of abnormal
grains (figs. 6 and 8). Figures 7 and 9 show typical microstructures of
the water-quenched stock. '

Again it should be noted that a h-hour reheat to 1,950° F developed
Just about as much abnormsl grain growth as four cycles of 1 hour at
1,950° F (fig. 8).

(3) Air-melted material initially water-quenched from 1,950° F but
air-cooled during four subsequent cyeles to 1,950° F underwent nearly
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the same abnormal grain growth as material water-quenched during esach
cycle. The initial water quench sppeared to be the critical factor con-
trolling abnormsl grain growth (fig. 6)

(k) 0il-quenching did not induce significant sabnormal grain growth
in air-melted stock. The largest grains formed were of size O (fig. 6).

The experiments indicate that:

(1) For the sizes and shapes studied, air-cooling or oil-quenching
did not induce abnormal grain growth during subsequent reheating. Water-
guenching dld induce svnormal grain growth in both air- and vacuum-melted
materiels during subsequent reheating.

(2) The governing factor in the abnormsl grain growth was time of
heating at the solution temperature and not the number of times the
materials were reheated and quenched. One water quench was Just as
effective as four as long as the totel time of heating was the same.

(3) The vacuum-melted material did not develop quite so large grains
as did the air-melted stock.

Induction of abnormal grain growth by deformation.- All of the exper-
iments on induction of abnormal grain growth by deformetion were designed
to establish the conditions which lead to abnormal grain growth durlng a
standard final solution treatment of 4 hours at 1,950° F. Therefore, all
grein-size retings are based on material which had been solution-treated
after subjection to various initial treatments possibly influenecing grain
growth.

The main result was that grains larger then 1 were induced in
material which had been reduced between 0.4 and 5.0 percent. A limited
number of special conditions resulted in abnormal gralns when reductions
were as small as 0.l percent or as large as 9.7 percent. In these limited
cases, abnormal graln growth did not occur over this entire range of
reductions but rather dld ocecur over some narrow reduction within this
range.

There was & very sharp increase to grain sizes of -3 to -4 at the
lower side of thle range in reductions, usually for reductions between
0.4t and 1 percent. The grain size then diminished so that for most cases
when the reduction was 5 percent, the maximum grain size was 1 or less.

The following additional features of the results can also be
generalized:

(1) The range of reduction for abnormal grain growth was independent
of temperature of reduction.
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(2) Vacuum-melted stock underwent abnormal grain growth after the
small critical reductions in the same manner ag the air-melted stock.
The meximum grain size was, however, less for the vacuum-melted
material, the usual differential being about two sizes smaller for the
vacuu-melted material.

(3) Working sbove the solution temperature of 1,950° F generally
reduced meximum grain size in the area of abnormal grain growth in air-
melted stock.

(4) A number of conditions of working and heet treatment prior to
critical reductions were found to have little effect on the tendency for
abnormal grain growth.

(5) Uniform reductions more thean the critical amount prior to a
critical reduction did not completely suppress the abnormal grain growth.

(6) Uniform critical reduction in a tensile machine also induced
abnormel grain growth.

(7) A very steep strain gradient from working tended to suppress
maximum grein size, apperently by restricting the amount of metal subject
to abnormel grain growth.

(8) A 1imited number of experiments were not successful in inducing
abnormal grain growth as & result of partial recrystallization during
working.

The details of the data which led to these summarlzed results are
discussed as follows:

Effect of amount and temperature of reduction: Abnormal grain growth
wag induced at some small reduction in all specimens of air-melted stock
regardless of the temperature of rolling (see table I and fig. 10). The
reductions inducing this graln growth were between 0.7 and 3.0 percent.
The meximum grain size in this region of reductions was -3 to -4 except
for rolling at 2,000° and 2,100° F when it was -2. The grain size was
less than 1 for all reductions larger than 1.8 to 5 percent depending on
the rolling temperature. Typical microstructures for various reductions
taken along a tapered specimen are shown in figure 1l.

The rolling temperature had very little effect on that portion of
the specimens which was not reduced, except when the rolling temperature
was 80° or 2,100° F. The maximum grain sizes shown by figure 10 were
remarkably similar for reductions larger then the critical amount for all
temperatures of rolling. Apparently, the varylng degrees of recrystalli-
zation during rolling at 1,800° to 2,lOO° F 414 not greaetly alter the
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finel grain size from that induced by straln-hardening at lower tempera-
tures of rolling.

Vacuum-melted stock responded similarly to the air-melted stock
(table II and fig. 12) except that the maximum grain size was -2. The
overall gralin size was also finer. There also was no difference in
maximum grain size in the critically reduced section between samples
rolled at 2,100° F and those rolled at lower temperatures. Typical
microstructures of vacuum-melted stock are shown in figure 13.

It will be noted that the change 1n grain size in the critical sec-
tion was the same for both air- and vacuum-melted material. Although
this suggests change in grain size as a controlling factor in grain
growth from critical reduction, it wes not borne out by subsequent
studies.

Influence of prior history on abnormal graein growth: A number of
deteils in the treatments prior to rolling as tepered specimens were
varied. The more important results were:

(1) Omission of the heat treatment at 1,950° F after a reduction of
50 percent at 1,950° F did not completely eliminate the susceptibility
to abnormal grain growth from critical reduction although 1t greatly
reduced maximum grain size (table I and fig. 1L4). This was true for
specimens rolled at both room temperature and 1,600° F. The only &if-
ference for the two cases was the rather high reduction of 6 to 10 per-
cent for abnormal growth when the specimen was rolled at 1,600° F. It
had been expected that there would be no tendency for abnormal growth
from critical reduction after this heavy initial reduction.

The results of the preceding discussion show that a reduction of
more than 5 percent at eny temperature usually restricted the grain size
to less then 1. It was presumed that superimposing any further amount
of reduction would not alter the tendency to produce fine grains during
solution treatment. Data presented later for specimens strained uni-
formly in tension tend to show that the amount of deformation and not
strain gradients is the controlling factor in eritical deformation for
abnormal grain growth. This then suggests that the superlmposing of a
strain gradient on material strained past the critical amount was not
responsible for retention of scme tendency for abnormsal grein growth.

It is important to recognize in considering these possibilities that,
as reduced 50 percent at 1,950° F, the metal was not susceptible to abnor-
mal grain growth. It does, however, seem apparent that further reduction
at some lower temperature can induce abnormsl grein growth. It is highly
probable that this susceptibility srises from partial simultaneous recrys-
tallization leaving areas of essentlally strain-free meterial which can
subsequently be critically strained.
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(2) Air-cooling from the 1,950° F treatment instead of oll-quenching
did not substantially slter the maximum grain growth caused by critlical
reductions at 80° F (fig. 14) or 1,900° F (fig. 15). Grain growth was,
however, less for the air-cooled meterial when it was rolled at 2,100° F
(fig. 15) for reasons which do not seem explaineble from the available
information.

(3) It was noted that the grain growth after solution treatment was
considerably greater in that part of the tepered speclmens which received
no reduction when the rolling was carried out at room temperature (figs. 12
and 14). Apparently, the 1/2 hour of heating for rolling at 1,400° F or
higher restricted general graln growth during the final solution treatment
in materlal which did not receive any further reduction.

(4) The inclusion or omission of the equalizing heat treatment at
1,950o F before rolling at 2,100° F had practically no effect on grain
growth (see table I and fig. 16). Heatlng first at 2,100° F and then
dropping the tempersture to 1,600° P may have increased the smount of
reduction to initiate abnormal graln growth from 0.7 to 2.5 percent.

These results suggest that the tendency for the critical reduction
to increase for rolling at 2,100° F is due to heating to 2,100° F and not
to working at that temperature. This was carried over in the specimen
cooled to.1,600° F before rolling.

(5) As-received material reduced 25 percent at 1,600° or 1,950° F
had sbout the same growth characteristics for meximum grein size (fig. 17)
as meterial reduced 50 percent at 1,950° F when all were equalized at
1,950° F and oil-quenched prior to rolling at 1,600° F. This result is
support for the general conclusion that prior history has relatively little
effect on abnormsl grain growth unless there 1ls a large reduction without
opportunity for substantial recrystallization.

Abnormel grein growth induced by tensile streining: Uniform critical
reduction by limited straining in a tensile machine was used to obtain an
indication as to the relative lmportance of the amount of reduction and a
strain gradlent. Specimens were stretched: (1) 1 percent at 1,400° F;
(2) 1 percent at 1,600° F; and (3) 2.5 perceiit at 1,600° F, The grain
sizes after subsequent solution treatment are given in figure 18.

The results of these tests show:

(1) The l-percent elongation at 1,400° F developed a maximum grain
size of only -1l.

(2) The l-percent elongetion at 1,600° F gave very nearly the same
result as l-percent reduction by rolling of tepered specimens, the maxil-
mum grain size beilng -L.
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(3) An elongation of 2.5 percent at 1,600° F strained the gage sec-
tion more than the critical amount so that abtnormal grain growth was
restricted to the fillets where the strain was the smaller critical
emount.

These data are interpreted to show that the critical straln is the
controlling factor and not the strain gradient. The absence of appre-
ciable grain growth after straining 1 percent at 1,400° F apparently was
dve to the straln being below the minimum amount required.

Influence of recrystallization during working: The epparent confine-
ment of induction of abnormsl grain growth to & small eritical reduction
raised questions as to whether the same condition could be attained by
partial recrystallizetion during working. Since recrystellization leaves
a relatively strain-free condition, there must be strain gradients between
the recrystallized and the unrecrystallized zones.

The method of study selected was to roll tapered specimens so as to
obtain reductions from O to ebout 29 percent. This would provide a wider
range of recrystallization than was obtained in the bars reduced a meximum
of 15 percent. Temperatures of 1,850°, 1,950°, and 2,050° F were used to
vary further the recrystallization characteristics during rolling. The
grain sizes obtained (table I and fig. 19) along with typical microstruc-
tures (fig. 20) indicate the following things:

(1) The reduction for abnormal grain growth remained approximately
the same as that which had previously been found, 0.4 to 5.8 percent.
The maximum grain size, however, was -1 to -2 instead of -3 to -4. 'The
narrower zone of criticel reduction in the bers with the greater teper
apparently restricted the maximum grain size. This seemed to be due to
an insufficient volume of metal being critically deformed to provide
enough material for larger grains.

(2) No abnormal grains were found in the regions reduced more than
the critical amount in splte of a wide range in degree of recrystalliza-
tion during rolling.

(3) The material reduced more than 10 percent at 1,850° F did show
gralns having a size of 1 to 2 in bands between finer grained areas
(fig. 20(c)). This appeared to be due to grain-boundary migration from
the few very small reerystallized graine which formed during rolling.
These apparently grew preferentially at the expense of surrounding
grains.

(4) The material reduced over 7 percent at 1,950° F underwent exten-
sive partial simultaneous recrystallization (figs. 20(d), 20(e), 20(f),
and 22). However, upon subsequent final solution treatment, a uniform
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fine-grained structure was obtained in the regions of the tepered speci-
men which received the heavier reductions (figs. 20(d), 20(e), and 20(f)).

These specimens were solution-treated at 1,975° F in accordance with
more recent commerclasl practice. There 1s no reason to believe that this
increase from 1,950° F sppreciably affected the abnormal-grain-growth
characteristics.

The investigation of the possible Induction of abnormal grain growth
through partial recrystalllization was too limited to allow definite con-
clusions. The results, however, point to certain probable fundamentals
which suggest that it would be very difficult to induce abnormel grain
growth in this manner. Any straln gradients between recrystalllized and
unrecrystallized areas would be very steep. As discussed in the previous
section, this would probably limit the meximum grain size because of the
small amount of available metal subject to ebnormal grain growth. In
addition, there is good reason to believe that the unrecrystaellized gralns
adjacent to recrystallized gralns are deformed more than the critical
emount for abnormal grain growth. This would result in a very narrow zone
or even the absence of critical deformation with little or no tendency for
abnormal graln growth.

Influence of rate of heating on abnormal grain growth: The occur-
rence of grains with a size of 1 to 2 in the sample rolled at 1,850° F to
reductions of 10 to 20 percent, as described in the preceding section,
suggested the possibllity of abnormal greln growth from a few small simul-
taneously recrystallized grains (figs. 20(a), 20(b), and 20(c)). If a slow
rate of heating was used, the few very small greins which formed during
rolling at 1,850° F (figs. 20(a) and 20(b)) might have an opportunity to
grow even larger. Very large grains can be grown in metals when only a
few small grains form by recrystallization and are given time enough to
grow at a relatively low temperature to large greins at the expense of
the surrounding strained metsl.

Accordingly, a sample was prepared and teper-rolled to include a
considerable region of reductlion between 10 and 20 percent. When it was
heated from 1,4000 to 1,950° F in 3 hours, the grain sizes found (table I
and fig. 19) were no different from those found when it was placed in a
furnace at the maximum temperature.

As far as could be ascertained, the slow rate of heating had little
effect on the abnormal grain growth at the critically deformed section.
It certainly did not increase grain slze in this area.

It will be noted, however, that the critical reduction for abnormal
grain growth was only 0.l percent. This low value suggests that the
critical reduction for abnormal grain growth is sensitive to heating rate.
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If so, unrecognized variations in heating rate could account for some of
the apparently inexplainsble varistions in the minimum reduction for
abnormel grain growth observed throughout the investigation.

Degree of reecrystallizatlion during working: Durlng the investige-
tion, estimates were made of the amount of recrystallization in es-rolled
structures. These are sumerized In figure 21. For some reason, the
larger reductions gave more recrystallization at 1,950° than at 2,050° F.
A very small smount occurred at 1,850° F and none at lower tempersatures.

Inconel X-550 Alloy

A nmumber of heat treatments were carried cut on the as-received
Inconel X-550 bar stock to establish initlal grein-growth characteristies.
It was subject to uneven grein growth at 1,900° and 2,000° F and to
abnormal grain growth at 2,100° F (see fig. 22). The tendency for
abnormel grein growth was reduced at 2,200° ¥. Typical microstructures
are shown in figure 23.

Induction of abnormal graln growth by repeated heating and cooling.-
The Inconel X-550 stock was reduced 6k percent from 2,1500 F and then
reheated as shown in figure 24k. Four and five cycles to 2,150° F with
air-cooling d4id induce some abnormal grain growth. This growth occurred
during the first reheat after an initial water quench and became more
extensive during succeeding cycles (fig. 25).

The Inconel X-550 material was qulte sensitive to abnormal grain
growth from the surface if water-quenched asnd rehested to 2,150° F. It
was far less sensitive when air-cooled. However, repeated air-cooling
or, more probably, increased heating time at 2,150° F resulted in some
abnormel grain growth. This, together with the experiments carrled out
on the as-received stock, indlcates that abnormal grain growth can occur
in 1 to 4 hours of heating at temperatures above 2,000° and below 2,200° F
for either air-cooled or water-quenched material.

Apparently Inconel X-550 was somewhat more susceptible to abnormal
grain growth from repeated heating end cooling than Waspaloy. At least,
abnormal grain growth was not induced in the latter materisl by repeated
air-cooling from its solution tempersture.

Induction of abnormal graln growth in Tnconel X-550 alloy by deformsa-
tion.- As-recelved Inconel X-550 stock was heated for 2 hours at 1,500° F,
alr-cooled, and machined into tapered specimens having a uniform grain
size of 7 to 8. Abnormal grain growth occurred during final solution
treatment at 2,150° F in regions reduced 2.6 to 10.5 percent during
rolling at 1,600°, 1,800°, and 2,000° F (table III and fig. 26(a)). There
was no abnormel grain growth after rolling at 2,200° F. Increasing
the temperature of rolling from 1,800° to 2,000° F reduced the range
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of reductions subject to grain growth. It will also be noted that there
was no tendency for abnormal grain growth in the section of the specimens
which received no reduction. Evidently the heat treatment at 1,900° F or
the removal of surface metal in maschining the specimens eliminated the
susceptibility to abnormel grein growth at 2,1500 F originally present in
the stock.

Tapered specimens were prepared from stock solution-treated 2 hours
at 2,100° F. The machining removed the surface material which underwent
abnormal grain growth during trestment at 2,100° F and left material with
a uniform grein size of 0 to 5. '

The critical reduction for abnormal grain growth in the Inconel X-550
meterial was between 0.4 and 1.4 percent. Again, rolling at 2,2000 F
practically eliminated abnormal grain growth. The tendency was also
slightly reduced by rolling at 2,000° F in comparison with rolling at
1,600° or 1,800° F (fig. 26(b)).

Some stock was reduced 50 percent at 1,950° F and then machined into
tepered specimens. When heated to 2,100° F for 0.5 hour and rolled, it
was subject to abnormal grain growth for a reduction of 4 to 7.8 percent
(fig. 26(c)). Figure 27 shows typicael microstructures of these specimens.
When the specimen was cooled to 1,600° F before rolling, the range of
reduction for abnormel grain growth was somewhat higher. This latter
material also developed grains as large as -1 when reduction was very
small.

Apparently the recrystallization during working at 1,950° F plus
that on heating to 2,100° F changed the amourit of reduction for critical
grain growth. Possibly recrystallization and grain growth during
heating at 2,100° F for rolling left less residual strain from prior
history and therefore required more deformation to induce eritical
strain. Posslbly grain-size differences were involved in the change in
critical deformetion.

Nimonic 80A Alloy

The as-received Nimonic 80A stock had a graln size of 6 to 8. Fig-
ure 28 shows the influence of various heating condltions on grain growth
in this material. Heating for 4 hours at 1,950° F developed & grain size
of 1 to 3. Higher temperatures resulted in larger grains, including
abnormal grains.

Experliments involving various conditions of rolling.- Experiments
were carried out involving verious conditions of rolling. Both as-
received stock and stock reduced 50 percent at 1,950° F followed by a
l-hour treatment at 1,950° F were utilized. The original graln structure
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for both materiels is shown by figure 29. It wlll be noted that a treat-
ment of 1 hour at 1,950° F resulted in a structure of fairly coarse grains
with bands of very fine grains.

Induction of abnormal grain growth by deformetion.- In general the
Nimonic 80A stock underwent sbnormal grain growth in the same manner as
the other alloys. One outstanding difference was the tendency for grain
sizes of 1 to O to develop after large reductions.

Effect of temperature and amount of reductlon: Material which had
been reduced 50 percent at 1,950° F and then reheated for 1 hour at
l,950° F and air-cooled and prepared as tapered speclmens and rolled at
1,750°, 1,850°, and 1,950° F and reheated under the conditions outlined
in table IV and figure 30. Abnormel grain growth to sizes greater than O
took place for reductions between 0.1 and 8.5 percent when the specimens
were reheated by being placed in a furnace at 1,975° F. The larger grain
slze was never smaller than 3 and usually was 1 or O for the larger reduc-
tions. So far as the effect of temperature of reduction was concerned,
there were only minor veriations of doubtful slignificence in the mexlmum
size of the grains formed by abnormal growth.

Reworking efter prior deformation: A specimen equalized by a
50-percent reduction at 1,950° F followed by a l-hour treatment at 1,950° F
was rolled once as & tapered specimen, reheated to 1,950° F for 10 minutes,
and again passed through the rolls. Because of springback of the rolls
the second pass imposed sbout l-percent asdditional reduction on the speci-
men. The observed grain slzes after final solution treatment are given in
table IV and figure 30. It l1s important to recognlize that the reductions
shown are the combined reductlion from the two passea. The obaerved grain
slzes are lnterpreted as follows:

(l) During the 10-minute reheat to 1,950° F, considerable relief of
strain from the originsl reduction took place. At smsll total reductions,
the combined effect of the relatively small further reductlion from the
second pass and the inltlal reduction 4id not become effective for
abnormal. grain growth until ‘the point where the total reductlion was
1.6 percent.

(2) For all total reductions between about 8 percent and about 23 per-
cent, the strain relief from the 10-minute reheat was probaebly insufficlent
to bring the residual straln below the critical amount. Therefore, the
second pass did not induce abnormal grain growth.

(3) For total reductions between 23 and 28 percent, extensive recrys-
tellization occurred during the original paess. This recrystallization
probably left the materlal essentially straln free. When glven the second
pass 1t probably was then critically deformed and became susceptible to
the observed ebnormel grain growth.
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Another specimen with less taper was made from as-received stock
and subjected to the same sequence of operations (see table IV and
fig. 31). The behavior was very similar to that of the previously dis-
cussed speclmen over the comparable range of total reductions. This
second specimen did develop considerably coarser grains in the reglons
where there weas more than a critical reduction than a similar specimen
glven only one pass. The grein size in this region was similar to that
of the first rerolled specimen discussed. In fact, it was similar to
that of all the specimens first equallzed at 1,950° F. This suggests
that the common factor of two heatings to 1,950° F was responsible for
the relatlively large grain size for a more than critical reduction.

The most lmportant features of the results of these experiments are:

(1) Evidence of considerable strain relief in 10 minutes at 1,950o F
without a cool to room temperature

(2) Further indication that extensive recrystallization during
working leaves alloys susceptible to sbnormael grein growth from
small additional deformation _ -

(3) Evidence that repeated heating to 1,950° F increases grain size
to near abnormally large sizes for metal not critically reduced

From a practical viewpolint, the changes in critical reduction were too
small to be significant.

Effect of heating rate on abnormal grain growth: Reducing the
heating rate to solution temperature after rolling at 1,850° F (fig. 30)
practically eliminated abnormel grain growth and restricted grain size
for larger reductions. Bringing the specimen up slowly in the furnace
from 1,400° to 1,950° F in comparison with placing the specimen in a
furnace at 1,950° F could be expected to give considerable strain relief
before the temperature was high enough for grain growth. The opportunity
for precipitation and agglomeration at the lower temperastures may also
have increased graln-growth restrainers. Both factors would favor the
observed reduction in grain growth.

Slow-heating material from 1,950° to 2,300° F after reduction at
1,950° F increased grain size for all reductions (fig. 32) when compared
with material rapidly heated to 2,300° F. In this case, grain growth
could occur at all temperatures involved and the increased grain size
was probably due to increased time in the grain-growth range.

Influence of temperature of solution treatment after reduction at
1,950° F: Several conditions of heating were used after reduction of
tapered specimens at 1,950° F with the following results (table IV and
fig. 32):
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(1)} One hour at 2,100° F gave the same critical grain growth as
4 hours at 1,950° F. The main difference was the larger grain size for
the larger reductions with the 2,100o T treatment (grain size of O as
compared with 3 (fig. 31)).

(2) One hour at 2,200° F gave a meximum grain size of -1. The
meximum grain size varied between -1 and O along the length of the bar.
Apparently solution-treating at 2,200° F erased any effect of critical
reduction.

(3) One hour at 2,250° F was very similar except that a grain size
of -3 developed for 1l.6-percent reduction.

(%) One hour at 2,300° F was similar to 1 hour at 2,250° F except
that the grain sizes along the bar veried between -1 and -2.

The most important feature of these results was the relatively little
effect of extremely high temperature treatments on abnormal grain growth.
Inadvertent high temperatures epparently are not & major factor 1n abnormal
grain growth provided it can occur at normal heating temperatures. The
absence of abnormal grain growth in heating at 2,200° F suggests that
there are intermediate condltions of strain relief, solution of grain-
growth restrainers, and grain-growth characteristies which restrict
ebnormal grain growth.

DISCUSSION

The investigation provides consliderable information regarding the
conditions which can cause abnormal grain growth in heat-resistant alloys
of the types studied. Many, if not most, of the conditions of working to
be avolded for freedom from abnormal grain growth can be specified. The
basic mechanisms involved in many of the Interrelated variables can also
be postulated from the theory of grain growth.

Prevention of Abnormal Grain Growth

All of the results indicate that smaell emounts of deformation applied
to essentially strain-free metal are responsible for the development of
abnormal grain growth. When such eriticelly strained metal ls reheated
to the usual hot-working or solution-treating temperatures, abnormasl grain
growth may occur. The main problem in preventing abnormsl grain growth
seems to be the anticlpation and avoldance of the often complex conditions
which can induce eritical strain. The usual temperatures and time periods
of solution treatment are sufficient for sbnormal grain growth. Heating
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conditions for hot-working may or may not develop abnormal grains
depending on the temperatures and time periods used.

The amount of strain required to lnduce susceptlbility to ebnormal
grain growth was rather small. In most ceses studied, it was a small
portion of the reduction in the range between 0.4 and 5.0 percent. Over
all the experiments this reduction was as low as 0.1l percent and as high
as 9.7 percent. This means thet, 1f the metal is reduced at least 10 per-
cent in all parts during any one working operation, it should be free from
abnormal grain growth; in most cases a reduction of 5 percent is adequate.
The only exception to this rule noted wes the case where a small reduction
was applied after falrly large amounts of reduction caused recrystalliza-
tion during working. The recrystalllizatlion left the materilal essentlally
strain free and the smell amount of further streining induced susceptibill-
ity. This apparently does not occur when reduction is continued at essen-
tially constant temperature after recrystellization starts if the last
pass 1s heavy. A reheat after such recrystallization followed by a small
critical reduction definitely induces susceptibility. Continued reduction
with a falling temperature after recrystallization at higher temperatures
is 8 less obvious but important source of critical reduction.

The data clearly showed that susceptibility can be reduced by rapid
cooling from a high temperature. In this case, the thermal stresses
critically deform the surface of the stock. It should be clearly recog-
nized that this is a case where the dimensions of the metal plece together
with the cooling rate are combined variables governing the amount of
thermally induced strain. Air-cooling can induce abnormel growth in some
cases. In other shapes, water-quenching may be required. If temperature
gradients or the restraint to contraction is sufficiently smell even
water-quenching will not critically strain the metal. This source of
critical strain is favored by high thermal expansion and low thermal con-
ductivity. It should be noted that cooling rate after a reduction larger
than the critical amount will have no effect because the thermally induced
strain will be merely superimposed on the strain already present.

These results clearly indicate the followlng princlples necessary to
avold abnormal grain growth:

(1) Repid cooling from an essentially strain-free condition must be
avolded. Thus, if metal 1s heated under conditions which remove strein
from prior working and then cooled repidly enough to deform the surface
critically by thermal stressing, 1t will undergo abnormal grain growth
when reheated to usual solution or hot-working temperatures. This condi-
tion could probebly be encountered on cooling from hot-working only if
the reduction conditions were such that recrystallizetion to an essentially
strain-free condition occurred during the working operation. Likewise, any
section of a part which received no reduction would be susceptible after
such cooling.
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(2) The critical reduction for developing sensitivity to abnormal
graln growth 1s essentlelly independent of temperature of strailning.
Thus, if metal is annealed and cold-straightened by methods which intro-
duce small strains, those sections of the metal recelving critical defor-
metions will be susceptible.

(3) Any reduction should be more than the critical amount. Thus a
reheat followed by a small finishing reduction should be avoided if the
rehest condltions leave the metal essentially free from straln from prior
reduction.

(4) In hot-working in dies, it is essential that the deformation in
all parts of the piece be more than the eritical amounti. This meens that
the dies must be designed to Insure more than the ecritical amount of
metal movement in every step. Common sources of difficulty inelude die
"hang up" where the metal does not move, incorreet proportioning of the
sequency of dies so that some parts of the piece receive 1little or no
reduction in some steps, and flash preventing dies from closing thereby
restricting metal flow to small amounts in some parts. Trimming of flash
from a forging after a reheat without any other reduction is & common
source of critical reduction if the reheat relleves prior strain because
the operation introduces & strain gradient certain to include critical
deformation.

(5) Abnormal grain growth can occur during reheats if the time and
temperature of reheating are sufficlent for the graln growth. Even though
initial reductions may be larger than the eritical reduction, it can occur
during subsequent reductlons 1f reheating relieves prior strain. Repesated
steps 1nvolving critical strain and grain growth durlng reheats are almost
certainly the cause of extremely large grains sometimes encountered in
forging turbine blades. The repeated sequence causes additional growth
during each rehest. '

(6) The possibility of recrystallization during working rendering
metal susceptible to abnormal grain growth from an additional small
reduction seems to be a falrly important principle. This recrystalliza-
tion is probebly a common source of feirly large grains (grain sizes of
the order of 0 to -1. It probably explains why many successful forging
operations for gas-turbine blades reguire the limiting of the forging
blows to one per heat. The first blow at a2 relatively high temperature
induces recrystallization with little or no strain-hardening. The
temperature falls rapidly and additional blows probably result in small
deformations which erltically deform the relatively strain free metal.
If multiple operations per heat are to be used, care must be exercised
to be sure that recrystellization 1s not followed by small eritical
reductions at a lower temperature where recrystallization stops.
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(7) Forging experlence indicates that temperature and time of
heating and the capaclty of hot-working equipment are importent practical
variables. The reason for thls apparently lnvolves several factors. The
most lmportant factor probably is the uniformity of metal flow in a die
as influenced by the temperature-sensitive flow characteristics of the
metal. Time of heatling probably governs amount of rellef from prior
strain end graln-growth effects during reheats. Small parts end thin
edges cool rapidly in a die and may become so resistant to deformation
that the deformation possible wlth the equipment being used 1s limited
to the critical amount.

(8) Inadvertent abmormally high temperatures of heating for hot-
working or solutlon treatment appear to be a relatively unimportant
feature of abnormal grailn growth. The major exception to thls eppears
to be the case where the normel hot-working or solution temperatures and
tilmes were too low for abnormel grain growth to occur. In these cases,
an abnormally high temperature will permit ebnormal grain growth after
critical deformation when there would be no evidence of it from normel
heating conditions. The size of abnormal grains increases only slightly
with temperature. If abnormal grain growth can occur during normel
heating, the increase from abnormally high temperatures 1s relatively
smsll.

(9) These generalities are restricted to the formstion of abnormally
large gralns under conditions which normally do not develop excessively
large grains. The investigation dld not consider the causes of mixed
grein sizes where the largest grains are of the order of 1 or 0. Several
instances of this type of grain growth were, however, noted in the experi-
ments. The development of a very few recrystallized smell grains during
working at a relatively low temperature was one source. Partial recrys-
tallization causing bands of strained and recrystelllzed small grains was
another. In some ceses, certaln conditions of prior heating caused
relatlvely large grains to form during a subsequent reheat. Excessively
high temperatures of heating frequently caused uniformly coarse gralns
to form.

(10) The investigation showed that the degree of reductlion and not
strain gradients was the major cause of abnormal grain growth. Abnormal
grain growth is usually associsted with straln gradients only because the
critical deformation is usually present in the gradlent. The critical-
deformation range 1s so smaell that it can easlly be missed in uniform
reduction.

(11) Working at or slightly above the normal solution temperature
canmot be depended on to reduce abnormal grain growth.
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Metallurgicel and Compositional Effects

The influence of metallurgical variables and compositional effects
on abnormal grain growth was not studied in detail. However, certain
observations and deductions can be made from the experimental results:

(1) The vacuum-melted Waspaloy alloy did not develop abnormal grains
8o large as did the air-melted stock and tended to be generally finer
grained. In theory, the vacuum-melted material should have fewer oxides,
nitrides, and other dispersed phases which act as grain-growth restrainers
than the air-melted stock. If this were the governing factor, the temper-
atures and heating time for grain growth ought to be reduced. This,
therefore, can hardly account for the restriction of the abrnormsl grain
growth. The vacuum-melted heat hed a carbon content of 0.08 percent while
the air-melted heat had only 0.03 percent carbon. This is a sufficient
difference so that the larger amount of carbides in the vacuum-melted
material should restrict grain growth appreciably more than those in the
lower carbon air-melted material. While this investigation did not
demonstrate that the carbon content was the controlling factor between
the alr- and vacuum-melted stock, it alone could be responsible for the
observed differences.

(2) The composition of the alloys was related to the temperatures
and time for abnormsl grain growth. For the three alloys considered,
Nimonic 80A had the least resistance to grain growth. It underwent
rapid grein growth at 1,950° F. Waspaloy requlred considersble time for
abnormal grain growth at 1,9500 F. Inconel X-550 required a temperature
above 2,000° F and still required some time at 2,150° F for abnormal
grain growth.

The comparatively high coarsening temperature for Inconel X-550 alloy
was probably dve to the grain-growth-restraining effect of columbium com-
pounds. The main difference between the Nimonic 80A and the Waspaloy
alloys presumably was the higher titanium and aluminum contents of the
latter material. This presumably increased resistance to grain growth.

(3) There were many aspects of the detalls of the observed grain-
growth variations which seem to be due to differences in grain-growth
restraint from dispersed phases. The usual solution temperatures appa-
rently are on the lower side of the temperature range for solution of
such phases. The grain growth was relatively slow at the temperatures
used. Under such conditions the critical deformation could be expected to
be sensitive to the conditions of the grain-growth restrainers and pos-
sibly to the size of the abnormal grains. This fact seemed to be involved
in the restraint of grain growth by prior heating in the precipitate-
agglomeration range of 1,400° to 1,700° F. It probably was a factor in
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the variable effect on abnormal grain growth due to working at or above
the usual solution temperature.

(4) Deformation of multigrained materials is not uniform on a
microscopic scale even though 1t may be on & macroscoplc scale. The
microscoplc flow charascteristics probably vary depending on the temper-
ature and method of working. Consequently, it could be expected that
the rather narrow range of reductions inducing ebnormal graln growth
could be sensitive to details of the mechanisms of flow during working.
Furthermore, such metallurgical factors as compositional differences,
grain size, dispersed phases, and degree of solution of dispersed
phases could influence flow characteristics and thereby influence
critical deformation details.,

(5) The size of grains and extent of abnormel grain growth were
remarkably insensitive to increased temperatures of heating asbove the
lowest temperature at which abnormsl grain growth would occur. There
were, however, certain intermediate higher temperatures which in some
cases restricted abnormal grain growth. The explanation of these
effects is not clear from this investigation. There are probably several
interrelated effects. Increased temperature should intensify grain growth.
On the other hand, very large grains require initiatlon of growth from
only a few centers. Increesing the temperature would increase the num-
ber of centers of grain growth and thereby restrict grain growth through
campetition for surrounding gralns. An increase in temperature would also
tend to reduce grain-growth restrainers by solution and thereby increase
the centers nucleated for growth. Some strain rellef probably occurs
during heating before grain growth starts, thereby influencing critical
strain. This could be expected to be varlable depending on temperature
and heating rate. Possibly this would result in variation in the amount
of initial strain required to leave a residual critical strain at the
time the metal attalned a temperature sufficient for abnormal grain
growth.

Strain relief during heating to the higher temperatures of rolling
may well be the cause for the general increase in the amount of strain
required for critical grain growth.

(6) In general it sppeared that abnormél grain growth was falrly
independent of initisl grain size. In those cases where there was an
epparent grain-size effect, it is probsble that variation in grain-growth
restrainers was the controlling factor.

(7) There was conslderable variation in the amount of deformation
required to initiate abnormal grain growth, The reasons were not clear.
Varying strains from cooling were probably a factor. Also, as previously
discussed, variation in grain-growth restrainers could have been involved.
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There was 8lso some evidence that the amount of deformatlion was related
to rate of heating to the solution temperature. The most important
effect, however, was probably unrecognized varlations in the strain from
the conditions of manipulation used in the experiments.

Mechanism of Abnormsl Grain Growth

There are two basic mechanisms resulting in graein growth: (1) Absorp-
tion of surrounding grains by grain-boundary migration, and (2) formation
of new grains by recrystallization followed by grain-boundary migration.
Both mechenisms require a difference in energy between grains such that
those at a higher energy level are absorbed by those at a lower energy
level. In the first case, some factor sets up a condition such that some
greins are at a higher energy level than others. It is the common mecha-
nism for growth of larger grains from smaller grains. In the second case,
relief of strain due to deformation causes a small new grain to form.

This grain then grows at the expense of the surrounding metal 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 in relation to the originsal
grain size, there will be more gralns after recrystallizatlon is complete
and grain refinement will have occurred. If there are few centers
strained enough to recrystallize, growth of only & few grains wlll occur
resulting in grain coarsening.

The literature (refs. 3 and 4} does not clearly define whether
abnormal grain growth occurs by grain-boundery migretion of existing
grains or by growth of a very few small grains formed by recrystalllza-
tion. In either case the essential feature would seem to be nonuni-
formity of strain within the individual original grains. Grain-boundery
migration would require that a few grains receive very little strain in
relation to their neighboring grains. Recrystallization followed by
grain growth would require sufficlently large deformations at a very
few centers initiating new grains.

Regardless of this initial mechanism, it can be postulated that the
charascteristic shape of the curves of graln size versus percent reduction
by rolling results from the following sequence of condltions:

(1) In regions of no reduction or smaller reductions than the
critical amount there is not a sufficient contrest in energy levels to
make only a few grains grow at the expense of surrounding grains. Grain
growth that occurs is the normel uniform growth.

(2) The conditions at the critical deformation are discussed sbove.

(3) At somewhat larger amounts of strain than the critiecal, appar-
ently there are more grains in a condition to absorb their neighbors than
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at the critical. The increase Iin the number results in competition for
aveilable surrounding grains. The grain size 1s then restricted because
there are not enough grains available for any one to become large.

(4) At still larger amounts of strain, normal recrystallizatlon and
grain growth most certainly teke place. The effects at larger amounts
of strain are, however, complicated if simultaneous recrystallization
occurs during working. It sppeared from the date that there was little
difference in the grein size Iin either case except when a very small
amount of recrystallization occurred. Mixed grain sizes resulted during
reheating in this case, apparently by the few Initlal small grains growing
at a faster rate than those which formed by recrystallization. In the
experiments conducted, this mechanism did not develop abnormelly large
grains although it was theoretically possible. The mechanism, however,
seemed to be mainly responsible for mixed fine and coarse grains.

In the discussion of methods of avoiding sbnormal graln growth it
was pointed out that recrystallization followed by critical reduction
could be a source of abnormel graln growth under conditions where a more
than critical reduction was apparently being required. The mechanism
involved apparently was no different from that for the case of small
reduction of initially strailn-free material, although there might be dif-
ferences in the temperatures and times required for abnormal grain growth
due to unusually small grain size of the recrystallized metal.

The data predominately indicated that the amount of strain and not
the strain gradients was the controlling factor. This would be in
accordance with the theory involved.

The influence of the presence of abnormally large grains in the
structure before working was not studied. Such grains could be present
because of lack of refinement from lngot structure or because of sllowing
abnormal growth to occur during prior processing. General experience
indicates that it is difficult to break up such isolated large grains.
It 1s doubtful, however, that they would contribute to ebnormel grain
growth except in the case where large-scale critlcel deformations were
superimposed over the large grains. Apparently, where larger than
criticael deformetions are involved the proper strain gradient does not
develop, or the amount of criticelly strained metal between the large
grain and surrounding fine grain is so small that no eppreciable grain
growth occurs.

Since rate of grain growth increases as heat-treating temperature
increases, abnormel grain growth can occur in less time at the higher
than et the normal solution-treating temperatures.
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Metallurgical variebles had relatively llttle effect on abnormal
graln growth. Varlous prior-history effects caused only minor variations
80 long as the prior history did not include more than critical deforma-
tion without an opportunity for strain relief. Graln-growth restralners
gs influenced by composition and heat treatment had minor effects. There
was some evidence that metal-flow characteristies as influenced by tem-
perature and metallurglical variaebles caused minor changes in critiecal
reduction and grain size. Certain heating rates and temperetures appar-
ently can restrict abnormal grain growth.

The major difference between the three alloys studied was the
temperature and time periods for abnormal grain growth. Inconel X-550
alloy required & higher temperature than 4id the other two alloys. Pre-
sumably this was due to the grain-growth-restraining tendency of the
columbium compounds present in the alloy. The vacuum-melted Waspaloy
developed smaller grains than did the alr-melted, possibly becéuse of
the grailn-growth restraint of a higher carbon content.

CONCLUSICNS

The followlng results and conclusions were obtained from an investi-
gation to determine the basic causes of abnormal grain growth in air- and
vecuum-melted Waspaloy, Inconel X-550, and Nimonic 80A alloys:

1. Abnormal grain growth was found to occur in Waspaloy, Inconel
X-550, and Nimonic 80A alloys only when small deformations caused very
large greins to grow during subsequent heating. The deformstions inducing
abnormal growth usually were within a range of reductions of 0.4 to
5.0 percent and were within a reduction range of 0.1 to 9.7 percent when
all varisbles were considered. Normal solution temperatures and times
are sufficlent for the abnormsl grain growth.

2. Abnormal grain growth can be avolided if care is exercised to be
sure that all parts of the metal are deformed more than 10 percent in any
one working step before reheating. In most cases a reduction of 5 percent
will be sufficient. The only exception to this is the case where large
reductlons cause recrystallization during working and working is continued
under conditions which will critically deform the strain-free recrystal-
lized metal.

3. The main problem 1n avolding sbnormal grain growth seems to be in
recognlizing end evoiding conditions leading to critlcal deformastion. It
can be induced by the thermsl stresses of rapld cooling. Nonuniform metal
movement during hot-working leaving certaln sections eritically deformed
is a major source of critical deformation. Attention must be given to the
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design and metal flow to avoid critical deformation. Particular care
must be taken to avold small deformations and deformation gradients
which are sure to include a critical deformation. Reerystalllzation
during working end reheatlng can remove the effect of previous deforma-
tion so that it is important to obtain a more than critical deformstion
In every hot-working operastion.

4, The development of susceptibllity to abnormal grain growth was
remarkably independent of temperature of working. Deformation at room
temperature had the same effect as at hot-working temperatures. Heating
temperature had relatively little effect on abnormsl grain growth pro-
vided the temperature was high enough for the growth to occur at all.
Because it could cccur at the normal solution temperatures for the
alloys, inadvertent excessively high temperatures are not necessary for
it to occur. 1In additlon, these temperatures do not cause substantially
larger grains to form.

University of Michigan, N
Ann Arbor, Mich., September 19, 1957.
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TARIX I.- GRAIN-SIZE DATA FROK ROLLID TAPERED SPECTHMENS OF ATR-WMELTXD WASPALOY

Hinimm
Rolling reduction|
Tqualining treatoent| temperatuzel FiZAZ treatmont Parcent. reduation hy Tolling and ASTH grein sira after finel Critical ), p
of ss-recaived stock :;::ﬂm Wu'e. °; Erain grovth as alony pereant lhﬂﬂ-tm
(a) (=) peresmt
Rolled 50 percent at. 80 |3 & at Heduetica [ 0.7 2.2 371 6.5 8.9 |12k
1, ¥ plus 1 br 1,950° T, ORQ |[Crain size os| (-2)-2 | (=) 15| 25} 2-h{ 3.6] 3-6 0.7 5.7
at 1,550° 7,
 — - 1,800 | aceee-80-omem- |Redustion . .| O 0.8 2.0 31| %5/ 8.0 9.0{12.2
Grain size . .[3-6| (k)< -3 1k | 25| 33| 36| 36 E ] 3.
DO = aammm e 1,600 |e---=-d0=-ve=- |Requction . .| O 0.7 ]6-2 3.2 | kk| 5.9[ 8.3109
Grain sixe . . [3-7| {-3)-2 1yt 26 3.7 37| & K 3.2
[ R— 1,800 |~-—--80weee—- |Beduotica . .| O 0.3 0.7 16| 29} Me|] 7.2 9.8
Grain size . .[3-6| 3-6 (-b)-0 [{-1)-3] 1k) 2-5( 25| 3-6 K1 2.9
T 1,950 | eecer-dOmmmmae Reduotion .+ .| O 0.3 1.0 20| 39| 5.0] 6.4 8.8
Grain size . .[3-6] 3-6 (-4)-0 |(h)-0y O3] 1-h| 251 3-5 1.0 5.0
Domemmmmmmmmenmeee{ 2,000 |=weece-tio----e jReducticn . .| 0 0.9 1.0 18] 28| 58] k9| 6.9
Grein size . . [4-T7| 3 (-2)-2 1k [ &b | 3-b | 3-8 B 1.0 1.8
Doeesannmmnmaan —| 2,200 |-—---do--—— |Baduction . .[0| 1.6 2.7 3.0 37| %5 7.5 9.8
. Gradn size . .[2-5| 23 2.8 | (@)-Y{-2)2} 15| 2-3| 2-3 3.0 L X
1 br &t 1,9%0° ¥, 03 1,600 |=ee-—80--=eue |Beduction . .| O Q.6 1.5 2.2] 3.k| 6.2 8.410.6
Geain size . . |3-8] 58 [(N)-{-aY 15| 15| a-7| 3-8 48 38 1.5 2.2
Rolled 25 percent at 1,600 | ee-=--d0--ves |Roduatica . .| O o.-* 1.0 3.4 6.1 | 8.6[|1.115.0
80° F plus 1 hr at, Orain size . . [5-8|(4}-(-2}] (-3)-3 35| kT k7| 58] 5 7 2.9
1,950 F, 02
Holled 25 percent at| 1,600 }--——-vdo-e---- {Badiotdon . .| 0 1.3 2. 3.5 | Mg | 6.3 8.9]11.3113.0{ 1.9 weeed ~omo
1,6oo§,r plus 1 hxr ’ Orsin size . .{3-7[ (-h)-2 o-z 16| a-1f 7| 37| b li.-r 3, | P P 1.3 3.5
et 1,9%° F, ]
Rollsd 25 perent at 1,600 |--com-d0m-==-- {Beduotion . .| O 0.8 [ R 5.9 | 53| 6.8 8.8i10.7(13.1| h.H ~meef —-
1,950 ¥ plus 1 hr! ' Grein size . .[4-T| (-h)-1 1-5 28| 37| 31| %7 ¥7 12-1 | { R r. 2
at 1,950° ¥, )
Rolled %0 percent st 80 | =====e80----- |Reduction . .} O 0.k 1.5 2.7 | 58| 8.2 |108|wwre] emocf moac] mone] coeay
1, ¥ plus 1 b Gradn size . .[0.3] ()0 | {13 15 ) 28| 26| 3-6]er-f —ne] cove] cmuc] cne] - 2.7
at 1, F, AC.
Do 1,900 |} -==ew-d0-~---- |Reduation . .| O 0.2 0.6 08| 13| 25| 56
Gradn size . .|k-7| 36 56 | (d)-y (B} (-1)-8f 2-6] 8 3.1
Do 2,100 | ~=e~--80-=eeem |Roduoticn . .| O 1.1 2.2 | 3.A| k9| T.2| 8.3
Greim sixe . .[1-3| O-2 o-2 s 13| 1-m| a3 1.1 5.5
Rolled 50 parcent at| 2,200 |<---ee-80----ae [Reductlon , .[ O] 0.2 1.8 25| 29| 2| 5.2
1, ¥ plus Orain size . .f3-6i 3-6 2.5 |[(-2)-8} o-2| 1-3| B8 2.5 kA
1/2 hr prebest at
2,1000 ¥
Rolled %0 percent at{ 2,600 | <----dpeceea- Rednotion . .| O O 1.8 25| 52| se2| 5.9
1,950° ¥, then Gratw size . .[2-5| 2.5 25 | (-2)<a] (-2)-1 (-1)-8 0-2f 2.5 T.2
transferred to
1,600° ¥ fwnace
for 1/2 br
- 4 E
ncal.ha 50‘?:“:: g 1,850 M—h‘;t:goc . n.mne::.. . ,:6 ¢ -!osifo ( oigl ¢ 339 kA 61| TN 12.; 1{.5 16,5 22.9 —-~]
9500 us from Ovein .. = -1)-4] 2.3 |.2-3( %-7] 57} 1-7| -7 ~-t . X
ot 1,950 ¥, iC 01,9500 7 13| o3 (23 A A1 e t -8
in 3 kr, beld
kst
1,95° ¥, AC
Rolled 30 percent st 2,890 |k bras Peduction . .| O [23 LA 36| 56 7| 8.2 17.7] 27,9
1,500 ¥ plus 1 k| 1,975° ¥, AC | Grain size . .fh-T| (-2)-0 (-1}-% 03] 25| 36| =6 8-7] 2-7 - P W3
ot 1,975° ¥, AC
| S — el 1,980 | -—-———8io-——-v-{Boducticn . .| 0| 0.4 1.4 5.9| 61| 691869 16,6 27.5]
Oredn size . .7 (-1)-2 | ()2 o3| 25| %8| 55 Al eT) - 5.0
I -] 2,050 & Baduotion . .| O 1.0 2,9 58| 6.8} 8.9 |10.0] .%m.s e
Grain size . .[1-5| (-1)-3 | (}-3 13| 1k]| 25| 2-6 T 57| —eed 1.0 38
Rolled 30 percent atf 80 |[hbraet Reduation . .| O O.% o.T 1,0{ %8| T.7| 5.8 e
1,950 ¥ 1,9%0° 7, 03 | Gratn size . .|1-5| (-1}-0 [ (-1)-3 |(-1)-3{(2)-§ 21-5] 15 ] cee - 7.7
YR 1,600 |[Blow-heated |Redustim . .| O 1.6 5.2 7| 6.2 8] 9.7 e
from 1,%00° F| Orain size . .[3-6] 3-5 35 18 | ox |(2)-H 15 P 6.2 9.7
t01,9%0° T
ia 3 br, held
M at
1,9%° 7, 0Q
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TABIZ IT.- GRATN-SIZE DATX FRCH ROLIED TAFXRXD SPECDEERS OF YACUCK-MSLIED WASPALOY
Wintwom
Rolling reductiom §
Equalizing treatment| tamperatuze Mfg“uﬂ Peromt redzction by rolling and ASTM gruie sixze after finel ,f:f;ﬁf:‘_l to provids
of dved stock| for d Sl treatmont as messured aloung tapersd spocimens t
spocinen, °T growth percan craiss,
() (=) poraent
3fh-tn. stock rolied] 1,50 | hrat Reduation . .| 0 0.1] 0.5 1.2 |2.0
at 1,9%0° 7 from 1,950° ¥, R [Graix size . .|5-T|%-T| (-2)=0 0 |24 0.5 1.6
2-in, ingot plus
1 brat 1,950° 7,
©
PO~ —e—mmmm———— - 1,600 memeeedQana—— |Reduction . J O |O.Y 0.5 1.2 |2.0]
Qrain size . o 3-7|5-7] (-2)-L |{-1)-3{1-3| 3 2.0
Do e 1,900 {-e—e—d0mmmmnm Reduction . .f 0 0.3 0.6 0.8 ]1.2]
Grain sive . .| b-T|%-T|(-2)-(-1X (-2)-% 0-2] .6 2.5
- R — 2,100 |-——-b0----—- |Beduction . .| 0]0.5 1.2 2,1 (%.0
Oratin eize . | 2-52-5] 25 [(-2)-1 2 2.1 5.5
84, air-cooled; OQ, odl-quenched,
PARLE ITI.- GRAIN-SIZE DATA FNOK BOLLFD TAPXRED SPECINENS (F TICONEY, X-550 ALLOY
Kinfmw
BOLUDE | pyrgy Critteay | Teduotion
Ezualizing Lo - Perosut reduction by rolling and ASTM grain size sftar fimel to
of as-received stock, fors grainy as aleng ?| stnorasl
xpecinen, percext
oy Towth graiss,
(e} {a} percent
2 hrat 1,900° ¥, AC| 1,600 2 kr at |Reduotiom . .| © 0.k 1.5 2.6 3. 5. 8.1] 9.2| 9.3
2,150° 7, Orxin size . .|2-% 1-5 1-3 {-3 {-3) {-2)-af 1%} 2-5| 2-5 2.6 8.1
ic
Y 1,800 3o. Reduction LA 3.0 k.3 j'T 8.0 10.5 L1 |13.7]
Orain size . £-9 2-3 |[(%)-3 (4)-3 | (-1)-2 1.3 24 | 2-% el — b3 10.5
R - 2,000 |[-——20---—Beduction o.j 18| 3.1 k% 5.8 7.8 9.5 [10.1{12.5]~—|
COrain size 1 14 [{-3)5{ (-3 <-2) -5 2-5 2-5 | 25 2-5]-——f 31 5.8
S-S — 2,200 2 Beduction 13 27 *o0 5.4 6.8 &_E 9-7 {10.9]11.8
1-5 13 2| 29 25 2 2 | 25 5-5{-— Xcoe °
2 hr at 2,100° P, 1,600 0.2 1.k] 28 2. 5.0 6.7 9.1 |1L.kf12.%|2%.b,
03 |(-21{(-3)] (-®)-2 ig 2-5 23 | 13| 2-5| 3-§ 1.4 5.0
- S 1,800 o 0.k 2.0} 3.6 &9 6.2 8.1 9.6 |10.1|22.5|
Jo-sfem-af (2ol 13 2 35 | 35|56 38— 3
DOmmmmmmmmm————— 2,000 |-—-do----{Reduction . .| Q 0.k 2.0 | 3.6 5.1 6.T 8.2 9.8 |11.0[12.1] 0l
Grain size 0-3{ (-3)-2 [(x}-2| i-3 25 2.5 25 35 | 36| 31-6{——-f & 3.6
. SOR— 2,200 |-—d0—~—{Reduction . .| O 0.3 2.0 ] 3.7 k.8 6.0 8.2 9.2 {11.3{11.7{-—-]
Orain size . .[0-3] 0-2 23| 23 2-3 2.5 2 23 | 2.5 e.5{eee!  None 1.2
Rolled 50 percent at| 1,600 [-—do----{Beduotic: . .| O 0.1 1.0]| 22 3. [ 2N 5.6 7.5 af 11,1} eeeee]
1,950° ¥ plus Grelz size . .|1-3| (<L) o2 | 2% 2 (A}={-1)| {(-¥)-(-1)] 1-3| 2-h| 2|l LR 5
1}2 hr preheat at
2,1000 7, thex
ansferred to
1,600° ¥ furnace
for 1/2 nr
percent at| 2,200 |-—-8o----{Beduotien . .| 0 2.0 ko | 32 6.2 7.8 9.2 1.2 {12k e el
1 F plus Grain size . Jf2-2] 15 [ (X)-3( 0% 03 S 14 14 | 2] e ] (¥4 7.8
& hr prebeat at
2,100° r

*AC, air-cooled.
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ST TV.- GRATH-ATEE DATA FRCH MOLLED TAPIEED SFECINERS OF MINCEID BOA ALLOY

Solling
Tqualixieg for of far Pereowt reduction by rolling aod ASM grain sim: fter final alag
o e ' L] A w
af ws-recalved akosk mg_.’ pesses grein grosth
(a} (a)
Ballad 50 peroent as| 1, 1 b ar at Padestica .. O [-K§ LO 3.4 LE.) ro| 8.2 9.3 10,3 |12.5 | 12 | 259
1_9,.,3"; ”::.L i LoTP ¥, M0 [Grwin wime . 36 |(W)-(22) ()a(-1)| D2.| B2 ah| o5 ] 1Al e e o] e
«t 1,9%° ¥, :
Do aemeememen| 1 1 PUSHESF RN | FORCYPTR 0.1 1.9 9| 9.8 71| e | 9.9 |0 | 125 | 2| By [meamm
60 Owrin pive . o 36 | (-&)-6 | (-1)2 (1)-;. 1.3 14| g5 x| 16| 16| 15 o-z —
Do —— 1,83 1 Slom-hasted  |Belmtion . o © 0.7 2.9 s.2| 68 61| 57 fus | we | =g oo ———-
from 1,500° Floeaim aina . .| 23] o5 | {1 | 1] 1 >3 | 8| 33| 35| 56 B et
to 1,95 P
0 3 R plus
¥ 3ok
1,950° ¥, AC
Iemmmermm——| 1,990 1 [y TedecHlow .| O 0.l 1.0 3B | 5.6 68| 8.0| 9.5 (10.6 | .0]263] .8
1,97° P, A0 |Gratn wine . . 38 | (A)0 | (N)0 [(-B)| 1 13 ()| 5 35| 13| o3| 16
Do i 2 b e at Bawtia .. 0 0,3 Lé [ X3 T 6.8 | 8.6 | 10.% | 28.7 | 1.0 | 21,7 | 29.0
17 1,990° 7, AC |ratn uime . .| RS | 2B |{M)-(R)|{-1)-0| ()0 | 00| 12| 13 1-; 2.3 (I
Soms 1,70 1 rm—emaliOmem |Bednoddon . Jf O 9..3 [N} 1.0 L2 1.8 :i u 52| 68| 7.6 B.6
(Light tuper) Graim xlm . .} B4 5 |(-ela| 13 1-3 | 33| AR 3D
o 1,950 1 o |Botmskim L. 0 2.6 3L | %6 B | 61| 78] 92| 108 ':I.g:g P p—
(Baxey tager Gradn sizs . .| 13 13 (-2)-0 | 2% [ | %] 3] 6 3ubs | ammmnsl
Nose 1,950 8 i |Bodoatlin .| 0 [ :.1- 2| Lé 19| 28 »o| 32| 68] 80| 9.0
Grein ise . o 20 (23 13 | {H)0 ol|on| ok | ok | 14| ok| O%
oo 1,500 1 1 .. @ 0.4 1.0 1.8 3T 60| TA | 9.0 w7 | 4.6 18.0] b3
2,00° 7, M |@rxin wae . ] 1-3 (%] (=)0 o-2 0-2 o3| 65 o3| o3| o3} 03] 13
Eome 1,59 1 Lirah V) ¥y 1.4 3| a3 66| 8.0 o2 | s’ 15.2 | 10| 256
2,900° 7, Al |Grwiu wine . J 13 o2 {-1)-2 ol | {-1)w0 1| x| o2 |()a] oo| 02| O
Fase 1,9% 1 L xrat Jetmowion . o ok 13 1.6 [ ) 6o| 1.6 R | 20| 0 |183] A3
2,3%° ¥, AL |Grwin wise . J 02 | (-1)0 | (-1 (200 ()0 [(Q)[{)1] o1 ] 01 H{A)-#(1)H o2
P, 1,9% 1 . memrien .| 0| oh | 06 | ne| b | mol w3\ 23| 11|08 15,0 | 18.0
2,00°F, i¢ |orammee . ] oL | o1 | (D [(-D)( -0 (-u)-of ()= {-L)a) (-a}af (-1)-a| (-2) - (-0, Towe
Tonz 1,950 1 How Medmstion . J4 O R 0.9 1.0 1.2 31| 2.0| 64| 7.8 | 100 | 283 ]| 17.0 | 850
:‘_w; 1,9%° 7 oruin sine | (-1)-0| (-#)-0 | (-3 (20| ()0 |(-2)-0f (-&)-0|{-£)-0f (-2)-0| [-2)-0f (-3)-0] (-2)-0 Nows
1n 1'kr plux
Lbras
< Q30 ¥, AL

"8G, xir-sosled,

2g0Hh NL VIVN
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N
. 600

(a) Tapered specimen used to obtaln spproximately O~ to 15-percent

reduction.
-
. 600
¥
-3
—
-390 /
N

(b) Tapered specimen used to obtain approximately O- to 29-percent
reduction.

Figure l.- Tapered specimens used to obtaln indicated range of percent
reduction by being rolled to flat bars (dimensions in inches).
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(a) Approximate distribution of grain sizes.

(¢) Microstructure in bar

(b) Microstructure near bar

Megnification,

center,
%50,

Magnification,

surfacge.

X50.

L-57-3961

Figure 2.~ Mlcrostructures and grein sglzes of transverse section of as~

received sir-melted Waspaloy bar stock.
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Equalizing Treatment of As-Recelved Stock

. None Rolled 70% at L950°F
46
Heat //—- 4.>8
Treatment
1 hour at 1900°F 4-8
N

1 hour at 1950°F 2t 0 46
4 hours at 1950°F 1-6 3.4
1 hour at 2000°F 3-7
1 hour at 2100°F 26

Figure 3.~ Effect of hegt-treating time and temperature upon grain slze of tranasverse sections

of alr-melted Waspaloy bar stock.
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4->8

() Approximate distribution of

grain sizes as rolled 50 per-

cent at 1,950° F.

(c) Approximate distribution of
grain sizes as rolled 50 per-
cent at 1,950° F, plus 1 hour
at 1,950° F, then elr-cooled.

NACA TN L4082

(b) Microstructure as rolled
50 percent at 1,950° F.
Msgnification, X50.

(d) Microstructure as rolled

50 percent at 1,%50° F,

plus 1 bour st 1,950° F,

then air-cooled. Magnlfi-
t1 Q.

cation, 15 L-57-3962

Figure 4.~ Microstructures and grain sizes of transverse sections of
equalized air-melted Waspaloy bar stock.
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5-8 -

(a) Approximate distribution of (b) Microstructure as rolled.

grain sizes as rolled. Magnification, X50.
¢ » N -
- by
4-7 ' '

(c) Approximste distribution (d) Microstructure as rolled,
of grain sizes as rolled, plus 1 hour at 1,950° F,
plus 1 hour gt 1,950° F, then air-cooled. Magnifica-
then air-cooled. tion, X50.

L-5T7-3963

Figure 5.- Microstructures and grain sizes of transverse sections of
vacuun-melted Waspaloy bar stock,
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Equalizing Treatment of As-Received Stock

olled 25% at 80°F |

+ 1 hour at 1950°F,

Rolled 70% at 1950°F

+ 1 hour at 1L950°F,

air-coolad + 1 hounr at 1950°F, water~guenched oil-quenched
4-6 4.6 4.8
Heat
Treatment Gooling Method, Cooling Method, Cooling Method, Cooling Method,
Air-Cooled Alr-Cooled Water-Quenched Oll-Quenched
1 cycle of 1 hour at 2
1950°F, cooled 4-6 (-Zhgﬁ 4.6 3.6 /—(—2; z_a.\ i
2 /] b (7
" 7
2 cycles of 1 hour at ~2) -2)=
1950*F, cooled 3-5 3.6 ( )H 3'4/J
2 4
rd
3 cycles of 1 hour at / 16 /
1950°F, cooled 3-4 [~3) -\ @ =0 1(-2)= a | —2-4
-1
(-1) / 7
4 cyclea of 1 hour at 2.4 / / 1.2
1950°F, cooled 0 — (=3P~ ARG 2-3 |(-31=]
2 =h Z) //
4
1 cycle at 1950°F,
Y cooled (-4) — @(20 3-6 0-8-\ 538
4 3 hr
—— — e

melted Waspaloy bar stock.

Figure 6.~ Effect of repeated heating and cooling upon graln size of transverse sections of alr-
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L . 1 ' . * h i
W P - ,
~ \ . -V -
(e) 1 hour at 1,950° F, (b) 1 hour at 1,950° F,
then water-quenched. ‘water-quenched, plus
’ 2 cycles of 1 hour at
1,950° F, then air-cooled.
NUE~INE T ENEFS W P rERr
% AR TS B e~ - N
. e - S
. : 3
! et ':. ~
_ \ #"_:l A
" L A JEN
’ RS T el .
(¢) 1 hour at 1,950° F, water- (a) 1 hour at 1,950° F, water-
quenched, plus 4 cycles of quenched, plus 1 cycle of
1 hour et 1,950° F, then k hours at 1,950° F, then
air-cooled. o alr-cooled.
- L-5T7-3964
Figure T.- Effect of repeated heating and cooling upon microstructure of

air-melted Waspaloy which had been equalized by a TO-percent reduction
at 1, H0° F. (Transverse section at bar-stock surface.) Magnifica-

tion, X50.
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Heat
Treatment

Equalizing Treatment of As=Rolled Stock

Rolled at 1950°F from 2-inch ingot to ! /2-inch bar stock

+ 1 hour at 1950°F,
alr-cooled

4-7

+ 1 hour at L950°F,, water-quenched

4-7

Cooling Method, Air-Cooled

Cooling Method, Water-Quenched

1 cycle of 1 hour at

Q‘
0-2 4.7 V.

1950°F, cooled 4-7
2 cycles of 1 hour at 0-2
1950°F, cooled 4-7 3-6
3 cycles of 1 hour at (=2)={=1)—]
1950"F, cooled 4-7
4 cycles of 1 hour at 3.6 L — 3.5

1950°F, cooled

(-2)~(-1) ™

1 cycle of 4 hours at
1950°F, cooled

Coo].ing Method, Air-Cooled

Cooling Method, Air-Cooled

3-6

/

(=2)~(-1) ] Bz 36
/

Figure 8.~ Effect of repeated hesting and cooling upon grain size of transverse sections of

vacuum-elted Waspaloy bar stock.
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(a) 1 hour at 1,950° F, (b) 1 hour at 1,950° F, water-
then water-quenched. quenched, plus 1 cycle of
1 hour at 1,950° F, then
water-quenched.

(¢) 1 hour at 1,950° F, (d) 1 hour at 1,950° F,
water-quenched, plus water-quenched, plus
It cycles of 1 hour st 1 cycle of k4 hours at
. 1,9%0° F, then water- 1,950° F, then air-
quenched. cooled.
L-57-3965

Figure 9.~ Effect of repeated heating and cooling upon microstructure of
vacuum-melted Waspeloy which had been rolled at 1,950° F from a

2=inch ingot to -JE'- inch bar stock. (Transverse section at bar-stock
surface.) Magnification, X50.
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Maximum ASTM Grain Sise

6

Fqualizing Preatment of Ae-Reccived Stack

Rolling Temperatoras for Tapered Specimens

Final Treatment for Grain Growth

Rolled 50% at 1950°F, + 1 hour at 1350°F,
1-Quenchad

80°F
1480°F
Loon i
1808 F
1950°F
Z000°E
2100 F

quoo‘-"lﬂo

4 hours at 1950°F, Oil-Quanched.

-4

-2

04

L i ! | |

Percent Reducton by Rolling

Figure 10.~ Effect of rolling tempersture snd- percent reduction upon maximmum grain size of air-

melted Waspaloy after final solution treatment.
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(e} 1.5-pércent reduction. (&) 13.0-percent reduction.

L-5T-3966

Figure 1l.- Effect of percent reduction by rolling at 1,950° F upon
microstructure of equalized alr-melted Waspaloy after firal solution
treatment. Equalizing treatment of as-received stock was a 50-percent
reduction at 1,950° F plus 1 hour at 1,950° F, then oil-quenched.
Final solution treatment was 4t hours at 1,950° F, then oil-quenched.

Magnification, X50.
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Maximum ASTM Grain Sixza

| Egqualisive Troatmertof Ags-Racclived Jtock

Re, T ergiure lor N
m:gmm___jmmm“mﬁmm_

o Lwo°F
. 00°F
2-inch-diameter ingot rolled at 1950°F to 3/4-iach bar stock 0 16 .
+ 1 hour at 1950'F, Air-Cooled A 1500°F 4 hours at 1950°F, OikCuenched
©  2looF
o177 T T T T T T T T 7T T T T T T T T T T T 1
-4 -

-2 - }ﬁ
[V
Zq..-LQ v \

- o o
4 A & 4 0

o —

| | I | I | I ] | 1 ! | I | | | | | 11 i ] | | |

s 1] 1 2 k| 4 5 [) 7 8 9 10 11 12

Percent Reduction by Roelling

Figure 12.-~ Effect of rolling temperabure and percent reduction upon meximwm grein size of

vacuun-nelted Waspaloy after finsl solutlion treatment.
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e

(a) Zero-percent reduction.

.t

-

-

(8) 6.1l<percent reduction.

L-57-3967

Figure 13.- Effect of percent reduction by rolling at l,900° F upon
microstructure of vacuum-melted Waspaloy after final solution treat-
ment. Equalizing treatment of as-rolled stock was 1 hour at 1,950° F,
then alr-cooled. Final solution treatment was 4 hours at 1,950° F,

then oil-quenched. Magnification, X50.

(¢) 0.8-percent reduction.
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Ro Temparature Ior j
| Final Treatroent for Crala Grawth |
Heat Trestment
o None
® Nons 80°F 4 hours at 1950*F, Oll-Quenched
Rolled 50% at 1950°F B 1 hour at L950°F, Air-Cooled ——e——1600"F — e = Slow=heated from 1A40D°F to L950°F
H »
. & 1 hour at 1950°F, OiFQuencied in ) Bouxs v 4 houre at L950°F,
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Percent Reduction by Ralling

Figure 14.- Effect of equalizing treatment, rolling temperature, percent reduction, and heating
rate before final solution treatment upon weximm grain size of air-melted Waspaloy sfter
final solution treatment.

B4

ot N Vol



http://www.abbottaerospace.com/technical-library

Maxdmum ASTM Graln Size i

. Equalining Treat

Ralled 50% at 1950"F

'ment of As-Received Stock

Ral ﬂ Tegpzrnﬁre Tor

Heat Treatment

1 hr at 1950°F, AC

—=—-= ] kr ut 1950°F, OQ

e (Yemne  1900*F
—~[0—= 1950°F
—A—— 2I00*F
——= Bl00*F

| Fing) Trestmont for Grain Groweh |

4 honrs at 1350°F, OitQuenched

T
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I | 1 | !
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Pargent Rednction by Relling

Figure 15.- Effect of equalizing treatment » rolling temperature, and percent reduction upon

meximm grein size of air-melted
0Q, oil~-quenched.

Waspaloy efter finel soluticn treatment. AC, air-cooled;
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Maximom ABTM Grain Slae

R 16T
Eguslizing Treatment of As-Received Stock om'.'l.'a pecipn 1 Zgwt
Heat Traatment —_—ga—— LA00*F
Preheated 1/2 hour at ——0— B100°F . 4 hours at L950°F, Oil-Quenchad
L]
Rolled 50% at 1950°F 2100°F ——8—— 1500°F
=—=—=—] hour at 1950°F, Oil- ey —
] Qronched ’ Q~—— 2100"F
T T T T T T T T T T T T T T T T T T T T T T
-4 |-

o
4
(=
-
-
-
b

|
0 1 2 3 4 & [ T ]

Parcant Reduction by Rolling

Figure 16.- Effect of equalizing treatment, rolling temperature, and percent reduction upon
msximm grain size of air-melted Waspaloy after final solution treatment.
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Maximum ASTM Grein Size

Ro],}jﬂnﬁ Teﬂga:atuo for

An Teceived
Reolled 25% at 80°F

Rollad 25% at LA00*F
Rollad 25% at 1950°F
Rolled 50% at 1950°F

Heat Treatment

1 hour at 1950°F, Qll~Quenchad

Fipal Treatment for Grain Growth

EA00"F

4 hours at L950°F, OilQuenched

—® & & a e

-6 — T T T 1 17T T/—°T1 T

Percent Reduction by Ralling

Figure 17.- Effect of equalizing treatment and percent reductlion by rolling at l,600° F upon

meximm grain size of air-melted Waspaloy after final solution trestment.
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52
Equalizing Treatment of As-Received Stock
1 hour at 1950°F, oil-quenched,
+ 25% reduction at 80°F,
+ 1 hour at 1950°F, oil-quenched
Tensile
Test Elongation, Approximate Distribution of Grain Sizes
Temper=- | percent After Final Solution Treatment
ature, °F
1400 1,0
1600 1,0
1600 2,5 2-6 0-5 2-6

(-4)

Final Treatment for Grain Growth

4 hours at 1950°F, oil~quenched

Figure 18.- Effect of temperature asnd percent elongation by tensile
testing upon grain size of alr-melted Waspaloy after final solution

treatment.
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Maximarm ASTM Grain Size
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Heat Treatmeant
=1 hour at L375°F,
Alr-Cooled

Rolled 50% at L950°F —=—=1 hour at 1950°F,
d

Alr-Coola

Final Treatmeal for Grain Growth

4 boors at J375°F, Aiz-Cocled
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Percent Reduction by Rolling

Flgure 19.- Effect of rolling temperature and percent reduction upon maximm grsln size of alr-

melted Waspaloy after final solutlon treatment.
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&
- F . Y - t'
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i

(a) Microstructure as rolled.
lh~percent reduction;
rolled at 1,850° F.
Magnification, X50. -

(b) Microstructure as rolled.
1k -percent reduction;
rolled at 1,850° F.
Megniflcation, X500.

(c) Microstructure after final solutlon treatment., lk-percent reduction;
rolled at 1,850° F. Magnification, X50.
L-57-3968

Flgure 20.- Effect of partial simulteneous recrystalllzation durlng reduc-
tion by rolling at 1,850° and 1,950° F upon grain size of alr-melted

Waspaloy after final solutlon treatment of 4% hours at 1,975° F, then
air-cooled.
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(d) Microstructure as rolled.
16-percent reduction;
rolled at 1,950° F.
Megnification, X50.

(f) Microstructure after finsl solution treatment.

(e) Microstructure as rolled.
16-percent reduction;
rolled at 1,950° F.
Magnification, X500,

s 16-percent reduction;
rolled at 1,950 F. Magnification, X50. ,
’ ’ L-57-3969

Figure 20.-~ Concluded.
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Figure 21l.- Effect of percent reduction by rolling upon percent simulta-
neous recrystallizatlion of ailr-melted Waspaloy.
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ot e T ol hiangetreating tlme and temperature upon grain size of transverse sections w
of wu=iooeived Inconel X-550 bar stock. ~
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6-8
(a) Approximste dilstribution (b) Microstructure as received.
of grain sizes as receiveds: Magnification, X50.

¥ <\
7-8 5-7 :
4 :
(e¢) Approximste distribution (d) Microstructure as recelved
of grain sizes as recelved plus 2 hours at 1,900° F,
plus 2 hours at 1,900° F, then air-cooled. (Center
then alr-cooled. of bar stock.) Magnifica-

tion, X50.
L-57-3970
Figure 23.- Microstructure and grein sizes of transverse sections of
Inconel X-550 bar stock.
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(e) Approximate distribution of grain
slzes as receilved plus 2 hours at
2,100° F, then air-cooled.

- 7Y .
i R §
—/ }7” - b (‘:‘ - i -~ e .
_ SO T s
-~ e T .
~ ~ - - S _‘L‘ .
\: "_!‘U. "\.__ B i
MY ' ;l".’"\,-'— - -a.
: N B !.\ - L]
— N -t . ~ ‘ :"‘. .

(£) Microstructure as received (g) Microstructure as received
plus 2 hours at 2,100° F, plus 2 hours at 2,100° F,
then air-cooled. (Junction then air-cooled. (Center
between fine and coarse of bar stock.) Magnifica-
grains.) Magnification, tion, X50.

’ L-57-3971

X50.
Figure 23.- Concluded.
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As-Equalized

Heat
Treatment

Cooling Method

Air-Cooled

Water-Quenchead

One cycle of
1 hour 2t 2150°F,
cooled

Two cycles of
1 hour at 2150°F,
cooled

\V& 4
77

(-3)-2 ‘305€L° -4

Three cycles of
1 hour'at 2150°F,

(~1)-2 —__

AN

" ®

cooled 0«4 (-3)..2 - —0 -4
A,
Four cycles of N ’//
1 hour at 2150°F,
cooled (-1)-2 \9046 (=3)-2 — ~— 0.3
P /|

Five cycles of
1 hour at 2150°F,
cooled

(-2)=2 ]

04 (4)-(-1)-\?///

M. 2 -3

Pigure 24.- Effect of repeated heating and cooling upon greln size of transverse secticns of
Inconel X-550. bar stock which had been equalized by a 64-percent reduction at 2,150° F.
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(¢} 1 hour at 2,150° F, (d) 5 cycles of I hour at
then water-quenched. 2,150° F, then weter-
quenched. .
L-57-3972

Flgure 25.- Effect of repested heating and coaling upon microstructure
of Inconel X-550 bar stock which had beén équalized by a Gli-percent
reduction at 2,150° F, (Trensverse section at bar-stock surface.)
Magnification, X50.
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c9

Euualizing Treatment of Aa-Received Stock o T R Tt e o” Final Trestment for Grain Growth
QO 1p00°F

2 hours at 1900°F, Air-Cooled & Lsoomr 1 hour at 2150*F, Air-Coaled
0 zpoo¥
O 2z00°F

-b

-4 -

-2

el L1 .1 1 01 r1
2 3 4 5 b

|
[ 9 10 11 12
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i
Percent Redoction by Rolling

(a) Grain size after equalizing treatment was T to 8.

Flgure 26.~ Effect of rolling temperature and percent reduction upon meximm grain slze of
Inconel X-550 aftter finsl solution treatment.
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Percent Reduction by Rolling

(b) Grain size after equalizing treatment was O +o 5a

Figure 26.- Combinued.
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Equalining Freatmeant of As-Recelved Stock

Rolled 50% at 1950°F, Alr-Cooled + 172 honr preheat

at 2100*F

TR Y

Transferred to LH0Q°F
fornace and hidd 1/2 hoox,
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& Rolled at 2100°F
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Final Treatment for Grain Growth
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Percent Reduction by Rolling

(¢) Equalizing treatment included rolling at 1,950° F and preheat at 2,100° F.

Figure 26.- Concluded.
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(a) Zero-percent reduction. (b) k4.0-percent reduction.

(e) 11.l-percent reduction.
L-57-3973

Figure 27.- Effect of percent reduction by rolling at 2,1000 F upon
microstructure of equaslized Inconel X-550 after final solution treat-
ment. Equalizing treatment of as-recelved stock was a 50-percent

reduction at 1{9500 F plus %u-hour preheat at 2,100° F before rolling.

Final solution treatment was 1 hour at 2,150° F, then ailr-cooled.
Magnification, X50.
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As-Recelved

Heat-Treating, Heat-Treating Time, hr
Temperature
2
1 4 b
1950
0-2
FALTY
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2300 (=2)-2

Figure 28.- Effect of heat-treating time end temperature upon grain size of transverse gsectlions
of as-received Nimonic 80A bear stock.
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(2) Approximste distribution
of grain sizes as received.

3->8

(e¢) Approximate distribution
of grain sizes after
equalizing with 50-percent
reduction at 1,950° F plus
1 hour at 1,950° F, then
air-cooled.

67

(b) Microstructure as received.

Magnification, X50.

(4) Microstructure after

equalizing with 50-percent
reduction at 1,950° F plus
1 hour at 1,950° F, then

alr-cooled. Magnification,

0. L-57-3974

Figure 29.~ Microstructures and grain sizes of transverse sections of

as-received and equalized Nimonic 80A bar stock.
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—{—L750°F, one pass 4 hours at 1975°F, Air-Cooled
s e LB50°F, ORA pRss = 4 howrs at 1950°F, Air-Cooled
——feem A3 F, ocno pass ¢ e s Sloweheated from IAQD'F to LY50°F in 3 hoars|
Bollad 50% at 1950°F + O—1550°F, ooo pase + 4 Bours at 1930°F, Alr-Cooled

! hour at 1950°F, Air-Cooled L
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Figure 30.~ Effect of tempersture and percent refuction by rolling, repeated deformation by
rolling, and heating rate before finasl solution treatment upon mexlimum grain size of
Nimonic 80A alloy after finsl solution treatment.
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O Light taper, ona pass
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Pezcent Reduction by Rolling

Figure 3l.- Effect of degree of taper, repeated deformetion, and percent reduction by rolling
upon meximm grain size of Nlmonic 80A alloy after finael solutlon treatment.
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Maximuarn ASTM Grein Sixe

Equnlizing Treatment of As-Recelved Stock

Rolling Tempsraturs for Tapered Specimenys

Final Treatment for Grain Growth

Nane

1950°F

Q 1 howr at 2100°F, Air-Cooled
3 1 bour at 2200°F, Alr-Cooled
A | bour at 2250°F, Air-Cooled
< 1 bour at 2300°'F, Air-Cooled

@ Slow-heated from 1950°F to 2300°F in 1 bour +
1 hour at 2300°F, Air-Coolad
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Parcest Reduction by Rolling

Figure 32.- Effect of finsl solution treatment and percent reduction by rolling upon maximmm
graln size of Nimonic 80A alloy. -
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