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ENHANCEMENT OF DUCTILITY IN HIGH-STRENGTH STEELS
Dieter Fahr
Inorganic Materials Research Divisidn, Lawrence Radiation Laboratory;

Department of Materials Science and Engineering, College of Engineering,
University of Califorrnia, Berkeley, California

 ABSTRACT
The conditions under which high strength and high ductility can be

attained were studied in metastable austenitic steels. The stability of

the austenite was shown to be the most important variable. It affected

the tensile properties through the isothermal formation of martensite induced

by‘glastib stresses and/or plastic strain. The results from 1k different

"alloys showed that low austenite stability resulted in high Work hardening

rates, high tehsile strengths and low elongation values. Iow austenite.

stability also caused the yield strength to decrease due to the stress

”induced‘formation of martensite. When the austenite was very stable,

plastic deformation was initiated by slip and its work hardening rate was

_tobvlbw to prevent necking at small strains. A specific amount of strain
induced martensite led to an "optimum" work hardening rate, resulting in

‘max imum elongation. The effects of varying C and Mn contents, different

test and rolling temperatures, rolling time and various reductions in
thickness on thebauétenite stability were investigated. The amount of

plastic deformation at a temperature at which no phase transformation can

be induced, i.e. abovebthe‘M température, had a negligible effect on the

d

vield strength when the austenite was very unstable, its effect increaséd,
however, as the austenite stability increased. The best combination of
strength and ductility was attained when the austenite was stable enough

for slip to initiate yielding but still sufficiently unstable so that
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marteﬁsite could form during.straining, To meet these requirements the
alloy composition pad @o be such that the test temperature was between
the Ms and tﬁe Mﬁ temperatures, and processing of the steel had to be
carried out close to or above N%. Yield strengths exceeding QO0,000 psi
and elongationtvalues approaching 40% were measured for a humber of the
alloys. |

| Serrations appeared in the stress strain curves when slip and the
formation of martensite competed with one another as modes of deformation.

No serrations were observed when one or the other mode predominated.




I. INTRODUCTION

| The demand for high strength structural materials has led to the

development of steels with strengths exceeding 400,000 psi. The useful-

nees of such ultra high strength steels 1is, however, sevefel& limited by
their low ductility. A certain degree of dactility is essentiel to ailé-
viateulocal stress concentrations and thus tQ‘prevent eatastrophic failure.
Efforts fo improve the strengfh.and.toughnees of steel have tradi-
tionally centefed on modifications in eomposition or heat téeatmeﬁt.' n
recent yeare there has been cohsidefable iﬁterest in thermomechanicel
treatments as a means of imprqving properties. Thermomechénicel treat-
ments can bevdefined as treatments involvingvplastic deformation dﬁring

the heat-treating cycle in such a way as to modify the normal processes

that occur during heat treatment, and thereby to obtain improved mechanical

properties. There are several types of thermomechanical treatment, de-

'.pending on where in the heet'treating cycle'the plastic deformation is

introduced and on what the subsequent treatment is.
Kula (1) classified thermomechanical treatments according to the

position of the deformation in the heat treatment cycle, i.e. the micro-

.structure that is deformed, and the final microstructure that is formed:

Class I. Defofmation before austeﬁite transformation: Formatien»'
ef martenéite in strain-hardened austehite upon subSequent codling.

This thermomechanical treatment was initially described by Harvey (2)
and Lips and Van Zuileh_(E), and led to the so-called ausforming steele.
The austenite is_deformed below the recrystallization temperature and
above the M -temperature in the unstable austenitevrange, usually in

d

the bay region beﬁween the pearlite and bainite noses of the TTT-diagram,
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and then quenched to below M, to transform to martensite.

N% is defined as the temperature-at which martensite starts forming
spontaneously on coéling, while Ma is the temperature above which no mar-
tensitic transformation can be induced by plastic deformation.

Class II. Deformation during austenite transformation: Formation
of martensite during deformation of metastable austenite.

This treatment is generally carried out at temperatures in the

vicinity of Mg so that austenite transforms to martensite during deforma-
tion. Most frequently this is done on stainless steels which have MS-
- temperatures below‘room temperature. The portion of the austenite that
transforms depends on the température of defofmation'ana the amount of
straining. Varioﬁs combinations of strength and ductility or toughness
can be obtained (h—?).‘ |

Class III. Deformation after austénite transformation: Strain-
hérdening of austenite transformation products.

Within this broad class are treatments réngingvfrom strain-aging
éf mild steel to the production of high-strength steel wire by paténting.
The structﬁres that are deformed may be pearlite, bainite, and tempered
or untempered martensite. Deformation may be carried out at room tempera-
ture or at elevated temperatures and may or may not be followed by
a reaging treatment (8).

A good cbmbination_of strength and ductility can be attained without
plastic deformation in carbonless high nickel alloy steels (9). These
so-called maraging steels derive their strength from very fine inter-
met@l]ic precipitates that form upon aging of the Fe-Ni martensite.

It should be pointed out that all the above treatments require a

martensitic transformation in order to produce high yield strengihis in

-



the respective alloys.

Since plastic flow.occurs byidislocation movement, obstacles to the

- motion or generation of dislocations, such as elements in solid solution,

interface boundaries, precipitate.narticles, or the stress fields of other
dislocations, will increase the sti'ength. On the other hand, high ductility
is obtained when dislocations can move freely. |

~In spite of these two opp031ng effects 1t has been observed that
high strength steels are generally not 1nherently brittle, but that the
low ductllity is due to a local plastic 1nstab111ty caused by the inability

of the material to work harden during a tensile test at a high enough rate

. to compensate for the increase in stress due to a reduction in cross

sectional area.

The rate of work hardening is a function of-dislocations 1nteract1ng .
with each other and w1th other obstacles to their motion, such as prec1pie
tate particles.

The nnmber of precipitates‘and other obstacles except dislocations
does not change.during a tensile test, and thus there is essentially no
mechanism.to increase the strain hardening drastically if a sudden increase
in stress occurs due to necking. In high strength_steels; the dislocation .
density isiusuallyvhigh and additional plastic flow does not add substan-

tially to the den51ty.

Within the past few years attempts have been made. to 1ncrease the

vwork hardening rate of ‘high strength steels in order to prevent early

b_failure of the tensile specimens at the site of incipient necking. One

answer to this problem was to utilize a phase transformation. Such a
Phase transformation’has to satisfy two requirements. First, the trens-

formation product has to be stronger than the phase from which it forms
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and, secondly, the formation of the new phase must occur during straining.
The martensitic transfofmation in ifon carbon alloys'can be made to
satisfy these requirements as recent studies (10) have shown. The result
is greatly enhanced elongation.

The thermomechanicai treatment applied is very similar to that used
in the ausforming process. However, it does not involve a transformation
to martensite during subsequent cooling.

| The chemical composition must be adjusted inbéuch a way that the
testing or operating temperature lies between the MS- and Ma-temperatures

of the processed alloy. Since the alloys are austenitic at room tempera-

ture, the initial high yield strength (e.g. 200,000 psi) must be obtained

by work hardening (80 to 90% reduction). The rolling has‘to be cafried
out at a temperature high enough for precipitation to occur but suffi-
clently low for an adequate increase in dislocation density. Moreover,
the rolling temperature should lie above M, and 450°C offers the best
" compromise for most stéels in this class.

The strain induced martensite transformation has been recognized
and studied by numerous investigators. Particularly relevant to the
pfesent study are two. recent papers. Banerjee,.Capenos and Hauser (11)
were among the first to recognize the role of the transformation in
delaying necking. Bressanelli and Moskowitz (12) made a comprehensive
stddy of the individual and combined effects of composition, test tempera-
ture, and deformation rate on the tensile properties of metastable
austenitic stainless steel, They clearly demonstrated the févorabie
effect strain induced martensite can have on the tensile elongation. Com-~

position and test temperature directly affect the amount of martensite

that forms during the test, whereas the deformation rate plays an indirect
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role by influencing the specimen temperature.

The present work represents part of an effort to design alloys with
high strength and good ducility. Since the mechanical properties of
metastable steels depend very sensitively on the rate of martensite
formation, there is_a testing temperature at which optimum results can be
obtained. The prOblem of the alloy designer is, therfore, to compose

an alloy that will yield optimum mechanical properties in a temperature

drange in which the performance of the steel is most cruc1al

Since Mn. and c affect the M and M temperatures very strongly, lh
alloys w1th varying C and Mn contents were chosen. They were de31gned
to improve the ductility in the temperature range between 2L°C and -78°C.
Variations in reduction in thickness.as well as changes in‘rolling
temperatures uere investigated. The spec1mens were tested at four
different temperatures between 100°C and -196°C. |

It will be shown that the austenite stability is the most'important

factor which affects the yield strength, tensile strength, work hardening

rate and elongation. The stability of the austenite, as predetermined by

‘the chemical composition, is strongly influenced by the test and rolling

. temperatures, the rolling time and the reduction in thickness. Moreover,

it will be shown_that prolonged tempering can lead to interesting changes
in work hardening rate. ' |
Optimizing strength and ductility imposes strict restraints on the
austenite stability. FNOt only does martensite form because of plastic '
straining, but it can also ne induced to form by elastic stresses at
temperatures above M_ (13). The effects of stress induced formation of
martensitevon the yield-strength will be discussed. This investigation

will also show that an increase in strain hardening rate as a result of
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the formation of martensite increases tensile elongation only up to a certain
optimum and then, when more martensite forms, ductility decreases.

Stress strain curves obtained in RT and dry ice tests will be
discussed in detail.

Se;rated stress strain curves in metastable austenitic stainless
steels are definitely associated with the formation of martensite (12,14).
Other investigators (15417) have observed serrations in Armco iron,
carbon steels, tin bronze and aluminum alloys, which formed as a result
of dislocation-~interstitial solute interactions (Cottrell atmosphere
formation and Snock-Schoeck-Seeger stress induced ordering of intersti-
tials).

Sometimes martensite formation does not cause serrations, and so an
explanation of the different behaviors is offered.

Depending on the alloy composition and the conditions imposed during

the test, martensite formation and austenite deformation can both be

_operative.
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IT. EXPERDMENTAL PROCEDURE

A, Material Preparatlon

The alloys (Table XVII) were prepared By 1nduct10n meltlng medlum high

purity" (99.9%) elements in an argon atmosphere and pouring the liquid

~into a water-cooled'copper mold. -The resulting 20 1b ingots were then

homogenlzed for 5 days at 1050°C and forged at 1100°C to 2.5" x 0.5"

'cross sectlon in order to break up the cast structure. The material was:
then further reduced to a thickness of 0.250" by‘rolllng at 150°C (to avoid

_ formation of martens1te).. This was followed by an austenltlzlng treatment

of one hour at 1200°C in a helium atmosphere (to prevent decarburization

_of the surface)

The O. 250" thlck samples to be reduced 80% to a final specimen thlck-
ness of O. 050" were, thus, ready for the selected thermomechanical treat—

ments, For a final reductlon in thlckness of 60, MO and 20%, respectively,

~ the 0.250" thick‘material had to be reduced further_(at 450,C) to the

respective thicknesses of 0.125", 0.0833", and 0.0625", This was followed

’ by another austenitizing treatment of one hour at 1200°C. The austenitic

samples were then reduced 20, L0, 60 and 80% at 450°C and 80% at 250°C,

100°C and RT. Deformation was effected by rolling (heated rolls) and

reheating the samples in an electric furnace between the passes. The samples

rolled at RT (cold rolls) were water cooled between the passes.

M50°C:proved to be the»optimum rolling temperature: at higher

' temperatures the final strength decreases rapldly, pre01p1tatlon takes

place at too low a rate at lower temperatures. Rolling at 250°C, lOO C,
and RT results in varying amounts of martensite being formed during

rolling.
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80% reduction in thiékness required between 1 and 2 hours, depending
on whether the speéimen remained austenitic or became martensitic. After
rolling, the sheets were air cooled and then sand blasted to clean the
surface.

B. Mechanical Testing v

Samples were cut from the 0.050" thick sheets and ground to a
rectangular shape (9/16" x 2-3/L4") with a (46 grit) wheel. The tensile
specimens were then ground with a finer (60 grit) wheel which determined
the gage length (1") and the gage radius (1/8") (Fig. 1). The down féeav
was 0.001" per pass. Deionized cooling water with a rust preventing
additive was used. The.holes were drilled with a carbide drill,

Tensile tests were then carried out at four different temperatures
on an Instron testing machine using a cross head speed of 0.0k in. /min.

The RT tests were performed in air. For tests at 100°C, boiling
distilled water heated by an immersion coil was used.  Tests at 478 and
-196°C were performed in a bath of dry ice in ethanol and in a liquid
nitrogen bath, respectively. The engineering stress was calculated from
the load-extension recording of the testing machine using the original
cross section area. ‘Gage marks allowed measuring the elongation of the
fracturel specimen under a travelling microscope with an accuracy of
#0.004 in., The fact that the two portions of the broken’specimen cannét
be rejoined completely was taken into account. The respective strain - .
values were calculated from the load-extension graph dividing the final

elongation value by the extension due to plastic deformation alone.
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S oC. Magnetic Testing -

The saturation induction of some specimens was measured in a

"permeameter" to determine the relative increase of the amount of marten-

site due to quénching to sub-zero test temperaﬁures.v_The equipment used
has been described elsewhere (18). The tfanéformation during pmoceésing
had been qualitative%y.observed by means of a strong hand mégnet. It
waé‘assumed that specimens which were non-maghetic were éntirely austenitic.
The highest amount of'mértensite as determined with the above equipment

was approximately 50%: these 50% martensite specimens were strongly

magnetic,

D. Optical Microscopy

The specimens were electropoliéhed in a solution of 90% acetic

- and 10% peréhloric; acid at 0°C (20 volts). A solution of 5.0 gm cupric
chloride, 100 ml‘hydrochloric'acid, 100 ml methylvalcohol, and 100 ml

‘distilled water was used for etching. (Mechanical polishing should be

avoided since it can nucleate martensite.) A Carl Zeiss Optical Microscope

was used for observation and photography.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

A, The Effects of Varying Mn and C Contents on the Tensile Properties
of a Metastable Austenitic Stainless Steel After 80% Reduction
in Thickness at 450 C

"In a metastable austenitic steel of following composition: 9 Cr,
8 Ni, X Mn, Y C, balance fe, the manganese content was varied from 1 to
%% while the carbon content increased .from O.to 0.5%. The alloys were
 tested at four different temperatures: room temperature, -78°C, -196°C,

and 100°C.

1. Variation of C Contents at Given Mn Contents

a) Room Temperature Tests

i. Alloys Containing 1% Mn . Figure 2a shows engineering stress-

stféin curves of alloys with following carbon contents: 0.2, 0.3, 0.4 _
and 0.5%. Carﬁon and manganese are the most potent of the elements in
suppressing the MS, and, thus, the Mﬁ temperature. However, 1% Mn and
O.E%IC‘are too little to prevent the transformation from austenite to
martensite as a resuit of cooling from the austenitizing temperature
(1200°C) to room temperature (MS > RT). The alloy was already partly
martensitic before the final thermomechanical treatment. The stress-
strain curve of this alloy, therefore, was markedly different from the
.curves of the alloys with higher carbon contents. There was no yleld
point or Luder's strain. Comparison with the 100°C tests (Table VII)
shows that the measured yield strength did not represent the yield strength
of the original matrix (~50% martensite, ~50% austenite), but rather it
represents the onsets of a stress-induced transformation of the retained
austenite to martensite. Serrations in the stress-strain curve, which are
usually associated with a strain-induced phase transformation, were not

observed.

w
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With O.B%.C fhe critical temperature was lowefed so much that the
alloy remained austeﬁiﬁic after cooling from 1200°C to RT (MS < RT).
Plastié deformation:agaiﬁ began with the stress-inducéd formation of
martensite (Fig. 3a and 3&,'Table VIII); Serrations which appeared in
the Luder's straiﬁ portion of the stress strain curve indicated that
the phase transformation was also_aésiéted Ey'strain. The "yield étrengthn
of this (C.B%IC) ailoy ﬁas lower than for‘the previous one (0.2% C), as
ﬁas expected, because the alloy was éssentiaily austénitic,’whereas the
alloy containihé_O.E%-C was partly (?50%)‘martensitic.
| With 0.4% C the austenite was even mére stable, and the alloy remained

austenitic after processing. Plastic deformation was again initiated by

_the stress-induced formation of martensite (Fig._Ba and 3d). Many

sérrations and only a small increase in stress seemed to indicate that

" strain also plays dn important role in the formation of martensite in

the Luder's strain portion of the stress-strain curve. The following

steeper portion of the stress-strain curve was very smooth (no Serrations)

and, since martensite continued to form in this region (18), and the

‘stress increases rapidly per unit strain, it can be assumed that the

martensite formed in this reglon was stress induced. The assoclation

of .a smooth curve with a stress-induced phase transformation, compared to

a serrated curve for a strain-induced phase transformation, seems to be

justifiaﬁle on the basis of fbllowing facts: the onset of plaétic de-
formation which is définitely due to a stress-induced formation of |
martensite, always rééults in a very smooth déviation from the straight
line.of the elastic portion of the stress—strain_cﬁrvé; no serrations
whatsoever Qere observed -~ the smooth portion éf_the curves were alwa&s

where the stress increase per unit strain was greatest. On the other hand,



the curve is serrated where there is hardly any stress increase with
incréasing strain. The stress-strain curve of the alloy contdining

- 0.4% ¢ (Table IX) demonstrates this very nicely. Plastic deformation
started with the stress induced formation of martensite, then in the
Iuder's strain portion, slip in the austenite was mainly - if not entirely -
responsible for the phase transformation. Thereafter martensite formed

as the stress increased and, finally, in the almost horizontal last portion
- of the stress-strain curve, serrations appeared again. There was almost

no stress increase in this region, hence it can be assumed that this last
formation of martensite was mainly strain-induced. The importance of the
strain lies in the fact that on plastic straining of the material, peaks
of.stréss above the average stress-occur. These locélly higher stresses
cén form critical martensite nuclei, and thus induce the phase transfor-
mation.

A typical and very steep portion of the stress-strain curve at the
end of the Luder's strain seems to represent the transition from mainly
strain-induced to predominately stress-induced formation of martensite.
The stress-strain curve is very steep immediately beyond the Luder's
strain. Hence the deformation is primarily elastic during this very
short steep portion. Plastic deformation then appears to set in as a
result of the stress induced formation of martensite, and not és a
result of slip in the austenite. During the deformation and transforma-
tion within the Luder's strain portion, the easy nucleation sites are
exhausted and the remaining austenite becomes more stable (mechanical
stabilization). Then, as soon as a certain critical stfess is reached
again, the stress induced formation of martensite sets in, resulting in

a marked change of slope of the curve.
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The short but:very steep portion of the stress-strain curve reappears
in many other stféss-strain curves where there is a clearly definably
Luder;s strain. »

' The "yield strength" is higher in the 0.4% C steel than in the
O.B%.C alloy. Thisvis attributed.to the higher carbon content. Also,

the amount of Luder's strain seemed to increase with increasing carbon

-véontent. Moreover, the work—hardenihg rate at higher carbon contents

(0.4% C ;ompared.to O.B%vc) was.lowef.v This can'bé explained by ﬁhe
'greater stability of thevaustenité as a result of a higher carbon'content;
less martehsite formed per unit strain than in fhe'less stable austenite.
Mbre austeniﬁe remained to be transformed and necking was therefore
suppreéséd until a léter_stage during thektest. The high elongationv
value (more than twice as high as in the 0.3% C alloy) seemed to indicate
this.

With 0.5% C the austenite was stabilized.so muqh that the élloy was
completely éustenitic after processing. The austenite stability was
high énough to prevent a stress induced phase transformation and the
measured yield strength represented_the yiéld stréngth of the éusféniterv
(Table X). Some initial strain seemed to be required before the strain-

induced phase transformation could take place iﬁ this alloy. The amount

 of martensite formed, however, was too small to prevent necking, and
: early failure ‘of the specimen occurred. The yield strength was higher

‘than in all the other alloys because of the higher carbon content. An

increase of O;I%VC resulted in an increase in yield strength of approxi=-
mately 20,000 psi.

ii; Alloys Containing 2% Mn. Stress-strain curves of alloys with

the following carbon contentsare shown in Fig. 2b: 0, 0.1, 0.2, 0.3,
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0.4 and 0.5% C.
The alloy containing 0% C (Table I) was ferritic at room temperature
and had a stress-strain curve that was markedly different from the
stress straln curves of the alloys containing carbon. TIts yield strength
was higher than the "yield strengths" of the alloys‘containing 0.1 ¥
through 0.4 c.
With 0.1% C partial transformation to martensite occurred on cooling
from 1200°C to RT (Mf < RT < MS). The retained austenite was very unstable
and transformed readily when deformed (Table II). This high degree of in-
stability of the austenite resulted in a low "yield strength" (onset of
transfofmation) and a high work hardening rate.
With 0.2% C the stability of the austenite increased, and the Mé
and Md tempefatures were suppressed to beldw RT and 450°C, respectively.
The alloy was completely austenitic after processing. At RT, however,
stress inddced formation of martensite initiated plastic deformation
(Table‘III). The higher carbon content resulted in a higher "yield
point" as compared with the 0.1% C alloy (higher stability of the
austenite). Since the work hardening rate during the RT~test depended
on the amount of martensite formed per unit strain, it was expected that -
higher carbon contents, with their stabilizing effect on the austenite,
would result in lower strain hardening rates. This was found to:be,trug for
the alloys with 0.2, 0.3, 0.4 and 0.5% C. «
As the caibon céntent increased, the '"yield points" and Luder's
strains increased and the work hardening rates decreased.
With-0.5% C the formation of stress iﬁduced martensite was prevented
(Table VI) and the fesulting yield strength was the normal yield strength

of the austenite. Although the Ma temperature was still above RT, the
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'highly stabilized austenite did not allow a sufficient amount of martensite

to form to prevent necking at this stress level (~230,000 psi). Some
martensite formed, as was verified by magnetic measurements, and as indi-
cated by the horizontal portion of the_stress;strain curve (Fig. 2b).

Stress-induced martensite formation initiated plastic deformation

~in the alloys containing 0.1, 0.2, 0.3 and O.4% C (Tables II, III, IV

ana V){ This is shown clearly ih_Figs..Ha and'Md; At higher carbon
cohtentsronly strain induced martensiﬁe fbrmed, but not at a sufficiently
high raﬁe to imbrove ductility. It eeems that a certain minimum amount
of strain must be sustained by the austenite itself before a significant

amount of strain-induced martensite can form.

iii. Alloys Containing 3% Mn. In Fig. 2c¢ the stress-strain

‘curves of élioys with 0.2, 0.3, 0.4 and 0.5% C are shown. The stabilizing

effect of Mn on ‘the austenite is clearly evident. The alloy containing

1 0.2% C was essentially austehitic after processing and was the only one

in which plastic deformation was initiated by a stress-induced formation
of martensite, (Figs. 5a and 53, Table XI). This is evidenced in the
stress-strain eUrves.e The alloys having higher carbon contents exhibited

similar yield points and the difference between upper and lower yield

points ranged between 8000 and 10;000 psi, whereas in the 0.2% C alloy

the differenee amounted to only 4000 psi and the '"yield point," as such,

has_a_different appearance. Moreover, the difference in yleld strength

between the 0.2 and 0.5% C alloys ﬁas as large as between the 0.3 and

0.5% C elloys (B0,0CO psi), indicating that stress-induced formation of

ﬁ@rtensite resulﬁe in lowering the "yieid‘strength" of the 0.2% C alloy.
The work hardening rate was relatively low and thus it was not

surprising that many serrations appeared in the portion of the stress-

I ] ‘ _ . ) i
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strdin curve following the Iuder's strain. This seemed to indicéte that
the formaéion of martensite in that portion of the stress-strain curve was
at least partly strain induced. Once more it can be seen that the Luder's
strain portion of the stress-strain curve was followed by a very steep
but short portion, which was referred to earlier as a region where little v
plastic deformation took place. In the subsequent smooth portion the
formation of martensite was stress induced. As the slope changed, serra-
tlons appeared which wéré due mainly to strain induced bursts of trans-
formatiOn. Figures 5a and 5d show that there is no stress-induced forma-
tion of martensite initiating plastic deformation for alloys contaihing
more than 0.2% C (Tables XII, XIII, and XIV).

With 055% C the MS ana Mﬁ temperatures were lowered below RT and
450°C, respectively, so that the alloy was completely austenitic after
processing. The work hardening rate was higher than that of the aus-
tenite, resulting in a very high elongation value. Enough austenite was
retained at large strains to transform to martensite at such a rate that
necking was prevented.

With 0.4% C the critical temperatures were suppressed even more,
Although the Mﬁ was still above RT, the rate of martensite formation
was decreased to the point where necking could not be prevented beyond a
certain strain (still within the Lider's strain).

With 0.5% C the Md temperature was»lowered to épproximately.RT,‘ v @
with the result that the specimen failed at the site of incipient necking.
The work hardening rate of the austenite per se was too low at this
stress level (~230,000 psi) to compensate for any localized increase in

stress due to necking.
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b. Dry Tce Tests .

i. Alloys Containing 1% Mn. Iowering the test temperature to -78°C

decreased the stability of the austenite with respect to its transformation
to martensite even mﬁre. "As Figs. 3b and 3d sth, the onset of yielding
occurred at even lower stress le&els than-at.lOC°C>and RT. The difference
in ”yield‘§trengthf between RT and -78°C is clearly visible in Fig. 3c,
-and it can be seen that'invall féur alloys (0.2, 0.3, 0.4 and 0.5% C)
.plastic-deformation.started when streés-induced.martensite formed: The
émount'of_ﬁartensite formed pér unit strain was much larger, and thus

the strain hardening rate waS’iﬁcreased drastically (Fig. 2d4). A
negligible amount of martensite formed while cooling the specimens from
. rodm téﬁperature_to -78°C (an increase in séturation induction of less
than 0.5% was measured for the leastﬂétablevalloy).

| .The 0.2% C alloy, which was alfeady'partly,martensitic (~5O%>:. 
exhibited the same type ofIStress-stfain curve as at RT. The "yield
strenéth” was decreased because df.the lower.stability of.thé retained
austenité, The work hardéning fate'was much highér than at RT, resulting
in lower eiongation. | |

In the 0.3% C alioy, and in the o,h%,c alloy, the largest'drop in
"yield strength" was obser%ed; ‘The-work hardening rate was extremely
high and the shaﬁe of tﬁe curve waskdifferent from the stress—strain
véurve of the RT teét;: There wasno indication of a Iuder's strain and..
there were.no,serrétionéi.
In the.O.H% c alioy;vbecause of its.higher carbon coﬁtent, a highéfv

vield strength and a lower work hardening rate were found. Moreover,
there was some indication of a Luder's strain. Otherwise the same éhanges

occurred at -78°C, compared to the RT tests as was the case for the
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0.3% C alloy. No serrations occurred because the transformation took
.place so readily.

In the 0.5% C alloy, only a negligible amount of martensite formed
at the onset of yielding at RT. At -78°C, however, stress-induced
martensite initiatedlplastic deformation. A clearly definable TIuder's
strain region followed. Aléo, the very steep transition between the
horizontal‘and the steep portion of the stress strain curve is in evi-
dence. Since this alloy is the most stable of all of thé 1% Mn alloys,
its "yield strength" dropped very little, as compared to the RT-test.
Moreover, its rate of martensite formation was lowest, resulting in the
lowest work hardening rate, the highest elongation values, and longest
Luder's strain. The changes due to varying carbon contents paralleled
those observed in the room temperature tests. They were the direct
result of varying stability of the austenite.

ii. Alloys Containing 2% Mn. Figures b and 44 clearly indicate

that alloys with a carbon content between O.1 and 0.4% ¢ form stress-
induced martensite at -78°C befbfe the yield strength of the room tempera-
ture material is reached. That the alloy containing 0.5% C starts
yielding as a result of a stress-induced phase transformation too, cannot
be seen immediately by comparing the dry ice test with the 100°C test,
because the measured "yield strength" at -78°C has a higher value than

at 100°C, which could be due to the normal temperature dependence of

the yield stress. However, the increase in strength seems to be too
small to account for the temperature difference. = Figure kc clearly

shows that lowering the temperature to -78°C does not result in an ex-
pected increase in yield strength beyond the RT test value, but rather

it leads to a lower stress level at which plastic deformation sets in.
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This can only be due to stress-induced formation of martensite. The

decreased stdbility of the austenite (at -78°C) leads to a higher rate

of martensite formation which, in turn, results in a drastically increased .

-work hardening rate (Fig. 2e) compared to the corresponding room tempera-

ture test.

For the 0% C>ail§ys the stress strain curve remained eésentially
unchanged (the alloy was already ferritic at‘RT),

The O.l%.C alloy was already partly‘marfensitic at RT and so the
same type of stress strain curvévwaé obtained at -78°C, except that the
work hardening rate was substantially higher. There Was no further drop
in "yield strength" due to stress-induced formation of martensite, as
compared to RT. The "yield strength" valﬁes were about equal, indicating

that some additional martensite formed when a specimén was cooled to

_478°C. The resulting incfease in strength at the lower temperature’éom;

penéated for the greater ease with which martensite formed.

The O.E%vand 0.3% C alloys had the largest drop in "yield strength"
due to-stress;induqed fbrmatioﬁ of maftensite. They were_essentially
austenitic before the tests, and the austenite became very unstable at
-78°C. The work hardening rate of these two alloys was esséntially the

same (also in the RT tests). This was due to the fact, that the actual

" carbon content of the "0.2% ¢" alloy was closer to 0.3% C than to 0.2% C,

so that the difference in carbon content between the two alloyswéé-only
about 0.05%. (Table.xvil)

The slightly higher carbon content, néveftheless,'led.to a higherfﬁ
"yield strength," lafger Luder's strain and higher ultimate tensile
strength. Moreover, some éigns of instability apﬁeared in the Luder's

strain portion of the stress-strain curve of the 0.3% ¢ alloy, whereas

0o , [
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this wasnot the case for the 0.2% C alloy. The greater ease with which
martensite formed in the lower carbon alloy may have been responsible
for this, as mentioned previously. Signs of instability were found at
higher carbon contents (Fig. 2e).

The O.M%.C alloy exhibited a tremendous increase in work hafdening
rate, compared to the RT tésts. The "yield strength" drop was smaller
than for the preceding two alloys because of the increased stability of
the austenite. Also, the dependence of the Luder's strain onkthé '
stability of the austenite_is clearly demonstrated. The Luder's strain
at -78°C (Fig. 2e) was only half as large as at RT (Fig. 2b). The ulti-
mate tensile strength was higher than in the lower carbon alloys.

In the 0.5% c alloy‘the stress-induced formation of martensite
lowered the "yield point" by about 12,000 psi, compared to its RT value
(Table VI). While the rate of formation of martensite at RT was too
low to compensate for the increase in stress due to necking,more marten-.
site than necessary for.high elongation values formed_during the dry ice
test. The Luder's strain was larger than for all the other (lower carbon)
éiloys, and, as expected,ithe work hardening rate was the lowest. Although
the 0.5% C alloy had the highest elongation value, optimum ductility could
be expected at temperatures between RT and ~78°C. The very steep poftion
of the stress-strain curve following the Luder's strain is very much
in evidence aéain, In . all the dry-ice test curves signs of instability

are found only in the Luder's strain portion of the curves, whereas at

-«

RT, serrations appear also in the steeper section following the Luder's
strain. There is evidence that stress-induced martensite forms continuously
with increasing étress, while strain-induced martensite forms inter-

mittently resulting in bursts of martensite which, in turn, cause the
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serrations. . Strain, either as the result of the formation of martensite

~

- or of the slip mode of deformation is assumed to affect the stress

conditions so that local peaks of stress may be formed, activating some

martensite embryos (4). In other words, strain-induced stress peaks

(stress peaks, higher than the «average stress in the material meassured
over the cross-section of the specimen), léd?to formation of martensite
which is referred to as strain-induced.

iii. Alloys Containing 3% Mn. Figure 2f shows the Stress-strain

* curves of the alloys containing 0.2; 0.3, 0.4 and 0.5% C. A comparison

with the lOO°C_tests (Figs. 5b and 5d) indicates that plastic deformation
seeﬁs to be initiated by stfess-induced fbrmation of.martensite in the
first‘three_alloys. The 0.5% C alloy, however, was stable with respect
tb.a phase‘transféfmation—induced onset of‘yielding at 100°C and RT,

but became unstable at -78°C. There was a drop of about 7000 psi in
"yield pbintﬁ compared to.RT. Thus, all alloys started‘defofming as a .
result 6f stress-inducéd‘formation éf martensite (Figs. 5c and 5d).- As
in the dry ice feéts'of the alloys containing less manganese, the wofk

hardening rate was markedly increased, leading to higher ultimate tensile

strengths; the Luder's strain was decreased. Due to the higher rate of

formation of martensite, the elongation-values_dropped for the alloYs that
formed a sufficient amount .of martensite at RT and increased for the more

stable alloys whose work hardening rate was too low at RT (Fig. 2c).

- Again, no serrations were observed beyond the Luder's strain portion of -

the stress-strain curve, (Fig. 2f).
The 0.2% C alloy showed the largest drop in "yield point™ due to its
low austenite stability at -78°C, its work hardening rate was the highest

for the same reason (Table XI).
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The 0.3% C alloy exhibited a clearly defined Iuder's strain with a
marked, very steep transition to the steeper portion of the stress strain
curve (Fig. 2f).

In the 0.4% C alloy, the increased formation of martensite resulted
in an elongation value twice as large'as in the RT tests (Table XIII).

In the 0.5% C alloy, the tremendous contribution of the Luder's
strain to the total strain resulted in a 10 fold increase in elongation
for this alloy at -78°C compared to RT (Table XIV). The very sharp
change in slope after the steep transition portion following the Luder's
strain can be explained by a renewed onset of plastic deformation. As
previously indicated, the very steep portion is probably due mainly to
elastic deformation. The sudden change in slope is to be expe;ted as
soon as the stress reaches a high enough value to induce fufther formation
of martensite. Since no serrations occurred, deformation of martensite
can be looked upon as the predominant mode of plastic deformation. Slip
in the austenite still may have taken place locally as a result of the
formation of martensite. Serrations occurred’whén the formation.of
martensite bécaﬁe moré difficult, i.e. when there was more compétition
between the general slip mode of deformation and the formation of marten-
site. Martensite formed as a result of stress concentrations produced by.
the slip in the austenite.

Figure 6a shows that the ILuder's strain increased approximately

linearly with increasing carbon content.



23

2. Variation of MnQContents at Given C-Contents

a. Room Tempefature Tests

i. Alloys Containing O.Q%vC. Figuré Ta shows the marked effect of
. managenese on the auéténite'stability. 1% Mn wés“foo 1little ‘to suppréss
the N% temperafure>to below RT. Approximately 50% of the austenite
transformed to martensite on cooling from léOQ°C-to RT. The retained
austenite, nowever, was vgry‘unstable with'respect to deformation and
étarﬁéd_yielding as a result of stress-induced'formation of martensitev
at a stress-level about 60,000 psi lower than at 100°C (Table VII). The
Shape of the stress-strain curve was clearly different from the essen-
tially austenitic alloys containing 2 and.5% M, There was no "Yield
boint“.and no Luder's strain;:nqrvwere there any éefraﬁions.

The 2% Mn alloy was sufficiently stabilized so that no transforma- _
tion took nlace upon éooling from 1200°C to RT. The dfop in yield stréngth
due fo stress-induced férmation of martsnsite wasvébOut 40,000 psi (Table
iil)(nbmpared'td 6Q,ooo psi for 1% Mn). The higher stability of the
_éustenite'due td'an_increase'in managenese was also revealed in a lower
work_hérdening rate and a highervelongatiqnvvalne, bnth being due to a
lower rate of martensite formation. Serrations appeared,_especially
in tne second half of ﬁhé stress-strain curve when the formation of mar-
tensite beéamé more difficult..” | ’

The stress-strain cnrne for the 3% Mn'ailoy,shoned_a:narked Luder's
strain region, a lower work hardening faté-and a higher élonéation value
than the 2% Mn alloy. The indreased stability of the austenite was fuffher
.indicnted by the higner_"yield strength. " Although plastic deformation
was -still initiated by sﬁréss-induced‘formationvdf.martensite, the |

difference in "yield strength" between the RT and the 100°C test was only



2L

about 10,000 psi (Table XI). Serrations are in evidence in the Luder's

strain portion of the stress-strain curve as well as in the following

steeper region. The sharp transition at the end of the Luder's strain "
is clearly visible and followed by a small smooth portion of the curve
before serrations indicate the increased influence of strain on the forma-
tion of martensite. The fact that serrations appear earlier in the test
than in the preceding (2% Mn) alloy is due to the higher austenite
stability.(formation of martensite is more difficult).

ii. Alloys Containing 0.4% C. As a results of the higher carbon

content (0.4% C compared to 0.2% C) the 1% Mn alloy was essentially
‘austenitic before the test, but it started forming stress-induced mérten-
site when pulled. The "yield strength” at RT was about 40,000 psi below
that at 100°C (Table IX). The 1% Mn alloy had the lowest "yield point"
of the 5 alloys shown in Fig. b, but ended up with the highest ultimate
tensile_strength; This was expected, because it was the least stable

of the three alloys.

Increasing the manganese content to 2% led to a Luder's strain
twice as long as in the 1% Mn alloy (Fig. Tb). The increased stability
of the ausfénite affected the mechanical behavior and properties in
the way previously discusséd. Yielding was still initiated by a very
small amount of stress induced martensite ("yield strengths'" at RT and
100°C were equal);(Table V);

The 3% Mn alloy was stabilized so much that the rate of martensite
formation was too low to compensate for the increase in stress due to a
decreasing cross sectional area. The specimen failed after a certain
amount of strain (still in the Iuder's strain region). The measured

yield point represented the stress at which the austenite started yielding
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(Table XIII). The yield point itself had a different appearance (Fig; ).

iii. Alloys CGontaining 0;5% C. The 1% Mn alloy still started de-

- forming plastically as a result of stress-induced formation of martensite.

The rate- at which this hard martensitg forms_were, however, too low to 
lead to high elongation values (Fig._7¢, Table x),

Figuré Te shows,théf the austenite of thé 2% Mn alioys was not com-
plgtely stable with respect to_defbrmation. Small amoﬁnts'of martensite
formed, aé indicated by fhe horizontai portion following the yield
point (of the austenite) (Taﬁle VI). 'Thié'wés also verified by mégﬁetic
measurements. | . -

The 3% Mn alloy, and the one containing 4% Mn, were so stable

(Ma‘< RT) that the specimens failed at the site of incipient necking.

b. Dry Ice Tésts

i, Alloys Containing 0.2% C. All three alloys started yielding as

a result of stress-induced formation of martensite. Due to the decreased

stability of the austenite, the work hardening rate was increased

: drastically, leading to different stress-strain curves for the alloys

- containing o and 3% Mn. The type of the'stress-stfain curve of the 1%

Ma alloy did not change (as compared to the RT—curve)'because the alloy

- was already 50% martensité before the test. The Luder's'strain portion

of the other two alloys (2 and 3% Mn) was reduced and their ultimate ten-
siievstrength increasedISignificantly (Tables III and XI). Figure 7d
exhibits the effect of mahganese on the stability of the austenite very

clearly.

ii, Alloys Containing 0.4% C. In cdntrast to the two austenitic

(2 and 3% Mn) alloys containing 0.2% C, where the "yield points" were

closer together at -78°C than at RT, (Figs. T7a, and 7d; Tables III and XI)
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the alloys containing 0.4% C had their 'yield points™ at more sepaiated
stress levels at -78°C than at RT (Figs. Tb and Te). ‘This did not |
change for both cases at -196°C (Tebles V and XIII). All three alloys
started yielding due to stress induced formation of martensite. The "yield
strength" velues at -78°C as compared to RT decreased accordihg to the #
relative austenite stability of the alloys: ~50,000 psi for the 1% Mn
alloy , ~25,000 psi for the alloy eontaining 2% Mn, and ~15,000 psi for
the alloy with 3% Mn, (Tables V, X and XIII). The 3% Mn alloy, which did
not form enough martensite at RT, had the highest elongation value at
-78°C. TFigure Te illustrates the effect of varying Mn contents on the
"yield strength," ultimate tensile strength, the work hardening rate,

the Luder's strain and the total elongation. All these quantities are
interrelated and depend actually on the degree of stability of the
austenite. Figure 6b shows that the Luder's strdin increased linearly
with increasing manganese content (increasing.stability of the austenite).

iii. Alloys Containing 0.5% C. Plastic deformation started in all

alloys except the 4% Mn alloy as a result of the stress-induced formation _

of martensite (note the different appearance of the "i% Mn" yield point

in Fig. 7f). The usual changee in the stress=strain curves occurred due

to the decreased stability of the austenite at lower temperatures. The

alloys contaiﬁing 1 and 2% Mn exhibited a smaller difference in work-

hardening rate and Luder's strain than one would expect on the basis of ’
the other results (0.2 and 0.4% C). This is due to the fact that the

1% Mn alloy contained about 1% more Cr and about 0.05%_more C than the

2% Mn alloy, according to the chemical analysis (Table XVII). Since both

chromium and carbon increase the austenite stability with respect to

plastic deformation, the effect of the 1% Mn difference was almost
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compensatéd fbf;

Thé ailoy éonﬁaining 4% Mn was close tb the optimum test témperature
at -78°C (Table XV). It seems as if the total strain can be looked upon
as ILuder's strain,.which would agree well with the fact that the Luder's

strain and elongation increase with increasing austenite stability (ob-

~ tained by additions of C and Mn). 'This relationship holds up to a

‘certain value of elongation.
. |

B. The Effects of Varying Reductions in Thickness at 450°C on the
Tensile Properties of a Metastable Austenitic Stainless Steel

1. Alloys With 2% Mn and C Contents Varying From O to 0.5%

a. Room Temperature Tests

The 0.0%:C alloy was completely ferritic'after cooling from the
austgnitizing temperature (1200°C) to RT. Since no carbidés'cbuld fdrm
daring rolling at 450°C,‘and because no phase_tfanéformafibn could take
placévduring ﬁhe test, the difference in stress strain cﬁrves (Fig. 8a)

was due only to the varying reductions in thickness (Table I). All speci-

mens failed at the site of incipient necking.

In the 0.1% C-alloy the austenite was more Stable; resulting
in only a partial.transformation to martensite on cooling from 1200°C to

RT. The retained austenite was very unstable with respect to elastic

"stfesses and plastic deformation. Stress-induced formation of martensite

iﬁitiatéd yielding and led to markedly iower-"yield strength," compafed
to the alloy without carbon wheie no phase transformation took place.
There was a very small difference in "yield strengths"” for thé various
émounts of prior'deformétion (Fig._8b;'Table II), 'This indicated that
for a low austenite stability fhe "yield strength" éannot be raised

drastically by large amounts of prior deformation at temperatures above



28~

' M,. An increase in reduction in thickness from 20% fo 80% results in
an increase in "yield strength" of only 30,000 psi.

‘Thermomechanical treatment seems‘to affect the mechanical properties
of highly uhstable austenite more by its effect on the stability of the
austenite rather than by the change in dislocation density and the micro- » 4
structure per se.

The effects ofithermomechanical treaﬁment on the stébility of
austenite are manifold. Small amounts of prior plastic deformation have
been found to stimulate the formation of martensite, whereas large reduc-
tions in thickness increase the stability of the austenite. If this
effect had played a dominant role in the above alloy, a larger difference-
in "yield.strengths" would be expected. On the other hand, largef
reductions in thickness require more time, i.e. the material being
rolled is held for a longer time at a given temperature (450°C), allowing
more time for diffusion and precipitation. Moreover, a greater amount of
- plastic deformation provides for more nucleation sites for the cafbide
precipitatés. Precipitatién of carbides leads to a depletion of alloying
elements in the matrix which in turn renders the austenite less stable.
This last effect would tend to bring the respective "yield strengths”
éloser together. |
(A reduction in thickness of 80% required three times as‘much time

aé a reduction of 60% for this alloy (partly'martensitic). Samples reduced .
by 60, 40 and 20% were held for the same time at the rolling temperature. )
Althbugh Fig. &b indicates.that the latter effect seems to be predominate,

the respective magnitﬁde of both effects depends on the degree. of
austenite instability and was not investigated.

The low stability of the austenite was further underlined by the
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relatively high work hardening rate compared to alloys contaihing more
carbon (Figs. 80.through 8f), The work hardening raté of the specimen
reduced by 60% was greateéf, followed by that of the specimen reduced by
Lok, The specimens reduced by 80 and 20% exhibitéd similar work hardening

rates. This-indicated that there must be a maximum with respect to the

- stimulation of the formétion of martensite due to prior deformation

between 80 and 20% reduction in thickness (¥for this alloy).

| Serrations appeared in the last portion of the stress strain curve
much earlier, i.e. at lower strains, for thé specimens reduced by_60,
4O and 20% ﬁhan for thebspecimen reduced by 80%. This could not Ee due
to different Stfess levels, since there was practically no difference
in stress_between the specimens reduced by 60 and 80%, at that strain.
Thus, it had to be due to the diffefence in prior deformation or due to
the longer time the 80% sample was held at 450°C. In order to investi-
gaté this, a‘specimen with 60% reductién in thickness was held at M50°C
for 80 minutes so that its tbtal time at ks50°C _(2_ hrs) was exactly the
ééme as needed.to reduce a sample 80% at 450°C., The following results
wefe obtaiﬁed: Stress induced formation of martensite ihitiated piastic
deformation at the same sfress level as for the untempered specimen.

The work hardening rate was, however, dramatically increased and corre-

sponded to the work hardening rate of the untempered specimen at -78°C.

The increased work hardening rate resulted in a higher tensile stress

(260,000 vs 240,000 psi) and a lower elongation value (11.2 vs 16.3%).

The microstructures of the tempered and the untempered specimens are shown

in Figs. 28a and b. No serrations whatsoever appeared in the stress-

strain curve, indicating that serrations are directly related to the

_stability of the austenite which can be strongly affected by thermo-
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mechanical treatments.

The above results show that extremely high work hardening rates can
be obtained at RT if proper thermomechanical treatments are employed.
The fact that the high work hardening rates obtained at ;78°C (in this
alloy system) can be procured at RT has the additional advantage that @
ét RT there will not be the drop in "yield strength" characteristic
of the lower temperatures.

By varying the time of tempering a wide range of work hardening
rates could be achieved with only one alloy (having the same thermo-
mechanical history).

The presence of 0.2% C prevented the formation of martensite on
cooling to RT (Mg < RT). At room temperature, however, the austenite was
go unstable that. plastic’deformation started as. a result of the stress
induced formation of martensite (Table III). The higher stability of the
austenite in this alloy compared to the 0.1% C al;oy'was.apparent in the
marked difference in "yield strengths" betweén the specimens that under-
went a reduction in thickness of 20, 40 and 60%. The difference was about
30,000 psi, respectively, (Fig. 8c). Another indication for the increased
stability as a result of higher C content was the lower work hardening
rate. The most interesting feature in Fig. 8c is that the "yield strength”
of the specimen reduced by 80% is lower than that of the specimen reduced
by 60%. This is especially striking becduse there was a:clear effect of
“the amount of prior deformation on the "yield strength" up to 60% reduc-
tion in thickness. The deviation in the 80% reduced‘specimen must be due
to the fact that a.reduction in thickness of 80% required twice as much
time (1 hr vs. 30 min) as thatvof 60%. For previously stated reasons

this results in a lower alloying element content of the matrix (less Cr,




._51;
Mn and C) and thus a less stable austenite. Despite a higher amount of

prior deformation, less stress was required to initiate the phase trans-

’formation. Because martensite formed more readily, the work hardening rate

‘was much higher. This resulted in a'significantly higher tensile strength

for the 80% than for the 60% reduced specimen.

The diffefence in strain hardening rate was mainly due to the larger

~amount of martensite forming per unit strain and not due to a larger

¢ '
!

amdUnt:(longer time at 450°C) and finer distribution (higher reduction

“in thickness) of carbide precipitates; This will be shown with thé

help-of the fesults from.a higher carbon alloy;

The strain hardeningvrate was decreased in the following sequence,

- 80, 20, 40 and 60% reduction in thickness. Since the samples reduced by

20, 40 and 60% were held for the same length of time at MSO°C, increasing
amounts of pléstic deformation seem to increase the stability of the
austenite. Highér stability of the austenite resulted in lower strain

hardening réte'_s independent of which way the austenite stability had

. been enhanced.

As a result of its inhomogeneous nature, piastic deformétion tends

“to "subdivide" the.gréins into smaller units and, thus, effectively

H

rovides a finer "grain size."™ A fine grain size, however, decreases
_ & . P) P)

the average size of a martensite plate formed from a given embryo (k).

‘The volume of martensité per activated embryo is therefore expected to-

decrease with increasing ﬁlastic deformation. .

This mechanicai stébiliZation of the_éustenite could wéli be thev.
dominating effect, overriding the influence of more intensive precipita-
tion due to-a greater“number éf nucleafion sites_fbrméd as a result of‘

larger amounts of plastic deformation. (Depletion of the matrix of -
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alloying elements renders austenite less stable, this ieads to .a higher
strain hardening rate.)

All stress-strain curves in Fig. 8c exhibit serrations. TFor the
sample with the smallest amount of prior deformation (20%) the curve is
first smooth, then after a certain strain serrations appeared in increasing 4
frequency and amplitude. The same behavior was displayed by the sample
that was reduced HO% in thickness except that serrations appeared néar
the beginning of the test. 60% reduction in thickness resulted in very’
many serrations at the beginning of the test. Thereafter the frequency
decreased, whereas the amplitﬁde of the sérration'increased. The stress
strain curve of the most severely deformed specimen (80%) showed some
signs of instability at the beginning, but then became smooth as the
strain hardening rate increased due to ready formation of martensite.
After all the easy nucleation.sites had become exhausted, serrations
occurred in the last portion of the stress-strain curve.

The larger serratioﬁs have to occur at the end of thevtest when the
stress is higher. Higher stress results in a larger amount of marten-
site (19). Martensite causes the volume to inerease and this causes a
momentary load drop. The drop in load 1s the larger the more martensite
forms per burst. Large serrations are always separated from one another
by a certain amount of strain. The accompanying work hardening provides
the necessary higher stress for a martensite embryo to become a critical .
nucleus. If there are no small serrations visible betweeﬁ large ones
near the end of the test, it can be assuméd that no transformation takes
place between these.bursts. This would agree with the observation made
regarding the strain hardening rate of the sample with 60% reduction in

thickness (Fig. 8c). Its work hardening rate was the lowest. Although
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large serrations afe due to tﬁe fbrmetion of‘é large amount of martensite,
ﬁhe serrations were~widely separated.and'thusjleSS'martensife formed on

the average than in the saﬁples'that had'. been reduced 20 and L0%, whieh ex-
hibited twice or three.times the numbers of serrations. These latter
‘samples .hadigﬁhigher work hardening rate'fhan the former due to formaf

tion of iore martensite per ﬁnit strain.

The stress-strain curvesefOT the 0.5% c elldy shown in Fig, 84
are similaf to those given in Fig. 8c. The reason for this is that the
'compositiens of these two‘alloys were,notsfoo differenf with respect to
the austenite stability. Chemicai.analysis showed that the car5on cententv
of this (0.3% C) alloy was only about 0.05% higher than in the preceding
(0.2% C) alloy, and that the eff‘ect' of the highér carbon content was
ﬁartlysneutralized by’a lower'Cr'content_(é.B% vs. 10.7%) (fable XVII);
Nohetheless, the stability of the austenite was slightly increased, as can
‘be seen from the'lewer strain hardening rate of the materials_ﬁifh 80
aﬁd EO%rreduction-in thickness (Fig. 8d) compared to the'corfesponding
samples of the preceding (0.2% C) alloy (Fig. 8c). - Mbreovef, the "yield
p01nt" of the materlal with 80% prior defbrmatlon was hlgher than the

yleld strength" of the specimen with 60% prior deformatlon, which was not
the case in the preceding alloyi This is another 1ndieatlon of a small
increase in austenite stability. ePlastic deformation started es ae
result of stressfiﬁduced formation of martensite at stress levels that:
hardly differed'from'those'of the preceding alloys (Table IV);

Only the sample with 80% prior deformatlon exhlblted a marked yleld
point. The stress strain curves of the other samples showed a smooth
portion before serrations appeared. This smooth portion"was most llkely
due to stress—induced formation of martensite (using up the sites ef

easy nucleation). The extent of the smooth portion increased with
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decreasing amounts of prior deformation. It should not be implied that
a smooth curve always indicates a stress-induced formation of martensite,
but rather that if martensite forms it is most likely stress-induced. If
one compares for instance the stress-strain curves of samples with 20%
prior deformation of this alloy (0.3% C) and of the preceding alloy
(0.2% C) in Fig. 84 and 8c, respectively, it seems evident that the
larger extent of the smooth portion of the curve for the higher carbon
alloy is due to a greater>contribution of the slip mode of deformation in
the austenite to the total deformation. This seemed to be confirmed in
the following alloy (0.4% C), where the stress-strain curve of the sémple
- with 20% reduction in thickness did not show any sharp serration (Fig. 8e).
(The increased stability of the austenite caused slip to be the pre-
dominate mode of deformation.) Moreover, the markedly lower strain
hardening rate in the 0.3% C alloy compared to the 0.3% C alloy indicated
that less martensite formed.

The specimens with a prior reduction in thickness of 40 and 6Q%
did not show any change in work hardening rate compéred to the lower
carbon alloy (0.2% C). Since all four specimens to be compared (L40%,
60% in Figs.v 8c and 8d) had been held for the same length of time (30
min) at L450°C, the higher carbon content (greater supersaturation) may
have led to a larger amount of carbide precipitation. Even 1f more
carbon (than in the lower carbon alloy) had been retained in solution,
a greater amount of fine precipitates would have removed some of the
alloying elemeﬁts (Cr, Mn) and thus may ha&e cancelled the éffect of a
slightly increased carbon content. Although the strain hardening rate
of the specimen with 80% prior deformation was slightly lower than for the

preceding alloy, it was markedly higher than for the specimens of the
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same alloy Subjeétéd to smaller amount of redﬁction in thickness. The
reason for thié,-as already explained previously, lies in the lower
stability of the austenife dué to mofe extensive alloy carbide precipita-
~tion (longer time at 450°C: 50 _{rs 30 min). | o
The stress-strain curves for the 0.4% C steel in Fig. 8e clearly
show the marked incfease in austenite stability'as feflected in higher
~yield strengths and lower work hardeniﬁg raﬁes, compared with the two
preceding alloys. 'The yield strengfhs of the sampléé with reductions in
" thickness of 20, 40 aﬁd 80% were inéreased by approximately 30,000 psi
~respectively over the values obtainedvfor the 0.2 and 0.3% C alloys.
Thé'incréase in yield strength of the specimen with 60% p?idr Heformétion
was léss than 10,000 psi and also its work hardéning rate changed only
slightly, as is expected, since both»depended on the stability of the
austenife.-.Thevémaller change in austenite stability for»the:sample with
60% feduetion in thicknéss must be explained by the effect of thermo-
mechanical fréatmént on the precipitation process, and thus onlthe’
stability of the austenite. Compared with the precedinhg alloys, the
specimen reduéed 60, 40 and 20% were held 10 minutes longer at 450°C
(40 vs. 30 miﬁ), which may have had differeﬁt effecfs for differeﬁt  B
amounts of prior deformation. Moreover, compositioh variétions within
én‘alloy afe likely to have eXisted, alﬁhough efforts had been made to
keep &ariations at a minimum. » |
A comparison with tests at 100°C (Table V) indicates that plastic

deformation aﬁ RT may étill'be initiated by a stress-induced formation
of martensite. However, the stress level at whichvyielding started was

' very close to the expected yield strength of the austenite.
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Besides the fact that the yield étrengths of the samples reduced by
80 and by 60% had clearly separated stress levels (198,000 vs 166,000 psi),
the most striking difference with respect to the two preceding alloys was
that there waé practically no difference in strain hardening rate between
these two samples, whereas in the preceding alloys the strain hardening
rate for the sample with 80% prior deformation was significantly higher
than for all the other specimens having lesser amounts of reduction in
thickness.

Since the present alloy (0,4% C) had a higher carbon content, and
because a reduction in thickness of 80% at 450°C required the same time
as for the preceding alloys, the higher work hardening rate for specimens
of iower carbon alloys (0.2% and 0.3% C) subjected to the above thermo-
mechanical treatment (80%, 450°C) must be due to a lower stability of
the austenite and not due to precipitation hardening. (This could
have been responsible for the difference in strain hardening rate between
samples of 80 and 60% prior deformation. Almost twice as much time
(at 450°C) was needed to reduce a specimen 80% as is required for a 60%
reduction in thickness.)

The higher carbon content should have resulted in a higher work
hardening rate if the work hardening rate of this alloy were sig-
nificantly affected by precipitation hardening. This was not the case.
Also, the strain hardening rate of this alloy was lower than those
-of lower carbon content. |

As found for the other alloys, the stresé strain curves exhibited
serrations: The first occurrence of these serrations was shifted to
larger strainsvwith decreasing prior deformation (for samples held

for the same time at 450°C). The sample with only 20% prior deformation
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had a siress—stfain curve without any.sharp serrations; there were, hbwever,
some signs of instability toward the end of the test. The 40 and 60%
reduction in thickness specimens had serrations. The amplitude of the
serrations increased, while their frgquency decreased, with increasing
strain (for the_réasons discuésed previously). ‘, |

The samp1é with 80% prior deformatibn had a stress”st?ain curve with
only a few instabilities_in.the Luder's straih region. Thereaffer many
sharp serrations appeared. The pattern was similar to those described above.
fbr samples of_MO and 60% reduction in thickness (Fig. 8¢). Only the
samplgs that haVe been reduced 80% showed a ciearly definable: ILuder's
strain region in their stress stréin'curves at RT.

v Figure 8f; for the 6.5% C alloy, shows the stress strain curves .
characteristic of a'highly stabilized_austeniﬁe. The measured yield'strength
vaiues répreseﬁt'ﬁhe yield strength of the austenite. The Md-témperature
‘was slightly abové RT (RT»<_M& < 100°C), and thus some martensite formed
 during the test. The rate of martenéite formation was, howéver, too low
to prevent failufe at the site of incipient necking. The elongation values
decrease with increasing‘amount of pripr deformation. (This holds'only
for the samples that had been held for the same time at 450°C,) 80%
reduction in thickness at 450°C required about twice as much time as 60%
réduction and there was ﬁore time for precipitation té'océur._ The resulting
depdetion of the matfix of alloying elément_rendered the austenite less
stable. This léd-to a slightly iﬁpro&ed.ductility over the 60% reduced
. sample. The small amount of martensite which_formed helped the»material.
to recover after yieidihg; as indicated by the horizontal portion of the
_stresé'strain'curve-followingvthe yield point, but it is not sufficient

to sustain large strains. This was the only alloy (of this series) in
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which the effect of prior deformation on the yield strengthwas not
modified by a phase transformation (Fig. 9). ~ Figure 10 shows that the
effect of prior deformation was the greater the higher the carbon content

(i.e., the higher the austenite stability).

@

b. Dry Ice Tests

Since the 0% C alloy was ferritic at RT, there was no phase trans-
formation that could alter the shape or the type of the stress-strain
curves (Fig. 1la). The yield strength values were higher than at room
temperature, as was expected, on account of the temperature dependence
of the dislocation mobility.

In the partly martensitic 0.1% C alloy, the retained sustenite
‘ waé so unstable that the amount of prior deformation did not seem to play
a role as long as all Specimens were held for the same time at 450°C.

Internal stresses set up by non-uniform deformation during processing or
~while the specimens were being cut, in addition to non-uniaxial stresses
originating from the applied load affected the yield strength tremendously.
They adided in bringingabout the transformation to martensite at a much
1o@er externally measured (average) stress than anticipated.

Tﬁe increased instability of the austenite at f78°C resulted in a
lower stress necessary to initiate plastic deformation through the
formation of martensite. The "yieldvstrengths" measured  for the specimens
ﬁith.a prior deformation of 60 and 40% were lower than for the specimen o
with only 20% reduction in thickness (Fig. 1lb, Table II). While the
yiéld strengths of the samples reduced 60 and MO% were abouf 30,000
to 40,000 psi lower at -78°C than at‘RT, the yield strengths for the
other two samples (80 and 20% reduction in thickness) hardly changed as

a result of the change in test temperature.
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It is noted that the strain hardenlng rates of the samples reduced
80 and 20% were about equal at RT, and that the strain hardening rates

of the other samples were higher and increased in following order accord-

ing to the thermomechanical treatment: L40%, 450°C; 60%, 450°C.

Since the -work hardening rate can be taken as a measure of the

stability of the austeriite in such an alloy system, it is not surprising

_that the samples'with the higher stability.at RT had a higher yield

strength at -78°C than the less stable samples of the same alloy irre-

spectlve of the amount of prior deformatlon. The amount of prior deforma-

-tion, however, was reflected in the tensile strength values (Fig. 11b).

The work hardening rate of all_the'sempleskwes strongly increased‘as
compared to RT.: The rate decreased.with respect to the pre-test treatment
in the following order: 40%,'60%, 80% and éO%‘reduction in thickness at
M50°C. At -78°C martensite formed.so resdilyaas'thewstress increased that
no serrations eppeared»invthe“stressfstrain~curves.

The stress strain curves for the 0. 2% ¢ alloy in Fig. lic show a

' marked decrease in yield strengths and a drastlc increase in work hardenlng

rate as compared to those obtalned at RT. The_dlfference between the

‘highest and lowest yield strength at RT (Fig. 8c) was about 70,000 psi,

~ whereas this difference amounted to only about 30,000 psi at -78°C

(Table III)r

‘As prev1ously mentloned the effect of dlfferent thermomechanlcal
treatments on the yleld strength was enhanced as the stablllty of the
austenite 1ncreased. In other words, the dlfference between the hlghest

and lowest yleld strength value at room temperature should be larger than

for the same samples (of different thermomechanical treatments) at -78°C.

 If'the austenite stability is increased by alloying, the difference in
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yield strength for a given temperature should increase as the alloying
element content 1s increased. This holds for the alloy system investigated.

In the alloy containing 0.2% C (Fig. 1lc) the work hardening rates
of the samples with 80 and 60% prior deformation were the highest (at -78°C),
and about equal, followed by the work hardening rates of the specimens
with 40 and 20% reduction in thickness. The stress level of the tensile
strength depended on the austénite stability (higher when less stable),
whereas the difference in tensile strength between the various samples
due to different amounts of prior reduction in thickness seemed to bé
little affected by the stability of the austenite.

The stress-strain curves for the 0.3% C alloy in Fig. 11d show a
strongly increased work hardening rate compared to the work hardening rates
obtained in RT tests (Fig. 8d). The "yield strengths" were significanﬁly
decreased for the specimens with 80, 60 and 40% prior deformation, namely
" by about 40,000, 65,000 and 30,000 psi, respectively. The "yield strength"
of the specimen with a reduction in thickness of only 20% did not change
as compared to the RT "yield strength." fhe fact that the work hardening
rate for a specimen with such a treatment was the lowest of all the
specimens at RT (i.e. the austenite stability was highest), and that the
saturation induction obtained from magnetic measuréments increased 12% due
to some formation of martensite during cooling to the test temperature
(-78°c), seeméd not to be a sufficient reason to account for the fact
that there was no change in yield strength. Additional tests run with
specimens of the same material and with the same thermomechaﬁical treat-
ment revealed that some yield strength,valueé were as much as 25,000 psi
lower at -73°C. This indicated how sensitively the mechanical properties

depend on the austenite stability, and upon other factors which are
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d‘ifficult to control like internalb stresses, and small deviations in
) thiékness'and width of the gage section of the specimens, etc.
'Although'séme.tést results indicafed4otherwise,.the &ield strength
was generally. shifted to markédly lowér values as the test temperature was
- _ ' lowered from RT to -78°C.  The difference in_stresé levels at which yiélding
| occurred for fhe'Various thermomechanical treatments was strangely reversed
| . . by a change in test'temperaﬁures. |
| "At RT the yield strengths of the'speciméns with a prior reduction in
thickness of 20, 40 and 60%were clearly separated (difference of 35;OOO'tb
IHO,OOO psi) whereas the specimens with 80% prior deformation yielded at a
 stress level less than 10,000 psi higher than that of the 60% deformed
specimen (Fig; 8d). v> | | |
_ At -78°C just thevreVersé tbok place. The specimenwith 80% prior
défofmation yielded atfa stress about 35,000 psi higher than the.specimen
Witﬁ 60% reduction in thickness. The yield strength of the latter speci-
men and the ones for the samples with 20 and 40% prior deformation'werev
rseparated by only 5,000 pgi,.respectively (Fig; 114). Invgeneral, the
yiela stfengtﬁ values for different thermomechaﬁical treatmehts differ
less the higher the instability of the austenite, as was pointed out
éarlié14 " The amount of martensite that forms auring cooling té the re-
spective test temperétures has a major infiuence on the yield stréngthf
T o Maéﬁetic measurgﬁents'revéaled fhat the,amounﬁ of martensite that formed
during cooling was no£ the same for.different thermpmechanical treatments.
'Thé spegimen with 80% reduction in thiékness.was.the least stable at ﬁT,
as verified by the.relaﬁively low yield point . 'Mbré marﬁensite:formedv
dﬁringVCOSJing to -78°C than in the other specimens. This higher pre-

tont murlonsite content was, .in part, responsible for the "yield strength"
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The austenite of the specimen with 80% reduction in thickness remained
the least stable of all, at least with respect to plastic deformation, as
verified by the high work hardening rate (Fig. 11d). The work hardening
rates of the specimens with other thermomechanical treatments were lower
and decreased in following order: 60, 40 and 20% reduction in thickness
at 450°C.

The question as to why the stress strain curves of the preceding
alloy in Fig. 1llc do not display the same pattern as.in Fig., 114,
although their curves compared very nicely at RT in Fig. 8c and 8d, re-
spectively, can be explained by the relative difference in the instability v
of the austenite “.due to different compositions. The difference in
austenite stability between two alloys at RT may be less than at -78°C.

At any rate, the effect of austenite stability difference on the mechanical
properties will bevaltered by a change in temperature.

Fracture was not preceded by necking in specimens with only 20 and 40%
prior deformation, and there were no serrations in the stress strain
curves before the maximum load was reached. This indicates that there may
be a critical amouht of prior deformation above which more martensite
nuclei can be made available by plastic deformation during the test.

The stress strain curves for thé 0.4% C steel in Fig. 1lle show the
expected changes resulting from a decrease in test temperature as compared
to the RT results, 1l.e. higher work hardening rates, lower yield strengths,
lower elongation values, and a smaller difference between the highest
and lowest yield strength (reduced effect of prior deformation).

The specimen with 80% reduction in thickness had a markedly higher

yield point than the specimens with different thermomechanical treatments.
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This was also dbserved in the.preceding alloy and was due to the facf that
the speCimen with 60% reduction in thickness experienced by far the
highest decrease in yield strength due to a lower testing temperature
(-78°C compared to RT, Table V). This kind of behavior was found with
all alioys froﬁ 0.1 through O.h% C. The alloy'ccntaining no carbon was
already fully transformed to ferrite and in the alloy with 0.5% C the
austenite has too stable to allow such drastic changes.'

The maximum difference in yield strength between RT and -78°C was
obtained for the alloy containing 0.3% C. The drop in yield strength for
the specimens with 60% prior deformation was on the average 20,000 psi
greater than for the specimens of other thermomechanical treatments.

This particular amount of prior deformation must affect the stability

of the ausﬁenite with respect to the stress-induced formation of martensite,
either thrcugh the dislocaticn networh as such or by its effect on the
precipitationjprocess. |

In this (0.4 C) alloy the yield strength values for 60 and L0%
reductionvih thickness were identicai; The difference'in thermomechanical
treatment.became, however, evident in the work hardehihg‘rates and ten-
sile'strength'values. Specimens with 80 and 60% prior deformation exhibited
the highest work hardening rates. The work hardening rates resulting from
the other treatments decreased as the amount of prior deformation decreased.
- The specimens with .only 20 and L40% prior: deformation failed without prior
necking, as in the preceding two alloys. There Were no sharp serrations,
although some signs of 1nstability'could be observed .in:the: Luder S strain
) portions of the stress strain curves.

The stress strain curves for the 0.5% C steel in Fig. llf clearly

show the lower stability of the. austenite in the specimen that had undergone.
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an 80% réduction in thickness at h50°C as compared to specimens with a
smaller amount of prior deformation. The reason for this, as already
explained for the RT tests results, 'is the much longer time the 80% specimen
was held at 450°¢ (75 vs 35 min).

The lower stability was indicated by the smaller Inder's strain
region and the higher work hardening rate as compared to the specimen
with 60% prior deformation. Moreover, the specimen with 80% reduction
in thickness was the only one that.had a lower yield point at -78°C than
at RT (Table VI). The higher elongation values for the 60 and 80% speci-
mens, as combared to the specimens with less prior deformation (Fig. 11f),
indicated that more martensite formed per unit strain in the specimens
withvthe larger amounfs of prior deformation.

This was expected on the basis of the results of the preceding alloys
~in which the highest work hardening rates were found for the specimens
with 80% and 60% prior deformation.

Although the specimens with 40 and 20% reduction in thickness sus-
tained larger strains than at foom temperaﬁure they failed long before
the end of the expected ILuder's strain portion of the stress-strain curve
was reached, as the specimen of the same treatment in the preceding alloys
fractureibefore necking occurred.

Other than some signs of instability in the Luder'svstrain portion of

the stress strain curve, there were no sharp serrations.

2. Alloys With 1% Mn and C Contents Varying From 0.2 to 0.5%

a) Room Temperature Tests

Since the 0.2% C amlloy was already partly transformed (~50% 'marten-
. site) after cooling from 1200°C to RT, the measured yield strength values

were relatively high (Fig. 12a). Plastic deformation was initiated by a stress-
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induced formatioﬁ of martensite (Tebie VII). fhe low stability of the
retained austenite minimized the effect of prior deformation. The
maximum and minimum yield strength were separated by only about 30,000
psi. This difference in yield strength due to prior plastic deformation
: ipcreased with increasing austenite stability to above 100,000 psi (Fig.
10). |

Although the specimehs with 60 and 80% prier.deformation had about
the eame "yiéla strengths, the work hardening rates were quite different.
The auetenite in the 80% specimen was less stable because the alloying :
content of the matrix had been.diminished during a more extensiye precipi-
tation pfocess'(about twice as long at 450°C as the 60% specimen).

The work hardehing rates decreased with decreasing amount of prior
deformation.

In the étress strain curve with the lowest work hardening rate
(20%, L450°C) a few small serrations appeared. The formation of mertensite.
became more difficult and no serrations occurred in the other curves.

The 0.3% C alley was_sufficiently stabilized so thet it remained
austenitic after cooling from 1200°C. .The resultingbstress-straih curves
(Fig. 12b), were thus markedly different from the ones for the pfeceding
v.alloy; |

The "yield.strength” values were on the average about 80,000 psi
lower than for the 0.2% C ailoy. The effect of prior reduetion in thickness
became more obvious': @ greater changes in ”yield strength"” values andf.
WOrk-hardening rates were Qbserved. Many small serrations occurred during
‘the entire test of the. specimens with 20 and MO%_prior defofmation. Iﬁf
the specimens with larger ameunts of prior deformation serrations appeared

only in the Luder's strain portion.of the stress-strain curve, thereafter
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the strain hardening rate was too high, indicating that martensite formed
very readily. The strain hardening rates fof the specimens with 80 and
- 60% reduction in thickness were approximately the same. This was presumed
to be due to the much smaller difference in time for the two treatments
(70 vs 50 min at 450°C). It usually takes about twice as much time to -
reduce a specimen 80% as is required for a 60% reduction in thickﬁess at
kso0°c. »v

Figure 126 shows a phenomenon in the 0.4% C alloy that had previously
been observed in an alloy containing 2% Mn (which had a comparable austenite
stability). While the "yield strengths" .of the specimen with 20, 40 and 60%
prior deformation were clearly separated, the yield strength of the speci-
men with a prior reduction in thickness of 80% was almost the same as-
the one for .a 60% reduced specimen (Table IX). Since the 80% specimen
was held at L450°C for 100 min as compared to 45 min for the "60%" specimen,
the'stability of the austenite decreased as a result of a diminished
alloying éontent of the matrix due'to prolonged precipitation.

The auétenite stability increased with deéreasing amounts of prior
deformation, as indicated by the respective work hardéning rates.

There was a clear effect of the amount of prior deformationvon_the
stability of the austenite, ahd thus on the rate of formation of marten-
site in this alloy. There was a certain amount of prior plastic'deforma-
tion between 4O énd 60% which affected the rate of martensite formation .
in such a Way that maximum elongation values were obtained (Fig. 12c).
Too little martensite seemed to have formed in thé specimens with 26 and
L4o%b reduction in thickness to suppress necking.

No serrations appeared in the stress strain curve for the specimen

with 20% reduction in thickness. This agreed with previous observations
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thaf serrétions disappéared for this thermomechanical treatment (20%,
M50°C)'as‘the stability of the austenite increased.

“ Remarks on the serrations as they appearea on fhe.oﬁher curves, on
- their freéuencies and on their amplitudes have been made\elsewhere;

The 0.5% carbon content increased the stability of the austenite
S0 muchvthaﬁ the stress measuréd at the onset of plastic.deformation
(whicﬂ was due to stress-induced formation of martensite) approached
the yield strength of the austenite (Table X).

- Different amounts of prior deformation had their gregtest effect‘»:
on the "yield strength' when thé tendency for a phase transformation
to occur was least (Fig. 10).

The increése in volume due to the formatién of martensite was the
greater, the higher the carbon content. The drop in load when the marten-
site formed in bursté was thus increased. The serrations in the stress
strain curve of the specimen with 80% reduétionvin thicknessk(Fig. 124)
indicated a burst-like formation of martensite at relatively low strains.
Cldse observation of the stress-strain curve of the specimen with 60%
prior deformation showed that fracture was preceded by a large drop in
load due to a transformation burst. |

" b) Dry Ice Tests

The stress-strainAcurves of the 0.2% C alléy (Fig. 13a) élearly.
showed the efféct of a léwer tést température 6n_the mechanical behévior.
The. lower stability of the austenite resulted in a lower stress being
| neéded to ihduce the formation of martensite, a higher work hardéning.»'
rate and lower eiongation values, as compared to the RT tests (Table VII).
There were no serrations.

he fact that the specimens were partly martensitic (~50%) was’
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reflected in the relatively high "yield strength." The minimum "yield
strength" value was about 25,000 psi higher than the highest "yield strength"
in the next following alloy (0.3% C) which was essentially austenitic.

Although cooling the 0.3% T alloy from 120060 to RT did not result
in a phase transformation, the austenite was extremely unstable with
respect to plastic deformation at -78°C (Fig. 13b). The specimens started
yielding as a result of a stress induced formation of martensite at a
stress level about 50,000 psi lower fhan at RT (Table VIII). It was this
lower "yield strength" and the enormous work hardening rate which made it
difficult to obtain fracture of the specimens within the gage sections.
The stress at which most specimens failed, was three to fives times as
high as the corresponding "yield strength." All specimens including many
reruns broke at the holes where the load was applied to the‘specimen
through a pin.

- The gage section of the specimen work hardened so strongly under
" uniaxial tension that a stress level was reached during the test at
which the méterial around the hole started yielding. The resulting bi-
or even tri-axial stresses resulted in a high stress concentration around
the hole and thus led to brittle fracture in this region of the specimen.
' Moreover, the additional stresses may well affect the formation of marten-
site in such a way that a lower work hardening rate 1s obtained than
uhder uniaxial stress.

This problem couldvnot be overcome with thevtype of specimen used
(Fig. 1).

The tensile stress obtained by dividing the maximum load by the
cross sectional area did not represent the actual ultimatevtensile
sfress of the material, because the specimen did not fail in the gage

section (Table VIII).
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‘The iessestable the austenite,,the more was the onset cf.transformation
affected by factors that could not readily‘be'controlied, like internal
stresses, their diStributicn, surface irregularities, and changes in
cross sectional area. |

Speéimens Outicf the same batch of material which underwent the same
thermomechanical treatment exhibited Vyield*strength",difference of up to
40% in this particular alloy. |

' The stress-strain curves for the 0.4 ¢ alloy in Fig. 13@, show e
phenomenonvthat had already been observed in alloys containing 2%
namely that the "yield strength" of the alloy with 60% prior deformatlon
experienced a far greater decrease than all the other specimens, compared
to the "yield strength" measured in room temperature tests. As for the
29 Mﬁ, 0.2% C alloy (Fig. 1lc) the "yield strength" was lowered so much
that the specimen with 4O% prior deformation yielded at a higher stress
level. The high work hardening rate for the 60%'speciﬁen confirmed thev
eﬁormcus decrease in eﬁstenite stability. For the remaining specimens,
the strain hardening rates decreased in the following order of reductioﬁ
in thickness: 80, 40, and 20%.

The obsefvatlon that spe01mens with only 20 and 40% reduction in
thickness fractured without prior necklng had been made earlier for
alloys containing 2% Mn. The specimens with 60.and 80% prior deformation
reach a maximum in the stress straln curve before they failed.. There
wefe no serfatlons. |

The stress-strain curves for the O 5% C alloy in Fig. 13d are much
dlfferent from all the precedlng ones in thls series. This was_due tc v

vthe higher carbon content, which accordlng to chemical analysis.wastmbfe

than 0.15% higher than in the preceding alloy (Table XVII). The higher
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austenite stability was evidenced in the lower work hardening rates and
the higher yield strength values. While the yield strengths of the speci-
mens with only 20 and 40% reduction in thickness increased slightly, as
compared to the RT tests, the yield strengths of the specimens with 60
‘and 80% prior deformation decreased, the latter more than the former.
This had been observed before (Fig. 11f), and it agrees well with the
relative austenitic stability as determined from room temperature tests.

There was a marked Luder's strain in the stress curves of the 60
and 80% specimens during which signs of instability (smooth serrations)
were observed.

The work hardening rate increased with increasing amounts of prior

deformation.

3. Alloys With 3% Mn and C Contents Varying From 0.2 to 0.5%

a) Room Temperature Tests

The 0.2% C alloy remained essentially austenitic after processing.
Tt transformed very readily, however, when deformed at RT (450°C < M, < RT).
The stress strain curves in Fig. 1la show that the amount of prior
deformation and the time at 450°C required for the reduction in thickness
affeéted the precipitation process and thus the austenite stability, very
critically. |
The higher stability of the austenite as  compared to the corre-
sponding 2% Mn alloy (Fig. 8c) was reflected in the lower work hardening "
rate of the specimen with 80% reduction in'thickness. The.work hardening
raﬁe was lower, although the sample was held for a longer time at 450°C
| (70 vs 60 min).
The greater loss of alloying elements due to a more exteﬁsive

precipitation led to a lower austenite stability and thus to a markedly
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‘higher strain hardening rate: for the %peciméns;with 80%‘prior-deformation, as
compared to specimens with 60% reductioh in ?hickneés. Specimens having

80% reduction in thicknéss usuvally required twice as much time as was

needed to reduce a sample 60% at 450°C. ‘This time factor was believed

to be mainly reésponsible fgr the more extensive precipitation. |

Figdre lhka shows, however, that the specimen with 60% reduction in

thickhéss, and- not ?he one with 80% prior'defbrmation, had the.highest

gtrain hardening rate. This strain hardeniné rate was even higher than
 that of the corresponding specimen of the 2% Mﬁ alloy, which on account

of its composition, was less stable and should have had a higher work-

hardening rate if the processing and testing conditions had been_constant..

This was, however, not the case: 60%'reduction in this alloy required
almost twice as much time as for the 29 Mn alloy (55 vs 30 min), and a
higher work hardening rate due to a lower stability of the austenitic -
matrix was expected.

The time factor gr-ins in importance as.the amount of prior deforma-
tion increases. Mbré nucléatién sites are provided by additionai deforma -
tion and thus precipitation takes pldce more rapidly. Moreover, the N

" specimen with 60% reduction in thickness was dynamically "strain aged"
for a much longer time than the specimensiwith a smaller amount of pribr
deformation, which were held for the same time (55 min) at 450°C. After
thssspeéimens with 20 and HO% prior deformation were reduced to their
final thicknéss, they were esséntially tempered till the 60% sample wéé
fully reduced. | | | |

All this was reflected'ih the decreasing strain hardening rate wiﬁh
dééreasing amounts of prior deformation. The specimen with 20% reduction

in thickness, for instance, had a lower strain hardening rate than the
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corresponding sample of the 2% Mn alloy, in spite of its much longer time
at 450°C.

The fact that the specimen with 60% reduction in thickness was the
least stable was further underlined by the suppressed "yield point."

The question why the specimen with 80% prior deformation did not have a
higher strain hardening rate than the specimen with 60% reduction in thick-
ness still had to be answered. The austenite in the former specimen should
have been less stable chemically, considering the aforementioned effects

of processing time and amount of deformation on the precipitation process.

However, the difference in processing time in this case was only
15 min (70 vs 55 min). In other alloys where the strain hardening rate
of the specimen with 80% reduction in thickness was significantly higher
than that of the specimen with 60% prior deformation, the timé difference
amounted to a factér of two.

The main reason, however, for the fact that the actﬁal'instability
of the austenite revealed during the test could not be increased in-

- definitely by increasing the processing time and améunts of plastic
deformation was that there was a mechanical stabilization. The effect
of this stabilization prevailed over a possible further decrease of the
austenite stability on mere composition considerations as the amount éf
prior deformation increased.

Several factors contributed to this mechanical stabilization. The
higher the dislocation density, the more difficult becomes the generationv
and motion of additional dislocations. Formation of martensite in iron-
carbon alloys is associated with an increase in volume. This volume
incréase has to be accommodated by either slip or twinning. Iow carbon

~contents and high temperatures favor the slip mode of deformation, whereas
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the probability of twinningAis increased when the carboﬁ content is high
and the deformation temperature is low. No twins formed at RT. Another
factor was that the grain size of thé austenite was effectively decreased
by lérge amounts of plastic deformation. The resulting cell structure
reduced the amount of martensite formed per nucleus, and thus led fo a
lower total amount of martensite.

.On the other hand, small amounts of plaétic defofmation are known
to stimulate the formation of maftensite (5). Iocal stress cohcentratibns
are belisved to be martensite nucleation sites. In the widely accepted
reﬁétibn path theory (20,21) it is postuiated that strain embryos exist
in.the ausﬁenite that provide part of the activation energy for the
nucleation process. These embryos are visualized to be regions of loca-
lized strain in which the atoms in the austenite lattice are displaced -
part way along the path to their ultimate positions in the marﬁensite.

COnéidering merely the two opposing mechanical effects, one expects
a maximum stimulation of the martensite formation somewhere between small
and very large amounts of pribr deformation.v Thé exact position of such
a maximum will.be determined'by'chemical factors such as the composition
of ﬂhe alloy matrix and processes affecting it, like precipitation. A
change in test temperature usually renders a specimen of one treatment
more'unsfable (or stable) thah that of another treatment. In other.
vwords‘it seems to be impossible to establish géneral rules as to how
much priof deformatioh at a given temperature will be necessafy.for a .
‘maximum amount of martensite to form, since this‘wili changé as the .

composition and other factors change.
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All stress strain curves in Fig. 1lba show serrations. In the
specimen with 20% prior deformation they apbear only after some initial
strain, and there is no "yield point."

vIn the steeper portion of the stress-strain curve of the specimen
with 60% reduction in thickness one’observes that the serrations are
much smaller (smallef amplitudes) than in the immediately preceding
Lﬁder's strain or the following (flatter) portion of the curve. This
tendency of the serrations to decrease in amplitude as the slope of the
stress-strain cufve increases, agrees well with earlier observations.
Above a certain critical slope the stress-strain curve is smooth and below
this slope serrations appear. Stress induced formation of martensite
initiated yielding for all thermomechanical treatments of this alloy
(Table XI). |

In the 0.3% C alloy the increasing effect of prior deformation on
the yield strength values of a metastable”austenitic steel as the stability
‘of the austenite increases is clearly documented in Fig. 14b (compared
with Fig. 1ba). The austenite had become so stable that the measured
yield strength was actually the yield strength of the austenite. The
appearance of the yield point of the specimen with 80% prior deformation
indicated that there was no phase transformation teking place as yielding
began. No yield point appeared in the stress—sfrain curves of the
_specimeﬁs with different thermomechanical treatments. Beside the
difference in reduction in thickness, the specimen with 80% priof
deformation was held for 75 min at 450°C as compared to 45 min fof‘the
other specimens.

The austenite of the specimen with 80% reduction in thickness was

thus rendered less stable chemically, which resulted in a higher elongation
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value. The aﬁétehite became more étrain raﬁe sensitive, i.e. martensite
formed more readily atvsites of incipient necking an& thus contributed
éffectively to fhg higher elongation'values. The larger number of sérra-
tions demonstfated this. The first la?ger.serration in the stress-strain

curve of the specimen with 80% reduction in thickness was characteristic

‘bf this type of alloy, and such a burst of transformation often caused

premature failure.

Thé actual magnifude of such serratiéns is'a function of the elas-
ticity of the testing.machine. The Instron tensile testing machine used
is nét very stiff;

Since the work hardening rate was already so low that it approached

. the optimum value desired for maximum elongation, any further stabiliza-

tion of the austenite would have resulted in lbwer elongation values.

The 0.4% C alloy (Fig. 1kc) showed tha£ the Stabilitj of the austenite
had Eeen increased to the point where martensite formed at too low a raﬁe
to effectively prevent necking at.larger strains., The elongation values

decreased with increasing amounts of prior deformation for the specimens

held for the same length of time at 450°C (20, Lo and 60% reduction in

thickness). The specimen with 80% reduction in thickness was dynamically

"strain aged" for a longer time and the austenite thus became less stable.

This lower austenite stability‘fesulted in a higher eléngatiqn vélue than
in the specimen with 60% prior deformation'(Table-XIII).

| As in'the.breceding-alloy, only ‘the 80% speci@en exhibited.a vield
point-in.itS'stress strain curve.

There were no-serrations. Serrations seemed to appear when the

'competitiOn between the slip mode of deformation and the formation of

martensite as a mode of deformation was greatest, i.e. when théy con-
tributéd more or less equally to the total deformation. The stress

strain curves, however, had a smooth appearance when either of the flow
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processes predominated, i.e. when martensite formed very readily, the work
hardening rate was very high and the curve was smooth, or the curve was smooth
when the work hardening rate was very low (when deformation occurred mainly
by slip in the austenite).

The austenite in the 0.5% C alloy was even more stable and the
elongation values were correspondingly lower (Fig. 14d) than in the pre-
ceding alloy (Fig. lhc). A comparison of Figs. 1llb, c, and d shows how
relatively small variations in carbon content affect the austenite stability,
and thus the transformation induced plasticity of the alloys. The Mﬁ
temperature must still have been above RT for the specimen with 80% prior
deformation, as can be seen by the temporary recovery after‘yielding
(Fig.1kd). The amount of martensite, that formed during the test was,
however, so little that it did not result in improved ductility. The
" other specimens behaved as if no phase transformation had taken place.

The higher the strength, the lower the ductility (Table XIV).

b) Dry Ice Tests

Lowering the tést temperature for the 0.2% C alloy from RT to -78°C
changed the sfress strain curves completely. . The decreased austenite
: stabiiity led to an average 'yield strength" drop of 30,000 psi and a
much higher work hardeniné rate which, in turn, reduced the elongation
values (Fig. 15a; Table XI). The specimens with 20 and L40% reduction in
thickness fractured at the holes.

In the specimens with 60 and 80% prior deformation fracture was
preceded by necking.

The higher austenite stability_ofjthe 0.3% C alloy éompared to
the 0.2% C alloy (Fig. 15a) manifested itself not only in the higher

yield strengths and lower work hardening rates but also in the completely
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differenf shabe of the stress strain éﬁrves (Fig. 15b).

The specimens with 40, 60 and 80% prior deformation exhibited a well
defined Luder's strain portion in their stress strain curves. The differ-
énée in wbrk hardéhing rate due to different thermomechanical treatmenté.
was evident. The work hardening rate decreaSéd with decreasing - amounts.
of prior deformation._‘The higher austenite stability, as reflécted in the
lower wqu hardeﬁing!ratés of the specimens with 20 and 40% reduction in
thickness, resulted in an increase in yield strength at —78°C compafed to
RT; whereas the relatively lower austenite stability of the specimeﬁs'with
60. and 80% reduction in thickness caused a decrease in "yield strength'
with'deCTeasing temperature (Table XII.). |
| The amounts of increase or decrease in yield strength depended on
the difference in-austénifevstability, i.e. the greater the change in
austenite stability; the lérgef the increase or decrease in yieldAstrenéth.

‘Necking preceded fracture in the specimens with 60 and 80% pfior
'deformatioﬁ. |

For’thé 0.4 ¢ sﬁeel,'the higher'yield strength values and the lower
vwork'hardening rétes aé_well és_longervLuderfs strains (Fig. 15c) are

-signs for the highér stability of this alloy, as compared to the preceding
alloy (Fig. i5b). The respective wﬁrk_hardening rates relate to the
‘.differeht thermomﬁchanical treatments in the same way as in the previoﬁsA'
case. -

Necking preceded” fracture oniy in the specimen with 80% reductioﬁ -
in thickness. The other spépiﬁenS'failed'befbre the maximum in their
stress;strain curves was reached. As in the precedihg alloy.the "vield

~strength" of the spééimens with 20 and MO%,reduétion in thickness incréased,

whereas 1t decreased for the other, more heavily worked specimens as
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the test temperature was lowered to -78°C.

While in the alloys of lower austenite‘stability an increase in
work hardening rate due to a lower test temperature resulted in reduced
elongation values, the ductility in this alloy was improved significantly
by an increase in work hardening rate due to a decrease in test tempera-
ture (Table XIII). The reason for this was that the austenite stability
at RT was too high and thus the work hardening rate Was below the so-
called "optimum" work hardening rate for maximum elongation. ILowering
» the test temperature from RT to —7860 raised the work hardening rate to

above the optimum, but closer to it. |

In the lower carbon alloys the work hardening Qates at RT were
above or very close to the optimum. An increase in work hardening rate,
theréfore, resulted in a departure from the optimum. This became even
more obvioué in the following alloy.

For the 0.5% C alloy, the further increased stability led to still
higher yield strehgth and Luder's strain values and to lower work hardehing
rates (Fig. 15d). Moreover, the specimen with 80% reduction in fhickness
remained the only one whose yield strength decreased due to a change in
test temperature from RT to -7860. All the other specimens experienced
‘an increase in yield strength which was larger-the_lower.the amount of
'prior deformation (= the higher the austenite stability). In none of
the specimens was fracture preceded by necking.

The less stable the austenite was at -78°C, the more specimens
necked down before failing (see Figs. 15b, ¢, and d). In Fig. 15a all
specimens should have necked down before fracture, except that the speci—

mens with 20 and 40% prior deformation failed at the holes.



-59-

The elongation values at -78°C compared to RT changed aqcbrding fo
the relative austenite stability. For the specimens with 80, 60 and |
Lot reduction in thickness it incfeased by the fbllowing factors, respec-
tively: lO,.12, and 2; The specimen with 20% prior deformation elongated
‘less at -78°C than at RT.

| In the specimen with 40% reduction in'thickness the austenite
'stability was sufficlently affectéd by the test temperature decrease soa
that the resulting transformation raised the work hardening rate leSer
to the optimum. In the specimens with 80 and 60% prior deformation the
work hardening raté was raised to above, but very close to, the optimum
work hardening rate. N

Since.the specimen.with 60% reduction in thickneés had’the lower
work hardening fate of the two, it is not surprising that its elongatioh
value was higher., It was expected_that é specimen with a reduction in
thickness between 6d.and hd% ét 450°C would yield optimum.elongation

values under the given tests conditions.

C. The Effects of 80% Reduction in Thickness at Varying Rolling -

Temperatures on the Tensile Properties of a Metadtable Austenitic Stainless
Steel -

1. TAlioys With 2%_Mh and C Contents Varying From O to 0;5%'

‘a)  Room Temperature Tests -

The o.d% C'alléy'waé feffitic after cooling froﬁ 1200°C to RT.
Assuming that this alloy was carbon free, it is difficult to explain

"Z the relativevyield stfehgth_of the différent'specimens (Fig; 16a). _Ohe

would‘e#pect that'a,spécimen rolléq at RT would have the highest yield

_streﬁgtﬁ, 5ut it yielded at a lower stress than all‘the other specimens.

Variation in reduction in thickness or in handling during. the specimen
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preparation should have had the:same effect in tests at:different temperatures.
However, the yield strengths of the specimens folled at 250 and 450°C
were highest in the RT and.lOO°C tests, whereas the specimens rolled at
RT and 100°C had a higher yield strength when tested at -78 and -196°C
(Table I). This difference suggested that there might have been some
carbon in the alloy (through the iron used), and possibly more than
was found by chemical énalysis (0.008% ¢). If some carbon were prééent,
then there was a possibility of carbide precipitation, which would have
affected the yield strength. Moreover, not all austenite may have trans-
formed to the body céntered phase, and the amount of ferrite may have
been increased after the composition of the matrix has been altered by
rolling at 450 and 250°C, respectively. This could explain why the
specimens rolled at 450 and-250°C exhibited a higher yield strength than
the specimens rolled at 100°C and RT, when tested at RT énd 100°C,
because all specimens wére.:: at RT before the tests. For the tests at
-78°C and -i96°0; there should not have been any difference in the amount
of body centered phase between the specimens rolled at different tempera-
ture, beééuse cooling the specimens to the respective tests temperatures
would have transformed the retained austenite. The expected difference
in yield strength should have been due only to the different dislocation
density resulting from rolling at different temperatures. The yield
strength was found to be lbwer the higher the rolling temperaturés, when
" tested at -78 and -196°C.

The.O.l% C alloy was partly martensitic after COoiiﬁg from 1260°C
’to RT. The retained austenite was so unstable that the difference in
rolling temperature between RT and 450°C resulted in a difference in

yield strength of 200,000 psi (Table II). Tempering of the martensite
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and a change in matrix composition due.to the precipitation also contri-
bufé to this difference.

The rolling temperature not only affected diffusion, and thus
precipitatidn and the tempering of the marténsite;_but also the amount
of additional martensite that formed as a result of plaétic'deformation.

The stress strain curves_ih Fig. 16b cleariy‘show the effect of.
different rolling temperatures, While the specimen rolled at RT failed
in a brittle mamner (untempered martensite), the other specimens started
defbrﬁing plaétically as a result of stress-~induced formation of martensite.

' The effect of the rolling temperatﬁre on the étability'df the
retained austenite, and thus on the work hardening réte,-wasvevident.
The work hardening rate increased with increasing rolling temperatures;
ihdicating the‘effect of precipitation on the matrix composition;

+ In the SPeéimen rolled at 250°C the competition between slip and
formation of martensite as poésible.modes of deformation seemed to
be greateét. The increasingvamplitude and»decreasing frequency (distance
betweeh sérrations increased) underline the'greaﬁer‘difficulty'With which
martensite.formed toward the end of the test. In addition.to fhe fact
-that the nucleation of a sufficient amountvof martensite became moreb
difficult, the formation of‘martensite was hampered by an increase 6f the
specimen teﬁperature (12) during the tést. |

The strain hardening rate of the specimen rolled at L50°C was the1
highest. The ready formation of martensite resulted,in a smooth stress-~
‘stfain‘curve (formétion of martensite was the predominaﬁt'mode of_de—':
fofmaﬁion). | |

The higher sfability of the 0.2% C alloy'feduced the amount of |

" martensite formed during processing and prevented martensite formation



-62-

during cooling from 1200°C to RI. This was reflected in the much lower
frdcture strength of the specimen rolled at RT.

The stress strain curves of all thé other specimens (Fig. 16c¢c)
showed serrations. The work hardening rates and "yield strengths" were
affected by the rolling temperatures in the same way as in the preceding
~alloy.

Plastic deformation started as a result of stress-induced formation
of martensite in all specimens except the one rolled at RT (Table III).

While in the preceding alloy the specimen rolled at M5C°C did not
exhibit any serrations in its stress strain curve (Fig. 16b), serrations
occurred in the stress strain curve of the corresponding speéimen of
this alloy (Fig. 16c), but only during the second half of the test. This
was due to the higher stability of‘the austenite which made it more
difficult to form martensite after the easy nuéleation sites had been
used up.

In the next following alloy the stress strain curve of the‘specimen
rolled at 100°C was smooth, compared to the othérs (Fig. 16d), because
the stability of the austenite had increased so much that the formation
' bf martensite became very difficult and slip was the predominant mode
of deformatién. |
Whenever one mode of deformation was préValent,the stress strain
_'curve becaﬁe smooth,_but as soon as slip and formation:of martensité
started to compete with one another as modes of deformation, the stréss
strain curve became serrated. |

On compariné the effects of'varying amounts of prior defbfmation
at 450°C, the time factor played a significant role., The time for which

specimens were held at different temperatures while being.reduced 80%
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was less important because of the exponential témperature depehdence of
diffusion and precipitation processes. The maximum time required to feduce
a specimen 80% at a given témperature was about twice the minimum time

(or less) for the same reduction at another temperature.

Doubling the rolling time at h5O6C was equivalent to a temperature
‘increase of appfoximateiy 20°C with respect_to its effect on the precipi-
tafion proceés. The different roiling temperatures were widely enough
separated.so that the'time factor couid be éompletely neglected for
qualitative comparisons.

As previously pointed out,-there was only a very slight, but stili
noticeable inérease, in austenite stability as compdred to- the preceding
(0.2% ¢) alloy (the increase in carbon content is smaller than indicated
and a déérease'in chfomium content almost cancelled the effect of the
carbon increase; Table XVII). .

.The:increase in austenite stabiiity'was reflected in the higher
yield strength values and the slightly lower wbrkvhardening rates (Fig.
164, ‘Table IV). The relatively larger increase in yield sérength in the
specimen }olled at 100°C was due to the factﬁthat the Qnsét of‘yielding
was not initiated by a stress-induced formation of martensite as it wés
in the specimens rolled at 250 and 450°C.

The slightly increaéed strength of the speéimen rolled at RT may
have been due to_the_increaséd.hardnéss of the martensite. Martensite
still‘formed very readily at RT, and sihCe-the specimgn is not temperéd,
it féiled by brittle frécture; The strong effect of higher‘rolling |
temperatures bﬁ the'austéﬁite was evident. The specimen rolled.at M50¢C»
always had_the lowést jield strength and the highest tensile strength;v

provided the other specimens were éssentially austenitic before the-test too.
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. While the stress strain curve for the specimen rolled at 100°C was
relatively smooth, the curves of thé specimens rolled at 250°C and H50°C
respectively, were heavily serrated (Fig. 16d). It should be noted, .
however, that the serrations in the curve of the specimen rolled at 250°C
were much larger, i.e. of a greater amplitude, than the ones caused by the
specimen rolled at 45060. The greater amplitude usually indiqated a more
difficult formation of martensite. This agrees well with the relative
austenite stability of the two specimens, as reflected in their yield
strengths and work hardening rates. Since rolling at 450°C resulted in the
lowest ‘austenite stability of all the.spécimens to be compared, it was
not surprising that martensite formed more readily and thusbthe serrations
were smaller. Comparison with the corresponding curve of the préceding
alloy (80%, 450°C) in Fig. 16c showed that the first portion of the
stress strain curve was smooth because of the still lower austenite
stability of that specimen. |

| As the austenite stability was increased even more (in thelo.h% C
valloy) the difference in yield strength values between the specimens
rolled at different temperatures decreased (Fig. 17b and d). Less mérten-
site formed during rolling at room temperature, and plastic deformation
was not initiated by a stress-induced formation of martensite in the
specimens rolled at 100, 250 and 450°C (Table V). The specimen rolled
at RT failed by brittle fracturev(untempered martensite).

The stress-strain curves of the other specimens (Fig. i6e) exhibited
higher yield points and lowér woik.hardening rates. On aécount of_the
higher sﬁability of the austenite, the slip mode of deformation gained
in importance5 This was reflected in the smoother appearance of the

stress strain curves. The lower the relative austenite stability due



_655

to different rolling'temperatures, the earlier sharp serrations occur;ed.
In bther words, serrations appéared at smaller strains, the easier marten-
sites forméd. .MoreoVer,>it can be observed again that the amplitudé‘of'
the serratisns increased with increasing sustenite‘stability,_

The high austenite stability of the 0;5%’C alloy reduced the yiéld
strength of ths specimen rolied at RT to its lowest value, compared tOL.

the cOrresponding specimens of the preceding alloys. The amount of

martensite that forﬁed during folling was so litﬁie that thé specimen :
failed in a ductile manner. 7
vThe yield points of the other specimens (Fig.»l6f) reached their
highest values on account of the high austenite stability.
All specimens fractured sosn sffer yielding, -with the exception of
the specimen.rolled at h50°C which had the_lowest austenite stability
| amsng the specimens of this alloy; This slightly lower austenite stability
pérmitted ssme martehsite to form aurisg the RT tests so that the specimeh
sould cohﬁinué to.stretch more after yielding. This was reflected in the
horizontal psrtion of the,stress.strain curve. The rate of martensits forma-
inn‘wss, however, too low_for tﬁe specimen to sustain large straihs.

b) Dry Ice Tests

The small aﬁount of carbon found in the 0.0% é alloy had an effect
on the yield strength i\vn.RT and 100°C tests, but at -78°C and -196°C
all specimens had the .same amount ofvferrite_and thus thebdifference
invyisld‘stréngths as a'fesult of diffefent_rolling temperatures was due
_' ; . “only to the difvfe.rence in dislocation densify (Table I, Fig. 18a"). No
'transformationstOOK plaqe during the tests; - )
.vSince the 0.1% C alloyvhad transformed partly.on cooliﬁg from 1200°C

to RT, more martensite formed when the specimens were cooled to -78°C.
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This was verified by magnetic measurements, and manifested itself in the

fact that the yield strength values for the specimens rolled at 100, 250
and U50°C were practically unchanged, as compared to the room temperature
tests (Table II), although the retained austenite became even more unstable
with respect tb deformation. The work hardening raﬁe was strongly in-
creased as a result of the lower test temperature (Fig. 18b) and changed
with the rolling temperatures, as in the room temperature tests. The
austenite stability was the lower the higher the rolling temperature.

The higher strength of the specimen rolled at RT when tested at
-78°C was due to the test temperature difference only. ©No phase trans-
formation took place, whereas in the other specimens plastic deformation
started as a result of the stress-induced formation of martensite. |

The "yield strength" values in the 0.2% C alloy were lower than in
the 0.1% C alloy, although the austenite had become more stable. The
work hardening rates were lower and there was a well defined Luder's
strain portion in the stress strain curves (Fig. 18c). The lower yield
strengths were due to a smaller_amount of pre-test martensite. Stfess-
induced formation of martensite initiated plastic deformation. The
tensile strengths of the specimens rolled at 100, 250 and 450°C exceeded
the fracture strength of the specimen-rolled at RT, which failed by.

.brittle fracture due to its high amount of untempefed martensite (Téble
III).F

The slight increase.in_austenite stability in ﬁhe 0.3% C alloy, as”
compared to the preceding alloy, was reflected in larger Luder's strains,
lower work hardening rates and higher yield strength values (Fig. 18d). -
Everything else said for the preceding (0.2% C) alloy still applied;

For the 0.4% C alloy, a further increase in "vield strength' values
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and Luder's_étrains and a decrease. in wdrk hardening rates occufred. The
Luder's'étrain pértion became longer énd wavier as the austenite stability
increased (Fig. 18e). Sharp serra@ions, as found in RT tests, were not
>obsefvéd. .Mbreover,bin all the loﬁér carbon aiioy of this Serieé, necking
preceded fractﬁre in the épecimens rolléd at 100, 250 and 450°C. In this
alloy fracture occurred at fhe maximum of the stress stfain curve beforé

'~ necking sét in.- This effect that necking occurred before fracture

at -78°C depended on the aqstenite stability and had already been oﬁserved
in speciméns with varying amounté of prior deformation.

The 0.5% C alloy provided the only speéimen rolled at RT that de-
formed plastically at RT and at -78°C. The fact that the retained
austenite in the other élloys did not tfansforﬁ_ét all at -78°C (in
spité of high stresses) indicéted that the amoﬁnt of untempered martensite
played an important role in governing the type of fracturé, independent
of a thermodynamically possible phaée transformatién; Figure 18f shows.v
~ how much the austenife stability within a given alloy can be changed
‘by,§arying the rolling temperature. Rolling at‘h50°C resulted in the
loWest‘austenite stability. This was clearly demonstrated by the lowest
yield‘point, the lowest Luder'svstrain and the highest work hardening
rate.

Compared to the roomvtemperature'tests, the "yield strengthsﬁ were
hardly increased, indicating that jielding was assisted by the formation
Qf martensite; | |

Thevélongatiqn values were significantly highér'than.at RT Qhere

the rate of martensite formation was too low.
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2, Alloys With 1% Mn and C Conténts Varying From 0.2 to 0.5%

a) Room Temperature Tests

In the 0.2% C alloy, approximately 50% of the austenite trénsformed
to martensite when this alloy was cooled from 1200°C to RT. Since the
retained austenite was very unstaﬁle with respect to pléétic deformation .
more martensite formed during rolling. The yieldfstréngth, therefore, was
strongly influenced by the amount of martensite formed before the test.

The roliing temperaturé'not only affected the amount of martensite that
forms duriné rolling and the relative austenite stability, but alsq_
played a role in this alloy as a martensite tempering'témperature.

The stability of the austenite remained higher the ldwer the rolling
temperature. On the other.hahd, more marfensite formed during rolling.
the lower the rolling.temperature. The resﬁlts of this strong influence of rolling
temperature on the formation of martensite dufing the teét can be seen
in the stress strain curves shown in Fig. 19a.. |

The specimen rolled at RT had only a small amount of relatively
stable éustenite left, and thus not enough mertensite formed ddring the
test to prévent-necking-at this stress level (350,000 psi). The specimen
fractured soon after yielding set in.

Af 100°C, less martensite formed during rolling and some precipita-
tion occurred (3 hfs at 100°C). There was more austenite of a lower
stability available for transformation during thé test. The austenite
stability was affected chemically by the precipitation process and
mechanically by the formation of martensite during rolling. Both effecté
decreased the austenite stability as the rolling tempefature increased
(more precipitation, less martensite). The specimen rolled at 100°C

formed enough martensite during the tést to recover after the initial
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yielding (horizontal portion of the sfress strain curve). The-wqu
haraening rate, however, wés not sufficient to sustain large étrains.

As the rolling temperature was increased further to 250 and A50°C%
martensite-formed more readil& and'higher elbhgétioh values were obtained.

Stress-induced formation of maftensiﬁe initiated plastié deformation
in the specimens rolled at 100, 250 and 450°C (Table VII). The signifi-

~cant chaﬁge in austenite stability due to varying rolling temperaturesi
was reflected in the work hardening rates (Fig. i9§).

' The higher stability of the 0.3% C alloy resulted in lower 'yield
strength" values, since the amount of pre-ﬁest'martensite was drastically
decreased. Yielding was initiated by formation of martensite in all -but
the specimen rolled at RT (Table VIIL).

The stress stfain curves iﬁ‘Fig. 19b showed wvery clearly that the:
amplitude df the.serrations increased as the formation of martensite
became moré difficult; In the épecimen rolled at 450°C martensite formed
.very readily; While léss martensite'formed.per unit strain in the_specimen
rolled at 100°C.. This was documented‘by'the diffefent work hardening
rates. |

In the O.h% C. steel, as the austenite stability increased further,
fhe formatiqn of marﬁensite became more difficult.Lthis was reflected
in the aﬁplitude of the serrations seen in Fig. 19c¢. The serrations in.

: the.stresé strain curves shown. in Fig..i9c_are obviously 1érgéfvthan the
ones exhibited'by the correspdnding curves of the precéding alloy (Fig.:
19b). Mbreover;vthe_relatiQe difference in austenite sfability due to

different rolling temperatures was cledriy'demonstrated (Fig. 19c), not.
ohly by the difference in "yield strength" (Table IX) and work.hardenihg

rate, but also by the distinet size difference of the serrations. Fach
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of these quantities could be taken as an indicator for the relative

stability of the austenite in this alloy.
The stress strain curves for the 0.5% C alloy in Fig. 19d clearly

show that this alloy was too stable for maximum elongétion values. The
difference between the yield strength of a specimen rolled at RT and the
one rolled at 450°C decreased with increasing austenite stability (Fig.
:l7a and d). Higher strgsses were required to initiate yielding by the

Y — ' phase transformations in the latter, and less martensite formed
during rolling of the former. The slopes of the stress strain curves still
revealed the relative austenite stability. While the slope of the stress
strain curve of the specimen rolled at 450°C was slightly positive, it
decreased with decreasing rolling temperature and became slightly.negative
for the specimen rolled at RT. Too little martensite formed per unit strain
to prevent failure at the site of incipient necking.

b) Dry Ice Test

The decreased austenite stability of the 0.2% C alloy at -78°C com-
pafed to RT resulted in an improved ductility for the specimen rolled at
100°C. The specimens rolled at é50’and 450°C had relatively high work
hardening rates at RT and thus a further increése resulted. in higher
tensile strength but lower elongation values (Fig. 20a). Small cracks
in the specimen rolled at RT caused it to fracture at the hole.

The decrease in test temperature for.the 0.3% C steel brought about
the usual changes in "yield strength" and strain_hafdening behavior. The
low stress level at which martensite started.forming and the high work
hardening rate (Fig. 22b) caused the specimens rolled at 250 and 450°C
to fail at the hole. |

The increased austenite stability of the 0.4% C steel, as compared
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to fhe preceding (0.3% ¢) alloy, fesulted in higher ﬁyield points" (Tablev
IX), clearly defined Luder's strains, and a more distinct difference in
work handening rate due to the different relling temperatures (Fig. 20c).

As the carbon COntent was further increased to 0.5%, the Luder's
strain and "yield points" kept increasing and the work hardening rate
decreased, with respect to the lower carbon alloys. The'relative effects
ef the different ro%ling temperatures were very distinct. The highest
rolling temperature resulted in the lowest "yield. point" and highest tensile

strength'whereas the reverse was true for the lowest rolling temperature

(Fig. 204, Table X).

3. Alloys With 3% Mn and C Contents Varying From 0.2 to 0.5%

a) Room Temperature Tests.

Cnanging the rolling temperature of the 0;2% C alloy from RT to |
lOQ°C resulted‘in a difference in yield strength of appfoxinately
lQ0,000 psi,(Table XI). This difference was mainly due to the different
amounts of_martensite that fermed during rolling. Rolling at 100°C left
not only more austenite untransformed But\also decreased'itsbstability
(threugh precipitation) which led to an even lower "yield strength."

Changes in rolling temperature above 100°C and thus ebovevthe Md
temperature, affected'the teneile properties mainly tnrough the resulting
change in austenite stability. ._ |
| Rolling at.lOO°C‘seemed te provide a work hardening rate that was
very ciese to the Qntimum.work hardening rate ylelding maximum elongation
values (Fig. 2la). The higher work hardening rates of the less stablef
specimens, relied at'QSO.and M50°C, resulted in lower elongations.

Stress-induced formation of martensite, and not slip, was responsible

for the onset of plastic deformation in the'speeimens rolled at 100, 250
and 450°C.
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The increased austenite stability of the 0.3% C alloy, as compared
to the preceding (0.2% ¢) alloy, resulted in less martensite being formed
during rolling at RT, and thus in an effective drop in yield strength.

For the specimens rolled at higher temperatures, the yield strength values
increased due to the increased austenite stability (Table XII). The
difference in yield strength between specimens rolled at RT and 450°C
decreased more rapidly with increasing carbon content for alloys with 3%
Mn than for alloys containing 2% Mn (Figs. 17b, c, and d). Yielding was
caused by slip in the austenite, and not by stress-induced formation of
martensite, in all specimens. (Note the different appearance of the
yield points in Fig. 21b as compared to Fig. 2la.)

The relative change 1in austenite stability caused by thevdifferent.
rolling temperatures was very distinet. It was clearly reflected in
the elongation values invFig. 21b. The work hardening rates of the
specimens rolled at 24, 100, an@ 250°C were definitely'below-ﬁhe optimum
value, which was closely approached by the specimen rolled at 450°C.  While
. deformation in the specimens rolled at the lower'temperatures odcurred
mainly by slip (smooth stress strain curves), formation of martensite
competed with slip as a mode of deformation in the specimen rolled at
450°C (serrated stress strain curve).

The higher carbon content in the 0.4% C alloy increased the stability
of the austenite so much that the specimens rolled af 2k, 100 and 250°C
did not recover after the initial yielding. Too little martensite formed
per unit strain, although the Mﬁ was above the test temperature
(100°C > My > RT).

The effect of varying rollihg temperatures was evident. Rolling

at RT transformed some of the original austenite to martensite. This
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small amount of marténsite led to a distinetly higﬁér yleld strength
(Fig. 2lc, Table XII). |

The change in austenite stability due to rolling at 100, 250 and
: u5o°c,was reflected in the elongatibn values (Fig.IQlc)fh The higher‘the'
rolling temperature, the ﬁare maftenéite formed during the test. The
specimen rolled at M50°C‘formed a sufficient amount of martensite to recover
' _after>the initial yielding. |

Since the Mﬁ temperature of the 0;5% C.alloy was clqse to or at room
teémperature, no martensite formed during rélling. Rollihg at 100, 250
and 450°C did, however, raise the'k% temperature to above the room.temperaQ
‘ture and thus #*made the formation of some martensite possiblé;

 Although all specimens failed soon after yielding began, thé stress
v.strain:curves in:Fig. 21d shows that the tendency for a spécimen to reCovef

increased with increasing rolling temperatures. -

'b) Dry Ice Tests
| Iowering the testvtemperaturé for the 0.2% C alloy resulted in én -
increésevin strength bf the specimen rolled at RT, while the "yield
 strength§” of the other specimens decreased by about 35,000 psi oﬁ‘acéount
' :of the lower aﬁstenite sfability (Table XI)" The maximum differehce in‘
 yield strength due to different rolling temperatures (24°c and 450°C)
approached’QOO)OdO psi. | _ |

Since thevépécimens rolled at lOOQ{QSO_and'MSOdc had work hardéning
ratéé‘close ﬁo the bptimum at RT, lowering the test;temperature to -78?C
increased the Wdrk hardening rates and thus lower_élongation values
resulted. ” w
| The stréés strain curvéé‘in'Fig. 22a show clearly defiﬁed Luder's

strains but no sharp serrations.
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The "yield strength" values of all specimens of the 0.3% C alloy
were lower at -78°C than at RT. The decrease in austenite stability was,
hoﬁever, much more apparent in the elongation values. At room température,
only the specimen rolled at 450°C had a strain hardening rate close to
the optimum strain hardening rate yielding maximum elongation. All the
other specimens rolled at lower temperatures had lower strain hardening
rates and thus less elongation (Fig. 21b). An .increase in work hafdening
rate due to a lower test temperature meant a departure from the optimum
value for the specimen rolled at h50°C, whereas the work hardening rates
of all the other specimens were brought closer to that obtimum.

Figure 22b shows the expected results. The elongation for the
specimen rolled at 450°C was less at -78°C than at RT, whereas the
elongation values of the other specimens increased. The increase with
respect to the room temperature values was ten fold for the specimen rolled
at RT, about four fold for the specimen rolled at lOO°C, and the specimen
rolled at 250°C almost doubled its room temperature value. Theelongation
of the specimen rolled af 450 ¢ was only 2/% of its room temperature value.

The work hardening rates of all 0.4% C alloy specimens were below
the criti;al optimum value at RT. Since the relative work hardening
rates of the specimens were higher the higher the rolling temperatures,
the specimen rolled at 450°C had a value closest to the optimum and
exhibited therefore, the greatest elongation‘(Fig. 2lc).

The increase in work hardening rates due to the lower tests'tempera-
ture (-78°C) shifted the work hardening rates of the specimens rolled
at 100, 250 and h50°C closer to and above the optimum value in such a
way that the greatest elongation was obtained for the specimen rolled

at 100°C (Fig. 22c). The rate of the martensite formation was too low
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in the specimen rolled at RT to yield high elongation values. Its ﬁork
hardening rate remained below the optimum. |

The higher acstenite stability of the 0.5% C alloy ccmpared to the
preceding (0.4% C) alloy, decreased the work hardening rate of all the
spec1mens 50 that they were shlfted w1th respect to the optlmum value.
Flgure 224 shows that the elongatlon of the specimen rolled at 250°C
was increased while the specimen rolled at 100 C_had less elongation than
in the'preceding alloy (Fig. 22¢). |

In comparison with the room temperatﬁfe values (Fig. Qld); the
elongation of all specimens was increased more than in any other alloy

by lowering the test temperature to -78°C.

D. The Effects of Test Temperature Variationé Between RT and —196°C'_
on the Yield Strength of a Metastable Austenitic Stainless Steel

1. Alloys With 2% Mn and C Contents Varying From 0.2 and 0.5

Figureé 23a through 23d show how the yield strength varied with
the test tempefaturevat different carbon contents for all thermcdynamical
btreatmente abpliea. |

The 1cwer the carbon content the less stable was the austenite._ The

austehite.etability affects_the yield strength in three Ways. First by
the amcunt of martensite that forﬁs during processing, secondiy by the
amount cf martensite thateforms daring cooling to the test tempenatures
which lie below the'rolling teﬁperatures, and thirdly by the ease with
which martensite formatiOn can be induced by elastic streeses. |

_it is obvious that when a large amount of martensite forms during
rQliing, e.g.vat RT,'the effect of further transformatioh.decreases as.
" the amouht of (transfofmab]e) austenite decreases.

ho1 the \PklePHH teduced 80% at RT there was only a very small

- deczea e in yleld strength due to the test temperature belng changed
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because of these two cpposing effects. The amount of austenite refained
after processing is the smaller the less stable the austenite, and thus

it becomes more difficult to compensate for the normal temperature dependence
of the yield strength in non-transformable material (e.g. martensite) by

a decrease in stress required to initiate the transformation of the

retained austenite.

In the alloy containing 0.2% C (Fig. 23%a) the "yield strength" de-
creased with decreasing temperatures for allvthermomechanical treatments.
At a carbon content of 0.5%, however, the austenite was so stable that
a possible transformation due to elastic stresses could ohly modify the
temperature dependent increase in strength as the test temperature was
lowered (Fig. 23d).

Tﬁe curves of speciﬁens with the following thermomechénical treat-
ments, 80%, 100°C; 80%, 250°C, 80%,450°C; and 60%, 450°C, showed a clear
minimum in Figs. 23%a, b, and c. This minimum was due to the fact that
only relétively little martensite formed when the samples were cooled
to -78°C, while the amount of pre-test martensite was increased measur-
ably by lowering ﬁhe temperature to ~196°C.

Reducing specimensiho and 20% at 450°C did not lower thé austenite
stability as much as for the ofher thermomechanical treatments (except
80% RT), so that the amountvof.marténsite that formed at -196°C, although
considerable, was not as large as for the above mentioned séecimens.

The stress to induce the forﬁation of martensite at -196°C wés
so much lower than at -78°C or RT, that its effect prevailed‘over that
- of the increased amount of martensite formed on cooling'to:that tempera-

ture (Fig. 2L4).



~77-

Figure 24 also shows that the relative increase in martensite due
to quenching was much smaller for the 0.3% C alloy’than for the above
(0.2% ¢) alloy. |

The fact that this resulted in eﬁen larger jield stress deoreases
with decreasing test temperatures'seemed to indicate that the forﬁation
of‘martensite by quehching was not in the same way dependent on the
austenite stability as was the stress-induced formation of martensite.

The drastic change in slope from Fig. 23c¢ to.Fig. 23d demonstrated
‘once'more‘how eensitively the austenite‘stability depended on the compo-
sition of an alloy.. This was especially true for the specimens with

60, 40 and 20% reduction in thickness.

2. Alloys Wlth 0.2% C and Mn Contents Varylng From 1 to 3%

The alloy containing only 1% Mn was already 50% marten81tlc at RT
and formed more martensite on quenching to -78 and -l96°C. The curves
in Fig; 25a shoh a clear minimum. The yield strength talues measured at
4l§6°d were higher than those at RT. |
" As the Mn content‘was increased (é% Mh)'less ﬁartensite formed before
the ectual test. This resulted in flatter minima and lower yield strength
‘levels (Fig. 25b) for the respective-thermomechanical treatments. The
yield{strength'Values_at RT.were higher than at —l9§°C.
| More ﬁanganese'(B%th) increased the austenite stability and thus
raised the yleld strength values (Fig. 25c).
- The yleld strength of the specimens with 20 and Log reduction at
MSO c did not keep decrea31ng with decrea31ng temperature, as in the 2%'“
.Mn alloy, but increased sllghtly at -196°C as compared to -78° C. .This -
Was not due to a largely increased amount of'martensite.(Fig. 25d ) ae

‘a result of quenching, but rather due to a Smaller decrease in stress
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(higher austenite stability) necessary to induce the v - o' phase trans-

formation as compared to the 2% Mn alloy. This decrease in stress at -196°C

. was more than compensated for by the temperature dependent increase in

strength of the material, which was too stable to transform or could not
undergo a phase transformation.

Figure 25d shows the difference in saturation induction between RT
and -78°C and between RT and -196°C. The stabilizing effect of manganese

is apparent.

E. The Effects of Alloy Composition

© The effect of the alloy composition on the austenite stability is

. further outlined in the Figs. 26a, b, and ¢ for specimens with 20%

reduction in thickness at Ls0°¢.

Figure 26a shows the alloyﬁwith-O.E% C with the highest yield strength
values at all temperatures because of its large amount of pre-test
martensite. The yield strength dropped as the carbon content increased
to 0.3% because less martenéite forméd before the test, with a further
increase in carbon the yield strength increased as the stability of the
austenite increased and higher stresses were re@uired fo bring about the
Y - &' transformation.

Alloys with 2% Mn and Varying carbon content are shown invFig.‘26b.
The normal, temperature dependent increase in yileld strengfh is given
by the alloy without carbon (no transfdrmatidn; ferritic). Some austenite
was retained in the alloy with 0.1% C. Part of this austenite transformed
on loading and thus caused a lower yield strength as compared to the 0% C
alloy. The yield strength values dropped further with alloys containing
0.2 and 0.5% C because of the decreasing amount of pre-test martensite.

Then the yield strength increased again as the carbon content increased,
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rendering the austenite more stable and thus makihgbthe Y -at phaée
transformation more difficult. |

In Fig. 26c, 3% Mn had stabilized the austénite-So much‘fhat the
ailoy with 0.2% C showed the lowest yield étrength_valués. The variafién_
in the.émount of martensite present 5éfore the test did not.play a role
with respect to the‘yielq stress levéls; An increase in carbon beyond
0.2% resulted immédiately in an increase of:the vield stréngth values
on account of the inéreaéed»austenite stability. (This was in contrast -
to the alloys with lesé mangaﬁese.) | )

- The effect ofvincreasing Mn content at O,21and"0.4% C is shown in
Figé; 27a and b fbr.specimens reducéd 20% at 45060. At 0.2% C théhamount.
of martensite in the_l% Mn alloy (Fig. 27a) was about 50%, whereas ohily
 '5% martensiteﬁwas present before ﬁulling atv-l966C in.the 2% Mh alioy.
This differenc¢ was mainly responsiblé»for the much.lbwer yiéld.strength
.Valueé of theHQ%.Mn alloy. The.yield strenéth‘inCreased again és the .
.adsteﬁite stabilify incréasedvfor the 5% Mn alloy. - |

At 0.4% C:(Fig. 27b).the increasé in carbon content,_as!compared to
'Fig{ é7a,vfeduced fhe amount of pre-test mértensite S0 ﬁuCh that it did
v nbt play an important fole anyﬁore in affecting‘th¢'yield-strengfh. Thev‘
increaéing stability,of_thé austenite with incfeasiné Mh-contént-was,
_-however, very beious, gépécially between 2 and 3%,Mh:Wherejthe slope in
thevéﬁrves'of‘Fig; 27bbchanged from'a_positivé to a neggtivezone, reflec-
'ting.again thé nQ¥mal temperatﬁre depéndenc¢ of.fhe yield sfrength in N

~ alloys that:do not uﬁdergo any, or only very little, phase transformation.
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F, Stress-Induced Formation of Martensite

A stress-induced phase transformation was responsible for the un-
usual decrease in yield strength at lower temperatures. In order to
prove thaf elastic stresses induce the formatién of martensite, three
. specimens were tested at -78°C up to their reépective yield strengths
and then unloaded. The specimens were then tested to failure at RT.
Specimens of alloy no. 692-9 (1% Mn, 0.2% C) with following thermo-
mechanical treatments 80%, 250°C; L0% 450°C, and 20%, L50°C were chosen
because their yield strength vs test temperature curves (Fig. 25a) |
exhibited the largest variation in yield strength with temperature.

The results (Table XVI) prove that a decrease in austenite stability
due to a lower test temperature resulted in lower stresses required to
bfing about Y -~ &' phase transformation. The difference in yield strength
between -78°C and‘RT varied from %0,000 to 50,000 psi, depending on the
thermomechanical treatment.

The "yield strengths" measured at -78°C weré.slightly higher than
the ones obtained in the regular dry ice tests (Tables VII and XVI) because
they represent the strength at the moment of unloading which took place
at a strain of about 0.4% or more (compared to the 0.2% strain-yield
strength in the regular tests). The yield strength -values at RT, after
strgining at -787C did not change very much with respect to the results -
of the_regﬁlar RT tes£s (Tables VIT and XVI). The relative small increase
in martensite (the alloy was already 50% martensitic) due to quenching
. to -78°C and straining at this temperéture lowered the elongation values
much more thahvit increased the yield strengths. |

Ah;ther specimen (alloy no. 6811-15; 80%, 250°C, Table IX) was

10a%gd at RT to a stress level 40,000 psi below its elastic limit at
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this teﬁperature. .On quenching the specimen to -78°C the effects of
thermal contraction of the speeimen and the fixtures.were‘registered on
the.load-extensioﬁ graph, however, shQrtly after this rapid quench the
stress level was the samevas at RT, indicating that no phase transformation
had taken place. This was verified by observation of the polished
specimen surface and measurement of_the gage lengﬁh. At a stress level
30,000 psi‘beiow the glastic limit at RT, however, plastic deformation
was initiated by the formation of martensite upon qhenehing to -78°C
. resulting in a stressldrop of 35,000 psi and a permanent elongaﬁien of
0.11%. Figure 29 shows fhe polished specimen surface after martensite
formed. - |

These experiments prove conclusively that the martensitic trans-
formatioﬁ can be initiated by elastic stresses at temperatures above

M.
S

G. Optical Microscopy

- Figure 28a shows the microstrﬁcture of a partly martensific alloy
(Nb.'6811-15) which had been reduced 60% at 450°c (ko mih). Deformation
markingslcan be seen in the retained austenite. Some precipitation
took plece during the rolling process outlinihg the graiﬁ boundaries and
austenite -martensite inteffaces.' The stress=-strain curve of this
specimen is gi&en in Fig. 8b..

Figure 28bAshows the microstructure of a specimen with exactly the
samevthermomechanical treatment except that it had been‘tempered for
80 more minutes at 450?0 (total time‘at 450°C: - 2 hours). Additional_i
precipitation took place in the austenite, the maffensite and at the
interfaces: The.eusfenite stability was thus lowered and the resuiting

stress strain curve at RT resembled the one for the untempered specimen
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at -78°C (Fig. 11b), with the exception that the yield strength remained
the same in spite of the decreased austenite stability. This was due to
the strengthening.effect of the precipitates.

Figure 29a shows the surface of an electropolished specimen (alloy
No. 6811-15, 80%, 250°C) after stress-induced formation of martensite.
The specimen was loaded at RT to a predetermined stress level and then
qdenched to -78°C. Figures 29b and ¢ show some features of the martensite as
they appeared on. the unetched surface. The tensile axis is indicated.

Figures 3%0a through d show the microstructures of specimens (alloy
No. 689f15) with the foilowing thermomechanical treatment: 20%, M50°C;
Log, 450°C; 60%, h50éC and 80%, 450°C. All samples were essentially
austenitic. The samples with 20, 40 and 60% reduction in thickness had
the same microstructure as the one with 80% prior deformation (Fig. 30d)
before they were rolled down to the starting dimensions required to yield
20, 40 and 60% reduction and austenitized (1200°C, 1 hr.) again.

The effects of varying degrees of cold work on the recrystallized
grain size are apparent. Moreover, it can be seen how much more the
austehite.grains align themselves in the rolling direction as the amount
of final reduction increases. The rolling direction is indicated, and
the respective stress strain curves can be found in Figs. 84 and 114.

The effects of varying rolling temperatures on the microstructure
of specimens with 80% reduction in thickness are seen in Figs. 3la
through d. In Fig. 3la most of the grains are austenitic. The relatively
large amount of precipitates at hSO;C makes a distinction between
austenité and martensite difficult. The amount of martensite should be
nsgligibly small according to magnetic measurement. In Fig. 31b (250°C)

a distinction between these two phases becomes easier. As the rolling
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: tempefature decreased further t§ 100°C (Fig.‘Blc) and RT (Fig. 5ld),
the amount of martensite increased strongly and thus fhe originai

- austenite grain boundaries disappeared more énd more. The respective
'stress strain curves can be found ‘in Figs. 16d and 18d.

The- micrograph in Fig. 32 clearly shows that two modes of deforma-
tion were operativelﬁhen-an austenitic -sample bf ailoy,NQ.689-l5 was de-
formed at-RT. An austenite gidin-with deformation markings_is surfoundéd
by'martensite;' Tt was mentioned pre&iously that serrations oécur in a
vstress strain curve when these two modes of deformation compete with pﬁe
another.

The heavily serrated stress strain curves (Fig. léd) of the speéimens

rolled at 250 and 450°C which were essentially austenitic before the room

temperature test, seemed to prove this.
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IV. SUMMARY AND CONCLUSIONS

The purpose of this investigation was to elucidate the conditions
under which the ¥ - &' phase transformation can be utilized to improve the
mechanical properties of metastable austehitic étainless steels.

The alloy system chosen evolved from a series of alloys designed to
enhance the ductility of high strength steels by means of a deformation
induced phése transformation.

It hds been found that the austenite stability has by far the great-
est effect on the mechanical properties investigated. Changes in chemical
composition and test or processing temperatures strongly affect the stabi-
1lity of the austenite, which can be critically modified by thermo-mechanical
treatments.

The stability of the austenite affects the yield strength, ultimate
tensile strength, the work hardening rate, the Imder's strain gnd the
total elongation,

Yielding is initiated by stress-induced formation of martensite when
the ausﬁenite stability is low. The stress required to bring about this
transformation decreases with decreasihg austenite stability.

Fasy formation of martensite leads to a High work hardening rate and.
thus. to large ultimate tensile strengths and small elongation values.

- There is usuallyvno Iuder's strain portion in the stress étrain curve
when the austenite is very unstable.

As the austenite stability increases,highervstresses.are requi red
to initiate the.phase transformation (higher yield strength) and the work
hardening rate decreases (less martensite forms per unit strain), which in
turn resulté in higher elongation and Inder's strain values as well as in

lower tensile strengths.
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The formation of martensitez per se, doés not result in a serrated
stress strain curve. Serrations appear when the'formatiqnlof martensiﬁe' 
becomes more difficult as the austenite.$hability increases.

| At -78°C the austenite stabilify of most ofvthe alloys tested is S0
- low that'marténsite forms very reédily:and the stress strain curves re-
main smooth after some_signs of instability in the Luder's strain portion.
When the austenite is_very'établévthe stress strain cufve is smooth too,
since only very little or nbvmarténsife forms during festing. Somewhéré
between tﬁeSe extremes in austenite s%&bility there is‘a maximum as to
the'formatiohvof serrations and their amplitude. - |

Tt was shown that increasing the stability of a very unstaﬁle-alioy

 by addihg eleﬁents iike C or Mn léads to the appearance of, first, smail
~and then 1argér serrations in £he stress strain curve;vas the auéteniﬁe
is reﬁdered evéﬁ more stable fhe serrations become smaller again'and
finally_diséppeaf.. The same can be bbserved by loWéring the stability
~of a stable austenite. |

Sihqevthe slope of a stress-strain eurve (work»hardéning‘rate):de-
péndsbon thevstability 6f the austehité fhére is aﬁ upper and loﬁer
critical élopé bétween which serrations appéar in the stress strain
curves.:

Tﬁefé éfe two modes oftdeformation_opéraﬁive inktﬁé alioys iﬁé
ves£igate§: slip aﬁd the formation of martensite. Whén the.austenité
stabiiity'is‘low, formation of martensite is ths preddminant mode of:v
deformatioﬁ resulting in a'high work hardening rate and:a smboth sfress.
strain-curve.  | |

. 'On the other hand, deférmation oéqﬁrs'by slip,in thé anstenite
when very little'or no marfensite forms, i.e., when the work hardening 

rate of the alloy approaches the austenite work hardening rate.
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‘Serrations appear when these two modes of deformation compete with
one ancther.

A distinction is made between stress-and strain-induced formation of

martensite, although the martensite embryo is looked upon as a stress
embryo and the effect of strain, as a consequence of either the martensite
or slip mode of.deformation, is such that it resultspin stress peaks above
the average stress level set up in the lattice.

| Stress-induced formation of martensite usually takes place when the
austenite stability is low. It initiates yielding at a relatively low
stress ievel and thereafter the stress increases rapidly (high work
hardening rate) so that embryﬁs of less favorable orientation and less
énérgy caﬁ be activated readily after the easy nucleation sites have been
used up.

On the other_hand, a higher austenite stability makes the formétion
of martensite more difficulﬁ and some deformation occurs by slip in the
austenite. It is therefore not easy to provide the high stresses
necessary to render additional embryos supercritical after the most energetic
and most favorably oriented embryos have been consumed:l Since the work
hardening rate of the austenite 1is relatively low, if requires some
strain to bﬁild up local internal stress peaks some of which may be high
enough to nucleate Some martensite before the average stress has reached
the level necessary for martensite formation. This results in serrations
and. thus +the association of a serrated stress strain curve with strain-
induced formation of martensite is justified. Moreover, this explains
why "sffess-induced martensite”" forms continuously while the '"strain-

" forms intermittently resulting in bursts of trans-

induced martensite
formation.

The build up of stresses during the slip process in the austenite
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actually brings about the'competition between formatipn of martensite
and slip as modes of deformation.

Fnr improved ductility dne to formation of marfénéité the processing
témperaiure alwaysanas to be above the feéting.femperatufe. vIn ot her
‘words, the austenite (or retained austgnite)'must be less stable at thé
£emperature at Which it isﬂexpected to enhance ductility by its transfor-
mation, than at the proceséing temperature.

Changes in processing ﬂemperature‘can result in drastic changes of
the fensile properties depending on whether or not rolling‘is carried
out above or below the Ma—température.v

The rblling temperatures affect the mechanical properties by the
v amount ofvmaitensite that formé, through teméering of marténsite that -
my form during or before rolling on cooiiné fram 1200°C to RT, and at
higher temperatures through precipitafion which effectively lowers the
alloy content of the matrix and thus renders the retalned austenite
less Stébiéﬁ(ife.vit raises the MS and Md temperatures)._'

A‘similarly stnong effect ismthattoffthe'test;témperaturés'on'the
tensile propenties; eSpécially bn the elbngation values. vAt 100°C the
specimens are pulled‘above Md and. thus, fail immediately after yielding
sets in. As -196°C, the'marténsite that forms on cooling the specimens
down td this temnerature affents the elongation values adversely. Thgl
only tempefaturés at which the vy - at phase transformation makes a |
Significdnt contribution to the ductility are the dry ice and room
temperatufeso

Iarge elongation values are obtained wnen the work hardening rate is
rather low, l.e. the auétenite stability relatively high; There are :

always serrations in the stress strain curves of mpecimens with high
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elongation values,

There is an optimum work hardening rate (or austenite stability)
Tor maximum elongation. In such a case the total elongation can %e con-
sidered to be_equal to the Luder's strain.

A decrease in austenite stability (lower test temperature, fewer

- alloying elements) will yield higher elongation values for very stable
alloys, whereas the opposite is true for unsﬁable alloys.

Whenever a clearly definable Luder®s strain portion can be observed
in stress streain curves of metastable austenitic alloys, the ductility
can be improvéd by‘increasing the austenite stability.

The amount of different reductions in thickness at temperatures
above'Md has relatively little effect on the "yield” - strehgth" when
the alloy is very unstable and transforms readily during the test (below
Md).' The effect becomes,however,significant when the austenite stability
increases to the point that no stress-induced formation of martensite
can take place anymore,

The length of time specimens are held at 450°C while they are re-
duced by different amounts plays an important role with respect to the
austenite stdbility as affected by precipitation. Additional tempering
at 450°C after the rolling process 1s completed can result in drastic
changes in work hardening rates.

‘The rolling time plays a negligible role when the effects of different
rolling temperatures are compared. This is due to the much greater
effect temperature has on diffusion and, thus‘on precipitatioﬁ (exponén-
tial relationship). .

The alloy composition-hés the strongest effect on the Stability

of the austenite. The addition of almost any element,with the possible
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exception of Cd,inéreases the austenite stabiiityj i;é; suppresses the
MS and Md temperatures. |

Mn and C}bélong to the elements that afféct these critical’ temperatures
most stréngly. Experimenté show that incfeasing the stability of théb
austenite by adding the'Mh instead of.C yields better mechanical properties.
This is-due_to the fact that carbon as the inﬁerstitiai solute plays a |
. much greater rdle in the’fdrmation of the martensite. High carbon contents
lead to harder martensité. ‘There is, however, no evidence that the
hardneés of the martensite is an important(factor with respect to.the-
.effectiveness of the phase transformation regarding fhe prevention or‘ 
delay.of necking-at high stress levels. Mbreover, fhe amount ofvcarboﬁ
that can be diSsolvéd~in the matrix is very limited.

Thus, it 1s suggested that a carboh contentvbetWeen 0.2 and 0.4%
be takeﬁ for the desigﬁ of a high strength metastéble austenitic steel.
The aﬁstenité stability shéuld'then bé roughly adjusted by adding the
proper amount of Mn, Cr is recoﬁmended for fine adjuStments since its
effect on thé Md température is smaller than that of Mn, and it has been
found'that Cr affects the mechanical propertieé very favofably.

_For_high strength énd large elongation the austenite stability hés
+to be high enough so>that yielding occurs by sjip and not by stress—iﬁduCed
formation bf martenéité._ Moreover thermo-mechanical trestments are more |
effecti&elwhen the austenite stability is relatively high. On the other
hand, the rate of strgin-induced marﬁensite Tormation must be sufficient
to prevqntvprematﬁre failure ét_fhe gite of ipcipient necking.

Optimﬁm results thus havefvery strict requirements as to the austenite
stability which hardly can be met under nofmal-production and processing

conditions. Since the austenite stability itself is very sensitively
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affected by small variations in composition, rolling temperature and
time (precipitation), internal stresses, variation in specimen dimensions,
etc., it is difficult to reproduce results exactly. This becomes more

and more difficult as the austenite stability decreases.
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Gepin I

ALLOY NO. 6811-1%+ 9 Cr, 8 Ni, 2 Mn, O C, bal. Fe

TENSIIE PROPERTIES

-196°¢C

Test Temperatures| RT —7_8°C 100°¢C
Thermo~-Mechariical Y.S. U.T.‘S. Elong. - Y.S. U.T.S. Elong. Y.S. U.T.S. Eloﬁg. Y.S. U T.5. Elong
Treatment 10°psi  10°Psi % 10°Psi 10%Psi % 10°Psi 10°Psi % | 109Psi 10°Psi %
8%, RT 184 - o 3.6 259 - 2.k 310' - 1¢9 196 - 1.9
835, 100°C 197 - 2.5 | ot - b2 280 - 2.2 | 189 - 1.9

8%, 250°C 2i8 | R 3.2 206 - 2.6 257 - 1.8 ‘231 - 1.9
8%, Lso°c oop - 2.9 218 228 3.5 267 . .5.8 194 199 3.4
6%, L4so°c '195‘ - 3.9 206 208 3.3 253 - 2.5 185' - 2.2'
Lo%, 450°C 173 . 3.0 ? 201 204 3.2 213' - L0 18h - 3.0
2%, k50°C 165 - k2 C19k 197 3.7 221 - 3.0 148 - 1,9. |

..g6_



TARTE

II

ALLoy NO. 6811-13 9 Cr, 8 Ni, 2 Mn, 0.1 C, bal. Fe

TENSIIE PROPERTIES

Test Temperaturss RT -78°¢C -196°¢C - 100°C
ThermoMechanical | Y.5.  U.T.S. Elong. | Y.S. U.T.S. Elong. | Y.S.  U.T.S. Elong. |¥.S. U.T.S. Elong
Treatment 109Psi  107Psi % 10°Psi  10°Psi % 10°Psi 10°Psi % 107Psi lOBPsi‘ o
80%, RT 528** - 0 359" - 0 3767 - 0 - - -
80%, 100°C 231 272 11.0 eck 300 10.3 2l3 356 10.6 | 252 - 1.9
8%, 250°C 15k 252 21.8 153 28k 14,3 183 343 12,3 | 226 = 3.1
80%, 450°C 128 246 16.6 130 286 11.k4 145 345 11.5 208- 218" 11467
6%, 450°C 110 240 16.% 72 278 13.1 | 138 331 1k | 167 - 3.0
Logh, Lso°C 103 232 20.0 77 26L 12.7 11 (257)*%  (6.6)*] 185 - 3.8
2%, 450°C 9% 211 108 2l k.0 95 é98 105 | 1%5 139 3.1

20.1

* Specimen broke at hole

Fracture strength

..96..




TABIE. TII

. ALLOY NO. 6811-12

9 Cr, 8 Ni, 2 Mn, 0.2 C, bal. Fe

TENSITE PROPERTIES

100°C

Tesﬁ Temperaturesl RT —78°C -195°C
Thermo-Mechanical Y;S. UET.S. Elong. Y.s. U.T.S,. Elong. | Y.S. U.T.S. .Elong. | Y.S. U.T.S. Elon
Treatment 10°Psi  107Psi % 10°Psi  10°Psi % 10°Psi 10°Psi 9% 10°Psi 10°Psi %
o *% : x®% | | 1 O wx% .
80%, RT 280 - 0 266 - 0 270 - 0.5 278 - 0
'80%, 100°¢ . 190 256 28,2 151 299 16.1 i7h 255' 9.2 216 - 1.9
80%, 250°C 172 237 22.3 135 307 6.5 | 151 285 9.7 | 200 5 1.9
808, L50°C 155 255 23.3 121 306 - 16.0 | 147, - (215)* (8.2)* | 190 - 1.9
60, U50°C 158 238 29.6 108 208 15.6 | 1867 (169'¢ 6.5 |170 - 2.3
Lo, L50°C 119 204 30.k | 115 273 '15.0 | 83 196 6.5 | - - -
20, Ls0°C ' ‘87' 177 30.8 90 210 T12.1 L6 117 3.1 98 10k 75

* , . _
Specimen broke at hole
Fracture strength

_L6_



TABIE IV

ALLOY NO. 689-15 9 Cr, 8 Ni, 2 Mn, 0.3 C, bal Fe

TENSIIE PROPERTIES .

Test Temper RT -78°C -195°¢C

Thermo-Mechzrnical | Y.S. U.T.S. Elong; Y.S. U.T.S. ~Elong. | Y.S.  U.T.S. Elong.| Y.S. U.T.S. Elonz
Treatmert 103Psi 10°Psi % 10°Psi  10°Psi % 100Psi 10°Psi %  109Psi 10°Psi 4
8%, RT | 286™ - 0 279 - 0.k o7%" - 0 251" - 0
80%, 100°C 229 233 13.4 178 306 19.0 191 238 9.2 227 - 0.7
80h, 250°C 185 226 18.1 161 302 19.5 178 178 b2 201 - 0.6
80%, 450°C | 166 255 21.5 127 31k 14.8 149 210 9.5 182 - 0.6
60, 450°C 158 | 212 119.2 92 287 19.1 120 199  10.2 156 160 0.9
Lodh, Ls0°C 116 7k 20.0 87 261 18522 '72 153 T8 123 127 1.3
20%, 450°C g ) 270 82 197 12.9 33 148 8.7 8 91 6.1

¥ . .
Fracture strength

-86..



TLEEE Y |
ALLOY NO. 689-16 9 Cr, 8 Ni, 2 Mn, 0.4 C, bal. Fe

TENSITE PROPERTIES

Test'Temperatures ;.' '  RT o o 478°C: o . B v-196fc, . ‘ 100°¢C
Thermo-Mectanical | Y.S.  U.T.S.  Elong. y;s. U.T.S.  Elong. | Y.S.  U.T.S. Elong.| Y.S. U.T.S. Elong
Treatment . |10%psi 10%si % | 107msi 109Rsi % 10°Psi 10°Bsi % | 10°Psi 10°Psi %

" 8¢%, RT : - 3»264*f e o | 263" . o .‘278* . o | 2688 - 115
8%, 100°C 236 o8 e,k | 200 -~ 300 | 18;2' 218 220  L.1 5 . - 0.7
85%, 250°C 219,' | 238 - 25,1 | 186L<_ 310 - 17.0 éol' . 5.0 215 - 0.%
80, Lso°c 197 o 251' 25;8, S 318 171 191 S - ‘099 | 200 202 0.6
6%, Ls0°C 166 223 3086 ol 299 1o 8L - 58 |1 17 o7
Lo, ugoéc » 1&5;: } '170 20.9 - 1ok . 278, 18.3 : 1ih' | 163 T.h 1k 1&6 '0;7
20%, Us0°C o 108"-‘  13k é5§88 | 95 - 173 | 7T 'f 137 - 6.7 110 112 - 0.6

"~ Fracture strength



TABIE VI

ALIQY NO. 686-21

9 Cr, 8 Ni, 2 Mn, 0.5 C, bal. Fe

TENSIIE PROPERTIES

Test Temperatures RT -78°C -196°C 100°C
Thermo-Mechanical Y.S; U.T;s. Elong. | Y.S. U.T.S.  Elong.| Y.S. U..s. Elong. | Y.S. U.T.S. Elong
Treatment 10°Psi  10°Psi % 10°Psi 109Psi % 10°Psi 10°Psi % 10°Psi 10°Psi %
80%, RT 257 ¢ - 3.1 256 263 10.0 086" - .o oL3 2L8 ;.5
80%, 100°C 250 - 1.7 258 268 17.8°| 279*. - 0 037 ohe 1.5
8¢, 250°C é24 | 228 2;7 232 240 1k.9 -250* - 0 219 225 2,3
80%, 450°C 222 235- 3.5 223 31h 18.0 237* - 0 AN 228 1.5
60, Ls50°C 19% 212 3.1 205 236 13.8 po2” - 0 196 199 1.5
Loh, Lso®c 161 176} L2 - 18k 187 4.9 é15* - 0 153 160 2.3
o0%, 450°C 109 126 5.1 117 139 T.6 154 157 . 1.2 115 121 2.7

N .
Fracture strength

-00T-
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VII

ATIOY NO. 692-9 9 Cr, 8 Ni, 1 Ma, 0.2 C, bal. Fe

TENSITE PROPERTIES

Test Terperatures | ) © RT ";78°b A -;96°c:' 100°C
Thermo-Mectanical | Y.s. U8, Elong. | Y.S. - U.T.S. FElong. | Y.S.  U.T.S. FElong. Y.5. U..S. Elong
Treatuent |10%psi  107msi % 10°Psi  10%Psi . % . | 10°Psi 107Psi % 10°Psi 107Psi %
80%, RT 350 - 1.3 (3u6)%  -' (0)* - - - - - -
8odt, 100°C 308 - - 2.8 289 335  7;2: 565 - 2.0 - - -
8c%, 250°C 256 -  275 12.9 211v 500. 9;3' ' 292 356 10.5 - - -
8%, LisoC 22216 13k 187 306 9.7 o7h 369 io'.'8 o7k - 3.0
60%, 450°¢C 210 251 . 13.8 ‘f;i7u 283 - : 1d}3 2k 327 124 - - ;'
Lo, bso°c gy b0 1345 siko 27 8.3 | 210 b 11.6 | - - -
"20%, 450°¢C | 180 - 216 18,3 | 1426 é6; | 11.k4 195 o 7.2 - - -

Specimen broke at hole

-T0T-



TABIE VIII
ALIQY NO. 692-7 Cr, 8 Ni, 1 Mn, 0.3 C, bal. Fe

TENSIIHE PROPERTIES

Test Temperatures RT - -78°C -196°¢C | 100°C
Thermo-iectanical | Y.S. U.T.S.  Elong. | Y.S. U.T.S.  Blomz. | Y.5.  U.T.S. Flong. | Y.S. U.T.S. Flons
Treatment 10°Psi  107Psi b 10°Psi  10°Psi A 10°Psi 10°Psi % | 107psi 107Psi 7%
8%, RT 37 - o 282 - 0.k | (e08)% - (o) | - -
80%, 100°C | 198 2kl 9.3 133 320 12.0 180 294 7.6 - -
80%, 250°C W7 229 9.5 125 (eBL)* - (9.)* | .123 195 6.5 | - - -
80%, 450°C | -1 153 223 10044 103 | (279)* (8.0)* 1137 229 6.7 212 - 3.2
60%, L4so°c 126 21k 11.2 76 ' (217)* (6.5)* 775 | 178 4.6 - - -
4oB, L50°C 115 195 15.0 | s1 o (agkx  (5.7* | 63 (158 (3.0) | - - -
208, 4S50°C 102 125  13.9 58 (202)* (L.2)* 68  (161)% (2.4)% | - | - -

.

Specimens broke at hole

**
Fracture strength
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TAFL - IX
AILOY NO. 6811-15 9 Cr, 8 Ni, 1 Mn, 0.4 C, bal. Fe

TENSTIE PROFERTIES

Test Temperatures 1' : ‘ _RT‘ o RE -78°¢C o : - .196°c léO°C
‘Thermo-Mechanical | Y.S. . .U.T.S. Eléhg. 1.5,  U.I.S.  Elomg. | Y.S.  U.T.S. Elons. | Y.S. U.T.S. Zlows
(Treatment . Y a0%pes o 10%Psi % | 10°Psi 109Psi % 10°Psi 107Psi % | 10°Psi 10°Psi
8%, BT 289 - o | es0 - 1.5 266" - 0 281 - Q
80%, 100°C 26 e e 188 25 18.6 200 2ob b7 o 227 - 0
8%, 250°C - 203_ i 286  25.8 '158 ) 336 16.8 | 287 | 22k 7.2 236 - 1.9
8o%, bso°c 177 f- 293  ek 126 335 ' 15.3 19 186 5. |21 - 1.9
&b, bs0°C 175 . 255 29.6 01 312 122 | ue w2 b1 |- - -
1%, L50°C 158 e W | 113 216 8.9 1'86' 109 - . 2457 - - -
oo, kscc | 9T 118 135 | 1 - 95 | 65 W6 3.0 | 108 12 3.k

Fracture strength

-¢0T~



TARIH X
ALLCY NO. 689-18 9 Cr, 8 Ni, 1 Mn, 0.5 C, bal. Fe
| TENSTIE PROPERTTES

Test Temperatures RT -78°¢ -196°c 100°C
Thermo-Mechanical | Y.S. U.T.S. Elong. Y.S. U.T.S. Elong. Y.S. U.T.S. Elong. | Y.S. -U.T.S. Elong
Treatment 10°Psi  107Psi % 10°Psi  10°Psi % 10°Psi 100Psi % | 10°Psi 109Psi
8, BT 278 - 3.0 260 286 15.8 oug ¥ - 0 258 - 1.0
86,%, 100°C 255 - 50 250 299 19.0 271" - 1.0 252 - 1.5
80%, 250°C 25k - 3.0 225 325 po.k | 2gz ™ - 0 o3) - 1.0
808, 450°C 220 231 7.0 206 330 20.0 202 - - 1.0 | 218 222 1.5
6%, 150°C 20l 215 14,3 200 280 18.0 193 - 1455 | 201 - 1.5
b, Lso°c 15k 175 12.0 159 189 1.6 | 176 - 1.0 158 1635 4.0
o0h, 450°C 115 142 17.0 125 156 16.3 | 1k2 * - 0 109 114 3.0

*
Fracture strength

'ﬁOT'
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ALLCY NO. 692-8 = 9 Cr, 8 Ni, 3 Mn, 0.2 C, bal. Fe

TENSIIE PROPERTIES

Test Terperatures RT . e | -195°C

sotanical | 1.8 U.T.S.  Elong. | Y.S. 'U.'T.S;_ Elong. | Y.S.  U.I.S. Elong.

| 10-3Ps.i_ , 165-Psi % 10°Psi  10°Psi % 1031?si 10°Psi %

3ol . ouh 330 - 0.4 369 - 0

208 e 232 5 | 172 217 19,7 | 202 300 11.7
172 550 - 306 | e op 19.6. ¥7 20l 8.h
ST cgsh o 2m.1 | 138 282 17.1 | 15 330  12.8
135 26 26,5 | 19 2@ 17.2 135 (266)* (10.8)*
13'0_   ‘;'3201 26.8 | 100 - (26o)¥ (15.9)* : 10'7 (235)* (10.8)*

01 176 3.2 | 12 - (227)*  (13.00¢ | 17 160 8.9

* - -
Specimens broke at hole

*% ;
- Fracture strength

-G0T~



TASIE L XIT

ALLOY NO, 6812-11 9 Cr, 8 Ni, 3 Mn, 0.3 C, bal, Fe

TENSILE PROPERTIES

Test Tergeratures |  RT | 78 - _196°C 100°C |
Thermo-xechénical Y.s. U.T.S.  Elong. :Y.S. U.T.S.  Elong.| Y.S. U.T.S. Elong. | Y.S. U.T.S. Elong
Treatment | 10°Psi 163Psi 9 10°psi  10%Psi % 107Psi 100Psi % 107Psi 10°Psi %
8c%, RT 2735 D 2.8 25l 300 22,2 "287 - 1.6 - - -
80%, 10C°C | 2o . 7.3 | 215 285 28.6 | 23k - 7.0 . - -
8, 250°C | 217‘ - 145 |. 206 | 285 - 24,2 202 202 9.4 - - -
80%, 450°C : _ 206 ‘ 219' 34,8 | 185 300 23.5 203 . 206 8.7 195 201 2.9
60%, 130°C FEECE 189 26.5 166 283 25,9 182 195‘ »9.& 1 - - -
Lo, b50°C | 133 152 19.7 1 138 . 26 25,1 5 - 2.9 - - -
o0, 4s0°c ol 120 25.0 | 96' 172 17.2 116 119 - 7.9 - - -

-9OT'
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_ ALLCY NO, 692-6

9 Cr, 8 Ni, 3 Mn, 0.4 C, bal. Fe

TENSILE PROPERTIES -

Test Terrzzratures RT -78°c -196°¢C 100°C
Thermo-Mectanieal | Y.S.  U.T.S. ° Elong. Y.S. U.T.S.  Elong. Y.S. U.T.S: Elong. | Y.S. U.T.S. Zlong
Treatment 10°Psi  10°Psi - % | 10°Psi 10°Psi % 10°Psi 10°Psi % | 10°Psi 10°2si %
80%, RT :253;' - 2.6 2lg - 5.1 288 - 0.7 - - -
80%, 100°C 230 ;: - 3.0 251 28k - 32.1 252 - 1.3 - - -
8%, 250°¢C 229 | - 5.7 211 280 2k.0 | 24l - 0.8 - - -
8%, L5o°C 225:' - 10,9 211 303 . 24,0 227 - 0.4 | e17 225 1.L
608, 4=0°C 195 - 196 4,2 177 251 19.5 198 - 0.9 - - -
Log, L50°C .1u3-T 159 10,9° 148 196 17;5 167 - 1.3 - - -
20%, Lso°C 99 121 13;5_ 111 158 19.8 135 138 1.5 - - =

i3

-L0T~



TAWE XTIV
ATICY NO. 686-22 9 Cr, 8 Ni, 3 Mn, 0.5 C, bal, Fe

TENSIIE PROPERTIES

Test Temperatures  RT - | -78°C : -196°c . 100°C
Thermo-Mechanical Y.S. ' U?T,S. Elong. Y.S. U.T.S. Elong. Y.S. U.T.S5. Elong. st. U.T.S., Elong
Treatment | 10%psi  10%Psi % | 10°Psi  109Psi % 10°Psi 10°Psi % 10°Psi 10°Psi &
80%, RT 252 + 1.3 263 - “hil 296 - s 236 - Q.k
80%, 100°C 1 25k - 1.8 248 266 28950 | 290 * - 0 225 228 1.1
8%, 250°C olig . 2,4 252 279 31.0 | 266 - 0.5 | =219 229 1.5

. . , ‘ *¥
80%, L50°C 236 - 2.1 229 276 21.6 252 - 0.2 212 219 0.4

60%, L50°C , 209 - 2. 213 252 28.4 | 246 - 0 187 192 0.6

Log, 450°C 12 166 5,5 159 176 10.7 202 - 0 14k 151 1.5
o . : . : ava . .
20%, L450°C 112 126 10.2 122 138 6.7 156 - 0.2 108 117 bk

* .
- Fracture strength

vx .
Fracture strength = yield strength

-80'[_



TABIE XV
ALLOY No. 689-19 9 Cr, 8 Mi, 4 Mn, 0.5¢C, bal. Fe -

TENSILE PROPERTIES

Test Temperatures ) 1 - _:RT'_ - - o -78°C. L | —196°C \   v - " lOO°C_

Thermo-Mechanical | Y.S. * U.T.S. - Elong. | Y.S. U.T.S. Elong. | Y.S. U.T.S. Elong. | Y.S. U.T.S. Elong
Treatment | 1Q5Psi. lOBPsi; % 105Ps1_ 10°Psi % 105?si‘-1o§Psi 4 | 10°Psi 107Psi %

80, RT S ) 257 - 23 _é8h R 5.5 | s fi.i | :1=6. 22 - 23
80%, 100°0 o '-ék9 E - J' by | 260 - _,_5.5_:_ Sk - 1.6 -  - ,Q

80, 250°C _ ols - ke | er2 - '6.7.:" sk o ;'1'2.3: 227 - 22
804, bso°C o5 - 2.7 | 265 e 399575 - s - 1o | 2k2 o -3A 
6p, hso°c | ee9 - we | ewe - h3 - o 1 I R
Mg, bsoc | o 1m . 8.0 | 182 15 68 | - = e -

2of, bsofc | 129 - w5 ehe | 138 165 23.0 8 185 27 |- - -

8o, 550°C 250 = 2.0 psU* o o | e@™ i o |aW - 300

1

x _ L
- Fracture strength

- 60-[_



TABLE XVI

9 Cr, 8 Ni 1 Mn, 0.2 C, bal Fe

ATIOY NO. 692-9
TENSILE PROPERTIES
(Special Tests)
Test Témperatures RT RT (Prestrained at —78°C) -78°C
Thermo-Mechanical Y.S. U.T.S. Elong. Y.S. Strain Y.S. U.T.S. Total | Y.S. U.T.S. Elmg
Treatment 107Ps1 lOBPsi_ % pt ;7800 at "'('%YBQC ‘ a’cBET atBRT E%ong. 107Psi  10°Psi i
10”Psi 10”Psi 10”Psi
80%, 25o°c 256" o275 12.9 | 231 0.k 260 277 5.6 211 %00 9.3
L0%, u505c 194 240 13.5 | 151 0.k 20k 246 11.7. 140 271 - 8.3
20%, 450°C 180 216 1893 132 1.5 178 . 21k 15.4 126 261 11.k

~O0TT-



Table XVII, Chemical composition of the_alloys-

Alioy No. - wt.% Cr " wt.% Ni =N wt.% Mn | wt.b C wt.% Fe
592-9 9 8 (7.6) 1 0.2 (0.212) Balance
632-7 _ 9 iy 8 _ 1 0.3 (0.29) Balance
6811-15 ' 9 (10.1) 8 (7.6) 1 0.4 (0.432) Balance
689-18 9 (10.3) 8 1 0.5 (0.535) Balance
68111k 9 (10.1) 8 (7.6) 2 o (0.008) Balance
6811-13 9 (10.1) .8 (7.6) 2 (2.2) 0.1 (0.173) Balance
6811-12 9 (10.7) 8 (7.7) 2 0.2 (0.285) Balance
629-15 9 (9.8) 8 ' 2 0.3 (0.325) Balance
639-16 9 (10.2) - 8 2 0.4 (0.354) . Balance
686-21 9 (9.2) - 8 (7.8) 2 (2.3) 0.5 (0.507) Balance -
69é-8 9 - , 8 3 0.2 (0.249) Balance
6812-11 79 (10.1). 8 (7.7) 3 | 0.3 (0.3k) Balance

- 692-6 9 : 8 . 3 (3.4) 0.k (0.422) Balance
686-22 9 8 (7.8) 3.(3.2) 0.5 (0.519) Balance
689-19 - 9 (10) ‘ 8 I 0.5 (0.512) Balance

() value.as analyzed; oniy listed when deviating from desired value. Accuracy of C-analysis is
not known. ' -

=TTt~



Flg., 1

Fig, 2

Fig. 3

Fig.

L
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FIGURE CAPTIONS

Dimensions of 0.0SOwiﬁ; thick tensile specimen.
Stress_strain curveé of alloys with varying C contents at
givenan contents after 80% reductién in thickness at 450°C.
(a) Room temperature tests of 1% Mn alloys.

(b) Room temperature tests of 2% Mn alloys.

(c) Boom temperature tests of 3% Mn alloys.

(d) Dry ice tests of 1% Mn alloys.

(e) Dry ice tests of 2% Mn alloys.

(f) Dry ice tests of 3% Mn alloys.

Yield strength vs. C content curves of 1% Mn alloys after
80% reduétion in thickness at 450°C obtained at different
test temperatures.

(a) Room temperature and 100°C test values.

(b) Dry ice and 100°C test values.

(c) Dry ice and room temperature.test values.

(d) Differences in yield strength between 100°C and room
temperature tests, 100°C and dry ice tests, and room
temperature and dry ice tests as a function of C contént.

Yield strehgth vs C content curves of 2% Mn alloys after

80% reduction in thickness at 450°C obtéined at different

test temperaturés.

(a) Room temperature andleO°C test values.

(b) Dry ice and 100°C test values.

(c) Dry'icé and room temperature tesf values.

(d) Differences in yield strength between 100°C and room

temperature tests, 100°C and dry ice tests, and room
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temperatﬁre\and dry. ice t¢stsiasTa functién of C content.
.Fig. 5 Yield strength vs C content curves of 3% Mn ailoys after
80%’reduction in thickness ét 450?0 obtained at different
test temperatures. |
‘(a) Room temperature and 100°C téstvvaiueé.
(b) _Diy'ice and iOO?C test values.
(c) ,Dry ice and room temperature test values. -
(a) Diffefences‘in_yield strength between 100°C and room
. .temperature tests, 100°C and dry ice tests, and room
féﬁpéfature and dry‘iéeCﬁests as a functidn of C content°
Fig. 6 (a) ILuder's étrain vs carbon éontent-at -787C'ih 3% Mn
| alloys aftervBO%_reduction in thickness af h5o?c. |
‘(b) Luder's strain vs Mn contei_qt at -78°C in ‘0..4% c éllby’s
- after,80%-redaction in thickness at M50°C..‘
_  Fig. 7->' | Stre#s strain curves of alloys with varyihg Mh contents at
..given C contents after 80% reduction in thickness at 450°C, 
(a) . Room temperature tests of 0.2% C alloys.
(v) ‘Room:temperéture'tests of O;h% c ailoys-
(c) Room temperatufe tests of 0.5% C alloys.
(d) Dry ice tests of 0.2% C élloys. |
(e) Drj ice fests of 0.4% C allojs; 
(f)‘ Dry icé‘testsvof»0,5% CAalloys.j.;'
Fig. 8 ‘RéOm.téﬁperaturé Stréss stfain‘curves_of 2% Mn alloys at
| 'givéﬁ-c_contents aj%er‘reducﬁions in fhickhess Qf:EO; MO, f"
160, and 80% at 450°C. | L -

(a) 0.0% C alloy



Fig. 9

Fig. 10

Fig, 11

Fig. 12

11k~

(b) 0.1% C alloy
(¢) 0.2% C alloy:
(d4) 0.3% C alloy
(e) 0.4% C alloy

(f) 0.5 C alloy

Yield strength at room temperature vs reduction in thickness

at 450°C for a 2% Mn, 0.5% C alloy.

Differences in room temperature yleld strength between

specimens with 80 and 20% reduction in thickness at 450°C

as a

function of carbon content for alloys containing 1, 2

and 3% Mn.

Dry ice stress strain curves of 2% Mn alloys at given C

‘contents after teductions in thickness of 20, 40, 60, and

80% at L50°C.

(a)

G

(c)
(a)

(e)

(£)

Room

0.0% € alloy

0.1% C alloy

0.2% C alloy

0.3% C alloy
0.4 ¢ alloy
0.5% C alloy

temperature stress strain curves of 1% Mn alloys at

given C contents after reductions in thickness of 20, 40, 60

and 80% at 450°C.

(a)
(b)
(e)
(a)

0.2% C alloy
0.3% C alloy
0.4% ¢ alloy

0.5% C alloy



"Fig.

Fig.

~ Fig.

Fig.

15

14

15

16
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Dry ice stress strain curves of 1% Mn alloys at. given C

contents after reductions in thickness of 20, 4o, 60'and

'80% at 450°C.

(a) 0.29 ¢ alloy |

(b) 0.3% C alloy (no x when specimen fréctured at hole)
(c) 0.4 ¢ alloy |

(a) 0.5% C alloy

Room temperature stress étrain curveé of 3% Mh alloys at
given C contents after reduction ih thickness of 20, 40,‘60
and 80% at 450°C.

(a) »O;2%iC alloy

(8) 0.3% ¢ alloy

(¢) 0.4 C alloy

(d)_'o.5% C alloy

Dry ice = stress strain curves of 3% Mn alloys at given

C contents after reductions in thickness of 20, 40,60
and 80% at 450°C.

(a) 0.2% ¢ alloy (no x whén‘specimen fractured at hole)

(b) 0.3 C alloy

(¢) 0.4% ¢ alloy

(a) 0.5% C alloy

»RQQmAtémperature stress strain’cur§és of 2% Mn alléys
~at given C contents aftér‘80% reduction>in thickness
, at'RT, 1oo; 250, and 450°C.

" (a). 0.0% ¢ alloy

(b) 0.1% ¢ alloy



Fig. 17

Fig. 18

Fig. 19

(c)
(a)
(e)
(£)
Room
with
(2)
()
(c)
(a)

0.2% C alloy

0.3% C alloy

0.4% ¢ alloy

0.5% C

alloy

-116-

temperature yield strength vs C content curves of alloys

varying Mn contentsafter 80% reduction in thickness at

temperature and 450°C, respectively.

1% Mn alloy

2% Mn alloy

3% Mn alloy

Differences in room temperature yield strength between

specimens reduced 80% at room temperature and M50°C,

respectively, as a function of C content for alloys

containing 1, 2 and 3% Mn.

Dry ice stress strain curves of 2% Mn alloys at given C

contents after 80% reduction in thickness at RT, 100°, 250°,

and 450°C.

(a)
(b)
()
(a)
(e)
(£)

0.0% C
0.1% ¢
0.2% C
0.3% C
0.4% ¢
0.5% C

alloy
alloy
alloy
alloy
alloy

alloy

Room temperature stress strain curves of 1% Mn alloys at

given C contents after 80% reduction in thickness at RT,

[}

100

(a) 0.2% ¢ alloy

, 250°, and 450°C.



Fig. 20

- Fig. 21

Fig. 22

_ Fig. 23
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(b) 0.3% C alloy

(c) 0.4% ¢ alloy

(a) 0.5% C alloy

Dry ice stress strain curves of 1% Mn alloys at given C
contents after 80% reduction in thickness at RT,'lOO°, 250°,
and 450°C. |

(a) 0.2% C alloy (mo x when specimen fracturéd at hole)

(b) 0.3% C alloy (no x when specimen fractured at holé).

(c) 0.4% C alloy

(d) 0.5% C alloy

Room temperature stress strain curves of 5% Mn alloys at

given C contents after 80% reduction in thickness at RT,

- 100°%, 250°, and L450°C.

(a) 0.2% C alldy
(b) 0.3% C alloy
(¢) 0.4% C alloy

(d) 0.5% C alloy

Dry ice stress strain curves of 3% Mn alloys at given C

contents after 80% reduction in thickness at RT, 100°, 250°,
and ‘450°C.

(a) 0:2% C alloy

| (v) 0.3% ¢ alloy

(c) 0.4 C alloy

(d4) 0.5% C alloy

Yield strength vs test temperature curves of 2% Mn alloys
with varying C contents for all thermo-mechanical treatments

applied.
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(a) 0.2% C alloy (80%, 24°C data are fracture strength values)
(b) 0.3% C alloy (80%, 24°C data are fracture strength values)
(¢) 0.4% C alloy (80%, 24°C data are fracture strength values)
(d) 0.5% C alloy-(all -196°C data are fracture strength values)

Fig. 24 Differences in saturation magnetization between -78°C and RT,
and between -196°C and RT vs temperature for 2% Mn alloys
with C contents varying from 0.2 to 0.5%. The specimens
were reduced 20% at 450°C.

Fig. 25 Yield strength vs test temperature curves of 0.26C alloys

(a,b,c)
with varying Mn contents for all thermo-mechanical treat-
ments. applied, except 80%, RT.

(a) 1% Mn alloy

(b) 2% Mn alloy

(¢) 3% Mn alloy (0.5% C alloy at -196°C: yield strength =
fracture strength) '

Fig. 25 d Differents in saturation magnetization between -78°C and RT,
and between -196°C and RT vs-temperature for 0.2% C alloys
with Mn contents varying from 1 to 3%. The specimens were
reduced 20% at 450°C.

Fig. 26 Yield strength vs test temperature curves of alloys with
varying C contents at given Mn contents after 20% reduction
in thickness at 450°C.

(a) 1% Mn alloys
(b) 2% Mn alloys
(¢) 3% Mn alloys
Tige 27 Yield strength vs test temperature curves of alloys with
| varying Mn contents at given C éontents after 20% reduction

in thickness at 450°C.
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(a) 0.2% C allovs

" (b) 0.4% C.alloys

. Fig. 28 Optical micrographs of specimens of alloy No. 6811515 (2% Mn,

| 0.1% C) after 60% reduction in thickness at 450°C (rolling
time LO min). | |
(a) Mo additional tempering; X250

| (v) Tempered fér 80 minutes at 450°C; x250

Fig. 29 - Optical microgfaphs of polished specimen of allqy No. 6811—15.

'v (1% Mn, 0.4% C) wi;ch 80% reduction in thickness at 250°C

after formation of stress induced martensité{

- (a) Martensite band formed on quenching a.ioaded specimen
from RT to -78°C. Ténsile axis.is indicated by arrows;
xko,

(b,c) Surface Qpheavals-as they appear On:thevunetched
specimen surface, X125. |
Fig.ABOJ Microstructures of speéimens of alloy No. 689-15 (2% Mn,
0.%% C) with vafyiﬁg reductions in thickness at 450°C.
(a) 20% reduction in thickness; X70. |
b(b) vho% reduction.in thickhess; X70..
(c) 60%'reduction in thickness; X?d.
~(a) 80% reduction in thickness; X70.
‘The rolling direétions are indicated by arrows.
Fig. 31 - Microstructures of specimens of alloy’Nb.'689;l5(2% Mh, " 
| | 0;5% c) wifh‘80% reduction in thickness at différent
temperatures. '
(a) Rolling temperature: 450°C; XT0 .

(b) Rolling temperature: 25O°C5 XT70
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(¢) Rolling temperature: 100°C; X70
(d) Rolling temperature: 2L4°C; XT70
The rolling directions are indicated by arrows.
Fig. 32 Micrograph of a specimen of alloy No. 689-15 (2% Mn, 0.3%%
C) with 80% reduction in thickness at RT showing deformation

markings in an austenitic -grain that is surrounded by martensite;

X650,
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TENSILE SPECIMEN
SCALE: 2: |

XBL 698-1155

_ Fig. 1
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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