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THY FUNDAMENTAL EFFECTS OF AGING ON THE CREEP PROPERTIES O} SOLUTION=~TR:ATED
LOW~CARFON N-155 ALLOY.

by D. N. Frey, J. '. Freeman, and A. E. Vhite
SUMMARY

A method is developed whereby the fundamental mechanisms are
investigated by which processing, heat-treatment and chemical composition
cortrol the sroperties of alloys at high temperatures. This method uses
metallocrankic evamiration, both optical and electronic, studies of x-
ray diffraction line widths, intensities and lattice parameters, and
hardness surveys, to evaluate funcamental structural conditions. iuech=
anical properties at high temperatures are thern measured and correlated
with these measured structural conditions.

In accordance with this method, a study was made of the funda-
mental mechanism by which aging eontrolled the short time creep and
rupture properties of solution-treated Low-Carbon H-15% alloy at 1200° F.
The test stock was solution-treated at 2200° T for 10 hours, water-quenched,
and aged for time periods up to 1000 hours at 1200°, 1k00°, and 1800° F,

Correlation of the structural effects of aging with the mech-
anical properties indicated that aging had the following effects on solu=~
tion-treated Low=Carbon N=~155 alloy:

a., Aging resulted in progressive lowering of short tine creep
resistance through removal from solid eolution of large radii or substi-
tutional atoms by precipitation,

b, Short time aging resulted in marked increase in short
time rupture strengths through the growth of a grain boundary phase which
eliminated intergranular cracking. Long time aging resulted in little

further change in short time rupture strength.



Ce Bécause aging lowered the creep resistance while raising
the rupture strength, aged material exhibited greater ductility before
fracture than unaged material.

d. Célculations are carried out to show the probable character
of the strain field induced in the solution-treated state by the presence
of the large radius atoms Mo, W, and Cb and the substitutional atoms H
and C. The effact of this strain field or the creep resistance is also
considered guantitatively.

These findings, however, should not be considered generally

or

applicable to long time strength, strength at other temperatures,,to the

I
same alloy in other conditions of treatment. In order to develop a gen-
eral theory of high temperature strength, additional data on other alloys

and on the same alloy in the other conditions, will have to be gathered.

INTRODUCTION

This report covers the first part of a continuing investigation
into the fundamental behavior at high temperatures of austenitic alloys
desisned for use in aircraft propulsion systems. FPrevious investigation
(see reference 1 for example) has shown in part the effects of prior pro=-
cessing and heat treatment conditions on the high temperature properties of
Low-Carbon K-155 and various other austenitic high temperature alloys. In
order to develop better and practicable alloys on & scientific basis, to
utilize to the fullest extent possible critical materials, and to point
out logical methods of production control for uniif'orm properties more
knowledge must be gained of the fundamental reasons for the high temperature

behavior of austenitic high temperature alloys.
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The basic assumption of the irvestigation was that the behavior of
certain alloys at high temperature is dependent on their microstructure and
the lattice conditions of the matrix. The experimental program was there-
fore designed to first measure these two characteristics of one alloy, Low-
Carbon N-155, as influenced by heat treatment, chemical composition and the
metallurglical reactions during exposure to temperature and stress. Optical
and electron microscope techniques combined, separation and analysis of micro-
constitutents would be used to define structural conditions. The lattice con~-
ditions of the matrix, particularily the strains present, would be measured
by x~ray diffraction techniques. ©Second, the creep and rupture properties}
corresponding to these structural conditions’were to be established. Third,
these data‘would then be correlated and interpreted using the fundamental
physics of solids and plastic flow to as great an extent as possible.

It was felt that by concentrating at first wholly on one partic-
ular alloy the thorough understanding thus gained could be best generalized
for extension to other alloys. The experimental variations which necessarily
/had to be covered require a prohibitive amount of work for even two alloys.
Low-Carbon N-155 alloy was chosen primarily because it was a representative
alloy of a type of importance in the aircraft propulsion field. In addition
there was a considerable background of experimental data for this alloy which
would be of value to the investigation.

This report presents the results obtained to date on bar stock
material, solution-treated at 2200° F for 10 hours and aged for time periods
up to 1000 hours at 1200°, 1400°, and 1600° F. The creep and rupture data
were confined to short time periods at 1200° F under a restricted stress

range. This is,therefore in the nature of a report on the techniques devel=-

P)
oped and progress made to date. A large amount of additional experimental

work must be done before all temperatures, stresses and time periods of in-



terest are related to the structural conditions of the alloy resulting
from the wide range of possible prior treatments.

The investigation is part of a research program on heat-resistant
alloys for aircraft propulsion systems sponsored by the National Advisory
Committee for Aeronautics at the Engineering Research Institute of the

University of Michigan.

TEST MATERIALS

Low=Carbon N~155 alloy bar stock was used in this 5nve§tigation.
It represents part of the complete product of one ingot of heat A~1726
rolled into the 7/8-inch broken corner square stock. Lach bar from the
ingot was numbered so that its position relative to the original ingot
was krown., The rarticular material considered herein came from the center
of the ingot.

The composition of heat A-1726 reported by the supplier is listed
below, together with the results of the analysis by the Yniversity of the

bar from the center of the particular ingot being considered:

c
Supplier's _ _Chemical “omposition (percent)

Heat Analysis C Un Si r Ni Co Mo W Cb N
0.13 1.63 0.2 21,22 19.00 19.70 2.90 2.61 0.8 0.13

Bar PBrom
Center of 0.133 1.3 0.3k 20.73 18.92 19.65 3.05 1.98 0.98 0.1k
Ingot ‘
Table I gives the complete prosessing schedule reported for the
ingot of heat A=1726 from which the test stock was taken.

Prior to use, the stock for this investigation was solution=treated

10 hours at 2200° F and water-quenched. The solution treatment was made un-



usually long for the purpose of distributing the precipitant atoms randomly
in the matrix and so that internal strain, due to the prior working of the
material, would be reduced to a very low level,

, iModerate grain growth took olace over the major portion of the
bar cross section during the 10 hour treatment but on two diagonally op~
posite corners pronounced growth took place. A hardness survey of the as-
rolled bar stock showed the average hardness across one diagonal to be
higher than across the other; from this the conclusion may be drawn that
the rolling operation had worked the bar across one diagonal preferentially.
All mechanical testing and physical measurements were restricted to the
fine grained section of the bar stock. Figure 1 shows revresentative
structures of the cross section of the bar stock as=-rolled and after the

10 hour solution treatment.

EXPERIMENTAL PROCEDURES

The general procedure was to age the solution-treated s tock at
selected temperatures and time periods and then to carry out the microstruc—
tural studies and x-ray diffraction measurements in order to establish the
structural characteristics resulting from the aging treatments. The strength
properties resulting from the aging treatments were measured for short time
periods at 1200° F, These'experiments were intended to establish the rela-
tionship between short time creep and rupture properties and nucleation,
precipitation, and precipitate particle size and distribution during aging.

The details of the experimental procedures are described in the
following sections.

Aging
Aging treatments were carried out at 1200°, 1400° and 1600° F for

time periods of 1, 10, 100 and 1000 hours and such other intermédiate times



as became necessary. The samples were heated in small automatically
controlled muffle furnaces in an air atmosphere. These furnaces were

at temperature when samples were placed in them and the time period of
heating was considered started after the svecimens had been in the furnace
for 1/l hour. After aging, all samples were air cooled. Sufficient stock

was aged at each condition for the microstructural, x-ray and mechanical tests.
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Optical Microstructural Studies

After apging, the individual samples were ground on a cross-sectional
face, polished with No. 1 emery ~loth, No., 1, 1/0, 2/0 and 3/0 emery
paver, translerred to a cloth disc and polished using a commercial chrom=—
ium tuffive compound and firished on a Gamal wet wheel; they were then
electrolytically etched for S seconds in 10 pe{vpent chromic acid at
1 ampere per square inch. After study arder a microscope, representa-
tive rhotomicrographs were taken of each sample at 1000 diameters under

slightly otlique illumination.

Q4+

Flectror licroscope Studies

In order to obtain electron micrographs from metallographic samples,
replicas which will trarncmit the electron stream must be prepared of the
surfaces. For the investigations reported herein, Formvar replicas were
prepared accoraing to the technigue outlined by ¥illiams, et al. (see
reference 2). The metallographic surfaces from which these replicas
were prepared were the same polished and etched surfaces photosraphed
optically as outlined in the sub-seciion above, The revlicas (shadow
cast with chromium) were then mourted in an RCA Model B electron microscope
ard photographs taker at asproximately 3000X., Enlargement to B500X was

done photographically,
X-Ray Studies

Sample Preparation: A great deal of difficulty with varia*le and

non-reproducitle diffraction data was initially encountered. The



difficulty was found to be due to both mechanical disturbed metal sur-
faces and non-random grain orientation. Eventually the development of
the following technique produced results sufficiently free from these

difficulties for this investigation:

1. A layer of metal 0,020 inch thick was electrolytically removed
from the surface of all samples which were used for X-ray analysis. The
amount of metal.which had to be removed in order to get below the arti-
ficially strained surfaces produced by a cutoff whee?,by grinding, or as
a result of metallﬁgraphic polishing was determined by X-ray diffraction
patterns of the type shown by figure 2, and made by the apparatus illus-
trated in figure 3. The vatterns in fifure 2, taken from a surface
initially eround, show the emergence cf the reflections of the individual
grains and finally resolution of t&uexJVuz doublet of the molybdenum K
radiation with increasing depth of metal removal. The amount of surfaée
removal shown in figure 2 as necessary to obtain a strain free surface
was typical for all samples used.

In order to maintain a surface that was flat during the electrolytic
metal removal, 'a special cell was designed as shown in figure L. It con-
sisted essentially of a 250 cc cylindrical container with a copper plate
on the bottom as a cathode. This plate was connected to the source of
current, by a lead through a glass-metal seal., About one-half way up the
cell a watch glass containing a 5/8-inch hole was mounted horizontally.
The metal sample acting as the anode was mounted 1/2 inch above the hole
with the polished surface facing the hole. This hole acted to distribute

the current evenly over the 7/8-irch square surface at this distance, and

thus a plane surface was maintained during metal removal. Water cooling



was used to prevent pitting associated with electrolyte temperatures
above 100° C.

The most satisfactory electrolyte was experimentally found to be a
mixture of 1/3 concentrated HCL (37%) and 2/3 glycerine. This mixture
had the best current efficiency, approximately 0.0000625 inch of metal
reroved per amvere-minute at 8 amperes per square inch, withont excessive
pitting. 200cc of this solution was sufficient, for 6 to 10 samples.
Pitting occurred when the metal ion concentration became too hich.
Phosphoric acid=; lrcerine combinations gave good polished surfaces, but
had low current afficiencies., Sulfuric acid-glycerine mixtures caused
passivation, chromic acid and hydrofluoric acid=glycerire mixtures left
the surface badly pitted.

2. After the gross metal reroval of step 1, the surface was given
a high polish using undiluted duPont electropolishing solution for S
minutes at 5 amperes per square inch. Metal removal in this step was
nefligible. The simple cell consistiny of a beaker with a copper plate
in the bottom was used for this step., No water cooling was rnecessary,
Of several other electrolytics itried for this step, only & LO i~r cent
phosphoric acid=-f0 per cent ylycerine mixture was nearly as satisfactory
as the duPont solution,

3. After surface prevaration, diffraction patterns were taken with
the specimens either rotating or oscillatirg in the X-ray beam. The
grain size of the Low=Carbon M155 specimens used was too large to present
an effectively randon distribution in the X-ray veam when the gpecimen

was stationary. By moving the specimen under the bteam during the time the



aiffraction pattern was beiny taken, enouyh grains were presented to the
beam to make the srecimen approximately ore of random prain orientation.
In the case of line intensity measurements on a Horelco Spectrometer, a
specirien holder was designed and built which rotated the specimens at
aporoxirmately 17 rps. Care was taken to insure that the plane of polish
was perperdicular to tke axis of spin. In the case of line width meas=—
urener.ts, the specimens were oscillated +10° aboul an axis which was nor-
mal to the incoming X-ray beam, tut parallel to the film., finally, in
making lattice parameter measuremerts, the specimens were rotated about

2 ros, with the axis of rotation parallel with, but offset from the axis
of the X-ray beam.

<

Diffraction Line Peak Intensity Studies: These studies were con-

fired to the (111) line of the austenite matrix, tris line lLein: the
strongest line and within the range of tle foreico Spectrormcior., Copper
Kxqap radiation was used. Plots of the (111) line obtairmd wish this

4

spectrometer and an aitomatic recorder were mezsurod [ragnlicoalc Jor peak
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fecause the basic measurenent needed was tho ling heisht of a

et

“iver aged sample relative to uvnaged material, an uvaged saaple was yun
aiternately with each aged sample,
Checks of the reproducibility of the (111) line reasurements were
made by the following procedures:
(1) The unaged solution-treated sample, used as a standard of
comparison, was taken twice through the surface preparation

step with, however, removal o/ only an additiornal 0,0025 inch

of metal the second time. After taking the (111} line height
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from the first surface, the X-ray tube and counter circuit
were left on during the repolishing. The (111) line meas=-
uremerts were immediately taken from the second surface and
found to check within the accuracy of the spectroneter.
This surface was carefully preserved ard ussd as a standard
for subsequent measurements on aged samrles.

(2) The samples éged at 1200° F and 1600° F were alternately
meaéurad for (111) line pgak intensity arainst the standard
and repolished for a minimum of two and a maximin of six
times, Between successive measuremenis 0.0025 inch of metal
LCH) remcvédo Thie was sufficient depth teo bring up a new

set of grains, since the average grain size of the

samples
used was approximately 0,001 irnch,

(3) Despite the precautions taken some scatter was still found in
the measurements taken as above. In ar effert to reduce this
scatter the duplicate measurements on the samples aged at
1400° F were all carried out on the same surface of each
sanple, These measurements were made on this surface with
1 mn lateral sLiit in the holder between each run so thait a
new spot on the surface was covered by the X-ray heam each
time, Two ard usually three such measurements were made on

each samle,

.

Diffraction Line Width Studies: Line inbensily studies on the

(3111) lire of the Low-Carbon N1b5 matrix with the Morelco Syectrometer

revealed no eviderces of line troadening at any stage oi ihe aring proces



11

As further gearch for hrosdening affects a photorraphic back reflection
technique was chosen In order to take advantags of the increased
resolving vower 'n the hack reflection region. In addition, chrominm
.radiation was uvsed to eliminate, in part, fluorescence of the sample.
Attertion was captered on the hi_hest order line of the austenliie
.matrix obtain éle witn the ahove radiation, the 220 line (at a d¢iffrac-
tion argle, & = £5°) resulting from the K‘l‘? wavelenzth. In order to
shotorraphically record this lire, the samples were mounted at the center
of a 20-cm circular camera with the irradiated arna heirg oscillated
£10°® about an axis rerpendicular to both the incoming X—ray Yeam ard a
diameter of the camera. Moll microphotometer recordings of the 1ilm
showing the (220)%1a2 doublet were then made and the widths of theo(1
lire, determined at half peak irterczity, by praphical means. To correct

for tre presence of line, the widths were actually measured as halfl
i 2 3

widths of tro side of the &4 line away from thed(, line, the division be-

e

ng a perperdicular: through the apparent &4 peak. While more rigorous

by

methods are available to correct for the presence of thed®, line, it is
felt that the differences between them and the method actually used are
of second order ard that the accuracy of the rest of the technique did
rot warrant such corrections. Care was taken to make certain that the
dersity range of theoll 1ine recording lay within the 1ineér density
versus log intensity range of the film. The microphotometer data were
also corrected to read intensity versus @ before broadening measurements
were made,

‘Principally for nse in future research, the line broadening data,

obtained as ahtove, were hroken down to give the mean lattice deviation,
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Ad
I » according to the method proposed by Haworth (see reference 3). 1In

this connectior, it should be mentioned that correction for broadening
due to all sources other than lettice strain was done by the method
originally put forth 1ty Warren (see reference 4) using unaced solution-
treated Low-Carkon N-199 as a standard. It eghould bz not=d then that

the line broadenins results are relative to the unaged material.

Lattice Parsmeters: lattice parameters were messurcd with & Sachs

and Veerts type camera usingz Copper Kaldg radiation, The gamzles were
mounted with the prepared plane surface perpendicular to the incoming
X-ray beam and rotated about an zxis parallel with and siightly

10 one side of the axis of the X--ay beam. On the irradiated surface

a light film of & mixture of mineral oil and chemically precipitated
silver powder was placed. Witk the Cu K(:tlc:'2 radiation usea twe lines,
anong oihers, were photographically recorded, the (4720) lines of the
austenite matrix of Low-Carbon N-155 (at € = 75°) and the (3353) lines of

B

,the silver (et @ = "8°). From the reagured spacing of the sllver (333)

. o
lines and using a lattice parameier of 4.C778 A for the silver, the
camers to film distence was calculated for each exposure., With this
caleculated distence (which averused approximstely 1C cm), and messoure-

1S
F i<

ment of the (42C) Low-Carbon N-195 line spacing, the lattice parameter

*3d represents the interplanar spacings of any given set of planes.
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for each of the various aged samples of solution-treated Low-Carbon N15%
was calculated. The absolute accuracy of these calculated parameters

(]
was not established, but the relative error was estimated to be 20,0005 A,
Hardness Surveys

Hardness surveys were made on the variocus samples with a Brinell

2600)
machine using a 10 mm ball and a(ﬁOO Kg load, Two impressions were made

on each sample, on planes which were originally transverse planes of the

»

¥ A = Y

tdoned ynder "Tesi-Mabertwds®, Two perpendicular diameters of each im=

bar stock.

pression were measured, the resulting four readings averaged and converted

to the Brinell Hardness Number.

Creep Measurements

For the meastrement of creep, 0.250 diameter specimens were prepared
with the axis of the specimens corresponding to the original axis of the
bar stock., Fer the majority of tests the gage section was 1-1/2 inches
long terminated at each end with a 1/8 radius to the shoulders which in
turn were 1/2 inch in diameter. Through the shoulders 0,100 diameter

les were diametrically drilled in which chromel pins were driven., A

B

modified Martens extensometer was attached to these pins for measurement
of the extension under load. The least reading of this extensometer and
associated telescope and scale was 10-5 inches.

For an additional check against the accuracy of extension measure-

ments obtained in this manner a duplicate set of tests were run at the
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60,000 vsi stress level (see below) on samples aged at 1400° F using a
different extensometer sjstem. Here the samples had a gage length of

1 1/L inches terminated at both ends with a 1/h inch radius to 3/ inch
diameter shoulders threaded their enpire length, Collars were then
threaded onto these shoulders, dowr to the 1/l inch radii, and locked
in place with set screws. The extensometer system, in turn, was sus-
pended from these collars with the use of pins mcunted in same. Tem~
peratires were controlled to *5° throughout the tasts and the tempera-
ture differences along the gare length held to 23°. The furnaces used
were electrical resistance type split along a transverse section at the
center for ease of control of the uniformity of. the gage lerngth tempera-

ture. Load was applied to the specimer through a beam system with a

nechanical advantage of 23,

o0

In 2ll tests the furnace was brought to the proper operating ten~
perature before placing the sypecimen in it, The specimen was allowed %o
~ome to thermal equilibrium for ar average period of 1-1/2 hours during
which time minor controller and temperature uniformity adjustments were
also made., At the expiration of the average period of 1-1/2 hours, the
specimen was loaded. It was felt that in this way modification of the
known initial structure of the specinens in the créep testing‘equipment
prior to loading was held to & minimum, Thus the short-time creep char-

acteristics found, it is felt; traly revresert tre creep characteristics

of the known initial structures without appreciable modification by tim

@

at the test temperature.

Two stresses were used in creep testing, 30,000 psi and 6G,000 psi,

) o The stvess
and one temperature 1200° F. ABO,OOO ps%qwas approximatel; the highest
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sEr>eg possible without excessive plastic deformation upon loading. The
higher stress was uscd to determine how the stress level ofesperesin
affected the conclusions drawn on the effects of aging on creep resist-
ance at 30,000 psi.

The cresp tests were run for an average of 50 hours provided frac-
ture had not ocdcurred. These tests were restricted tc 30 houiwrs in order
to obtain the creep properties as characteristic as possitle of the

initial known structures and not the properties of the known initial

o

structure plus modifications induced by time at the test temperaturs,

/
At the end of 50 hours all the tests covered herzin had reached the so-
called second stage of creep, with a reasonaply steady cresp rate or
had rractured. The creep rates reported are either tieose second stage
rates at 50 hours or the minimum rates occurring vefore fractures, It
is obvious then thatb coﬁplete evaluation of decréasing secondary rates
wﬁa not carried out., This question and also the one of stricture alter-

0!
ation due to time at service temperature will be the subject o further

research,
Rupture Testing

Rupture testing was carried out in three units. The tests under
stresses above 60,000 psi were run in a hydraulic tensile machine equipped
with a trapsversely split electric resistance furnace. The load was held
constant during the test to within X1 .ercent with the rate of initial
loading of the specimens approximately 50,700 psi per minute and compar-

able to the rate of loading of the more conventional runture testis,
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Temperature control and uniformity over the gage length was the same
Previgwilu descvioed

as for the creep testsﬂésee-ﬂXEnmsl Specimens for thess tests were

obtaired by lonyitndinal gquartering of the orisinal 7/A-inch square

bar stock and using only those corners of the oriyginal bar which

were uniformly fine grained {eee—Pest—Mmberimdsy. OCage lengths

1-3/8 inches long by 0.250 inch in diameter, with the end terminated

in 1/h=inch radii to 3/8-inch threads, were machired in these quarter

sections.

Tests at 60,000 psi were simply the creep tests covered in the
preceding sub=section carried to rupture.

Tests at stresses less than 60,000 psi were run in conventional
beam loaded rupture units with one piece electric furnaces and with
temperature control and uniformity comparable to the other ripture
and creep tests, Specimen form was the same as that used for the rup—

bige tests in the hydraulic tensile machine,

RESULTS

Metallographic Examination

Fipures 5, 6 and 7 show the micrographs taken of the aged samples
and the following description summarizes the results:

a. Aging ét 1200° F resulted in little but the $rogressivel development
of a distinct etching resistant grain boundary conetituent. £t aging
periods up to 10 hours, the boundary constituent was incomplete in
that it did not surround all the individual grains. At aging periods
of 1000 hours, the boundary constituents completely surrounded the greins

- .

and had become an approximately 0.5 micrcn-wide band. After aging 1000
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n

Ve

nours slisht procipitaticn waes observable in the matrix near the gra

-

)

vounvaries. Av 15,00C diameters, this precipitate ald net arnnear to be

a dictinct phase with an interface but was surrounded by a concentretion

pradlent as revealed by a slcping surfece from the center of the precipi-

tate particles to the matrix sroper as o result of etchinz, Az postulated
by Neberrc (sce reference 5) this could indicate that apprecinbls strains

wouald exist around oacl: such

i
serticle due Lo Lhe orobatle Jirfersnce

bt b
in equilibrium lattice epscing berween matrix and vrecipitave, 7 57

fe
b, Aging at L%00° F resulted firet in tle precreassive ‘evslopment

ol a creln boundary pnere, Irnitinlly only a congertraticon -radisnt

wae present at the boundary, =s reveslel by & eloplng surface towerds

the grain boundary after etchins, At 10 hourse the first separete

boundery phase partizles ajpeuarsd, 2t 100 houwrs the toundcr

vas gpproximetely 0.9 microne wile end chenged little in cuaracter with

further sging. In adiiticn te the grain Lowndery resction, ~omaral

metrix précipitution gppeared aftler aring abous 10 bour:, Tirasv clo

the zrain boundaries, and ircrecsed ruapidly in aumber smi o0 wn tc

the lorngest aging period used, 1000 hours., Tihe periizlen Firsh e -

A

e 0 concertration sraldlents currounding then but Tor agineg tirmes

of over approximately 100 Lours, no apvrecluslle concentration gradiernt

—

‘ e 2040,
appeered around the precipitate purticles but rather a definite JdRber-- |7,

Average size of the particles at 1000 hours was cstinated visu-
X 0.V
ally Lo te C.Ph?icrons squmies in the plune of rolich «nd spaced an average
of 1 ricron apart,
c. Awrinz at 1500°% F resulted in mlmost the seme tyne of re-
actions as at 1400° F with the exception thet they we‘re‘ accelerated.

The bouncary phase, for examyple, appeared afier asing for one hour.

The precipitate size at the end of 1000 houre age wes estimcted to

LJ/—» s ! ‘Zl A

At L Ay

Xo A Lo :

average 0.7 microrns agusee in the plane of polich end spaced an (™

A
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everaze of L microns apert, Definite interfesces were present for each
prociyitate particle efter aging times a3 short as 1C hours.
X-Ray Gtudies

The feliowing resulte were obtalined:

2, Line Intensity Stucies: Fiure 8 ani talls ¢ show the

reculte of line intensity studies on the 10 hour solution-trested
naterisl whsn sged et 1200°, 1400° and 1500° F. Dehlinger and subse-
qguent authors (see reference 6) have con | cred the effects thet short
and long periou lettice distortions heve on diffraction liiee., In es-
sence the conrlusions are that ohort period disturbunces (107 te 1070 o)

result in reductlon of line neakx intensities witheout approcizble troederning

i

=4
J

. - -4 ; .
and that lons reriod disturbances (19 te 1C ¢rt) gause line Lroedening

with, however, the Intesreted inten ity remcining nt., Accordaingly

e 2 ocan te

the rezulte of line nerk ‘rtencitry studies zhown on

interpreted, in the absence of line broadening detz, as gither chort j

-

g

reriod disturbances or lon: periosd disturkances, If the latter wore
pregent, however, broasdeni-tg ciould be the precorinant eifect.

The two minime for the metericl ased at 1°CC° F en fizure 8, leed
to the possibility thaﬁ twe scparate processes weire observed at 120C°
Agins at 1500° F or 150C° P asnpurantly rem loc. {n only one process
cceurring a2t each temperature which decrecced line reak intensity.

Tt will be noted that the scuticr for the mescurements on material
rred 2o 1400° F was ap -roxlmutel the aoere. &¢ for the measurements on
matericl axed ut 1200° F or 1600° F. When corsicderstion i taken of

the two rwtno.d it ir felt that the

taking such dets thet were

scatter wus 2111l duae te non-randor sreln clstritution Jdespite rcotation
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of the samples. Before quantitative caslculations can be made with such
line intensity measurements, additional methods for alleviating non-
rendom grein distribution will have to be developed. Only qualitetive
conclusions are thus drawn from the inteneity data in this report,

b. Metrix Lattice Parameter Measurements: The measurement

of lattice parameter as a function of asins time at a particular
temperature can give direct evidence of whether the precipitate par-
ticles are still being nucleated, are growing by matrix depletion of
the precipitate constituent atoms, or are growing by agglomeratlon.
Thie usefulness of the parameter measurements is predicated upon the
posritility of the everage radii of the atoms making up the precipitate
veing somewha£ larger or smaller than the average radii of the matrix
atoms. If such is the case, then precipitetion by matrix depletion
will result in a measurable decrease or increcse respectively in the
lsttice parameter., Nucleation can be ascerteined if the lettice
paramefer remains constant for a period of time at a given temperature
and then increases or deczreases. Precipitate growth bty agglomerztion
in turn can be noted when the perameter has reached e steady state
value after increseins or decreasing from the initizl velue and yet

the precipitate particles continue to grow as evidenced by uetallojzrarhic
exanination.

The results of parameter measurements on thle solution-treated and
aged Low-Carbon N-155 are‘shown in figure G. In nc case has the aging
time been sufficient to complete the precipitation reaction by matrix
depletion, because the lattice parametérs had not reached a steady
state value, TFor this reason, the definite determination of whether

the precipitate and metrix compositicrns are a function of temmerature

of aging and the character of such a function has not been determined.
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It appears, however, that the precipitates otteired by aging at 1400° F
and 1600° F could be slightly different in composition, since the curves
for the matrix parameter were approaching steady state values which are
probably not quite the same. Aging at 1200° F at the end of 1000 hours
had resﬁlted in so littls change in lettice parameter that the only
conclusion was that the major volume fraction of the material was never
out of the nucleation stage. In adaition a long rucleation period was
shown by the lack of marked parameter chanze for aging up to approximate-
ly 100 hours at 1400° F followed by precipitate growth throuzh matrix

depletion. Only matrix depletion wag found when aging was done at 160C° F,

¢. Line Width Measurements: Since Dehlinger hed pospulated

(see reference €) that long period lsttice distortion (of the type
which could be associated with each of the small precipitated particles
revealed by the metallographic examination of samples after prolonged
aging) would result in line broadening, it was decided to measure

the line broadening effects. Table 3 shows the results cf width meas-
urements, expressed as ratios between uny given azed sample and unaged
materiul as a standard of the (111) line at 6 = 2z°, These were ob-
tained from the Norelco spectrometer plots. The little effect noted
waz due to lack of resolving power, Table 4 showe the line widths
expressed a3 radiens (column "B") ol tained fron photometer plots of
filn recordings of the (22C) lire, et 6 = 65°., The increased resolu-
tion in the back reilection region revezled that appreciable troadening
appeared only after long time ages at 1400° F and that a smeller
degrec of broadening occurred rether cuickly when agins wes done at
1600° F, Table & alco summerizes the calculations involved in convert-

ing the 1line broadnesses Lo root mesn square strains by the method of
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Haworth (see reference 3). Finure 10 shows the results of such

o
ot
i
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culatizas, The results of course are guelitatively similar to Lne
line wi'ths recorded in tatle 4.

One further rpoint isg of importunce here. Tho fact vhat the

. .

lattice parameter was decreasiny with asinsg time makes it vaossible

>
Y

for o wurameter distridbution to be present as a recult of coneantri-

ticn rmruaiencs being set up. PBroadening of the diffrection 1l nes will

arlce Irom this type of rarameter distribution. Brosdenimt co:ld alss

(J

arise from the clastic strains surrouniing the vrecipitate portic
Sk Vash e Heaoas bewﬁ

Auub to a diffevrence in astomic cpscings in the two latticss. Thue the

broadernity data presented here czan, be ascribed fo two sources and un-

{

Tortunatel; enourn data are not at present on hand to serarate the

Harénoes Measurements

sl

Trie hardness survey was mede to provide date for Jdeterminin:

irterasl concltion siver hish hsraneeg, Figure L1 chow? the rosulzie
obtaired on the aziution-tresved stock eged at 1.°0C°%, 1400° =nd LS0C° F.
From fisure 11, it 2rnn be scen that conventisnel azing behavior was

apparcently followed. The hlcher the aging tenpora.u e sooner the

i
-~
(0'
e

approach to e meximur herdnesc, the mazimum e riress, Lowevexr, {é}'“bn51”m

in value with decreases in azin: temperzture. This wgépta:Laﬁnl#~vruc

———— . “\\
for aging st 1400° F and 1600° F and probebiy truc for ezing at 1200° F.l h“¥&Q~



Creep Proyerties of Secluticn-Treated uni “red Low-Corbon N-L7 )

The pursecse of the creep and rupture tecting cerrie. out on nolution-

treated eal czed Low-Carbon [i-159 ¢ 1lloy was to mexsure the mechanicnl
behevior of san:les uced in the physicul measitrenente dircuzsed
previou=ly, Fiwurcs 1. «nc 1), teble 9 stow Lie rc-ulis of crecu

testing,

£t the suras

Lovel ~t 3C,000 el (Pi-we L), aucin: at 1500° F

L/

resulted in & cather unilor increase ‘n the scuoadary cree) rats,
Aring et 1L0C° F for tire jeriods up to avicexits tels 10 nours result-
ei in Little chirinre in creep rcate over the untoed moterisl, For ag-
fnx tire periouz over 1C hours the cree: rsve (Lerensed rother reridly
1o uprroach that for the meterlal azed i 1A00° ¥, From thu twe toata
run after aging 160 »na 1000 hours nt 1.00° F (1€C pears toing sone-
what lomeer than the tatil period of teciin ) it apvecred that sging

2% 1200° F had litile e¢ffect on creen 1ot ul to She lonqer

veriod coneidered, 1000 hourc, :nd then orldy cerved to resiuse Lne creed
recisianee elichtly.

Gore artiwivy vus prescnt in determinin: the crecy rote ve, ouring
relotion-Lils for ceing at 1400° F. Hovener, ‘noview of the nacnitade

. v . 4 “ -
erperinentsl errors

clved, i is folt thet the curve

gacem te a reusory ble comyrorice. In ocav event the t-oend (Lt long

e

low asing et 140C° F or 1°0C° F ondr to reduce merkedly the creep
recintonee wes clecsrly shown.

£t the strege level of €0,000 »ri tre affoct

1.00® or 1400° F reered guelitotively tin sowe 13 et
for the lover relutive creey towrelh of the unoged meterisl and the

&£

s.ecLoens aged one hour st 1506G° F. It will be further noted thet



the results at 50,000 psi with the two types of extensometers agrced
only within an averzge factor of 1., Previous experience with creep
testing leads to the conclusion that creep rates are generally repro-

ducible only within a factor of about the sare ma;nitude.

Rurture Testing of Solution-Treated ani Aged Low-Carbon N-155 Allcy

Figuree 1k, 17 and 16, and table & show the results of the rupture
testing on material aged at 14C0° F. When aging was cuarried out at
1300° F, a gradual approach to a flat maximum in very short time
rupture strength occurred with increared aging time, Zukject to
additional investigution,for rupture timees up to 10 hours, it appeared
that no aeppreciatle alteration of the initisl structure occurred by
virtue of reactions at the test temperature, and such a result, as
the aiove, was thus due to the initisl structure of the material., With
increased time for rupture (greater then 10 houres), the main alter-
nation in the rupture time-azing time relstionship ap;earéd to be the
marked improvement of the unesed and short time aged material in com-
parison to the long time aged meterial, (See fisure 14)., This
nost 1rovably wus due to reactions occurring in the ruterinl during test-
ing end will te consldered unier "Discunsion of Resulte.” Inspection
of figure 19 elvo chowe thet the a-ins periods at 1400° F for maximum
short-time rupture strcn:th we:: g370 1:ted with the hizhect values of
deformatlon prior to fracture. The initicl dAcformation which occurred
upon loadin: also increcsct =li-htly with increzsed asing time., Some
alieretior of these deferrmution charccter! tice woe evident with increasing

test tire, because curvee of fimure 1. are in 7eneral sloring downward,



Arain the experirmental error involved in deterrin’ns rurture tires cnd
ceformaticn obrcures tn o certain extent the exact shene of the curves on
ireres b oond 1%, Bowsver, trenis were clearly et Fliched., From
floure 15, it is evilent tret uven a-ins, the mode of failure chansed
from bveinz primerily intersranular to beinz both interzrenular and
trene §ranular .

Fiwzures 17, 17 2nd 1} -how the rez lto of ru-ture tertinz on
materisl aged at 1500° F. At this tergpereture = very broad maximum
in the short time ruprture etrenzzh occurrel with aring timee loncer
than 0.5 hour (see fijure 17). A very di Li maxirum pos:ibly occurred
at the one-hall hour age. Amain the prozressive improvement of unazed
stock wiaz cvident with increasin- rupture time. Fisure 18 shows that
maximum deformation vilues (i.e., the elongation ~t the fracture) for
material aved at 1500° F followed the mw:ie pettern as for meterial aged
at 1500° F, with, Lowever, =norter &3ing times required for an equi-
velent effect (compure one-nslf hour r-ed curve of figure 1% with one
hour szed curve of figure 1%/). Fisurc 13 shows thst in no case were the
predoirinately intersrenuler failures, found in the specimens aged a
ghort time et 1400° F, observed in specimens aged at 1600° F even

for as chort a time as 0.5 hour.

b » P g ® <

DISCUSCICON OF RESULTS

e
e
/}/ ' Effect of Aging on the Crystalline Structure

Uron comparing the linc broadeninz, pesk line intensity, lattice
parameter, hardnses znd metallocraphic dete, 1t can be seen that:
a. Relatively low (111) line intensaity values resulting from the

aging of solution-treated Low-Carbon N-155 at 1400° F for time periods



tetween mpprorim tely U i O Tour: were not accorpenied Ly broansenin:s

of cithier tkc (111) or (72C) lines. It cen thus bve coacludec that the
distorticn causing the drop in peak intensity was of a short veriod
nature. (Sec Experiment-l Procadares.) When cornizance is taken of

the fact that the lattice parameter dete inlicated thet pronounced
rejection of either interstitial or large racius substitutional ztoms
did not take place until after 10 héurs or so of a-'iny, it can te post i-
lated thet only rnuclestion tikes place durinsy the fivoct 16 to 30 hours

at 1400° F and tret tihii: nuclsaticn proceas produced arort period strains.
i + 3

(7}

-

Thease time ceriods will not in generesl dbe evact sliace ench procese lende

ct

to overlap the rext nroness to oczur, The nuslol must Lo rother smell

since larger once vwoull have a vatber l.roe sotacine ard 25y siraing

aesoc izted would be lorg period once,

in line broadenins strains aad cince this was nrrocloted with appreciables

lattice contraction Jue to rejeciion of cither laterstiticl or larse

redius substitution-l =ioms, these zowrcins aasoc iateq

with the actuel preciy

ttite parti-lez. The metallcogrephic cats zppear
to "car these conclucions out since examination ot ragrilicrtions up to
lOOOQX revealed no evidenze of precipitete particles until a-ina time
periodis at 1LO0® F were longer than 10 to 50 hours.

b. Relatively low (L11) liae intensitles during aging ot 1500°
for time periods up %o L00 hours or o were gsscclatei with line broadeninsg,
This indicatggzlong neriod wirsins. Further the parameter rrasurements
indicate&an immedizte luttice contrazctiom »w rejection of the [recziupitant

~K ‘
etoms. Since, however, ithe netallograrhic dnta

visitle precipitate purticlas 3ﬁpeare' mu~h nefore 100 hours at 160C° F



had «lasned, these lorage period strains were ascociated wlith larse
zrecizitant ruclel witl s long spacins. The spacing of the stulls nucled
was certainly larrer when azing i3 carriel on at 16C0° F then when neluz
was done st 1.00° F ae evidenced by the relitive spucing of the nro-initeie
zarticles which finslly appeare? 2t the two temperaturez. That the otoble

at jJa0C® F ie in agreermant

nuclel were probatlyr larcer at 1500° F than
with Meill ond Jetter's eumsries in recard to jrecipitation from colil
coltuion (se2e refercnca 7).

¢. Tre dote Dor agine ol 100G° F were only Cragmentary but in view
of “he very lonc jeriow (arvrorinetels L1000 hours) Guring which ro ap-
preciable lattice contraction occurred znd very little vicille pre i vitete
appeared, onc cun conclude thut only short period nucleation occurrcd
during the acins time gtudied. The chunges in (111) line intensity were

then agsociated with the chort ser o strains of nucleation., The two

ceparate minima found could osibly Ye asgociatel w 1
N s M £l W ke X \m%{‘ } Lt e
boundary n-‘hion and second, the @ﬁﬁanai;;atriy macleation,

The hardness date t=xen sureared to correlute guite zenerelly with
line broasdenins -- the rrester the legree  of line troadening the greater
the hardness. Har%égsf then, as far as the alloy stuiled ‘s concerned,
wag uuioooloted with lonz ceriod etrains. In other words tio lons
rertod strains associcted with the rrecipitats -sriiclos ‘or oo after
tre nrclevtion vericd {cresnsa ieférmation resiotence oo vhe cond.tiong
orf lerse straining precent durinzg a h;rdneaﬁlteft. Theeo =irains ore

due o the scoodmsme ) callzad deformation of tre met2l under the

nersLrator,



(7 ' Foctors Controllins Creep Strencth

Comparison of the creep rates s 50,000 pei for materials aged

) resulty of
either 1200°, 1:00° or 1200° F (cee figure li) with the,F%e¥e—d§e-

—}’L\c sﬁwl‘w't measurewe ks
showed thzt the loses of initial creen strensth at this etress
level was moet clearly essocieted with matrix devletion of the reletively
larze radius cr the interstitial precipitant etems., As covered aLove
this was also associated with:
a. Removal of the shert reriod nucleation -trains in the case of
material aged ot 1L400° F.

t. Develoiment of visible -recinitate s#nd the continuous, relatively

wide, grain boundary vhase, Toes

nrecinitent opnrticles =nd the zrain
Toundary phase were initially currounded by corcontration gradients which

become rrosressively less ‘steen with increased =zin,., *ire (-nd/or increasec

roine temperature). (See ficuves 5, © an3 7.,)

(¢}

Broadening: (72C) line end harcenia in the cace ef
noterinl aged at 1400° F w=pd 1500° F. The voint iz rot anown for azing

at 1200° F since it wag not harden-
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ing or broedening ¢t thlz tomrcreture, due to the er
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eanive aging t
required to reack hiczh hardne: wes.
Corversely, then, for naterials aged at 1200° F, 1400° F or 160C° F,

retenticn of crecn strencth weao 2ycociated w

[
¥
-
"
ce

@,. As scluticn-ireated meteriecl or ared material still in the
short period nucleation state.

b. Relatively ttle or ac visilble generel motriz precipitation
and ircomplete boundery reaction in the cese of materizl aged at 12C0° F
and 1400° F. In all cases perueining to material aved at L500° F

precipitate particles and the boundary phase, ir present ab all, haa
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oncentration Irecilents carvounding ithem after the aging period

sncocinted with high creep renlctance. .

€., Lov hardness and unbroadened (220) diffrsction line in the
caze of unaged meterial or materisl aged at 1400° F and at 1200° F.

It wvoultl seem, then, that as far as creep resistance at 12Q0° F
ani at the 30,000 pei stress level was concernel, the removal of either
the precipitant atoms from random s8nlil solution or small nuclei made
e of them by subsequent precipitate growth, led to a progressive lower-
ing of the creer resistance. Further, the probable long-period strains
zgsoclated with line broadening and relatively high hardness/ﬁnd}

, ; did no”
reeultiny from larse nuclel or precipitate particlerAh-é=====;p-unt

confrol
R

removal of the atomsa required to make up the precipitate vhizh in turn

the creey strength. Rather, the continued

caused the long period intern=l strain reaulted in still lower creegp
strength. ﬁgpea‘lf wag the strain associeted with the individual
precipitant stoms, while still in raadom solid solution or in small
nuclei, which ceontrolled the creep sirength at 1200° F and 30,000 pei
stress level.

Fron figure 13 it can be seen that when considering creep resistance
at 60,000 psi and faoo‘ F the etffect of lonz-time nving wes gualitatively
the sarme as 8t 30,000 psi, but that the weszed and chort-time aged et
1k00° F materisl had relatively less crecr rensietance then the same
material at 30,000 psil. It thus sppesred that, viile lons-time mging
and concor [tant metrix depletion of the precipitant atoms resulted in

" F The o8 -
lowerc reep strenﬁ}ﬂi’,) there was an optimum state of preci':itat% or nug:lee:"l oV

anl correspondinz irternal strsinyfor en optimum creer recistence. Hovever,

an aaditioral fector npplied hiere, As mertiones wnder "Resulte," the



relatively high stress of 60,000 psi resulted in fracture of all the
creep specimens within a meximum of 32 hours. Figure 16 shows that :the
unazed ani short-time aged at 1400° F material failed with general inter-
granular cracking. This formetion of cracks resulted undoubtedly in
greater creep rates than would be established with the same material
with greater boundary strength. Hence, it has been felt that the genersal
effects of matrix depletion of the precipitant atoms observed at a lower
stress level still apply but thet the unaged and short-time aged material
has ite creep resistance lowered, relatively speaking, at higher stresses
by virtue of a weak grain boundary area. This point will be discussed
further under "Factors Controlling Rupture Strength.”

The fect that the line broadenins strains, most probally associated
with the individual precipitete particles, or large nucle! which resulted

in high hardness did not have any effect on increaninz creep resistance

o

is quite surprising at firat thought. However, since the short-pericd
gtrains surroundinz the individual rrecipitant atoms when in random or
nearly random solid solution do give high creep resistance, it appears
that the answer, as far as the alloy considered here is concerned, lies
in the periodicity end size of the two types of strained regions. From
conglderations covered below, the atoms most likely to be the source
£ the short-period strains, in the solution-trested material, arz W,
Mo, Cb, C and N. The total atomic fraction of these atoms is 0.Chk2, or
one atom‘zg Ehftl%ggeﬂgggie 5). In the absence of further deta thie can 2&2?
be interpregga to mean, that with one atom in 24, the center of a strained re-
gion, the pericd of such strains is of the order of 6 x 1077 cm. (See

reference 10). Since interatomic for:es of solids in meneral extend

over only a few etoms, the size of the strained rezions might be assumed

o
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to be of the crder of 1 x J.O"7 cm. This leaves a mean strain free path

of the order of 9 x lO'7 cm in the solution-treated materisl. In the

aged material it seems plausible to assign the periodicity of the pre-

ciritate rarticles as the periodicity of the line broadeninz sirains.

As mentionel under "Results" this spacing was of the order of 10-1+ cm

in the hardest sample prepared;material azed 1000 hours at 14CC° F. P
It appears, unfortunrztely, thet at present it is impossible to

estimate closely the actual size, at any given aging time, of the

strained areas, associzted with each of the precipitant particles, or

the average size of the precipitant atom free paths. This 1is tecause

enough 1s not yet known to separate the line broadening due to elastic

streins from the line broadening due to concentration gradients [ the

metrix.  (See Results). However, it cen be said that the mean precipitant

L

atum free path was approaching 107" cm as diffusion and precipitstion

appreoachee completion. This path was ngzir than two orders of megnitude
greater than the original mean precipitant atom free path.

The net result of aging, then, in solution-trssted Low-Carbon N-155
alloy, was %o probably reyrlace a relatively short period small strain
system contuining a short meen strain free path (5 x 1077 erm) with
another larger strain system of larger period and ruch longer mean strain
free path (approachingz lO'}+ cm). Since creer w«a ere considered is
essentizally a small strain phenomena, the few slip systems in operation
hdad a consideratly lafger probatility of rummning into a strained area per
un;; sheear strﬁin in unaged materi&l then in aged material with any
apprecizble amount of preciritate, despite the larce average strains in

the latter system. This means lower creep resistence in the aged
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material. Hardness as commonly measured, hovever, is a large strain
=

phenomena., The whole volume of the matrix L% in a hardness test

eventunlly filled with the meny

o

lip syetems formed. The relatively
largze strains associated with the actual precipitate particles act
very effectively to hinder the slip systems which eventually must form
and try to pass throush the large stirein areas during a hardness test.
Thus aged Low-Carton N-19% is herder then unaged stock. A small etreln
hardness teet would probably zive & much more accurate indi:ation of
the rzlative creep resistun:z of aged alloys of the Low-Carbon N-155 type.

W, Mc, Cb cen be ronsidered one source of these short-period
lattice streins since toey ere uniformly atoms of larecer radii than the
matrix =nd as mentiored above, =ring in solution-trested Low-Carbon N-15%5
resulted in a decrezse in lattice parameter -- presumably by rejection
from sclution of the:cs larse radil etoms. The métrix ig sssuned to te
composed of Fe, Co, Ni and Cr, all 2toms with approximetel r the same

o

atomic redius (2.9 A). (See tavle 5.) Carbon =nd nitrogen present
interstitially also act to expand the lattice und their removal
through precipitation would meke the lattice contrect. Thus these a2tonms

3

must be considered alonz with W, Mo =and Cb as sources of short

riod

ol
@

strairs while in random z0lid solution. The fact thet sclute atoms of

considerakrly sm:ller or larzer radii then the golvent introduce strain

=
o
<
4]
i
-

into the system wheon in aclid aolutio catatlisned ~enerelly --

imitstion., TPo

s

a8 witness the Hume -Rethery Rules for eolild :zlution

quote another source, Slr Laurence Brapgs,® "Most easinesring elloye o

importance are ihe concs deriving their strsnsth, at least in part, rroo

AT

the modulaticn of the luttise dus Lo the presence of forelign atoms of

*Lecture given at the Unlver:ity of Michiean, Fall, 1943,
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different size. Further inspection of table % shows Mn &nd 5i to be

atoms of smaller radius than the average radius for N-155; and these
also could be sources of short-period etrains. Mn ani Si are probatly
in the lattice substitutionelly ani would tend to make its parameter
smaller than normal, and increasing with aging time if they were pre-

cipitating out.

Alora.praseniwinteret Pt Py Pt temesspeecdpibettmes | L o, gvelimin-

ary chernical investisnations indicated tlat only a phess or -hcsece coun-
tainlng at most C, N, Mo, W, Cb, Cr and Fe was precinitating, dHence
it is believeu that Mn end Si play no part ia the eging process,
merely remaining in solution in the 1luttice tirouszhiovt tne asing vrocess.
If sppeers from thils same preliminary chemicul date that the C end W
were partly in the form of an inert carto-niiride of Cb in the sclutlion-
treatec material., The fraction thus present wes unknown but even by
disre.arding entirely the C, N and Cb content (whick is moct probetly
not correct) the corcluesions, as to the pericd of the strains involved
are still warranted.

It would zppear from the above thet a lozicel way to incresce
the creep strength c¢f Low-Carbon N-155 would be to =dd clements with
either larger or smaller atomic rzdii than Mo, Cb end C and N rocpectivel;
Those suggested in table 6 have larger atomic radli. Only boron,
among elements of smell atomic radiuz, appesrs promising at the nonment,
Tre usefulness of bhoron seems te be suvtstantiated bty the high creen
streasth boron moecliliications of Low-Carbon N-1%% recently developed by

the Union Cartide snd Carbon Rescerch Lstoratories,

Table 7 lizta elemente which have etomic redii similar to Mo, W

r
7
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and Cb and which might be expected to act as cubstitutes., The clements
suggested in these tables cre not the only metallic elements with the
desired atomic size but are thoughtto be the most promising. With the
exception of Al and Ag, ell the proposed edditions or substitutions
are transition elements. Some evidence (see referenée 11) is available
which indicate. that such transition elements hsve abncrmally high bind-
ing energies. Al and Ag are considered cnly on the basis of having the
desired apparent atomic si:ze.

It is of course desiratle that the nmeterials susgested 1in talles
6 and 7 go reedily into sclution at scme relatively hizh (solution-
treatiny) temperature, and either st=y in solution (cr tre nucleated
state) or precipitate very slowly at the lower temperatures of servize.
It is possible thet any or all of the proposed elements msy show an
increased tendency to ccme out of supersatursted solilid solution and
thus cause rapid loss of creep strenzth or show the wrong cr a poorer
type of solubility versus temperature charscteristic. Other metal-
lurgical characterietics (i.¢., ductility) must necessarily %“e satisfied

before such modifications could be considerel satisfactory.

2 | Factors Centrolling Rupture Strengths and Ductility

p 13

Incpection cf figures 14 and 17 shows in general that aging at
either 1400° F or 160C° F resulted in a progressive incfé&se in very
short-time rupture strength. For a given increase in rupture strength
less aging time was reguired at 1600° than st 1L00° F. For somewhat
longer rupture times, the relative increase in the rupture strength
of the unaged material was quite strikiny. In fact, the solution-

treated stock rapidly tecame equal in strength to the aged material at the



increased rupture times. Previous experience has indicated that the
rupture strength of the unaged material will actuelly exceed the rupture
strength of the aged materiel when coneidering longer rupture times than

. - MaXImum
were used in this investigation. Further, the qaﬁﬁ:snﬁfupture times at
each stress on figureé 14 and 17 were approximately the same fo? aging
at either 14L00° F or 1600° F. Examination of the other physical measure-
ments shows that this general Incresse in very short time rupture strength
with increasing aging time was asscciated with:

a. In the case of muterial aged et 1400° F pascage *hLrough the nu-
cleation stage prior to precipitetion as revealed by the line intensity
studies.

b. Removal of reletively large or small radii atoms through
precipitate growth after nucleation aslrevealed by lattice parameter
measurements,

c¢. Progressive formation of a rather wide, continuous band of a
geparate grain boundary phase and with the formation of the visible
rrecipitate particles as revealed by micrographic examination.

d. Hardening of the material through w=SBLformation »of strains
which resulted in diffraction line broasdening in the case of aging at
1400° F and initial herdening and then progressive softening in the
case of aging at 15600° F.

e. Increased ductility of the specimens. One way to coneider this
effect is to express the maximum true exizl strain et fracture besed upon
the initial end final cross-sectional areas at‘the fracture and the
assumption of constarcy of volume. Figures 1% and 18 present the results
of these calculetions. The effect of the decrease in cross-sectionel

area at the fracture with aging time was to increase the true stress under
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which the test runs during the durstion of the test, In -enerai, then,

the rupture tests considered were not c¢onctant ctress teats, tut rother
teste with true c¢tress increasing with tire elong some quantlitatively
unknown path in a time-stress coordinate system. It is knowa from the time-
elongetion curves for the tests at 60,000 psi that reduction of ares was
gradual and thus the true stress incressed rather gradually uirouzhout

the test, the final value of course being greater for smaller final
cross-cectional area. Insrection of the geometry of ruptured spécimens showed
that the cross-section was reduced gradually along the axis tcward the
fracture. From this, it can be concluded that the degree of triaxiality

of the stress system at the fracture was low, as congsidersd in the calzu-

$). Hence, the stress system can

letions of sridgeman (see reference
S~

at least be considered uniaxial for the rupture tests coverel herein,

Lasﬁly figures 15 an@ 18 elze showﬂﬂ'that the meximum true strain at

fracture, or ductility, for 2y given class of gspecimen, decreased with

increasing ruptufe time,

At tle onszt, the fact that ordinery rupture tests are not constant
stress tests makes outrigiht analysis of the factors controlling rupture
strehgth ﬁifficult,‘ However, three factors stand out quite cleerly:

First, figures 16 and 19 shoﬁéé.?hat the relative initial weakness
of the unaged materials was assdciated with weak grain boundary areas and
conseguent intergranulsr crack formation, especizlly on grain boundaries
normal to the stress axis. Further [nsyection (see figures 15 and 19)

b//showii'&vn;this tendency for intergranulsr crucking was progressively

v

%
o

removed with either increase ing time at 1400° F or 1500° F prior
to testing, or with decreassed strezs on the unaged materiasl =nd thus

increesed time at the test temperature of 12C0° F. This gpperently was
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due to the formation of the gr=in boundary phase either prior to or during

testing (see figures 6 end 7). Thus unaged material beceme stronger
relatively speaking with increared rupture time, and the =2ged m&terial
alco became relctively stronger with increased prior aging tis --
more slowly, however, with prior aging time at 1400° F than for 1600° F
aging since the boundary phase.was formed more slowly =t 1100° F. It is
then quite intereeting to conclude that the matrix-boundary phase binding
was stronger than at Zeast certain oriented matrix-mairix-bindings.
¢

Second, .inepection of figures 14 and 17 show;a that once a definite
almost continuougltboundary phase was formed, the rupture strengths were
roughly independent of aging temperature or aging time. his indicated
that the initiation and propagation of the predominantly transgranular
cracks wns Iindependent of the differences in structure arising from
differences in aging at 1400° or 1600° F. Aside from minor maxima or

minima, which are probably Jjust inside or outside the experimental errors

e

involved in determining the rupture times, the differences 1nliéttice oot

depletion of the large radil atoms, and the differences in magnitude
and time of occurrence of maximum hardening with difference in aging
temperature, had little effect.' s~ This conclusion is based, however,

in part upon the fact that the degree of elongation and cross-sectional

k/,///

area reduction, once the grain boundar Phife waa formed, was apprpxﬁg&tcly
re

s having Hhe samt rup e Mﬂ(remff' of Cqmn

the same forﬂPgéng‘equtvztent-ttmeg'zt-ef%hep 1L00° or 1600° F. Thus

the degree of deformetion was also constant and did not effect to a first
approximation the fracturing characteristice of the two classes of aged
materials differently. It is well knou;'however, thet., within limite,
deformation in iteelf generally raises the resistance of rupture (see

reference 9). Since this strain strengtheninz occurs in connection with

-



increase in the true stress, evaluation of either of these two oprosite
effects is difficult along with evaluation of such thinzs as the effect
of progressive lattice depletion in general on resistince to crack Fro-
pagation., Thus no further conclusions in regzard to possible macked
generel structure factors arising with long time aging at 1400° F or
1600° F are drawn at thie time.

Third, the plastic estrain, before rupture failure occurred,
increased markedly with lonz aging times at either 1L00® F or 1600° F.
This of course is a direct result of the fact that the creep resistence
decreased markedly with lonz aging times at either aging temperature and
that ,the resistancefﬁo crack propagation on the other hand is at a
maximum.. Figures é%’and.gz also show, however, that the plastic strain

before fracture decreased with increasing time for rupture. No obvious

reason for this presented itself during the investigetion covered herein

and thus this phenomenon will be subject to future research. }w o L
Liw{rh/-réns of The ECAwlf‘J AR }’/u,,'v
There are obviously ~mersUs Important-dspects of the protlem-of-

high tempexature strenzths which have not been adequatelp”covered by

this report.

Of primary importance is the fact theft the structural

of the sumption that such changes had little ei™gct on known initial

structure. And finally, it would be especially desirade to know the
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Limitations of the Results

This report is limited to the presentation of a method of
determining the fundamental mechanisms by which processing, heat-
treatment, and chemical composition control the properties of alloys
at high temperatures. A relatiwely limited amount of date« for solution=-
treated and aged Low-Carbon N-155 alloy has been obtained and\interpretei
in terms of the proposed method. The resulting theories require exten-
sion and improvement from similar investigations on many alloys, as wkll
as for more test conditions on Low-Carbon N~155 alloy (see below). It
is believed, however, that the approach to the problem is reasonably
sound and that the limiting factor to & general theory of the metall=-
urgical factors controlling high temperature strength of alloys is the
large volume of testing required and development of suitable experimen=-
tal techniques.

In resard to Low-Carbon N-155 alloy, there are obviously
numerous important aspects of the problem which have not been adequate=-
ly covered ﬁy this report. Of primary importance 1s the fact that the-
structural measurements have not been correlated with long time creep
and rupture strengths at 1200° F or with any time period at other temp~
eratures. Certain refinements in x-ray techniques seem desirable. In~
formation is also needed regarding the effect of time and deformation
during testing to assess the reliability of the assumption that such
changes had little effect on ‘mown initial structure. And finally, it
would be especially desirable to know the exact composition of the pre-
cipitating phases. The amount of time required for development of suit-
able techniques and the volume of experimental workbﬁi‘ibeen the limit-
ing facton to date. Work is now in progress to cover mést of the above

items.
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CONCLUSIONS

1. An experimental procedure is described which is believed
suitable for establishing the fundamental mechanisms by which pro-
cessing, heat-treatment, and chemical composition control the pro-
perties of alloys at high temperatures. This method relates micro-
structures and x=-ray diffraction characteristics after various prior
treatments, to creep and rupture test properties.

2. Application of this method to solution-treated and aged
Low-Carbon N~155 alloy and correlation with the short time creep
and rupture characteristics at 1200° F indicated the following
possible fundamental explanations for the effect of aging on its
1200° F properties.

a. Aging of solution-treated Low Carbon N~155 resulted in

progressive lowering of the initial (short time) creep resis-

tance through the removal from solid solution of large radii

or interstitial atoms by precipitation. No optimum precipi-

tate dispersion or state occurred for optimum creep resistance,

rather the alloy can be considered as obtaining its optimum
creep strength through "modulation® of the lattice with the
large or small precipitate atoms when they are in the random,

or at most nucleated, distribution of the solution-treated state.

b. Shopt time aging of solution-treated Low-Carhon N~155 appar-

~ ently resulted in a marked increase in short time rupture
strengths over that for unaged material, through the growth

of a grain boundary phase, this phase acting to strengthen

the boundary areas to eliminate intergranular cracking and

consequent low resistance to crack propagation. Long time
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aging resulted in little further change in short time rupture

strength and longer time service at 1200° F was sufficient to

)
develop a grain boundary phase in the unaged material to thus
raise its rupture strength to compare favorably with the
strengths of prior aged material.

c. DBecause the effect of aging in general was to lower the
creep resistance and to raise the rupture strength, for the
time periods consideration, aging resulted in a material

which exhibited greater ductility before fracture.

‘d. It is indicated that alloys might be developed with
strength comparable to N-155 with other alloying elements,

or an alloy of the same general type with improved creep
strength might be developed by replacement or supplement of

the large or small radius elements present in Low-Carbon N=155.
Elements of the same atomic radius as Mo, Cb, or W, which could
possibly act as substitutes or supplements, include Al, Ag and
Ta and elements of larger atomic radius suitable for additional
alloying include 2r, Ce and Ti. Boron appears to be the only
promising alloying element of small atomic radius not at
present used in N-155. |

3. It is emphasized that the explanations for the effect of aging

on the properties of Low=Carbon N-155 alloy at 1200° F apply at

present, only to that alloy and are not to be taken as general. It
is entirely possible that this alloy will prove to be an unusual

one exhibiting behavior which is the exception to some general rule

to be established as a result of further investigation on other alloys.
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Small grained area of Low-Carbon N-155, solution-treated
10 hours at 2200° F, water—gienched, and aged 1 hour at 1L00O°® F

Cross sections of bar X100
flectrolytically etched in 10 percent chromic acid

Figure 1. - Typical microstructures of Heat A-172€.
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fure 7.

-
After removal of 0.017 inch /4 >0 /.év

- Concluded. Diffractior patterns showin: removal »Hy electrolytic
nolishin,” of colcé=worked surface on Low-Carbon N-155 alloy,
solution=treated 10 hours at 2200° F and water-quenched.
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Aged 0,5 hours: failed in 1.31 hours 8w )
under a stress of 70,000 psi Lff 2"&

TR N f 4

Aged 100 hours: failed in 1.25 hours 171?'

.

under a stress of 70,000 psi

=

Figure 19, - bffect of aging at 1400° F on fracture characteristics at 1200° F

of Low=Carbon =155 alloy, soluticrn=truated 10 hours at 2200° ¥
and water-quenched.



TABLE 1

PROCESSING OF LOW-CARION N155 7/8-INCH BRCKYN CORNER SQUARE TR
srocx FROM HEAT A-1726

(Reported by the Universal-Cyclops Steel Corporation)

Ar irgot was hammer cogred ard then rolled to bar stock urder the
following conditiens:

1. Hammer cogged to 13-inch square
Murnace temnerature 2210° - 2220° F

Three heazts - Starting temperature on die 2C50° - 2070° F
Finish temperature on die  1830° - 1870° F
2, HKammer cogged to 1 ;—3/L—1ﬂcr square
furnace temperature 2200 - 2220° F
Three heats - Starting temperature on die 2050° - 207G° F
‘ Finish temperature on die  1790° - 1800° F

3. -Haltmer coggred to 7=-inch square
Furnace temperature 2200° - 2220° F
Three leats = Starting temperature or die 2050° = 2070° F
Finish temperature on die  1790° - 1590° F

Billets ground to remove surface defects.

li. HRammer cogred tc hL=inch square
Furnace temperature 2190° - 2210° F
Three neats - Starting temperature or die 20LO° - 2060° F
Finish temperature on die  1480° - 1380° F

Billetis ground to remove surface defects.

5. Hammer cogred to 2-inch square
Furnace temperature 2180° - 2210° F
Three heats - Starting temperature or die 2050° - 2065°
. Finish temperature on di- 1730° - 1770°

3 by

crourd to remove surface dofeocts,

=
"]
[}
2
[ad
w
*

~s Rolled from 2-inch square to 7/0=irch hroken corner sjuare - oo hest
Furnace temperature 2100° - 21°.0° F
Bar temperature start of roll:insy  2050°

- 2060° F
Bar temperature finish of rollins 9910° F

7. Bars are numbered 1 thrcugh ©4, Nunber 1 bar represents the sxirome
bottom of ingot and Number 50 the extreme top position.
All billets were kept in nusber sequence throughout all Processing,
so that ingot position of any bar can he determined by its ;mmber.

o]

8, All bars were cooles or the bed and no anreal or stress relief was
applied after rollineg,
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b

Fffect of Agige on Half Velie Wiite of (111) Diffraction Line
of Low-Carton W<+ 21lov Sciqtion-Trested 10 Hours at
CJUGCPF anl Water .uenched

(Coprer Kupxs Radiation)

Aring

Temperature

(°F)

aging Mre Line Width e e Mean
s . FVE T TC : f
(nour) W/Wo* ! : Deviation

1400 1.0 0.27
1.06
1.01 1.01 +C.02
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1.00 +0.02

[oNe}
GO

oWVO VW
13

0.98 +0.02
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1.07 +0.0%

10.0

[l ad
323

1.00 +0.0

bt oo

10C.0 1.0

-

0.96 +0.05

¥ - half velue width of (111) line of cpeciven azed zt indiceted time end
temperature.,
We - helf value width of (111) line of unared material.



Internzl Root Mean Square Streainc for Low-Carbon N159
Solution-Treated 10 Hours, 2200°F, Water-GQuenched and

TABLE 4

Aged as Indicated

3 For (311) line and Co ¢y

microphotometer plot in cm.

radiation

2
. z’\{/" jng -
Aging | o Lattice " B Ad
Temp. gige Parameter| Ygzol |°°% Ca20 K (radians) d
1400°F 0.5 | 3.5862 &| 1.27 & | 0.4843 6.15x10‘“ ¢ 0
1.0 3.587% | 1.27 4843 | 6.15 1.47x1077 | 1.kox10™ 3
5.0 3.5876 | 1.270 L8435 | 6.15 0 0
10.0| 3.5858 1.269 4843 | 6.15 2.10 2.0
30.0 | 3.5840 1.267 4830 | 6.1k 4.5% 4,31
100.0| 3%.5814 1.266 4820 | 6.1z 5.13 4,92
1000.0| 3.5770 | 1.0803 | .672u0 | 7.263 5.555 6.2
1600°F| 3.0| 3.58% 1.0827 68517 | 7,517 4.10° .70
100.0| 3.581 1.0817 | 58470 | 7 0”0 5.66° L. 20
For-Low Carbon N15%, ZSolution-Treated 1Hour, 22CC°F, Water-
Quenched and Rolled to 15% Red. in Cross Section at 1400°F
2 m0m wanz | 4 1eiqak el -3
3,537 1.27 8 L4843 | £.15510 11.5x1G 10.90x10
@) Chromium < rediation >
el . )
5) 4 .59 K‘B X 105, wheregx‘ = jd cot @ = 107 }
Qa L -~ : e
e ] = 2 i [ 2 N
B =B, - B, rad. = C.00242_‘w " - w ° rad.
7 N No° 8
7 g
A 20 = helf width of indicated line from
< microphotometer plot in cm.
7
W
7§ = half width of stendard line from




TABLE 5

Room Temperature Physical Constants for Low Carbon

K-155 and Constituents

. Atomic
had 1 o : C -k
tlement C‘ysfa¢lograph1b Unit Cell Size “10832° Approach Fraction in |
Syetem «f Atoms o el
I N-155
Iron! L BCC 2.8606 KX 2.476 KX 0.320°
Chromi¥m BCC 2.8787 2.493 .233
Nickel FCC 2.516} 2,486 .185
. 2 HCP 2.502/%.066 2.4GY
Cobalt FCC 2,540 2,502 192
Mn Comp. Cubic 8.89h Kx 2.24 KX L0171
sil Dia. Cubic 5.4173 2,345 . 0085
cy Hexagonal 2.1:564/6,6906 1.42 .00618
N - - ———- .00532
wll BCC 53,1585 2.73k4 .00813
Co BCC 3,2041 2.853% . 00521
Mol BCC 35.1%0 2.720 .17k
Low Carton N-155 FCC %5807 2.54 1.000

A

1asM Handvook,

1948 E4.

“Structure of Metals, C. S. Barrett, McGraw-Hill, 1943
Solution treated

4

DBy difference

-Converteu from data reported by manufacturer




Elemente of Atomic Radiue over 2.8 %

TABLE 5

]

for Sutstituticn

of ¥, Mo or Ct in Low-Carbon N13%

Less Critical Elements with an Atomlic Radius of Approximately

Cryetallogravhic| Unit Cell |[Closest approach
flement System Size of Atomsz
Ce FCC 5.14% 4 5.6 A
Zr CPE 3.223/5.123% 3,18
Ti CPH 2.953/k.729 31
TABLE 7

2.3 A for Substitution of W or Cb in Low-Carbon N159

Crystallographic| Unit Cell | Closest Approach
Element System Size o’ Atoms
Al FCC L.0408 A 2.3% A
Ag FCC 4. 2774 2.88
Tea BCC 3.2959 2.85







