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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE 3727 

INFLUENCE OF HOT-WORKING CONDITIONS ON HIGH-TEMPERATURE 

PROPERTIES OF A HEAT-RESISTANT ALLOY 

By John F. Ewing and J. W. Freeman 

SUMMARY 

The relationships between conditions of hot-working and properties 
at high temperatures and the influence of the hot-working on response 
to heat treatment were investigated for an alloy containing nominally 
20 percent chromium, 20 percent nickel, 20 percent cobalt, 3 percent 
molybdenum, 2 percent tungsten, and 1 percent columbium. Comercially 
produced bar stock was solution treated at 2,2000 F to minimize prior 
history effects and then rolled at temperatures of 2,2000 , 2,1000 , 

2,0000
, 1,8000

, and 1,6000 F. Working was carried out at constant 
temperature and with incremental decreases in temperature simulating a 
falling temperature during hot-working. In addition, a few special 
repeated cyclic conditions involving a small reduction at a high tem­
perature followed by a small reduction at a low temperature were used 
to study the possibility of inducing very low strengths by the exten­
sive precipitation accompanying such procedures. Most of the rolling 
was done in open passes with a few check tests being made with closed 
passes . Reductions up to 40 percent were used, with some conditions 
carried to as high as 65 percent. Heat treatments at both 2,0500 and 
2,2000 F subsequent to working were used to study the influence on 
response to heat treatment . 

The evaluation of the effects of rolling was based on rupture tests 
at 1,2000 and 1,5000 F, on creep rates during the rupture tests, and on 
cr eep rates for stresses of 25,000 psi at 1,2000 F and 8,000 psi at 
1,5000 F. Hardness, microstructures, and lattice-parameter measurements 
were used to obtain data explaining the metallurgical factors responsi ­
ble for the observed effects on properties at high temperatures. 

The results explain many of the observed variations in properties 
for the hot-worked condition . Limited isothermal deformations increase 
strength . Larger reductions either do not increase strength or cause a 
decrease. Thus, high-production processes, giving large reductions at 
essentially constant temperature, ,lead to low or medium strength in the 
hot-worked condition. Working over a falling-temperature range with 
finishing temperatures of 1 ,8000 F or higher can give very high strengths 
at 1,2000 F, equal to those usually obtained only by hot-cold-work. 
Repeated reduction with low reheat temperature s leads to very low 
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2 NACA TN 3727 

strengths . Hardness does not correlate with strengths because hardness 
can continue to increase while strengths falloff for more than optimum 
reduction. Ductility in the rupture tests at 1 , 5000 F was very sensi­
tive to amount of reduction . Very uniform response to heat treatment 
was obtained, suggesting that variable response when it occurs may be 
mainly due to unidentified heat - to-heat differences. 

The variations in strength in the hot -worked condition appear to 
be due to working having both a strengthening and a weakening effect 
on the structure of the alloy . Strengthening apparently was mainly due 
to strain-hardening. Recryst all ization when it occurred had a weakening 
effect . It suggests that weakening in the absence of recrystallization 
is due either to the same structural changes from rolling which induce 
recrystallization at the higher temperatures or to a recovery process 
similar to recrystallization, possib ly the formation of substructures 
in. the grains. Working over a falling- temperature range allows more 
strengtheni ng of the type effective at 1,2000 F for a given reduction. 

Considerable precipitation occurs during working from 1,6000 to 
2,0000 F, particularly at 1,8000 F . This appears to be detrimental to 
long-time st rength at 1,2000 F but to have little effect at 1,5000 F 
because of extensive further preCipitation during testing at 1,5000 F. 
Temperature of working has a substantial effect on properties at 1,2000 F, 
apparently because of the effects of the preCipitation reaction. It 
also had considerable influence on ductility in the rupture test at 
1,5000 F . 

There were a number of striking relations between conditions of 
working and properties at high temperatures. For working at constant 
temperature, maximum rupture strengths at 1,2000 F were obtained for 
15-percent reduction. This was probably true for temperatures from 
room temperature to 2,1000 F . In addition, if it were not for the 
influence of the high- temperature precipitation reaction, the strengths 
would apparently be nearly constant . Constant maximum rupture strengths 
were obtained at 1,5000 F for isothermal working from 1,6000 to 2,2000 F, 
but the optimum reductions were not constant. Maximum creep resistance 
was generally associated with smaller reductions than was maximum rupture 
strength . 

Lattice parameters varied markedly with conditions of working and 
with cooling rate for reasons which are not understood. Grain size in 
itself did not appear to be a controlling factor. 

Because of the limitations of the experimental conditions there 
are a number of limitations to the generality of the results. 
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INTRODUCTION 

The investigation covered by this report consisted in studying by 
controlled experiments the principles governing the influence of hot­
working conditions on the high- temperature properties of one type of 
heat-resistant alloy in the hot-worked condition and the influence of 
such hot-working conditions on response to subsequent final heat treat­
ments. The study applies mainly to those complex austenitic heat­
resistant alloys dependent on solution treatment or hot-cold-work for 
properties at high temperatures and not on strong age-hardening 
reactions. 

The composition of the particular alloy used was nominally 0.15 per­
cent carbonl 20 percent chromium, 20 percent nickel, 20 percent cobalt, 
3 percent molybdenum, 2 percent tungsten, I percent columbium, and the 
balance iron. Working was carried out at several constant temperatures 
to define the influence of amount of reduction at a given temperature. 
Specific reductions at specific temperatures over a range of decreasing 
temperatures were used to study the influence of working over the usual 
falling-temperature range . Additional limited studies were made to 
establish the effects of possible heating and working schedules involving 
reheats to temperatures below and in the resolution range with reductions 
at low temperatures where extensive precipitation occurs. In addition, 
samples were given typical final solution, solution and aging, and solu­
tion and hot-cold-working treatments for the purpose of studying the 
effects of prior working on response to heat treatment. 

At least two general factors influence the properties of individual 
alloys of the type investigated at high temperatures. First, various 
final treatments may be used to obtain specific properties. These can 
range in wrought products from the hot-worked condition with no subse­
quent treatment through so-called s t r ess -relieving ) s olut ion treatments 
at various temperatures with or without subsequent aging treatments 
and, for the type of alloy considered, possibly cold-work or hot-col d­
working operations after the other treatments. The other general factor 
leading to variability in properties arises from the variation in prop­
erties with specific final treatments. Recognized possible sources of 
the latter type of variation include the influence of conditions of hot­
working on the response to final treatments, variations in chemical com­
position, and unidentified heat - to-heat differences. 

Properties in the hot -worked condition are considered to be diffi­
cult to control. Practical limitations in the reproducibility of con­
ditions of working as well as lack of information regarding the influence 
of the conditions of working are involved. It is known that both very 
high and very low strengths are observed in het-worked products not 
sUbjected to further treatment as well as intermediate values of strength. 

J 
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EXPERDvlENTAL PROCEDURES 

Although there are numerous methods for hot-working metals and 
alloys, such as rolling, forging, extruding, and pressing, this investi­
gation was limited to rolling. By rolling, it was relatively easy to 
control working variables such as temperature and amount of deformation 
with reproducible rates of deformation . Bar stock was selected for the 
experimental material as the best compromise between convenience for 
manipulation and minimizing temperature variation during working. This 
investigation was restricted to two of the most important variables, 
rolling temperature and amount of reduction. The rate of compression 
during rolling was kept as nearly constant as possible by keeping the 
roll speed, roll diameter, and initial cross-sectional area of the stock 
constant. 

In this report the term "hot -working" refers to all working carried 
out in the temperature range usually associated with the hot-working of 
complex, heat-resistant alloys, irrespective of whether or not recrys­
tallization occurs. Technically, the term "hot-working" should refer 
only to working at or above the simultaneous recrystallization tempera­
tures. In commercial practice hot-working is often carried out over a 
falling-temperature range. Although the starting temperature may be 
well above the minimum temperature required for recrystallization, the 
finishing temperatures can be so low that no recrystallization takes 
place during the latter stages of working. In such cases, despite some 
recovery or stress relief, the metal is partially strain-hardened or 
cold-worked. 

The research program was organized as follows: 

(1) Stock was isothermally rolled varying amounts at temperatures 
ranging above and below the minimum temperature of recrystallization 
during rolling. 

(2) Stock was nonisothermally rolled over controlled temperature 
ranges to provide a basis for determining how decreasing temperatures 
during hot-working influenced the high-temperature strengths. 

(3) Stock was cyclicly rolled over three temperature ranges to 
determine the influence of extensive preCipitation during working to 
very low temperature on the properties at elevated temperatures. 

(4) Heat treatment was carried out after selected conditions of 
rolling to determine if the influence of hot-working was reflected. in 
the response to heat treatment. 
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(5) Rupture and creep tests , hardness measurements, microstructural 
examinations , and lattice-parameter measurements were made after the 
various hot -working operations to obtain information for studying the 
mechanism by which hot -worki ng affects high-temperature properties. 

Material 

The material used in this investigation was 7/B-inch bar stock 
from a commercial heat of an alloy having the f ollowing chemical 
analysis : 

Chemical composition, percent 

C Mn 8i Cr Ni Co Mo W Cb N Fe 

0 .13 1 . 63 0 . 42 21 . 22 19 . 00 19 . 70 2. 90 2. 61 0 .84 0.13 Bal. 

The bar stock was produced from a 13-inch billet. The commercial 
processing details are given in the appendix. 

The same lot of bar stock had been utilized in other fundamental 
studies on the same type of heat - resistant alloys at the Univers ity of 
Michigan (refs . 1 to 3) . It was expected t hat the data from these prior 
studies, concerned with the influence of heat treatment and cold-working 
on high- temperature strength, would simplify arriving at general 
principles . 

All stock was solution treated for 1 hour at 2,2000 F and then 
water quenched b efore rolling to mini mi"ze the effects of the prior 
working . 

Rolling 

After the solution treatment at 2,2000 F the bar stock was rolled 
at temperatures of 2, 2000 , 2, 1000 , 2 , 000° , 1 , 8000 , and 1, 6000 F . The con­
dit i ons of hot - r olling carried out are summarized i n f i gure 1. Most of t he 
specimens were rolled in open passes on a two-high, single-pass , non­
r eversible mill with 5- inch rolls. Both r olls were power driven and 
revolved at a speed of 70 rpm . No lubricant was used on the rolling 
surface. 

For rolling temperatures of 1,8000 F and above, an automatically 
controlled gas - fired fUrnace holding temperatures to within ±5° F was 
used. An automatically controlled electrfc muffle furnace was used 
f or temperatures below 1,8000 F. 
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Cooling curves from the various rolling temperatures showed the 
maximum temperature drop during rolling to be 500 F. Because such 
temperature changes vary for any particular hot-working operation, it 
was decided to heat to a slightly higher temperature than the desired 
temperature so that the results could be expressed in terms of the aver­
age actual metal temperature. Consequently, the stock was heated to 
250 F above the rolling temperature . A holding time of 1/2 hour before 
rolling established thermal equilibrium between the furnace and bars. 
The initial bar lengths were chosen to give a final length after rolling 
of 12 inches. All reductions were based on the original cross-sectional 
area. 

The rolling procedure for making reductions up to 15 percent at 
1,6000 F and up to 25 percent from 1,8000 to 2,2000 F was to pass the 
bar through the rolls twice for a given roll setting, turning the bar 900 
between passes. Reductions of 25 percent at 1,6000 and 40 percent at 
1,8000 F and above could not be made in a single roll setting because 
of the limitations of the rolling mill. Consequently, for these reduc­
tions the stock was first rolled 10 percent at 1,6000 F or 15 percent 
at 1,8000 F and above, reheated for 5 minutes, and ~hen reduced an 
additional 15 percent at 1,6000 F or 25 percent at IJ8000 F and above. 
A 40-percent reduction at 1,6000 F required successive reductions 
of 10, 15, and 15 percent with two 5-minute reheats. A reduction of 
65 percent required successive reductions of 15, 15, 15, 10, and 10 per­
cent with four reheats. All bars were air cooled after the final 
reductions. 

Rather approximate procedures, in comparison with actual practice, 
where temperatures probably fall continuously during working, were used 
to simulate working on a falling- temperature range. These were dictated 
by the need to know as exactly as possible the actual temperatures and 
amounts of reduction. Rolling over a temperature range involved the fol-
10Wi~ procedure: For rolling first at 2,2000 F and then finishing at 
2,000 F, the bars were rolled initially 15 percent at 2,2000 F; 
replaced in the furnace, which cooled in 6 minutes for rolling at 
2,0000 F; and then reduced an additional 25 percent. Two furnaces were 
used for rolling first at 2,2000, 2,0000, or 1,8000 F and then reducing 
again at 1,8000 or 1, 6000 F. The bars for these series were first 
heated to the initial rolling temperature in the established manner, 
rolled, and then immediately placed in the second furnace which was 
maintained at the desired lower rolling temperature, cooled to that 
temperature in the furnace, and given the second reduction. One series 
of bars was rolled 10 percent each at 2,2000, 2,0000 , 1,8000, and 
1,6000 F, giving a t otal reduction of 40 percent. For this series the 
gas-fired furnace was used for cooling between 2,2000 and 2,0000 F and 
the electric furnace was used for temperature s of 1,8000 and 1,6000 F. 

---- ----------- ---
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In these experiments involving one or more reductions at succes­
sively lower temperatures, a dummy bar with a thermocouple inserted into 
the center along the longitudinal axis was used to determine when the 
stock was at the proper rolling temperature. Measurements with the 
dummy bar indicated that a period of 6 minutes was sufficient to reach 
the desired temperature for all temperature intervals. 

An unusual and complex series of reductions was carried out to 
check the effect of precipitation during rolling on the high-temperature 
strength of the alloy. One group of bars in this series was rolled as 
follows: Heated to 1,8000 F, held 1/2 hour, rolled 5 percent, cooled 
to 1,5000 F, rolled 5 percent, held 2 hours, and then reheated to 
1,8000 F, with the cycle repeated three more times to give a total of 
40-percent reduction. The two other groups of bars in this series were 
rolled in the same way except that the rolling temperatures were 2,0000 

and 1,5000 F and 2,2000 and 1,5000 F, respectively. 

In order to check the uniformity of working over the cross­
sectional area, hardness surveys were made across the transverse sections 
of selected bars rolled between 5 and 25 percent. Vickers hardness tests 
(50-kilogram load) were used for these surveys. Likewise, six bars from 
each of three rolling conditions were checked for hardness to see if 
there were any pronounced variations in the hardness of similarly rolled 
bars. No variations were found in either case. 

In the open-pass rolling the roll speed, roll surface, and initial 
size of the stock were kept the same throughout the investigation. 
This was done in order to keep variations in the compression rate nearly 
the same . However, by varying the amount of reduction, the compression 
rate during rolling was also varied. Although variations in compression 
rate have little effect on strain-hardening during cold-working, they 
do have an effect during hot-rolling. 

A small amount of closed-pass rolling was done to study the rela­
tive influence of a change in the mode of deformation during rolling. 
That is, rolling in closed passes eliminated the lateral spread which 
occurred during open-pass rolling. 

The closed-pass work was done on a large reversing mill recently 
installed at the University of Michigan and equipped with rolls 

~ inches in diameter and 27 inches long . The roll speed used was 

30 rpm. Reductions of 15 and 25 percent at 1,8000 and 2,0000 F and of 
65 percent at 1,8000 F were made in closed passes. The rolling pro­
cedure was the same as that described above for open-pass rolling with 
the exception that the stock was passed through the rolls only once for , 
the 15- or 25-percent reductions. The 65-percent reduction at 1,eOOo F 

, .. 
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was ~de using a series of 7/8-, 3/4-, 5/8-, and 1/2-inch-square passes. 
These square passes were separated from one another by oval passes. Six 
reheats were required. 

Prior to rolling 15 or 25 percent in a closed pass, the bars were 
machined to an initial size such that, after they were put through the 
3/4-inch pass, the desired reduction was obtained. 

The actual reductions after rolling for both open and closed 
passes in no instance differed by more than 2 percent from the desired 
reductions. 

Rupture and Creep Tests 

Both rupture and creep tests were used to evaluate the experimental 
variables. Testing temperatures of 1,2000 and 1,5000 F were used to 
cover the temperature range in which the type of alloy is widely used. 

The effect of all rolling conditions on rupture and creep strength 
in the hot-worked condition was determined. Stress-rupture tests were 
of sufficient duration to establish the rupture strengths for 100 and 
1,000 hours. The creep tests of 1000-hour duration were conducted at 
1,2000 F under 25,OOO-psi stress and at 1,5000 F under 8,OOO-psi stress. 
Creep data were also established for the rupture tests. Minimum creep 
rates were used to evaluate the effects of variables on creep resistance. 

Conventional beam-loaded units were used for both creep and rupture 
tests. The test specimens machined from the bar stock were 0.250 inch 
in diameter with a l-inch gage length. Accurate measurements were made 
on all specimens prior to testing. Time-elongation data were taken 
during the rupture tests by a method in which movement of the beam was 
related to the extension of the specimen. Modified Martens-type exten­
someters with a sensitivity of ±0.00002 inch were used to obtain time­
elongation data for the creep tests. Reynolds, Freeman, and White 
(ref. 4) found that there was good agreement between creep rates from 
the two types of deformation measurements. The creep and rupture units 
were equipped with automatically controlled electric resistance furnaces. 
Temperature variations along the gage length of the specimens were held 
to less than 30 F. The loading practice followed was to bring both 
specimen and furnace up to within 1000 F of the testing temperature 
overnight. In the morning the unit was brought up to temperature and 
then loaded. 

Several check creep tests were run during this investigation, as 
noted in the tabulations of the experimental data, and the corresponding 
creep rates checked within ±0.00003 percent per hour. 
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Hardness 

Hardness was intended to be used as a measure of strain-hardening 
during hot -working . It is recognized that certain variations in hard­
ness resulted from precipitation . However) for any given rolling tem­
perature the change in hardness with amount of reduction was primarily 
a function of the strain-hardening. 

Hardness measurements were made at the center of transverse sec­
tions cut from all specimens after rolling . A Brinell hardness machine 
with a 10-millimeter ball and a 3)000-kilogram load was used. 

Lattice Parameters 

The intent was to use lattice -parameter variations as a measure of 
the extent to which odd- s i zed atoms from the alloying elements remained 
in solution after rolling. 

A minimum of 0 . 03 inch was removed from the surface of samples in 
an electrolytic polisher in order to insure a surface free of prepara­
tion strains. An electrolyte consisting of one-third concentrated 
hydrochloric acid and two- thirds glycerin was used. The parameter 
measurements were made using a high-precision symmetrical focusing cam­
era . Cohen's method (ref. 5 ) was used to compensate for uniform shrink~ 
age of film and camera radii errors. Several check tests were run and 
the reproducibility was determined to b e within 0.0005 angstrom unit. 

For the most part) the measurements were made on surfaces trans­
verse to the rolling direction . However, several measurements were also 
made on surfaces either parallel to or at 450 to the rolling direction 
to check for possible orientation effects. 

Microstructural Studies 

Sections parallel to the rolling axis were cut from all bars after 
rolling and prepared for metallographic examination. All specimens were 
electrolytically etched in 10 percent chromic acid solution. 

In addition to the examination of the structures of the variously 
rolled bars) extensive stUdies were made on completed creep specimens . 

RESULTS 

The results of the experimental studies are presented separately 
for isothermal rolling) rolling and falling temperatures, special cyclic 

'\ 
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conditions of rolli ng , and response to heat treatment . The influence 
of conditions of rolling was evaluated through determination of rupture 
and creep properties at 1 , 2000 and 1 , 5000 F , hardness values, micro­
structures, and lattice par ameter s . All testing was carried out on hot ­
worked material except for that involving the influence of working con­
ditions on response to heat t reatment. 

Attention is directed to the fact that in each case the hot-working 
was carried out starting with 7/8-inch- square bar stock that had been 
heated 1 hour at 2,2000 F and wat er quenched. The stock had been com­
mercially produced from a large arc furnace ingot. 

Isothermal Rolling 

The data reported in this section are for the as-rolled condition 
for rolling at constant temper ature . Tables I through IV and figures 2 
through 19 present the rupture and creep data. Hardness data are 
included in table V and figure 20 . Typical microstructures are shown 
by figures 2l through 27. Lattice-parameter data are in table VI and 
are illustrated by figures 28 through 32. 

Rupture properties at 1 , 2000 F.- The influence of amount of reduc­
tion and temperature of rolling on the rupture properties at 1,2000 F 
was as follows: 

(1) A reduction of approximately 15 percent resulted in maximum 
rupture strength for both 100 and 1,000 hours for rolling temperatures 
of 1,6000 to 2,1000 F (see figs . 2(a) through 6(a)). Reductions 
between 0 and 40 percent at 2,2000 F had no significant influence on 
the rupture strengths (fig. 2(a)). 

(2) The influence of temperature of reduction on rupture strengths 
is summarized by figure 7(a) . The maximum strengths at 15-percent 
reduction increased as the rolling temperature was reduced from 2,2000 

to 2,0000 F. Lowering the rolling temperature to 1,8000 and 1,6000 F 
increased the strength for 100 hours slightly more but resulted in a 
decrease in 1,000-hour strength . The loss in strength by larger reduc­
tions was nearly constant at each temperature so that the curves for 
40-percent reduction (fig . 7(a)) were nearly parallel to the 15-percent­
reduction curves. The only exception was for 1,000 hours at 1,6000 F 
where strength continued to increase slightly . 

(3) Simply heating to the rolling temperatures had little effect 
on rupture strength, except for a significant lowering of strength for 
2,1000 F, as is shown by the O-percent - reduction curve of figure 7(a). 
Rolling increased rupture strength above that resulting from simply 
heating alone to the rolling temperature in all cases except for 2,2000 F . 
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Certainly reductions larger than 65 percent at the other rolling temper­
atures would be required to reduce strength below that for material 
heated for 1/2 hour without reduction. 

(4) The maximum rupture strengths after reduction were from 7,000 
to 10,000 psi higher than those for specimens heated without reduction 
at 2,1000 to 1 , 6000 F . The range in 100-hour strengths was from 42,000 
to 57,000 psi, with one l ower value of 38,500 psi resulting from heating 
at 2,1000 F without reduction. The corresponding range for 1,000-hour 
strengths was 37,000 to 47,000 psi, again with a low value of 33,000 psi 
for heating to 2,1000 F. 

(5) No significant difference between rupture strengths for material 
rolled in open and closed passes was found for a limited number of sam­
ples rolled at 1,8000 and 2,0000 F. (See tables II and IV and figs 4(a) 
and 5( a). ) 

(6) Increasing reductions at 2,2000 and 2,1000 F increased elonga­
tions for fracture in 100 and 1, 000 hours from as low as 5 percent to 
as high as 18 percent (figs. 9 and 10). Rolling to increased reductions 
at 2,0000 and 1,8000 F first lowered and then increased elongations 
(figs. 11 and 12). The increase at larger reductions was not observed 
in stock rolled at 1,6000 F (fig. 13). It should be noted that simply 
heating to these latter three temperatures increased elongations rela­
tive to those of the stock originally solution treated at 2,2000 F. 
Minimum elongations in both 100 and 1,000 hours were in the order of 
5 percent for all conditions of rolling. 

The rupture-test elongations for material rolled in closed passes 
at 1,8000 and 2,0000 F agreed perfectly with those for open passes, 
except for higher elongation after a 25-percent reduction at 2,0000 F 
for the closed-pass material. (Cf. tables II and IV.) 

Creep properties at 1)2000 F.- The relations between minimum creep 
rate at 1,2000 F for stresses of 50)000 and 25)000 psi and percent 
reduction at the rolling temperatures) as presented in table II and 
figures 15 and 16, show that: 

(1) Increasing amounts of reduction first increased creep resist­
ance (reduced minimum creep rates) to a maximum for a limited amount of 
reduction. Creep resistance then fell off for larger reductions. 

(2) The amount of reduction giving maximum creep resistance 
(fig. 19(a)) varied with both the rolling temperature and the testing 
stress . For a stress of 50,000 psi this reduction was 15 percent) 
except at 2,2000 and 1,8000 F. For the lower stress of 25,000 psi) the 
reduction ranged from 5 to 15 percent with the largest reduction being 
required at 2)0000 and 2,1000 F. The influence of reduction on creep 
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resistance under 50,000-ps1 stress was similar to its influence on the 
rupture strengths, except for the higher reductions at 1,8000 F. Except 
for rolling at 2,0000 to 2,2000 F, less reduction was required for max­
imum creep resistance under 25,000-psi stress. 

(3) Rolling at 1,6000 , 1,8000 , and 2,0000 F gave similar but defi­
nitely higher creep resistance for 25,OOO-psi stress (fig. 16) than did 
rolling at 2,1000 and 2,2000 F. Creep resistance, however, fell off 
considerably with increased reductions past those giving maximum resist­
ance for all temperatures of rol~ing. At the higher stress of 50,000 psi 
(fig. 15), the decrease in creep resistance past the maximum was much 
less after rolling at the three lower temperatures than for 2,1000 and 
2,2000 F. The material rolled at 2,0000 F, however, was considerably 
weaker than the materials rolled at 1,6000 and 1,8000 F. 

(4) The creep resistance after rolling in closed passes (tables II 
and IV), with the exception of the somewhat low strength of the stock 
rolled 65 percent at 1,8000 F, agreed well with the creep resistance of 
bars rolled corresponding amounts in open passes. 

(5) The creep resistance of stock heated from 1,6000 to 2,1000 F 
for 1/2 hour without rolling (figs. 15 and 16) was lower for both 
50,000- and 25-000-psi stress than the creep resistance of the material 
heated to 2,2000 F for 1/2 hour. Heating to 1,8000 F lowered creep 
resistance the most. 

(6) Isothermal reductions from 5 to 25 percent at 1,8000 and 1,6000 F 
and from 5 to 15 percent at 2,0000 F eliminated first-stage creep during 
the 1,000-hour creep tests under 25,000-psi stress. Larger reductions 
resulted in the reappearance of the first-stage component. Creep tests 
on all the specimens rolled at 2,1000 F had a first-stage component. 
There was no first-stage component during the 1,000-hour creep tests 
involving specimens previously reduced 5 to 15 percent at 2,2000 F. 
However, reductions in excess of 15 percent at 2,2000 F did result in 
a first-stage creep component. 

Rupture properties at 1,5000 F.- The major features of the data 
for rupture properties at 1,5000 F can be summarized as follows: 

~l) A specific reduction gave the highest rupture strength at 
1,500 F for each rolling temperature (figs. 2(b) through 6(b)). These 
reductions were the same for both 100 and 1,000 hours (fig. 8) and con­
tinually increased as the rolling temperature was lowered from 2,2000 

to 1,6000 F. There was no appreciable difference in the maximum strength 
(fig. 7(b)) with rolling temperature at either 100 or 1,000 hours. 

(2) Although there were no variations with rolling temperature in 
the maximum rupture strengths, there were pronounced differences at each 
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temperature between the maximum strength and the strengths produced by 
both larger and smaller reductions (see fig. 7(b)). The largest varia­
tion in strength for open-pass rolling resulted from rolling at 1,8000 F 
where the maximum and minimum 100-hour strengths were 2l, 500 and 
14,000 psi, respectively. Corresponding values for 1,000 hours were 
16,000 and 7,500 psi. The lowest values obtained were for a closed-pass 
reduction of 65 percent at 1,8000 F which yielded values of 10, 500 and 
5,700 psi, respectively, for 100 and 1,000 hours. 

(3) Many conditions of working resulted in l ower strength than did 
heating to the working temperature without r eduction (fig. 7(b)) or 
solution treatment at 2,2000 F. This is i n contrast with the data for 
1,2000 F where improved strength resulted for all reductions considered. 

(4) Heating to the r olling temperature without reduction had little 
effect on strength at 1,5000 F, as is shown by the curves for O-percent 
reduction in figure 7(b). An exception was the low 1,000-hour strength 
after heating at 1,8000 F. 

·(5) The rupture strengths after rolling in closed passes (tables II 
and tv and figs. 4(b) and 5(b)) agreed well with those for open pass es 
fo~reductions of 15 and 25 percent at 1,8000 F and 15 percent at 
2,0000 F . A reduction in closed passes of 25 percent at 2,0000 F gave 
somewhat higher strengths and of 65 percent at 1,8000 F gave somewhat 
lower strengths than those for the'corresponding reductions i n open 
passes. 

(6 ) Condit i ons of r ol ling had very pronounced effects on elongation 
in the rupture tests at 1, 5000 F (figs . 9 through 13). The e l ongati ons 
at 100 hours vari ed between 4 and 60 percent and those at 1 ,000 hours , 
from 5 to 41 per cent . The rel at i ons i nvolved wer e : 

( a ) The e l ongation decreased with increasing amount s of reduc ­
t ion to minimum values and then tended to i ncr ease with further 
reducti on. 

(b ) The differences in elongation for heat i ng with no reduction 
and the r eduction gi ving minimum elongation ( f i g . 14) became very 
l arge at t emper atures be low 2,2000 F . Pronounced i ncreases in elonga­
tion r esult ing f rom s impl y heat i ng the stock originally solution 
t r eated at 2 , 2000 F were r emoved by subsequent worki ng . The effect 
was much gr eater at 100 hours than at 1, 000 hours. For i nstance , 
heat ing to 1, 8000 F resulted in an e l ongation at 100 hours of 57 per ­
cent , wher eas the same materia l reduced 40 percent at 1, 8000 F had 
&1 el ongation of onl y 4 percent. At 1, 000 hours the corresponding 
values wer e 25 and 5 per cent . 

( c ) Reductions for minimum elongation at each r olling tempera­
ture (f i g . 14) ranged f rom 15 t o 40 percent at 100 hours and wer e 
15 percent at all temperatures for 1 , 000 hours . Actually, rather 
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low values were associated with reductions of 15 to 40 percent at 
all rolling temperatures . 

(d) There are reductions at all temperatures which give rather 
low elongations and less or more reduction resulted in increased 
elongation. Reference to figures 9 through 13 shows that high 
elongation is particularly associated with large reductions at 2,1000 

and 2,2000 F. The increase with large reductions was much less at 
the lower temperatures . 

(e) The limited data for closed-pass rolling (table IV) ihdicate 
the same general influence of hot-working on elongation in the rup­
ture tests. The differences resulting from open- and closed-pass 
rolling were no greater than the degree of scatter which might be 
expected where ductility varie& so rapidly with conditions. 

Creep properties at 1,5000 F.- The variations in creep data at 
1,5000 F can be summarized as follows: 

(1) There was an optimum reduction (figs. 17 and 18) at each 
rolling temperature resulting in the highest creep resistance at 
1,5000 F. This optimum reduction increased slightly as the rolling 
temperature was lowered (fig. 19(b)) and was generally somewhat less 
for the tests at 8,000 psi than for those at 15,000 psi. 

(2) The loss in creep resistance for reductions greater than those 
producing the maximum was generally quite rapid, particularly at 
8,000 psi. These larger reductions generally resulted in considerably 
lower creep resistance than that for material simply heated without 
reduction . There was some indication that for very large reductions 
the creep resistance approached a minimum. 

(3) The creep resistance of stock rolled 15 and 25 percent at 1,8000 

or 2,0000 F in closed passes (table IV) agreed well with the creep 
resistance of the bars rolled corresponding amounts in open passes 
(table II). However, the creep resistance at 8,000 psi of stock rolled 
65 percent at 1,8000 F in closed passes was low. 

(4) The minimum creep rates for an initial stress of 15 y OOO psi 
ranged from 0.002 to 0.13 percent per hour as the result of varying the 
rolling temperatures from 2,2000 to 1,6000 F and the percent reduction 
from 0 to 65 percent . Over the same ranges of rolling temperatures and 
reductions the minimum creep rates for an initial stress of 8,000 psi 
varied from 0.00003 to 0.024 percent per hour. 

(5) The creep resistance at 1,5000 F of the stock heated at 1,6000 

to 2,1000 F for 1/2 hour without rolling was lower for both 15,000-
and 8,000- psi stress than that of the bar stock heated to 2,2000 F for 
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1/2 hour. Heating, as well as reduction, affected the creep resistance 
with the maximum effect at 1,8000 F. 

(6) Reductions from 0 to 40 percent at 1,8000 and 1,6000 F slightly 
decreased the first - stage component of creep in the 1000-hour creep 
tests under a stress of 8,000 psi in comparison with that of the orig­
inal stock . The reduction of 65 percent at 1,8000 F resulted in both 
a substantial increase in the first-stage component and the appearance 
of a third- stage component. Reductions at 2,2000 to 2,0000 F did not 
decrease first-stage creep. 

Hardness. - Brinnel hardness measurements were made after all con­
ditions of rolling and the results I:j.re tabulated in table V. Figure 20 
presents the relationship between Brinell hardness and amount of iso­
thermal reduction in open passes at rolling temperatures ranging between 
1,6000 and 2 , 2000 F. The essential features of the hardness data can 
be summarized as follows: 

(1) Hardness started t o increase with percent r educt ion at all 
temperatures. However, there was a rapid drop in hardness after the 
reduction reached 7 percent at 2,2000 and 10 percent at 2,1000 F. 
Little further increase was obtained for more than 15-percent reduction 
at 2,0000 F. All reductions at 1,8000 and 1,6000 F increased hardness, 
the amount of increase decreasing with incr eased r educt ion. When t he 
bar s wer e r educed at 2, 2000 and 2,1000 F, minimum hardness wa s obtained 
for r eductions of 12 to 15 per cent followed by a slight i ncrease and 
aga in a decr ease for more r eduction. 

(2) The Brinell hardness of the bars rolled 15 or 25 percent in 
closed passes at either 2,0000 or 1,800° F agreed well with that of the 
corresponding bars rolled in open passes. The hardness of the bar 
rolled 65 percent in closed passes at 1,8000 F was substantially lower 
than that of the corresponding bar rolled in open passes. 

(3) The overall levels of the various hardness curves in figure 20 
were influenced by the heating temperature alone, as evidenced by the 
increases in the hardness of stock simply heated to the rolling tempera­
tures and cooled without rolling. 

Influence of rOlling conditions on microstructures.- Typical micro­
structures of the bars given various reductions at 1,6000 , 1,800°, 2 ,0000 , 

and 2,2000 F are shown in figures 21 through 24, respectively. The 
changes in microstructure during rolling can be summarized as follows: 

(1) Recrystallization occurred during rolling at 2,200°, 2,100°, 
and 2,0000 F depending on the amount of reduction. Recrystallization 
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was not observed during open-pass rolling at 1,8000 or 1,6000 F. It 
did occur during the 65-percent reduction in closed passes at 1,8000 F. 

(2) The observed conditions of recrystallization were as follows: 

(a) At 2,2000 F: Started at 5- to 7-percent reduction; essentially 
complete at .15-percent reduction; continued refinement of grain size 
with further reduction 

{b) At 2,1000 F: Started at 10-percent reduction; essentially 
complete at 15-percent reduction; continued refinement with further 
reduction 

(c) At 2,0000 F: Started at l5-percent reduction; required a 
reduction of 65 percent for complete recrystallization 

It will be noted that the discontinuities in the hardness curves of 
figure 20 correspond with the observed recrystallization characteristics. 

(3) A finely dispersed precipitate formed in the matrix when the 
alloy was previously solution treated at 2,2000 F and then heated to 
1,8000 or 2,0000 F for 1/2 hour. Increasing the amount of reduction 
of these temperatures appeared to increase the amount of precipitation 
in the matrix. Previous to this investigation it was not known that 
this alloy was subject to precipitation in the matrix between 1,8000 

and 2,0000 F. Even rolling at 2,2000 F appeared to cause a dispersed 
precipitate to form in grain boundaries. 

(4) A matrix precipitate did not form in the bar stock during the 
1/2-hour heat at 1,6000 F, although a grain-boundary precipitate did 
form. Moreover, there was no visible evidence of any general precipi­
tation in the matrix during rolling at 1,6000 F. 

Microstructures after creep testing.- Metallographic examination 
was made of the creep specimens after testing for 1,000 hours in order 
to obtain information on the structural stability of the stock in the 
as-rolled condition during testing at 1,2000 and 1,5000 F. Figures 25 
and 26 show microstructures of bar stock rolled at 1,6000 and 2,2000 F, 
respectively, and tested at 1,2000 F. Figure 27 shows typical structures 
after testing at 1,5000 F. The structural changes during creep testing 
are summari zed as follows: 

(1) structural changes during testing at 1,2000 F were largely 
dependent on the initial as-rolled condition of the bar stock. Exten­
sive precipitation took place in the matrix during testing provided 
precipitation had occurred during rolling. The precipitation was much 
less after rolling at 2,2000 or 2,1000 F where little precipitation 
occurred during rolling. Rolling at 1,6000 F, however, apparently 

-- - - - -- --- ------~-~ 
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resulted in nucleation of precipitates during testing, inasmuch as 
extensive precipitation occurred even though only grain-boundary precipi- • 
tation was evident after rolling. The structure, after testing, of the 
material rolled at 1 8000 and 2,0000 F was similar to that of the mate-
rial rolled at 1 , 6006 F. In cases where matrix precipitation did occur ' 
during testing at 1 , 2000 F, it appeared to increase with increasing 
amounts of rolling . 

(2) The structural changes which occurred during creep testing at 
1,5000 F appeared to be largely independent of the initial conditions 
of the microstructure. That is, extensive precipitation and agglomera­
tion occurred in all bars during testing and all structures were remark­
ably similar after testing. 

Lattice-parameter measurements. - Lattice-parameter measurements 
are tabulated in table VI. Although measurements were possible over 
the complete range of reductions at temperatures of 2,0000 F and above, 
determinat ions could be made for only the 0-, 5-, 10-, and 40-percent 
reductions at 1,8000 F. The diffraction lines were too diffuse for all 
other reductions at 1,8000 F and for all reductions at 1,6000 F. Check 
measurements were made in some cases and these are also given in 
table VI. Most determinations were carried out on surfaces transverse 
to the direction of rolling with some check measurements being made on 
surfaces at other angles to the rolling direction. 

The influence of amount and temperature of reduction on lattice 
parameters (figs. 28, 29, and 30) was fairly complex. Successive mini­
mum and maximum values appeared as the amount of reduction was increased. 
The amount of reduction required to produce these effects increased as 
the rolling temperature was reduced . 

A measurement made on stock reduced 35 percent at 2,0000 F without 
reheating is plotted on the curve (fig. 28) intermediate between the 
values for reductions of 25 and 40 percent. This indicated that the 
reheating for the 40-percent reduction was not the cause of the rapid 
increase in parameter when the reduction was increased from 25 to 40 per­
cent . This conclusion is further substantiated by a similar behavior 
at 2,1000 and 2,2000 F within the reduction range where reheats were 
not used. 

The agreement between measurements made transverse t o the rolling 
with the check determinations at other angles (fig. 28) indicates that 
any orientation effects were small. 

During the course of the investigation it was established that 
cooling rate had a pronounced effect (figs . 31 and 32) on the measured 
lattice parameter. Air-cooling resulted in larger parameters than did 
water- quenching . Limited data for a range of cooling rates from 2,0250 F 
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show that intermediate cooling rates resulted in larger parameters. 
That is, air-cooling resulted in larger values than did either very 
slow or very rapid cooling (fig . 32). The temperatures used for these 
studies were the same as those for heating for rolling, 250 F above the 
nominal rolling temperature. The use of the cooling rate at 1,2000 F 
for preparing figure 32 was simply a matter of convenience for measure­
ments of the rates. This defined cooling-rate effects somewhat better 
than would a description of the method of cooling alone. 

Rolling With Falling Temperatures 

Specimens were prepared by nonisothermal rolling over controlled 
temperature ranges to obtain data to investigate how the decreasing 
temperatures during hot-working influenced high-temperature strengths. 
Experiments were confined to combinations of reductions totaling 40 per­
cent. The initial rolling temperatures varied from 1,8000 to 2,2000 F. 

Rupture properties at 1,2000 F.- Rolling first at 2,2000 or 2,0000 F 
and then at 2,0000 , 1,8000, or 1,6000 F for a total reduction of 40 per­
cent (tables VII and VIII) had the following effects on the rupture 
properties at 1,2000 F: 

(1) Very high strengths resulted from reduction at 2,2000 or 2,0000 F 
and then at 1,8000 or 1,6000 F. The strengths were considerably higher 
(fig. 33(a)) than those obtained by isothermal reductions of either 15 
or 40 percent at 1,6000 or 1,8000 F. 

(2) A reduction of 25 percent at 2,2000 F followed by 15 percent 
at 2,000° F resulted in lower strength than did isothermal reductions of 
either 15 or 40 percent at 2,000° F (fig. 33(a)). 

(3) Elongations (table VIII) were as high as or higher than those 
for comparative isothermally rolled materials. A reduction of 10 per­
cent at all four temperatures gave both high strength and very high 
elongation. 

Creep yrOperties at 1 , 200° F. - The creep data at 1,200° F 
(table VIII were similar to the rupture data in that finishing at 1,600° 
or 1,800° F gave high creep resistance, while finishing at 2,0000 F gave 
comparatively low resistance (see fig. 34). The advantage of rolling 
first at 2,200° or 2,0000 and finally at 1,6000 or 1,800° F over iso­
thermally rolling the bars was not so outstanding as it was in the rup­
ture tests. 

Rupture properties at 1,500° F. - Rupture strengths at 1,5000 F 
(table VIII) increased as finishing temperature decreased (fig. 33(b)). 
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The strengths were , in general, higher than those resulting from reduc­
tions of 40 percent at constant temperature . They were, however, well 
below the maximum strengths associated with smaller isothermal reduc­
tions . The strengths were also l ess than those for isothermal r educ­
tions of 15 percent where these wer e less than the maximum values . 

The rolling over a falling-temperature range, therefore, avoided 
part of the loss in strength associated with large reductions in constant­
t emperature rolling . The conditions used did not, however, produce 
higher str engths t han those for specific constant-temperature reductions 
at 1,6000 or 1 , 8000 F, as was observed at 1,2000 F . The relatively high 
strengths for r eductions of 10 percent at each temperature of rolling 
suggest that a schedule of small reductions as temperature decreases 
might be beneficial to strength . 

Rolling over a falling-temperature range did not markedly improve 
elongation in the rupture tests over that of isothermally rolled stock 
(tables II and VII I) except for the schedule of 10-percent reduction 
at each temperature . The material f inished at 2,0000 F may have been 
improved also . In all other cases, the elongations were similar to 
those of comparative isothermally r olled stock. 

Creep 1roperties at 1,5000 F.- The creep resistance at 1,5000 F 
(table VIII increased as the finishing temperature was lowered 
(fig . 35 ) . The values mostly r anged between those for isothermal 
rolling to reductions of 15 and 40 percent. Certain sequences gave 
strengths similar to those for the most creep resistant isothermal con­
dit i ons, while the s trengths of the mat erial rolled 25 percent at 
2,2000 F followed by 15 percent mor e reduction at the lower temperatures 
t ended to b e similar t o those of the material isothermally rolled 
40 percent . 

Hardness .- All of the conditions of rolling except one developed 
high as - r olled Brinell hardness values in the range of 272 to 283 
(table V) . The one exception was the material rolled between 2,2000 

and 2, 0000 F which had a Brinell hardness of 221 . Except for this 
latter condition, the hardness values approached those obtained by 
i sothermal r educt i ons of 40 percent at the finishing temperature rather 
than those obtained i sothermally with the actual final reductions. 

t1icrostructur es . - Examinat i on of the structures after rolling 
( f i g . 36) and after subsequent creep te sting (fig. 37) gave the following 
re sults: 

(1) Rolling at 2,2000 F, b efor e r olling at lower temperatures, 
r educed grain size by recrystallization. For this reason the grain 
s i zes of the material subsequently r olled at 1,6000 and 1,8000 F were 
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finer than those of the material isothermally rolled at these tempera­
tures. ~Cf . fig. 36 with f i gs . 21 and 22.) The material rolled first 
at 2 , 200 and then at 2 , 000° F was very fine grained, indicating that 
recrystallization continued at the lower temperature. Rolling first 
at 2,0000 F and then at 1 , 6000 F resulted in a duplexed grain structure 
because recrystallization was incomplete during the reduction at 2,0000 F. 

(2) Samples rolled initially at 2,2000 F and then at lower tempera­
tures did not have the general matrix precipitation observed in samples 
isothermally rolled at 1 , 8000 and 2,0000 F . The precipitate was, however, 
present in material rolled initially at 1,8000 or 2,0000 F and finally at 
1,.600° F. 

(3) After creep testing at 1 ,2000 F (fig. 37) the structures showed 
little precipitation during testing for material initially rolled 
at 2,2000 and finished at 1,6000 or 1 , 8000 F. In all other conditions 
the structures underwent considerable precipitation at 1,2000 F. struc­
tures of all samples tested at 1,5000 F showed the same extensive pre ­
cipitation and agglomeration described for the isothermally rolled 
stock . The only differences noted were the changes in grain size. 

Special Cyclic Conditions of Rolling 

Samples were prepared by cyclic reductions of 5 percent at 1,5000 F 
and at three higher temperatures of 1,8000 , 2,0000 , and 2,2000 F. 
Repeated reductions at the upper and lower temperature were used until 
a total reduction of 40 percent was obtained. 

These cyclic reductions were investigated to study the possibility 
of producing abnormally low as - rolled strength by using conditions 
leading to extensive precipitation and agglomeration of precipitates. 
These conditions were approximated with a top temperature of 1,8000 F. 
Top temperatures of 2,0000 and 2,2000 F were selected as being in and 
above the solution temperature range for the alloy. One of the main 
reasons for this work was the absence of abnormally low strengths for 
the isothermally and nonisothermally rolled materials. Such low strengths 
are sometimes observed in practice and the possibility of extensive pre­
cipitation by use of low working temperatures was explored as an 
explanation. 

Rupture and cree~ properties at 1,2000 F.- Cyclic rolling 
between 1,5000 and 1, 000 F resulted in lower rupture strength and 
higher elongation at 1 , 2000 F than did rolling at upper temperatures 
of 2,0000 or 2,2000 F . (See tables IX and X and fig. 38(a).) 

The material rolled between 1,5000 and 1,8000 F had strengths sim­
ilar to those for the material simply heated to 1,8000 F without reduc­
tion and considerably b elow any of those for the material rolled 
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isothermally or with falling temperatures. (Cf. data in table X with 
tables II, IV, and VIII.) On the other hand, rolling 5 percent first 
at · l,5000 and then at 2,000° and 2,200° F produced strengths much higher 
than those obtained under any condition of isothermal rolling at 2,000° 
or 2,200° F and approaching those obtained by 25-percent reduction 
at 2,000° or 2,200° F followed by l5-percent reduction at 1,800° or 
1,600° F. 

The cyclic rolling resulted in substantially higher elongations 
than were obtained by other conditions of rolling except the 10-percent 
reduction at 2,200°, 2,000°, 1,800°, and 1,600° F. (Cf. data in table X 
with tables II, IV, and VIII.) 

Creep resistance was also much lower for the material cyclically 
rolled at 1,500° and 1,800° F than for the material rolled at upper 
temperatures of 2,000° or 2,200° F. (See table X and fig. 39.) The 
creep rates were actually faster than those for any other condition of 
rolling except large reductions at 2,200° F. (Cf.data in table X with 
tables II, IV, or VIII.) On the other hand, the creep resistance of the 
material rolled between 1,500° and 2,000° or 2,200° F was as high as 
that obtained under any other conditions of rolling. 

Rupture and creep properties at 1,500° F.- The rupture strengths 
at 1,5000 F were very low for the material rolled at 1,500° and 1,800° F, 
whereas raising the upper temperature to 2,0000 and 2,2000 F resulted 
in considerably higher values. (See tables IX and X and fig. 38(b).) 
As at 1,200° F, the strengths resulting from rolling at 1,500° and 
1,800° F were low in comparison with those resulting from isothermal 
rolling or rolling over a falling-temperature range. In fact, only 
material reduced 65 percent at 1,800° F had as low strength. (Cf. data 
in table X with tables II, IV, and VIII.) Likewi se, the strengths 
resulting from rolling at 1,500° and 2,000° or 2,200° F were nearly as 
high as the highest produced by the other conditions of rolling. 

Elongations were quite good at 100 hours. The material rolled 
at 1,500° and 2,0000 F had very low elongation at 1,000 hours. 

The conditions of cyclic rolling influenced creep resistance in 
the same way as they did rupture strength. (See tables IX and X and 
fig. 39.) Rolling at 1,500° and 1,800° F resulted in very low creep 
resistance; again, only 65-percent reduction at 1,800° F caused as low 
strength. ( Cf. data in table X with tables II, IV, and VIII.) The 
other two conditions of cyclic rolling gave strengths on the high side 
of the range found in the investigation. 

Rardness.- There was very little difference in hardness (table V) 
for the three conditions of cyclic rolling . The value s were 253 for 
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the material rolled at 1,5000 and 1,8000 F and 248 for the material 
rolled at upper temperatures of 2,0000 or 2,2000 F. 

23 

Microstructures.- As expected, the cycling between 1,5000 and 
1 , 8000 F resulted in extensive precipitation and agglomeration in the 
microstructures (fig. 40). When the upper temperatures were 2,0000 or 
2,2000 F, there was little evidence of this. There was little differ­
ence in grain size as the result of the three conditions of ~clic 
rolling. Apparently, the grain refinement obtained at the higher tem­
peratures with equivalent single total reductions was avoided. Likewise, 
the material rolled between 1,5000 and 1,8000 F did not show so much 
distortion as did the material rolled 40 percent at 1,8000 F. 

Response to Heat Treatment 

A study was made of the degree to which the conditions of hot­
working influenced the properties after four heat treaments within the 
temperature range commonly used in heat-treating the alloy. 

Solution treated at 2,2000 F and water quenched.- The rupture 
strengths and creep resistance for material solution treated at 2,2000 F 
and water quenched were remarkably uniform after a wide range in hot­
rolling conditions. (See tables XI and XII and fig. 41.) All of the 
rolling conditions studied did not substantially alter the response to 
the heat treatment. 

The individual curves of stress versus rupture time gave the 
following ranges in rupture strength: 

Temp. , Rupture strength, pSi, in -

OF 100 hr 1,000 hr 

1,200 42,000 to 45,000 37,000 to 40, 000 
1,500 17,500 to 18,500 a13,000 to 14,000 

aonly two conditions tested to 1,000 hr. 

The minor nature of this variation is shown by figure 41 where all 
the individual tests plotted well on single curves of stress versus 
rupture time. Moreover , the rupture strengths agreed with the values 
for the original stock solution treated at 2,2000 F without any rolling . 
Elongations, however, were considerably higher than those obtained for 
the original stock. 
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The limited creep data showed little variation and were similar to 
the data for the original stock. 

Solution treated at 2 2000 F 1 hour water quenched and a ed 
at 1, 000 F for 2 hours .- The data obtained tables XIII and XIV for 
a number of conditions of hot-working showed no significant variation 
in rupture strength or creep resistance for material solution treated 
at 2,2000 F for 1 hour, water quenched, and aged at 1,4000 F for 
24 hours. The small range in rupture strengths disappeared when all 
the actual data points were plotted on one curve in figure 42. 

Solution treated at 2, 0500 F, 2 hours, and water quenched.- A tem­
perature of 20500 F was used for an extensive series of tests on the 
basis that this intermediate temperature might show more influence of 
the rolling conditions on response to heat treatment as reflected in 
creep and rupture properties. The specimens were solution treated at 
this temperature for 2 hours and then water quenched. While the data 
(tables XV and XVI) again show little variation as a result of different 
conditions of rolling, there was somewhat more than was observed after 
treatment at 2,2000 F. The following ranges in rupture strength were 
indicated by the individual curves of stress versus rupture time: 

Temp. , 
Rupture strength, psi, in -

~ 100 hr 1,000 hr 

1,200 43,000 to 48,500 38,000 to 42,000 
1,500 16,000 to 18,500 12,000 to 13,500 

The act ual variation represented is illustrated by figure 43 where 
all the test points plot very nearly on one curve of stress versus 
rupture time. 

No systematic relationship between hot-rolling conditions and the 
variation in strengths was found. 

Solution treated at 2,0500 F, 2 hours, water quenched, and hot­
cold-worked 15 percent at 1,2000 F.- The three conditions of cyclic 
rolling, representing extremes i~ as-rolled rupture and creep strength, 
were solution treated at 2,0;00 F for 2 hours followed by water 
quenching and then a 15-percent reduction by rolling at 1,2000 F. The 
resultant hot-cold-worked materials had practically no variation in 
s trength or ductility. (See tables XVII and XVIII and fig. 44.) More­
over, the strengths were the same as those which had. previously been 
obtained for this same treatment (ref. 1). 
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DISCUSSION 

Application of the results of this investigation explains many of 
the variations in high-temperature properties of the alloy studied and 
those of similar metallurgical characteristics studied in the hot­
worked condition . The metallurgical mechanism responsible cannot be 
accounted for in terms of solid solution, internal strain from cold­
work, precipitation effects, or structural stability. Apparently, some 
other factor involving the plastic deformation of the metal during 
working is involved. The absence of an appreciable influence of prior 
working on response to heat treatment was unexpected. Apparently, if 
heat-treating conditions are adequate for completion of metallurgical 
reactions, the properties will be relatively independent of prior his­
tory and the major source of variation arises from heat-to-heat 
differences. 

Control of Properties in Hot-Worked Condition 

There were two outstanding results from the studies of the prop­
erties at 1,2000 and 1,5000 F in the hot-worked condition : 

~l) As the amount of reduction under isothermal conditions was 
increased, strengths increased up to an optimum'reduction . Further 
reductions either did not continue to increase strength or resulted in a 
falloff in strength. 

(2) Successive reductions over a decreasing temperature range pro­
duced higher strengths a~ 1,2000 F than were obtained during working at 
constant temperature. At 1,5000 F, the strengths were only slightly 
higher than those obtained by equivalent total isothermal reductions. 

These two features of the data can be applied in a general way to 
account for some of the variations in strength commonly observed for 
the hot-worked condition: 

(1) Medium to low strengths would be expected from large reductions 
at nearly constant temperature. This seems to be characteristic of the 
properties of the alloys from high-production processes involving rapid 
and extensive reductions at relatively high working tenperatures. 

(2) On the other hand, exper~entally produced materials frequently 
have abnormally high strength in the hot-worked condition. This proba­
bly arises from production conditions where the metal is given succes ­
sive snall reductions as the temperature decreases. Almost all alloys 
of the type considered have shown record high strengths in the hot­
worked condition. A sequence of hot-working of this type is almost 

I 
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certainly responsible. The experiments carried out in this investiga­
tion were not so complete as would be desirable. It appears, however, 
that the wor king schedule must meet the following requirements: 

(a) The reductions must all either be below the amounts causing 
recrystallization or, if recrystallization occurs at the higher tempera­
tures , be carried down to temperatures where recrystallization ceases. 

(b) Probably many small reductions at small temperature intervals 
are most effective . 

The falling - temperature - small- reduction principle appears to have 
cons iderable importance for high strength at 1,200° F. Strengths equal 
to or in excess of those normally obtained only by hot-cold-work in the 
range of 1,200° to 1 , 400° F can be produced with finishing temperatures 
in excess of 1,800° F . For example: 

Rupture properties at 1,200° F 

Working conditions 100 hr 1,000 hr 

Strength, Elongation, Strength, Elongation, 
psi percent psi percent 

Reduced 25 percent at 
2, 200° F plus 15 percent 
at 1,800° F 61,000 

Reduced 10 percent at 
2,200°, 2, 000°, 1 , 800°, 
and 1 , 600° F 60,000 

Solution treated at 
2,050° F, 2 hr, water 
quenched, and reduced 
15 percent at 1,200° F 56,000 

Solution treated at 
2,200° F, 1 hr, water 
quenched, and reduced 
15 percent at 1,200° F 54,000 

5 48,000 6 

20 48,000 18 

4 50,000 4 

1 52,000 5 

Apparently, many small reductions at frequent temperature intervals are 
the key to high ductility in rupture tests in combination with high 
strength. 

In addition to the major generalities of the results , there were a 
number of additional important features of the data of a somewhat more 
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detailed nature relating to properties in the hot-worked condition after 
isothermal working: 

(1) Maxinrum rupture strength at 1 , 2000 F was obtained by 15-percent 
reduction at any temperature. There was little effect from increasing 
the reduction beyond 15 percent (fig . 45), except for a loss in strength 
for working at 2,1000 F. 

(2) The temperature of working had a considerable influence on the 
level of rupture strength at 1,2000 F (figs. 7 and 45). Relatively high 
rupture strengths, in excess of 50,000 and 40,000 psi for 100 and 
1,000 hours, required working below 2,1000 F. 

(3) The hot-worked condition generally yielded rupture strengths 
at 1,2000 F higher than can be obtained by heat treatment alone. Only 
exposure to 2,1000 F and large reductions at 2,1000 F gave lower strengths 
(fig. 45). In most cases, heat treatment reduced rupture strength at 

o 1,200 F. 

(4) The control of rupture strengths at 1,5000 F for the hot-worked 
condition is mostly dependent on the degree of reduction (figs 7 and 46) 
and only slightly dependent on the temperature of working. Specific 
reductions dependent on the temperature of working (fig. 8) are required 
for maximum strength with large reductions being detrimental. It is 
noteworthy that a reduction of 7 percent at 2,2000 F yielded as high a 
rupture strength at 1,5000 F as could be obtained by any other condi­
tions of working investigated. Lowering the temperature of working 
(fig . 46) generally resulted in less falloff in the rupture strength 
at 1,5000 F for more than optimum reductions . 

(5) It appears that high elongation and reduction of area in rup ­
ture tests at 1,2000 F were dependent on large reductions from 1,8000 

to 2,0000 F. (See figs. 9 through 14 . ) High-temperature working with 
recrystallization also increased ductility . 

(6) Elongation and reduction of area in rupture tests at 1,5000 F 
were very sensitive to degree of reduction. (See figs. 9 through 14.) 
Heating to the working temperatures alone greatly increased their values 
for 100 hours. However, they could be reduced to very low values by 
increasing amounts of reduct i on . High values are obtained only when 
working is carried out at essentially constant temperature if the tem­
peratures are in excess of 2, 0000 F or if the reductions are very small. 

(7) Creep resistance in low- stress tests is apparently more sensi ­
tive to degree of reduction thau is rupture strength. (Cf. figs. 16 
and 18 with figs. 45 and 46 .) At 1,2000 F, a good deal of the sensi­
tivity to temperatures of working observed in rupture tests is retained 
(fig. 16) . Low strengths are particularly to be expected for large 
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reductions above 2,0000 F . At 1 , 5000 F, the creep resistance was more 
sensitive to degree of reduction (fig . 18) with an indication that large 
reduct i ons below 2,0000 F might be particularly damaging. 

(8) The reduction for maximum creep resistance under low stresses 
is less than that for maximum rupture strength (fig. 19). 

(9) Repeated small reductions to low temperatures with reheats to 
below 2,0000 F can lead to very low strengths . Apparently, this is the 
source of low strength in sheet when low reheat temperatures are used 
to reduce scaling and help preserve a good surface . For the alloy 
studied, reheat temperatures of 2,0000 to 2,2000 F for 1/2 hour were 
adequate to give relatively high strengths. 

(10) Recrystallization during working without further working at a 
lower temperature leads to low hardness and low strength. 

(11) The alloy studied was subject to extensive precipitation during 
working i n the temperature range of 1 , 6000 to 2,0000 F. Apparently, 
this is a major source of the excess constituents so frequently observed 
in the microstructure of alloys of this type. It apparently can lead to 
low long- time rupture strengths at 1,2000 F and probably is related to 
other strength effects . 

Mechani sms of Strengthening and Weakening by Hot -Working 

The results of this investigation mainly provide a basis for 
hypothesis to explain the observed influences of hot-working conditions 
on the creep- rupture properties of the alloy. Apparently, both strength­
ening and weakening occur during working, as evidenced by the increases 
and then decreases in strength as the amount of reduction was increased. 
The relative effects vary with stress and temperature of testing. It 
appears that strai n -hardening is a major factor involved in strength­
ening, although this is probably an incomplete simplification. The 
suggestion is made that weakening mainly arises from a recovery type of 
process during working, exhibiting itself as recrystallization during 
working at the higher temperatures. When recrystallization does not 
actually occur, the damage arises from the same structural alterations 
as those which induce recrystallization to occur at higher temperatures. 
In addit i on, there are other effects from the precipitation during 
working at 1,6000 to 2,0000 F , and during testing . 

Strengthening during workin .- The correlations of hardness to rup­
ture and creep strength figs . 7 through 50) show that there were 
reasonably close relationships between hardness and rupture strengths 
at 1,2000 F. When the stress was reduced to 25,000 psi at 1,2000 F, the 
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resulting creep rates did not correlate so well. The strengths at 
1,5000 F were little influenced by hardness . It is recognized that 
hardness is an imperfect indicator of strain-hardening. The corre­
lation at 1,2000 F for high- stress - rupture tests, however, seems 
fairly good evidence that, when creep is largely a slip process under 
relatively low temperature rapid creep conditions, strain-hardening is 
a major controlling factor . As the creep rate is reduced and the test 
temperature increased so that the cr eep process becomes more what can 
be somewhat loosely termed "viscous" in nature, strain-hardening becomes 
less effective and the correlation breaks down. 

Weakening during working .- The appearance of recrystallization 
seems definitely to limit strengthening from working. The evidence at 
1,2000 F for rupture strength is not entirely clear on this point. 
Maximum rupture strength upon working at 2,1000 F occurred for 15-percent 
reduction, whereas recrystallization started at 10 percent and was rea­
sonably complete at 15 percent. It will be noted, however, that this 
was the only case where rupture strengths fell off with further reduc­
tion (fig . 45) and it may be necessary to obtain complete recrystalli­
zation before weakening occurs. strengths did not increase with reduc­
tion at 2,2000 F, presumably because of continuous recrystallization. 
Continuous recrystallization during working first at 2,2000 and then at 
2,0000 F was also accompanied by low strength. The appearance of 
recrystallization during closed-pass rolling to a reduction of 65 per­
cent at 1,8000 F did not result in much reduction of rupture strength 
at 1,2000 F, probably because it was incomplete. 

Recrystallization is a recovery process from lattice strain. It 
appears first in the grain boundaries. Larger reductions result in its 
initiation within grains. The suggestion is therefore made that the 
same structural alterations which lead to recrystallization also lower 
resistance to creep as it becomes more a function of grain-boundary 
conditions (lower creep rates and higher temperatures) and probably 
accumulate damage within the crystals. Because actual recrystallization 
apparently causes damage, it may well be that some sort of similar proc­
ess such as subgrain formation occurs in the absence of recrystallization. 
The damage component seems to be accumulative because rupture strengths 
at 1,5000 F and low-stress creep resistance at both 1,2000 and 1,5000 F 
are increasingly reduced as reductions are increased past the optimum. 
Secondly, it appears at smaller reductions as the creep stress is reduced 
and the test temperature increased (fig. 19), as would be expected from 
the theory. 

In fact, because of the analogy of the increasing damage from 
increasing reduction as creep becomes more viscous in nature, there is 
reason to suspect that a major source of damage may be the nonslip or 
viscous flow so long identified with rapid plastic deformation by 
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experimenter s . Certainly plastic deformation is nonhomogeneous in 
polycrystalline aggregates and gives evidence of both slip and nonslip 
processes . 

Detailed experimental results related to mechani sm.- The optimum 
reduction for maximum rupture strength at 1,2000 F was constant at 
15 percent . This suggests that the damage component begins to predom­
inate at this reduction regardless of the temperature of working. There 
is , in fact, considerable reason to believe that 15-percent reduction 
gives near- optimum strength for temperatures of reduction as low as 
1 , 0000 F when stock is initially solution treated at 2,2000 F (ref. 1). 
Apparently, the hardness can continue to increase with further reduction 
in the absence of recrystallization, but the rupture strength does not. 
This results in the - strengths no longer correlating with hardness 
(figs . 47(a) and 47(b)) when the material is worked at 1,8000 and 1,6000 F 
and probably at lower temperatures. In reference 2, it was shown that 
correlati on with i nternal strain broke down for creep resistance at 
1,2000 F under 50, OOO-psi stress when a reduction of 40 percent was used 
at 760 F . It now seems , however, that this breakdown was due to exces­
s ive deformation rather than to recovery during testing as originally 
proposed . 

To account for the observed behavior, it seems necessary to pos­
tulate that only strain- hardeni ng accumulated with reductions up to 
15 percent at any temperature is effective before the damage component 
prevents further strengthening from increasing strain-hardening. It 
would certainly be easier to explain this if sub grain formation con­
trolled rupture strength and was largely dependent on degree of reduc­
tion and independent of temperature of working . This explanation would 
seem to r equire a rupture strength independent of the temperature of 
working . Actually, this is not far from the facts. In figure 51 rup­
ture data for reductions of 15 percent down to 1,0000 F have been added 
to those from this investigation for material initially solution treated 
at 2,2000 F . There is remarkably little variation in strength for 
reductions between 1 , 0000 and 2, 0000 F and this can be accounted for in 
terms of the precipitation reaction between 1 , 6000 and 2,0000 F. 

The maximum rupture strengths at 1,5000 F were constant (fig . 8) 
regardless of the temperature of reduction. Again, the data suggest 
that a recrystallization type of subgrain mechanism controls. In this 
case, however, it is necessary t o have the amount of reduction to 
obtain the optimum structure decrease with increasing temperature of 
working . If this is not the case , then there must be a complex inter­
relationshi p between COld-work, recrystallization, precipitation during 
working , precipitation and agglomerat i on during testing , and the mech­
anisms of creep and rupture leading to uniformity of rupture strength . 
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Precipitation during hot-worki'ng.- The rupture data were replotted 
(fig. 52) in terms of change in rupture strength for varying reductions. 
This §ave quite uniform changes in strength for a given reduction at 
1)200 F which were independent of the temperature of reduction except 
at 2,2000 F. There was little change at 1,5000 F where strengths 
originally had been mainly a function only of degree of reduction. 

The sensitivity of rupture strength at 1,2000 F to temperature of 
reduction was therefore mainly due to effects of heating to the working 
temperature. In particular, the low strength of material worked at 
2,1000 F seems to be due to exposure to that temperature and not the 
effect of reduction. The results of reduction at the other temperatures 
were also brought closer together. The only suggested explanation 
involves some influence on the precipitation which is only microscopi­
cally evident after working at lower temperatures. The low strength 
after working at 2,2000 F seems to be due to the fact that continuous 
recrystallization prevented strengthening either through the restric­
tion of strain-hardening or the development of unfavorable grain 
structures. 

The drop in maximum rupture strengths for 1,000 hours at 1,2000 F 
from working at 1)6000 to 2,0000 F (fig. 51) seems related to the pre­
cipitation during hot-working. This precipitate also induced extensive 
further preCipitation during testing at 1)2000 F. Both effect] would 
be expected to have little effect on short-time rupture strength but 
would be expected to lower long-time strength (ref. 3). 

The precipitation effects could account for the falloff in strength 
at 1,2000 F for the observed hardness after working at 1)6000 and 1,8000 F 
(figs. 47(a) and 47(b)). Previous work (ref. 3) had shown that during 
aging hardness can increase but strength decrease. The evidence) how­
ever, seems more in favor of the main influence being the changes in 
structure as controlled by working. This seems to be supported by the 
lack of evidence of a precipitation effect on low-stress creep where 
precipitation would be expected to be more influential in reducing 
strength than it is in rupture tests. 

Precipitation seemed to have little effect at 1,5000 F. It is 
presumed that this was due to the fact that precipitation and agglom­
eration during testing were so rapid and extensive that prior precipi­
tation had little influence on properties. 

In view of the improvement in the relation between rupture strength 
at 1,2000 F and amount of reduction resulting from the use of changes 
in rupture strength, the data were replotted using changes in hardness 
rather than actual hardness. This considerably widened the scatter 
over that shown by figures 48 through 50. It was concluded that actual 
hardness was a better measure of strength than changes in hardness. 
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The changes i n hardness due to heating to the working temperature 
(fig . 20) were apparently related to the strengths. 

Ductility i n rupture tests .- The data suggest that the same mecha­
ni sm which leads to weakening i n most cases leads to increa~ed elonga­
tion and reduction of area in the rupture tests. This seems to be par­
ticularly true for recrystallization . There are details in the ductility 
relationships which do not appear to fit into this mechanism. However, 
the factors which control amount of deformation before fracture are not 
understood and the deviations are therefore difficult to explain. 

The most difficult factors to explain are the pronounced increases 
in elongat i on at 1 , 5000 F for 100 hours resulting from simply heating 
to the worki ng temper atures (fig. 14) and the pronounced decreases with 
increasing reduction at both 100 and 1,000 hours. These results 
strongly suggest some influence from the precipitation reaction. The 
reductions for maximum strength seem to bear little, if any, relation 
to the reductions for minimum elongation. There must be some complex 
effects of working which change the initiation of cracking and fracture. 
Apparently, when the recovery processes during working become suffi­
ciently extensive, ductility is restored. 

Hot -working with decreasing ternperature.- The major change intro­
duced by working on a falling - temperature range was an apparent increase 
in the amount of hardening from worki ng first at 2,2000 and then at 1,8000 

or 1, 6000 F . Not only was the hardness higher than would have been 
anticipated from isothermal data, but the rupture strengths at 1,2000 F 
were accordingly higher (figs . 47(a) and 47(b)). The hardness values 
after worki ng at 2,0000 or 1 , 8000 and then at 1,6000 F were near to the 
incremental additive effects estimated from isothermal data at the two 
temperatures . The same was true for reductions of 10 percent at 2, 2000

, 

2,0000 , 1,8000 , and 1,6000 F . The material worked first at 2,2000 and 
then at 2,0000 F had low hardness because of continuous recrystalliza­
tion at b oth temperatures . The rupture strengths at 1,2000 F of mate­
rial worked at 2,0000 and 1 , 6000 F and those given the reductions of 
10 percent were also high and i n accord with their hardness. Thus, the 
procedure also allowed the development of high strength and high hard­
ness with large total reduction . This was not quite so true for working 
first at 1 , 8000 and then at 1 , 6000 F . The continuously recrystallized 
material from working at 2, 2000 and 2,0000 F had. strength in accord 
with its hardness. 

All of these factors point to an increase in the low-temperature 
strengtheni ng mechani sm during working without an increase in the 
weakening effect. The cause i s not clear from the data . The material 
worked f i rst at 2, 2000 F may have been simply made more susceptibl~ to 
strain- hardening for a given reduction at lower temperatures. Reduction 
of grain s i ze with a corresponding increase in the grain-boundary area 
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to be moved to obtain a given degree of damage could be involved. The 
suppression of precipitation during working at 1,8000 and 1,6000 F may 
have been involved. The high strengths of the material worked without 
recrystallization suggest that a stable structure was developed by the 
high-temperature working which could be given further limited reductions 
at lower temperatures without increasing the damage. 

The improvement in strength for low-stress creep (fig. 48(b)) was 
less than that for rupture strength, as would be expected. The strengths 
at 1,5000 F were generally more nearly in accord with those obtained by 
a total reduction of 40 percent (figs. 33, 35, 49, and 50) than with 
those obtained by any additive effect of strengthening without increasing 
damage. Apparently, insofar as strength at 1,5000 F is concerned, the 
weakening component involved in the amount of reduction was not inhibited 
nearly so much as that for 1,2000 F by working on a falling-temperature 
range. 

Cyclic heating and working.- When the samples were prepared by 
heating and working repeatedly at 1,5000 F and at 1,8000, 2,0000 , or 
2,2000 F, there was opportunity for a number of complicated reactions 
to occur. Precipitation and agglomeration were extensive when the top 
temperature was 1,8000 F. Presumably, extensive precipitation took 
place particularly at 1,8000 F. When the top temperature was 2,0000 F, 
the opportunity for precipitation at the top temperatures was reduced. 
Presumably, there was no preCipitation at 2,2000 F and the 0Eportunity 
for nearly complete solution of precipitates formed at 1,500 F. Like­
wise, the opportunity for recovery from prior working was present during 
the 1/2-hour heating periods at the upper temperature. 

If it is assumed that the 1/2 hour at 2,2000 F give the opportunity 
for nearly complete solution and recovery from prior working, then the 
properties ought to be close to those arising from reductions of 5 per­
cent at 2,2000 F plus 5 percent at 1,5000 F. Data are not available 
for working at 1,5000 F. However, estimates based on available data 
from this investigation and reference 1 indicate that the hardness and 
properties are close to those which might be anticipated on this basis. 
Moreover, they are generally in accord with the hardness correlations 
of figures 47 through 50. The 3ame is true for an upper temperature 
of 2,0000 F. 

The material worked between 1,8000 and 1,5000 F, however, had both 
low strength and low hardness. Moreover, the properties were low on 
the basis of the hardness correlations (figs. 47 through 50). It is 
presumed that the combination of extensive precipitation and agglomera­
tion during working at 1,8000 and 1,5000 F combined with recovery 
effects at 1,8000 F and the damage of extensive reduction at low temper­
tures all contributed to low strength. 
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The r e covery from the damage of extensive deformation when 2,0000 

or 2, 2000 F was the top temperature would seem to be the major factor. 

Effects of Reheating During Working 

The r ole of reheats was gi ven very little attention in this inves­
tigation . The i ndications wer e , although it was not proven, that the 
brief 5-minute reheats used had little influence on the accumulative 
effects of continued reduction by isothermal hot -working with reheats. 
On the other hand, solution treatments of 2 hours at 2,0500 or of 1 hour 
at 2, 2000 F apparently erased prior history effects . The assumption, 
therefore , is that, in pract i ce , reheats will have effects in between 
these extremes depending on t he time and temperature. Sufficiently 
long times and hi gh temperatures for the metallurgical reactions to 
attain completion will i ntr oduce materials with uniform initial proper­
ties and structures . On the other hand, too short times and low tem­
peratures to permit stab ili zati on o:f t:p.e structure will introduce mate­
rials with varied initial properties and structures on which additional 
working will be superimposed . This would presumably alter the degree­
of- reduction effects as set forth in this investigation. 

The material cyclically rolled between 1,8000 and 1,5000 F (table X) 
gave every indication that 1 / 2 hour at 1,8000 F was not removing prior 
history effects . On the other hand, the materials cyclically rolled 
between 2,0000 or 2,2000 F and 1,5000 F had properties fairly close to 
those which might be anticipated for solution- treated material reduced 
5 percent at those temperatures and then given a 5-percent reduction 
at 1,5000 F . Thus , the 1/2 hour at the higher temperatures may have 
quite effectively eliminated any influence from the prior cycle . 

Response to Heat Treatment 

The results from this investigation indicate that response to heat 
treatment is virtually independent of prior working conditions for 
heat - treating temperatures i n the range of 2,0500 to 2,2000 F. That is, 
quite uniform response at either 2,0500 or 2,2000 F was obtained, 
although the properties were different after each treatment. These data 
are proof that the damage component from working is not permanent and 
can be removed by heat treatment . 

This leaves a question as to the cause of the variations in proper­
ties observed in practice for speci:fi c treatments . The suggestion is 
that they are due to unidentified heat -to-heat vari ations . Before this 
suggestion is accepted, however , checks should be made for cases where 
actual differences are observed to make sure that there are not condi­
tions of worki ng in practice which can introduce variable response . 
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Treatment at 2,2000 F was found to eliminate differences observed 
between two heats during a previous investigation (refs. 1 and 6). One 
heat tended to have substantially higher strengths at 1,2000 F when the 
material was heat treated at 2,0500 F and then hot-cold-worked. This 
is reflected in figure 51 for heat 30276 . More extensive data in ref­
erence 6 showed that the material from heat 30276 had substantially 
lower strength at the higher temperatures and longer time periods when 
it was initially treated below 2,2000 F. Moreover, there were exten­
sive structural changes which did not occur in heat A-1726, the material 
used £or the present investigation. There is no clear evidence as to 
whether the difference between the heats was due to differences in prior 
history or to heat -to-heat differences. Since a treatment at 2,2000 F 
seemed to eliminate the difference between the two heats, the tendency 
is to suspect prior history as the major factor. This, however, has 
not been established. The available comparative data are presented in 
table XIX and, with the exception noted, show remarkable agreement con~ 
sidering the possible variations i n treatment and testing. It will be 
noted that, insofar as heat A-1726 is concerned, the original stock 
heat treated only at 2,0500 F had similar properties to those of the 
material initially treated at 2,2000 F and then rerolled before heat 
treatment at 2,0500 F in this investigation. 

Heat treatment would be expected to dissolve precipitates and allow 
their diffusion for chemical uniformity. In addition, recovery from 
straining effects would be expected either by recrystallization or by 
annealing without recrystallization. From the results obtained in this 
investigation, it appears that 2 hours at 2,0500 F is a somewhat mar­
ginal condition for these reactions to take place. The variations were 
somewhat more than seems attributable to testing variables. This fact 
together with the variations in strength for the same treatment observed 
in references 1 and 6 between heats leads to some question as to the 
completeness of the metallurgical reactions in 2 hours at 2,0500 F after 
all conditions of working . 

The absence of any apparent effects from reheating during isother­
mal working indicates that response to heat treatment is sensitive to 
time at temperature during heat treatment. Evidently, the 5-minute 
reheats were too brief to allow much change when the working was being 
carried out at or close to the reheat temperature. On the other hand, 
the 1/2-hour periods at the upper temperatures of 2,0000 and 2,2000 F 
during cyclic working apparently were very effective, whereas the treat­
ment at 1,8000 F was not . It is apparent that as the temperature and 
time of heat treatment are increased prior history variations will have 
less effect on the response to treatment. Apparently, complete inde­
pendence from all such effects requires treatment at higher temperatures 
than 2,0500 F for 2 hours , whereas there are conditions which can be 
eliminated by 1/2 hour at temperatures as low as 2,0000 F . 

~~~---.. ~--------------
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There are working conditions which lead to abnormal grain growth. 
It is recognized that under these conditions the response to heat treat­
ment will not be independent of prior history regardless of treatment 
condition . 

It should be noted that the elongations in rupture tests were more 
variable than the strengths . In particular, higher elongations at 
1,2000 F were obtained after a 2,2000 F solution treatment than were 
obtained from the original stock. 

General Observations 

The relationships between hardness and properties in figures 47 
through 50 clearly demonstrate the reasons for the inadequacy of hardness 
for predicting properties at high temperatures . Large reductions at 
essentially constant temperature or repeated reductions with reheats to 
low temperatures too short in duration t o allow recovery and solution 
lead to low strength in relation to the hardness. Furthermore, if a 
heat treatment is used which does not effectively remove effects of 
prior history (or allows unidentified heat-to-heat differences to exert 
an effect), there will be abnormal variations in the relationship 
between hardness and strength. For instance, the material from 
heat 30276 (refs . 1 and 6) had high rupture strength at 1,2000 F in rela­
tion to its hardness (fig . 51) and low strength at 1,5000 F (table XIX) in 
comparison with the material used for the present investigation. 

No direct relationship between grain size and properties was 
observed. Recrystallization during working was frequently accompanied 
by low strength. It is doubtful, however, that grain size in itself 
was nearly so much a factor as were strain-hardening, recovery effects, 
and possible structural alterations or precipitation effects accompanying 
the deformation. 

The high-temperature precipitation accompanying exposure to or 
working in the temperature range of 1, 6000 to 2,0000 F had not previously 
been observed . It certainly is the source of the extensive precipitates 
frequently observed in hot-worked products . There is good evidence that 
this precipitate is detrimental to longer time strengths at 1,2000 F and 
that its effect was a maximum from working at 1,8000 F. Precipitation 
during working was also accompanied by increased precipitation during 
testing at 1 , 2000 F. This as well as the original precipitation during 
working could have contributed to the decreased long-time strength. 
Most of the data suggested that the very extensive precipitation and 
agglomeration during testing at 1,5000 F overshadowed any effects from 
prior precipitation. It must, however, be admitted that there were 
certain cases where a modification of precipitation effects by working 
would have been a convenient way to explain the results at 1,5000 F. 

J 
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This was particularly true for the relatively high strengths at 1,5000 F 
of the materials worked at 1,6000 F and the large reductions possible 
at 1,6000 F without much loss in strength. 

The reasons for or the significance of the sensitivity of the 
lattice parameters to cooling rate are not understood. Likewise, their 
variation with temperature and degree of reduction is not clear. There 
does not appear to be an obvious reason for the observed effect of cooling 
rate. The variation in parameters with conditions of working does not 
seem to be explainable on the basis of ordinary solution and preCipita­
tion of odd-sized atoms or in terms of the influence of the working on 
the crystal structure of' the grains. Lattice-parameter variations were, 
however, so large that they do raise a question as to the presence of 
unidentified metallurgical reactions which could be having more effect 
on properties than now seems evident. Certainly the results could not 
be used to estimate solubility of alloying elements as was originally 
intended. 

The observation that diffraction lines were too diffuse for accurate 
parameter measurements after all reductions at 1,6000 F and after inter­
mediate reductions at 1,8000 F suggests that the degree of reduction 
must not be the same at all temperatures. The sharpening of the lines 
for large reductions supports a recovery-type mechani sm for weakening 
in the absence of visible recrystallization. Certainly there were corre­
sponding hardness levels at 1,6000 F where lattice parameters could be 
measured for equivalent hardness values after working at the higher 
temperatures. This seems to be additional evidence that the plastic­
flow mechanism during working could be understood better. 

Limitations of Results 

The use of experimental material which had been drastically reduced 
by hot-working is the most serious limitation on the generality of the 
results . The possible undetected influence of unknown prior history 
effects cannot be ruled out. So far as could be determined, the 2,2000 F 
treatment was effective in minimizing any influence from prior history . 
Certainly, it could be expected that, even with a 2,2000 F treatment, 
prior working which did not eliminate cast structures would influence the 
response to working. 

In practical hot-working such high-temperature treatments as that 
at 2,2000 F may not be applied as part of the normal practice. This 
could lead to retention of the effects of prior working and to different 
properties than would be predicted from the results of this investigation. 
It would seem that the heating for working must effectively eliminate 
prior history effects if the properties are to be predictable . The study 
of the response to heat treatment suggests that this would be the case 

----- - ----- - ---~----
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for temperatures as low as 2 ,0500 F. However, ther e are cases where the 
same properties wer e not obtained between heats (refs. 1 and 6 ) with a 
2,0500 F treatment . It must be concluded that heating for working to 
temperatures of 2,0500 F and be l ow may result in variable r esponse to 
hot - work. Experience with the alloy has not, however, as yet discl osed 
cases where a 2, 2000 F treatment did not give quite reproducible 
properties . 

Although the limitations i ntroduced by the method and conditions 
of working are uncertain, the general principles should remain the same. 
It is diffi cult , however, to foresee the effects of more rapid and 
l arger reductions during rolling, the difference between r olling and 
hammer- forging, the i nfluence of constraint of dies, and so forth. The 
surprisingly l i ttle difference between open- and closed-pass r olling 
suggests that such factors may be minor. Only when closed-pass r olling 
induced recrystallization for a 65-percent reduction, whereas it was 
absent during open-pass rolling, was the difference s i gnificant . 

The conditions of working on a falling-temperature range investi­
gated were extremely limited. It now appears that this would be a fer­
tile field for further experimentation to cover mor e ranges of reduc­
tions and temperatures of reduction . It is suspected that still higher 
strengths than those observed at both 1,2000 and 1, 5000 F would be 
developed as well as more conditions leading to low strength. Further­
mor e , the mechani sm involved ought to b e clearer. Also, there is rea­
son to suspect that working rapidly enough to cause an increase in tem­
perature might b e very damaging to strengths. 

In this invest i gat i on, reasonably uniform working throughout the 
cross secti ons was obtained . In actual practice, there may be consid­
erable variation in the metal movement within a given cross section . 
This should lead to variable properties across the section in the hot ­
worked condition . The properties at each individual point should, how­
ever, b e in accordance with the degree of metal movement as i ndicated 
by this investigation . Also, all test s in this investigation were 
carried out on samples taken from the bars in the direction of rolling. 
There mayor may not be s i gnificant differences in properties for bars 
in other directions in r elation to the direction of working . 

It i s believed that the general principles observed apply to all 
alloys of the same general metallurgical type. This would include 
practically all of the high- temperature alloys , except those dependent 
on the age -hardening derived from alumi num plus titanium. The amounts 
and temperatures of reduction for increases or decreases in strength 
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would be expected to vary depending on relative strai n-hardening and 
recovery characteristics during working , as well as on individual struc­
tural stability characteristics during testing. 

The observations recorded in the section "Results" regarding the 
influence of working conditions on the extent and duration of the var i ­
ous stages of creep were not extensively evaluated. They could have 
pronounced effects on the time to attain limited amounts of creep and 
thereby be as important as the other properties more extensively 
examined . 

CONCLUSIONS 

A study was made to determine the influence of various hot-working 
conditions on the high-temperature properties of a heat-resistant alloy 
and the effects of the hot-working on response to subsequent heat treat­
ment . Many of the variations in properties at high temperatures in the 
hot -worked condition for alloys of the type investigated can be predicted 
from the results. Medium to low strengths will result from high rate 
of production processes where large reductions are made at nearly con­
stant high temperatures . Very high strengths at 1,2000 F and relatively 
high strengths at 1,5000 F are characteristic of gradual reductions over 
a decr easing temperature range, probably being responsible for the common 
high strengths of experimental materials. Strengths equal to those char­
acteristic of hot-cold- worki ng at 1 , 2000 F can be obtained by such pro­
cedures with finishing temperatures as high as 1,8000 F. Repeated 
working with abnormally low reheat temperatures is one cause of very 
low strengths. 

These general explanations of characteristic properties for hot ­
worked products are based on the following sumrnari.zed results: 

1. Strengths increased to maximum values and then remained constant 
or decreased as the amount of reduction at constant temperature was 
increased. optimum reductions generally were no more than 15 percent 
and for long-time creep resistance, were less. Strengths at 1,2000 F 
were sensitive to the temperature of hot -worki ng, tending to decrease 
as temperature increased. Strengths at 1,5000 F were relatively insen­
sitive to temperature of working. Both were dependent on the degree of 
reduction . 

2 . Working over a decreasing-temperature range induced higher 
strengths at 1,2000 F than can be obt ained by working at a constant 
temperature. Strengths at 1,5000 F were not improved very much in rela­
tion to i sothermal reductions of the same degree. Low strengths were 
obtai ned only when recrystallization continued at all temperatures of 
working . 
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3. Repeated working between 1,8000 and 1,5000 F yielded very low 
strengths , while upper temperatures of 2,0000 and 2,2000 F gave quite 
high strengths. 

The data clearly show that hardness is not a reliable indicator of 
strength mainly because hardness can continue to increase while strengths 
are ralling off with more than optimum reduction. 

puctility in the rupture tests, particularly at 1,5000 F, decreased 
and then increased with the amount of reduction and very low values were 
avoided only for the larger reductions above 2,0000 F. 

The metallurgical causes for the observed variations in strength 
and ductility were not definitely established. The data suggest that: 

1. Strain-hardening is a major source of strengthening, although 
other factors are involved. 

2. R~covery effects due to recrystallization or, when the working 
temperature was too low for recrystallization, to the same factors 
which induce recrystallization appeared to limit strengthening and 
cause decreasing ptrength with increasing reduction past the optimum 
amounts. 

3. There were aspects of the falloff in strength for more than 
optimum reduction which suggested the development of sub grain structures 
as a mechanism. The decrease in the amount of reduction for reduced 
strength and the accumulative damage effects for low-stress creep 
suggest that weakening involves a recovery process in the grain-boundary 
regions, as suggested by the fact that recrystallization started first 
in such areas. 

4. Rupt~e strengths at 1,2000 F did not falloff much with more 
than the optimum reduction of 15 percent, suggesting that the damage 
component of working had less influence on the resistance to the more 
uniform crystalline slip processes of creep at relatively low tempera­
tures and high stresses than on the more viscous creep processes at low 
stresses and/or higher temperatures. 

5 . An extensive preCipitation reaction at 1,6000 to 2,0000 F 
appeared to reduce long-time rupture strength at 1,2000 F. This here­
tofore unrecognized precipitation reaction also induced extensive pre­
cipitation during testing at 1,2000 F. Apparently, it had little effect 
at 1,5000 F because of the extensive preCipitation for all conditions 
during testing at that temperature. 

I 
I 
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6. Apparently, some effect of the precipitation reaction was 
involved in the sensitivity of strength at 1,2000 F to the temperature 
of working. This also appeared to be the case for ductility in rupture 
tests at 1,5000 F. 

7. The results, in conjunction with data from other investigations, 
suggest that maximum rupture strength at 1,2000 F for working at constant 
temperature occurs at a reduction of 15 percent regardless of the tem­
perature of working from room temperature to 2,1000 F. Secondly, there 
is reason to believe that, if the precipitation at 1,6000 to 2,0000 F 
did not influence strength, the maximum strengths would be nearly con­
stant. Maximum rupture strengths at 1,5000 F were independent of tem­
perature of working from 1,6000 to 2,2000 F but did not occur at constant 
reduction. 

8. Working over a falling-temperature range permitted an increase 
in the amount of hardening and strengthening at 1,2000 F for a given 
degree of reduction at the finishing temperature when recrystallization 
occurred at the higher working temperatures. If reductions were kept 
small at all temperatures so that recrystallization did not occur, the 
strengthening at 1,2000 F, from limited reduction, appeared to become 
additive. The weakening component appeared to remain constant as a 
function of degree' of reduction. 

Very uniform responses to heat treatment were observed in this 
investigation regardless of the conditions of hot-working. It appeared 
that the temperature 2,0500 F was marginal, with no apparent effect at 
2,2000 F. Brief reheats during isothermal working to maintain tempera­
ture did not appear to induce any changes. A reheat of 1/2 hour at 
2,0000 F after limited reduction at both 2,0000 and 1,5000 F appeared 
to eliminate the effects of prior working. This suggests that reheats 
range in their effectiveness depending on whether the temperature and 
time at temperature are sufficient for the metallurgical reactions to 
reach completion. 

An unexplained high degree of sensitivity of lattice parameters to 
conditions of hot-working and to cooling rate was observed. 

There are a number of limitations to the results imposed by the 
limitations of the experimental investigation. The experimental 1l)B.terial 
was extensively hot-worked and then solution treated at 2,2000 F prior 
to working for this investigation. Rather few data for working over a 
falling-temperature range were obtained. Little study of reheat effects 
was done. The limitation of the test material to one alloy also raises 
a question as to the generality of the results. Because hot-working was 
limited to rolling, further proof of the validity of expressing the 
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results in terms of amount of reduction would b e desirable even though 
there was little difference between the results for open- and closed­
pass rolling. 

University of Michigan} 
Ann Arbor} Mich.} May 20} 1955 . 
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APPENDIX 

PROCESSING OF LOW-CARBON N-155 7/B-INCH BROKEN-CORNER SQUARE 

BAR STOCK FROM HEAT A-172~a 

An ingot was hammer cogged and then rolled to bar stock under the 
following conditions: 

(1) Hammer cogged to 13-inch- square bilet 
Furnace temperature, 2,210° to 2,220° F 
Three heats - Starting temperature on die, 

Finish temperature on die, 

(2) Hammer cogged to lot - inch- square pillet 

Furnace temperature, 2,200° to 2,220° F 
Three heats - Starting temperature on die, 

Finish temperature on die, 

(3) Hammer cogged to 7-inch- square billet 
Furnace temperature, 2,200° to 2,220° F 
Three heats - Starting temperature on die, 

Finish temperature on die, 

Billets ground to remove surface defects 

( 4- ) Hammer cogged to 4-inch- square billet 
Furnace temperature, 2,190° to 2,210° F 
Three heats - Starting temperature on die, 

Finish temperature on die, 

Billets ground to remove surface defects 

(5) tiammer cogged to 2-inch- square billet 
Furnace temperature, 2,180° to 2,210° F 
Three heats - Starting temperature on die, 

Finish te~erature on die, 

Billets ground to remove surface defects 

2,050° 2,070° F to 
1,B300 to l,B700 F 

2,050° to 2,070° F 
1,790° to 1,BOOo F 

2,050° 2,070° F to 
1,790° to l,B900 F 

2,04-0° to 2,060° F 
1,680° to 1,BBoo F 

2,050° to 2,065° F 
1,730° to 1,B700 F 

(6) Rolled from 2-inch-square billet to 7/B-inch broken-corner square 
bar - one heat 

Furnace temperature, 2,100° to 2,110° F 
Bar temperature start of rolling, 2,050° to 2,060° F 
Bar temperature finish of rolling, 1,910° F 

aReported by the manufacturer. 

--------~- - --- ~------ ---
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(7) Bars are numbered 1 through 56; bar 1 represents the extreme bottom 

of i ngot and bar 56) the extr eme top position 

All billets were kept in number sequence throughout all processing) 

so that ingot position of any bar can be determined by its number 

(8) All bars were cooled on the bed and no anneal or stress relief was 

applied after rolling 
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TABLEr 

RUPTURE AND CREEP TEST RESllL'l'S NJ! 1, 2000 AND 1, 5000 F FOR BAR STOCK ROLLED ISCfrllERMALLY 

BE'NEEN 1 , 6000 AND 2, 2000 F IN OPEN PASSES 

[Time for creep tests is dura.tion of test and not rupture tim.~ 

NACA TN 3727 

Tested at 1,2000 F Tested at 1 , 5OQO F 

Reduction, percent In1.tlal. Rupture Reduction M1.n1.mum Initial Rupture Red.uction Min1mum 
stress , time , Rupture elongation, of area, creep rate, stress, t ime , Rupture elongation, of area, creep rate, 

o 

5 

10 

15 

25 

40 

o 

10 

15 

25 

40 

psi hr percent in ~ in. percent percent/hr psi hr percent in 1 in . percent percent/hr 

52,000 29 
45, 000 179 
41 , 000 377 
25 , 000 (1, 002) 

55, 000 
48, 000 
40, 000 
25, 000 

28 
113 
598 

(1,054) 

55, 000 54 
43 ,000 503 
25, 000 (1,007) 

55 , 000 
50, 000 
48 , 000 
25, 000 
25, 000 

:;8,000 
50,000 
43, 000 
25, 000 

134 
272 
664 

(1,099) 
(996) 

72 
172 
990 

(1,053) 

55, 000 100 
45 ,000 390 
25, 000 (1,007) 

50, 000 
40,000 
37, 000 
25, 000 

50, 000 
48 ,000 
38, 500 
25, 000 

50, 000 
42 , 000 
38, 000 
25, 000 

55, 000 
50 , 000 . 
48 , 000 
45,000 
25, 000 
25,000 

50, 000 
48, 000 
"7 , 000 
45, 000 
25, 000 

54, 000 
50, 000 
47, 000 
44,000 
25, 000 

55 , 000 
45,000 
40,000 
25, 000 

44 
352 

1, 499 
(997) 

90 
137 
881 

(1,008) 

118 
331 
895 

(1, 000) 

76 
205 
268 
893 

(1,186) 
(1,008) 

90 
253 
136 
534 

(1,030) 

83 
233 
415 
532 

(1,006) 

41 
325 
762 

(1, 005) 

1 I 
(Creep teat 1 

~ I 
(Creep teat) 

3 
2 I 
'iUl' 
(Creep teat) 
(creep t eat) 

~ I 
(Creep test) 

4 
4 I 

(Creep teat) -- I --

5 
6 
8 

13 
~Creep teat) 

f"' '"" (Creep teat) 

6 
7 
9 
5 

~eep teT 

(Creep t est) 

ROlled at 1,6000 F 

15 
12 
10 

8 
10 

8 
8 

4 
3 
7 

4 
6 

4 
4 

0.022 
.012 
.00036 

.15 

.0035 

.000035 

.015 

.003 

.000048 

.01 

.045 

.0015 

.0001 

.0001 

.005 

.00076 

.00012 

.013 

. 005 

.00012 

Rolled at 1, 800° F 

9 
8 

23 

10 
6 

14 

8 
9 

13 

6 
8 

10 
14 

2 
6 
3 
6 

6 
9 
7 
6 

22 
22 
20 

0 .1 
·0095 
.006 
.0007 

.054 

.03 

.0055 

.000095 

.019 

.007 

.0024 

.00004 

.055 

.021 

.017 

.0045 

.00006 

.00006 

.008 

.0052 

.0044 

.000088 

.04 

. 0075 

.0047 

.0044 

.0002 

. 2 

.02 

.008 

.00026 

18, 000 
]'6,000 
15, 000 
8,000 

22, 000 
]'8,000 
16, 000 
8 , 000 

23, 000 
19,000 
15,000 

23, 000 
20, 000 
18,000 
16,000 
8,000 

25,000 
20,000 
17,000 
8,000 

21, 000 
18,000 
16,000 

8, 000 
8, 000 

85 
322 
324 

(996) 

37 
2ll 
474 

(995) 

75 
221 

]',246 

76 
187 
449 
684 

(994) 

62 
259 
768 

(992) 

88 
251 
423 

(1 ,135) 
(960) 

21,000 33 
16, 000 205 
11,000 975 

8, 000 (1, 052) 

20,000 
16,000 
14, 500 
8,000 

22,000 
17,000 
15, 000 
8, 000 

23, 000 
20, 000 
18,000 
16, 000 

25, 000 
23, 000 
21 , 000 
19,000 
16, 000 

8, 000 

20, 000 
16, 000 
13, 000 
12, 000 

8, 000 

18, 000 
11,000 

8, 000 

47 
343 
979 

(994) 

38 
343 

>1,076 
(1, 006) 

62 
185 
378 

>9B9 

29 
61 

115 
230 
470 

(1,063) 

78 
323 
382 
626 

(1,033) 

37 
254 
730 

32 
27 
20 

]'4 
14 
II 

6 
(Creep test) 

1~ I 
~ireep ter 

(Creep te at ) 
(Creep teat) 

~ I 
ireep 

ter 

(creep teat) 

42 I 
19 
(TUrned off) 
(Creep teat) 

37 I 31 
11 
(TUrned off) 

19 
10 
8 

12 
5 

r'Ul 
(creep teat) 

30 
18 
20 

38 
56 
56 

26 
42 
42 

26 
25 
31 

22 
27 
20 
8 

4 
7 

11 

11 
6 
4 

44 
56 
22 

31 
48 
40 

47 
27 

40 
36 
18 

23 
9 

13 
9 
4 

4 
5 
2 
4 

7 
15 

5 

0 .085 
.02 
.00015 

0 . 2 
.02 
.0075 
.00007 

.4 
·009 
.0024 

.013 

.0085 

.003 

.00003 

.043 

. 004 

.00006 

.0075 

.0028 

.00022 

. 00019 

0 .15 
.005 
.00029 

.15 

.013 

. OO} 

.000035 

.28 
·009 
.0025 
.0004 

.22 

.038 
·0095 
.0025 

.21 

. 075 

. 018 

. 0055 

.0035 

.0001 

.04 
· 009 
.004 
.003 
. 00045 

.018 

.0028 
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TABLE I . - Continued 

RUPTURE AND CREEP TEST R&SVLTS AT .1,2000 AND 1,..5000 F FOR BAR STOCK ROLLED ISCYl'HERMALLY 

BEl'WEEN 1, 6000 AND 2, 2000 F lJl OPEN PASSES 

Tested at 1 .. 2000 F Test ed at 1 , 5000 F 

47 

Reduction, percent ~;!~ ~i!:,e Rupture elongation, R~U~;!~~ cr=e, ~;!~ R~i!.,,:e Rupture elongation, R~~U~!~~ cr=e, 
p s i hr percent in 1 in . percent pe rcent/hr p s i hr percent in 1 in. percent percent/hr 

o 

10 

15 

25 

40 

65 

o 

5 

10 

15 

25 

40 

52, 000 20 
42, 000 30B 
39 , 000 836 
25 , 000 (1, 002) 

48, 000 19 
43, 000 310 
40, 000 384 
25, 000 (1, 009) 

50, 000 40 
45, 000 17J. 
42, 000 600 
25, 000 (1,149) 

55, 000 
52, 000 
50, 000 
45, 000 
25, 000 
25, 000 

52, 000 
50, 000 
48, 000 
45, 000 
25, 000 

52, 000 
50, 000 
44,000 
25, 000 

50, 000 
25, 000 

45, 000 
38, 000 
32, 000 
25 , 000 

45 , 000 
40, 000 
37,000 
25, 000 

45, 000 
43, 000 
40, 000 
25, 000 

45, 000 
43 , 000 
40, 000 
25, 000 

50, 000 
45, 000 

66 
151 
7J.9 
949 

(1 ,197) 
(1 , 000) 

86 
185 
348 
967 

(1, 001) 

69 
183 

1,786 
(1,008) 

3ll 
(1, 038) 

24 
106 

>1,]22 
(1, 038) 

45 
210 

1, 095 
(999) 

86 
378 
840 

(1, 005) 

67 
180 
959 

(994) 

60 
270 

25 , 000 (1, 007) 

49, 000 
45, 000 
40,000 
38, 000 
25,000 

10 
109 
394 

1,032 
(1, 000) 

Rolled at 2,0000 F 

6 
6 

12 
16 
(Creep test ) 

~-~r 
(Creep teot) 

21 
15 
19 
(Creep teot) 

~ I 
~~eep ter 

10 
12 
13 

13 
II 
U 

9 
7 

6 
8 

13 
23 

10 
12 
16 
20 

13 
15 
19 

24 

0 .12 
.016 
.008 
.00065 

. 012 

.005 

. 00007 

.016 

.006 

.00005 

.07 

.023 

.0074 
·0049 
.00004 
.00005 

.082 

.026 

.02 

. 0045 

.0001 

.03 

.026 

.00033 

. 02 

.COOl3 

ROiled a t 2 J 100° F 

~ 1 ~ 
>5 (Turned off) 

~eep ter ~ 

~-l) ~ 
(Creep teot ) 

I 
(Broke in threads) 

8 I 3 
15 15 
(Creep test) 

14 
15 

(Creep teot) 

8 
II 
18 
19 
(Creep test) 

9 
10 

II 
18 
15 

0 .01 
.0023 
.0006 

.014 

.0026 

.0026 

.00021 

.019 

.01 

.0046 

.00015 

.0076 

.0036 

.COOl4 

·025 
.Oll 

·00052 

.065 

.021 

.014 
·00095 

20, 000 
16, 000 
1}, 000 

8, 000 

20, 000 
17,000 
15, 000 
8 , 000 

41 
243 

1 ,171 
(1, 006) 

37 
477 

1 , 014 
(996) 

22, 000 52 
19, 000 341 
17, 000 754 

8, 000 (1, 003) 

24 , 000 
20, 000 
16, 000 
13, 000 
8 , 000 

21, 000 
18, 000 
16, 500 
15, 000 
12,500 

8, 000 

18, 000 
16, 000 
12, 500 
10, 000 

8, 000 

18, 000 
15, 000 
12, 500 

8, 000 

61 
180 
267 
420 
816 

(1, 025) 

62 
197 
341 
816 

(989) 

62 
252 
600 

(1, 002) 

18, 000 74 
15, 000 403 
8, 000 (1, 003) 

20, 000 
17, 000 
15, 000 
8,000 

22, 000 
20, 000 
19, 000 
8 , 000 

23, 000 
20, 000 
18, 000 
17,000 

8 , 000 

86 
378 
766 

(1, 247) 

86 
132 
250 

(1 , 163) 

48 
194 
340 
656 

(1, 146) 

20, 000 64 
16, 000 727 
8 , 000 (1, 003) 

20, 000 
15,000 

8 , 000 

18, 000 
15 , 000 
1.0, 000 

8, 000 

41 
302 

(1,145) 

64 
U4 
648 

(1,150) 

~; I 
32 J 
(Cr eep test) 

~ \ 

~eep ter 

~reep ter 

(=ed off) 
(Creep t est) 

15 
10 
5 
2 
6 

~-'T 
;;ree

p 
tes\t) 

13 
(Creep test) 

~ I 

r'"r 
~reep test\) 

18 
(Creep test) 

23 
17 
12 
10 I 
(Creep test) 

2IJ I 
(Creep test) 

is I 
~reep ter 

~:reep tes,) 

32 
49 
39 

42 
29 
26 

23 
16 
10 

35 
II 

3 

19 
13 
5 
4 
6 

24 
9 

12 
8 

26 
24 
II 

43 
48 

38 
36 
23 

42 
39 
25 

32 
23 
22 
16 

26 
7 

42 
20 

43 
48 
35 

0 . 6 
.045 
.0035 
.00012 

.14 

.01 

.0035 

.000045 

.15 

.Oll 

.006 

.00006 

. 2 

.019 

.0043 

.00035 

.00065 

.1 

.0056 

.004 

. 0023 

.00013 

.016 

.0085 

.0016 
·00055 

.15 

.0043 

.00036 

0 .015 
.0001 

.14 

.Oll 

.0026 

.00006 

. 045 

.00008 

.015 

.005 

.0028 

.000046 

·09 
.0038 
.00015 

.025 

.00014 

. 035 

.0044 

.0007 

_J 
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TABLE 1. - Concl.uded 

RUPl'URE AND CREEP TEST RESULTS AT 1, 2000 AND 1, 5000 F FCR BAR STOCK ROLLED ISOTHERMALLY 

BENEEN ~, 600° AND 2 , 200° F IN OPEN PA5SES 

NACA TN 3727 

Reduction, percent stress , time, Rupture elongati on, of area, creep rate , stress time Rupture el ongation, of area creep rate 
Initial Rupture Reduction Minimum Initial Rupture ' IReduct1on M.1.n1mum. 

psi br percent 1.0 1. in . percent percent/hr PSi ' hI" percent in 1 in . percent' br J 

o 

3 

7 

10 

12 

15 

18 

20 

25 

40 

50, 000 
45, 000 
40, 000 
35,000 
25, 000 

45 , 000 
40, 000 
38, 000 
25,000 

50, 000 
40, 000 
25, 000 

50, 000 
42, 000 
35, 000 
25, 000 

45 , 000 
40, 000 
37, 000 

48, 000 
45, 000 
40, 000 
35 , 000 
25, 000 

45 , 000 
40, 000 
38 , 000 
25, 000 

38 
III 
238 

>1,800 
(998) 

36 
305 

1,101 
(983) 

37 
366 

16 
98 

>1,816 
(1,008) 

46 
238 

1, 172 

12 
110 
158 

>1, 314 
(1, 174) 

34 
336 
816 

(1, 010) 

25, 000 (1, 008) 

48 , 000 
45, 000 
40, 000 
35, 000 
25 , 000 

45, 000 
42,000 
40, 000 
25 , 000 
25, 000 

50 
94 

365 
1 , 340 

(1,619) 

47 
241 
881 

(1, 000) 
(1, 003) 

LJ 
12 

5 
6 

~rep tel 

~reep teT 

(Turned orr) 
(Creep test) 

7 
7 
8 

10 
8 
8 

>8(Turned off) 
(Creep test) 

J I 
(Cr eep test) 

-- I 
(Creep test) 

9 
6 
7 
5 

:;ree
p 

t est I ) 
14 
(Creep test) 
(Creep t est) 

Rolled at 2,2OQo F 

18 
11 

6 

19 
9 

14 
12 
13 

5 
8 
6 

11 
6 

11 

10 
10 
10 

4 

11 
12 
15 

0.04 
.011 
. 0052 
. 002 
. 00022 

.0031 

.00035 

.00016 

.004 

.00018 

.0052 

.0017 

.0002 

·005 
.0029 

. 015 

.0045 

.0027 

.00038 

.007 

.0058 

.0004 

.0005 

.028 

.022 

.0074 

. 0027 

. 00055 

.07 

.022 

.0092 

.00064 

.00065 

19, 000 
17, 000 
14, 000 
8,000 

84 
196 

1 , 417 
(1 , 000) 

20, 000 61 
16, 000 552 

8, 000 (1, 007 ) 

22,000 78 
20, 000 137 
19, 000 181 
17, 000 434 

8, 000 (992) 

22, 000 66 
20, 000 164 
18,000 454 

8, 000 (998) 

21,000 99 
18, 000 392 
16,500 981 
8, 000 (1,134) 

20, 000 
17, 000 
8, 000 

19,000 
17, 000 
16, 000 
13, 000 
8,000 

18, 000 
16, 000 
15, 000 

8, 000 

77 
664 

(993) 

45 
174 
227 

>1,143 
(1, 007) 

63 
206 
512 

(1, 016) 

17, 000 248 
8, 000 (1,140) 

18,000 
15, 500 
14, 000 

8, 000 
7, 000 

18, 000 
15, 000 
12, 500 
8, 000 
8, 000 

17,000 
15, 000 
12, 000 
8, 000 

84 
252 
633 

(1,200) 
(938) 

86 
255 
518 

(1,136) 
(1, 068) 

128 
278 

1, 137 
(1, 009 ) 

~ I 
:~reep teT 

~-'''1' 
sree

p 
teT 

~eep teT 

(Creep test) 

~ I iireep 

tel 

(Turned off) 

~eep ter 
(Creep test) 

23 I 
(Creep test) 

56 I 35 
48 
(Creep test) 
(Creep test) 

~ I 
(Creep test) 
(Creep test) 

49 I 41 
20 
(Creep test) 

25 
18 
23 

30 
36 

30 
17 
22 
19 

29 
39 
24 

28 
28 
16 

18 
44 
43 

49 
37 
30 

36 

50 
41 
39 

41 
40 
40 

34 
45 
32 

0 .12 
. 027 
.0035 
.00005 

. 011 

.000048 

.019 

.012 

.0035 

.00006 

.025 

.012 

.00008 

. 016 

.008 

.005 

. 00011 

.11 

. 0001 

.07 

.075 

. 0032 

. 000125 

. 00012 

.00014 

. 26 

.045 

.03 

.00072 

. 00013 

.16 

.05 

. 022 

.0009B 

.00088 

. 032 

. 007 

. 0004 



NACA TN 3727 

TABLE II 

SUMMARY OF RUPruRE AND CREEP PROPERTlE3 Nr 1,2000 AND 1, 5000 F FOR BAR STOCK ROLLEP ISOTHERMALLY 

BE'NEEN 1,6000 AND 2, 2000 F IN OPEN PASSES 

Tested at 1, 21)(l° F Tested at 1, 5000 F 

Reduction, Interpolated Interpolated 
Rupture rupture rupture percent strengths, elongati on, Minimum creep rate J 

Rupt ure 
elongat i on, Minimum creep rate, 

psi percent per cent/hr strengths , 
percent percent jhr 

in 1 in. 
1'81 

in 1 in. 

100 hr 1,000 hr 100 hr 1 , 000 hr 50, 000 p81 25, 000 ps i 100 hr 1 , 000 hr 100 hr 1,000 hr 15, 000 ps i 8, 000 ps i 

Rolled at 1, 6000 F 

0 47, 500 a37, 500 9 ~ 4, 500 x 1.0-5 35 x 1.0-5 1.7,000 a1.4, 500 49 --- 4, 500 x 10-5 1.5 x 1.0-5 
5 48, 000 38, 500 5 8 2,000 3 . ) 19, 500 ~4, 5OO 37 ~ 500 7 

10 50, 000 40, 000 3 3 1, 000 4.8 21., 500 15, 500 30 20 250 8 
15 57,000 43, 000 5 5 450 10 22, 500 15, 500 14 6 200 3 
25 55, 500 43, 000 3 5 500 12 23,000 16, 500 5 6 200 6 
40 55, 000 a44, ooo 4 84 800 12 2O,m aI4, 500 12 sa 750 22 

-
ROiled at 1,8000 F 

_ . 
0 46, 000 37,000 10 20 10, 000 70 17,500 11, 000 57 26 8, 500 29 
5 49, 000 38, 000 10 9 5, 500 9 ·5 18, 500 13, we 55 23 800 3 .5 

10 50,000 37, 500 8 20 2, 200 4 19,500 15, 500 40 15 250 4 
15 53, 000 45, 000 6 15 1,700 6 21. , 500 16, 000 35 a§ 150 ------------
25 50, 000 44, 000 4 9 1 , 000 9 21.,000 814, 500 10 200 8 
40 52, 000 43,000 6 5 750 20 18, 500 11, 000 4 7 1 , 000 45 
65 50, 000 40, 000 20 23 800 26 1.4, 000 7,500 25 20 13, 000 280 

Rolled at 2,0000 F 

0 45, 500 38, 000 10 14 9, 000 65 18, 000 13, 000 60 }2 2,000 12 
5 45,000 a39,000 6 sa 6, 000 7 19, 000 15, 500 35 19 350 4.5 

10 47, 000 40, 000 5 12 2,800 5 21.,000 16,500 20 9 350 9 
15 53, 500 47, 000 6 16 2, 000 4 22,000 14, 500 17 5 300 6.5 
25 51, 500 45, 000 9 11 3, 000 10 19, 500 12, 000 12 6 400 13 
40 51,000 45, 000 2C) 19 3, 500 33 16, 500 10, 000 17 9 1 , 200 55 
65 ------ ------ -- --- 2, 000 12 17,000 11,000 22 15 1,400 36 

Rolled at 2,100° F 

0 38,500 33, 000 5 -- 7, 000 60 1.7, 500 813, 500 40 835 1,500 10 
5 43, 000 37, 000 6 12 4, 000 21. 19,500 15, 500 35 20 500 6 

10 44, 500 39,500 11 11 3, 500 15 21.,000 816, 000 30 ~5 500 8 
12 45, 000 40, 000 9 15 3, 000 14 21., 000 15, 500 22 10 300 ------------
15 48,000 841, 000 13 ~5 2,300 ----------- 19,000 15, 500 20 6 600 15 
25 ------ ------- -- --- --- -- ---- - --- 55 17,500 813,000 25 810 ------------- 13 
40 44, 000 38,000 11 17 12,000 95 16, 000 9, 000 50 25 3,500 70 

Rolled at 2,2000 F 

0 45 , 000 , 7,500 5 7 3, 300 22 18,500 14,500 18 25 800 5 
3 ------ ------- -- --- ------ ----------- 19, 000 15,000 35 41 600 4.8 
5 42, 500 38,000 8 6 1,700 16 20, 500 815, 500 25 813 250 6 
7 44, 000 836, 500 8 --- - ---- ----------- 21.,000 817,000 24 a12 300 8 

10 42, 000 37, 000 7 5 2, 000 20 21.,000 16, 500 21. 12 350 11 
12 42,500 37, 500 7 8 ------ ----------- 19,500 16, 000 23 10 1, 000 10 
15 43, 000 38, 000 9 12 2,500 38 17, 500 14, 000 19 10 2, 000 12.5 
18 42, 500 38, 000 7 19 2, 800 40 17,000 14, 000 24 15 ------------- 12 
20 --- - - - ------- -- --- ------ 50 18, 000 ------ -- --- ------------- 14 
25 44, 000 38, 000 6 6 1,, 000 55 17,500 13,000 40 3p 4, 500 7 
40 1,3, 500 39,500 9 15 40, 000 65 17, 500 11,500 44 32 7, 000 91, 
65 ------ ------- -- --- ------ ---------- 17, 500 12, 500 50 35 3,800 40 

"Extrapolated. 



L 

Reduction, percent 

15 

25 

65 (usi ng square 
and oval 
passes) 

15 

25 

TABLE III 

RUPl'URE AND CREEP Tm'IS IDSULTS Nr 1, 2000 AND 1, 5000 F FOR BAR STOCK ROLLED ISCJrHERMALIif 

AT 1, 8000 OR 2,0000 F IN CLOSED PASSES 

[Time for cr eep te st s is duration of test and not rupture tim~ 

Tested at 1,2000 F 

Illi tial I Rupture 
str ess, time, IRupture elongat i on, 

psi br percent in 1 in. 

55, 000 
50, 000 
25, 000 

50, 000 
48, 000 
45, 000 
25 , 000 

52, 000 
45,000 
40, 000 
25, 000 

52, 000 
48 ,000 
25,000 

55 , 000 
50, 000 
48 , 000 
25,000 

61 
151 

(1,025) 

51 
141 
464 

(1,030) 

24 
238 
467 

(999) 

60 
302 

(1 , 030) 

54 
342 
738 

(1 ,001) 

6 
4 
(Creep test) 

4 
7 

10 
(Creep test') 

23 
17 
22 

(Creep test) 

1~ T 
(Creep test) 

15 
15 
14 

(Cr eep test) 

Reauction I 1·11nimUlll 
of area, creep rate , 
percent percent/hr 

Rolled at 1,8000 F 

8 
6 

6 
4 
6 

33 
32 
28 

0 .05 
.016 
.00004 

. 012 

.0053 

.00006 

.02 

.032 

. 011 

.00045 

Rolled at 2, 0000 F 

7 
10 

10 
14 
12 

0.02 
.000045 

. 022 

.027 

. Oli 

.000075 

Tested at 1, 5000 F 

Initial I Rupture 
stress , time, I Rupture el ongation, 

ps i hr percent in 1 in . 

23,000 
20, 000 
18, 000 
8, 000 

24,000 
21, 000 
17,000 
8, 000 

14,000 
8, 000 
6, 000 

20,000 
18, 000 
16, 000 
8, 000 

23, 000 
20, 000 
16, 000 
8, 000 

38 
226 
354 

(1, 001) 

22 
158 
423 

(1,001) 

31 
238 
806 

172 
248 
725 

(1, 005) 

76 
194 
642 

(1, 005) 

36 I 17 
13 

(Creep test) 

li I 
(Cr eep test) 

36 

38 

~ I 
(Creep tes,;) 

~ I 
(Creep test) 

Reduction I Minimum 
of area, cr eep rate , 
percent per centjhr 

29 
12 
20 

6 
25 
8 

41 

31 

6 
4 
6 

10 
9 
2 

0 . 040 
. 012 
.007 
. 00003 

. 02 

.009 

. 005 

. 00005 

. 024 

. 0065 

0 . 03 
. 008 
. 007 
. 00006 

. 022 

. 008 

. 002 

. 00008 

\Jl 
o 

s; 
Q 

:x> 

~ 
VI 
-..;J 
f\) 

-..;J 



Reduction, per cent Rupture strengths , 
psi 

100 hr 1 , 000 hr 

15 53, 000 a45 , 000 

25 49, 500 a44, 000 

65 (using square 48, 000 a39, 000 
and oval 
passes) 

15 52, 000 a 46, 000 

25 53, 000 46, 000 

aExtl·apolated. 

TABLE IV 

SlJM.IARY OF RUPl'URE AND CREEP PROPERTIES Kr 1 , 2000 AND 1 , 5000 F FOR 

BAR STOCK ROILED ISOTHERMALLY AT 1 , 8000 F 

OR 2, 0000 F IN CIDSED PASSES 

Tested at 1 , 2000 F Tested at 1, 5000 F 

Interpolated rupture M1n:Lmum cr eep rate , Rupture str engths, Interpolated rupture M1n:Lmum creep rate , elongation, percent percent/hr psi elongation, percent percent/hr in 1 in . i n 1 in. 

100 hr 1 , 000 hr 50, 000 psi 25 , 000 psi 100 hr 1 , 000 hr 100 hr 1, 000 hr 15, 000 psi 8 , 000 p si 

Rolled at 1 , 8000 F 

5 --- 1, 600 X 10- 5 4 X 10-5 21, 500 a16, 000 25 -- 200 X 10-5 3 X 10-5 

4 --- 1, 200 6 21, 000 a14, 500 12 "5 300 5 

20 a22 13, 000 45 10, 500 5 , 700 36 38 8, 000 2, 400 

Rolled at 2, 0000 F 

6 --- 3,000 4 .5 22, 000 15, 000 5 9 400 6 

15 13 2, 700 7 ·5 21, 000 14, 500 8 5 280 8 
- - '----- - -

"-- --' ---------~ 

~ 
~ 

~ 
\.)J 
-...:] 
f\) 

-...:] 

\Jl 
l-' 
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TABLE V 

BRINELL HARDNESS OF AS-ROLLED BAR STOCK 

(a) Isothermal rolling 

Rolling temperature 
Hardness for reduction, percent, of 

OF 0 3 5 7 10 12 15 18 20 

Open passes 

1,600 214 --- 221 --- 239 --- 255 --- ---
1 ,800 202 --- 226 --- 237 --- 247 --- ---
2, 000 202 --- 215 --- 229 --- 240 --- ---
2,100 195 --- 213 218 221 203 211 --- ---
2,200 184 197 208 209 206 200 185 191 194 

Closed passes 

1 , 800 --- --- --- --- --- --- 243 --- ---
2, 000 --- --- --- --- -- - --- 238 --- ---

(b) Nonisothermal rolling 

Rolling conditions 

25 percent at 2, 200° F plus 15 percent at 2,000° F 
25 percent at 2,200° F plus 15 percent at 1,8000 F 
15 percent at 2,200° F plus 25 percent at 1,800° F 
25 percent at 2,200° F plus 15 percent at 1,600° F 
10 percent each at 2,200° , 2,000°, 1,800°, and 1,600° F 
25 percent at 2,000° F plus 15 percent at 1,600° F 

25 

270 
259 
245 
214 
198 

263 
249 

25 ~ercent at 1,800° F plus 15 ~ercent at 1,600° F 
Heat to 1 , 800° F, 1/2 hr, roll 5 percent, cool to 1,500° F, 

roll 5 percent, hold 2 hr, reheat to 1,800° F. Repeat 
cycle 3 more times. 

Heat to 2,000° F, 1/2 hr, roll 5 ~ercent , cool to 1,500° F, 
roll 5 percent, hold 2 hr, r eheat to 2,000° F. Repeat 
cycle 3 more times. 

Heat to 2, 200° F, 1/2 hr , roll 5 percent, cool to 1,500° F, 
r oll 5 percent , hold 2 hr , reheat t o 2,200° Fo Repeat 
cycle 3 more times. 

-
40 65 

292 ---
276 284 
240 251 
210 ---
202 194 

--- 251 
--- ---

Brinell 
hardness 

221 
272 
273 
278 
274 
283 
283 
253 

248 

248 

I 
I 

_____ J 
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TABLE VI 

VARIATIONS IN LATTICE PAR.AMm'ER 

[Unless specif i ed otherwise, specimens were air cool ed and measurement s wer e made on 
surfaces transverse t o r olling direction] 

(a) Influence of amount and temperature of reduction 

Reduct ion, percent Lattice paramet er, 

Rolled at 1, 600° F 

0 

Rolled at 1,8000 F 

0 
0 
5 

10 
40 
40 

Rolled at 2, 0000 F 

0 
0 
5 

10 
15 
18 

a18 
b18 

25 
31 

b35 
35 
40 
40 
65 

Rolled at 2,1000 F 

0 
3 
5 
5 
7 
9 

11 
12 
12 
15 
25 
40 

a45° to rolling direction . 
b900 to rolling direction . 

3 .5874 

3.5890 
3.5886 
3.5877 
3.5869 
3 .5891 
3.5887 

3. 5889 
3.5889 
3.5878 
3.5870 
3.5866 
3.5869 
3.5867 
3. 5871 
3 .5868 
3.5870 
3.5893 
3.5890 
3.5906 
3.5895 
3.5900 

3.5894 
3.5864 
3.5863 
3.5865 
3.5870 
3.5879 
3.5887 
3. 5880 
3. 5883 
3.5892 
3.5890 
3.5880 

-. ----- - -- - - ~---~-

A 

53 

I 

I 

I 
I 
I 

I 

I 

I 
I 

I 

I 

I 
I 

I 

I 

__ J 
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TABLE VI. - Concluded 

V ABIATIONS IN IJdTICE P AMMETER 

(a) Influence of amount and temperature of reduction - Concluded 

Reduction, percent Lattice parameter, A 

Rolled at 2, 2000 F 

0 3.5900 
3 3.588.4-
3 3.5878 
~ 2 3.5860 

~ 2 
3.5866 

6 3.5862 
6 3.5871 
7 3.5881 
7 3.5881 

11 3.5890 
11 3.5891 
15 3.5880 
15 3.5875 
20 3.5880 
25 3.5888 
40 3.5901 
40 3.5895 

(b ) Influence of cooling rate from reheat temperature 

[Specimens heated. to indicated temperature, 1/2 hour, and water quenched] 

Reheat t emperature, ~ Lattice parameter, A 

1, 625 3.5837 
1,825 3.5844 
2,025 3.5847 
2,225 3.5883 

(c) Influence of cooling rate from 2,0250 F 

[Specimens heated to 2, 0250 F , 1/2 hour, and cooled as indicated] 

Method of cooling Lattice parameter, A 

Oil quenched 3.5848 
Cooled in vermiculite 3.5854 
Furnace cool ed 3.5834 

I 
J 



TABLE VII 

RUPTURE AND CREEP RESULTS AT 1, 2000 F AND 1 , 5000 F FOR BAR STOCK ROLLED 

OVER CONTROLLED TEMPERATURE RANGES 

@rime for creep t est s i s durat i on of test and not rupture t~ 

Test ed at 1 , 2000 F Test ed at 1, 5000 F 

Rolling conditions Initial Rupture Reduction Min:Imum Initial Rupture 
stress , time, Rupture elongat i on, of area, creep rate, stress , time, Rupture elongation, 

ps i br percent in 1 in. percent per cent/br psi br percent in 1 in . 

Rolled 25 percent at 2, 2000 F 50, 000 60 (Piece missing ) 0. 094 20, 000 58 52 
plus 15 percent at 2, 0000 F 47, 000 78 10 

I 
6 .055 16, 000 143 22 

42, 000 230 8 9 .017 12, 000 751 2l 
38, 000 1, 377 24 18 .0055 ------ ------- --
25, 000 (1, 124) (Creep t est) .00058 ----- - ------- --

Rolled 25 percent at 2, 2000 F 60, 000 155 5 

I 
5 .017 20, 000 90 8 

plus 15 percent at 1, 8000 F 55, 000 273 5 6 .014 16, 000 350 11 
50, 000 724 6 9 .0025 8, 280 (736) (Creep te st) 
25, 000 (1,175 ) (Cr eep t est) .00005 8, 000 (1, 079 ) (Creep test) 

Roll ed 15 percent at 2, 2000 F 60, 000 91 5 8 .05 19, 000 151 5 
plus 25 percent at 1 , 8000 F 55, 000 277 8 9 .011 16, 000 514 4 

50, 000 420 4 9 .003 14, 000 542 7 
47, 000 1, 410 8 9 .0025 12, 500 867 7 
45, 000 1, 866 5 7 .0018 8, 000 (1, 146) (Creep te st ) 
25, 000 (1, 008 ) (Creep test) .000024 ------ ------- --

Rolled 25 percent at 2, 2OQO F 60, 000 121 ~ I 2 -------- 23, 000 7 19 
plus 15 percent at 1, 6000 F 55, 000 318 11 .0076 19, 000 179 12 

25, 000 (1, 068 ) (Cr eep t est) .000047 14,000 659 5 

Rolled 10 percent each at 60, 000 106 20 

I 
22 .019 23, 000 112 27 

o 2 0 8000 50, 000 736 25 16 .0015 20, 000 231 7 2, 200 , 6000 , 1, , 
and 1, 600 F 48, 000 1, 091 18 27 . 0026 16, 000 914 6 

25, 000 (1 , 155) ~creep t est ) .00006 8, 000 (1 , 075) (Cr eep test) 
25, 000 (1 , 146) Creep t est ) .00008 - - - - - - ------- --

Rolle1 25 percent at 2, 2000 F 60, 000 101 10 I 14 ------- - 2l , OOO 73 3 
plus 15 percent at 1 , 6000 F 53, 000 391 19 19 . 0061 18, 000 315 9 

25, 000 (1,178) (Creep t est ) .000075 16, 000 416 7 
------ ------- --

I 
-- -------- 8, 000 (994) (Creep t e st ) 

Rolled 25 percent at 1, 8000 F 60, 000 40 5 9 -------- 20, 000 113 5 I plus 15 percent at 1, 6000 F 50, 000 343 4 5 .0041 17, 000 310 2 
25, 000 (1, 004 ) (Cr eep t est ) .00005 8, 000 (994) (Creep test) 

Reduction 
of area, 
percent 

33 
36 
2l 
--
--
6 

11 

5 
8 
5 
6 

--
14 

9 
5 

14 
7 
5 

--
4 
3 
2 

9 
6 

Minimum 
creep rate } 
per cent/hr 

0 .36 
.054 

==~== I 

.058 

.01 

.00035 

.000185 

----- ---
--------

.006 

.0015 

.00024 
------ - -

.12 

. 018 

.005 

.038 

.017 

. 0019 

.000035 
- - ------

------- -
. 0058 

----- ---
.0001 

.04 

.012 

.00004 

~ » 
~ 
\.>J 
--.1 
f\) 

--.1 

\J1 
\J1 



Rolling conditi ons 

Rolled 25 per cent at 2, 2000 F 
plus 15 per cent at 2, 000° F 

Rolled 25 pe rcent at 2 , 2000 F 
plus 15 percent at 1 , 8000 F 

Rolled 15 pe rcent at 2 , 2000 F 
plus 25 ? e r cent at 1 , 8000 F 

Rolled 25 per cent at 2, 2000 F 
plus 15 pe rcent at 1, 6000 F 

Rolled 10 percent each at 2 b 2000
, 

2, 0000 , 1 , 800°, and 1 , 600 F 

Rolled 25 pe rcent at 2, 0000 F 
plus 15 percent at 1 , 6000 F 

Rolled 25 percent at 1 , 8000 F 
plus 15 per cent at 1 , 6000 F 

aExtrapo1ated . 

TABLE VIII 

SUMI-IARY OF RUPl'URE AND CREEP PROPERTn:s NJ' 1, 2000 AND 1,5000 F FOR BAR STeCK ROLLED 

OVER CONTROLLED TEMPERATURE RANGES 

Test ed at 1 , 2000 F Test ed at 1,5000 F 

Rupture strengths 
Interpolated rupture Hinimum creep rate, Rupture strengths , 

Interpol ated rupt ure Minimum cr eep rate ) 
p si 

elongation} percent percent/hr ps i 
elongation, percent 

per cent/hr 
in 1 in . in 1 in . 

100 hr 1 , 000 hr 100 hr 1 , 000 hr 50, 000 ps i 25 , 000 ps i 100 hr 1 , 000 hr 100 hr 1 , 000 hr 15, 000 ps i 8 , 000 p s i 

47, 000 39 , 000 10 20 9 , 200 X 10- 5 58 X 10- 5 17,500 11,500 30 20 3 , 500 X 10- 5 ------ -----

61, 000 48, 000 5 6 550 5 19, 500 a13,500 15 -- 1 , 000 18 . 5 X 10- 5 

60, 000 48, 000 5 8 400 2 . 4 20, 000 13,000 5 5 600 24 

61, 000 a49 , 5OO 3 a3 600 4 . 7 21 , 500 13, 500 19 5 700 -----------

60, 000 48, 000 20 18 550 6 23, 500 16, 000 28 16 230 5 

60 , 000 a49, 000 10 -- 450 7 . 5 20, 500 a15 , 000 3 a, 240 10 

55 , 000 a46, ooo 5 -- 410 5 20, 000 a14, OOO 5 -- 600 4 

-- - - --- --~ 
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TABLE IX 

RUPl'URE AND CREEP TEST RESUU'S AT 1, 2000 AND 1,5000 F FOR CYCUCALU ROU.ED BAR STOCK 

[Time for creep tests is duration of test and not rupt ure t1m~ 

Tested at 1 , 2000 F Tested at 1 , 5000 F 

Rolling conditions Initlal Rupture Reduction M1n1mum Initlal Rupture Reductlon Minimum 
stress, time, Rupture elongation, of area, creep rate, stress} time , Rupture elongation, of area, creep rate, 

psi hr percent in 1 in . percent percent/br psl hr percent in 1 in . percent percent/hr 

Heat to 1,8000 F, 1/2 hr, roll 5 per- 50, 000 64 44 38 0 . 24 20, 000 26 29 35 -------
cent , cool to 1 , 5000 F , roll 5 per- 45 , 000 157 33 40 .11 17, 000 29 28 26 -------
cent , hold 2 hr , reheat t o 1,8000 F . 37, 000 540 30 40 . 011 8, 000 479 10 10 0 . 0115 
Repeat cycle 4 times . 25, 000 (1, 086) (Creep test) . 00073 ------ ----- - - -- -- - - - - - --

Beat to 2, 0000 F , 1/2 hr , roll 5 per- 55,000 108 
18 .J 18 0 .1 22, 000 62 16 26 0 .11 

cent J cool to 1,500° F) roil 5 per - 50,000 396 13 17 . 015 18, 000 271 10 9 .0078 
cent, hold 2 hr, reheat to 2 , 000° F . 45 , 000 797 16 22 . 0056 15, 000 784 3 2 .0025 
Repeat cycle 4 times . 25, 000 (1,080) (Creep test) . 000078 8, 000 (870) (Cr eep t est) . 00018 

Beat to 2, 2000 F, 1/2 hr , roll 5 per- 55 , 000 187 
16 .J 22 0 . 045 22, 000 62 ~ I 37 0 . 053 

cent, cool to 1 , 500° F , roll 5 per- 50,000 258 11 16 . 016 18, 000 324 27 . 0098 
cent, hold 2 hr, reheat to 2, 2000 F. 45 , 000 712 19 19 . 011 15, 000 1 , 028 14 12 .0084 
Repeat cycle 4 times . 25 , 000 (1, 087) (Creep tes~) . 000056 8 , 000 (1, 151 ) (Cr eep test,) .00007 

TABLE X 

SUMMARY OF RUPl'URE AND CREEP PROPERTIES AT 1,2OQO AND 1 , 5000 F FOR CYCLICAlLY ROLIED BAR STOCK 

Tested at 1 , 2000 F Tested at 1,5000 F 

Rupture strengths, 
Interpolated rupture 

Ninimum cre% rate) Rupture strengths J 
Interpolated rupture 

Minimum cre~ rate, Rolling conditlons elongation, percent elongation, percent 
psi in 1 in . percent hr psi in 1 in . percent hr 

100 hr 1 , 000 hr 100 hr 1,000 hr 50, 000 psi 25, 000 psi 100 hr 1,000 hr 100 hr 1 , 000 hr 15,000 psi 8 , 000 psi 

Heat to 1,8000 F, 1/2 hr, roll 5 per- 47,000 34,500 40 ;0 24 , 000 x 10- 5 730 x 10-5 12,800 6,500 20 10 - ---- - -- - - 1,150 x 10- 5 
cent, cool to 1,5000 F, roll 5 per-
cent , hold 2 hr, reheat to 1,8000 F. 
Repeat cycle 4 times. 

Heat to 2, 0000 F , 1/2 hr, roll 5 per-
cent , cool to 1,.5000 F, roll 5 per-

55,500 44,000 18 15 1,500 7·8 20,000 14, 500 12 5 250 x 10- 5 18 

cent, hold 2 hr, reheat to 2 , 0000 F . 
Repeat cycle 4 times. 

Beat to 2,2000 F, 1/2 hr , roll 5 per- 57, 500 44,000 20 20 2, 000 5 . 6 21,000 15,000 25 14 440 7 
cent, cool to 1,5000 F, roll 5 per-
cent, hold 2 hr, reheat to 2,0000 F. 
Repeat cycle 4 times . 
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TAllLE XI 

RUPTURE AND CREEP TEST RESULTS P{J! 1, 2000 F FOR BAR STOCK ROu.ED AS INDICATED AND THEN SOImION TREATED 

AT 2, 2000 F, 1 HOUR, AND WATER QUENCHED 

~ime for creep tests is duration of test and not rupture time] 

Rupture strengths, Interpolated rupture 
Minimum creep rate, Initial Rupture Rupture elongation, Reduction MinilIIum ps i elongation, percent per cent/hr Rolling conditions st ress , time , of area, creep rate , in 1 in. 

psi hr percent in 1 in . percent percent/hr 100 hr 1 , 000 hr 100 hr 1 , 000 hr 50,000 psi 25 , 000 psi 

15 percent at 1 , 8000 F 50, 000 17 11 16 ---- -- - 45, 000 40, 000 8 12 ------------ --- ------
45 , 000 89 8 15 -- ----- ------ ------- -- -- ------------ ------ - --
40,000 1,062 12 16 ------- - ----- ------'- -- -- ------------ ------- --

25 percent at 1,8000 F 48, 000 41 12 14 ------- 45, 500 39, 000 12 10 ------------ ---------
40, 000 792 10 10 0 .005 ------ --- - --- - - -- ------------ ---------

65 percent at 1,8000 F 45, 000 82 13 8 ------- ------ ------- -- -- --------- --- 38-~-~~:5 42, 000 133 10 12 .0052 42, 000 37, 000 10 6 1,400 X 10-5 
37, 000 936 6 10 . 0035 ------ ------- -- -- ------------ - --------
25, 000 (1, 003) (Creep test) . 00038 ------ ------- -- -- ------------ --- ------

15 percent at 2,0000 F 45, 000 86 12 I 10 0 .07 44 , 500 38 , 500 12 5 ------------ 34 
40, 000 534 7 8 - ------
25,000 (1,046) (Creep test) . 00034 

65 percent at 2, 0000 F 45, 000 47 
I 

(Broke in threads) ------- ------ ------- -- -- ------------ 35 
25, 000 (1, 001) (Creep test) . 00035 

15 percent at 2,2000 F 45,000 29 11 18 ------- 43, 000 a38, 500 10 a6 ------------ ---------
40, 000 439 6 7 -------

25 percent at 2,2000 F 45, 000 81 9 18 0 .015 44 , 000 --- ---- 9 -- ------------ ---------
40, 000 266 7 11 -------

aE>ctrapolated. 
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TABLE XII 

RUPTURE AND CREEP TEST RESULTS M 1,5000 F FOR BAR STOCK ROLLED AS INDICATED AND THEN SOLl1rION TREATED 

M 2, 2000 F, 1 HOUR, AND WATER QUENCHED 

Rupture strengths , 
I nt erpolated rupture 

Minimum creep rate , Initial Rupture Reduct i on Minimum elongation, percent 
Rolling condi t i ons stress, time, Rupt ure el ongation , of area , creep rat e, psi in 1 in. per cent/hr 

psi hr percent in 1 i n . percent percent/hr 
100 hr 1, 000 hr 100 hr 1, 000 hr 15, 000 psi 8 , 000 psi 

15 percent at 1, 6000 F 18 , 000 158 48 52 0 .11 18, 500 - .. _---- 48 --- ------------ ---

15 percent at 1, 8000 F 18, 000 108 41 29 ----- 18, 000 ------ - 41 --- ------------ ---
65 percent at 1,8000 F 18, 000 127 51 52 0 .13 18, 500 13 , 000 50 30 ------------ ---

14, 000 637 29 36 - ---- I 

15 percent at 2, 0000 F 18, 000 134 51 50 --- -- 18, 500 - - - ---- -- --- ------------ ---
65 percent at 2,0000 F 18, 000 85 51 49 0 .250 17, 500 a14, 000 50 a45 1, 700 X 10- 5 ---

15, 000 460 55 56 . 017 

15 percent at 2, 2000 F 18, 000 86 47 53 - - --- 17,500 -- - ---- 50 --- ------------ ---
--- --

aExtr9:polated. 
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Rolling conditions 

TABLE XIII 

RUPl'URE AND CREEP TEST RESULTS AT 1 , 200° F FOR BAR STOCK ROILED AS INDI CATED AND THEN SOLUTI ON TREATED 

AT 2 , 200° F, 1 HOUR , WATER QUENCHED, AND AGED AT 1 , 400° F FOR 24 HOURS 

[Time for creep tests is duration of test and not rupture tim~ 

Rupture strengt hs , Interpolated rupture 
Minimum crej1 rate, I nitial R'-lpture 

Rupture elongation, 
Reduction Minimum psi elongati on, percent percent hr stress ) time, of area, creep rate , in 1 in . 

psi hr percent in 1 in . percent percent/hr 
100 hr 1 , 000 lu' 100 hr 1 , 000 hr 50, 000 psi 25 , 000 psi 

25 percent at 1 , 800° F 49 , 000 62 12 11 0 .075 47, 000 39, 000 10 10 9,000 x 10- 5 35 x 10-5 
45 , 000 194 11 12 .032 
40, 000 841 11 13 .0076 
25 , 000 (1 , 036) (Creep test) . 00035 

40 percent at 1 , 800° F 47, 000 116 13 15 . 075 47 , 000 40, 000 12 15 6, 000 43 
45 , 000 238 7 12 . 027 
41, 000 646 2l 2l . 012 
25, 000 (986) (Creep test) . 00043 

25 percent at 2, 000° F 49,000 62 19 13 0 .16 47, 000 a41, 000 20 ~O 7, 000 ---------
45 , 000 268 12 13 . 36 
42, 000 470 12 14 . 017 

40 percent at 2, 000° F 48, 000 145 13 12 .044 49, 000 39, 000 15 10 6, 000 ---------
45 , 000 226 11 12 -------
41 , 000 605 10 12 . 01 

25 percent at 2, 200° F 50, 000 61 11 10 0 .085 48, 000 a38, 000 11 as 8 , 500 36 
47, 000 148 11 9 -------
40, 000 425 8 9 .007 
25 , 000 (1, 007 ) (Creep test) . 00036 

40 percent at 2, 200° F 50, 000 87 -- -- ------- 49, 000 38, 000 10 14 8, 500 ---------
45 , 000 195 8 11 . 035 
40, 000 580 14 14 .016 

15 percent at 2, 200° F 48 , 000 112 9 14 0 . 057 48, 000 40, 000 10 15 5, 000 42 
plus 25 percent at 45, 000 163 11 13 .038 
1 , 800° F 40, 000 1 , 168 20 20 .0052 

25 , 000 (1, 657) (Creep test) .00042 
I --

aExtrapolated . 
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TABLE XIV 

RUPI'URE AND CREEP TEST RESULTS ~ 1 , 500° F FOR BAR STOCK ROllED AS INDICATED AND THEN SOLUTION TREATED 

~ 2,200° F, 1 HOUR, WATER QUENCHED, AND AGED AT 1 , 400° F FOR 24 HOURS 

j!ime for creep tests is duration of test and not rupture time] 

Rupture strengths, 
Interpole.ted rupture 

Minimum cr eep rate, Initial Rupture Reduction Minimum elongat ion, percent 
Rolling conditions stress , time , Rupture elongation , of area, creep rate, psi in 1 in. percent/hr 

psi hr percent in 1 in . percent percent/hr 
100 hr 1,000 hr 100 hr 1,000 hr 15,000 psi 8, 000 psi 

25 percent at 1, 800° F 18,000 llO 29 33 0 .065 18, 000 12, 500 30 12 1,400 x 10-5 10 x 10-5 
15,000 336 25 27 .016 
12,000 1, 254 12 9 .0012 

8, 000 (1,ll8) (Creep test) .0001 
7,000 (986) (Creep test) .00003 

40 percent at 1, 8000 F 18,500 53 22 23 . 220 17, 000 a13,500 23 
a25 2,200 ---------16, 000 241 24 28 .033 

14, 500 449 26 28 .013 

25 percent at 2, 000° F 18, 000 132 22 26 0 .064 18,500 12,500 25 15 2,000 ---------16,000 250 19 22 .038 
12, 500 444 -- -- .0064 
10, 000 >1, 526 (Turned off) . 0002 

40 percent at 2,000° F 19,000 72 34 29 - ------ 18,000 13,000 30 24 2,000 ---------16,000 256 28 31 .028 
13,000 987 24 30 .0075 

25 percent at 2, 200° F 18, 000 109 28 29 O.ll 18,000 13, 000 28 10 1,300 ---------15, 500 278 14 20 .018 
14,000 549 12 17 .006 

40 percent at 2,200° F 18,000 100 30 27 .08 18,000 13,000 30 --- 1,400 ---------15,000 336 27 26 .014 
13, 000 >1, 087 (Turned off) .0034 

25 percent at 2,200° F 18, 000 86 36 39 0 .175 17,500 12,500 35 30 1,500 ---------plus 15 percent at 16,000 225 32 21 . 04 
1 , 800° F 13,000 857 30 19 .004 

aExtrap01ated. 

~ 
:r> 
() 

:r> 

~ 
\..N 
-.::i 
f\) 

-.::i 

g> 



Rolling conditi ons 

15 per cent at 1 , 6000 F 

15 percent at 1 , 8000 F 

25 percent at 1 , 8000 F 

40 percent at 1,8000 F 

65 percent at 1,8000 F 

15 per cent at 2, 0000 F 

25 per cent at 2, 0000 F 

40 percent at 2, 0000 F 
--

aExtrapo1ated . 

'--- - ---

TABLE XV 

RUPl'URE AND CREEP TEST RESlillrS AT 1 , 2000 F FOR BAR STOCK ROUED AS INDICATED AND THEN 

SOLUTION TREATED AT 2, 0500 F, 2 ROURS, AND WATER QUENC1IED 

[jilne for creep test s i s durat ion of t est and not rupture tilneJ 

Rupture strengths , Interpolated rupture 
Init i al Rupture Reduction Minimum psi elongation, percent 
stress , tilne , Rupture elongation, of area, creep r at e , in 1 i n . 

psi br percent in 1 in . per cent percent jhr 100 hr 1 , 000 hr 100 hr 1, 000 hr 

55, 000 16 11 13 ------- 44, 500 38 , 000 11 11 
48, 000 34 11 13 -------
35, 000 >1 , 145 >10 (Turned off ) 0 . 0033 
25, 000 (914) (Cr eep t est ) . 0005 

50, 000 42 8 I 16 ------- 46, 500 a39, 000 10 a10 
42, 000 389 10 15 0 .0l2 
25, 000 (960) (Cr eep t est) . 0004 

50, 000 49 10 I 13 . 04 48, 000 42, 000 10 20 
43 , 000 614 23 16 . 013 
25 , 000 (1 , 170) (Creep test) . 00044 

50, 000 73 17 10 ------- 48 , 500 a38 , 000 15 a10 
42, 000 327 l2 13 . 0165 

50 , 000 27 9 12 ------- 47, 500 ------- 10 ---
45, 000 345 12 11 0 .02 

50, 000 11 7 7 ------- 43, 000 a38 , 000 -- ---
40, 000 329 --- -- 0 .016 
25, 000 (1 ,l24) (Cr eep test ) .00054 

50, 000 14 5 18 ------- ------ ----- -- -- ---
47, 000 26 9 18 -------
45, 000 39 10 16 0 .085 
25, 000 (1, 011 ) (Cr eep t est ) . 0006 

48, 000 44 8 I 14 .11 ------ ------- -- ---
- - --- - -- - -_ .. -

Minimum creep rate , 
percentjhr 

50, 000 psi 25, 000 psi 

2, 800 x 10-5 50 x 10-5 

3,700 40 

4, 000 44 

------------ ---------

------------ ---------

------------ 54 

------------ 60 

------------ ---------
- '------ -
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Rolling condit i ons 

15 percent at 2,2000 F 

25 percent at 2,2000 F 

40 percent at 2,2000 F 

25 percent at 2,2000 F 
plus 15 percent at 
1 , 6000 F 

Rolled 10 percent each 
at 2,2000 , 2, 0000

6 1 , 8000 , and 1 , 600 F 

aExtrapo1ated. 

----------------------~~ 

TABLE X'I. - Concluded 

RUPl'URE AND CREEP Tl!ST RESULT.3 A!r 1,2000 F FOR BAR STOCK ROLLED AS INDICATED AND THEN 

SOLUTION TREATED A!r 2,0500 F, 2 HOURS, AND WATER QUENCHED 

[Time for creep tests is duration of test and not rupture time] 

Rupture strengths, Interpolated rupture 
Initial Rupture Rupture elongation, Reduction Min:\mum psi el ongation, percent 
stress, time, of area, creep rate, in 1 in. 

psi hr 
percent in 1 in. percent percent/br 100 hr 1, 000 hr 100 hr 1,000 hr 

50,000 40 1O 15 ------- 41,000 a40, 500 10 sa 
43,000 428 8 6 0 .01 
25,000 (891) (Creep te st ) . 0006 

50,000 18 10 I 23 ------- 48, 000 38, 000 10 ---
36, 000 >811 (Turned off) . 0064 
25, 000 (1, 2TI) (Creep test) .00064 

45, 000 151 1 1 ------- 46, 000 ------- 1 ---

45, 000 29 12 II ------- 43, 000 a38,500 14 a20 
40, 000 416 19 16 0 .017 
25, 000 (1 ,155) (Creep test ) . 00053 

50, 000 44 J I 15 .08 48, 000 40, 000 12 ---
45,000 103 11 . 040 
40, 000 >842 (Turned off) .0062 
25, 000 (l,ll}) (Creep tesl) . 00049 

Minilnum cre~ rate , 
percent hr 

50,000 psi 25,000 psi 

2,200 X 10-5 60 x 10-5 

------------ 64 

------------ ---------

7, 500 53 

8,000 49 
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Rolling conditions 

15 percent at 1,6000 F 

15 percent at 1,8000 F 

25 percent at 1, 8000 F 

40 percent at 1,8000 F 

65 percent at 1,8000 F 

15 percent at 2,0000 F 

25 percent at 2,0000 F 

40 percent at 2, 0000 F 

~rapolated. 

TABLE XVI 

RUPI'URE AND CREEP TEST RE3ULTS M: 1, 5000 F FOR BAR STOCK ROIJ.ED />s INDICATED AND THEN 

SOIm'I ON TREATED M: 2,0500 F, 2 HOURS, AND WATER QUENCHED 

[jime for creep tests is duration of test and not rupture tim~ 

Interpolated rupture Rupture strengths, Initial Rupture Rupture elongation, Reduction Minimum psi elongation, percent 
stress , time, in area, creep rate, in 1 in. 

psi hr 
percent in 1 in . percent percent/hr 

100 hr 1, 000 hr 100 hr 1, 000 hr 

23,000 16 58 53 -------- 18,000 a12, 800 60 --
18,000 113 70 60 --------
15, 000 354 35 51 0 . 027 
14, 000 391 43 36 .023 
8,000 (914) (Creep test) . 00005 

20, 000 30 64 I 37 -------- 17, 500 a13,500 50 --
16,000 204 39 39 --------
8,000 (961) (Creep test) 

20, 000 60 61 57 0.320 17,500 a12,000 60 --
14, 000 429 44 49 -------- ------
16, 000 186 57 56 .10 ------ ------- -- --

16,000 96 31 55 -------- ------ ------- -- --
20,000 34 57 54 0 .560 17, 000 12, 500 50 35 
16,000 167 49 50 .042 
12,000 1, 460 32 40 .0064 
8,000 a(9T3) (Creep test) . 000065 

20, 000 34 35 1" -------- 17,000 12, 000 50 35 
16,000 217 58 54 . 042 
12,500 684 35 39 . 0048 

18,000 58 66 61 .240 16, 000 ------- 50 --
13,000 472 47 48 . 016 , ~ ------

Minimum creep rate, 
percent/hr 

15,000 psi 8,000 psi 

3, 200 x 10-5 5 x 10-5 

------------ 6 

4,000 -----------

------------ -----------

------------ -----------

3,500 6.5 

2,800 -----------

5,000 -----------
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Rolling conditions 

15 per cent at 2, 2000 F 

25 per cent at 2, 2000 F 

40 percent at 2, 2000 F 

25 percent at 2, 2000 F 
plus 15 percent at 
1 , 6000 F 

Rolled 10 Eer cent each 
at 2, 200 , 2, 000°, 
1 , 8000, and 1 , 6000 F 

B:Extr ap01ated. 

TABIE XVI. - Concluded 

RUPl'URE AND CREEP TEST RESUUI"S M 1,500° F FOR BAR STOCK ROLLED AS DIDICATED .AND THEN 

SOLUTION TREATED M 2, 0500 F, 2 HOURS, AND WATER QUENCHED 

[Time f or creep test s i s duration of test and not rupture t~ 

Rupture strengths, Interpolated rupture 
Initial Rupture Rupture elongation, Reduction Minimum psi elongation, percent 
str ess , t ime , in area, creep rate, in 1 in. 

ps i hr 
percent in 1 in. percent percent/bx 100 bx 1,000 hr 100 hr 1, 000 hr 

20, 000 35 67 58 ------- 17, 500 al3., OOO 55 a40 
14, 000 523 42 48 0 .021 

8,000 (1 ,176 ) (Cr eep test) .00021 

23, 000 14 57 52 ------- 18, 500 ------- 50 ---
18, 000 155 64 57 . 06 

15, 000 270 53 53 ------- ------ ------- -- ---

20, 000 31 41 49 ------- 17, 000 a13 , 000 44 ---
15, 000 276 46 51 0 .043 

8 , 000 (987) (Creep te st ) . 00015 

20, 000 46 64 59 0 . 2 18, 000 13, 000 50 40 
14, 000 580 43 51 . 019 

Minilllum creep rate, 
percent/bx 

15, 000 psi 8 , 000 psi 

4,000 X 10-5 12 X 10-5 : 

------------ ---------

I ------------ --------- I 

4,200 10 

3,100 ---------
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TABLE XVII 

RUPruRE AND CREEP TmT RESULTS M! 1, 2000 F FOR JlAR.-S'.OOCK"llOLLED AS INDICATED AND Tl!ElI SOImION TREATED 

M! 2,0500 F, 2 HOURS, WA!J.'ER QUENCIIED, AND HOT- COLD-WORKED 15 PERCENT M! 1,2000 F 

[Tune for creep tests 1s duration ot test and not rupture time] 

Rupture strengths, Interpolated rupture 
Initial. Rupture Reduction Minimum elongation, percent 

Rolling cond1 t10na stress, time, 
Rupture elongation, of area, creep rate, psi 

in 1 in . 
psi br 

percent in 1 in. percent percent/br 
100 hr 1,000 hr 100 hr 1,000 hr 

Heat to 1 , 8000 F, 1/2 hr, roll 5 per- 60,000 }6 2 1 0.048 57,000 51,500 4 4 
cent, cool to 1,5000 F, roil 5 ~r- 55,000 }4} 4 4 .0011 
cent J hold 2 br J reheat to l} 800° F. 50, 000 1,517 5 5 .0007 
Repeat cycle 3 more times . 25,000 (1,001) (Creep test) .ooooB 

Heat to 2,0000 F, 1/2 hr, roll 5 per- 55,000 90 ~ .1. 
5 0.0055 55, 000 49,000 4 -

cent, cool to 1.,5000 F, roll 5 per- 50 ,000 540 10 .0056 
cent, hold 2 br, reheat to 2,0000 F . 40, 000 >1,025 ~ Turned off) .0005 
Repeat cycle 3 more times . 25,000 (1,028) areep test) . 00004 

Heat to 2,2000 F, 1/2 hr, roll 5 p"er- 60, 000 14 (Br oke in threads) -------- 56, 000 50, 000 4 4 
cent J cool to 1. J 500° F J roll 5 per- 55, 000 207 2 I 3 0.004 
cent, hold 2 hr, reheat to 2,2000 F. 50,000 954 4 5 .0008 
Repeat cycle 3 more times . 25,000 (1,050) (areep test) . 000045 

TABLE XVIII 

RUPruRE AND CREEP TmT RESULTS M! 1,5000 F FOR BAR STOCK ROLLED AS INDIC= AND Tl!ElI SOwrION TREATED 

M! 2,0500 F, 2 SOURS, WA!J.'ER QUENCIIED, AND HOT-COLD-WORKED 15 PERCENT M! 1,2000 F 

[Time 'tor creep tests is duration of test &nd not rupture time] 

Rupture strengths, 
IDterpolated rupture 

Initial. Rupture Reduction Minimum eloD8ation; percent 
Rol1iDg conditions stress, time, 

Rupture elongation, of area, creep rate, psi in 1 in . 
psi br 

percent in 1 in. 
percent percent/hr 100 hr 1,000 hr 100 hr 1,000 hr 

Heat to 1,8000 F, 1/2 hr, roll 5 per- 26,000 54 2l }4 -------- 2},5OO 16,000 20 10 
cent, cool to 1,5000 F, roll 5 per- 22,000 204 16 19 0 . 011 
cent , hold 2 hr, reheat to 1,8000 F. 18,000 585 11 12 ·005 
Repeat cycle , more times. 8,000 (1,125) (areep tes ) .00005 

Beat to 2,0000 F, 1/2 hr, roll. 5 per- 26,000 50 16 30 0.150 24,000 18,000 10 7 
cent, coo1 to 1,5000 F I roll 5 ~r- 22,000 }15 9 19 . 0078 
cent, hold 2 br, reheat to 2/)(X)0 F. 19,000 787 7 9 . 0024 
Repeat cycle , more times. 8,000 (1,028) (areep test) .00007 

Heat to 2,2000 F, 1/2 hr, roll 5 per- 26,000 65 
15 I 28 -------- 24,000 17,500 12 10 

cent, cool. to 1,5000 F, roll 5 per- 22,000 186 10 16 0.016 
cent, hold 2 br, reheat to 2,2000 F. 18,000 784 9 9 .0015 
Repeat cycle , more times. 8,000 (984) (Creep test) .000044 

M1nimwn crefi rate, 
percent hr 

50, 000 psi 25,000 psi 

70 x 10-5 8 x 10-5 

56 4 

80 4 . 5 

M1n1.mllm creep rate, 
percent/hr 

15,000 psi 8,000 psi 

100 x 10- 5 5 x 10-5 

100 7 

70 4.4 

I 
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Heat Temp ., 
Op 

30276 I 1 , 200 
A-1726 1 , 200 

3C276 1 , 200 
A-1726 1 , 200 
A-1726 1 , 200 
3C276 1 , 500 
A-1726 1, 500 
A-1726 1,500 

3C276 1 1 ' 200 A-1726 1 , 200 
30276 1 , 500 
A-1726 1 , 500 

3C276 
A-1726 
A-1726 
30276 
A-1726 
A-1726 

1, 200 
1 , 200 
1,200 
1 , 500 
1 , 500 
1 , 500 

TABLE XIX 

COMPARATIVE DATA ON RESFONSE ro HEAT TREA!'MENT 

Rupture strengths, percent Rupture elongat i on, 
percent Secondary creep rate, percent / hr 

100 hr 1,000 hr 

45 , 500 39, 000 
4~, 000 to 48,000 38, 000 to 42, 000 

1, 2000 F 
100 hr 1 , 000 hr 

50,000 psi 

2, 0500 F, 2 hr, and water quenched 

10 
7 to 15 

20 
8 to 20 

25, 000 ps i 

2, 0500 F, 2 hr , water quenched, and hot- co1d-wor ked 15 percent at 1,2000 F 

62, 000 53, 500 1 5 0 . 0009 0 .000015 
55, 000 48 , 000 3 1.5 0 . 0007 to 0 . 001 0 . 00004 t o 0 .00007 

55, 000 to 57, 000 59, 000 to 51, 500 4 4 ---------------- -------------------
22, 000 12, 500 16 1.2 ---------------- -------------------
24, 000 17, 000 14 6 ---------------- -------------------

23, 500 t o 24,000 16, 000 to 18, 000 10 to 20 7 to 10 ---------------- -------------------

2, 2000 F, 1 hr, and water quenched 

1, 5000 F 

15, 000 ps i 

----------------
----------------
----------------
----------------

0. 0008 
0 .0006 t o 0 .0008 

42, 000 
38, 000 1 4 1 6 ~~~~~~~~~~~~~~~~ I ~~~~~~~~~~~~~~~~~~~ I ~~~~~~~~~~~~~~~~ 42, 000 to 45 , 000 37, 000 to 40 , 000 8 to 12 6 to 12 

19, 000 l lt, 500 50 36 
17, 500 to 18, 500 13, 000 to 14, 000 41 to 50 35 to 45 

50, 000 
47, 000 
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Figure 2 . - Influence of isothermal reductions at 2, 2000 F on as - rolled 
100- and l,OOO- hour rupture strengths at 1,2000 and 1,5000 F. Reduc­
tions l arger than 25 percent r eQuired one or more r eheats during 
rolling. 
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Figure 3. - Influence of isothermal r eductions at 2,1000 F on as-rolled 
100- and 1,000-hour rupture strengths at 1,2000 and 1,5000 F. Reduc­
tion of 40 percent required one reheat during rolling. 
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Figure 4.- Influence of isothermal reductions at 2,0000 F on as-rolled 
100- and 1,000- hour rupture strengths at 1,2000 and 1,5000 F. Reduc­
tions larger than 25 percent reQuired one or more reheats during 
rolling. 



NACA TN 3727 

60 x 1 3 0 

50 

V 
4 5 

4 0 

,~ 
3 5 

'iii 
Po 

..c: 

to 
QJ 

t5 2 5 
QJ 

~ g. 
~ 

20 

~ 

/" 
! 

!~ 

V 

--/. 
'( 

~ 
15 J~ ........... 

V 
10 I 

.... I 
'----~ ---~~urs 

i 
• 

~~ 

~ ~ 
~~ 

• Reduction in open passes 

• Reduction in closed passes 

(a ) Tested at 1,2000 F. 

-,........... 
~ 
~ ~s 

~ ~. 

~ ............. I -~OOhOurS 

~~ 
I 

5 o 10 20 30 40 50 60 

Reduction , percent 

(b) Tested at 1,5000 F . 

73 

Figure 5. - I nfluence of isothermal reductions at 1,8000 F on as -rolled 
100- and 1,000-hour rupture strengths at 1,2000 and 1,5000 F. Reduc­
tions larger than 25 percent required one or more reheats during 
rolling. 
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Figure 15 .- Influence of isothermal reductions at indicated rolling 
temperature on as - rolled minimum creep rates for 50:9g0 psi at 
1,2000 F. Reductions larger than 15 percent at 1,600 F or larger than 
25 percent at 1,8000 F and above required one or more reheats during 
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Figure 19. - Influence of rolling temperature on percent reduction for 
maximum creep and rupture properties at 1,2000 and 1,5000 F for indi­
cated conditions. 
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Figure 22.- Effect of isothermal reductions at 1,8000 F on microstructures. 
Bar stock was solution treated at 2,2000 F, 1 hour, and water quenched 
prior to rolling. (Electrolytically etched in 10 percent chromic acid.) 
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Figure 25.- Microstructures after creep testing for 1,000 hours at 1,2000 F 
with stress of 25,000 psi. Prior to testing, bar stock was solution 
treated at 2,2000 F, 1 hour, water quenched, and rolled at 1,6000 F as 
indicated. (Electrolytically etched in 10 percent chromic acid.) 
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Figure 25 . - Concluded . 



NACA TN 3727 99 

Xl00 Xl000 

(a) Rolled 5 percent. 

X100 xrooo 
L-92498 

(b) Rolled 10 percent. 

Figure 26. - Microstructures after creep testing for 1,000 hours at 1,2000 F 
with stress of 25,000 psi . Pr i or to testing, bar stock was solution 
treated at 2,2000 F, 1 hour, water quenched, and rolled at 2,2000 F as 
indicated. (Electrolytically etched in 10 percent chromic acid.) 
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(b) Rolled 25 percent at 1,8000 F. L-93491 

Figure 27 .- Typical microstructures after creep testing for 1,000 hours 
at 1,5000 F with stress of 8 , 000 psi. Prior to testing, bar stock was 
solution treated at 2 , 2000 F, 1 hour, water quenched, and rolled a s 
indicated. (Electrolytically etched in 10 percent chromic acid .) 
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(b) Rolled 25 percent at 2,200° F plus l5 percent at l,8000 F. 

Figure 36. - Effect of nonisothermal reductions on microstructures. Bar 
stock was solution treated, 1 hour, water quenched, and then roll~d 
as indicated . (Electrolytically etched in 10 percent chromic acid .) 
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Figure 36.- Concluded . 
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L-93495 
(b) Rolled 25 percent at 2, 2000 F plus 15 percent at 1,8000 F 

(1,175 hOurs). 

Figure 37.- Microstructures after creep testing for 1,000 hours at 
1,2000 F with stress of 25 , 000 psi. Prior to testing, bar stock was 
solution treated at 2 , 2000 F, 1 hour, water quenched, and rolled as 
indicated . (Electrolytically etched in 10 percent chromic acid.) 
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Figure 37 .- Concluded. 
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t o 1 ,5000 F , r oll 5 percent, hold 2 hr, rehe 

• 

• 

at 
to 1 ,8000 F . Repeat cycle three more time s. 

I I 
t::. Heat to 2 ,oO~P F , 1/2 hr, r oll 5 percent, cool 

to 1 ,500 0 F , r oll 5 percent , hold 2 hr , rehe 
to 2,0000 F . Repeat cycle three more tim 

at 
es. 

I I 
o Heat to 2 ,2000 F , 1/2 hr , roll 5 percent , cool 

at to 1 ,5000 F , roll 5 percent, hold 2 hr , rehe 
t o 2 ,2000 F . Repeat cycle three more time s. 

I 

~ I 
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Figure 39 .- Effect of cyclic rolling on minimum creep rates at 1,200
0 

and 1, 5000 F for indicated initial stresses. 
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(a) Heated to 2 ,2000 F, 1/2 hour, rolled 5 percent, cooled to 1,5000 F, 
rolled 5 percent, held 2 hours, and reheated to 2,2000 F. Repeated 
cycle three more times. 
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(b) Heated to 2,0000 F, 1/2 hour, rolled 5 percent, cooled to 1,5000 F, 

rolled 5 percent, held 2 hours, reheated to 2,000° F. Repeated three 
more times. 

Figure 40.- Effect of cyclic rolling on microstructures. Bar stock was 
solution treated at 2,2000 F, 1 hour, water quenched, and rolled as 
indicated. (Electrolytically etched in 10 percent chromic acid.) 
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(c) Heated to 1,8000 F, 1/2 hour, rolled 5 percent, cooled to 1,500 F, 

rolled 5 percent, held 2 hours, reheated to 1,8000 F. Repeated cycle 
three more times. 

Figure 40 .- Concluded. 
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ment . After rolling as indicated, bars were solution treated at 2,2000 F, 1 hour, water 
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Figure 43 .- Influence of rolling temperature and amount of reduction on response to heat treat­
ment. After rolling as indicated, bars were solution treated at 2,0500 F, 2 hours, water 
quenched , and then rupture tested at 1,2000 or 1,5000 F. 
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Figure 45.- Effect of amount of isothermal reduction in open passes at 
various temperatures on 100- and 1,OOO-hour rupture strengths at 
1,2000 F. 
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Figure 46.- Effect of amount of isothermal reduction i n open passes at 
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roll 5 percent, hold 2 hr , r eheat to 2,0000 F . Repeat 
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(a) 100- hour rupture strengths . 
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Figure 47.- Correlation of 100- hour and 1,OOO-hour rupture strengths at 
1, 2000 F with as-rolled Brinell hardness. 
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Q - Heat to 1 ,8000 F, 1/2 hr , roll 5 percent , cool to 1 ,5000 F , 

roll 5 percent , hold 2 hr , r eheat to 1 ,8000 F . Repeat 
cycle four t imes. 

e - Heat to 2,0000 F , 1/2 hr , roll 5 percent , cool to 1 ,5000 F , 
roll 5 percent, hold 2 hr , reheat to 2,0000 F . Repeat 
cycle four times. 

!:I - Heat to 2,2000 F , 1/2 hr , roll 5 percent , cool to 1 ,5000 F, 
roll 5 percent, hold 2 hr , reheat to 2 ,2000 F . Repeat 
cycle four times. 

(a ) Init i al str ess , 50 ) 000 psi . 
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Figure 48 .- Correlation of minimum creep rate for initial stresses of 
50,000 and 25 , 000 psi at 1, 2000 F with as-rolled Brinell hardness . 
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0- 25 percent at 1,8000 F plus 15 percent at 1,6000 F 
<;> - Heat to 1,8000 F , 1/2 hr , roil 5 percent , cool to 1,5000 F, 

roll 5 percent, hold 2 hr, reheat to 1 ,8000 F . Repeat 
cycle four times. 

e - Heat to 2 ,0000 F, 1/2 hr , roll 5 percent, cool to 1,5000 F, 
roll 5 percent , hold 2 hr , reheat to 2,0000 F . Repeat 
cycle four times. 

!I - Heat to 2 ,2000 F , 1/2 hr, roll 5 percent, cool to 1 ,5000 F, 
roll 5 percent, hold 2 hr , reheat to 2 ,2000 F . Repeat 
cycle four times. 
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( b ) Minimum creep r ate i n 1 , 000 hours; initial stress, 25,000 psi. 

Figure 48. - Concluded. 
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roll 5 percent , hold 2 hr , reheat to 1 ,8000 F . Repeat 
cycle four times. 

e - Heat to 2,000 0 F , 1/2 hr , r oll 5 percent, cool t o 1 ,5QOo F , 
roll 5 percent, hold 2 hr , r eheat to 2,0000 F . Repeat 
cycle four times. 

~ - Heat to 2,2000 F , 1/2 hr , r oll 5 percent , cool to 1 ,5000 F , 
roll 5 percent, hold 2 hr , reheat to 2,2000 F . Repeat 
cyc le four times. 

(a) 100- hour rupture strengths . 

300 

Figure 49.- Correlation of 100-hour and 1,OOO-h our rupture strength s a t 
1,500° F with as-rolled Brinell hardness. 
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g - Heat to 1,8000 F , 1/2 hr , roll 5 percent , cool to 1 ,5000 F, 

roll 5 percent, hold 2 hr , reheat to 1,8000 F . Repeat 
cycle four times. 

o - Heat to 2 ,0000 F, 1/2 hr , roll 5 percent, cool to 1 ,5000 F , 
roll 5 percent, hold 2 hr, reheat to 2 ,0000 F. Repeat 
cycle four times. 

~ - Heat to 2 ,2000 F, 1/2 hr , roll 5 percent, cool to 1 ,5000 F, 
roll 5 percent, hold 2 hr, reheat to 2,2000 F . Repeat 
cycle four times. 

(b) l ,OOO-hour rupture strengths. 

Figure 49.- Concluded. 
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cycle four times. 

f) - Heat to 2,2000 F, 1/2 hr' roll 5 percent , cool to 1,5000 F, 
roll 5 percent, hold 2 hr , reheat to 2,2000 F . Repeat 
cycle four times. 

(a) Initial stress, 15,000 psi. 
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Figure 50 .- Correlation of minimum creep rate for initial stresses of 
15,000 and 8,000 psi at 1 , 5000 F with as-rolled Brinell hardness. 
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(b) Minimum creep rate in 1 , 000 hours; initial stress, 8 ,000 psi. 

Figure 50 . - Concluded . 
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Figure 51. - Comparison of 1,2000 F rupture strengths , rupture elongation, 
and Brinell hardness after 15-per cent reduction at various temperatures 
for this investigati on and another heat of same alloy (heat 30276, 
ref . 1 ). 
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Figure 52 .- Effect of amount of i sothermal reduction in open passes at 
various temperatures on change in 100- and 1,000-hour rupture strengths 
at 1,2000 and 1,5000 F. 
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