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Page 13, column 1, l a s t  l i ne  under item (4)  should read: 

"from 0.00003 t o  0.024 percent per hour." 

Pages 15 and 16, subt i t les  (h) ,  (i), (.j), and (k ) :  

Subt i t le  (h)  should read: "Rolled 40 percent a t  2,000' F." 

Subt i t le  (i) should read: " ~ o l l e d  65 percent a t  2,000' F." 

Subt i t le  ( j )  should read: " ~ o l l e d  0 percent a t  2 ,000~ F .I f  

Subt i t le  (k) should read: " ~ o l l e d  15 percent a t  2,000' F . I f  
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INFLUENCE OF HOT-WORKING CONDITIONS ON HIGH-TEMPERATURE PROPERTIES OF 
A HEAT-RESISTANT ALLOY 

By JOHN F. EWING and J. W. FREEMAN 

SUMMARY I The variations i n  strenglh in  the hot-worked condition appear 

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. Commercially produced 
bar stock was solution-treated at 2,200' F to minimize prior- 
hisiory efects and then rolled at temperatures of 2,600°, W,lOOO, 
2,000°, 1,800°, and 1,600" F. n70rking was carried out at 
constant temperature and with incremental decreases i n  tem- 
perature simulating a falling temperature during hot-working. 
I n  addition, a few special repeated cyclic conditions involving 
a small reduction at a high temperature followed by a small 
recluction at a low temperature were used to study the possibility 
of inducing very low strengths by the extensive precipitation 
accompanying such procedures. Most of the rolling was done i n  
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 2,050' 
and 2,200" F subsequent to working were used to study the 
injluence on response to heat treatment. 

The evaluation of the efects of rolling was based on the results 
of rupture tests at 1,200' and 1,500' F, on creep rates during 
the rupture tests, and on creep rates for stresses of 25,000 psi at 
1,200' F and 8,000 psi at 1,500" F. Hardness, microstructures, 
and lattice-parameter measurements were used to obtain duta 
explaining the melallurgical factors responsible for the observed 
efects on properties at high temperatures. - 

The results explain many of the observed variations i n  
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 recluctions at essentially constant 
temperature, lead to low or medium strength i n  the hot-worked 
condition. Working over a fal1in.g-temperature range with 
jinishing temperatures as high as 1,800' F or higher can give 

to be due to working having bolh a strengthening and a weakekng 
efect on the structure of the alloy. Strengthening apparently 
was due mainly to strain-hardening. Recrystallization when it 
occurred had a weakening efect. I t  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, 
possibly the formation of substructures i n  the grains. Working 
over a falling-temperature range allows more strengthening of the 
type efective at 1,200' F,for a given reduction. 

Considerable precipitation occurs during working from 1,600' 
to 2,000' F, particularly at 1,800' F. This appears to be 
detrimental to long-time strength at 1,200° but to have little 
eject at 1,500" F because of extensive further precipitation 
during testing at 1,500' F. Temperature of working has a 
substantial e f e c t  on properties at 1,200' F, apparently because 
of the efects of the precipitation reaction. It  also had consider- 
able influence on ductility i n  the rupture test at 1,500' 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 ,200' F 
were obtained for 15-percent reduction. This was probably true 
for temperatures from room temperature to 2,100' F. In 
addition, i f  it were not for the in$uence of the high-temperature 
precipitation reaction, the strengths would apparently be nearly 
constant. Constant maximum rupture strengths were obtained 
at 1,500" F for isothermal working from 1,600' to 2,600" 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 i n  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. 

INTRODUCTION 

very high strengths at 1,200' F, equal to those usually obtained 
only by hot-cold-work. Repeated reduction with low reheat 
temperatures leads to very low strengths. Hardness does not 
correlate with strengths because hardness can continue to 
increase while strengths fall o f  for more than optimum reduc- 
tion. Ductility in the rupture tests at 1,500' F was very 
sensitive to amount of reduction. Very uniform response to 
heat treatment was obtained, suggesting that variable response 
when it occurs may be mainly due to unidentzjted heat-to-heat 
dzjerences. 

The investigation covered by this report consisted in 
studying by controlled experiments the principles governing 
the influence of hot-working conditions on the high-tempera- 
ture 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 treatments. 
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. 

1 Supersedes NACA T N  3727, "Influence of Hot-Working Conditions on High-Temperature Properties of a Heat-Resistant Alloy," by John F. Ewing and J. W. Freeman, 1956. 

1 
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The composition of the particular alloy used was nominally 
0.15 percent carbon, 20 percent chromium, 20 percent nickel, 
20 percent cobalt, 3 percent molybdenum, 2 percent tung- 
sten, 1 percent columbium, and the balance iron. Working 
was carried out a t  several constant temperatures to define 
the influence of amount of reduction a t  a given temperature. 
Specific reductions a t  specific temperatures over a range of 
decreasing temperatures were used to study the influence 
of the usual working over a 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 a t  low temperatures where extensive precipitation 
occurs. I n  addition, samples were given typical final 
solution, solution and aging, and solution 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 at  
high temperatures of individual alloys of the type investi- 
gated. First, various final treatments may be used to obtain 
specific properties. These can range in wrought products 
from the hot-worked condition with no subsequent treat- 
ment through so-called stress-relieving, solution treatments 
a t  various temperatures with or without subsequent aging 
treatments and, for the type of alloy considered, possibly 
cold-worli or hot-cold-working operations after the other 
treatments. The other general factor leading to variability in 
properties arises fro111 the variation in properties with specific 
final treatments. Recognized possible sources of the latter 
type of rariation include the influence of conditions of hot- 
working on the response to final treatments, variations in 
chemical composition, and unidentified heat-to-heat differ- 
ences. 

Properties in the hot-worked condition are considered to 
be difficult to control. Practical limitations in the repro- 
ducibility of conditions of working as well as lack of informa- 
tion regarding the influence of the conditions of working 
are involved. I t  is known that both very high and very low 
strengths as well as intermediate values of strength are 
observed in hot-worked products not subjected to further 
treatment. No completely reliable means of predicting the 
level of properties was available. Certainly microstructure 
or hardness and other normal short-time mechanical-property 
tests do not reliably predict creep and rupture values. Xo 
information was available regarding the influence of amount 
and temperature of reduction on properties. Likewise, 
there was no good information on the degree of influence 
of the hot-working conditions on response to the usual final 
treatments as reflected in the property ranges for a specific 
final treatment. 

Extensive previous studies had been carried out for the 
National Advisory Committee for Aeronautics on the same 
alloy as that used for the present investigation to establish 
the influence of various types of treatment on the properties 
a t  high temperatures. The primary objective of these 

studies had been to determine the basic fundamental causes 
for variation in properties a t  high temperatures. I t  had 
been found that the creep and rupture strengths were prima- 
rily functions of the degree of solution of odd-sized alloying , atoms in solid solution and the degree of strain-hardening 
present from working the metal. So far as could be ascer- 
tained, precipitation reduced creep strength as measured by 
secondary creep rates by removal of odd-sized atoms from 
solution. Increases in rupture strength from precipitation 
appeared to be due mainly to increased deformation before 
fracture occurred and some reduction in creep rates during 
primary creep. These latter effects increased rupture 
strength only a t  relatively short times for rupture (high 
stress levels) where their influence predominated over lowered 
secondary creep resistance. Strain-hardening increased creep 
and rupture strengths up to the point where recovery 
effects occurred during testing because of excessike cold-wol-k 
for structural stability. 

A major objective of the present investigation was to 
explain in terms of fundamental concepts the observed varia- 
tion in properties a t  high temperatures due to m-orliing 
conditions a t  high temperatures. Detailed microstructural 
studies were carried out to define the structural effects of 
hot-working. Hardness was used as a measure of strain- 
hardening effects. X-ray diffraction studies were instituted 
with the expectation of being able to study the degree of 
solution of odd-sized atoms from the alloying elements. 

The research was conducted by the Engineering Research 
Institute of the University of Michigan under the sponsorship 
and with the financial assistance of the National .Advisory 
Committee for Aeronautics as part of an investigation of 
the fundamental metallurgy of heat-resistant alloys of the 
types used in propulsion systems for aircraft. 

EXPERIMENTAL PROCEDURES 

Although there are numerous methods for hot-working 
metals and alloys, such as rolling, forging, extruding, and 
pressing, this investigation 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 exper- 
imental material as the best compromise between conven- 
ience for manipulation and minimizing temperature variation 
during working. This investigation was restricted to two of 
t,he 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 roli 
speed, roll diameter, and initial cross-sectional area of the 
stock constant. 

In  this report the term "hot-worlring" refers to all working 
carried out in the temperature range usually associated with 
the hot-working of complex, heat-resistant alloys, irrespective 
of whether recrystallization occurs. Technically, the term 
"hot-working" should refer only to working a t  or above the 
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simultaaeous recrystallizatioil temperatures. 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 recrys- 
tallization, the finishing temperatures can be so low that no 
recrystallization takes place during the latter stages of work- 
ing. 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 a t  

temperatures ranging above and below the minimum tem- 
perature of recrystallization during rolling. 

(2) Stoclc was nonisothermally rolled over controlled tem- 
perature ranges to provide a basis for determining how de- 
creasing 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 temperatures on the properties a t  ele- 
vated temperatures. 

(4) Heat treatment was carried out after selected condi- 
tions of rolling to determine if the influence of hot-working 
was reflected in the response to heat treatment. 

(5) Rupture and creep tests, hardness measurements, 
microst~ructural examinations, and lattice-parameter meas- 
urements were made after the various hot-working operations 
to obtain information for studying the mechanism by which 
hot-working affects high-temperature properties. 

MATERIAL 

The material used in this investigation was ?&inch bar 
stock from a commercial heat of an alloy having the following 
chemical analysis: 

Chemical composition, weight percent 1 1 C j l n S i C r X i C o M o F C Y ~ N i  - - -- - - - Fe 1 
0. 13 1.63 0.42 21.22 19.00 19.70 2.90 2. fil 0.84 0.13 Balance 

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 funda- 
mental studies on the same type of heat-resistant alloys a t  
the University of Michigan (refs. 1 to 3). I t  was expected 
that the data from these prior studies, concerned with the 
influence of heat treatment and cold-working on high-tem- 
perature strength, would simplify arriving a t  general prin- 
ciples. 

All stock was solution-treated for 1 hour a t  2,200' F and 
then water-quenched before rolling to minimize the effects 
of the prior working. 

ROLLING 

After the solution treatment a t  2,200° F the bar stock was 
rolled a t  temperatures of 2,200°, 2,100°, 2,000°, 1,800°, and 

1,600' F. The conditions of hot-rolling carried out are sum- 
marized in figure 1. Most of the specimens were rolled in 
open passes on a two-high, single-pass, nonreversible mill 
with 5-inch rolls. Both rolls were power driven and revolved 
a t  a speed of 70 rpm. No lubricant was used on the rolling 
surface. 

For rolling temperatures of 1,800' F and above, an auto- 
matically controlled gas-fired furnace holding temperatures 
to within i-5' F was used. An automatically controlled 
electric muffle furnace was used for temperatures below 
1,800° F. 

Cooling curves from the various rolling temperatures 
showed the maximum temperature drop during rolling to 
be 50' 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 average 
actual metal temperature. Consequently, the stock was 
heated to 25O F above the rolling temperature. A holding 
time of )i 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 procedu~e for making reductions up to 15 
percent a t  1,600' F and up to 25 percent from 1,800' to 
2,200' F was to pass the bar through the rolls twice for a 
given roll setting, turning the bar 90' between passes. 
Reductions of 25 percent a t  1,600' and 40 percent a t  1,800' F 
and above could not be made in a single roll setting because 
of the limitations of the rolling mill. Consequently, for 
these reductions the stock was first rolled 10 percent a t  
1,600' P or 15 percent a t  1,800° F and above, reheated for 
5 minutes. and then reduced an additional 15 percent a t  
1,600' F oi  25 percent a t  1,800' F and above. A 40-~ercent 
reduction a t  1,600' 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 percent 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 following procedure: For rolling first a t  2,200° F 
and then finishing a t  2,000° F, the bars were rolled initially 
15 percent a t  2,200' F ;  replaced in the furnace, which cooled 
in 6 minutes for rolling a t  2,000° F; and then reduced an 
additional 25 percent. Two furnaces were used for rolling 
first a t  2,200°, 2,000°, or 1,800' F and then reducing again 
a t  1,800° or 1,600' 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 
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As-received 7/8-inch bar stock F 
Rolled isothermally at 
indicated temperature 

Rolled 0, 5, 10, 
15, a%, and 

a40 percent 

Rolled 0, 5, 10, 
15, 25, a40, 
and a65 per- I cent 

Rolled 15, 25, and a65 percent 
in closed passes 

Rolled 0, 5, 10, 
12, 15, 25, 
and a40 per- 
cent 1 

Rolled 15 and 25 percent 
in closed passes 

aReductions required one or  more reheats 

(a) Isothermal rolling. 

I As-received 7/8-inch bar stock I 

Solution-treated / (2,2000 F for I hr and water-quenched) I 

Rolled 7, 10, 0, 12, 3, 5, 15, 

18, 20, 25, 
a40, and a65 
percent 

rolling 

Rolled nonisothermally 
at  indicated temperatures 

1 1 I 1 1 I I 

Heated to 1,800° F for 1/2 hr, 
rolled 5 percent, cooled to 
1,5000 F, rolled 5 percent, 
held 2 hr ,  reheated to 
1,800° F. (Cycle repeated 
three more times. ) 

Heated to 2,000° F for 1/2 hr ,  
rolled 5 percent, cooled to 
1,5000 F, rolled 5 percent, 
held 2 hr ,  reheated to 
2,0000 F.  (Cycle repeated 
three more times.) 

25 percent at 
1,800° F plus 
15 percent at 
1,6000 F 

(b) Nonisothermal rolling. 

25 percent at 
2,000° F plus 
15 percent at 
1,600° F 

Heated to 2,2000 F for 1/2 hr ,  
rolled 5 percent, cooled to 
1,500" F, rolled 5 percent, 
held 2 hr, reheated to 
2,2000 F. (Cycle repeated 
three more times.) 

FIGURE l .-Flow sheet of rolling program. Reductions were made in open passes unless otherwise indicated. 

25 percent at 
2,200° F plus 
15 percent at 
1,600° F 

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

25 percent at 
2,2000 F plus 
15 percent at  
2,000° F 

10 percent each at  
2,200°, 2,000°, 
1 800° and 
1:600~'F 

25 percent at 
2,200° F plus 
15 percent at  
1 ,800° F 
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furnace which was maintained a t  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 a t  2,200°, 2,000°, 1,800°, and 1,600" F, 
giving a total reduction of 40 percent. For this series the 
gas-fired furnace was used for cooling between 2,200" and 
2,000" F and the electric furnace was used for temperatures 
of 1,800" and 1,600" F. 

I n  these experiments involving one or more reductions a t  
successively lower temperatures, a dummy bar wit'h a 
thermocouple inserted into the center along the longitudinal 
axis was used to determine when the stoclc 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: ~~~~~d to 1 ,800~ F, held 
j$ hour, rolled 5 percent, to 1 , 5 0 0 ~  F, rolled percent, 
held 2 hours, and then reheated to 1,800" 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 ,500~ F, respec- 
tively . 

order to check the uniformity of 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. ~ i l ~ ~ ~ i ~ ~ ,  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. N~ variations were found in either 
case. 

I n  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 rolling was done to study 
the relative influence of a change in the mode of deformation 
during rolling. ~h~~ is, rolling in passes eliminated 
the lateral spread which occurred during open-pass rolling. 

~h~ closed-pass worlc was done on a large reversing mill 
recently installed a t  the University of Michigan and equipped 
with rolls 9% inches in diameter and 27 inches long. The 
roll speed used was 30 rpm. Reductions of 15 and 25 
percent a t  1,800" and 2,000" F and of 65 percent a t  1,800" F 
were made in closed passes. The rolling procedure 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 a t  1,800" F was made using a series of g-, ?&, K-, 
and %-inch-square passes. These square passes were sep- 
arated 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 ?<-inch pass, the desired reduction was 
obtained. 

The actual reductions from rolling in 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 1,200" and 
1,500" were used to cover the temperature range in which 
the type tested is used. 

The effect of all conditions on and creep 
strength in the hot-worked condition was determined. 
Stress-rupture tests were of sufficient duration to establish 
the strengths loo and 17000 The creep 
tests of 1,000-hour duration were conducted a t  1,200" F 
under 25,000-psi stress and a t  1,500" F under 8,000-~si 
Stress. Creep data were 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 'pecimens machined from the 
bar stock were 0.250 inch in diameter with a 1-inch gage 
length. Accurate measurements were made On 'peci- 
mens 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 extensometers with a sensitivity of 
rt0.00002 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 vari- 
ations along the gage length of the specimens were held to 
less than 3' F. The loading practice followed was to bring 
both specimen and furnace up to within 100" F of the testing 
temperature overnight. In  the morning the unit was 

up temperature and then loaded. 
Several check creep tests were run during this investiga- 

tion, as noted in the tabulations of the experimental data, 
and the corresponding creep rates checked within k0.00003 
percent per 

HARDNESS 

Hardness was intended to be used as a measure of strain- 
hardening during hot-working. I t  is recognized that certain 
variations in hardness resulted from precipitation. How- 
ever, for any given rolling temperature the change in hard- 
ness with amount of reduction was primarily a function of 
the strain-hardening. 
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Hardness measurements were made at  the center of trans- 
verse sections cut from all specimei~s after rollii~g. A 
Brine11 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-sized atoms from the 
alloyiilg 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 preparation 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 camera. 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 be within 
0.0005 angstrom unit. 

For the most part, the measuremei~ts were made on sur- 
faces transverse to the rolling direction. However, several 
measurements were also made on surfaces either parallel to 
or a t  45O to the rolling direction to check for possible orien- 
tation 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. 

I n  addition to the examination of the structures of the 
variously rolled bars, extensive studies were made on com- 
pleted creep specimens. 

RESULTS 

The results of the experimental studies are presented 
separately for isothermal rolling, rolling with falling tempera- 
tures, special cyclic conditions of rolling, and response to 
heat treatment. The influence of conditions of rolling was 
evaluated through determination of rupture and creep prop- 
erties a t  1,200° and 1,500° F, hardness values, microstruc- 
tures, and lattice parameters. All testing was carried out on 
hot-worked material except that involving the influence of 
working conditions on response to heat treatment. 

Attention is directed to the fact that in each case the hot- 
working was carried out starting with %-inch-square bar 
stock that had been heated 1 hour a t  2,200° F and water- 
quenched. The stocli had been commercially produced from 
a large arc-furnace ingot. 

ISOTHERMAL ROLLING 

The data reported in this section are for the as-rolled 
condition for rolling a t  constant temperature. Tables I to 
IV and figures 2 to 8 present the rupture and creep data. 
Hardness data are included in table V and figure 9. Typical 
microstructures are shown by figures 10 and 11. Lattice- 
parameter data are in table VI and are illustrated by 
figures 12 to 14. 

Rupture properties at 1,200' F.-The influence of amount 
of reduction and temperature of rolling on the rupture 
properties a t  1,200° F was as follows: 

(1) A reduction of approximately 15 percent resulted in 
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(a) Reductions a t  2,200' F. Reductions larger than 25 percent 
required one or more reheats during rolling. 

(b) Reductions a t  2,100' F. Reductions of 40 percent required one 
reheat during rolling. 

FIGURE 2.-Influence of isothermal reductions a t  various tempera- 
tures on as-rolled 100- and 1,000-hour rupture strengths a t  1,200' 
and 1,500' F. 
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Reduction, percent 

(c) Reductions a t  2,000' F. Reductions larger than 25 percent 
required one or more reheats during rolling. 

(d) Reductions a t  1,800' F. Reductions larger than 25 percent 
required one or more reheats during rolling. 

FIGURE 2.-Continued. 

Test temperoture, O F  Time, hr 

1,200 
1,200 1,000 
1,500 100 
1,500 1,000 IQ0 I-d 

Reduction, percenl 

(e) Reductions a t  1,600' F. Reductions larger than 15 percent 
required one or more reheats during rolling. 

FIGURE 2.-Concluded. 

maximum rupture strength for both 100 and 1,000 hours for 
rolling temperatures of 1,600' to 2,100' F (see top curves 
of figs. 2 (b) to 2 (e)). Reductions between 0 and 40 percent 
a t  2,200" F had no significant influence on the rupture 
strengths (top curves of fig. 2 (a)). 

(2) The influence of temperature of reduction on rupture 
strengths is summarized by figure 3 (a). The maximum 
strengths a t  15-percent reduction increased as the rolling 
temperature was reduced from 2,200' to 2,000' F. Lowering 
the rolling temperature to 1,800' and 1,600" 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 reductions was nearly constant a t  each temperature 
so that the curves for 40-percent reduction (fig. 3 (a)) were 
nearly parallel to the 15-percent-reduction curves. The 
only exception was for 1,000 hours a t  1,600' 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 2,100' F, as is shown by the 0-percent- 
reduction curve of figure 3 (a). Rolling increased rupture 
strength above that resulting from simply heating to the 
rolling temperature in all cases except for 2,200" F. 
Certainly reductions larger than 65 percent a t  the other 
rolling temperatures would be required to reduce strength 
below that for material heated for hour without reduction. 

(4) The maximum rupture strengths after reduction were 



8 REPORT 1341-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

(a) Rupture strengths a t  1,200' F. 
(b) Rupture strengths a t  1,500' F. 

FIGURE 3.-Influence of temperature of hot-working on rupture 
strengths for 100 and 1,000 hours a t  1,200' and 1,500' F. 

Rolling temperature, O F  

(a) Reductions for maximum rupture strength. 
(b) Maximum rupture strengths. 

FIGURE 4.-Reduction by rolling for maximum rupture strength a t  
1,500" F. 

from 7,000 to 10,000 psi higher than those for specimens 
heated without reduction a t  2,100" to 1,600" P. The range 
in 100-hour strengths was from 42,000 to 57,000 psi, with 
one lower value of 38,500 psi resulting from heating a t  
2,100" P 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 2,100" F. 

(5) No significant difference between rupture strengths 
for material rolled in open and closed passes was found for a 
limited number of samples rolled a t  1,800" and 2,000" F. 
(See tables I1 and IV and top curves of figs. 2 (c) and 2 (d).) 

(6) Increasing reductions a t  2,200" and 2,100" F increased 
elongations for fracture in 100 and 1,000 hours froin as low 
as 5 percent to as high as 18 percent (figs. 5 (a) and 5 (b)). 
Rolling to increased reductions a t  2,000" and 1,800" P first 
lowered and then increased elongations (figs. 5 (c) and 5 (d)). 
The increase a t  larger reductions was not observed in stock 
rolled a t  1,600" P (fig. 5 (e)). I t  should be noted that simply 
heating to these latter three temperatures increased elonga- 
tions relative to those of the stocli originally solution-treated 
a t  2,200' F. Minimum elongations in both 100 and 1,000 
hours were of the order of 5 percent for all conditions of 
rolling. 

The rupture-test elongations for material rolled in closed 
passes a t  1,800" and 2,000" P agreed perfectly wit,h those 
for open passes, except for higher elongation after a 25- 
percent reduction a t  2,000" P for the closed-pass material. 
(Cf. tables I1 and IV.) 
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Reduction, percent Reduction, percent 

(a) Reductions a t  2,200' F. Reductions larger than 25 percent (c) Reductions a t  2,000' F. Reductions larger than 25 percent 
required one or more reheats during rolling. required one or Inore reheats during rolling. 

(b) Reductions a t  2,100' F. Reductions of 40 percent required one (d) Reductions a t  1,800' F. Reductions larger than 25 percent 
reheat during rolling. required one or more reheats during rolling. 

FIGURE 5.-Influence of isothermal reductions a t  various temperatures on as-rolled 100- and 1,000-hour interpolated rupture elongations a t  
1,200' and 1,500' F. 

Creep properties at 1,200' F.-The relations between 
minimum creep rate a t  1,200' F for stresses of 50,000 and 
25,000 psi and percent reduction a t  the rolling temperatures, 
as presented in table I1 and figures 7 (a) and 7 (b), show that: 

(1) Increasing amounts of reduction first increased creep 
resistance (reduced minimum creep rates) to a maximum 
for a limited amount of reduction. Creep resistance then 
either fell off or did not increase further for larger reduc- 
tions. 

(2) The amount of reduction giving maximum creep 
resistance (fig. 8(a)) varied with both the rolling temperature 
and the testing stress. For a stress of 50,000 psi this reduc- 
tion was 15 percent, except a t  2,200' and 1,800' P. For 
the lower stress of 25,000 psi, the reduction ranged from 
5 to 15 percent with the largest reduction being required 
a t  2,000' and 2,100' F. The influence of reduction on creep 
resistance under 50,000-psi stress was similar to its influence 

on the rupture strengths, except for the higher reductions 
a t  1,800' F. Except for rolling a t  2,000' to 2,200' F, less 
reduction was required for maximum creep resistance under 
25,000-psi stress. 

(3) Rolling a t  1,600°, 1,800°, and 2,000' F gave similar 
but definitely higher creep resistance for 25,000-psi stress 
(fig. 7(b)) than did rolling a t  2,100' and 2,200' 3'. Creep 
resistance, however, fell off considerably with reductions 
increased past those giving maximum resistance for all 
temperatures of rolling. At the higher stress of 50,000 psi 
(fig. 7(a)), the decrease in creep resistance past the maximum 
was much less after rolling a t  the three lower temperatures 
than for 2,100' and 2,200' F. The material rolled a t  2,000' 
P, however, was considerably weaker than the materials 
rolled a t  1,600' and 1,800' F. 

(4) The creep resistance after rolling in closed passes 
(tables I1 and IV), with the exception of the somewhat low 
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Temperature, Time, 
OF hr 

0 1,200 100 
60 1,200 1,000 

0 1,500 100 

Reduction, percent 

(e) Reductions a t  1,600" F. Reductions of 40 percent required 
one reheat during rolling. 

strength of the stock rolled 65 percent a t  1,800' F, agreed 
well with the creep resistance of bars rolled corresponding 
amounts in open passes. 

(5) The creep resistance of stock heated from 1,600' to 
2,100' F for % hour without rolling (figs. 7(a) and 7(b)) was 
lower for both 50,000- and 25,000-psi stress than the creep 
resistance of the material heated to 2,200' F for % hour. 
Heating to 1,800' F lowered creep resistance the most. 

(6) Isothermal reductions from 5 to 25 percent a t  1,800' 
and 1,600' F and from 5 to 15 percent a t  2,000° F eliminated 
first-stage creep during the 1,000-hour creep tests under 
25,000-psi stress. Larger reductions resulted in the reap- 
pearance of the first-stage component. Creep tests on all 
the specimens rolled a t  2,100' 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 a t  2,200' F. However, reductions in excess of 
15 percent a t  2,200' F did result in a first-stage creep 
component. 

Rupture properties at 1,500' F.-The major features of 
the data for rupture properties a t  1,500' F can be summarized 
as follows: 

(1) A specific reduction gave the highest rupture strength 
a t  1,500' F for each rolling temperature (bottom curves of 

Rolling temperature, OF 

70 

(a) 100 hours. 
(b) 1,000 hours. 

o Minimum elongation 
Reduction for minimum elongation 

o Elongation for moteriol with no -1 reduction 

FIGURE 6.-Relationships between rolling temperature and elonga- 
tion for rupture in 100 and 1,000 hours a t  1,500° F for no reduction 
and for reduction giving minimum elongation. 

figs. 2 (a) to 2 (e)). These reductions were the same for both 
100 and 1,000 hours (fig. 4) and continually increased as 
the rolling temperature was lowered from 2,200' to 1,600' F. 
There was no appreciable difference in the maximum strength 
(fig. 3(b)) with rolling temperature a t  either 100 or 1,000 
hours. 

(2) Although there were no variations with rolling temper- 
ature in the maximum rupture strengths, there were pro- 
nounced differences a t  each temperature between the maxi- 
mum strength and the strengths produced by both larger 
and smaller reductions (see fig. 3(b)). The largest variation 
in strength for open-pass rolling resulted from rolling 
a t  1,800' F where the maximum and minimum 100-hour 
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Minimum creep rate ot indicated stress 
Maximum rupture strength 

Rolling temperature, O F  

(a) 1,200" E'. 
(b) 1,500" F. 

FIGURE 8.-Influence of rolling temperature on percent reduction for 
optimum creep and rupture properties a t  1,200" and 1,500" F for 
indicated conditions. 

strengths were 21,500 and 14,000 psi, respectively. Cor- 
responding 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 a t  1,800' 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 lower strength 
than did heating to the working temperature without re- 
duction (fig. 3(b)) or solution treatment a t  2,200' F. This 
is in contrast with the data for 1,200' F where improved 
strength resulted for all reductions considered. 

(4) Heating to the rolling temperature without reduction 
had little effect on strength a t  1,500' F, as is shown by the 
curves for 0-percent reduction in figure 3(b). An exception 
was the low 1,000-hour strength after heating a t  1,800' F. 

(5) The rupture strengths after rolling in closed passes 
(tables I1 and IV and bottom curves of figs. 2(c) and 2(d)) 
agreed well with those for open passes for reductions of 15 
and 25 percent a t  1,800' F and 15 percent a t  2,000' F. 
A reduction in closed passes of 25 percent a t  2,000' F gave 
somewhat higher strengths and a reduction of 65 percent 
a t  1,800' F gave somewhat lower strengths than those for 
the corresponding reductions in open passes. 

(6) Conditions of rolling had very pronounced effects on 

Reduction, percent 

FIGURE 9.-Influence of isothermal reductions a t  1,600°, 1,800°, 
2,000°, 2,100°, or 2,200" F on as-rolled hardness. Reductions 
larger than 15 percent a t  1,600" F or larger than 25 percent at  
1,800" F and above required one or more reheats during rolling. 

elongation in the rupture tests a t  1,500' F (fig. 5). The 
elongations a t  100 hours varied between 4 and 60 percent 
and those a t  1,000 hours, from 5 to 41 percent. The re- 
la tions involved were: 

(a) The elongation decreased with increasing amounts 
of reduction to minimum values and then tended to 
increase with further reduction. 

(b) The differences in elongation for heating with 
no reduction and the reduction giving minimum elonga- 
tion (fig. 6) became very large a t  temperatures below 
2,200' F.  Pronounced increases in elongation resulting 
from simply heating the stock originally solution-treated 
a t  2,200' F were removed by subsequent working. 
The effect was much greater a t  100 hours than a t  1,000 
hours. For instance, heating to 1,800' F resulted in 
an elongation a t  100 hours of 57 percent, whereas the 
same material reduced 40 percent a t  1,800' F had an 
elongation of only 4 percent. At 1,000 hours the cor- 
responding values were 25 and 5 percent. 

(c) Reductions for minimum elongation a t  each roll- 
ing temperature (fig. 6) ranged from 15 to 40 percent 
a t  100 hours and were 15 percent a t  all temperatures 
for 1,000 hours. Actually, rather low values were 
associated with reductions of 15 to 40 percent a t  all 
rolling temperatures. 

(d) There are reductions a t  all temperatures which 
give rather low elongations and less or more reduction 
resulted in increased elongation. Reference to figure 
5 shows that high elongation is particularly associated 
with large reductions a t  2,100' and 2,200' F. The in- 
crease with large reductions was much less a t  the lower 
temperatures. 

(e) The limited data for closed-pass rolling (table IV) 
indicate the same general influence of hot-working on 



elongation in the rupture tests. The differences result- 
ing from open- and closed-pass rolling were no greater 
than the degree of scatter which might be expected 
where ductility varies so rapidly with conditions. 

Creep properties at 1,500' F.-The variations in creep 
data a t  1,500' F can be summarized as follows: 

(1) There was an optimum reduction (figs. 7(c) and 7(d)) 
a t  each rolling temperature resulting in the highest creep 
resistance a t  1,500' F. This optimum reduction increased 
slightly as tlhe rolling temperature was lowered (fig. 8(b)) 
and was generally somewhat less for the tests a t  8,000 psi 
than for those a t  15,000 psi. 

(2) The loss in creep resistance for reductions greater than 
those producing the maximum was generally quite rapid, 
particularly a t  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 
a t  1,800' or 2,000' F in closed passes (table IV) agreed well 
with the creep resistance of the bars rolled corresponding 
amounts in open passes (table 11). However, the creep 
resistance a t  8,000 psi of stock rolled 65 percent a t  1,800' F 
in closed passes was low. 

(4) The minimum creep rates for an initial stress of 15,000 
psi ranged from 0.0015 to 0.13 percent per hour as the result 
of varying the rolling temperatures from 2,200' to 1,600" 
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 0.028 percent per hour. 

(5) The creep resistance a t  1,500' F of the stock heated 
a t  1,600' to 2,100' F for $6 hour without rolling was lower for 
both 15,000- and 8,000-psi stress than that of the bar stock 
heated to 2,200' F for $4 hour. Heating, as well as reduction, 
affected the creep resistance with the maximum effect a t  
1,800' F .  

(6) Reductions from 0 to 40 percent a t  1,800' and 1,600' F 
slightly decreased the first-stage component of creep in the 
1,000-hour creep tests under a stress of 8,000 psi in com- 
parison with that of the original stock. The reduction of 
65 percent a t  1,800° F resulted in both a substantial increase 
in the first-stage component and the appearance of a third- 
stage component. Reductions a t  2,200' to 2,000' F did not 
decrease first-stage creep. 

Hardness.-Brine11 hardness measurements were made 
after all conditions of rolling and the results are tabulated in 
table V. Figure 9 presents the relationship between Brinell 
hardness and amount of isothermal reduction in open passes 
a t  rolling temperatures ranging between 1,600' and 2,200' 
F. The essential features of the hardness data can be 
summarized as follows: 

(1) Hardness started to increase with percent reduction a t  
all temperatures. However, there was a rapid drop in 

hardness after the reduction reached 7 percent a t  2,200' and 
10 percent a t  2,100' F. Little further increase was obtained 
for more than 15-percent reduction a t  2,000' F. All reduc- 
tions a t  1,800" and 1,600' F increased hardness, the amount 
of increase decreasing with increased reduction. When the 
bars were reduced a t  2,200' and 2,100' F, minimum hardness 
was obtained for reductions of 12 to 15 percent followed by a 
slight increase and again a decrease for more reduction. 

(2) The Brinell hardness of the bars rolled 15 or 25 percent 
in closed passes a t  either 2,000' 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 a t  
1,800' F was substantially lower than that of the correspond- 
ing bar rolled in open passes. 

(3) The overall levels of the various hardness curves in 
figure 9 were influenced by the heating temperature alone, as 
evidenced by the increases in the hardness of stock simply 
heated to the rolling temperatures and cooled without rolling. 

Influence of rolling conditions on microstructures.- 
Typical microstructures of the bars given various reductions 
at 1,600°, 1,800°, 2,000°, and 2,200" F are shown in figure 10. 
The changes in n~icrostructure during rolling can be sum- 
marized as follows: 

(1) Recrystallization occurred during rolling a t  2,200°, 
2,100°, and 2,000" F depending on the amount of reduction. 
Recrystallization was not observed during open-pass rolling 
a t  1,800" or 1,600' I?. I t  did occur during the 65-percent 
reduction in closed passes a t  1,800' F. 

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

(a) At 2,200' F: Started a t  5- to 7-percent reduction; 
essentially complete a t  15-percen t reduction; con- 
tinued refinement of grain size with further reduction 

(b) At 2,100' F: Started a t  10-percent reduction; essen- 
tially complete a t  15-percent reduction; continued re- 
finement with further reduction 

(c) At 2,000' F:  Started a t  15-percent reduction; required 
a reduction of 65 percent for complete recrystallization 

I t  will be noted that the discontinuities in the hardness 
curves of figure 9 correspond with the observed recrystalliza- 
tion characteristics. 

(3) A finely dispersed precipitate formed in the matrix 
when the alloy was previously solution-treated a t  2,200" F 

I and then heated to 1,800' or 2,000' F for $6 hour. Increasing 
the amount of reduction a t  these temperatures appeared to 
increase the amount of precipitation in the matrix. Previous 
to this investigation i t  was not lcnown that this alloy was 
subject to precipitation in the matrix between 1,800" and 
2,000' F.  Even rolling a t  2,200' F appeared to cause a 
dispersed precipitate to form in the grain boundaries. 

(4) A matrix precipitate did not form in the bar stocli 
during the %-hour heat a t  1,600' F, although a grain- 
boundary precipitate did form. Moreover, there was no 
visible evidence of any general precipitation in the matrix 
during rolling a t  1,600' F. 





(f) Rolled 40 percent a t  1,800' F. 
(g) Rolled 65 percent a t  1,800" F. 

(h) Rolled 0 percent a t  2,000' F. 
(i) Rolled 15 percent a t  2,000' F. 

(j) Rolled 40 percent a t  2,000' F. 





(a) Tested a t  1,200' F under 25,000-psi stress; rolled 0 percent a t  1,600' F. (c) Tested a t  1,200' F under 25,000-psi stress; rolled 15 percent a t  1,600' F. 

(b) Tested a t  1,200° F under 25,000-psi stress; rolled 10 percent a t  1,600° F. (d) Tested a t  1,200' F under 25,000-psi stress; rolled 40 percent a t  1,600' F, 

FIGURE 11.-Microstructures after creep testing for 1,000 hours a t  1,200' and 1,500' F with stresses of 25,000 and 8,000 psi. Prior to  testing, bar stock was 
solution-treated a t  2,200° F for 1 hour, water-quenched, and rolled as indicated. (Electrolytically etched in 10 percent chromic acid.) 
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Tested 

Tested 

a t  1,500" F under 8,000-psi stress; rolled 10 percent at  1,600' F. (k Tested a t  1,500' F under 8,000-psi stress; rolled 15 percent a t  2,000' F. ? 
a t  1,500' F under 8,000-psi stress; rolled 25 percent a t  1,800' F. (1) Tested a t  1,500" F under 8,000-psi stress; rolled 40 percent a t  2,200' F. 
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FIGURE 11.-Concluded. ? 
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Reduction, percent 

Reductions a t  1,800° and 2,000° F. Reductions larger than 25 
percent required one or more reheats during rolling. 

Reductions a t  2,100° F. Reduction of 40 percent required one 
reheat during rolling. 

(c) Reductions a t  2,200° F. Reduction of 40 percent required one 
reheat during rolling. 

FIGURE 12.-Influence of isothermal reductions a t  various tempera-~ 
tures on lattice parameter of as-rolled bar stock. All specimens 
are transverse to rolling direction unless indicated otherwise. 

Microstructures after creep testing.-Metallographic ex- 
amination 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 
a t  1,200' and 1,500' F.  Figures 11 (a) to 11 (h) show micro- 
structures of bar stock rolled a t  1,600' and 2,200' F, respec- 
tively, and tested a t  1,200' F. Figures 11 (i) to 11 (1) show 
typical structures after testing a t  1,500' F. The structural 
changes during creep testing are summarized as follows: 

3'58301j625 1,;25 1.d25 1,225 2.025 2.1'25 2,215 

Reheat ternperoture, OF 

FIGURE 13.-Influence of cooling rate from reheat temperature on 
lattice parameter. Specimens solution-treated a t  2,200' F for 
1 hour, water-quenched, reheated to  indicated reheat temperature 
for +/z hour, and cooled as indicated. 

(1) Structural changes during testing a t  1,200' F were 
largely dependent on the initial as-rolled condition of the 
bar stock. Extensive precipitation took place in the matrix 
during testing provided precipitation had occurred during 
rolling. The precipitation was much less after rolling a t  
2,200' or 2,100' F where little precipitation occurred during 
rolling. Rolling a t  1,600' F, however, apparently resulted 
in nucleation of precipitates during testing, inasmuch as 
extensive precipitation occurred even though only grain- 
boundary precipitation was evident after rolling. The 
structure, after testing, of the material rolled a t  1,800' and 
2,000" F was similar to that of the material rolled a t  1,600' 
F. In  cases where matrix precipitation did occur during 
testing a t  1,200' F, i t  appeared to increase with increasing 
amounts of rolling. 

(2) The structural changes which occurred during creep 
testing a t  1,500' F appeared to be largely independent of the 
initial conditions of the microstructure. That is, extensive 
precipitation and agglomeration occurred in all bars during 
testing and all structures were remarkably similar after 
testling. 

Lattice-parameter measurements.-Lattice-p a r  a m e  t e r  
measurements are tabulated in table VI. Although measure- 
ments were possible over the complete range of reductions 
a t  temperatures of 2,000' F and above, determinations could 
be made for only the 0-, 5-, lo-, and 40-percent reductions 
a t  1,800' F. The diffraction lines were too diffuse for all 
other reductions a t  1,800' F and for all reductions a t  1,600' F. 

Check measurements were made in some cases and these 
are also given in table VI. Most determinations were 
carried out on surfaces t<ransverse to the direction of rolling 
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Cooling rote ot 1,200' F, OF/sec 

FIGURE 14.-Influence of cooling rate from 2,025' F on lattice para- 
meter. Specimens solution-treated a t  2,200° F for 1 hour, water- 
quenched, reheated to 2,025' F for % hour, and cooled as indicated. 

with some check measurements being made on surfaces a t  
other angles to the rolling direction. 

The influence of amount and temperature of reduction on 
lattice parameters (fig. 12) was fairly complex. Successive 
~ninimunl and maximum values appeared as the amount of 
reduction was increased. The amount of reduction required 
to produce these effects incrcascd as the rolling temperature 
was reduced. 

A measurement made on stock reduced 35 percent a t  
2,000' F without reheating is plotted on the curve (fig. 12 Rollino conditions 
(a)) 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 percent. This conclusion is further substantiated by a 
similar behavior a t  2,100' and 2,200" F within the reduction 
range where reheats were not used. 

The agreement between measurements made transverse to 
the rolling with the check determinations a t  other ai~gles 
(fig. 12 (a)) indicates that any orientation effects were small. 

During the course of the investigation i t  was established 
'''at rate had a pronounced effect 13 and 14) 
on the measured lattice parameter. Air-cooling resulted in 
larger parameters than did water-quenching. Limited data 
for a range of cooling rates from 2,025' F show that  inter- 
mediate rates in larger Parameters. That 
is, air-cooling resulted in larger values than did either very 
slow or very rapid cooling (fig. 14). The temperatures used 
for these studies were the same as those for heating for 

250 F above the The 
use of the cooling rate at 1,2000 for preparing figure 14 
was simply a matter of convenience for measurements of the 
rates. This de'iined 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 0 over 
controlled temperature ranges to obtain data to investigate 
how the decreasing temperatures during hot-working influ- 
enced high-temperature strengths. Experiments were con- 

o 25 percent at 2,2000 F PIUS 15percent ot ~ndicated temperature 
15 percent at 2,200° F plus 25 percent ot lndlcoted temperoture 

0 I 0  percent each at 2,200°, 2,000°, 1,80O0, and 1,600" F 
A 25 percent ot 2,0000 F PIUS 15 percent at ~nd~coted temperature 
v 25 percent at 1 800 '  F plus 15 percent at ind~coted temperature 
P 15 percent 1sot6erma11~ at indicoted temperature 
4 40percent isothermally ot indicated temperature 
- 100- hr rupture strength 
-- 1,000-hr rupture strength 

(a) Tested a t  1,200' F. 

15.-ComparisolI of isothermal Donisothermal rolling 
011 100- and 1,000-hour rupture strengths a t  1,200" and 1,500' F. 

fined to combinations of reductions totaling 40 percent. The 
initial rolling temperatures varied from 1 ,800~ to 2 , 2 0 0 ~  F. 

Rupture properties at 1,2000 F,-Rolling first at 2 , 2 0 0 ~  or 
2,0000 and then at 2,0000, 1,8000, or for a total 
reduction of 40 percent (tables VI I  and VII I )  had the follow- 
ing effects on the rupture Properties 1,2000 F: 

(1) Very high strengths resulted from reduction a t  2,200' 
or 2,0000 and then at 1,8000 or F. ~h~ strengths 

considerably higher (fig. 15 (a)) than those obtained by 
isothermal reductions of 15 or 40 percent a t  1,600' 
or 1,8000 F. 

(2) A reduction of 25 percent a t  2,200' P followed by 15 
percent a t  2,000' F resulted in lower strength than did 
isothermal reductions of either 15 or 40 percent a t  2,000' F 
(fig. 15 (a)). 

(3) Elongations (table VIII)  were as high as or higher than 
those for comparative isothermally rolled materials. 

(4) A reduction of 10 percent a t  all four temperatures gave 
both high strength and very high elongation. 





to those for the most creep resistant isothermal conditions, 
while the strengths of the material rolled 25 percent a t  
2,200' F followed by 15 percent more reduction a t  the lower 
temperatures tended to be similar to those of the material 
isothermally rolled 40 percent. 

Hardness.-All of the conditions of rolling except one 
developed high as-rolled Brinell hardness values in the range 
of 272 to 283 (table V). The one exception was the material 
rolled between 2,200' and 2,000' F which had a Brinell 
hardness of 221. Except for this latter condition, the hard- 
ness values approached those obtained by isothermal reduc- 
tions of 40 percent a t  the finishing temperature father than 
those obtained isothermally with the actual find reductions. 

Microstructures.-Examination of the structures after 
rolling (fig. 17) and after subsequent creep testing (fig. 18) 
gave the following results: 

(1) Rolling a t  2,200' F, before rolling a t  lower tempera- 
tures, reduced grain size bp recrystallization. For this 
reason the grain sizes of the material subsequently rolled at 
1,600' and 1,800' F were finer than those of the material 
isothermally rolled a t  these temperatures. (Cf. fig. 17 with 
figs. 10 (a) to 10 (g).) The material rolled first a t  2,200' 
and then a t  2,000' F was very fine grained, indicating that 
recrystallization continued a t  the lower temperature. Roll- 
ing first a t  2,000' F and then a t  1,600' F resulted in a 
duplex-grain structure because recrystallization was incom- 
plete during the reduction a t  2,000' F. 

(2) Samples rolled initially a t  2,200' F and then a t  lower 
temperatures did not have the general matrix precipitation 
observed in samples isothermally rolled a t  1,800' and 
2,000' F. The precipitate was, however, present in material 
rolled initially a t  1,800' or 2,000' F and finally a t  1,600' F. 

(3) After creep testing a t  1,200' F (fig. 18) the structures 
showed little precipitation during testing for material 
initially rolled a t  2,200' and finished a t  1,600' or 1,800' F. 
In all other conditions the structures underwent considerable 
precipitation a t  1,200' F.  Structures of all samples tested 
a t  1,500' F showed the same extensive precipitation 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 1,500' F and a t  three higher temperatures of 1,800°, 
2,000°, and 2,200' F. Repeated reductions a t  the upper 
and lower temperatures 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 ap- 
proximated with a top temperature of 1,800' F. Top tem- 
peratures of 2,000' and 2,200' 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 non- 
isothermally rolled materials. Such low strengths are some- 

times observed in practice and the possibility of extensive 
precipitation by use of low working temperatures was 
explored as an explanation. 

Rupture and creep properties at 1,200' F.-Cyclic rolling 
between 1,500' and 1,800' F resulted in lower rupture 
strength and higher elongation a t  1,200' F than did rolling 
a t  upper temperatures of 2,000' or 2,200' F.  (See tables 
IX and X and fig. 19 (a).) 

The material rolled between 1,500' and 1,800' F had 
strengths similar to those for the material simply heated to 
1,800' F without reduction and considerably below any of 
those for the material rolled isothermally or with falling 
temperatures. (Cf. data in table X with those in tables 11, 
IV, and VIII.) On the other hand, rolling 5 percent first 
a t  1,500' and then a t  2,000' and 2,200' F produced strengths 
much higher than those obtained under any condition of 
isothermal rolling a t  2,000' or 2,200' F and approaching 
those obtained by 25-percent reduction a t  2,000' or 2,200' F 
followed by 15-percent reduction a t  1,800' or 1,600' F. 

The cyclic rolling resulted in substantially higher elonga- 
tions than were obtained by other conditions of rolling ex- 
cept the 10-percent reduction a t  2,200°, 2,000°, 1,800°, and 
1,600' F.  (Cf. data in table X with those in tables 11, IV, 
and VIII.) 

Creep resistance was also much lower for t,he material 
cyclically rolled a t  1,500' and 1,800" F than for the inaterial 
rolled a t  upper temperatures of 2,000" or 2,200' F.  (See 
table X and fig. 20.) The creep rates were actually faster 
than those for any othrr condition of rolling except large 
reductions a t  2,200' F.  (Cf. data in table X with those in 
tables 11, IV, or VIIT.) On the other hand, the creep re- 
sistance 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 a t  1,500' F were very low for the material rolled 
a t  1,500' and 1,800' F, whereas ra.ising the upper tempera- 
ture to 2,000' and 2,200' F resulted in considerably higher 
values. (See tables IX and X and fig. 19 (h).) As a t  
1,200' P, the strengths resulting from rolling a t  1,500' and 
1,800' P were low in comparison with those resulting from - 
isothermal rolling or rolling over a falling-temperature range. 
In  fact, only material reduced 65 percent a t  1,800' F had as 
low strength. (Cf. data in table X with those in tables 11, 
IV, and VIII.) Likewise, the strengths resulting from roll- 
ing a t  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 a t  100 hours. The material 
rolled a t  1,500' and 2,000' F had very low elongation a t  
1,000 hours. 

The conditions of cyclic rolling influenced creep resistance 
in the same way as they did rupture strength. (See tables 
I X  and X and fig. 20.) Rolling a t  1,500' and 1,800' F re- 
sulted in very low creep resistance; again, only 65-percent 
reduction a t  1,800' F caused as low strength. (Cf. data in 
table X with those in tables 11, IV, and VIII.) The other 
two conditions of cyclic rolling gave strengths on the high 
side of the range found in the investigation. 



(a) Rolled 25 percent a t  2,200' F plus 15 percent a t  2,000' F. 

(b) Rolled 25 percent a t  2,200' F plus 15 percent a t  1,800' F 

\ 1 

m 
(c) Rolled 10 percent each a t  2,200°, 2,000°, 1,800°, and 1,600' F. 

(d) Rolled 25 percent a t  2,000' F plus 15 percent a t  1,600' F. 

FIGURE 17.-Effect of nonisothermal reductions on microstructures. Bar stock was solution-treated for 1 hour, n-ater-quenched, and then rolled as indicated. 
(Electrolytically etched in 10 percent chromic acid.) 



(a) Rolled 25 percent a t  2,200' F plus 15 percent a t  2,000' F (1,125 hours). (c) Rolled 10 percent each a t  2,200°, 2,000°, 1,800°, and 1,600' F 4 
(1,155 hours). 'P 

(b) Rolled 25 percent a t  2,200' F plus 15 percent a t  1,800' F (1,175 hours). 
(d) Rolled 25 percent a t  2,000' F plus 15 percent a t  1,600" F (1,178 hours). 

$ 
i 
ti 

FIGURE 18.-Microstructures after creep testing for 1,000 hours a t  1,200' F with stress of 25,000 psi. Prior to testing, bar stock was solution-treated a t  2,200' F 
for 1 hour, water-quenched, and rolled as indicated. (Electrolytically etched in 10 percent chromic acid.) 2 
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Final rolling temperature, OF  Final rolling temperature, OF 

Rolling conditions 

0 Heated to 1,800° F for 1/2 hr, rolled 5 percent, cooled 
to 1,500°F, rolled 5 percent, held 2 hr, reheoted to 
1,800°F. Cycle repeoted three more. times. 

Heoted to 2,000° F for 1/2 hr, rolled 5 percent, cooled 
to 1,500°F, rolled 5 percent, held 2 hr, reheated to 
2,00O0F.Cycle repeated three more times. 

0 Heoted to 2,200°F for 1/2 hr, rolled 5 percent, cooled 
to 1,50O0F, rolled 5 percent, held 2 hr, reheated to 
2,200°F Cycle repeoted three more times. 

(a) Tested a t  1,200' F. 
(h) Tested a t  1,500' F. 

FIGURE 19.-Effect of cyclic rolling on the 100- and 1,000-hour' 
rupture strengths a t  1,200° and 1,500' F. 

Hardness.-There was very little difference in hardness 
(table V) for the three conditions of cyclic rolling. The 
values were 253 for the material rolled a t  1,500' and 1,800' P 
and 248 for the material rolled a t  upper temperatures of 
2,000' or 2,200' F. 

Microstructures.-As expected, the cycling between 1,500' 
and 1,800' F resulted in extensive precipitation and agglom- 
eration in the microstructures (fig. 21). When the upper 
temperatures were 2,000' or 2,200' F, there was little evi- 
dence of this. There was little difference in grain size as 
the result of the three conditions of cyclic rolling. Appar- 
ently, the grain refinement obtained a t  the higher tempera- 
tures with equivalent single total reductions was avoided. 
Likewise, the material rolled between 1,500' and 1,800' F 
did not show so much distortion as did the material rolled 
40 percent a t  1,800' P.  

.00001 
1,800 2,000 2,200 2,400 

Final rolling temperoture, O F  

Test~ng 
temp.. . . 
"F Rolling conditions 

1.200° 1,500° 
o ~1 Heated to 1,800° F for 1/2 hr, rolled 5 percent, cooled 

to 1,500" F, rolled 5 percent, held 2 hr, reheated to 
1,800 F. Cycle repeated three more times. 

v Heated to 2,000' F for 1/2 hr, rolled 5 percent, cooled 
to 1,500' F, rolled 5 percent, held 2 hr, reheoted to 
2,000° F. Cycle repeoted three more times. 

0 D Heated to 2,200° F for 1/2 hr, rolled 5 percent, cooled 
to 1,500' F, rolled 5 percent, held 2 hr, reheated to 
2,200" F. Cycle repeated three more times. 

FIGURE 20.-Effect of cyclic rolling on minimum creep rates a t  1,200' 
and 1,500' F for indicated initial stresses. 

RESPONSE TO HEAT TREATMENT I 
A study was made of the degree to which the conditions 

of hot-working influenced the properties after four heat 
treatments within the temperature range commonly used in 
heat-trea ting the alloy. 

Solution-treated at 2,200' F and water-quenched.-The 
rupture strengths and creep resistance for material solution- 
treated a t  2,200' P and water-quenched were remarkably 
uniform after a wide range in hot-rolling conditions. (See 
tables XI and XI1 and fig. 22 (a).) All of the rolling con- 
ditions skudied 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: 

Rupture strength, psi, in- 

100 irr 1 1,000 hr 

aOnly two conditions tested t o  1,000 hr. 



(a) Heated to 2,200' F for % hour, rolled 5 percent, cooled to 1,500' F, 
rolled 5 percent, held 2 hours, and reheated to  2,200' F. Cycle repeated 
three more times. 

(b) Heated to 2,000' F for % hour, rolled 5 percent, cooled to 1,500' F, 
rolled 5 percent, held 2 hours, reheated to  2,000' F. Cycle repeated three 
more times. 

(c) Heated t o  1,800' F for % hour, rolled 5 percent, cooled t o  1,500' F, 
rolled 5 percent, held 2 hours, reheated to  1,800' F. Cycle repeated three 
more times. 

FIGURE 21.-Effect of cyclic rolling on microstructures. Bar stock was 
solution-treated a t  2,200° F for 1 hour, water-quenched, and rolled as 
indicated. (Electrolytically etched in 10 percent chromic acid.) 



28 REPORT 134 1-N ATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

The minor nature of this variation is shown by figure 22 (a) 100 

where all the individual tests plotted well on single curves 
of stress versus rupture time. Moreover, the rupture 60 

strengths agreed with the values for the original stock soh- 40 
tion-trea ted at  2,200' F without any rolling. Elongations, 
however, were considerably higher than those obtained for 
the original stock. 20 

The limited creep data showed little variation and were 
similar to the data for the original stock. 

Solution-treated at 2,200" F for 1 hour, water-quenched, 
10 

100 
and aged at 1,400' F for 24 hours.-The data obtained 
(tables X.111 and XIV) for a number of conditions of hot- 60 

working showed no significant variation in rupture strength 
or creep resistance for material solution-treated a t  2,200° P 40 

for 1 hour, water-quenched, and aged a t  1,400° l? for 24 
hours. The small range in rupture strengths disappeared eo 
when all the actual data points were plotted on one curve 
in figure 22 (b). 

Solution-treated at 2,050' F for 2 hours, and water- 1 0  

quenched.-A temperature of 2,050" l? was used for an 100 

extensive series of tjests on the basis that this intermediate 
temperature might show more influence of the rolling con- 60 

ditions on response to heat treatment as reflected in creep .g 4o 
and rupture properties. The specimens were solution-treated g 
a t  this temperature for 2 hours and then water-quenched. 
While the data (tables XV and XVI) again show little 20 

variation as a result of different conditions of rolling, there 
was somewhat more than was observed after treatment at  
2,200" I?. Tho following ranges in rupture strength were 10 

100 
indicated by the individual curves of stress versus rupture 
time: 60 

Rupture strength, psi, in- 40 
Temp., 

100 hr 1,000 hr 
20 

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

10 20 40 60 100 200 400 600 1,000 2,000 

The actual variation represented is illustrated by figure 
22(c) where all the test points plot very nearly on one curve 
of stress versus rupture time. 

(a) After being rolled as indicated, bars were solution-treated a t  
2,200' F for 1 hour, water-quenched, and then rupture-tested a t  
1,200' or 1,500' F. 

(b) After being rolled as indicated, bars were solution-treated a t  
2,200' F for 1 hour, water-quenched, aged a t  1,400' F for 24 hours, 
air-cooled, and then rupture-tested a t  1,200' or 1,500' F. 

(c) After being rolled as indicated, bars were solution-treated a t  
2,050' F for 2 hours, water-quenched, and then rupture-tested a t  
1,200' or 1,500' F. 

(d) After being rolled as indicated, bars were solution-treated a t  
2,050' F for 2 hours, water-quenched, hot-cold-worked 15 percent 
a t  1,200' F, and then rupture-tested a t  1,200' or 1,500' F. 

FIGURE 22.-Influence of rolling temperature and amount of reduction 
on response to heat treatment. 

Rupture t~me, hr 

Rolling temp., OF Reduct ion, percent 
1,600 1,800 2,000 2,200 
0 0 v a 15 

Rolling conditions 
o 25 percent at 2,200' F plus 15 percent at 1,800' F 
o 10 percent each at 2,200°, 2,0004 1,800°, and 1,600' F 
a Heated to 1,800' F for I/2 hr, rolled 5 percent, cooled 

to 1,500' F, rolled 5 percent, held 2 hr. Cycle 
repeated three more times. 

o Heated to 2,000' F for 1/2 hr, rolled 5 percent, cooled 
to 1,500' F, rolled 5 percent, held 2 hr. Cycle 
repeated three more times. 

0 Heated to 2,200' F for 1/2 hr, rolled 5 percent, cooled . to 1,500' F, rolled 5 percent, held 2 hr. Cycle 
repeated three more times. 



No systematic relationship be tween ho t-rolling conditions 
and variation in strengths was found. 

Solution-treated at 2,050' F for 2 hours, water-quenched, 
and hot-cold-worked 15 percent at 1,200' F.-The materials 
tested in the three conditions of cyclic rolling, representing 
extremes in as-rolled rupture and creep strength, were solu- 
tion-treated a t  2,050' F for 2 hours followed by water- 
quenching and then by a 15-percent reduction by rolling at  
1,200' F. The resultant hot-cold-worked materials had 
practically no variation in strength or ductility. (See tables 
XVII and XVIII and fig. 22(d).) Moreover, the strengths 
were the same as those which had previously been obtained 
for this same treatment (ref. 1). 

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 character- 
istics studied in the hot-worked condition. The metallurgi- 
cal mechanism responsible cannot be accounted for in terms 
of solid solution, internal strain from cold-work, precipi- 
tation 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 unex- 
pected. Apparently, if heat-treating conditions are adequate 
for completion of metallurgical reactions, the properties will 
be relatively independent of prior history and the major 
source of variation arises from heat-to-heat differences, 

CONTROL OF PROPERTIES I N  HOT-WORKED CONDITION 

There were two outstanding results from the studies of the 
properties a t  1,200' and 1,500' F in the hot-worked condi- 
tion: 

(1) As the amount of reduction under isothermal condi- 
tions 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 temperat'ure 
range produced higher strengths a t  1,200' F than were 
obtained during working a t  constant temperature. At 
1,500' 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 com- 
monly observed for the hot-worked condition: 

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

(2) On the other hand, experimentally produced materials 
frequently have abnormally high strength in the hot-worked 

condition. This probably arises from production condi- 
tions where the metal is given successive small 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 certainly responsible. The experiments carried 
out in this investigation were not so complete as would be 
desirable. It appears, however, that the working 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 temperatures, be carried down 
to temperatures where recrystallization ceases. 

1 (b) probably many small reductions a t  small temperature 
intervals are most effective. 

The falling-temperature-small-reduction principle appears 
to have considerable importance for high strength a t  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 prodwed with finishing temperatures in excess of 1,800 F. 
~ " o i  example: 

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

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

(1) Maximum rupture strength a t  1,200° F was obtained 
by 15-percent reduction a t  any temperature. There was 
little effect from increasing the reduction beyond 15 percent 
(figs. 23 (a) and 23 (b)) , except for a loss in strength for work- 
ing a t  2,100° F. 

(2) The temperature of working had a considerable in- 
fluence on the level of rupture strength a t  1,200' F (figs. 3, 
23 (a), and 23 (b)). Relatively high rupture strengths, in 
excess of 50,000 and 40,000 psi for 100 and 1,000 hours, 
required working below 2,100° F. 

(3) The hot-worked condition generally yielded rupture 
strengths a t  1,200° F higher than can be obtained by heat 

Working conditions 

Strength, Elouga- Strength, Elonga- 1 psi / iion, 1 pal / tion, / 
percent percent 

Rupture properti~s at 1,200' F 

100 hr 1,000 hr 

I 

- 
Reduced 25 percent at 2,200" F plus 15 

percent at 1800' F ---.-.---...-.-...- 
Reduced 10 iercent at 2,U)0°, 2,000°, 
1,800°, and 1,600' F. .. . --.-..--...... 

Solution-treated at 2,050' F for 2 hr. 
water-quenched, and reduced 15 per- 
cent at 1 200° F .-.--...........-.--.- 

~olution-t;eated at 2,200° F for 1 hr, 
water-quenched, and reduced 15 per- 
cent at l,U)OO F .-.-.-...-.-...-...... 54,000 1 
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Percent reduction at indicated temperature 

(a) 100-hour rupture strengths a t  1,200° F. 
(b) 1,000-hour rupture strengths a t  1,200' F. 
(c) 100-hour rupture strengths a t  1,500' F. 
(d) 1,000-hour rupture strengths a t  1,500' F. 

FIGURE 23.-Effect of amount of isothermal reduction in open passes 
a t  various temperatures on 100- and 1,000-hour rupture strengths 
a t  1,200' and 1,500' F. 

treatment alone. Only exposure to 2,100' F and large 
reductions a t  2,100' F gave lower strengths (figs. 23 (a) and 
23 (b)). I n  most cases, heat treatment reduced rupture 

dependent on the temperature of working. Specific reduc- 
tions dependent on the temperature of working (fig. 4) are 
required for maximum strength with large reductions being 
detrimental. I t  is noteworthy that a reduction of 7 percent 
a t  2,200' F yielded as high a rupture strength a t  1,500' F 
as could be obtained by any other conditions of worliing 
investigated. Lowering the temperature of working (figs. 
23 (c) and 23 (d)) generally resulted in less falloff in the 
rupture strength a t  1,500° F for more than optimum reduc- 
tions. 

(5) I t  appears that high elongation and reduction of area 
in rupture tests a t  1,200' F were dependent on large reduc- 
tions from 1,800' to 2,000' F. (See figs. 5 and 6.) High- 
temperature working with recrystallization also increased 
ductility. 

(6) Elongation and reduction of area in rupture tests a t  
1,500" F were very sensitive to degree of reduction. (See 
figs. 5 and 6.) 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 reduction. High values are obtained only when 
working is carried out a t  essentially constant temperature 
if the temperatures are in excess of 2,000° F or if the reduc- 
tions are very small. 

(7) Creep resistance in low-stress tests is apparently more 
sensitive to degree of reduction than is rupture strength. 
(Cf. figs. 7 (b) and 7(d) with fig. 23.) At 1,200° F, a good 
deal of the sensitivity to temperatures of working observed 
inrupture tests is retained (fig. 7 (b)). Low strengths are par- 
ticularly to be expected for large reductions above 2,000' F. 
At 1,500" F, the creep resistance was more sensitive to 
degree of reduction (fig. 7 (d)) with an indication that large 
reductions below 2,000' F might be particularly damaging. 

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

(9) Repeated small reductions to low temperatures with 
reheats to below 2,000° F can lead to very low strengths. 
Apparently, this is the source of low strength in sheet when 
Iow reheat temperatures are used to reduce scaling and help 
preserve a good surface. For the alloy studied, reheat 
temperatures of 2,000' to 2,200' F for j4 hour were adequate 
to give relatively high strengths. 

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

(11) The alloy studied was subject to extensive precipita- 
tion during working in the temperature range of 1,600' to 
2,000' 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 a t  1,200' F and probably is related to 
other strength effects. 

strength a t  1,200' F. 
MECHANISMS OF STRENGTHENING AND WEAKENING BY HOT-WORKING 

(4) The control of rupture strengths a t  1,500' F for the 
hot-worked condition is mostly dependent on the degree of 

- 

reduction (figs. 3, 23 (c), and 23 (d)) and only slightly 
The results of this investigation mainly provide a basis for 

a hypothesis to explain the observed influences of hot-working 



conditions on the creep-rupture properties of the alloy. 
Apparently, both strengthening 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. 
I t  appears that strain-hardening is a major factor involved 
in strengthening, 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 
a t  higher temperatures. In addition, there are other effects 
from the precipitation during working a t  1,600' to 2,000' F 
and during testing. 

Strengthening during working.-The correlations of hard- 
ness to rupture and creep strength (figs. 24 and 25) show 
that there were reasonably close relationships between 
hardness and rupture strengths a t  1,200' F. When the 
stress was reduced to 25,000 psi at  1,200' F, the resulting 
creep rates did not correlate so well. The strengths a t  
1,500' F were little influenced by hardness. I t  is recognized 
that hardness is an imperfect indicator of strain-hardening. 
The correlation a t  1,200' 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 creep 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 recrystal- 
lization seems definitely to limit strengthening from working. 
The evidence a t  1,200' F for rupture strength is not entirely 
clear on this point. Maximum rupture strength upon 
working a t  2,100' F occurred for 15-percent reduction, 
whereas recrystallization started a t  10 percent and was 
reasonably complete a t  15 percent. I t  will be noted, howel-er, 
that this was the only case where rupture strengths fell off 
with further reduction (figs. 23 (a) and 23 (b)) and it may 
be necessary to obtain complete recrystallization before 
weakening occurs. Strengths did not increase wit11 reduction 
a t  2,200' F, presumably because of continuous recrystalli- 
zation. Continuous recrystallization during working first 
a t  2,200' and then a t  2,000' F was also accompanied by low 
strength. The appearance of recr~wtallization during closed- 
pass rolling to a reductlion of 65 percent a t  1,800' F did not 
result in much reduction of rupture strength a t  1,200' F, 
probably because i t  was incomplete. 

Recrystallization is a recovery process from lattice strain. 
It appears first in the grain boundaries. Larger reductions 
result in its initiation witchin grains. The suggestion is 
therefore made that the same structural alterations which 

Brinell hardness 

0 Rolled at 2 ,200°F  
Rolled at 2,100°F 

0 Rolled at 2 ,000°F  
A Rolled at 1,800°F 
V Rolled at 1,600°F 

2 5  percent at 2 ,200°F  plus 15 percent at 2,000' F 
a 25 percent at 2 ,200°F  plus 15 percent at 1,800° F 
v 15 percent at 2,200°F plus 25 percent at 1 ,800° F 

2 5  percent at 2,200' F plus 15 percent at 1 ,600° F 
I 0  percent each at 2,200°,2,0000,1,800,and 1 ,600°F 
2 5  percent at 2 ,000' F plus 15 percent at 1,600' F 

0 2 5  percent at 1 ,800' F plus 15 percent at 1 ,600' F 
c Heated to 1 ,800°F, for 1/2 hr, rolled 5 percent, cooled 

to 1,500°F, rolled 5 percenf, held 2 hr, reheated to 
1,800°F. Cycle repeated four times. 

Heated to 2,000°F, for 1/2 hr, rolled 5 percent, cooled 
to 1,500°F, rolled 5 percent, held 2 hr, reheated to 
2,000°F.Cycle repeated four times. 

a Heated to 2,200°F, for 1/2 hr, rolled 5 percent,cooled 
to 1 ,500°F, rolled 5 percent, held 2 hr, reheated to 
2,200°FCycle repeated four times. 

(a) 100-hour r u p t u r e  s t reng ths  a t  1,200' F. 
(b) 1,000-hour r u p t u r e  s t reng ths  a t  1,200' F. 

FIGURE 24.-Correlat ion o f  100- a n d  1,000-hour r u p t u r e  s t reng ths  
a t  1,200' F a n d  1,500' F w i t h  as-rol led B r i n e l l  hardness. 
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180 2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  

Brinell hardness 

0 Rolled at 2 ,200°F  
Rolled at 2,100°F 

0 Rolled at 2 , 0 0 0 ° F  
a Rolled at 1,800°F 
V Rolled at 1,600°F 

2 5  percent at 2 ,200°F  plus 15 percent at 2,000°F 
a 25 percent at 2 ,200°F  plus 15 percent at 1 , 800°F  
v 15 percent at 2 ,200' F plus 25 percent at 1 ,800' F 
o 2 5  percent at 2,200'  F plus 15 percent at 1 ,600' F 

I 0  percent each at 2,200°,2,0000,1,800,and 1 ,600°F 
A 2 5  percent at 2 ,000' F plus 15 percent ot 1,600' F 
D 2 5  percent at 1 ,800' F plus 15 percent at 1,600' F 
Q Heated to 1 ,800' F, for 1/2 hr, rolled 5 percent, cooled 

to 1,500°F, rolled 5 percent, held 2 hr, reheated to 
1,800°F. Cycle repeated four times. 

0 Heated to 2,000°F, for 1/2 hr, rolled 5 percent, cooled 
to 1 ,500' F, rolled 5 percent, held 2 hr, reheated to 
2,000°F.Cycle repeated four times. 

a Heated to 2,200°F, for 1/2 hr, rolled 5 percent, cooled 
to 1 ,500°F, rolled 5 percent, held 2 hr, reheated to 
2,200°F.Cycle repeated four times. 

(a) I n i t i a l  stress, 50,000 ps i ;  1,200' F. 
(b) Minimum creep r a t e  i r l  1,000 hours ;  i r l i t i a l  stress, 25,000 ps i ;  

1,200' F. 

FIGURE 25.-Correlat ion o f  m i r l i m u r l l  creep r a t e  f o r  va r ious  i n i t i a l  
stresses a t  1,200' a n d  1,500' F w i t h  as-rol led Brine11 hardness. 

Br~nell  hardness 

0 Rolled at 2 , 2 0 0 ° F  
0 Rolled at 2,100°F 
0 Rolled at 2 , 0 0 0 ° F  
A Rolled at 1,800°F 
V Rolled at 1 , 6 0 0 ° F  

2 5  percent at 2 ,200 '  F plus 15 percent at 2,000'  F 
a 2 5  percent at 2 , 2 0 0 ° F  plus 15 percent ot 1,80O0F 

15 percent at 2 ,200 '  F plus 25 percent at 1,800' F 
P 2 5  percent at 2,200'  F plus 15 percent at 1 , 6 0 0 ° F  

10 percent each a t  2,200°, 2,000°, 1,800, and 1,600°F 
A 2 5  percent at 2 ,000' F plus 15 percent at 1,600' F 
D 2 5  percent at 1 ,800° F plus 15 percent at 1,600' F 
Q Heated to 1 ,800' F, for 1/2 hr, rolled 5 percent, cooled 

to 1,500°F, rolled 5 percent, held 2 hr, reheated to 
1,800°F. Cycle repeated four times. 

Heoted to 2,000°F, for 1/2 hr, rol led 5 percent, cooled 
to 1 ,500' F, rol led 5 percent, held 2 hr, reheated to 
2,000°F.Cycle repeated four times. 

a Heated to 2,200°F, for 1/2 hr,rol led 5 percent, cooled 
to 1 ,500°F, rol led 5 percent, held 2 hr, reheated to 
2,200°FCycle repeated four times. 

(c)  I n i t i a l  stress, 15,000 ps i ;  1,500' F. 
(d) Minimum creep r a t e  in 1,000 hours;  i n i t i a l  stress, 8,000 ps i ;  

1,500' F. 
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Heat 30276 (ref. I) Present investigation 

1,000-hr rupture strength A 0 v 
100-hr rupture strength o o D 

1,000-hr rupture elongation A -0 v 
100-hr rupture elongation o o D 

Brinell hardness o v 
2,200 O F  solution-treated before reduction, - 
2,050 O F  solution-treated before reduction, ------ 

Temperoture of 15-percent reduction, OF 

FIGURE 26.-Comparison of 1,200' F rupture strengths, rupture 
elo~lgations, and Brinell hardnesses after 15-percent reduction a t  
various temperatures for this investigation and another heat of 
same alloy (heat 30276, ref. I ) .  

If this is not the case, then there must be a complex inter- 
relationship between cold-work, recrystallization, precipita- 
tion during working, precipitation and agglomeration during 
testing, and the mechanisms of creep and rupture leading to 
uniformity of rupture strength. 

Precipitation during hot-working.-The rupture data were 
replotted (fig. 27) in terms of change in rupture strength for 
varying reductions. This gave quite uniform changes in 
strength for a given reduction a t  1,200' F which were in- 
dependent of the temperature of reduction except a t  2,200' F. 
There was little change a t  1,500' F where strengths originally 
had been mainly a function only of degree of reduction. 

The sensitivity of rupture strength a t  1,200° F to tempera- 
ture of reduction was therefore mainly due to effects of 
heating to the working temperature. Tn particular, the low 
strength of material worked a t  2,100' F seems to be due to 

Percent reduction at indicated temperature 

(a) 1,200' F. 
(b) 1,500' F. 

FIGURE 27.-Effect of amount of isothermal reduction in open 
passes a t  various temperatures on change in 100- and 1,000-hour 
rupture strengths a t  1,200° and 1,500' F. 

exposure to that temperature and not the effect of reduction. 
The results of reduction a t  the other temperatures were also 
brought closer together. The only suggested explanation 
involves some influence on the precipitation which is only 
microscopically evident after working a t  lower temperatures. 
The low strength after working a t  2,200' F seems to be due 
to the fact that continuous recrystallization prevented 
strengthening either through the restriction of strain- 
hardening or the development of unfavorable grain struc- 
tures. 

The drop in maximum rupture strengths for 1,000 hours 
a t  1,200' F from working a t  1,600' to 2,000' F (fig. 26) 
seems related to the precipitation during hot-working. 
This precipitate also induced extensive further precipitation 
during testing a t  1,200" F. Both effects 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 a t  1,200' F for the observed hardness after working 
a t  1,600' and 1,800" F (figs. 24(a) and 24(b)). Previous 
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work (ref. 3) had shown that during aging hardness can 
increase but strength decrease. The evidence, however, 
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 i t  is in 
rupture tests. 

Precipitation seemed to have little effect a t  1,500' F.  I t  
is presumed that this was due to the fact that precipitation 
and agglomeration during testing were so rapid and extensive 
that prior precipitation had little influence on properties. 

In view of the improvement in the relation between rupture 
strength a t  1,200' F and amount of reduction resulting from 
the use of changes in rupture strength, the data were re- 
plotted using changes in hardness rather than actual hard- 
ness. This considerably widened the scatter over that shown 
by figures 24(c), 24(d), and 25. I t  was concluded that 
actual hardness was a better measure of strength than 
changes in hardness. The changes in hardness due to heat- 
ing to the working temperature (fig. 9) were apparently 
related to the strengths. 

Ductility in rupture tests.-The data suggest that the 
same mechanism which leads to weakening in most cases 
leads to increased elongation and reduction of area in the 
rupture tests. This seems to be particularly true for recrys- 
tallization. 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 elongation a t  1,500" F for 100 hours resulting 
from simply heating to the working temperatures (fig. 6) 
and the pronounced decreases with increasing reduction a t  
both 100 and 1,000 hours. These results strongly suggest 
some influence from the precipitation reaction. The re- 
ductions 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 sufficiently 
extensive, ductility is restored. 

Hot-working with decreasing temperature.-The major 
change introduced by working on a falling-temperature 
range was an apparent increase in the amount of hardening 
from working first a t  2,200" and then a t  1,800' or 1,600' F. 
Not only was the hardness higher than would have been 
anticipated from isothermal data, but the rupture strengths 
a t  1,200' F were accordingly higher (figs. 24(a) and 24(b)). 
The hardness values after working a t  2,000' or 1,800' and 
then a t  1,600' F were near to the incremental additive effects 
estimated from isothermal data a t  the two temperatures. 
The same was true for reductions of 10 percent a t  2,200°, 
2,000°, 1,800°, and 1,600' F.  The material worked first a t  
2,200" and then a t  2,000" F had low hardness because of 
continuous recrystallization a t  both temperatures. The 

rupture strengths a t  1,200' F of material worked a t  2,000' 
and 1,600" F and those given the reductions of 10 percent 
were also high and in accord with their hardness. Thus, the 
procedure also allowed the development of high strength and 
high hardness with large total reduction. This was not 
quite so true for working first a t  1,800" and then a t  1,600' F. 
The continuously recrystallized material from working a t  
2,200' and 2,000' F had strength in accord with its hardness. 

All of these factors point to working over a decreasing 
temperature range causing an increase in the low-tempera- 
ture strengthening mechanism during working without an 
increase in the weakening effect. The cause is not clear 
from the data. The material worked first a t  2,200' F may 
have been simply made more susceptible to strain-hardening 
for a given reduction a t  lower temperatures. Reduction of 
grain size with a corresponding increase in the gr ain-boundary 
area to be moved to obtain a given degree of damage could 
be involved. The suppression of precipitation during work- 
ing a t  1,800' and 1,600' F may have been involved. The 
high strengths of the material worked without recrystalliza- 
tion suggest that a stable structure was developed by the 
high-temperature working which could be given further 
limited reductions a t  lower temperatures without increasing 
the damage. 

The improvement in strength for low-stress creep (fig. 
25(b)) was less than that for rupture strength, as would be 
expected. The strengths a t  1,500' F were generally more 
nearly in accord with those obtained by a total reduction of 
40 percent (figs. 15, 16(c), 16(d), 24(c), 24(d), 25(c), and 
25(d)) than with those obtained by any additive effect of 
strengthening without increasing damage. Apparently, in- 
sofar as strength a t  1,500' F is concerned, the weakening 
component involved in the amount of reduction was not 
inhibited nearly so much as that for 1,200" F by working on 
a falling-temperature range. 

Cyclic heating and working.-When the samples were pre- 
pared by heating and working repeatedly a t  1,500" F and a t  
1,800°, 2,000°, or 2,200' F, there was opportunity for a num- 
ber of complicated reactions to occur. Precipitation and 
agglomeration were extensive when the top temperature was 
1,800' F. Presumably, extensive precipitation took place 
particularly a t  1,800' F.  When the top temperature was 
2,000" F, the opportunity for precipitation a t  the top tem- 
peratures was reduced. Presumably, there was no precipita- 
tion a t  2,200' F and the opportunity for nearly complete 
solution of precipitates formed a t  1,500' F. Likewise, the 
opportunity for recovery from prior working was present 
during the $-hour heating periods a t  the upper temperature. 

If i t  is assumed that the $hour a t  2,200' F gives the oppor- 
tunity for nearly complete solution and recovery from prior 
working, then the properties ought to be close to those arising 
from reductions of 5 percent a t  2,200' F plus 5 percent a t  
1,500" F.  Data are not available for working a t  1,500' F. 
However, estimates based on available data from this investi- 
gation and reference 1 indicate that the hardness and prop- 
erties are close to those which might be anticipated on this 
basis. Moreover, they are generally in accord with the hard- 
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ness correlations of figures 24 and 25. The same is true for an 
upper temperature of 2,000" F'. 

The material worked between 1,800" and 1,500" F, how- 
ever, had both low strength and low hardness. Moreover, the 
properties were low on the basis of the hardness correlations 
(figs. 24 and 25). I t  is presumed that the combination of 
extensive precipitation and agglomeration during working at  
1,800" and 1,500" F combined with recovery effects a t  1,800" F 
and the damage of extensive reduction a t  low temperatures 
all contributed to low strength. 

The recovery from thc damagc of cxtcnsivc defol-mation 
when 2,000" or 2,200" F was the top temperature would secrn 
to be the major factor. 

EFFECTS OF REHEATING DURING WORKING 

~h~ role of reheats was given very little attention in this 
investigation. The indications were, although i t  was not 
proven, that the brief 5-minute reheats used had little in- 
fluencc on the accumulative effects of continued reduction by 
isothermal hot-working with reheats. on the other hand, 
solution treatments of 2 hours a t  2,0500 or of hour a t  2 , 2 0 0 ~ ~  

erased prior-history effects. ~h~ assumption, 
is that, in practicg, reheats will have effects be- 

tween these extremes depending on the time and temperature. 
sufficiently long times and high temperatures for metal- 
lurgical reactions to attain completion will introduce ma- 
terials with uniform initial properties and structures. On the 
other hand, too short times and low temperatures to permit 
stabilization of the structure will introduce materids 
varied initial properties and structures on which additional 
wor.cing be  superimpose^.  hi^ would presumably alter 
the degree-of-reduction effects as  set in this invcsti- 
gation. 

The materia] rolled between 1,gooO and 1,5000 F 
(table X) gave every indication that $& hour a t  1,8000 F was 
not removing prior-history effects. On the other hand, the 
rnateria,ls cyclically rolled between 2,0000 or 2,2000 F and 
1,5000 P had properties fairly c]osc to those which might, be 
anticipated for solution-treated material reduced 5 percent a t  
those temperatures and then given a 5-percent reduction a t  
1,500° F. ThLls, the ?& h o w  a t  the higher temperatures may 
have quite effectively eliminated any influence lrom 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 in the range of 
2,050" to 2,200" F. That  is, quite uniform response a t  either 
2,050" or 2,200° 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 oI the variations in 
properties observed in practice for specific treatments. The 
suggestion is that  they arc due to unidentified Iieat-to-heat 
variations. Before this suggestion is accepted, however, 
checks should be made for cases where actual differences are 
observed to make sure that  there are not conditions of work- 
ing in practice which can introduce variable response. 

Treatment a t  2,200" 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 a t  1,200" F when the material was heat-treated a t  
2,050" F and then hot-cold-worked. This is reflected in 
figure 26 for heat 30276. More extensive data in reference 6 
showed that the material from heat 30276 had substantially 
lower strength a t  the higher temperatures and longer time 
periods when i t  was initially treated below 2,200" F. More- 
over, there were extensive structural changes which did not 
occur in heat A-1726, tlie material used for the present in- 
vestigation. There is no clear evidence as to whether the 
difference between the heats was due to differences in prior 
history or to heat-t,o-heat differences. Since a treatment a t  
2,200" F seemed to eliminate the difference between the two 
heats, the tendency is to sl~spect ~ r i o r  history as  the major 
factor. This, however, has not been established. The avail- 
able comparative data are presented in table XIX and, with 
the exception noted, show remarkable agreement considering 
the possible variations in treatment and testing. I t  will be 
noted that,  insofar as heat A-1726 is concerned, the original 
stock heat-treated only a t  2,050" F had properties similar to 
those of tlie material initially treated a t  2,200" F and then 
rerolled before heat treatment a t  2,050" F in this invcsti- 
gation. 

Heat  treatment would be expected to dissolve precipitates 
and allow their diffusion for chemical uniformity. In addi- 
tion, recovery from straining effects would be expected 
either by ~ecry~talliZati0n or by annealing without re- 
crystallization. FI-om the results obtained in this investi- 
gation, i t  appears that  2 hours a t  2,050" P is a somewhat' 
marginal condition for these reactions to take place. The 
variations were somewhat nlore 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 com- 
pleteness of the metallurgical reaftiorls in 2 hours a t  2,050" F' 
after wOrlcing. 

The absence of any apparent effects from reheating during 
isothermal working indicates that  response to heat treat- 
ment is sensitive to time at t,emperature during heat treat- 
ment. Evidently, the 5-minute reheats were too brief to 
allow much change when the working was being carried out 
a t  or close to the reheat temperature. On the other hand, 
the %-hour periods a t  the upper tenlperatures of 2,000" and 
2,200" F during cyclic working apparently werc very effec- 
tive, whereas the treatment a t  1,800" 3' was not. I t  is 
apparent that  as the temperature and time of heat treat- 
ment are increased prior-history variations will have less 
effect on the response to treatment. Apparently, complete 
independence from all such effects requires treatment at  
higher temperatures than 2,050" Ii' for 2 hours, whereas 
there are conditions which can be eliminated by jh hour a t  
temperatures as  low as 2,000" 

There are working conditions which lead to abnormal 
grain growth. I t  is recognized that, under these conditions 
the response to heat treatment will not be independent of 
prior history regardless of treatment condition. 
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I t  should be noted that the elongations in rupture tests 
were more variable than the strengths. I n  particular, 
higher elongations at  1,200' F were obtained after a 2,200" F 
solution treatment than were obtained from the original 
stock. 

GENERAL OBSERVATIONS 

The relationships brtwcm hardness and propertics 111 

figures 24 and 25 clearly demonstrate the reasons for thc 
inadequacy of hardness for predicting propertics a t  high 
tcmperatures. Large reductions a t  essentially constant 
temperature or repeated reductions with reheats to low 
temperatures too short in duration to 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 uniden- 
tified heat-to-heat differences to exert an effect), there will 
be abnormal variations in the relationship between hard- 
ness and strength. For instance, the material from heat 
30276 (refs. 1 and 6) had high rupture strength a t  1,200' F 
in relation to its hardness (fig. 26) and low strength at  
1,500' F (table XIX) in comparison with the material useti 
for the present investigation. 

No direct relationship between grain size and properties 
was observed. Recrystallization during working was fre- 
quently accompanied by low strength. I t  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 ex- 
posure to or working in the temperature range of 1,600' to 
2,000" F had not previously been observed. I t  certainly is 
the source of the extensive precipitates frequently ohserved 
in hot-m~orlied products. There is good evidence that this 
precipitate is detrimental to longer time strengths a t  1,200' F 
and that its effect was a maximum from working at  1,800' F. 
Precipitation during working was also accompanied by in- 
creased precipitation during testing a t  1,200' 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 a t  1,500' F overshadowed any 
effects from prior precipitation. I t  must, however, be ad- 
mitted that there were certain cases where a modification of 
precipitation effects by working would have been a convenient 
way to explain the results a t  1,500' F. This was particu- 
larly true for the relatively high strengths a t  1,500' F of the 
materials worked a t  1 ,600" F and the large reductions 
possible a t  1,600" 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. Like- 
wise, their variation with temperature and degree of reduc- 
tion 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 cxplainablc on the basis of ordinary solution and pre- 
cipitation of odd-sized atonis 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 unidenthed metal- 
lurgical 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 measuremmts after all reductions a t  
1,600' F and after intermediate reductions at 1,800' F sug- 
gests that the degree of reduction must not be the same a t  
all tcmperatures. Thc sharpening of the lincs for large 
reductions supports a recovery-type mechanism for weak- 
ening in the absence of visible recrystallization. Certainly 
there were hardness levels corresponding to those developed 
a t  1,600' F where lattice parameters could be measured 
after working a t  the higher temperatures. This seems to 
be additional evidence that the plastic-flow mechanism 
during worlting could be understood better. 

LIMITATIONS OF RESULTS 

Thc usc of experimental material which had been pre- 
viously drastically reduced by hot-working is the most 
serious limitation in the generality of the results. The pos- 
sible undetected influence of unknown prior-history effects 
cannot be ruled out. So far as could be determined, the 
2,200' F treatment was effective in minimizing any influence 
from prior history. Certainly, it could be expected that, 
even with a 2,200' 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 a t  2,200" F may not be applied as part of the normal 
practice. This could lead to retention of the effects of prior 
worlting and to different properties than would be predicted 
from the results of this investigation. I t  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 for temperatures as low as 2,050" F. How- 
ever, there are cases where the same properties were not 
obtained between heats (refs. 1 and 6) with a 2,050" F 
treatment. I t  must be concluded that heating for working 
to temperatures of 2,050" F and below may result in variable 
response to hot-work. Experience with the alloy has not, 
however, as yet disclosed cases where a 2,200' F treatment 
did not give quite reproducible properties. 

Although the limitations introduced by the method and 
conditions of working are uncertain, the general principles 
should remain the same. I t  is difficult, however, to foresee 
the effects of more rapid and larger reductions during rolling, 
the difference between rolling and hammer-forging, the in- 
fluence of constraint of dies, and so forth. The surprisingly 
little difference between open- and closed-pass rolling sug- 
gests that such factors may be minor. Only when closed- 
pass rolling induced recrystallization for a 65-percent re- 
duction, whereas it was absent during open-pass rolling, was 
the difference significant. 

The conditions of working on a falling-temperature range 
investigated were extremely limited. I t  now appears that 
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this would be a fertile field for further experimentation to 
cover more ranges of reductions and temperatures of reduc- 
tion. I t  is suspected that strengths still higher than those 
observed at  both 1,200' and 1,500' F would be developed as 
well as more conditions leading to low strength. Further- 
more, the mechanism involved ought to be clearer. Also, 
there is reason to suspect that working rapidly enough to 
cause an increase in temperature might be very damaging 
to strengths. 

In this investigation, reasonably uniform working through- 
out t,he cross sections was obtained. In actual practice, 
there may be considerable 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 a t  each individual point should, however, be 
in accordance with the degree of metal movement as indi- 
cated by this investigation. Also, all tests in this investiga- 
tion were carried out on samples taken from the bars in the 
direction of rolling. There may or may not be significant 
differences in properties for bars in other directions in rela- 
tion to the direction of working. 

I t  is 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 
aluminum plus titanium. The amounts and temperatures 
of reduction for increases or decreases in strength would be 
expected to vary depending on relative strain-hardening and 
recovery characteristics during working, as well as on indi- 
vidual structural stability characteristics during testing. 

The observations recorded in the section "Results" re- 
garding the influence of working conditions on t,he extent 
and duration of the various stages of creep were not exten- 
sively 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 ex- 
amined. 

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 treatment. Many of the varia- 
tions 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 a t  nearly constant high temperatures. Very high 
strengths a t  1,200' F and relatively high strengths a t  1,500' F 
are characteristic of gradual reductions over a decreasing 
temperature range, probably being responsible for the com- 
mon high strengths of experimental materials. Strengths 
equal to those characteristic of hot-cold-working a t  1,200' F 
can be obtained by such procedures with finishing tempera- 
tures as high as 1,800' F. Repeated working with abnor- 
mally 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 summarized 
results: 

1. Strengths increased to maximum values and then re- 
mained 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  1,200° F were 
sensitive to the temperature of hot-working, tending to 
decrease as temperature increased. Strengths at  1,500' F 
were relatively insensitive to temperature of working. Both 
were dependent on the degree of reduction. 

2. Working over a decreasing-temperature range induced 
higher strengths at  1,200' F than can be obtained by working 
at a constant temperature. Strengths at 1,500' F were not 
improved very much in relation to isothermal reductions of 
the same degree. Low strengths were obtained only when 
recrystallization continued at  all temperatures of working. 

3. Repeated working between 1,800' and 1,500' F yielded 
very low strengths, while upper temperatures of 2,000' and 
2,200' F gave quite high strengths. 

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

Ductility in the rupture tests, particularly at  1,500' F, 
decreased and then increased with the amount of rcduction 
and very low values were avoided only for the larger reduc- 
tions above 2,000' 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. Recovery 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 strength 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 subgrain structures as a mechanism. The decrease in the 
amount of reduction for reduced strength and the accumu- 
lative 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. Rupture strengths at  1,200' F did not fall off much 
with more than the optimum reduction of 15 percent, suggest- 
ing that the damage component of working had less influence 
on the resistance to the more uniform crystalline slip processes 
of creep a t  relatively low temperatures and high stresses 
than on the more viscous creep processes at  low stresses 
andlor higher temperatures. 

5. An extensive precipitation reaction a t  1,600' to 2,000' F 
appeared to reduce long-time rupture strength at  1,200' F. 
This heretofore unrecognized precipitation reaction also 
induced extensive precipitation during testing at  1,200' F. 
Apparently, it had little effect at  1,500' F because of the 
extensive precipitation for all conditions during testing a t  
that temperature. 
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6. Apparently, some effect of the precipitation reaction 
was involved in the sensitivity of strength at  1,200' F to 
the temperature of worlcing. This also appeared to be the 
case for ductility in rupture tests at  1,500' F. 

7. The results, in conjunction with data from other 
investigations, suggest that maximum rupture strength a t  
1,200' F for working a t  constant temperature occurs a t  a 
reduction of 15 percent regardless of the temperature of 
working from room temperature to 2,100' F. Secondly, 
there is reason to believe that, if the precipitation a t  1,600' 
to 2,000' F did not influence strength, the maximum strengths 
would be nearly constant. Maximum rupture strengths a t  
1,500' F were independent of temperature of working from 
1,600' to 2,200' F but did not occur at  constallt reduction. 

8. Working over a falling-temperature range permitted 
an increase in the amount of hardening and strengthening 
a t  1,200' F for a given degree of reduction a t  the finishing 
temperature when recrystallization occurred a t  the higher 
working temperatures. If reductions were kept small at  
all temperatures so that recrystallization did not occur, the 
strengthening at  1 ,200' I?, 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. I t  appeared that the temperature 2,050' F was 

marginal, with no apparent effect a t  2,200' F. Brief reheats 
during isothermal worliing to maintain temperature did not 
appear to induce ally changes. A reheat of % hour a t  
2,000' F after limited I-eduction a t  both 2,000' and 1,500' 3' 
appeared to eliminate the effects of prior worlcing. This 
suggests that reheats range in their effectiveness depending 
on whether the temperature and time a t  temperature are 
sufficient for the metallurgical reactions to reach completion. 

An unexplained high degree of seusitivity of lattice para- 
meters to conditions of hot-working and to cooling rat,e was 
observed. 

There are a number of limitatiolis to the results imposed 
by the limitations of the experimental investigation. The 
experimental material was extensively hot-worked and thetl 
solution-treated a t  2,200' F prior to working for this investi- 
gation. Rather few clata for working over a falling-tem- 
perature range were obtained. Little study of reheat effects 
was made. The limitation of the test material to one alloy 
also raises a questio~l as to the generality of the results. 
Because hot-working was limited to rolling, further proof of 
the validity of expressing the results in terms of amount of 
reduction would be desirable even though there was little 
difference between the results for open- and closed-pass 
rolling. 

APPENDIX 
PROCESSING OF LOW-CARBON N-155 %-INCH BROKEN-CORNER SQUARE BAR STOCK FROM HEAT A-1726 a 

(1) Hammer-cogged to 13-inch-square billet 
Furnace temperature, 2,210' to 2,220" F 
Three heats-Starting temperature on die, 2,050' to 2,070' F 

Finish temperature on die, 1,830' to 1,870" F 
(2) Hammer-cogged to 109i-inch-square billet 

Furnace temperature, 2,200' to 2,220' F 
Three heats-Starting temperature on die, 2,050' to 2,070' F 

Finish temperature on die, 1,790' to 1,800' F 
(3) Hammer-cogged to 7-inch-square billet 

All ingot was hammer-cogged and then rolled to bar stoclc 
under the following conditions : 

Furnace temperature, 2,200' to 2,220' F 
Three heats-Starting temperature on die, 2,050' to 2,070' F 

Finish temperature on die, 1,790' to 1,890' F' 
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, 2,040' to 2,060' F 

Finish temperature on die, 1,680" to 1,880' F 
Billets ground to remove surface defects 

(5) Hammer-cogged to 2-inch-square billet 
Furnace temperature, 2,180' to 2,210' F 
Three heats-Starting temperature on die, 2,050' to 2,065" F 

Finish temperature on die, 1,730' to 1,870' F 
Billets ground to remove surface defects 

(6) Rolled from 2-inch-square billet to ?&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 

(7) All bars were cooled on the bed and no anneal or stress relief TT-as 
applied after rolling 

Bars are numbered 1 through 56; bar 1 represents the ex- 
treme bottom of ingot and bar 56, the extreme top position. 
All billets were liept in number sequence throughout all 
processing, so that ingot position of any bar can be deter- 
mined by its number. 
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TABLE I 
RUPTURE AND CREEP TEST RESULTS AT 1,200' AND 1,500' E FOR BAR STOCIC ROLLED ISQTHERMALLY 

BETWEEN 1,600' AND 2,200' F IS  OPES PASSES 

I I I 

1 Tested a t  1,200' F 1 Tested a t  1,500' F 

Reduction, 
percent 

I Rolled st 1,600' F 

Initial 
stress, 

psi 

I 

11 
8 
8 

(Creep test) 
62 

(Creep test) 

Rupture 
time, hr 

("! 

27 
50 
31 

(Creep test) 

5 
5 
7 

(Creep test) 

Rupture elonga- 
tion, percent 

in 1 in. 

L 

(Creep test) 

14 
14 
11 
6 

(Creep test) 

Reduc- 
tion of 
area, 

percent 

5 
(Creep test) 
(Creep test) 

4 
14 
6 

(Creep test) 

Minimum 
creep rate, 
percentlhr 

4 
4 

(Creep test) 

13 
7 
8 

(Creep test) 
(Creep test) 

Rolled a t  1,800' F 

10 
8 

27 
(Creep test) 

Reduc- 
tion of 
area, 

percent 

Rupture elonga- 
tion, percent 

in 1 in. 

Initial 
stress, 

psi 

48 
6 1 
26 

(Creep test) 

Minimum 
creep rate, 
percentlhr 

Rupture 
time, hr 

("1 

59 

(Creep test) 

10 
10 
9 

(Creep test) 

8 
8 

19 
(Creep test) 

42 
19 

(Tonled off) 
(Creep t,est) 

37 
31 
11 

(Turned off) 

4 
4 
4 
7 

(Creep test) 
-.--.-..-- 

6 
7 
9 
5 

(Creep test) 

65 55,000 4 1 20 22 . 2  18,000 j 37 
45,000 1 40, ooO 1 %1 :: 26 1 & 1 11,000 254 

8,000 / 730 
25, 000 (1, 005) (Creep test) -. -. .00026 - - - - - -  - - - . - - - 

a Times for creep tests (values in parentheses) are duration of test and not rupture time. 



TABLE I.-Continued 
RUPTURE AND CREEP TEST RESULTS AT 1,200' AND 1,500' F FOR BAR STOCK ROLLED ISOTHERMALLY 

BETWEEN 1,600° AND 2,200' F I N  OPEN PASSES 

1 I Tested a t  1,200' F 1 Tested a t  1,500' F I 
Reduction, 

percent 

I , 
Rolled a t  2,000' F 1 

Rupture elonga- Reduc- 
tion, percent tion of 

in I in. area, 1 percent 

11 10 
9 12 

14 13 
(Creep test) - - - -  

Initial 
stress, 

psi 

63 
35 
32 

(Creep test) 

Rupture 
time, hr 

(") 

Minimum 
creep rate, 
percentlhr 

5 
9 
6 

(Creep test) 

38 
20 
19 

(Creep test) 

Initial 
strefs, 

psi 

25 
10 
9 

(Creep test) 
11 

(Creep test) 

Rupture 
time, hr 

(") 

25 
11 
3 

(Turned off) 
(Creep test) 

16 
(Creep test) 
(Creep test) 

Rupture elonga- 
tion, percent 

in 1 in. 

9 
10 
14 
11 

(Creep test) 

. 18,000 
. 0 3  16,000 
.026 12,500 
. 00033 10,000 

- . - - - - - - 8, 000 

.02  18,000 

.00013 15,000 
- - _ _ _ - - -  12, 500 
- - - - - - - - 8.000 

Rolled a t  2,100' F 

.......- 18,000 1 0.01 15. 000 

Reduc- 
tion of 
area, 

percent 

15 15 1 I9 19 
(Creep test) - - - -  

Minimum 
creep rate, 
percentlhr 

11 
9 

(Creep test) 

19 
13 

(Creep test) 

11 
5 

>5 (Turned off) 
(Creep test) I - - _  _ 

40 
43 

(Creep test) 
- - - - - - - - - -  

6 12 
- - - - - - - - - -  10 

12 11 
(Creep test) - - _ _ 

43 
27 
20 

(Creep test) 1 ii I-!:- 
(Creep test) - - _ _ 

28 
45 
18 

(Creep test) 

20 
6 

(Creep test) 

(Creep test) 
- - - - - - - - - -  
- - - - - - - - - -  

39 
13 

(Creep test) 

a Times for creep tests (values in parentheses) are duration of test and not rupture time. 
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TABLE I.-Concluded 

RUPTURE AND CREEP TEST RESULTS AT 1,200' AKD 1,500' F FOR BAR STOCK ROLLED ISOTHERMALLY 
BETWEEN 1,600' AND 2,200' F I N  OPEN PASSES 

i Tested at  1,200' F I Tested a t  1,500' F 

Reduction, 
percent 

Rolled a t  2,200' F 

--------T 

Initial Rupture Rupture elonga- 
stress, 1 ti?! hr 1 tion, percent 

psi in 1 in. 

Reduc- 
tion of 
area, 

percent 

16 
27 
25 

(Creep test) 
--..--.--- 

35 
4 1 

(Creep test) 

29 
22 
19 
15 

(Creep .test) 

28 
21 
15 

(Creep test) 

2 1 
19 
12 

(Creep test) 

23 
12 

(Creep test) 

19 
32 
45 

(Turned off) 
(Creep test) 

25 
20 
17 

(Creep test) 

23 
(Creep test) 

56 
35 
48 

(Creep test) 
(Creep test) 

44 
44 
40 

(Creep test) 
(Creep test) 

49 
4 1 
20 

(Creep test) 

12 
5 
ti 

(Creep test) 

Minimum 
creep rate, 
percentlhr 

8 
7 

(Creep test) 
--...-.--- 

1 
(Turned off) 
(Creep test) 

Initial 
stress, 

psi 

10 5 1 :  8 
> 8  (Turned off) 

(Creep test) 1 - --. 

19 
(Creep test) 

Rupture 
time, hr 

("1 

--..-..-.- 

(Creep test,) _ _ _ _ I - - - -  

9 
6 
7 
5 

(Creep test) 

Rupture elonga- 
tion, percent 

in 1 in. 

(Creep test) - - - - 
1 (Creep test) _. - - 

a Times for creep t,ests (values in parenthesss) are duration of test and not rupture time. 

Reduc- 
tion of 
area, 

percent 

Minimum 
creep rate, 
percentlhr 
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TABLE I1 

SUMMARY OF RUPTURE AND CREEP PROPERTIES AT 1,200' AND 1,500' F FOR BAR STOCIC ROLLED ISOTHERMALLY 
BETWEEN 1,600' AND 2,200' F IN OPEN PASSES 

Tested at 1,500' F 
p-p--ppp 

I 

Tested at 1,200' F I 
Rupture strengths, 

psi 
Reduc- 

tion, per. 
cent cent in 1 in. 

- 

Interpolated rup- Minimum creep rat?, 
ture elonadtion, per- percentlhr 

cent in 1 in. 

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

1 Rolled at 1,800' F I 

Rolled at 1,600° F 

Rolled at 2,100' F I 

Rolled at 2,000" F 

Rolled at 2,200O F 

I I 

4,500X10-5 
500 
250 
200 
200 
750 

0 
5 

10 
15 
25 
40 

15 X1O-S 
7 
8 
3 
6 

22 

49 
37 
30 
14 
5 

12 

. .  
25 
20 
6 
6 

a 8 

60 
35 
20 
17 
12 
17 
22 

- 
0 
5 

10 
15 
25 
40 
66 

47.500 
48,000 
50. 000 
57.000 
55,500 
55,000 

-- 
* 37, 500 

38.500 
40.000 
43,000 
43,000 
44, 000 

32 
19 
9 
5 
6 
9 

15 

45,500 
45,000 
47,000 
53.500 
51,500 
51,000 

9,000 
6,000 
2,800 
2,000 
3,000 
3.500 
2.000 

a 14,500 
a 14,500 

15,500 
15,500 
16,500 

a 14.500 

i 4,500X10-5 35 X10-8 17,000 f i  8 2,000 3.5 19,500 

--- 

18,M)O 
19,000 
21,000 
22,000 
19,500 
16.500 
17,000 

65 
i 
5 
4 

10 
33 
12 

3 
5 5 
3 5 
4 1 a 4  

2.000 
350 
350 
300 
400 

1,200 
1,400 

13,000 
15,500 
16,500 
14,500 
12,000 
10,000 
11,000 

- 
38, OOC 

a 39,000 
40,000 
47,000 
45,000 
45,000 

......................... 

12 
4.5 
9 

6. 5 
13 
55 
36 

1,000 
450 
500 
800 

10 
6 
5 
6 
9 

20 

14 
a 8 
12 
16 
11 
19 

4.8 
10 
12 
12 

21,500 
22.500 
23,000 
20,500 
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TABLE 111-RUPTURE AND CREEP TEST RESULTS AT 1,200' A S D  1,500' F FOR BAR STOCK ROLLED ISOTHERMALLY AT 
1,800' OR 2,000" F IK  CLOSED PASSES 

Tested a t  1,200' F I Tested a t  1,500' F 

Reduction, percent Reduc- 
tion of 
area, 

percent 

Initial 
stress, 

p s ~  

Minimum 
creep rate, 
percentlhr 

1 Rolled a t  1,800' F I 

Rup- 
ture 
time, 
hr ("1 

65 (using square and 
oval passes) _ - - - _ _ _ _ -  

Rupture elon- 
gation, pucent, 

in 1 ~ n .  

55,000 
50,000 
25, 000 

- - - -  
50.000 
48; 000 7 19 
45,000 / 1 10 

5 
25,000 ( 1,030) (Creep test) 

Reduc- 
tion of 
area, 

percent 

61 
151 

(1, 025) 
- - - 

51 

1 Rolled at 2,000' F I 

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

6 1 31: 10 
( I ,  030) (Creep test) 

Minimum 
creep rate, 
percent/hr 

6 
4 

(Creep test) 
- - - - - - - - - -  

4 

5 
4 
9 

(Creep test) 
9 
5 
5 

(Creep test) 

24 
238 
467 

(999) 

0. 03 
. 008 
. 007 . OOOOG 
.022 
.008 
.002 
.00008 

Initial 
stress, 

psi 

8 
6 

- - - -  
- - - -  

6 

23 
17 
22 

(Creep test) 

a Times for creep tests (value in parent.heses) are duration of t,est, and not rupture time. 

Rup- I Rupture elon- 

0. 05 
. 016 
. 00004 
- _ - - - -  
.012 

- - - 
54 

342 
738 

( I ,  001) 

TABLE I V  

ture 
time, 
hr (a) 

33 
32 
28 

_ _ _  _ 

- - - - - - - - - -  
15 
15 
14 

(Creep test) 

SUMMARY OF RUPTURE AND CREEP PROPERTIES AT 1,200' AND 1,500" F FOR BAR STOCK ROLLED ISOTHERMALLY A T  
1,800" F OR 2,000' F IN  CLOSED PASSES 

gation, percent 
in 1 in. 

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

24.000 

Tested at 1,200° F 

. 0 2  

. 032 

.011 

.00045 

Tested at 1,500' F 

38 
226 
354 

(1,001) 
22 

36 
17 
13 

(Creep test) 
4 

14,000 
8,000 
6,000 
----  

- - 1 loo hr I 1,000 hr 100 hr I 1.000 hr 1 50.000 psi 25.000 psi ( lOOhr I 1,000 hr / I00 br I 1,000 hr I 15,000 psi / 8.000 psi 

Rupture strengths, 
Reduction, percent 

Rolled a t  1,800" F 

3 1 
238 
806 

- - - 

...... 5 .......................... 53,000 45,000 . 1,600XlO-6 4 X10-5 21,500 16,000 25 200x10-5 
25 ............................. 49,500 44,000 21,000 14,500 300 
65 (using square and oval 

passes) ..................... ~ 4 8 , 0 0 0 , 0 0 0  1 1 :  1 0 , 5 0 0  5 , 7 0 0  1 8 , 0 0 0  

36 
_ _ _ _ _ _ _ _ _ _  

38 
- - - - - - - - - -  

Interpolated rupture 
elongation, percent 

in 1 in. 

Rolled at 2,000'" F 

8 Extrapolated. 

Minimum creep rate, 
percentlhr 

Interpolated rupture 
elongation percent 

in 1 in. 

Minimum creep rate, 
percentthr 
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TABLE V TABLE V1.-Concluded 

VARIATIOSS IX  LATTICE PARAMETER 

[Unless specified otherwise. specimens were air-cooled and measurements were made on 
surfaces transverse to rolling direction] 

(c) Influence of amount and temperature of reduction 

BRINELL HARDNESS OF AS-ROLLED BAR STOCIi 

(a) Isothermal rolling 

Hardness for reduction, percent, of- 

1 3  1 5  / 7 1 1 0 / 1 2 I P / 1 8 I 2 0 / 2 5 1 4 0 1 0  

Open passes 

Reduction, per- 
cent 

Lattice parameter, A 

1 Rolled a t  1,600' F I 

I I 
Rolled at  1,800' F I 1 Closed passes 1 

(b) Nonisothermal rolling 

Rolling conditions 1 Brine11 1 
hardness 

3 

I Rolled a t  2,000' F 

I Rolled a t  2,100' F I 

25 percent a t  2,200° F plus 15 percent at  2,000° F.. ......................... 
......................... 25 percent a t  2 200° F plus 15 percent a t  1.800° F.. 
......................... 15 a t  2:200° F plus 25 percent at  1,800° F.. 

25 percent at  2 200" F plus 15 percent a t  1,600° F.. ......................... 
........................ 10 percent eac6 a t  2 2000, 2,000", 1,800°, and 1,600° F 

25 ~ e r c e n t  a t  ?,000' )F PIUS 15 ~ e r c e n t  at  1,600~ F . .  ........................ 
25 percent a t  1.800° F plns 15 percent a t  1,600° F.. ......................... 
Heated to 1,800' F for ?4 hr, rolled 5 percent, cooled to 1,500' F,  rolled 5 per- 

cent, held 2 hr, reheated to 1,800' F; cycle repeated 3 more times. ........ 
Heated to 2 OWo F for $4 hr rolled 5 percent, cooled to 1,500° F, rolled 5 per- 

cent held 2 hr reheated to 2.W0° F. cycle repeated 3 more times.. ....... 
~ e a t e h  to 2 , 2 0 0 ~ k  for 45 hr, rolled 5p;rcent. cooled to 1,500' F!rolled 5 per- 

cent, held 2 hr, reheated to 2,200' F;  cycle repeated 3 more tlmes. ........ 

TABLE VI  

VARIATIONS IN  LATTICE PARAbIETER 

(a) Influence of cooling rate from reheat temperature 
[Specimens heated to indicated temperature for 44 hour and water-quenched 

221 
272 
273 
278 
274 
283 
283 

253 

248 

248 

Rolled a t  2,200' F 

(b) Influence of cooliilg rate from 2,025' F 
[Specimens heated to 2,025' F for 1,$ hour and cooled as indicated] 

I 
- 

' I I 

Reheat teypera- 
ture, F 

Method of cooling Lattice parameter, A I- ---8 

1 

Lattice parameter, A i 

a 45' to rolling direct,ion. 
b Parallel to rolling direction. 
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a Times for creep tests (values in parentheses) are duration of test and not rupture time. 

TABLE VII 

RUPTURE AND CREEP RESULTS AT 1,200' AND 1,500" F FOR BAR STOCK ROLLED 

TABLE VIII 

Rolling conditions 

------- 
Rolled 25 percent a t  

2,200' F plus 15 per- 
cent a t  2,000' F. 

Rolled 25 percent a t  
2,200' F plus 15 per- 
cent a t  1,800' F. 

Rolled 15 percent a t  
2,200' F plus 25 per- 
cent a t  1,800' F. 

Rolled 25 percent a t  
2,200' F plus 15 per- 
cent a t  1,600' F. 

Rolled 10 psrcent eachat 
2,200°, 2,000°, 1,800°, 
and 1,600' F. 

Rolled 25 percent a t  
2,200" F plus 15 per- 
cent a t  1,600' F. 

Rolled 25 percent a t  
1,800' F plus 15 per- 
cent a t  1,600' F. 

SUMMARY OF RUPTURE AND CREEP PROPERTIES AT 1,200' AND 1,500" F FOR BAR STOCIi ROLLED OVER CONTROLLED 
TEMPERATURE RANGES 

Rolling conditiolls 

Rolled 25 parcent at 2,200' F 
plus 15 percent at 2,0W0 P .  

OVER CONTROLLED TEMPERATURE 

Rolled 25 percent at 2 , m 0  P 1 plus 15 percent at l.SOOo F. 

RANGES 

Rolled 15 percent at 2,200" F I plus 25 percent at 1,800" F. 

Rolled 25 percent at 2.2!lOo F 1 plus 15 percent at l . m o  F. 

Minimum 
creep rate, 
percent/hr 

- 
0. 36 
.054 
. 0005 

- - - - . - - - 
- - - . - - - - 

. 058 

.01  

.00035 

.000185 

- - - - . . - - 
- - . . . - - - 
. 006 
.0015 
.00024 

- - . - - - . - 

. 12 

.018 

. 005 

.038 

.017 

.0019 

.000035 
- . - - - - - 

- . - . . - . - 
.0058 

- . - . - - - 
.0001 

. 0 4  

.012 

.00004 

Tested a t  1,200° 

Rupture 
elongation, 
percent in 

1 in. 

(Piece missing) 
10 
8 

24 
(Creep test) 

5 
5 
6 

(Creep test) 

5 
8 
4 
8 
5 

(Crzep test) 

3 
3 

(Creep test) 

20 
25 
18 

(Creep test) 
(Creep test) 

10 
19 

(Creep test) 
- - - - - - - - - -  

5 
4 

(Creep test) 

F 

Reduc- 
tion of 
area, 

percent 

-. - _ 
6 
9 

18 
- - -  - 

5 
6 
9 

- - - - 

8 
9 
9 
9 
7 

- - - - 

2 
11 

- - - _ 
22 
16 
27 

- - _ _ 
- - _  _ 
14 
19 

- - - - 
- - - - 

9 
5 

- - - - 

Initial 
stress, 

p s ~  

50, 000 
47,000 
42,000 
38,000 
25, 000 

60,000 
55,000 
50,000 
25, 000 

60,000 
55,000 
50, 000 
47,000 
45,000 
25, 000 

60,000 
55,000 
25, 000 

60,000 
50,000 
48,000 
25, 000 
25, 000 

60,000 
53,000 
25, 000 

- - - -  

60, 000 
50,000 
25,000 

Rolled 10 percent each at 
2 200° ?,OOOO, 1,8W0, and 
1:60o"'P. 

F 

Reduc- 
tion of 
area, 

percent 

33 
36 
21 
--.- 

- - - -  

6 
11 

- _. - 
- - - -  

5 
8 
5 
6 

-.-.. 
- - - -  

14 
9 
5 

14 
7 
5 

-.-- 

- - - -  

4 
3 
2 

- - - -  

9 
6 

- - - - 

Initial 
stress, 

PSI 

20,000 
16,000 
12,000 
--.. 

- - - -  

20,000 
16,000 
8,280 
8,000 

19,000 
16,000 
14,000 
12,500 
8,000 
- - - -  

23,000 
19,000 
14,000 

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

21,000 
18,000 
16,000 
8,000 

20,000 
17,000 
8,000 

Minimum 
creep rate, 
percentlhr 

0. 094 
.055 
. 017 
.0055 
.00058 

.017 

. 014 . 0025 

. 00005 

.05  

.011 

.003 . 0025 

.0018 

.000024 

__..__ 

. 0076 

. 000047 

.019 

.0015 

. 0026 

.00006 

.00008 

_. . _ _ _ 
. 0061 
.000075 
- _ _ _ _ _  

__.___ 

.0041 . 00005 

Rup- 
ture 

time, hr 
(a] 

60 
78 

230 
1,377 

(1, 124) 

155 
273 
724 

(1, 175) 

9 1 
277 
420 

1,410 
1,866 

(1,008) 

121 
318 

(1, 068) 

106 
736 

1,091 
(1, 155) 
(1,146) 

101 
391 

(1, 178) 
- - - 

40 
343 

(1,004) 

Rolled 25 perrent at 2.000O F 
plus 15 percent at 1,6W0 F. 

Rolled 25 percpnt at 1,800° F 
plus 15 percent at l,MWO F. 

----- 
Rup- 
ture 

time, hr 
("1 -------------- 

58 
143 
751 
-.- 

- . - 
90 

350 
(736) 

(1,079) 

151 
514 
542 
867 

(1,146) 
- - - 

7 
179 
659 

112 
231 
914 

(1,075) 
- - - 

73 
315 
416 

(994) 

113 
310 

(994) 

Tested a t  1,500' 

Rupture 
eIongation, 
percent in 

1 in. 

52 
22 
2 1 

-.-------- 

--..------ 

8 
11 

(Creep test) 
(Creep test) 

5 
4 
7 
7 

(Creep test) 
-.--....-- 

19 
12 
5 

27 
7 
6 

(Cre?p test) 
-----...-- 

3 
9 
7 

(Creep test) 

5 
2 

(Creep test) 

Tested at 1,200' F Tested at 1,500' F 

Rupture strengths. 
psi 

- 

Rupture strengths, 
psi 

100 hr 100 hr 
- 

17,500 

19? 500 

20,000 

21,500 

23,500 

20.500 

20, OM) 

1,000 hr 

----- 
Interpolated rup- 

ture elongation, 
percent in 1 in. 

1,000 hr 

11,500 

8 13,500 

13,000 

13,500 

16,000 

15,000 

a 14,000 

Interpolated rup- 
ture elongation, 
percent in 1 in. 

Minimum creep rate, 
percentlhr 

100 hr 

47,000 

61,000 

60,000 

61,000 

60,000 

60,000 

55,000 

-- 

100 hr 
-- 

30 

15 

5 

19 

28 

3 

5 

Minimum creep rate, 
percentjhr 

- 
50,000 psi 

9,200~10-5 

550 

400 

600 

550 

450 

410 

1,000 hr 1,000 hr 
- 

20 

. .  

5 

5 

16 

'5 

. .  

15,000 psi 

3,500XM-5 

1,000 

600 

700 

230 

240 

600 

25,000 psi 
--- 
58 ~ 1 0 - 5  

5 

2.4 

4.7 

6 

7.5 

5 

39,000 

45,004 

48.000 

a 49,500 

48,000 

s49,000 

a 46,000 

8,000 psi 

-.--......-- 

18.5XlO-8 

24 

.....---... 

5 

10 

4 

10 

5 

5 

3 

20 

10 

5 

20 

6 

8 

a 3 

18 

-..--- 

-.-.-. 
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TABLE IX  

RUPTURE AND CREEP TEST RESULTS AT 1,200' AND 1,500' F FOR CYCLICALLY ROLLED BAR STOCK 

I Tested a t  1,200' F Tested at  1,500' F 

Rupture 
elongation, 
percent in 

1 in. 

Rolling conditions Reduc- 
tion of 
area, 

percent 

Initial 
stress, 

psi 

Minimum 
creep rate, 
percentlhr 

Rup- 
ture 

time, h~ 
("1 

Heated to 1,800' F for )d 
hr, rolled 5 percent, 
cooled to 1,500' F, 
rolled 5 percent, held 
2hr,reheatedto 1,800' 
F ;  cycle repeated 4 
times. 

Initial 
stress, 

psi 

Rup- 
ture 

time, hr 
("1 

44 
33 
30 

(Cr5ep test) 

Heated to 2,000' F for )4 
hr, rolled 5 percent, 
cooled to 1,500' F,  
rolled 5 percent, held 
2 hr, reheated to2,000° 
F; cycle repeated 4 
times. 

Rupture 
elongation, 
percent in 

1 in. 

18 18 
13 17 
16 22 

(Creep test) _ _ _ _ 

Reduc- 
tion of 
area, 

percent 

Minimum 
creep rate, 
percentlhr 

62 
271 
784 

(870) 

Heated to 2,200' F for $6 
hr, rolled 5 percent, 
cooled to 1,500' F, 
rolled 5 percent, held 
2 hr, reheated to 2,200' 
F ;  cycle repeated 4 
times. 

Times for creep tests (values in parentheses) are duration of test and not rupture time. 

16 
10 
3 

(Creep test) 

55,000 187 
50, 000 258 
45,000 712 
25, 000 (1, 087) 

62 
324 

1,028 
(1,151) 

TABLE X 

SUMMARY OF RUPTURE AND CREEP PROPERTIES A T  1,200' AND 1,500' F FOR CYCLICALLY ROLLED BAR STOCK 

26 
9 
2 

-. - - 

28 
22 
14 

(Creeptest) 

I Tested at 1,200'' F Tested at 1,500' F 

0. 11 
. 0078 . 0025 
.00018 

37 
27 
12 

- - - -  

F; cycle repeated 4 times .... 1 47,000 

0.053 
.0098 . OOS4 
. 00007 

Rolling conditions 

- - - 

Heated to 2 200" F for 14 hr 
rolled 5 pkrcent cooied t6 
1,500" F, rolled'5 percent, 
held 2 hr, reheated tp 2,200° 
F; cycle repeated 4 tlmes .... 57,500 

Rupture strengths, 
psi 

100 hr 1 1,000 hr 

Interpolated rup- 
ture elongatlon, 
percent in 1 in. 

100 hr / 1,000 hr 

Minimum creep rate, 
percentlhr 

50,000 psi 1 25,000 psi 

Rupture strengths, 
psi 

100 hr I 1,000 hr 

Interpolated rnp- 
ture elongation, 
percent in 1 in. 

100 hr 1 1,000 hr 

Minimum creep rate, 
percentlhr 

15,000 psi 1 8,000 psi 
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TABLE XI11 

RUPTURE AND CREEP TEST RESULTS AT 1,200' F FOR BAR STOCK ROLLED AS INDICATED AND THEN SOLUTION-TREATED 
AT 2,200' F FOR 1 HOUR, WATER-QUENCHED, AND AGED AT 1,400' F FOR 24 HOURS 

Minimum creep rate, 
percentlhr Minimum 

creep rate, 
percentlhr 

0.075 
,032 
,0076 
,00035 

,075 
,027 
,012 
.00043 

0. 16 
.36 
,017 

,044 
- - . . . . - . 

.01 

0.085 
- - - - . . -. 

,007 
,00036 

,035 
,016 

0.057 
,038 
.0052 
,00042 

* Times for creep tests (values 

Rolling conditions 

25 percent at 1,800° F .......... 

40 percent at 1,800' F.. ........ 

25 percent at 2,000' F ........... 

40 percent at 2,000" F .......... 

25 percent at 2,200O F .......... 

40 percent at 2,200' F. ......... 

- _  
15 percent at 2 200' F plus 25 

percent at l,iOoO F. 

50,000 psi 

9, noox in-6 

6,000 

7,000 

6,000 

8,500 

8,500 

Rupture 
time, hr 

(=) 

62 
194 
841 

(1,036) 

116 
238 
646 

(986) 

62 
268 
470 

145 
226 
605 

61 
148 
425 

(1,007) 

87 
195 
580 

112 
163 

1 168 
(1: 657) 

in parentheses) are duration of test and not rupture time. 

Initial 
stress, 

PSI 

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

47,000 
45,000 
41,000 
25,000 

49,000 
45,000 
42,000 

48,000 
45,000 
41,000 

50.000 
47, OW 
40,000 
25,000 

50,000 
45,000 
40,000 

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

- 
25,000 psi 

35x10-5 

43 

.......... 

.......... 

36 

.......... 

I_-_- 
5,000 

Ruptureelongation, 
percent in 1 in. 

12 
11 
11 

(Creep test) 

13 
7 

21 
(Creep test) 

19 
12 
12 

13 
11 
10 

11 
11 
8 

(Creep test) 

8 
14 

9 
11 
20 

(Creep test) 

Rupture strengths, psi 

b Estrapolated. 

I 
TABLE XIV 

RUPTURE AND CREEP TEST RESULTS AT 1,500' F FOR BAR STOCK ROLLED AS INDICATED AND THEN SOLUTION-TREATED 
AT 2,200' F FOR 1 HOUR, WATER-QUENCHED, AND AGED AT 1,400" F FOR 24 HOURS 

Reduction 
of area, 
percent 

11 
12 
13 

........ 

15 
12 
21 

........ 

13 
13 
14 

12 
12 
12 

10 
9 
9 

........ 

................................ 
11 
14 __ 
14 
13 
20 

........ 

Interpolated rupture 
elongation, percent 

in 1 in. 

100 hr 

47,000 

47,000 

47,000 

49,000 

48,000 

49,000 

--__--______ 
48,000 

100 hr 

10 

12 

20 

15 

11 

10 

_- 
lo 

1,000 hr 
-pppp-- 

39,000 

40,000 

b 41,000 

39,000 

b 38,000 

38,000 

40,000 

1,000 hr 

10 

15 

b 10 

10 

b 8 

14 

__--- 
15 

Times for creep tests (values in parentheses) are duration of t ~ s t  and not rupture time. 
b Extrapolated. > 

Minimum creep rate, 
percentlhr 

Rolling conditions 

25 percent at 1,800° F .......... 

40 percent at 1,800' F. ......... 

-_ _____ 
25 percent at 2,000' F. ......... 

40 perccnt at 2,000' F .......... 

_ 
25 percent at 2,200' F .......... 

40 percent at 2,200' F .......... 

-- 
25 percent at 2. 2W0 F plus 15 

percent at 1,800'' F- 

15,000 psi 

1,400X10-5 

2,200 

2,000 

2,000 

1,300 

1,400 

1, 500 

Interpolated rupture 
elongation, percent 

in 1 in. 

8,000 psi 

10x10-5 

.......... 

.......... 

.......... 

.......... 

.......... 

.......... 

- 

100 hr 

30 

23 

25 

30 

28 

30 

35 

Rupture strengths, psi 

1,000 hr 
-- 

12 

b 25 

15 

24 

10 

........ 

30 

100 hr 

18,000 

17,000 

18,500 

18,000 

18,000 

18,000 

-__- - -  
17,500 

Initial 
stress, 

psi 

18,000 
15,000 
12,000 
8,000 
7,000 

18,500 
16,000 
14,500 

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

19,000 
16, MX) 
13, 000 

18,000 
15,500 
14,000 

18,000 
15,000 
13,000 

18,000 

1,000 hr 
pp 

12,500 

b13,500 

12,500 

13,000 

13,000 

13,000 

-___A_ 

12,500 

Ruptureelongation, 
percent in 1 in. 

29 
25 
12 

(Creep test) 
(Creep test) 

22 
24 
26 

22 
19 

........................ 
(Turned off) 

34 
28 
24 

28 
14 
12 

30 
27 

(Turned off) 

36 
32 
30 

Rupture 
time, hr 

(a] 

110 
336 

1,254 
(1,118) 

(986) 

53 
241 
449 

132 
250 
444 

>1,626 

72 
256 
987 

109 
278 
549 

100 
336 

>1,087 

88 

16,000 1 it: 13,000 

Reduction 
of area, 
percent 

33 
27 
9 

........ 

........ 

23 
28 
28 

26 
22 

........ 

29 
31 
30 

29 
20 
17 

27 
26 

........ - - _ _ _ _  
39 
21 
19 

Minimum 
creep rate 
percentlh; 

0.065 
.016 
.0012 
,0001 
.00003 

.220 

.033 

.013 

0.064 
.038 
,0064 
.OOO2 

........ 
.028 
.0075 

0.011 
.018 
.006 

.08 

.014 
,0034 

0.175 
.04 
,004 
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TABLE XV 

RUPTURE AND CREEP TEST RESULTS AT 1,200' F FOR BAR STOCK ROLLED AS INDICATED AND THEN SOLUTION-TREATED 
A T  2,050' F FOR 2 HOURS AND WATER-QUENCHED 

Rupture 
time, hr 

(a) 

Ruptureelongatior 
percent in 1 in. 

Reduction 
of area, 
percent 

Interpolated rupture Minimum creep rate, 
elongation, percent percentlhr 

in 1 in. 
Minimu~n 
creep rate, 

Initial 
Rolling conditions stress, 

Rupture strengths, psi 

15 percent at 1,600" F. ......... 55,000 
48,000 
35,000 
25,000 

percentlhr 

11 
11 

,In (Turne 
(Crcep test) 

13 
13 

off) 

8 
10 

(Creep test) 

25 percent at 1,800'' F.. ........ 50.000 
43,000 
25.000 

10 
23 

(Creep test) 

40 percent at 1,800" F. ....... ,. 50.000 
.12.000 

65 percent at 1,800° F. ........ 50,000 
45,000 --- 

15 percent a t  2,000° F .......... 50.000 
40.000 
25,060 

7 
............... 

(Crc,cp test) 

25 percent at 2,000' F. ......... 50,000 
47,000 
45,000 
25,000 

40 percent at 2,000° F .......... 48,000 

5 
9 

10 
(Creep test) 

15 percent at 2,200' F. ......... 50,000 
43.000 
25,000 

10 
8 

(Creep t a t )  

25 percent at 2,200' F ...... 10 
(Turned off) 
(Creep test) 

25 percent at 2,200' F plus 15 45,000 
percent at 1,600° F. 40,000 

25.000 

12 
19 

(Cre~p  test) 

1 Rolled lopercent eachst 2 Woo, 60,000 
2,000°, l.ROOO, and 1 ,600~  F. 45,000 

40,000 
25,000 

9 
12 

(Turned off) 
(Creep test) 

a Times for creep tests (values in parentheses) are duration of test and not rnptme time. 
b Extrapolated. 
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TABLE XVI 

a Times for creep tests (values in pxentheses) are duration of test and not rupture time. 
b Extrapolated. 

RUPTURE AND CREEP TEST RESULTS AT 1,500' F FOR BAR STOCK ROLLED AS INDICATED AX'D THEN SOLUTION-TREATED 
AT 2,050' F FOR 2 HOURS AND WATER-QUENCHED 

TABLE XVII 

RUPTURE AND CREEP TEST RESULTS AT 1,200' F FOR BAR STOCK ROLLED AS INDICATED AND THEK SOLUTION-TREATED 
AT 2,050' F FOR 2 HOURS, WATER-QUENCHED, AND HOT-COLD-WORKED 15 PERCENT AT 1,200' F 

Rolling conditions 

15 perccnt s t  1,%0° F .......... 

. 

15 percent at 1,8@0° F .  .......... 

25 percent at 1,800' P. ......... 

40 percent s t  1,800' F .......... 

65 percent at 1,80!1° F.. ........ 

15 percent at 2,0G0° F .......... 

25 percent at 2,000' F .  ......... 

40 percent at 2,000' F .......... 

15 percent at 2,200' F .......... 

25 porcent at 2,200" F .......... 

40 percent at 2,200" F .......... -- 
25 percent at 2,200' F plus 15 

percent a t  1,600° F. 

Rolled 10 percent each s t  

Rolling conditions 

Ruptureelongation, 
percent in 1 in. 

58 
70 
35 
43 

(Creep tcst) 

64 
39 

(Creep test) 

61 
44 

57 

31 

57 
49 
32 

(Crrrp test) 

35 
58 
35 

66 
47 

67 
42 

(Creep trst) 

5 i  
G4 

53 

41 
46 

(Creep test) 

64 

Heated to 2,200° F for % hr 
rolled 5 percent, cooled td 
1,500" F, rolled 5 percent 
held 2 hr, reheated to 2,200~ 
F; cycle repeated 3 more 
times. 

Initial 
stress, 

psi 

23,000 
18,000 
15.000 
14.000 
8,000 

30.000 
lfi, 000 
8,000 

20.000 
14,000 

16,000 

16.000 

20,000 
16,000 
12,000 
8,000 

20.000 
16,000 
12,500 

18,000 
13,000 

20,000 
14,000 
8,000 

23.000 
18,000 

15,000 

20,000 
15,000 
8,000 

20.000 

Reduction 
of area, 
percent 

53 
60 
51 
36 

........ 

3 i  
39 

57 
49 

56 

55 

54 
50 
40 

. . . .  

32 
54 
39 

61 
48 -- 
58 
48 

........ 

52 
5 i  

53 

49 
51 

. .  - 
59 

2 200' 2,000°, 1,800°, and 
1:600~'F. 

Rupture 
time, hr 

(a) 

16 
113 
354 
391 

(914) 
-- 

30 
204 

(961) 

60 
429 

186 

96 

54 
167 

1,460 
h(973) 

34 
217 
684 

58 
472 - 
35 

523 
(1,176) 

14 
155 

270 

31 
276 

(987) 

51 

Initial 
stress, 

psi 

Minimum 
creep rate 
percentlh; 

-----... 
........ 
0.027 
,023 
,00005 

....... 

........ 

0.320 

. 10 

-- 
0. 560 

,042 
,0064 
.000055 

........ 
.042 
.0048 

,240 
,016 
-- 
........ 
0.021 

.00021 

. 
. 06 

- 
. .  
0.043 
.00015 

0.2 
14,000 

GO, 000 36 
55,000 343 
50,000 1,517 
25,000 (1,001) 

,019 5 1 43 

Rupture 
time hr 
(4 

- -- 
55,000 90 
50,000 540 
40,600 >1,025 
2r7,000 (1,028) 

Minimum 
creep rate, 
percentlhr 

2 
4 
5 

(Creep test) 

Lnterpolated rupture 
Rupture strengths, psi elongation, percent 

in 1 in. 
Ruptureelongatiou, 

percent in 1 in. 

1 
4 
5 

........... 

4 
2 

(Turned off) 
(Creep test) 

60, 000 
55,000 
50,000 
25, 000 

Minimum creep rate, 
percentlhr 

3,100 

Rupture strengths, psi 
Minimum creep rate, 

percen tlhr 

- 
15,000 psi / 8,000 psi 

Reduction 
of area, 
percent 

P 

5 
10 

........ 

.-. -. -.- 

(Broke in threads) 
2 
4 

(Creep test! 

14 
207 
954 

(1,650) 

50,000 psi / 25,000 psi 

100 hr 

18,000 

17,500 

17,500 
............... 

17,000 

17,009 

16,000 

17,500 

L8,500 

17,000 

18,000 

Interpolated rupture 
elongation, percent 

3,200X10-6 

............... 

4,000 

3,500 

2,800 

5,000 

4,000X10-5 

.............................. 

4,200 

........ 
3 
5 

........ 

a Times for creep tests (values in parentheses) are duration of test and not rupture time. 

1.000 hr 

b 12,800 

- 
b 13,500 

b 12,000 

12,500 

12,000 

........ 

- 
b 13,000 

........ 

b 13,000 

13,000 

in 1 

100 hr 

60 

- 
50 

60 

.............................................................. 

50 

50 

50 

-- 
55 

50 

.............................................................. ---- 
44 

- 
50 

5 X10-6 

6 

.......... 

-- 
6. 5 

.......... 

......... 

12 

10 

.......... 

in. 

1.000 hr 

........ 

-- 

........ 

..................................................... 

35 

55 

. .  

--- 
b 40 

. . .  

40 
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TABLE SVIII  

RUPTURE AND CREEP TEST RESULTS AT 1,500' F FOR BAR STOCK ROLLED AS INDICATED AND THEN SOLUTION-TREATED 
AT 2,050" F FOR 2 HOURS, WATER-QUENCHED, AND HOT-COLD-WORKED 15 PERCENT AT 1,200' F 

Interpolated rupture Minimum creep rate, 
Initial Rupture Ruptureelongation, Reduction Minimum Rupture strengths, psi elongation, percent percen tjhr 

Rolling conditions 1 s t  1 t i  h 1 percent in 1 in. 1 ;;;;;mi 1 ;:;\;$;; 1 in 1 in. 

Heated to 1 800' F for % hr, 
rolled 5 Gercent cooled to 
1 500° F rolled' 5 percent, 
&ld 2 h;. reheated to 1,800' 

I F: cvcle' reveatrd 3 more 
times. 

Heated to 2 000' F for % hr 
rolled 5 &cent, cooled td 
1 5oO0 F rolled 5 pxcent 
h:ld 2 h;, reheated to 2,000' 
F: cycle repeated 8 more 

54 21 
204 16 
585 11 

(1,125) (Creep tcst) 

- times. 

Heated to 2 200' F for % hr, 26,000 65 15 
rolled 5 Gercent, cooled to 22.000 186 10 
1,500" F, rolled 5 percent, 18.000 784 9 
held 2 hr, reheated to 2,200' 8,000 (984) (Creep test) 
F; cycle repeated 3 more 

I times. 
-- 

Times for creep tests (values in parentheses) are duration of test and not rupture time. 

TABLE X I S  

COMPARATIVE DATA ON RESPONSE TO HEAT TREATMENT 

Rupturc strengths, percent Rupture elongation, percent Secondary creep rate, pcrcent/llr 
-- 

Heat Tcmp., O F  1,200° F 1,500'' F Reference 
100 hr 1,000 hr 100 hr 1,000 hr 

50,000 psi 25,000 psi 15.000 psi 8,000 psi 

2,050' F for 2 hr and water-quenched 

.............................................................. 4.5. 500 39. 1 lo 

20 i 1 
.............................................................. .4-1726 43,000 to 48,000 38,000 io 42,000 7 to 15 8 to 20 1 ! ( a )  

2,050° F for 2 hr, water-quenched, and hot-cold-worked 15 percent at 1,200' F 
- 

I I I I I I I I I 

I I I I I I  I  I 

2,200° E' for 1 hr and water-quenctrcd 

.............................................................. 302iG 1,200 42,000 38,000 1, 6 

4 4 2 , w t o ~ 2 E  3 7 , O O O t o  8 t . i  6 
............... 1 .................... 1 - -- . . . . .-- 1 ......... 1 
.............................................................. 
.............................................................. 9-1726 17.500 to 18,500 13,000 to 14,000 41 to 50 35 to 45 ( *) 

I I I 

2,200' F for 1 hr, water-quenched, and a ~ e d  24 hr at 1,400' F 

........................................................... 30276 1,200 50,000 42,000 14 21 1 ,6  
........................ A-1726 1,200 47,000 42,000 10 10 0.03 0.00026 6 
........................ A-1726 1,200 47,000 to 49,000 38,000 to 40,000 10 to 20 8 to 15 0.05 to 0.09 0.00035 to 0.00043 

23 ............................................................ 30276 1, 500 21,000 14,000 50 
.................................... A-1726 1,500 21,000 14,500 35 33 0.004 0.000033 6 
.................................... A-1726 1,500 17,500 to 18,000 12,500 to 13,500 23 to 35 10 to 30 0.013 to 0.022 .OW1 (a) 

a Data from present report. 
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