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NACA RM 51B05 ' 

NATIONAL ADVISORY COPMITTEE FOR AERONAUTICS 

RESEARCHMEMORANDUM 

PROF!ERTIFS OF LOW-CARBON N-155 ALLOY BAR STOCK 

FROM 1200° TO 1800~ F 

By J. W. Freeman and A. E. White 

SUMMARY 

The data in this report are the results of an investigation ini- 
tially under-&ken to establish rupture and total-deformation strengths 
("design" data) at 1200' to 1800° F for typical commercial treatments 
of low-carbon N-155 alloy. Rupture data sre reported for bar stock 
from two heats at 1200°, 1350°, and 1500° F and for one of the heats 
at 16500 and 18000 F in several conditions of prior treatment. Data 
on creep and on stress and time for total deformation are partially 
complete at 1200°, 1350°, and 150C" F. --- 

The results show that there were large differences in strength 
between the heats of bar stock at temperatures above 1200° F except 
when a 2200' F solution treatment was used. .This was due to steeper 
stress - rupture-time curves and lower creep resistance of one of the 
heats, except when they were solution-treated at 2x)0' F. This caused 
wide variation in the temperatures at which one type of treatment 
became superior to another. Likewise the comparison between treatments 
was complicated by the relationship changing depending on the criterion 
of strength used. Because the variation between-heats indicated that 
the data would be of questionable value as typical design data, the 
work was stopped with the data on stress and time for total deformation 
somewhat incomplete and with very little duplication between the two 
heats. 

The influence of prior treatment on the rupture data and design 
data, however, was in accordance with expectations.' That -is, hot-cold- 
work was beneficial up to a limiting temperature depending on the time 
period and criterion of strength used. This beneficial.effect of hot- 
cold-work was maintained to temperatures as high as 16000 F for rupture 
in 1000 hours. 
low in strength. 

Hot-rolled material,was variable and intermediate to 
Solution-treating and-aging produced the highest 

strengths at the more elevated temperatures. The difference in proper- 
ties of the two heats, however, caused.wide differences in the transiti 
temperatures of superiority of type of treatment. 
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. 
The heat with the lower rupture strengths at '13500 and 1500° F 

developed a sim-type phase as .separate gratis-during testing. The 
reason why the sigma-type phase should be.so detrimental or why it 
should form in one heat and not in the other .is not known. There was 
no difference in chemical composition to account for the formation of 
a sigma-type phase. -The only difference note& was a 1725O F fmshing 
temperature during hot-rolling as compared with a lglO" F finishing 
temperature for the stock which did not develop sigma-type-phase grains, 
This investigation therefore.indicates that hot-working condittins prior 
to final treatments have a pronounced effect on properties unless the 
ffnal heattreatment involves a solution treatment at-high temperatures 
to minimize variations in hot-working conditions. 

c 

INTRODUCTION 

The development and use offorged heat-resisting alloys for turbo- 
jet engines have been. complicated by several@&Liurgical factors, 
Properties of such alloys at elevated temperatures vary depending'upon 
the type of final treatment. As-?Bt-worked, aged, hot-cold-worked, 

.*. 

solution-treated, solution-treated and aged, or.-solution-treated and __ 
.: 

_ - -. 
hot-cold-worked-conditions .are all used-in'e&%cece, The relative'- 
properties for the various types of-final treat.ment.are changed con- 
siderably by the temperatures and time periods of heat treatment, the 
temperatures and-smount of hot-cold-work, and'the treatment prior to 
hot-cold-work.- The situation is further complicated because the 
relative properties yary considerably for the various conditions of 
prior treatment depending-on the temperature, -time period, and criterion 
of strength considered in test evaluation of the alloys or in service. 

Y 

.v 

As a result, existing data for forged heat-resisting alloys are 
often contradictory. It is difficult to define the-influence of chemical 
composition and practically no data exist which show consistent varia- 
tions in properties.,for systemaHc changes inchemical composition, The 
best treatments for various service c-onditions are likewise not well- 

-- defined. In practical application of the alloys; strength at high 
temperatures is often.substantLally less_thar..that predicted-by test 

~ data and frequently-isquite variable. 

Previously an extensive..study was made.ofthe influence of type .--. 
and conditions af prior treatment on the rupture properties of one 
heat of low-carbon N-155 alloy at 1200' F. (See reference 1.) The 
investigat3-on coveredby the present report initially-had two objectives. 
One was to'extend the previous investigation to include temperatures up 
to leOO" F. Complete evaluatfon of all the variations in conditions 
of prior treatments would have required too many tests to be practical. 

(I 
_ 



NACA FM 51Bo5 3 

Consequently it was decided to limit the testing to-those conditions 
of prior treatment which seemed most usable in service on the basis 
of the results at 1200' F. Concurrently the NACA initiated a program 
to obtain design data in the form of curves of stress against time for 
total deformation at 1200°, 1350°, and 15OOO F for common industrial 
treatments of the alloy. Again, in order to restrict the testing' 
progrsm to a-manageable size, effort was concentrated to establish the 
curves for total deformations of 0.2 and 1 percent. 

The available bar stock from the heat used for the tests of refer- 
ence 1 was not sufficient for the entire.program and it was necessary 
to procure more from a new heat. Duplicate rupture tests were carried 
out in part on both heats in order to include the two different initial 
materials as a variable. 

The rupture tests on the second heat quickly demonstrated that there 
were considerable differences,in the properties of the two heats except 
when a solution temperature of about 2200' F was used 'prior to testing. 
Apparently differences in the hot-working conditions prior to xinal 
treatment had a pronounced influence on the properties except after a 
high-temperature solution treatment. Recognition of this variable 
indicated that the design curves for the "typical" conditions of treat- 
ment would have only limited value. It also emphasized the need for 
concentration of effort on the fundamental crystalline structures which 
controlproperties at elevated temperatures. For this reason the 
testing'for establishing design curves was stopped with many of the 
curves not too well-established. 

This report presents the data obtained in the investigation with a 
minimum of fundamental interpretation. The main value of the results 
is the demonstration of the marked differences in properties at various 
temperatures, time periods, and criterions of strengths between two 
lots of stock unless they are heat-treated at high temperatures to 
minimize initial variations in the original test stock. 

The investigation 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. 

TEST MATERIAL 

Low-carbon N-155 alloy bar stock from two commercial heats was 
used in this investigation. Chemical analyses of the two heats were 
as follows: 
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Analysis Analysis 
Heat by - Heat by - 

0) 0) 

30276 U.C. 30276 U.C. 
U.M. U.M. 

~1726 U.C. ~1726 U.C. 
U.M. U.M. 

Chemical camposition 
(percent) 

C Mn Si Cr Ni Co MO W Cb N 

0.12 1.64 0.39 21.33 18.88 18.60 3.21 1.97 1.10 0.12 
.II 1.64 --- 21.18-18.59 18.99 3.14 2.05 1.12 ---- 

0.13 1.63 0.4-z 21.22 19.00 lg.70 2.90 2.61 0.84 0~13 
.13 1.43 .34 20,73 18.92 lg.65 3.05 1.98 -98. .14 

1U.C. - Universal Cyclops Steel.Corporatibn. 
U.M. - University of Michigan. 

The hot-working procedures.used in the fabr&ation of the bar 
stock were reported.by Universal Cyclops to have been as follows: 

_. .._ . ..--'r .-_. . _ -- 
He& 30276: The approxim&iy~6OQ~&&d (8- by 7-inch) ingot was 

hammer cogged to.2-inch-square-billets with 2050° F 
'( 

as maximum and-1750O.F as minimum working tempera- 
tures. The billets were ho&rolled to 7/8-inch- r 
square bars in one heat from 20750 F with a finishing 
temperature of 1725o.F. 1 

_ .. .s. 
Heat ~1726: The I&inch-square ingot was hammer cogged in I5 heats 

to a e-inch-square billet with 2Q7Oo F as maximum and 
1730°-F as minimum working temperature. The billet 
was hot-rolled to 7/8-inch-b&ken-corner-square bars 
in one heat from 211Q" F with a finishing temperature 
of 1910° F. 

.--- 
The bases for-selecting the prior.treatments to be studied were: 

1. Types of--treatment widely used in practice and therefore of 
greatest interest, or outstandingproperties~~ased on reference 1. 

- . ~. ..:_ - - . . 
2. Selection of &on&ions of treatment were based on common 

practice or upon the optimum conditions..in+cated.by the data in 
reference 1. 

./ 
. 

. 
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The treatments used, outlined in detail in table I, included: . 

1. As-rolled, a&rolled and aged, and as-rolled and hot-.cold- 
worked because they represent common.commercial practice. Other work 
(see reference 2) at temperatures above 1200° F had indicated that an 
age at 1350° F for 50 hours would be the most acceptable aging treat- 
ment. Reductions of 15 percent at,1200° F are fairly representative 
of commercial hot-working conditions. This hot-cold-worked condition 
was also included because as-rolled and hot-cold-worked material 
generally has adequate elongation in the rupture test at 1200° F as 
well as high strength. 

2. Solution-treated and solution-treated plus aged materials 
because they are common treatments and because they were expected to 
have superior properties at the more elevated temperatures, Generally 
the higher the temperature of solution treatment the better is the 
strength of temperatures above 1350' F. The work of reference 1 however 
had indicated that for unaged material the maximum temperature of 
solution-treating was 2100°, F without abnormally low elongation in the 
rupture test at 1200° F. Subsequent aging, however, improves elongation, 
the work of reference 1 indicating that treatment at 2200° F followed 
by aging at.l&OOO.F.for 23 hours gave the best combination of strength 
and ductility. Establishment of the design data at 1200° F on material 
aged for 50 hours at 1350° F was undertaken early in the program to 
conform with the treatments being used at other laboratories for testing 
at temperatures above 1200° F. (See reference 2.) 

3. Solution-treated and hot-cold-worked material because this type 
of treatment gives by far the highest rupture strengths at temperatures 
on the lower end of the range being considered. The solution tempera- 
ture of 2050° F was selected on the basis of the work in reference 1 
which showed that 2050' F was the maximum solution temperature prior 
.to hot-cold-work without excessive brittleness in the rupture test. A 
reduction of 15 percent at 1200' F was used for the reasons mentioned 
previously. The reduction of 25 percent was included to show the 
influence of increased reduction. 

The room-temperature physical properties resulting from these 
treatments are included as table II as a-matter of interest to those 
using the materials. 

Data on stress and time for total deformation (elastic plus plastic 
deformation) were originally to be obtained at 1200°, 1350°, and 1500' F 
for all nine treatments. Sufficient tests were to be made so that 
curves of stress against time for rupture and for 0.2- and l.O-percent 
total deformation could be plotted out to 2000 hours. Because of the 
excessive testing.involved the program was reduced to include only 

r 
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as-rolled, as-rolled plus 15-percent ho;-t%oT$-worked; 21b0° .F water-l; *" 
. 

i*- 

quenched;2200° F water-quenched plus aged 24 hours at 1400° F, and 
2050° I? water-quenched pius 15-percent hot-do&worked. F 

Total-deformation data were not duplicated.between the two heate 
except at l2OOo F.._..The evident wide difference .in rupture properties 
between the two heats except after 4 22OOo ZJ so&utiontreatment indi- 
cated that duplicate data would have only lfmited utility. Furthermore, 
the testing program was terminated before most of the design curves 
were well-established. 

Rupture testing was quite complete. Duplicate tests, however, 
between the two heats were Umited to the f&ve treatments finally 
selected for extensive testing. Rupture tests at 16500 and 18OOo were 
also limited to one heat. Creep strengths reported were based on 
tests made to obtain design data. 

Solution treatments were carried out in a gas-fired furnace, 43ing 
was done in laboratory electric resistance furnaces. Rot-cold-working 
was accomplished by rolling 8-inch-long bars in .a.5-lnch, two high 
rolling mill. 

. 

Rupture testapere run in individual stationary units applying the ._ r 
stress through a simple-beam and,knife-edge system, Rupture test 
specimens were O.25C inch in diameter with a gage- section 1 inch in 
length in all casesexceptthe EOO" F tests on heat 30276 which were 
made on 0.160-inch-diameter specimens. The iatter test data were taken 
from the previous work (reference 1). Time-elongation data were obtained 
during the rupture tests both by the drop-of-the-beam method and, in 
cases where design data were being obtained from rupture tests, by means 
of modified Martens' type extensometers with a sensitivity of 
0.00005 inch per inch. I. 

Creep tests were conducted on 0.505-inch-diameter spectiens with 
a 2-inch gage length in units similar to those used for rupture testing. 
Duration of the creep tests varied up to 1700 hours dependtig on the 
total-deformation data needed from the particular test. The creep data 
were obtained by means of modified Martensi type extensometers with a 
sensitivity of O.OOOCO3 inch per inch. In all cases the total defor- 
mation reported included the elastic deformation when the ioad was 
applied as well as the subsequent plasticdeformation. 

Room-temperature hardness, tensile, and impact tests &re obtained 
before and after creep testing of material from heat ~1726 as a measure 
of the structural stability of the alloy during creep testing. 

._ 

I 

I 
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&tallographic samples of the original material and the completed 
test specimens-were prepared for observation and photomicrographs were 
taken of representative samples. 

The indication of a sigma-type-phase formation during rupture 
testing was checked by X-ray diffraction methods. The procedure used 
was the low-angle technique outlined by Barnett and Troiano (refer- 
ence 3). Rods approximately l/l6 to l/32 inch in diameter were ground 
from two specimens after rupture testing. After electrolytic etching 
in ferric chloride to expose the sigma-phase particles, X-ray exposures 
of chromium Kbt radiation up to 24 hours' duration were made using a 
Debye-Scherrer-Hull camera. The diffraction lines obtained were com- 
pared with those reported in references 4 and 5. 

The data obtained are presented as a series of tables and figures 
which show rupture, stress and time for total deformation, creep, and 
stability characteristics. 

Rupture Test Data 

The data obtained from the rupture tests are given in tables III 
to VII. Curves'of logarithmic stress against logarithmic rupture time 
are shown as figures.1, 2(a), 2(b), and 2(c). The rupture strengths of 
table VIII were read or extrapolated from these curves. The influence 
of testing temperature.on the rupture strength and elongation is shown 
by figures 3 and 4. 

The relationships between properties in the rupture test and prior 
treatment as influenced by testing temperature were complicated. The 
relative properties varied depending on.the time period for rupture, 
The two heats also had different levels of properties because the 
slopes of their stress - rupture-time curves were different. All of 
the data have been compared in figures 5, 6, 7, and 8 with those for 
the samples solutien-treated at 2200' F and aged for 24 hours at 14CO" F 
on the assumption that this treatment minimized differences due to 
initial variations in the original hot-rolled stocks. 

The variation in rupture strength between the two heats was small 
after solution-treating at 2200' F and aging at 14CO" F for 24 hours, 
Furthermore reference to figure 2 shows that the slopes of the stress - 
rupture-time curves were similar. It appeared that. solution-treating 
at increasing temperatures from 20500 to 2200° F reduced the difference 
in slope between the stress - rupture-time curves which existed for the 
stock from the two heats in the as-rolled condition. The 2200' F solu- 
tion treatment did not, hotiever, prevent wide differences in elongation 
in the rupture test. In spite of the difference in elongation it appears 
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. 
that the assumption'of minimized variations by a 2200' F solution treat- 
ment and 1400° F age was reasonably good. ' 

c 
The relationship between prior treatment and testing technique was 

in accord with general experience. That is: 

1. Above a limiting temperature the solution-treated or solution- 
treated and aged condition will have higherrupture strengththan the 
hot-cold-worked condition, The temperature and degree of superiority 
of the hot-cold-worked condition decreese with the time period for 
rupture considered. 

2. Solution-treated and.hot-&old-worked materials have substan- 
tially higher rupture strengths for 100 and 1000 hours than solution- 
treated or solution-treated and aged materials up to temperatures 
ranging from 1450° to l@O" F. Increasing the percentage of hot-cold- 
work from 15 to 25 percent in the c'ase-of heat 36276 resulted in poorer - 

- 

maintenance of strength with both increasing time and temperature of 
testing. . . 

3. The strengths of stock hot-cold-worked in the.as-rolled-condi-- 1 * 1 
tion are not maintained as wellas those solution-treated prior to hot- 
cold-work when testing time or temperature is increased. I 

4. Strengths in the hot-worked condition also tend to fall off: 
rapidly in comparison with those of solution-treated stock with 
increasing time or'temperature for rupture and are particularly low at 
temperatures above 1350° to 1500° F. . 

-.- - - 
5. General experience indicates that comparative rupture strength .--. 

increases with solution temperature as the test temperature or time is 
increased. This effect was only minor in the case of heat 30276. The 
data suggest it would have been even less for heat ~1~726. 

6. The influence of aging after solution treatment on the rupture 
strength at varying temperatures is not well-defined byhe data. At 
1200° F aging for 24 hours raised the level of the stress - rupture- 
time curves. There was practically no effect at 1350' F. At 1500° and 
16500 F the short-time strengths were increased somewhat by aging and 
the long-time strengths lowered because of steeper stress - rupture- 
time curves after aging. At 1800~ F there was no significant effect, 

Aging of hot-worked material seems too comlicated to define in 
vie< of the differences in hot-worked materials. In the case of 
heat 30276 aging at 135W F for 24 hours had little effect at 1200° 

.~ and 15000 F while it reduced the slope of the stress - rupture-time > 
.* 

curve at 1350° F. Considerably different effects would probably have -. .- 
been obtained by aging the. as-rolled. stock from heat ti726. : * . 



NACA RM 51BO5 9 

. , 7. The elongation data from the rupture tests showed that abnor- 
mally low elongation only results during testing at 1200° F. While 

1 differences exist at higher temperatures all elongations were at least- 
5 percent. Solution-treating or hot-cold-working resulted-in elonga- 
tion below 5 percent at 1200° F. The samples without hot-cold-work 
tended to reach a maximum in elongation at 1350° to 15OOO F, whereas 
the hot-cold-worked materials-tended to have increased elongation with 
increasing temperature of test. Consequently the hot-cold-worked con- 
ditions had higher elongation at the higher temperatures. 

. 
When the investigation was undertaken it was hoped that the tem- 

peratures of superiority of rupture strength for the various treatments 
would be defined. The results, however, show the optimum properties 
at intermediate temperatures vary depending on the response of the par- 
ticular lot of bar stock to the treatment as well as the time period 
on which comparisons are based. At 1200' F the best properties were 
obtained by hot-cold-work in all cases. -Solution-treated or solution- 
treated and aged tias best at 1800~ F. The temperature at which the 
change-over occurred.varied widely for the two heats and the various 
prior treatments. The temperatures at which the material solution- 
treated at 2200° F and aged at l&OO" F became superior to other condi- 
tions have been compiled in table IX t-0 illustrate this finding. 

Characteristics of Stress and Time for Total Deformation 

Design curves showing the relationship between stress and time-for 
various total deformations are shown in figures 9 to 15: The data for 
these curves were taken from time-elongation curves from-the individual 
tests, as sumnar ized in tables X to XIII. 

Stresses for total deformations of 0.L, 0.2-, 0.5-, and l.O-percent 
total deformation and the transition to third-stage creep in 10, 100, 
1000, and 2000 hours as defined by the design curves are summar ized in 
tables .XIV and XV. In a number of.cases the data were not sufficiently 
complete at the time testing was terminated to define all the deforma- 
tion strengths. The influence of prior treatment on the various defor- 
mation strengths at the three temperatures at which heat ~726 was 
tested is shown graphically by figure 16. The curves of stress and time 
for total deformation at 0.2- and LO-percent deformation for the various 
treatments are compared in figures 17 and 18. 

The results of the total-deformation tests indicate that: 

1. Hot-cold-work substantially increases the permissible stress 
for limited total deformations for.'time periods up to at least 2000 hours 
at 1200° and 1350' F but not at 1500° F. 
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2. As in the rupture tests the as-rolled stock from heat ~1726 
compared favorably with the solution-treated and the solution-treated 
plus aged conditions. In this condition heat 30276 W&B inferior at 
1200' F, the only temperature at which it was tested: 

r 

3. There was only a smell difference between material solution- 
treated at 2200' F and material solution-treated at 2200° F and aged 
for 24 hours at 1400° F. 

4. Total-deformation data are a complex combination of initial 
deformation when the load is applied, the smoupt-of flrst-stage creep, 
and the inherent creep resistance. The first two are more influential 
at--the lower temperatures and higher total .deformations considered. 
Differences due to.prior treatment tend to become less as the amount 
of total deformation-decreases: Creep resist&e would.have more 
influence at longer time-periods than those considered in the investi- 
gation. Two cases where low creep resistance probably contributed to 
low comparative total-deformation strength were the material from 
heat 30276 in the hot-rolled condition and in the solution-treated plus 
hot-cold-worked 25-percent condition. 

5. The wide difference in the two hot-rolled materials at 1200° F 
probably indicates that there would have been wide differences in the 
total-deformation characteristics if the two had been tested with other 
treatments. As in the rupture test this difference probably would have 
been a minimum after a 2200° F solution treatment. Except for the 
solu;tion-treated and aged stock there could be considerable variation 
in &formation strengths from those in this repoI-t, The results pre- 
sented, however, are probably qualitatively correct insofar as the 
trends from the various treatments are concerned. 

Creep Characteristics 

The creep rates measured from the total-deformation tests are 
summarized in tables XVI and XVII. In most low-stress tests the creep 
rates were continuing to decrease with increased time of testing, 
These tables also- show the minimum creep rates and time of transition 
to third-stage creep for the rupture tests. 

The curves of logarithmic stress against logarithmic creep rate 
for heat 30276 are shoti in figure 19. The hot-cold-worked condition 
had the highest creep resistance, the solution-treated and aged was 
intermediate, and the hot-rolled was weakest; The stress - creep-rate 
data were particularly erratic for the.hot-cold-worked samples7 
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In figures 20(a) and 20(b), the stress-creep data at 1200°, 1350°, 
and 1500° F are assembled for the four conditions of treatment of 
heat ~1726. These curves also show the pronounced influence of testing 
time on the 'observed creep rates, The pronounced influence of time on 
the observed creep rates leads to complex relations of creep strength, 
temperature, and treatment. It is also probably a contributing f.actor 
to the apparent erratic-nature of the stress - creeg-rate data. The 
stress - creep-rate characteristics of the hot-cold-worked material 
tested were more erratic than the other treatments particularly at 
15000 F. Either the bars were not uniformly hot-cold-worked or, more 
probably, the instability of hot-cold-worked material at higher tem- 
peratures resulted in variability. 

In general the number of tests run on heat ~1726 was not sufficient. 
to establish creep strength for 0.00001 percent per hour. The strengths 
for 0.0001 percent per hour were, however, quite well-established, 
except in thOSe cases where creep rates were changing rapidly with the 
testing time. The creep strengths indicated by the available data are 
summarized in table XVIII. The influence of temperature and treatment 
on the creep strengths, shown graphically in figure 16, was: 

1. Relative creep strengths were not well-defined at 1200' F, 
principally because the tests were incomplete for solution-treated and 
for solution-treated and aged material, The indications were, however, 
that 15-percent hot-cold-work at 1200° F nearly doubled the creep 
strengths. There-was a wide difference in the creep resistance of the 
two heats in the as-rolled condition. 

2. At 135OO F the superiority of the hot-cold-worked condition was 
greatly reduced for a rate of 0.0001 percent p.er hour and had disappeared 
for a rate of 0.00001 percent per hour. There was little difference 
between Solution-treated (21OOO F), solution-treated (2200° F) plus aged, 
and the hot-rolled stock for a rate of 0.0001 percent per hour. The hot- 
rolled was inferior at 0.00001 percent per hour. 

3. At 1500' F the data indicate that hot-cold-work was of no benefit 
for a rate of 0.0001 percent per hour and was detrimental at slower creep 
rates. Aging appeared to be detrimental to creep strength at this tem- 
perature. As-rolled material was decidedly inferior. 

The creep strengths for a rate of 0.0001 percent per hour are com- 
pared in table XIX with the extrapolated rupture strengths for fracture 
in 10,000 hOUrB. This creep strength is often extrapolated as the 
stress to cause l-percent total deformation in 10,000 hours. The rup- 
ture data in table XIX show that the creep Stren@;thS approached'the 
rupture strengths for the hot-cold-worked materials at all three tem- 
peratures. The difference was rather small at 1350° F for the 
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solution-treated and for the solution-treated plus aged conditions. 
The creep and rupture strengths were equal for all four conditions 
tested at 1500° F. When the extrapolated~rupture strengths approach c 
the creep strength, there is considerable doiibt regard.ing-the relia- 
bility of extrapolation of the creep strength. Probably third-stage 
creep will occur prior to 10,000 hours with a consequent greater 
elongation in 10,000 hours than 1 percent, or the -materials will frac- 
ture after about l-percent creep. _~_ ~ _ 

Stability Characteristics 

Tensile, impact; and hardness tests &id metallographic examination 
at room temperature were used to investigate structural stability 
during testing. The physical tests were CQnfined to heat ~1726 because ' 
unfractUred specimens were avail&ble from all three temperatures of - 
testing for tatal deformation. 

The results ofthe tensile, 3mpact;and hardness tests are in 
table XX. In all conditions. of treatment there was a marked and pro- 
gressive drop in ductility and impact strength after creep testing at- 
1200° and 1350° E. After testing at-15OCo F these properties were 
either slightly less or slightly higher than after testing at 1350' F. 
It is particularly interesting to note-that the solution-treated and 
hot-cold-worked stock underwent-no &eater change in this respect than 
the solution-treated and aged. The as7rolled material had slightly 
better ductility after testing than the other conditions. 

P 

The strength andhardness of &iLl conditions, except the hot-cold- 
worked, were increased by creep.t-eating at 1200° and still further 
increased by testing at 1350° F. Testing at 15000 F did not produce 
as much increase in strength and hardness.. The hot-cold-worked'stock 
progressively decreased in strength and hardness with increasing testing 
temperatures, 

These fairly pronounced changes in strength and ductility as a. 
result of testing indicate that the alloy Undergoes considerable at&- 
tural alteration during exposure to temperature and stress. These 
apparently are much greater at 1350° and 1500° F than at1200° F for 
time periods up to 2000 .hours, Aging for 24 hours at l&OO" F after 
solution-treating at 2200° F apparently did Very little to st&biliZe 
the .structure. The hot-cold-worked material apparently Underwent con- ___...._..._ _ _._ _-. -_. .:. 
siderable relief.o! strain hardening during testing. 

A metallographic examination was made of all of- the original - 
materials, of the longest duration rupt%!----s-$&imens, and of represen- 
tative unfractured specimens from the design-data tests. The structural. 

J -- 
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changes were of a different type in heat 30276 from those in heat ~1726 
8s is shown by the representative photomicrogr8phs of figures 21 to 28. 
Both materials 8ppe8red to undergo.both general and intergranulsr pre- 
cipitation during testing 8-t 12OCo F. At 1350° and 1500' F, however, 
heat 30276 showed the presence of an agglomerated constitutent which 
microscopically had all the characteristics of sigm8 phase. The pre- 
cipitation in heat ~726 remained fine and well-dispersed sfter testing 
at these temperatures, the size of the particles merely increasing with 
testing temperatures. 

The two rupture specimens from heat 30276 showing the strongest 
indication of sigma phase in the metallographic ex8mination were checked 
by X-ray diffraction for sigm8 phase with the results shown in table XXI. 
A considerable number of lines corresponding closely in spac'ing to 
published diffraction values for sigm8 phase were found for the specimen 
tested at 1500° F and four lines for the specimen tested at 1350° F. 
These results confirm the presence of a sigma-type phase indicated by 
the metallographic examin8tion. Because a number of the elements present 
in low-carbon N-155 alloy have been shown to form the sigma-phase 
structure (reference 4) and because the composition of the phase was not 
determined, the-term "si@pla-type phase" is used in this report. In 
addition to the sigm8-phase lines, the columbium carbide in the low- 
carbon N-155 samples also gave diffraction lines, 

The amount of sigm8-type phase which formed in the samples from 
heat 30276 decreased with increasing solution temperatures and the 
structures sfter a 2200' F solution treatment were similar to those 
from heat ~726. Hot-cold-work apparently increased the-tendency for 
the sigm8-type phase to form in heat 30276. There were differences in 
grain size between the two heats although this factor seemed small in 
compa;rison with the differences in precipitation characteristics. 

DISCUSSION OF RESUITS 

This investigation was originally undertaken for the express purpose 
of providing representative design d8t8 for sever81 commercial tre8t- 
ments. The results show that there cazl be quite wide differences in . 
properties between two lots of the alloy which.appear to be the s&me 
when compared on the basis of chemical composition or the usualroom 
temperature physical properties. 

The results do show that the usual generalizations-regarding the 
effect of prior treatment on properties at high tenq?eratures 8re cor- 
rect. There can, however, be wide differences in the actual m8gnitude 
of the rupture, total defornmtion, or creep strengths as well as in 
ultimate elongation to fracture for different lots of the alloy. 
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Furthermore there canbe wide variations in the~~temperat&e &which 
one-type of tre8tment provides superior strength-to another type. In 
this investigation, for instance, hot-cold-work provided superior 
rupture strength in one heat even for prolonged time periods at tem- 
peratures 8bOVe 1500' F, while the other heat was inferior to solution- 
treated and aged material at temperatures below 1500°- F at fairly short- 
time periods; The as?rolled materials were particularly divergent in 
this respect. Thus there is not 8 single limiting temperature, even 
for 8 SpecifiC~me8sU% of strength, of superiority of one type of 
tre8tment over Eanother for various lots of test stock. 

The lower strength of heat 30276 than of heat ~1726 at the higher 
temperatures and longer time periods was associ8ted with the formation 
Of 8 Sigma-type phase during testing. The c.o+tions under which it-. 
formed, the influence of prior treatment, and the effect on properties 
at high temperatures were similar to those observed in 1&8+Cb and 
23-20 steel. (S ee reference 6.). The phase forms most extensively at 
about 1350' F, forms only slight.ly at A.?gOp F,....and..fYXms larger grains 
at 1500° F, High stresses and deformation,~as'in rupture testing, 
promote its formation. Increasingly higher solution temperatures reduce 
the amount of the phase which forms 8nd finally eliminate it, at lease-- F 
as separate grains. Cold-work accelerates its formation, The forma- 
tion Of the Siepla-type phase 8s separate grains IS 8SSOCi8ted with 
steep stress - rupture-time curves, lowered creep resistance, and r 
increased elongation in the rupture test. 

Apparently solution-treating at-2200' F ~8s .nearly high enough to 
prevent grains of siw-type ph8Se from forming in he8t.30276. This 
then could account for-the similarity in rupture properties to..those. . . . .__ -1~ .-.A- 
of heat A1726 8fter this ~treatment. Some sigm8-type phase formed, _ _ 
however, c8using some loss in creep strength which was offset by the 
increased elongation so that the rupture strengths were about equal 
after the 2200° F treatment. 

-- 

The absence of identifiable grains of the,sigma-type phase 8fter 
testing at I2000 F indic8t-eS that either it does not form at that 
temperature or the.rate- of formation is extremely slow. The.strength 
of heat 30276 was therefore compar8ble with that of heatAl at 
1200' F. The reason Why formation of sigm8-type phase at higher 
temperatures apparently reduces strength in the rupture. and creep tests . . 
is not evident from available information. The'accumulation of pre- 
cipitants into the grains of sigma phase leaving clean grain boundaries 
could account forthe increased elongation. 

The re8son for the formation of si@sha-tj;pe $&se in- s$ecimens from:: 
heat 30276 and not in those from heat ~1726 is.not-apparent. 

_ . ..* .i 
There is 

nothing in the chemical composition to account for the difference. The 
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only difference in the reported history of fabrication of the two w&s 
8 finishing temperature of 1725' F for heat 30276 8nd 1910' F for 
heat A1726. it is therefore suggested th8t differences in hot-working 
conditions were responsible for the differences in properties of the 
tW0 heats. It appeared 8s if 8 2200' F solution treatment minimized 
such differences. It is believed, however, that the 2200° F tre8tments 
should not be relied upon for this purpose pending further verification 
over 8 wider r8nge of hot-working conditions. 

CONCLUSIONS 

Rupture data are reported at 1200°, 1350°, 8nd 1500° F for two 
he8tS of low-carbon N-155 alloy bar stock in Sever81 typical conditions 
of treatment. The rupture test data were extended to 1650~ and 18000 F 
for one of the he8tS. DeSign d8t8 in the form Of the rel8tionship 
between stress and time for v8rious amounts of tot81 deform8tion up to 
1 percent were p8rti8lly obtained.for Va~Ci0U6 typical treatments 8t 
1200°, 13500, snd 3.5000 F. The results showed th8-t: 

1. The two heats differed In strength except when they were both 
solution-tre8ted at 2200' F and aged at 1400° F prior to testing. The 
differences were small at 1200° F but pronounced at higher temperatures. 

2. One heat had much steeper stress - rupture-time curves than the 
other. This w8s 8SSOCi8ted with the fOI7IIatiOn Of grain6 Of 8 Sigma-type 
phase in the microstructure during testing at 13500 Eand 1500' F. The 
only difference observed between the two heat6 to which this difference 
in behavior could be attributed w&s a lower finishing temperature during 
the hot-rolling of the bar stock. 

3. The results in general confirmed previous experience in that 
hot-cold-worked material loses its superiority in strength above some 
limiting temperature. This temperature decreases with the time period 
considered. The superiority also becomes less 8s the tot81 deformation 
on which comparisons are based decreases. The hot-cold-worked condition, 
however, w&s found to maintain superiority to much higher temperature 
than had been thought to be the c&se. As-hot-rolled materials can h8Ve 
very VSri8ble properties, 8pp8rently associ8ted with v8ri8tions in hot- 
working conditions, little difference in solution-treated or solution- 
treated and aged material was observed. 

4. While the general rel8tions between prior treatment and prop- 
erties 8t various temperatures are known the 8ctU8l~m8grIitUde of the 
properties between different lots Of an 8&&Oy can v8ry widely. 
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Consequently it is not possible to eSt8bliSh !'typical" properties for 
various treatments except after high-temperature solution treatments 
which minimize differences ti prior hot-working conditions. 

Engineering Research Institute 
University,of Michigan 

Ann Arbor, Mich., May 31, 1950 
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TABIE I.- HE&T -3 AND TIWITHG CORDl?MoBTS USED TO 

Treatment 

As-rolled 

AS-roued; aged at 1350~ F for 24 hr 

As-rolled; lfj$ hot-cold-vork at 12W" F 

21000 F, 1 hr, W.Q.2 

2200° F, lhr, W.Q. 

22CO“F, lhr, W-Q.; aged atlbOO" F for 24 hr 

2200° F, 1 hr, W.Q.; aged at lj5@ F for 50 hr 

2050° F, 2 hr, W.Q.; l5$ hot-cold-work at 120Q" F 

2050' F, 2 hr, W-Q.; e hot-cobSwork at 1200° F 

T Tests conducted fml temperatured of testing '1 

Rupture tests 

Rest 30276 Heat ~1726 

12W0t015000 F 1200°tol~o F 

1200°to~C@F C-r--- c-F',--'-" 

12C@to1500"F1200'Jto15C0°F 

1200'to l.5O~F 1200°t018C00 F 

w to 1500° ,j? --r--..r-rrr-sm.-r 

l2OO'to l5000F l200'to I.&X6 F 

KO@F rm--l----------r 

EOO'to 150a" B EXvY'to l!%O°F 

@JO0 to 1500° F -r-rrrr-es.---.--- 

r 
'eat 3027t 

1200° F 

-err-.-- 

-LCrr-r 

---mm-- 

--mrmrr 

-r-m--- 

1200° F 

hat temperatures were KOO", l.300, l5oo0, l@O", and 1800~ F; table shows range of 
temperatures at which tests were made. 

2w.Q. - Water-quenchfd. 

1200° to BOO0 F 



lieat 

30276 
Al726 

30276 

30276 
au?26 

30276 
Al726 

30276 

30276 
A1726 

30.34 

302% 
Al726 

30276 

Brine11 
haransss T Offset ylsld strength 

233 
22% 

214 

72,500 76,500 
63,m 73,200 

52,700 62,500 

L21,soo 135,500 140,?00 

57,000 
56,300 ~~~ , 

53,000 

61,mo 
55,8W 

57,500 

'57,ooo 

boa, 
:59&J 
! 
:fio,ocnl 
I 
124,500 
=),m 

137,5@J 

haM0: 
ARf-Ap - As-roU.cd; 13500 B, 24 hr 
AH+H!z!w - 
m!(2loo) - 

As-rolled; w but-cold-wrk at lZW' B 
2ld F, lbr, vater-quenched 

m2200) - 2200°F, lhqmter-quenche8 
=+Adlb) - EZ@R, lhr, rater-quachea; 1'103'F, 24h. 
m+&(l30) - ZXW B, 1 hqmter-quenched; 13W°F, 50 hr 
sr+m -2+@?,2hr,va~quached; 1~bat-m&wrkat1200°F 
er+m - X15@F,2br,v&a--quenched; ZZ$hut-cOl&v~rkat E!C!@F 

I.02 percent 

(Psi) 

0.1 percent 0.2 percent 

g.5 

36 

22 

47 
50 

46.5 

z 

36 

26 
24 

22 

Reallct10n 
of area 

b-eat 1 

55.7 
51.0 

33.2 

73.3 

63.2 
67.6 

a.3 

39.8 
46.8 I 
41.9, 

53.2 
57.0 

48.1 
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Heat StIY!SS 
(psi) 

Rllpturs ElOng8tiO7l 
time in1 in. 
(h) (percent) 

'Praataent 

As-rolled 30276 

As-rolled ~1726 

95,QcQ 
%,mo 
*45,000 
%&Xl0 

g%i 
J+gooo 

a.5 

2 
610 

2.’ 
19 
34 

2 l2 

8.5 

2:: 
48.3 

10.2 
6.1 

11.3 
22 

472 

As-rolled + &d 24 br 
at 1350" F 

30276 

Ae-rolled + l$hot-cold- ' 
work at 1200c F 

3Or(6 

As-rdJ.ed + Ppi hot-cold- 
workat 1200° F 

3.5 
2.2 

-2.8 

17.8 
10.9 
17.8 

lhr, 21~x1~ F, W.ed 30276 

1 hr, 2100° F, W.Q. ~1726 

850,ooO 
a45,OoO 
*40,000 . 

45,ooo 
pg 

37:ooo 

35 
141 

1003 16 
9 18.6 

7.7 
11.8 
16.4 

1-l 

ziz 
1645 

lhr, 2200° F, W.Q. 30276 26.7 
15.6 
6.2 

lhr,22oooF+24hr 
at1hP F 

30276 

A1726 

bl.2 
ii 
21 

10 
9 

10 
10 

g-2 
23:3 
30.8 

66 
101 
144 
446 

t-87 
9:s 

14.5 

1 hr, 22QOc F, W.Q.; 50 br 
ai! 1350° F 

30276 53 bl2 
145 b10 
479 “14 

3301 I.9 

167 

s 

2 hr, a3500 F, x4.4 15p; hot- 
cold-work at l200 F 

302-E 1.5 
21.0 
16.4 

2 hr, 20500P,W.Q.j a$lhot- 
cold-workat12000 F 

14.5 
147 
270 

* 210 
137 
9b 

2 kc, 2050°P,w.es as-t- 
coldsark at EC0 F 

30276 

a0.16J-In.-diam. test specimsn. 
bpractured in &age mark. 
'Fractured in fillet. 
dw. Q. - Water-quencheb. 
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Ll!mLE Iv.- RllmuRE TEBl' DA!i'A AT I.3509 F FOR LOW-ChUBOH 

w-l55AImYEiARm?OcK 

Etress Rupture Elonget ion Reduction 
TreatmeIlt- Heat- 

(psi) tlma in 1 in. of area 
(b) * (percent) (percent) 

As-rolled 30276 30,000 130 
25,000 264 

E g.: 
20,000 769 31 P5:6 

As-rolled A1726 35,ooo 86 Ii3 21.6 
32,500 156 36 35.5 
30,000 623 23 19.9 

As-rolled + e&xi .i 30276 30,000 
24 hr at 13OO-F 22,000 ' 

2F)mo 
g. % 62.5 

50.2 
30 36.8 

As-rolled+ lf$hot- 30276 35,000 95 19 27.1 
cold-work at 1200° F 30,000 172 19 22.6 

22,OCX3 49 I.2 14.6 

As-rolled + 15% hat- Al726 40,000 66 ii 6.9 
cold-uork at 1200° F 35,000 203 9.9 

30,000 456 ; 4.1 
25,@Jo 1693 3.2 

1 hr, 2100° F, W.Q.' 30276 30,000 117 35 38.4 
25,m 432 21 25.9 
22,000 997 23 32.5 

1 hr, 2100° F;W.Q. Al726 30,000 75 10. 11.8 
29,000 222 
~;~ i$ 24 z; 

26.1 
26.1 33.5 

1 hr, 22000 F, w.0. 30276 32,000 65 b13 3,000 165 36 2:: 
27, mo 328 2; 31.4 , 
25,000 439 2l.O 

1 hr, 22000 F + 24 br 30276 33,000 32 
at14OOoF 30,ooa 136 k g; 

25,000 726 32 37:3 

1hr,2200°F,W.Q. Al726 35,oCQ 
+ 24hr atlbaOF 33,000 iz 

25 24.9 
16 13.9 

30,000 
22: E 

34.6 
26,000 41.6 

2 br, 20560 F, w:q. 30276 39,000 79 b13 5r1.2 
+ 15% hOt?cOld-work 35,000 250 ; 17.4 
attiOO" F 30,000 593 7.3 

2 hr, 2050° F, W.Q. A1726 
gzl: 

183. 7 
+ 15% hot--cold-work. 
at 12000 F 33:ooo 53; 

12 Sk; 
9 14.4 

2 hr, 2050° F, W.Q.; 30276 39,000 xl.5 

25s hot-cold-work 33,000 

:; z 

at 1200" F 30,000 446 6 2:. 

- Water-quenched. 
?i%.tvred in gage mark, _. 

T 
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TABLE V.- FKMJRETEECDATAAT150Cl°FFORLOW-CAREON 

N-l55ALLDYBAR SI’OOK 

Treatment Heat stress 
(Psi) 

Rupture 
tllre 
b) 

Elongation 
in 1 In. 
(percent) 

ReUuction 
of area 

(percent) 

As-rolled. - 30276 20,000 26 *,ow $5 48 E 
12,000 194 9,o@J 430 2 Z:i- 

’ As-rolled ~1726 l5,WO 130 E 25.2 
13,500 E 23 24.0 
13,000 22 lg.8 
&W 747 17 20.0 

As-rolled !- aged d76 17,500 27 24 hr at 1350° F ELO@J 102 E E 
9,000 424 27 28:9 

As-rolled + 15% hot- 30276 22,000 14 35 37.3 

cold-work at 1200° F 16,000 31 9,500 g 22 22 
7,500 44 29:1 

Aa-mUed + 15% hot- ~1726 20,000 81 12 10.5 
cold-work at.1200° F 17,ooo 240 I2 11.8 

u>cQo 12,000 $06 8 10 5”:: 
1 hr, 2100' F, W.Q.a 30276 17,500 40 54.5 

15,000 
3z 

PJ,OW 577 3 

51.9 

42.7 

1 hr, 2100° F, W.Q. 

1 hr, 2200° F, W.Q. 

lbr, 2200° F + 24br 
at1400°F 

1 hr, 2200' F, W.Q. 

+24hratlboF 

2 hr, 2050' F, W.Q. 
+ 15s hot-cS&mrk 
atl2OOOF 

2 hr, x)50' F, W.Q. 
+ l5$ hot-cold-work 
at 1200° F 

2 hr, 2050° F, W.Q. 
+ 3% hot-cold-work 
at EC@ F 

~1726 fl,m 109 z 54.8 
16,500 241 
U,WO 672 45 R-i . 

30276 =,c- 71 60 17,500 40 z: 
l5,ooo zg ‘_ 36 4018 

30276 l9,500 160. 48 54.7 
17,500 239 32 5c.5 
14,000 , 1131 23 31.3 

AJ.726 33 20,000 z 39.4 
l8,OOO 

5’: . 16,000 760 x 
14,600 1033 33 44:1 

30276 20,000 136 16 17.7 
17,500 303 b5.5 3.4 
EJ,ow 
13,000 

Et 9 5.4 
I.2 9.9 

Al726 24,000 104 14 24.0 
20,000 
fi,ooO 

?E 10 14.5 
6 6.9 

30276 =,C=l loo lo 11.4 
~,ocQ c6 

$2 '10 
7.8 

13,m 10.6 

aw. Q. - Water-quenched. 
bractured ILI fillet. 
CFr.sctured in gage mark. 

. 

. 
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TABLE VI.- RUXYDFU3 TESP DATA AT 16500 F FOR LOW-CARBON 

N-155 ALLOY BAR STOCK 

Treatment Heat 

b-rolled 

L h.?; 2200° F, W.Q.1 

L hr, 2200~ F -I-. 24 br 
at lkoO" F .- -. .- 

z hr, 20500 F, .w.Q;---- 
+ 15% htit-cold-work 
at 12000 E -- 

!W.Q. - Water-qu?nched. 

Stress 
(psi) 

Rupture 
Mme 

Elongation Reduction 
in 1 in. of area 
(percent) (percent) 

7,000 
5,500 
5,000 

20.5 
16.9 
11.3 

9,000 192 39 39.2 
8,400 359 22 23.1 
8,000 647 25 a-99 

13,000 

‘,~~: 
> 

14,000 
11,000 

9,000 

EE 
61000 
5,500 

46 39 4-3.4 
385 22 23.3 

1384 17 19.9 

65 
165 
301 
676 

14i3 
676 
977 

8 
11 
8 

(23 
24 
11 

15.4 
8.6 

;:; 
7.0 

18.3 
15.4 

I 

ZPiece of specimen.near fractur*$o.st. 
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TABLF VII.- RUPTURE TEST DATA AT 1800~ F FOR LOW-CARBON 

N-155 ALLOY BAR STOCK 

Treatment 
Rupture Elongation Reduction 

Heat ~~~~~s ti~$ in 1 in. of area 
(percent) (percent) 

As-rolled ~1726 3000 115 36 24.0 
2300 228 (1) 14.0 
1800 563 40 12.5 
1500 84-i’ 10 21.2 

1 hr, 2100° F, W.Q.2 A1726 6600 37.5 31 28.0 
5500 108 I2 13.2 
5000 223 20 22.1 
4500 243 13 10.0 
4500 272 14 14.5 
3900 317 21 lg.6 
3500 424 18 17.5 
2800 2128 I2 14.5 

1 br, 2200O F + 24 hr ~1726 7000 43.5 32 26.1 
at lbOO" F :Ez 188 9 9.3 

485 10 
3300 959 8 97:: 

2 hr, 2050' F, W.Q. ~1726 6000 22.5 24 28.9 
+ 15% hot-cold-work 4500 1% 24 26.0 
at 1200° F 3300 24 16.0 

3000 271 21 14.7 
2100 474 30 19.0 
1850 1004 29 16.0 

lPiece of spectien near fracturk lost. 
,%*Q* - Water-quenched. 

, 

c 



f 

QDXP F, 1 b-9 u-1 

2amef, ihr, u.e 



a , 

-r 

Other treatments 

2050° F, 2 br, W.Q. + U$ hot-Cold-work 

20500 F, 2 hr, W.Q. + 25% hot-d.d-worh 

As-rolled + 15% hot-cold-vork 

As-rolled 

As-rolled + 24 hr at 1350' F 

21000 F, 1 br, W.Q.2 

2moo F, 1 hr, W.Q. 

100 hr for rupture 

ieat Al726 Heat 30276 

16% Pl5~) 

-"-m 1485 

1455 lb 

1390 13-D 

-we- (1) 

(1) (1) 

---- (1) 

Temmrature 
7W 

1mhrfornlpture 

[eat ~1.726 Heat 30276 

1600 1450 

-r-e 1365 

1400 1250 

1420 (1) 

-a-- (1) 

(3) (1) 

--WV (5) 

I ' 

-r 10,000 hr for rupture 1 

Beat ~1726 
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%. Q. - Water-quenched. . 
3&zengths were less than those of the solution-treated and aged up to 15000 F and the two were equal 

at 
T 

r teqeratures. 
igher rupture strengths than those of the solution-treated md'aged except at IZOO and 1800~ F. 

5Stxengths were less than those of the solution-treated and aged up to 1~375.0 F and the tvo were equal 
atbighertemperatures. 

her rupture strengthsthanthose of solution-treated and age& except at l&OF and above. 
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TABlXXIV.-TIME- TOTALDEFORMATION STRENGTHS AT 1200° F 

FOR LOW-CARBON N-155 AI;LO~~~BAF- 

Sl%C!K FROM HEAT 30276 

Treatment 

(al 

As-rolled 
m+A@;(1350) 
sT+25$HCW 

As-rolled ' 
=.+&(1350) 
ST+B$HCW 

As-rolled 
~+g;;g' 

As-rolled Trangition 
sT+&dl350) TranElition 
ST+25$HCW Transition 

Total 
def ormakion 

(percent) 

0.1 
.1 
.1 

.2 

.2 

.2 

-5 

:; 

1.0 
1.0 
1.0 

Stress (psi) to cause total 
deformation in - 

10 hr loo h-r 1000 br 2000 hr 

21,000 15,500 10,500 9,000 
19,000 17,800 14,100 b~,800 
20,000 18,200 16,700 16,000 

29,500 19,8~ E::~ 13,600 
33,500 23,500 18,000 
37,000 29,800 22:600 20,600 

36,500 30,200 20,000 18,700 
37,500 25,000 

3&m& 36,000 
23,200 

54,500 I 33,000 

41,000 33,200 23,600 20,500 
41,000 28,700 b26,goo 
64,500 2?;",: ? 54,000. 50,000 

------ 

I 

34,000 

I 54,000. I 

b30,OOo 
-s--w- 37,000 35,500 
------ 50,000 

aTreatments: @+Ag( 1350) - 2200° F, l.bP, water-quenched; 
1350° F, 50 hr. 

sT+~HCW- 2050' F, 2 hr, water-quenched; 2% hot-:- 
cold-work at 1200' F. 

bEst imated. -Tppy7 - -- :----- .: CT- 
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TABLEXI?L- COMPARATIVECREEPAINDRUlDJREi~GTHSOF 

LOW-CARBON N-155 ALLOY BAR SI'OCK 

As-rolled 
As-rolled 

2100' F, 1 br, W.Q.a 
22000 F, 1 hr, W.Q. + aged 1350° F for 50 hr 
2200° F, 1 hr, W.Q. + aged lb-000 F for 24 br 
2050° F, 2 hr, W.Q. + 15s hot-cold-work 
2050° F, 2 hr, W.Q. + 25s hot-cold-work 

As-rolled 
2100° F, 1 hr, W.Q. 
2ZIOo F, 1 hr, W.Q. + aged 24 br at lbOO" F 
2050' F, 2 br, W.QI + 156 hot-cold-work 

As-rolled ' 
2100' F, 1 br, W.Q. 
2200' F, 1 hr, W.Q. + aged 24 hr at lbOO" F 
2050° F, 2 hr, W.Q. + 15s hot-cold-work 

"w.Q. - Water-quenched. 
bEstimated. 

Heat 

30276 
~1726 

~1726 
30276 
~1.726 
~1726 
30276 

Temperature 
(OF> 

Il.200 
I.200 

I200 
1200 

Il.200 
I200 

1350 
1350 
1350 
1350 

1500 
1500 
1500 
1500 

Creep strength, 
3.0001 percent/hr 

Rupture strength, 
10,000 hr 

(psi) .(Psi) 

15,500 
23,000 

b15,000 
20,800 
22,000 
37,000 
34,000 

14,000 i4,ooo 
14,000 20,000 
16,000 20,000 
19,500 23,000 

8,200 
11,000 
10,000 
11,000 

28,000 
38,000 

34,600 
32,000 
38,000 

8,600 
11,500 
10,000 
12,000 
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Figure l.- Curves of stress against, rupture time at 1200°, 1350°, and 
15Bo" F for low-carbon N-155 alloy bar stock from heat 30276. 
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(a) As-rolled and solution-treated conditions. 

Figure 2.- Curves of stress against rupture th at 1200° to 1800° F for 
low-carbon N-155 alloy bar stock from two heats. 
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(b) Solution-treated plus aged ‘and as-rolled plus 
hot-cold-worked conditions. 

Figure 2.- Continued. 
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(c) Solution-treated plus hot-cold-worked condition. 

Figure 2.- Concluded. 
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Treatmnt 
OHR - Hot-&ad 
I HR+Ag - Hot-mllsd; 1350’ P 2L br 
0 HR+fICW - Hot-mlhd~ 15% hot-cold-work at lZCO* F 

- 2100. F.1 hr,mWm'-quenOhad 
- 2223’ F,l hnatar-qmchad 
- 2200. F.1 hr,H.Q.; lhO0' F,2b hr 

X ST+l5%-YZ - 2050* p.2 hr,W.~.~ 15% hc+dd-no* atla00' F 
. ST*258 Hew - 7syW B, 2 br, W.Q., 25% hat-mid-work at UC@ P 

1 
HEAT Al726: IOO-HOUR RUPTURE STRENGTH HEAT 30276 

I I I I I I I I I I I 

P I HEAT Al726: IOOO-HOUR RUPTURE STRENBTH 
~ 

HEAT 302T6 
4OtlR RUPTURE I 

Figure 3.- Influence of tf+ding temperature. on rupture. strength of low- 
carbon N-155 alloy bar sto-ck from two heats. 
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Pigum.4.- Influence of testing temperature on rupture elongation of low- 
carbon N-J-1$ alloy bar stock from two heats. 



Figure s.- Rupture strengLhs of variously treated low-carbon N-155 bar 
stock compared with rupture strengths‘of solution-treated and aged 
condition. Horizontal dashed lines indicate range of prop&ies for 
the two heats in the soluti?n-treated and aged condition (2200° F, 
1 hr, Rater-quenched; l-40@ F,,& hr). 
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' Figure 6.- Influence of temperature on relative rupture strengths of . 
solution-treated and aged,. solution-treated and hot-cold-worked, and 
solution-treated low-carbon N-155 alloy bar stock. Shaded area indi- 
cates property ranges for two heats in solution-treated and aged 
condition (22(X0 F, 1 h.r, water-quenched; l!4ooO P, 24 hr). 



WTJ= 7 .- Influence of $emperature on relative rupture stre&he of 
sol1 1t ion-treated and aged, as-rolled, as-rolled and aged, and as- 
rolled and hot-cold-worked low-carbon N-155 alloy bar s&k. Shaded 
area indicate? property ranges for two heaps in solution-treated and 
aged condition (22W F, lhr, water-qtienched; tiOCP F, 24 hr). 

.i 
I’ 1 

I : ; i _:,_I ,I ! ilii ’ ,, i 



, ‘. , . 

(a) Estimated elongation for rupture in 100 hours. 

(b) Estimated elongation for rupture in 1000 hours. 

Figure 8.- Influence of testing temperature and prior treatment on 
rupture elongations of Low-carbon N-155 alloy bar stock from two 
heats. 
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Mgure 9.- Curves of stress against ti.m for total deformation at 1200° I? 
for hot-rolled low-carbon N-155 alloy bar stock from heat 30276. 
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Figure lO.- Curves of stress against time for total deformation at i200°, 
1350°, aqd 1500° P for hot-rolled low-carbon N-155 alloy bar stock 
from heat ~726. 
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Figure Il.- Curves of stress against time for total'deformation at12000, 
13500, and 1500° F for soltition-treated low-carbon N-155 alloy bar 
stock from heat A1726. (Treatment: 2100° F, l'hr, water-quenched.) 
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Figure 12.-. Curtis of stress against time fo'r total deformation at 1200°, 
13so", arid lsOO" F for solution-treated and aged low-carbon N-155 
alloy bar stock from heat A1726, (Treatment: 2200° F, 1 hr, water- 
quenched; l&Oo F, 2k hr.) 
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Figure 13.- Curves of stress against time for total deformation at 
1200° F for solution-treated and aged low-carbon N-155 alloy bar 
stock from heat 30276. (Treatment: 22000 F, 1 hr, water-quenched; 
1350' F, 50 hr.) 
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Figure I&.- Curves of stress against time for total deformation at 
12000, 13500, and 1500° F for solution-treated and hot-cold-worked 
low-carbon N-155 alloy bar stock from-heat Al726. 
2050' F, 2 hr, water-quenched; 

(Treatment: 
$-percent hot-cold-work at 1200° F.) 
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figure 15.- Curves of stress against time for total deformation at 
1200° F for solution-treated and hot-cold-worked law-carbon,N-155 
alloy bar stock from he& 30276. (Treatment: 2p50° F, 2 hr, water- 
quenched; 2spercent hot-cold-work at 12QO" 9.) 
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Figure 16 .- Influence of testing temperature on total-deformation 
strengths and creep sjxengths of low-carbon N-155 alloy bar stock 
from heat A1726. 
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Figure 18.- Comparative 1:percent total-deformation characteristics at 
12000, 13500, and 1500° F for low-carbon N-155 alloy bar stock from 
two heats. 



Figure 19.- Curves of stress against creep rate at 12ooO F for low- 
carbon N-155 alloy bar stock from heat 30276. Rates shown are those 
at 1000 hours or rplnimm rates if third-stage creep occurred. 
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(a) As-rolled and solution-treated plus aged conditions. 

Figure 20.- Curves of stress against creep rate at 1200°, 1350°, and 
1500° F for low-carbon N-155 alloy bar stock from heat Al’j’26. 



(b) Solution-treated and solution-treated plus 
hot-cold-worked conditions. 
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(a) Heat Al726 - as-rolled. 

(b) Heat 30276 - as-rolled. v 

Figure 21.- Original,microstructures and microstructures after rupture 
testing of as-rolled low-carbon N-155 alloy bar stock from heats 
~1726 and 30276. Electrolytically etched in 10 percent chromic acid. 
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Fracture Xl00 Interior Xl000 

(c) Heat A1726 - ruptured in 472 hours under 45,000 psi at 1200° F. 
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Fracture Xl00 Interior Xl000 

(d) Heat 30276 - ruptured in 610 hours under 40,000 psi at 1200° F. 

Figure 21.- Continued. -97 
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Fracture Xl00 Interior XlooO 

(e) Heat Al726 - ruptured in 623 hours under 30,000 psi at 13500 F. 

Fracture Xl00 

- .i. -- ; - : . . 

Interior Xl000 

(f) Heat 30276 - ruptured in 130 hours under 30,000 psi at 1350° F. 

Figure 21.- Continued, -597 
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(g) Heat A1726 - ruptured in 747 hours under 12,000 psi at 1500° F. 
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Fracture X100 Interior Xl000 

(h) Heat 30276 - ruptured in b30 hours under 9000 psi at 1500° F. 

Figure 21.- Continued. =qiz 
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(i) Heat A1726 - ruptured in lb51 hours under kOO0 psi at 1650~ F. 
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Interior Xl000 

(j) Heat Al726 - ruptured in 8k7 hours under 1500 psi at 18000 F. 

Figure 21.- Concluded. pig7 
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(a) Initial. 

Fracture Xl00 Interior Xl000 

(b) Ruptured in 499 hours under 22,000 psi at 1350' F. v 

Figure 22.- Initial microstructure and microstructure after rupture 
testing of as-rolled and hot-cold-worked low-carbon N-155 alloy bar 
stock from heat 30276. Electrolytically etched in 10 percent chromic 
acid. (Treatment: As-rolled; &percent hot-cold-work at 1200° F.) 
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(a) Initial. 

Fracture Xl00 Interior Xl000 

(b) Ruptured in 639 hours under 20,000 psi at 1350° F. 
'-Ev 

Figure 23.- Initial microstructure and microstructure after rupture 
testing for as-rolled and aged low-carbon N-155 alloy bar stock 
from heat 30276. Electrolytically etched in 10 percent chromic 
acid. (Treatment: As-rolled; 1350° F, 24 hr.) 
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(a) Heat A1726-initial. 
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(b) Heat 30276-initial. 

Figure 24.- Initial microstructures 'and microstructures.after rupture 
testing of solution-treated and hot-cold-worked low-carbon N-155 alloy 
bar stock from heats ~1726 and 30276. Electrolytically etched in 
10 percent chromic acid. (Treatment: 2050° F, 2 hr, water-quenched; 
l$percent hot-cold-,work at 12OOO F.) 
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Fracture Xl00 Interior Xl000 

(c} Heat Al726 - ruptured in 942 hours under 48,000 psi at 12000 F. 

Fracture Xl00 Interior Xl000 

(d) Heat 30276 - ruptured in 1556 hours under 52,000 psi at 12000 F. 

Figure 24.- Continued. -pg.J7 
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Fracture Xl00 

(e) Heat Al726 - ruptured in 564 hours under 33,000 psi at 13500 F. 

Fracture Xl.00 Interior Xl000 

(f) Heat 30276 - ruptured in 593 hours under 30,000 psi at 1350° F. 

Figure 24.- Continued. T 
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Fracture Xl00 Interior Xl000 

(g) Heat Al726 - ruptured in 739 hours under 18,000 psi at 15000 F. 

Fracture Xl00 Interior Xl000 

(h) Heat 30276 - ruptured in 421 hours under 13,000 psi at 1500° F. 

Figure 24.- Continued. v 
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(i) Heat Al726 - ruptured in 676 hours under 'i'OO0 psi at 16500 F. 

Fracture Xl00 Interior Xl000 

(j) Heat Al726 - ruptured in 1004 hours under 1850 psi at 18000 F. 

Figure 24.- Concluded. V 
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(a) Initial. 

I Fracture Xl00 Interior Xl000 

(b) Ruptured in 1142 hours under 55,000 psi at 1200' F. 
pmJ7 

Figure 25.- Initial microstructure and microstructures after rupture 
testing of low-carbon X-155 alloy bar stock from heat 30276 hot- 
cold-worked 25 percent. Electrolytically etched in 10 percent 
chromic acid. (Treatment: 
hot-cold-work at 1200° F.) 

20500 F, 2 hr, water-quenched; 2S-percent 
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Fracture Xl00 Interior Xl000 

(c) Ruptured in 446 hours under 30,000 psi at 1350° F. 

Fracture Xl00 Interior Xl000 

(d) Ruptured in 340 hours under 13,000 psi at 15000 F. 

Figure 25.- Concluded. 
pzJ7 
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(b) Heat 30276 - initial. 

Figure 26.- hitial microstructures and microstructures after rupture 
testing of solution-treated low-carbon N-155 alloy bar stock from 
heats A1726 and 30276. Electrolytically etched in 10 percent chromic 
acid. (Treatment: 2100° F, 1 hr, water-quenched.) 
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(c) Heat Al726 - ruptured in 696 hours under 25,000 psi at 13500 F. 

Fracture Xl00 Interior Xl000 

(d) Heat 30276 - ruptured in 997 hours under 22,000 psi at 1350’ F. 

Figure 26.- Concluded. 
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(b) Ruptured in 439 hours under 25,000 psi at 13500 F. 
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Figure 27.- Initial microstructure and microstructure after rupture 
testing of low-carbon M-lss alloy bar stock from heat 30276 solution- 
treated at 2200' F. Electrolytically etched in 10 percent chromic 
acid. (Treatment: 2200' F, 1 hr, water-quenched.) 
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(a) Heat A1726 - initial. 

(b) Heat 30276 - initial. 
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Figure 28.- Initial microstructures and microstructures after rupture 
testing of solution-treated and aged low-carbon N-155 alloy bar 
stock from heats ~1726 and 30276. Electrolytically etched in 
10 percent chromic acid. (Treatment: 
lboO" F, 24 hr.) 

2200° F, 1 hr, water-quenched; 
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Fracture Xl00 Interior Xl000 

(c) Heat A1726 - ruptured in 446 hours under 44,000 psi at 1200° F. 

Fracture Xl00 Interior xl000 

(d) Heat 30276 - ruptured in 133 hours under 47,OCO psi at 1200° F. 

Figure 28.- Continued. -97 
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(e) Heat A1726 - ruptured in 441 hours under 26,000 psi at 1350° F. 

Fracture Xl00 Interior Xl000 

(f) Heat 30276 - ruptured in 726 hours under 25,000 psi at 1350° F. 

Figure 28.- Continued. 
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Fracture Xl00 Interior Xl000 

(g) Heat A1726 - ruptured in 1033 hours under 14,600 psi at 1500° F. 

Fracture Xl00 Interior Xl000 

(h) Heat 30276 - ruptured in 1131 hours under a,000 psi at lsOO" F. 

Figure 28.- Continued. T 





NACA RM 5lBO5 

c 

c 

Fracture Xl00 Interior Xl000 

(i) Heat Al726 - ruptured in 1384 hours under 7400 psi at 1650~ F. 
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(j) Heat Al726 - ruptured in 9.59 hours under 3300 psi at 18000 F. 

Figure 28.- Concluded. pi@7 
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