
Lawrence Berkeley National Laboratory
Recent Work

Title
THE STRENGTH AND DUCTILITY OF METASTAELE AUSTENITIC STEELS AS A FUNCTION OF 
COMPOSITION AND TEST TEMPERATURES.

Permalink
https://escholarship.org/uc/item/2dk493x9

Author
Chanani, Govind Ram

Publication Date
1967-09-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2dk493x9
https://escholarship.org
http://www.cdlib.org/


UCRL-17805 

University of California 

Ernest O. 
Radiation 

Lawrence 
laboratory 

THE STRENGTH AND DUCTILIT Y 
OF METASTABLE AUSTENITIC STEELS 

AS A FUNCTION OF COMPOSITION 
AND TEST TEMPERATURES 

Govind Ram. Chanani 
(M. S. Thesis) 

Septem.ber 1967 

TWO-WEEK LOAN COpy 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

e/~ 



o 

DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
Califomia. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



.",' 
:'" 

", 

~', . 

',i' 

'.'-.;' 

". " . ~ , . 

i .., 

.'''"., ' 

';.', .;>.,." ' .. : '.'." 
.,-:. 

".'. 

./.:., 

.," 

;'.,'. 

'.," 

, .. 

-,"-';., 

", " 

.. -
"', . 

:, UNIVERS!TY OF CALIFORNIA 

~awrence Radiation Laboratory 
Berkeley! California. . 

AEC Contract No. W-7405-eng-48 

.,'" . 

~'. ' 

. , . 
,'.' 

• 
UCRL-17805 

THE STRENGTH AND DUCTILITY OF METASTABLE AUSTENITIC STEELS 
AS A FUNCTION OF COMPOSITION AND TEST TEMPERATURES 

Govind Ram Chanani 

(M. S .. Thesis) 

September 1967 

"".' 

'I' . 

".< 

• i ..... · 

'." 

'. ; , .. " 

;:,:" , 
.',.; 

. ' ~ '. 

.:.' ",' ;," 

"' .. ,'. 



-iii-

TABLE OF CONTENTS 

ABSTRACT 

2. 

INTRODUCTION . . . . . • • It . . . . . . . . . . . . . . . . '. . • 1 

EXPE~1ENTAL PROCEDURE • • • • • • • • • e. • • It • • • · • • • • • 5 
2.1 

2.2 

2.3 
2.4 
2.5 

Selection of Alloys 

Alloy Processing •• 

Mechanical Testing • 

. . • • .. . . . • • • • • • • • • e". • 5 

• • • • . .. " • • • • • • • • • • • • • 5 
« • • • • • • • • • • • • • • • • • •• 6 

Determination of Strain Hardening Characteristics • It • • • 6 
Estimation of the Amount of YJartensitic Trans'formation ••• 7 

RESULTS AND DISCUSSION ••••••.••• • • • • • • • • • • .. .. • 8 

3.1 General. .. " .. . .. . .. . " . . .. . . .. . . .. . . . .. . . .. 8 

Effect of Processing and Testing 
Temperature Shape of Load-Extension Curves 

Effect of Testing Temperatures 
on the Properties • • • • • • • • • • • • • 

• • • • • • • « 10 

• • • ........ 12 

3.4 Effect of Composition on Properties •• « ••••••••• 16. 
Effect of Process Variables on Properties •••• . '. .. . . 18 

4. - SUMMARY Al~ CONCLUSIONS . . . . . .. .. .. . ..'.. . • • .. . .. . • • • 22 

, ._ -'1 

ACKNOHLEDGMENTS « • • • .• • • • • .'.. • • • • • •. , • • • • • • • •• 
. REFERENCES • • .. • • .. .. « • • .. • • • • .. • • • • • • « • • .. . . . 

24 
25 

FIGURE CAPrIONS .. .. • • • • • • • • • • • • • • .. • .. • • • • • • •• 27 

TABLES '. • • • • • .. • .. .. • • .. .. • .. • .. • .. .. • • .... e' • • •• 31 

. FIGURES .. .. .'. • • • • .. .. • • .. • "." .. .. .. • • • • • .. • • • • .... 44 



.. 

t . 

-v-

THE STRENGTH AND DUCTILITY OF METASTABLE AUSTENITIC STEELS 
AS A FUNCTION OF COMPOSITION A1~ TEST TEMPERATURES 

Govind Ram Chanani 

,Inorganic Yillterials Research Division, Lawrence Radiation Laboratory, 
Department of Mineral Technology, College of Engineering, of the 

University of California, Berkeley, California 

ABSTRACT 

. The present investigation was made to study the combined and individual 

effects of composition, test temperature and temperature of defoTWBtionon 

the tensile properties and strain-hardening characteristics of metastable 

austenitic steels. The results obtained indicate unusual combinations of 

strength and ductility for the steels in a certain carbon range after 

suitable thermomechanical processing. 

The strength and ductility were retained in the temperature range of 

ci However, when tested at 200 C, which is above ~, the 

material exhibited lower ductility. 

A CDC 6600 computer (Fortran IV) w'as used to determine the true 

stress-true strain relationship and strain hardening exponent. 

In the present investigation, certain thermo-mechanical treatments 

produced steels having yield strengths in the range of 200,000 to 300,000· 

psi with 30 to 2ct/o elongation, respectively. The improved ductility for 

these steels compared to conventional hi~~ strength steels is attributed to 

the martensitic transforw~tion occurring during testing which is thought 

to inhibit incipient necking. 

"\. 
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1. INTRODUCTION 

Yield and tensile strengths and ductility are the commonly measured· 

mechanical properties of a metal or alloy as these are of immense 

value. For any engineering material, it is always desirable to have high 

strength and high ductility. Various strengthening mechanisms have 

been devised} but their usefulness is limited due to associated lm-, value 

of ductility. In general; there exis;ts an inverse relationship bet--Ieen I 

strength and ductility; for example, when cold working is done to increase 

the strength, ductility is lost. However, thermomechanical processes have 

been developed for certain ferrous alloys which result in a good balance 

of strength and ductility. 

A conventional and common method of strengthening is cold working. 

The dislocations introduced in the material during cold working are 

1 2 
arranged in a cell structu~e, i.e. here tangles of dislocations are formed. ' 

The strength of the material depends on the cell size since the walls of 

the cells act as barriers to the motion of the slip dislocations. The 

smaller the distance between the. cell walls .1. e. smaller the cell size, 

the higher is the strength. But as the cell size is decreased, ductility 

is lost because the motion of dislocations is impeded. 

Precipitation hardening is another common method of strenethening. 

Here the precipitates resist the dlslocation motion by pinning.· ·.Ducti;tity 

is lost because of the lower strain hardening rate. The maximum ductility 

obtainable is in the range of 10-15%. 

Maraging steels possess a good combination'of strength and ductility. 3 

Here the strengthening is attributed to the presence of a finely dispersed 

precipitate.. Plastic straining of the austenite prior to the phase 

. . 
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transformation in the case of these alloys gives' only slightly improved 
, '. 3 

properties. 
" ~ 

" 

The most promising'among the various thermo-mechanical processes 

developed to date is "ausforming". 'In this process, metastable, austenite 

is deformed prior to transformation to martensite. Usually this is 

applicable in case of an alloy system which exhibits a ''bay'' reg.ion in , " 

the T-T-T diagram where the deformation can be suitably carried out •. 

strengthening is attributed l'naiilly to tw'o factors % ' 

1. high dislocation density proQuced, 
• 'r L 

2. the dispersion of alloy carbides formed during the deformation 
.:' . . .: ~. 

of austenite • 

In this process straining is done at an elevated temperature 
, ,' . 

whe reaging may occur's imul taneously~ 

In the present investigation, thermomechanical treatments, devised, 
';'/ 

" 

for certain metastable austenitic steels, have been found to result in 

unusual combinations of strength and ductility. 
<", ' 

The ductility during' 

tensile testing is believed to be due to the transformation induced 

plasticity ( a phen~menon known as TRIP)~4 In: this case, metastable 

, austenite transforms to martensite during testing. 

The formation of martensite during ten'sile testing increases strain 

hardening since it is a harder phase than the parent austenite. This 

higher strain hardening rate inhibits local necking, i.e., plastic in-

stability, and thereby higher Quctility is obtained. The transformation 

of austenite to martesnite in case of various austenitic stainless steels 

',' . 
"" 
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has been studied extensively as a function of plastic strain 6-9 and 

t t" f "d f" t" 8,10-13 empera"ure 0 e orma lone At a temperature below ~ temperature 

(~ is the temperature above which no 'martens-i te can be obtained by 

plastic deformation), there is a critical strain beyond which the parent" 

austenite undergoes martensitic transformation. This strain is first 

exceeded at the point of plastic instability (i.e., local necking), as 

a result martensite forms and necking is inhibited. 

During the tensile tests of 301 and 304 steels,15 Bressanelli and 

Moskowitz have also found a similar bene,ficial effect of martensite 

formation on the tensile elongation. They reported that a specific amount 

of martensite formation is most beneficial~ According to them only the 

martensite formed in the later stages of tensile testing, i.e. during 

necking, is beneficial. Composition a,nd test temperatures directly 

affect the amount of martensite formed during testing and hence the 

elongation and strength. 

The present investigation was planned to carry out further work on 

TRIP phenomena in order to find 1) the dependence of TRIP on composition 

with particular emphasis on the effect of carbon content since carbon 

has a significant effect on MS temperature (temperature below' which 

mart,=ns1.tic transformation takes place on cooling), on ~ ··temperature, and 

on the total amount of martensite formed during testing. As a result, 

the amount of carbon has an important bearing on strength as well as on 

ductility because the transformation characteristics control local necking 

and hence elongation; 2.) effect of processing temperature on TRIP - the 

processing temperature is also a very important variable. If this is 

below the 1-1J temperature, austenite will transform t,) :nlJrtensite and 



-4·-

hence during tensile testing the TRIP phenomenon cannot be operative. 

A very high processing temperature enhances diffusion resulting recovery 

and coarsening of precipitates w'ith consequent loss in strength; 

3) mechanical properties (i.e. (fy.S.' (f and % elongation) of TRIP u. T. s. 
steels at different test temperatures (-196°C to 200°C). Since the trans-

formation is strongly temperature dependent, the temperature of testing "Jill 

have' a significant effect on the mechanical properties. At a lower tempera-

ture of testing, the critical strain for the start of transformation should 

be smaller because the chemical driving force for the transformation is 

higher. Above ¥~, no TRIP phenomenon will occur; 4) strain hardening 

characteristics of these steels as a function of temperature of testing 

(-196°c to 200°C) and carbon content (0.05-0.5% carbon). The strain 

hardening rate has. direct bearing. on the onset of neCking. 16 Since strain 

hardening is obviously effected by the martensite formation during testing, 

it is useful to correlate the effects of processing temperatures, test .. 
\ 

temperatures and carbon content on transfo~~tion with strain hardening 

characteristics of steels. 

• 

f 

• 
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2.1 Selection of Alloys 

The alloys used for the investigation were selected on the basis of 

previous work "lith high strength metastable austenitic steels. 14,18,19 

A suitable balance of various alloying elements and carbon was made 

so that the metastable austenitic steels have MS temperatures "lell below 

room temperature) while the MD temperature is above room temperature 

after the thermomechanical processing. The austenite is designed to have 

a high Hork hardening rate, high stability and extensive precipitation 

hardening. with deformation at a suitable elevated temperature. Carbon "ras 

the main variable. Alloys with carbon from 0.05 to 0.55bwere teste'd. The 

compositions used are sho'w.n in Table I. 

The composition of alloys a to i is similar to that of j to m except 

for Cr content which is in the ra~ge of 8.5% to 9.5~ in the former alloys 

~~d approximately 12% in the later alloys. All the alloys have Me content 
\ 

of about 4% ,except for a and f which. have approximately lcj, Mo. All these 

alloys have been studied with respect to the various processing temperatures 

and temperatures of testing. 

2.2 Alloy Processing 

The steels to be used were prepared by induction melting of high 

purity elements under vacuum. The ingots were hot forged at 1100°C'to 

2-1/2 in. xl/4 in. Tne bar stock was then cleaned of surface scale 

prior to the subse~uent heat treatment. 

The bars 'Here then austenitized at 1100°C for one hour. under an ' 

atmosphere of 4% hydrogen in helium (forming gas) and then water quenched. 
, , 

The material was then deformed 80% at various'temperatures. Deforrr~tion 
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temperatm.es of 550°C, 450°C, 350°C, 250°C and room temperature were 

selected on the basis of previous work. 14,18.;19 Deformation was carried 

out by means of heated rolls. 

The material was reheated in an electric furnace between passes. 

whole process of reducing the thickness from 0.25 in. to 0.05 in. (80% 

reduction) required less than one hour. After rolling the material was 

water quenched. 

2.3 Mechanical Testing 

Tensile specimens were prepared and tested at various temperatures 

on an Instron testing machine using a crosshead speed of 0.1 cms/min. 

The dimensions of the tensile specimens are shown in Fig. 1. 

To perform isothermal tests at various temperatures and to absorb 

the heat of deformation involved, the specimens were surrounded by a 

The 

cylindrical container. The container was filled with liquid nitrogen for 

the tests at ... 196°c. For tests at 100"C boiling distilled water heated 

by an immersion coil heater was used. Oil was heated by an inrrnersion 

heater for the tests at 200°C. Occasional stirring of the bath maintained 

a constant temperature. 

2.4 Determination of Strain 

~ardening Characteristics 

To study the strain hardening characteristics, it was necessary to 

derive the true stress-true strain relationship for the various tensile 

tests in order to find the value of strain hardening exponent. 

Due to the large number of specimens tested, a CDC 6600 computer 

(Fortran IV) was used to compute the values of true stress and true 

strain directly from the load extension curves obtained by Instron. 

• 
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The strain hardenin~ exponent '(n) is related to the true stress (0) 

and the true strain (€) in the following manner 

where A is a constant known as stren~th coefficient. By solving for nand 

differentiating 

n :::: d (log' 0') 

d (106 €) 

it is obvious that the strain hardening exponent is given by the slope of 

a log-lo~ plot of true stress versus true strain. For this .purpose, only 

that portion .of the load extension curve w·as used which shoved strain 

hardening and no necking (i.e. only past the LUders' strain and before the 

maximum load). 

A least squares polynominal fit was made to obtain the slope of the 

log-log plot, i.e., the value of the strain hardening exponent. 

2.5 Estimation of the Amount of Martensitic Transformation 

The transformation vas qualitatively observed by means of a strong 

hand magnet. It was assumed that the· specimens which we~e non-magnetic 

were austenitic and that those which were strongly magnetic were marten-

sitic. Those specimens shovring intermediate response to the ma~net were. 

assumed to.have undergone only partialy transformation to martensite •. 

.. 
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3. ,RESULTS AND DISCUSSION 

3.1 General 

The<p;'operlies of the alloys in the annealed condition are sho,;m in 

Table Ir.. Tables III through XV shmq the properties of the alloys at 

various test temperatures after various kinds of processing. It can be 

seen that the alloys ",ith carbon content 'in the range of 0.2-0.3% exhibit 

'yield strengths above 200,000 psi "1'ith an elongation, of 20-30% after 80'/0 

deformation above~. The improved mechanical properties are the result, 

of changes occurring during thermomechanical processing as ,,1'el1 as those 

during testi~g. ~ne higher strength of these alloys, compared to the 

annealed mat~rialJ can be attributed to those s&~e mechanisms operative 

in the ~ase of ausformed steels since there is a similarity in processing., 

The tensile elongation and other properties can be discussed on the basis 

of-the transformation which the metastable austenitic alloys undergo during 

straining. In the case of high strength steels, i~ is believed that plastic 

instabi,lity (the onset of necking) .is responsible for low values of elonga.-

" - 22 ' 
tion..It has been observed in many cases that although the reduction in , 

.. , " 

area is high (imply-'.l-'I1g a high value of local elongation) the total elongation' ': ,I 

is considerably l,ower. Hence" if necking could be prevented, the elongatioll 

would be enhanced. 

The 'criteria for the onset of necking is16 

dO' = 0' = n 
dE 

, < 
~ 

,', 

where O'J EJ and n are true stress, true strain and strain hardening 

exponents, respectively. This means if the value of flow stress is 

• 

" < I 
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increased, the rate of strain hardening must also be increased to ~void 

or to delay necking.. In conventional high strength steels, strain hardening 

is due to dislocation interactions and the effectiveness of these appears 

to decrease as the strength is increased. As a result uniform elongation 

decreases. It appears that the strain induced transformation of austenite 

to martensite provides strong baTriers which enhance the strain hardening 

rate. The exact nature of these barriers is not yet known. It. can be 

assumed that since martensite is a phase harder and stronger then the 

parent austenite it provides a stronger barrier than the ""lork-hardened 

austenite. At the same time due to the higher volume of martensite and 

the inherent spontaneous nature of transformation a very high dislocation 

density is probably produced. 

The fact that the transformation of austenite to martensite during 

testing gives higher elongation has been reported by various investiga-, 

tors .. 14,15,20 The improved tensile elongation for 301 and 304 steels 

obtained by Bressanelli and Moskowitz has been mentioned earlier. 

In conclusion, deformation of austenite above room temperature but 

below the recrystallization temperature results in significant changes in 

both the structure and the composition of the austenite. In alloy steels, ," 

alloy carbides precipitate on extremely fine scales during the deformation. 

T'ne precipitation results in a depletion Qf carbon in the matrix and thus 

CB.uses an elevation of the MS and ~ temperatures. 'The steels used in the 

present investigation are austenitic in general after thermomechanical 

processing (except for those deformed at 25°C)' and have a hie:h dislocation 

density and a fine dispersion of alloy carbides. In addition, the alloys 
....... 

transform to martensite during testing, thus giving enhanced ductility., 
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In this report the effect of process· variables on the properties are 

discussed wtth respect to the martensitic transformation. 

'3 .. 2 Effect of Processing ancl'Testing Temperature 
Shape of Loa.d-Extension Curves· 

A large number of load-extension curves i'lere obtained for different 

specimens, but) as many of these vere similar in form, they are not all 

presented in this report.. Instead, the types of load-extension curves 

encountered are shown schematically in Fig. 2. 

It can be seen from Table II for the the fully annealed alloys, the 

curves are mostly of t .... ro major type sJ i. e., type I or IA at testing 

temperatures below room temperature (22°C) and type VII or VIIA at room 

temperature and above. At 10\ver testing temperature, the curves sho .... r' 

.. ,. 

more work hardening because of the increased 'amount of rnartensitic trans_co 

formatio~ Except for the slopes, type I and VII curves are typical of 

austenitic steels. 

When the alloys were deformed 80% at 25°C, the curves fell in the, 

category of type II,' IIA or IlL These curves are characteristic of a 

brittle material. Magnetic response shmvs that these specimens were strongly 

magnetic before testing which implies that these are martensitic and hence 

high elongation is not expected. 

In the case of those specimens processed 80% at 250°C, 350°C, 450°C, 

and 550°C, ,the temperature of testing plays a significant effect on the 

nature of curves as c~~ be seen in Tables V-VIII~ The amount of carbon 

also has some effect. ~n~ effect of carbon is more pronounced in the highe~ 

carbon range as shown in Tables VII and VIII. 

At -196~c (liquid nitrogen testing), the curves are mostly of type rl, 

,: c.. 
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with some belonging to the type V. In these cases, a very steep rise in 

the curve follows a considerable amount of Luders' type strain. These 

specimens also show a marked yield point. The ·Luders' strain region is 

serrated which may be associated. withmartensitic transformation (to be 

discussed later)., 

At -78°c and 22°C, type VI or VIA are mostly observed. These are 

similar to the type IV except that the iUders' bands are not so pronounced and 

that the slope of the curve past the band is 10l'Jer and some of the specimens 

which have carbon in the vicinity of 0.3% (e.g. alloy i) and have been de

formed at 450°C show type VIII or VII~ Also the higher carbon (0.4 and 

.0."5) specimens, '.vhen deformed 20C/0, exhibit load extension curves of type 

VIlIA (Table XIV). These are highlY serrated and most of t~"1e :. ; ,',!"l.in is by 

LUders! band propogation. These specimens show higher ductility than the 

others. 

Specimens tested at 100°C follow" in general the load extension path 
\ 

of type X except for the specimens of alloy j (0.05°C) deformed 80% at 

450°C and 550°C, which in contrast follow type ~ The type X curves are 

serrated for the entire range and exhibit a higher value of total elonga-

tioD. Here the transformation is most favorable in the sense that it 

appears to ta.ke place at the appropriate value of strain to inhibit neck-

ing. Alloy j, because of its. 101., carbon (0.05%) has the highest ¥])" Sub

sequently it transforms to martensite very easily and probably at a very 

low value of strain and as a result necking is not inhibited. 

Total elongation is decreased resulting in a CLL~e of type ~ ~~e 

° . . 15 21 
serrations observed at 100 C are typical of metastable steels.) Here 

tbe sudden decrease in load after some strain is due to the localized 
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necking of the specimen, and the sudden recovery in the load is attributed 

to the formation of martensite in the necking region. 

.. ° At 200 C, which is above 1~, the· curve s of type II are invariably 

obtained. -As mentioned earlier, these curves are typical of brittle 

materials. Since 200°C is above M], no transformation takes place and 

as a result local necking is not inhibited. J,fugnetic response shm·rs that the 

specimens have the same amo~~t of martensite before after testj~g. 

3.3 Effect of Testin~ Temperatures on the Properties 

It is obvious from the Tables II to VIII that the alloys studied show 

a 'wide range of properties at different test temperatures. The strength 

for a particular alloy after processing ma~ vary as much as 50% depending 

on the test temperature "rhile the ,elongation may vary from 1 to 40%. Tne 

strain hardening exponent (n) also varies from very near zero to as high 

as unity. 

3.3.1 Effect of Testing Temperature on the Strength and Ductility of 
the Steels 

As can be seen from the Fig. 3, the annealed alloys, which are com-

pletely austenitic before testing, show' a decrease. in strength and an 

increase in elongation ',dth increase in· temperature of testing. T.ae alloys 

. were designed in 'such a way that their r1S temperatures were well below room 

temperature and their MD temperatures much higher than room temperature. 

Tne continuous drop in strength with rise in testing temperature as shmoJD 

in Fig. 3 is typical of conventional steels. The elongation also increases 

with temperature as expected except above 100°C. In these steels, the 

TRIP phenomenon is operative a....'1d the drop in elongation can be explained 

on the basis of this. At -196°c both the lo .... ;er carbon alloys which are 

• 
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l':tl't:i.tUJ.y mnrtensitic initially, and the higner carbon alloys which are 

completely austenitic} probably transform to martensite during the early,' 

stage of straining. It is thought that the martensite so proc1.uced is not 

as beneficial to elongation. 

The rate of transformation for the annealed alloys is optimum at, 

22°C".and 100°C. At 200°C} the amount of transformation is very small as 

can be seen by the magnetic response, L e., the 8J.1oys 1 and In are completely 

austenitic after testing while the alloys j and k are mostly austenitic. 

Due to the lack of transformation, ductility was small at 200°C. 

T.le strength and ductility of various alloys after processing as a 

function of test temperatures .are shq'W11 in Figs. 4 to 7. -

In general the yield strength is m.a:dmum at -19CC and decreases vii th 

increasing temperature of testing up to 22°C testing. Tne strength then 

increased with increasing temperature above 22°C. The higher value of 

yield strength at lower temperature is expected. Tne elongation is nearly 

consta.."1t in the range of -196°c to 22°C, but shows an increase at 100°C. 

The elongation drops to a very low value at 200'oC. At this temperature, 

the specimens do not show any significant change in their magnetic response 

after testing which indicates that the transformation does not take place. 

T'nese results are in agreement with those obtained by Bressanelli and 

,Hoslcowitz15 ,,;rho also obtained a peak in elongation vs testing temperature 

and concluded that the formation of either greater or lesser amounts of 

martensite tnan a specific amount results in less than optimum elongation. 

In the present case, it can be asslli~ed that an optimum amOlli"1t of martensite 

° is formed at 100 C. 

" 

" 

'. 
'-;'. 



3 .. 3,,2 Effect of . Testing Temperature on Strain ... Hardening Characteristics' 
of TRIP steels. 

The influence of testing temperature on the st~ain-hardening charac':' 

teristic of austerii tic steels has been studied by G. 1-7. Pow'ell, et al.23 
., . 

i"n detaiL·' Ac.c'o:;::ci.ing to their work the strain-harden'"ing characteristics' 

of austenitic stainless steels are strongly'dependent upon the stability 

of austenite.' The present investigation ShO .... 1S a similar dependence. 
t .. 

Figure 10 sho .... rs the change in strain-hardening exponent, n, for 

fully annealed alloys as a function'of the testing temperature. Figures 

20 (a) and 21 (a,b) sh~w'true stress-true strain curves for alloy k at 

V8!ious temperatures· as plotted by the computer. T.~e true stress-true 

strain curves for other annealed alloys are similar in shape .. 

. As seen in Fig. '21 (b), the annealed alloy sho';rs a parabolic curve· . 

at 100°C, when a -negligible amotmt of·rr.artensite is forrr.ed. This parabolic 

cuxve is characteristic of stable austenite. At lower tempe~aturesJ when 

the.transformation takes place during testing, a departure from parabolic 
,'< • 

cUl'""ves is observed. In these cases, the ctL.-rves are quite steep in the· .j 

initial stage but start flattening at higqer-strain. This effect is very 

pronounced in Fig. 2'0 (a).. In this case martensite is formed at a very 

low value of strain due to the lo .... rer temperature of. testing (-196°C). This 

is reflected in .the strong magnetic ~esponse of a specimen strained only 

4% at -196°c. Tnis wArtensite plus the auto catalytic nature of the 

martensitic transformation gives rise to the initial stimluuting effect. 

'l'he value of atrain hardcnine; exponent, n, goca down aomc'",ho.t with the 

rise; in test'ing temperc,t:ure as seen from Fig •. 10. 

The stress-st~ain relationships for the processed alloys shO\\' .:t lari";e. 

deviation from those of the annealed alloys. 

. " ~ 

t.,· 
" 
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Figures 22 and 23 show the true stress-true strain curves as well as 

log-log plots of the true stress-true strain.relationships tested at four 

different temperatures for alloy k after 8010 deformation at 350°C. Figures 

11-14 indicate the variation of strain hardening exponent, n, with testing 

temperature for different alloys after· processing at various temperatures. 

The strain hardening exponent, n}· decreases linearly with increase in 

test temperature. This change in n with temperature is much larger in 

the case of processed alloys than for annealed alloys because of the lower 

stability of the processed alloys. The dependence of elongation on the 

value of n is shown in Fig. 24. Tne fact that the strain hardening rate 

is-higher at -196°c suggests that the elongation should also be greater 

at this temperature. But as has been discussed earlier, this is not true 

in this case because of the formation of a greater amount of IT~rtensite 

at lOvler temperatures. If the austenitic steels could be extended in 

tension at lower temperatures without the formation of an excessive amount 

of martensite, ·the total elongation should increase' •. It can be seen in' 

, Fig. 22(a) for the specimen tested at -196°c that during the earlier stage, 

the curve does not show any upward trend. In this strain region} the 

deformation proceeds by Luders! band propagation. Figure 2,3 (a) also shows 

a similar trend for the specimen tested at 22°C, but the range of strain 

spanned by band propagation is smaller than for the case of the specimen 

tested at' -196°c. Here the band motion 'ilould be observed by the naked 

eye. The bands were seen to proceed from one grip end of specimen to the 

other, until the whole of specimen has been transformed. After this the 

load began to increase as seen in the later part of the curves in Figs. 

22 (a) and 23 (a). 
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At 100ciC, the upward rise- in the curve is gradual and uniform for 

the entire region. Here the specimen strains by a LUders' band propagation 

for the entire elongation. Also the martensitic formation is delayed 

until the later stage, thereby giving a higher elongation. 15 .. . . . 

In effect, the strain hardening characteristics are strongly dependent 

on the stability of austenite and the effect that temperature has on that 

stability" 

Effect of Comoosition on Properties 
e r 

As discussed in the introduction, chemical composition is one of 

the main factors governing the characteristics of martensitic transforma-

tion in any alloy. In the present investigation, the effect of carbon has 

been studied in detail as it is well known that carbon. has a significant 

·effect on both the MS and V~ temperatures as well as on the strengths 

and ductility of the steels. Alloys with two different molybdenum content 

~re also investigated. 

As seen from Tables VII and VIII, yield strength varies ·from 130 

to 245,000 psi while elongation varies from 30 to 0 percent, (depending 

on the carbon content) for the same treatment and same temperature of 

testing. for otherwise similar alloys. At room temperature, the strain 

hardening exponent also varies from 0.30 to 0.60 with the carbon content 

only. 

Effect of composition on the st'rength and ductility of the steels. 

Tne variation of strength and ductility at 22°C and -196°C '~ith- cj., 

carbon is shown in Figs. 8 and 9. Since the properties do not fr";: . . -: ~ 

general pattern, they are enclosed by bands. In general, t~le screngtn 

rises with increase ,in carbon which is indicated by the upward slope of 
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ShOi\S behavior different from that of the others. Its strength is higher 

than the alloys with greater amount of carbon. As can be seen from Tables 

VII and VIII,this alloy is magnetic before. testing ''ihich implies that it. 

is some"dhat martensitic and naturally itsyie ld strength is higher than 

the others which are austenitic (non-magnetic) before testing. By statistical 

methods, Angel17 obtained t.he following multiple regression equation for ~. 

~ 30°C = 413 -462 [(C+N)J - 9.2 [8iJ - 8:1 [MnJ - 13.7 [CrJ 

-9.5 [Ni] - 18.5 [Mo] , 

. where [siL etc., is the weight percentage of the elements present. He 

has defined ~ 30 arbitrarily as the temperature at which 50% martensite 

is formed in tension after a true strain of 0.30. As a result austenite 

is most unstable for the lowest alloy content. The effect of carbon and 

mol-ybdenui'n can be interpreted on this basiso As can be seen in Fig. 8) 

elongation first increases with carbon and then attains a rn.a.ximum in the 

. range of 0.2 to 0.3% carbon beyond which it drops. 

At low carbon, austenite stability is very 1m .... and as a result 

martensite forms at a lower value of strain while at a higher carbon, 

austenite being more stable, martensite forms during the later stage 

and thereby favorably inhibits necking giving rise to a higher elongation. 

But when the carbon content exceeds the limit of solubility, the beneficial' 

effect of increased carbon is lost since the undissolved carbides m~~e .:.. .. ",ne 

steel brittle. Tnis is thought to be the reason for the low ductility in 

alloys with 0.45 or higher carbon alloys in the present investigation. 

The effect of molybdenum on yield strength and elongation is shown > ~.' 
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in Fig. 28. Tne higher yield strength of 410 Mo alloy compared to that of 

1% £.10 can be explained on the basis of solid solution strengthening effect 

of 1>1:0 in Fe'. Tne decrease in elongation can' beexp'lained on the basis of 

a lm·rer strain hardening associated vii th the higher Mo alloys due to higher. 

austenite stability. 

3e 4 .. 2 Effect of Oomposi tion on Strain Hardening Characteristics of the 
Steels 

Figure 15 shovrs the effect of carbon on the strain hardening exponent, 

at different temperatures for the fully annealed alloys. Figures' 16-19 

shows the same for the alloys after 80% deformation at the various tempera-

tures as indicated. It is obvious that except for the 0,,05 C alloy, the 

value of' n does not change much with carbon in the range studied. The 

10Vler value of n for the 0.05C alloy (alloy j) is much more prominent 

after p~ocessing. As discussed in the previous section, this alloy is 

martensitic initially and as the amount of martensite formed on subsequent 

testing is smaller in this alloy than in other alloys. Also this alloy 

has a higher molybdenum than the others. 'Molybdenum causes a decrease in 

strain hardening exponent as seen by Fig. 28 due to the increased austenite 

stability associated with molybdenu.'n as discussed in the previous section. 

Therefore, the lower value of n face alloy j (0.05 C) can be attributed 

either to its higher molybdenur content or to its being martensitic prior 

to testing or both. 

3.5 Effect of Process Variables on Progerties 

Tne main processing variables in any thermo-mechanical process are 

th t . t d J... f d.t:' t' Due +0 +'n~ s~"'. J..·larJ.."7.y 0'";1 +'ne e empepf ure an a."'nounv 0 e.l.om,u lone ~ ~ ':: _.u ~ _ v 

present process to ausforming, the effect of processing variables is 

, 
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expected to be similar in both cases. Yne effect on mechanical properties 

of increasing the 8.."l10lL.'1t of prior deformation at a constant temperature 

of deformation has been discussed by Zackay et a1. 1:4 and Fahr. 19 Due to the 

fact that strain hardening is also expected to be affected by process 

variables, it was also studied in detail in the present investigation. 

3.5.1 Effect of Processing Variables on the Strength and Ductility of 
Steels 

Since it was reported by, Zackay et a1. 14 that the best pToperties of 

these steels are obtained after 80% deformation above V~ tempeTature, most 

of the investigation was on materials in this condition. Some alloys were 

deformed only 20% and the Tesul ts are shown in Table XDf. As sho'wn in 

Fig. 29, the yield strength goes up with increasing amount of prior 

deformation as expected. The increase is much more pronounced at low 

8.."l1ounts of defoTF~tion. Additional increases in the amount of deformation 

do increase the yield strength but at a lm·rer rate. 
, 

The effect of temperature of deformation can be only roughly estab-

lished from the existing data. Figures 25 and 26 show that when the 

temperature of deformation is increased from 250°C to 350°C, the strength 

goes dovln. When the temperature is increased from 350°C to 450°C} the 

strength goes up and on further increasing the temperature of deformation 

to 550°C, the strength shows a. drop. The results indicate that the best 

properties are obtained after 80% deformation at 450°C for 0.28 carbon 

content. A yield strength of 223,000 psi with an elongation of 31% was 

obtained. 

At a temperature of deformation below V~} the alloy transforms to 

martensite on processing. As a result ductility is completely lost as 

.' 
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shm-ITI in. Tables III and rv for the alloys deforinedat 25°C. At a tempera

ture of 'deformation not much above f1)), the diffusivity is inadequate for 

precipitation,. ~o occur. Thus strengthening is limited only to the contribu

tion due to th~ .. work. hardening of .material during roUL·.;::. '{nis is thougb~ 

to be the case for those deformed 80% at 250°C and 350°C. The higher yield 

strength for those deformed 80% at 250°C than those at 350°C can be 

associated with higher work hardening during rolling at 250°C than that: at 

350°C ... As said earlier, 450°C is found to be the optimum temperature of 

deformation. Above this temperature, recovery, coars~ning of the precipi-

tates aJld eventually recrystallization, occur with the resultant loss of·' 

t "'-, 19 s reng ... n. This effect is quite obvious from Figs. 25 and 26 and Table '. 

xv. On increasingtbe temperature of deformation.from 450°C to 650°C, the 

yield strength drops from 222,000 psi to 173,000 psio 

In addition to the above treatments, a slig.:'1tly more complex rolling·. 

schedule was carried out on a nwrber of sai11ples. Specimens which. had been .. 
" .; 

processed above their 11-]) temperatures and had yield strengths above 200,'000' 
...... 

psi and elongation of 25-35 oj, '..rere subjected to additional straining below' .. 
'.~. ' 

their [/1> temperature and tempered. The properties of these specimens are 

" 

sho~m in Tables IX-XI. Table XI. shows that excellent combinations of 
.,. 

strength and ductility were obtained. The yield strength is in the range 

of 290-310,000 psi with elongations of 20-22~ in most of the cases. 

A good combination of strength andductili ty ivas also obta i...'1ed by 

deforming small amounts at a terr~erature somewhat above ~~ temperature 
.' ,'. 

follo'ITed by tempering as shown in Tables XII and XIII. 

,', . 

, 

' .. ' 
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Effect of Processing Variables on Strain Hardening Characteristics 
of the Steels 

'l'he effect of various processing conditions on the strain hardening 

exponent can be seen from Tables II-VIII. Figure 27 shows the variation 

of strain hardening exponent, nJ with the temperature of deformation at 

tyro different test temperatures. Changing defomation temperatures above 

¥~ does not seem to have a significant effect on the value of n. Tne 

amount of prior defamation has a considerable influence on the character-

istics of the steels. Tnis is obvious when changes in the nature of load-

extensiOn curves with the amount of prior defo:rmation are followed. Tne 

shape of the load-extension curve for no prior deformation is characteristic 

of stable austenite. which is shown as type I in Fig. 2. At a lOvrer prior 

deformation, serrations appear as shown for type VIII A in Fig. 2. At 80% 

. deformation, a well defined yield point is developed with a large amou11t 

of Ludersl strain. At strains in excess of the L~{dersl strain, the. slope 

of· the load extension curve is very steep. The curv,es are shown schematically 

.in Fig. 2·as types IV-VI. 

As a result, after 80% defonnationthe value of n is much differe:lt 

than that after 20% defoTIDation. 
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. 4. SUMflARY Ali)]) CONCLUSIONS 

~ne effects ef therme-mechanical treatments en the strength, ductility 

and strain hardening, characteristi.cs ef metastable austenitic steels have.' 

been investigate·d'.": Tne strength, ductility, and, strain hardening expenent i 

"Was determined al3a functien ef testing temperature and carben centent. 

The results have been discussed en the basis' ef.individual and cerrbined 

. effect? ef cempesitien, test temperature fu~d temperature ef defermatien 

., en the martensitic reaction vlhich the metastable austenitic steels undergo. 

durL~g straining. The tensile strength and strain hardening rate of 

metastable austenitic steels decrease as the ameunt ef maTtensite formed 

during testing decreases. Increasing' the testing temperature decTeases the. 

ame~~t ef martensite formed'and hence decreases the 'tensile strength'and 

strain hardening rate. Tensile elongatien also. depends en the ameunt ef 

martensite fermed during testing. ~ne fer~~tien ef martensite inhibits 

. incipient necking. As a r~sult enly the martensite fe:~ed during the 
, , 

later stages ef testing is beneficial. ~ne idea that enly tne rrartensite ,: 

. fermed during necking is beneficial is supported by.the fact that alleys 

with 0.2-0..3 carben er those tested at 100°C exhibit bigher elengatien· 

since in ether cases the austenite is either ,highly stable er highly 

u....~stable. 

The results ebtained may be slli~arized as fellews: 
,t 

(1) Tne strength and ductility were feund to. be strengly dependent 

en carben: centent ef the steels, because ef the effect of carben en 

austenite-martensite transfel~tion. Carben in the range of 0.2-0.3 was 
• 

feund to. give hest c'embL~ations of strength and ductility. 
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(2) In the case of higher carbon steels (o.h or 0.5), a lm'ier j·:o 

gives higher ductility but lm-ler yield strength. 

Test.temperature directly affects the amount of martensite forrred , 

during testing and hence elongation. Tne highest elongations were found 

at 100°C in WDst cases. 

(4) The strain hardening exponent ivaS· found to be strongly dependent 

on the test temperature. The effect was more pronolL~ced for the case of 

processed alloys than in fully annealed alloys. Except for the 10lrer range, 

carbon does not seem to have significant effects on the strain hardening 

exponent of these alloys. 

(5) In many cases) serrated load-extension curves 'I·rere obtained. 

The serrations 'Y]'ere attributed to the martensite." forn1ation. 

(6) In the case of the alloys deformed 80% at temperatures above 

1I1J_ and tested at 22°C or belm,) the load extension curve shoi·red a ma:rked 

yield point) large L~ders 'strain follm{ed by a steep rise in the curve. 

(7) Metastable austenitic steels havL"1g yield strengths in the range 

of 200,,000 to 300,000 psi with 30 to 2Cf/o elongation have been obtained by 

certain thermo-mechanical processes. 

(8) Tnese steels retain their mechfu"1ical properties in the range of 

-196°c to 100°C.· At a testing temperature of 200°C, tbey lose their 

ductility due to tbe absence of martensitic transformation. 

T'ne best properties were obtained for steels with 0.2-0.3 carbon 

content after 8010 deformation at 450°C. 
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FIGURE CAPTIONS 

Fig. 1 Tensile speci~ens used in the determination of mechanical 

properties. 

"(a) Long gauge tensile specimen ",ith gauge length 1" and 

thickness 0.05". 

(b) Short gauge tensile specimen 'With gauge length 0.5" and 

thickness 0.05". 

Fig. 2 Schematic diagram of the types of load-extension curves· 

')otained. 

Fig. 3 Yield strength and elongation is testing temperature in °c 

for different alloys as indicated in annealed condition. 

Fig. 4 Yield strength and elongation vs testing temperature in °c 

for different alloys as indicated after 80% deformation at 

Fig. 5 Yield strength and elongation vs testing temperature in °c 

for different alloys as indicated after 80% deformation at 

Fig. 6 Yield strength and elongation vs testing temperature in °c 

for different alloys as indicated after 80'{o de:formation at 

Fig. 7 Yield strength and elongation vs testing temperature in °c 

for different alloys as indicated after 80~ deformation at 

t Fig. 8 Y:i,e.ld strength and elongation at room temperat'J.re vs % carbon , 

in the alloys after 80% deformation at yarious temperatures 

'as indicated. 
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Fig.' 9 ' 'Yield strengt~ and elongation cit liquid nitrogen vs % caTbon 

'Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

Fig. 18 

Fig. 19 

in the alloys after 80% deformation at various temperatures 

as indicated. 

Strain hardening e;xponent, n, vs testj.ng temper~tuTe in °c 

for diffet:e~t alloys as' indicated in annealed condition. 

Strain hardening exponent" n, vs testing 'temperature in °c 

for different alloys as indicated after 80ap deformation at 250°C~ 

Strain hardening exponent, n, vs testing temperature in °c 

for different alloys as indicated after 80% deforrnation at 350°C. 

S.1.. • ~ ~ • ..:..' J.. .L.. ~ .L. •• vraln naraenlng exponenv, n,vs ~esvlng vemperavure In °c 

for different alloys as indicated after 80% deformation at 450°,C. 

Strain hardening exponent, n, ys testing temperature in °c 

for different alloys as indicated after 80% deformation at-550°C. 

Strain hardening exponent, n, at various test temperatures as 

indicated vs % c~rbon in the an...'1ealed alloys': 

strain hardening exponent, n, at various test temper::w,ces, 

as indicated vs % carbon in the alloys after 80% deformation ' 
' .. ' 

Strain hardening exponent,'n, at various test temperatures, 
.. : 

as indidated vs % carbon in the alloys after 80% deformation' 

at 350°C. The testing temperatures are indicated. 

strain hardening exponent, n, at various test temperatures 

as indicated vs % carbon in the alloys after ,80% deforrr~tion ' 

t 450 ° c Th t ..... .L i ., ... d ' a ." e eS'CJ..ng~empera~ures are naJ..ca~e. 

Strain harde'ning exponent} n, at various test temperatures 

as indicated vs % carb~n in the alloys after SO~ deformation , ' 

at 5.50°C,.. ,T'ne, t~sting tempera,tures are indicated. 

. 
, . ' 

... '-' 
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:Fig. 20 
(a»)(b) 

Fig. 21 
(a»)(b) 

Fi!? 22 
(a) , (0 )" 

Fi!? 23 
(a))(b) 

Fig. 24 

Fig. 25 

Fig. 27 
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Computer plots of true stress vs true strain and log time 

stress vs log time strain for 

(a) the alloy k in annealed condition at -196°c. 

(b) the alloy 1 in annealed condition at -196°c. 

Computer'plots of true-stress vs true strain and,log true 

stress vs log true 'strain for 

(a) alloy k in annealed condition tested at 22°C 

(b) alloy k in annealed condition tested at 100°C, 

Computer plots of true-stress vs true strain and log true 

stress vs log true strain for 

(a) alloy k after 8010 de forrn.ation at 350°C and tested at -196°c 

(b) alloy k after 80% deformation at 350°C and tested at -78°c. 

Computer plots of true-stress vs true strain and log true 

stress vs log true strain for 

(a) alloy k after 80q, 
I de forrnat ion at 350°C and tested at 22°C 

(b) alloy k after 80% deforrnation at 350
0 b and tested at 100°C 

Yield strength and elongation at various test temperatures vs 

strain hardening exponent, n, for different alloys as indicated 

after 80% deformation at 450°C. 

Yield strength and elongation at 22°C vs deformation temperature 

for different alloys as indicated after 80% deformation. 

Yield strength and elongation at _196°c vs deformation te~perature 

for different alloys as indicated after 80% deformation. 

Strain hardening exponent) n, at 22°C and -l96°c vs deformation' 

temperature for different alloys as indicated after 80~ 

deformation. 
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Fig. 29 
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Elongation} strain hardening exponent,n} yield and tensile 

strength at 22°C vs molybdenum content of the alloys after 

20% deformation at 450~C. 

Yield and tensile strength at 22°C vs amount of deformation 

at various temperatures and alloys as indicated. 

---~-- . 

, I 
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Table I 'Chemical composition of the alloys 

Alloy 
Identifi- Ingot Cr Ni Mn Si Mo C , Fe 
cation No. No. 

e. 673-10 9.54 7.20 3.18 1.75 1.10 0·51 Balance 

b 673-:11 . 8.51~ 7.23 2 .41~ 1.83 4.03 0.52 Balance 

c 671~-9 8.81 7 .1~8 .1.47 1.87 3·92 0.35 Balance 

d 67h-1O 8.81 7.h8 1.1~1 1.81 3.93 0.45 Balance 

e 671~-11 8.79 7·51 1.hO 1.91 3·99 0.51 Balance 
1 

671~-13 9.l~ 7 .1~7 2 .1~2 1.87 0.43 
VI -

f 1.10 Balance f-' 
I 

g 671~-11~ 8.86 7.53 2.32 1.90 l~ .0'( o .l~3 Balance 

,h 676-1 8.90 7.50 2·90 ' 2.80 l~ .00 0.28 Balance 

i 6691 , 8.88 7.60 2.08 1.96 l~ • OI~ 0.25 fulance 

j 6698-1 12.;23 ' 7.69 0.68 1.6 l~ .10 0.05 Balance 

k 6698-2 . 11.64 7.69 0.60 1.3 2·5 0.07 fulance 

1 6698-3 11.81~ 7.71 0.61 1.5 3.0 0.16 Balance 

m 6698-1~ 11.99 7.71 0.52 0.7 3·2 0.20 Balance 
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, '~O * Table IT. Pronerties of annealed a.1loys' after reducing 81J'ja at ItS') C. . 
*~ . ~operty ~ of l " Alloy Y.S. T.S. T.S ! ol strength Strain Magnetic Type of fJ 

Tes~ Carbon Identifi- 'XI03 xl03 Y.S. e1ong- coeffic- Hardening characteristic Load/~A-
Temp. cation 

psi psi 
ati6n ient, A exponent) n before I Ai ell tension 

No. test ' test I curve 
~ 

-196°C 0.05 j 61~ 289 4.5 23 l~. 56 0·75 M M I 
0.07 k 1~8 309 6 .l~ 20 l~. T5 0·77 Mt M I 
0.16 1 78 21~8 3.2 21~ 4.35 0.84 A M IA '0.20 m 87 257 3.0 21~ 1~.23 0·95 A 'M" IA 

_,"{8°C b.05 j 52 195 3.8 30 1~.37 0·75 w M IA 
., 

0.07 k 39 213 5.5 26 4.35 0.86 A M IA 
" 

0."16 1 61 . 213 3.5 1~1~ 1~ .29 0.,"{8, A 
" 

M IA 
0.20 m 68 222 3.2 1~8 4.18 0.87 A M IA 

, ,,'22°C 0.05 j 1~2 J)~O 3 .1~ 38 l~ .29 0.67 A M VITA 
0.07 k 37 158 1~ .3 30 4.30 o .71~:;' 'A M VITA 0.16 1 50 11~1 2.8 64 4.61. 0.40 A 101 VII 
0.20 m h8 '133 2.8 59 1~.1~9 o .1~8 A M ,VII 

'-1 
[\) 
I 

100°C 0.05 ' j 32 83 2.6 49 h;1}6' 0.33 A 'M VII 0.07 k 28 79 2.8 ' 1~0 1~ .1~6 0.36 A Mt , VII, "-0.16 1 35 ' 90 2.5 66 1~. 41~ o .1~l A Mf VII '0.20 m 37 91~ 2.6 62 4.57 0.31~ A Mit, VII -
200°C 0.05 j 25 71~ 3.0 " 1~0 lL33 o .41~ , 'A Mil VII 

0.07 k 22 70 3.2 hl~ 11-.31 O. 41~ A~'- Nit VII 
0.16 1 '. 28 78,' 2.8 1~6 )-1-.33 o .1~6 A A VIr 
0.20 m 28 80 2.9 h3 1~ .l~o 0.1}2 A. A VII 

, , ' .. 

" 

~ 

* Specimen (a), lit Gause Length. 
-l<'-X- 101 == !>JEtgnetic, W == Slishtly magnetic, Mit == vel'Y slightly magnetlc, A Non-:J:agnetic 

==================================================================_ .. ,." ' .. -.,_: .. --

..: .. 
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Table IIT. Properties of alloys after 8CJ{o defot1"riat1.on at 25°C')}. 

% of
i 

, 

*~J '~'operty Alloy Y.S. T.S. T.S ~ . Stre!1..gth Strain' ~iagnetic Type of 
Tes.;:~ Carbon Identifi- '~103 X103 Y.S. e1ong- coeffic- Hardening characteristi(! Load/Ex-

Temp. cation ation ient, A e).':ponent, n DefoTe ~Aftel1 tension psi psi 
test ~est I curve No. 

_196°C 0.05 j 320 320 1.0 3 - N. M 'IIA 
0.07 k 362 362 1.0 2 - --- M M lIA 
0.16 1 386 386 1.0 1 - M M lIA 
0.35 

1(-** 
1165 465 1.0 • 0 14 M III c - .. 

_18°C 0.05 j 258 258 1.0 
, 

3 - M M lIA . 
0.01 k 312 312 ' 1.0 2 -- M 1-1 lIA 
0.16 1 318 318 1.0 2 . M M lIA 

22°C . 0.05 j 225 225 1.0 2 - -- M . M lIA 
0.0'( k 266 266 1.0 1 - -- M M lIA 
0.16 1 . 290 290 1.0 2 - M M lIA 

c:X:~~ - -. 0.35 359 359 1.0 0 - 'M M ,'III 

100°C 0.05 j 231 231 1.0 2 ~ i M M lIA .. 0.07 k 269 269 1.0 1 - M M lIA ~ 

0.16 .1 .. 291~ 291~ 1.0 2 '- M H lIA 
, , 

, . 
200°C 0.05 j 223 223 1':0 '1 - -- M M lIB 

0.01 k 260 260 1.0 1 .~ -- M !>! lIB 
0.16 l . 282 282 1.0 2 M. M' lIB .. . 

. 

. , . 
-1(- Spedlnen (a), 1" Gauge Length. 
-l(X' loi:o: ]6gent:l.c, It!' == Slight m3.gnetic, ~;!rr == very slightly magnetic, A =: l'ion-magnetic •. 
;·j(X· Deformed. 7'j~; ~nstead of 8C1{v. . ' 
.. ----.--~---------.. 

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

: 

-. 

I 
\.." 
\.." 
I 



.. 

'~ of i 

.~~ I 

Tes , Carbon 
,Temp. 

, 

-196°c 9.05 
0.07 
0.16 . 

: 

_78°c 0.05 
0.07 
0.16 ' 

,22°C , 0.05 
0.07 
0.J.6 

100°C .0.05 
0.01 ' 
0.16 

' ' 

200°C 0.05 
0.07 
0.16 

, , 

,-

.. 

Table IV. Pl.·oper-!;ies of alloys after' ~~ deformation at 25°C, 
by tempering one hour at 11-50 c' . 

- ~ -

Alloy i .;j Y.S. T.S. T.S ' strength Strain Magnetic ' Type of 
Iclentifi 'X103 xl03 Y.S. elong- coeffic- Hardening characteristic Load/F:x-
cation 

psi psi 
ation ient, A exponent, n Before lU't.ex tension 

No. test' . test I curve 

j 386 386 1.0 2 --, -- M !vI lIA 
k h07 407 1.0 0 ,- -- !vI M III . ,.' 

1 1~25 425 ' 1.0' 1 - -- M M' lIA' " 
, , 

j , 322 322 ' 1.0 2 - - M 1>1 lIA 
,k 35) 355 ,1.0 1 - -- M M lIA 

1 367 367 1.0· 2 -' -- M 1>1 lIA 
. . 

j 298 298 1.0 2 - -- M M lIA 
k 331 331 ,·1.0 0 - - M r/l ' III' 
1 33'1 337 1.0 1 - ,-- M ' r·1 IrA 

•• " •• ..:.~'. .'~' > 

j 271~ 2'l1~ 1.0 2. - -- M M IIA 
k 309 ' 309 1.0 1. - -- M, ' IvI IIA 
1, 321 321 1.0 2 - -- M M lIA , 

~ '. 
j 260 260 .1.0 2, -- - M M IIA' ' 
k 283 283 ' 1.0 2 - -- M ' 'M . lIB ' . 

1 297 297 '1.0 1 .-- -- M M lIB 
, ' 

" . ' . 
" 

" 

", 
" 

, , 

- . .' - --~ ---

-)C. • Spechnen en), 1" Gauge I.ength. 
'X-:'\- 1<1 = l':'J.c;netic, W '" Slightly mngnetic,' I>111 :0: Very slight n'.!tglletic~ A = Non-Ir.aene tlc. 

r--~--, , 

I." , c~ ... ~ 

-', 

• 

~ 
r 

-, 
. I': 
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Table V. 

-/ 

P:r;operti.es of alloys after 8~ defo:r:rrw.tion- at 250o c-l(-

Property I 'f, of I Alloy 1 Y . S . T.S. T. 
Y . 

~---=-=-r=-==-:-.--.. . .~~ 
I % strength Stra L'1. - Magnetic Type of 

Carbon Identifi :XI03 
cation i 

N. . pS o. 
----

_196°C 
., -

191~ 0.05 j 
0.07 k 186 
0.16 1. 191 
0.20. m 209 

_78°C 0.05 j 136 
0;07 k lA2 
0.16 1 163 
0.20 m 170 

22°C 0.05 j , 131 
0.07 . k 1h8 
'0.16 1 161 
0.20 m 191 

100°C 0.05 j -, 168 
0.0'"( k 193 
0.16 1 190 
0.20 m 209 

200°C 0.05 j r(l~ 
0.07 k 175 
0.16 l' )"79 
0.20 m 186 

xl03 
psi 

315 
322 
330 
31}6 

2~5 
.. 251 

261 
267 

122 
206 
-211~ 
22'( 

1'(0 
193 
190 
209 

171~ 
175 
179 
186 

1.6 
1.7 
1.7 
1.7 

1.7 
1.8 
1.6 
1.6 

1.5 
1.1~ 

1.3 
1.2 

1.01 
1.0 
1.0 
1.0-

1.0 
1.0 
1.0 
LO 

____ .... _~_ ..... - •. .J __ .... ___ .~. . __ . __ l_ ..... __ ._~_..;.. __ 

'* SpCdJr1f~1l ([,), J." Gauge r,ength . 

. elong-
ation 

-

22 
18 

' ' 

i8 
19 

).6 
19 
20 ' 
21 

1'( 
19 
22 
26 

23 
23 
23 
1'(, 

1~ 

5 
5 
l~ 

. - . 

coeffic- Hardening characteris_t.i':! Load(2x-
lent} A exponent, n~Io~\..fc:.el tenslon 

- test - test curve 
,. -

4.67 0.74' Nf M- -IV 
4.39 0·99 Mt £.1 IV 
1~.35 0·95 A M IV 
1~.52 0·91 A M -IV 

l~ .88- O~52 W M VI . 
1~.81 0.57, ,- Mf M VI ' 
4.85 0.56 A M VI 
l~ .83 O·Y{ A 1-1 VI 

1~.95 0.3'"( , Mf M VI 
1~·96 0.36 Mit 101 VI 
1~.97 0.35 A },1 VI' 

, 1~.97 0.37 A ].I VIrr . 
" 

5.13 0.13 f.-1 r ·M X 
5.11~ 0.18 ' Hit 14 X,' 

. -

5.25 0.10, A M X 
5 .21~ , 0.11. _ ' A 1>1 X 

.. 
.-- -- 1--1 f ,_ 1--1 II 
--- -- 1·1ft N II 
- -- A W II - -- . , A W II 

--~,~ 

• -!iX- 1·f ;;.: :':1.C"J!'~':'~ -'J W ~ SlightJy InagncU.c:,· :-i" = Very s:p.ghtly m'.1.gnetic, A :: Non-D".n.gnetic. 
•· ______ • __ r __ .. •• ________ . ~_~ _______ _ 

------".... . .. -~-.------~--~~~ -~--~----:~.---~--------~---.-~----

. 

r 
VJ 
\Jl 
I 
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'l'able VI. Properties of alloys after' 80{0 deformation at 3500 C'\ 
, . -

'~op~rty % of' 
.. 

% *"* Alloy Y.S. T.S. T.S . strength Strain Magnetic 1"-JPe of 
T'$~ ·Carbon Identifi- '~103 xl03 Y-:8. elong- coeffic- Hardening characteristic Lo~d/F:x-:' 

Temp. ' cation , 
psi psi 

ation ient, A exponent) n --nefore p- ce1' tensi?~ 
No. , , test test I curve'" 

, , ' . . '. -', . -..>-

-J.96°C . ' 

327 20 4.l~7 " 0;93 
' " 0.05 j 117 1.9 M. M rv ' 

0.07 k 171~ 31~1~ 2.0 22 f 1~ .1~3 0·97 f,1t £.1 rv 
0.16 1 179 31~ 1.9 19 1}.1i8 0·94 A: M IV 
0.20 ,m 189 328 1.7 . 11~ 4.21 1.21 A £1 .' rv .. 0.35 c*"*"lf- 205 237 1.2 9' 4.ql o . .71~ , 'A £1 rv " 

. , -78°C' 0.05 j J25 219 :1.7 rr 1~. 81~ 0·53 'M M VI , 

0.07 k ,139 21il 1.7 18· l~, 81~ 0.51~ W 'M "VI 0.16 ' 1 Ihr( 250 1.7 20 ' l~. rr7 0.60 . A M VI 
0.20' m' J)~~ 259 1.8 15 ' l~. 7h 0.69 A , N VI . 

22°C 0.05 " j " 128 ITT 1.1~ , 18, ' 1~.91 0.36 r·C M , ,VI 
0.07 k ,,: 11~1~ 205 1.1~ 26 4.9J~ 0.11-0 'A' fir " VI 
0.16, l' 11~9 213 1.1~ 19 ,lL51 O.l~1 A M VIA ' , 

156 215 1,.4 _1~.8r( o .l~l~ .. 0:20 m 20 A M VIA 
, 0~35 ' 

*1(-lE-
212 21~8 1.2 16 5.01 ' 0.38 A Jvr y c ... 

100°C 0.05 : j 150 152 1.02 23 5.08 0.13 l.J: . M X 
0~07, k 167 ,,175 1.-1 35 5·07 0.19 ,A H X 
0.16 1 . 171~ 179 ' 1.03 '31~ ,5.13' 0.15 ,A }or X 
0.20 m - 182 190 1.01~ 29 5.17 o .11~ A ~1 'x, 

, , 

200°C' 158 158 l~ 
, ' 

0.05 ' j. 1.0 ---'- - M' N II 
0.07 k 166 166 1.0 5 - -- A , H:! , . II 
0.16' 1 175 175 1.0 5 - -- A N:t II 
0.20 m 183 183 1.0 5 - -- A 1'1t II '1 

... -----,~- ,---~' - '--'* Specimen (0.),' 1" Gauge Lenc;!;h. 
~' . ~4 ,::. M,,-cneU.c, W :-: Slight magnetic, Mil =0 Very sL1.ghtly m:"1.enetlc, A Non-lT'~9.gnetic.' 
;, x ;" Deformed 7C;;-;~ :hlfJtead of. 8(j!~" " ',,' 

============== ... ,. .... ---. '. "':-~'---,-:,~~-:--~".'- '-~----------~-------
~ ... ---=::::::= 
~~ ..... ~- .-. ' ... ,-.,--.--'"----~~-

.... 

'. . , - .. : !"~ 

. :~ :. • t,:--'r L ", 

: 

t 
\.,-J 
0\ 
I 

' .. -
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'l'able VII. Properties of alloys after. 8010 deformation at 1~50°C. 

-
~ of; % .. , '*J '~operty Alloy Y.S. T.S. T.S . strength Strain ~!:agnetic Type of I 

Y,S. coeffic- Harden;tng , c~a~ctcris~-.iC ~ad(Ex-Tes~~ Carbon Identifi- '~103 xl03 e1ong-
Temp. cation 

psi psi 
ation ient} A exponent} n el ore if-! "e.... ...ens:;,on 

No. . . . test ~est I curye. 
, 

~.--

-196°c 0.05 j 187 235 1.} 12 1~. 71 0.69 1-1 M .V 
'0.07 k 169 322 1.9 23 1~.27 1.09 MI. M rv 
0.16 1 . 17h 3118 2.0 21~ 1~. 59 0.81 A N IV 
0.2 m. 188 361 1.9 25· 1~. 58 0.85 A. ·N rv 
0.28 l' 221 286 1.3 . 13 h.50 0.93 A M 

.. .... -. V -
0.35 C*,-'H(' 19h 231 1.2 9 l~. J~l~ 1.07 A l~f V 
0.1~5 d,*-lHf 209 253 1.2 . 9 1~. 78 0·71 A . M V . ' 

_r(8°c 0.05 j 155 215 1.4 . 11- 1~. 83 0.511- M H VI 
0 0.07 k 1112 236 1.7 20 1~. 65 0·71 A H VI 

0.16 1 1112 2 1f8 1.8 21 . 4.69 0.69 A M VI' 
0.20 ].1,6 ' 25h 1.7 . 19 1~. 71 0.68 A 

. 
H VI '\ m 

22°C 0.05 j , 153 IS5 .. 1.2 23 1f.99 0.31 M M VIA 
. 0.07 k : 150 199 1.3 22 -.. h.Sl . 0.47 M" N .. VIA 
0.16 1 153 210 l.h 24 4.89 0.1~1 A: M VIA 

161 218 1. 1, 23 4.92 o. !~o " 0.2 .m A. K' .. VIA 
0.28 h 223 21~1 1.1 31 4.89 0. 112 A M VIII 

. 0.35 c*** 196 271 1.1f 17 1~. 88 0·52 A 1<1 V 
0.lf3 f 215 215 1.0 0.0 - - M lif III 
0. 115 d*'-x,* 222 . 26h 1;2 14 1~.97 0.1~5 A 1'-1 V . " 

100°C' 0.05 j . 168 168 1.0 5 5.19 O.Olf M M IX 
0.07 k 160 163 1~02 28 5.10 0.14 A M X 
0.16 1 lSI lS,3 1.01 28 5.18 0.12 A H X 
0.2 m lTT lS2 1.03 36 5.06 0.22 A I'! X 

200°C 0.05 j 171 171 1.0 3 - - M f.! II 
0.07 k 162 162 l.0 4 . - - A 11. II 
nlh , , hO 169 1.0 3 - A ,df II - J.'''' 

0.20' m ·171 171 1.0 5 A A II 
-)(. Specil~rlTa),11r gauge lenGth . 
'!o;-jf M == KJcnet:i.c} 1-1' :::: Snf,htly magnetic} Mil :'l Very slightly magnetlc} A :::: Non-magnetic 
:;;'X- Defol'lI1ed 75% in'stead 0.:' 80% . 

: 

I 
\.)J 

~ 
I 
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. TabJ,e VIII. Properties of alloys after 8~ deformation at 550 C • 

.. 

)p~rty '''J>l' 
Te~' 
,~ T'" c. 

~-;:oc-
')0 

BOc' 
: 

. -

2°C 

. 
,00oc . ' 

'Oooc 

--

~ of j 

Carbon 

0.05 
'O.Ol 
0.1 
0.20 
0~35 
0.lf5 
0.51 

0.05 
0.07 
0.16 
0.20 

0.05 
.0.0'( 
0.16 
0.20 
0.35 
0)f5 
0.51 
0.51 

0.05 . 
0.07 
0.16 
0.20 

' . 
0.05 
O'Ol 0.1 
() _?() , 

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

Alloy Y.S'. 
Identifi- '~103 
cation 

psi No. 
-

j 1"(0 
k l"r6 
1 . 1~5-
m 1 2 
¢*'** l'n 
d*'*-)f. 188 
e 239 

j 11~9 
k 131 
1 .1110 
m· 11flf 

j , 161 
k' ~ 136 
L: . 1lf2 
In, 157 
c)(--)(* ' 181 
dH-J(- , 202 
f 216 
e 21f5 

j 15'( 
k • ·157 
1 151 
ill ~r{8 

. j 11\1 
k 11,8 
1 15'( 
m , h7. 3 

1(, - Spccl~n0n (a), 1" Gause Length. 

T.8. 

xl03 

psi 

- -

.) 

-
- . 

*~ T.S l d. . strength StraL'1 Hagnetic ,T'-JPe of p 
Y.S. elong- coeffic- Hardening characteristi~ LoadjEx-

ation ient, A exponent, n ~I()re P~~ve~ tension 
tes~ ~est I curve 

; '. , 
1.6· 15 4.1~~ 0.91~ 
1.6 15 4.?r - 1.06 
1.~ 22 4. ~o 0.98 
1. 13 1~.33 1.08 
1.8 • 12 4.1~0 1.08 
1.6 11 h.53 0.97 ' 
1.0 0 - ---
1.5 16 4.88 0~1~9 
1.8 18-- 4.65 0.72 
1.8 20 . 1~.71 0.66 
1.8 20 1~.76 0.63 
1.2- 19 If.98 0.32 

-'1.5 20 If.90 0)f1 -,. 
1.5 19 4.99 -0.35 
1.8 23 If .90 0.42 
L6 19 4.81 0.58 
1.4 18 If.80 0.61 

-1.2 ' 15 4.90 0)f8 
1.0_ 0 - -
1.0 11 ,5.15 0.07 ' -
Ll 27 ' 5.05 0 .. 21 
1.2 35 5.05 0.21 
1.1. 30 5·07 0.22 
1.0, 3 -- --
1.0 6 -- .--
1.0 h ,-- .--, -() It --' A J.1 II 

-l(X- ]-.I.:.: 1·:''1.enctic, W =, Slightly m:lBnetic, Mil := Very sUghtly m!J.gnetic, A = Non-magnetic. 
1( X'-J(- Dcfol'lilOd 7,);~ instead of 8o~ 

-------..:-==--== ::---.-";:'-~--:=-=-======-====-================:::=:================================== 
,.(\ .. 
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Table IT. Room't;mperature properties of alloy i after 50;~ defol'~;l3. tion 
at 450 Cplus 200 deforn;ationat -196°C, plus temperine·!;-. 

Terrr.l?ering Tempering Yield Tensile Ho.rdnoss ~ 
Temp .. Time Strer.eth strenGth . RocK-dell} C Elongu.t :!.O:'4 
°c Mi.'1utes XI03psi >-a03psi -(before t'est) 

No Tc:n-' 

""--~~ perir~ 259· 307 58 
250 30 310 310 58 
250 60 313 313 58 7 
250 120 305 305 59 7 
300 30 318 I 318 58 2 
350 30 319 319 59 2 
400 30 315 315 58 2 
450 30 321 .321 58 9 
450 60 321 321 58 9 

* 'Specimen (b), 0'.5" Gauge Length, ,,' J-.t '"II ......... .·:agI:e v ... c oe.:. ore and after testing. 

Table X.Room temperature properties of alloy i after 50~ deforn:a.tion 
~t4500C plus 20% deformation at 25°C, plus tempering*. 

Tempering Temperiilg Yield . Tensile HarcL."1ess ~ 
, . Temp. tille· ' Strength ' Strength Rocbiell,C Elo~ation . , 

°c minutes; XIO)psi. xl03ps i . (before test) 

No tem-
pering 197 233 - : 47 12 

250 '30 .. 211 238 48 11 
; 250 ' .60 204 235 48 D. 
.300 30 210 239 50 11 

350 30 , 214 240' 50 II 
400 30 . ~.12 236 50 11 
450 30 209 23~ 50 10 
450 60 210 242 49 10 

*Specimen (b), 0.51!' Gauge length, slightly magnetic before and I:1agr:etic. 

. after testL1'J.g. 
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Table XI Room temperature properties of alloy :I, after 75% defoT";r.ation 

at 450°C plus 15% de forma'!;i on at -196°Ci' plus tel1i.perine';';' 

Te:npc ring Tempering Yield. 'l'ensile Hardness d ,0 
Temp .• ,,' Time Str~ngth St:i"§ngth Roch,';ell,C Elongation 

°C". 1>1inutes X10) psi X10) psi (before test) 

'No .L ',. ' 
vemperJ..ng 260 300 57 16 
250 30 291 300 58 21 
250 60 287 298 58' J 300 30 297 303 58 2, 
350 30 300 305 58 8 
350 60 308 309 59 21 
350 120 ,301~ 308 59 22 
400 30 307 311 59 20 
450 30 295 309 59 22 
450 '60 303 312 59 22 
450 120 303 312 60 22 

-K-
(0) J . Specirc.en 0.5" gauge length: .L. ' ::nagnev,-c before and. magnetic after' 

.L. .L' ves v1.ng. 

Table XII Room temperature pToperties of alloyi after 2~~ defomation 
at 250°C- followe'd by quenching to -196 C • .;(· 

,. '* 

Tempering Tempering Yield. Tensile Hardness 0/0 I 

Temp Time Strength Streggth Rock-well, C Elongation 
°c Mi.."lutes x103 psi XlO) psi (before test) 

untempered 121 154 32 38 ' , 
250 30 117 163 29 45 
450 30 121 ,187 31 75 :-

Specimen (b) ,. 0.5" gauge length" magnetic before and r.'.agnetic afte:!" 
testing 

~' 

"s 

~ .. : 

.. ,. 
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Table XIII 

Tempering 
Temp 

°c 

Untempered 

1~50 

-41':' . 

Room temperature properties of aLloy i aftef 15% . * 
deformation at 250°C follovledby quenching to -196°c. 

Tempering Yield. Tensile Hardness \ 51, 
Time strength Strepgth Rocke"lell) C) Elonsa-

Minutes xl03ps i X103ps i (before te stJ) .L • 
v~on 

/ 
-----.-./ 

103 141 30 
_r 
)0 

30 111 183 33 73 

Specimen (b), 0.5" gauge length} non-magnetic before a.'1d r:'2.gnetic after 
. testing • 
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I 
~ of I 

Cnrbon 

, ___ ~n ~~:.~_~rv ._~ __ ~~~t~ ;~~~?~~~~~~~_._P'~~~p~:~?:: ~_ ?.! a~~?-K~~~!!-0~-~:~}~' d~GJLC?_~.~~tL~?~_§j;~:~~Ol.:OJ~~~:-..:~-==::: 
T.S. T.S i streneth. Straln V::.:cnetic - ,1"Jpc of 

)03 1.8. cl~J\G-' cocffic- Hardr..:ninG ch<,.~~~~_cri~'..~_i.-=- L0CtCt2Y:.-:' 
x; a~>on ient, A exponent, OJ eel ore 1 j~i{Cl tens".on 

Alloy Y. S. 
J.dentifi- 'X10' 
cation 

p ... i " test . 'test I curve 
_____ 4 ..... _~ ___ · __ ... _t--·---·t--·----__I--.------1-------' ------- -----.;.. r-------I----.-----

psi 
No. 

o.l~3 f, 11~1 182 I 1.2 I 

0)~3 g 162 . 1'{8 I 1.1,' 

0.51, . a 132 r{l~ 1.3 

0.52 b 155 182 1.1 ' 

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

* _ Sp~CilJlell (a), 1ft Gauge length. 

** M :: V.agnetic 1 A :: . Non-magnetic. 

:\ 

'". 

• 

25 5.08 0.18 

17 5.18 0~10 

20 5.6r
( 0.19 

12 5.17 ': . 0.12 

---_. 

i\ 

A 

A 

A 

A 

') 
, ~ 

1-1 VIIIA .. 

N VIIIA 

1'1 VIIIA 

'1-1 VIlIA 

#~ 

I 

t; 
I 

t 
t; 
p 

f 
r 
I 
I 
i ,. 

I 
L 

~' 

~.: 
l' 
1:; 

r 
I: 
h .r·· 

r 
1'. 

If q' 
:r. 

" 

I 
r 

I ; 

, 

! 
~ 
l 



% of 
Carbon 

0.1~5 

0.1~5 

0.h5 

.. 
.. 

-* 
Table XV Room teI:~~': ~'ature properties of alloy d ,after 75% deformation 

Temperatu.re 
of Defornl8.
tion 

'Yield strength 
X}.03 psi 

Tensile Strength 
xl03 psi 

T.S. 
Y. S. 

% of Elongation 

1~50 ' 

550 

650 

222 

202 

173 
.' 

264 

292 

220 

1.2 

1.4 
1.3 

14 
18 

3 

* Speci:!!.el1 (a) J I" gauge length 

(~ 

I 

-5 
I 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mISSIon, 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 information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As'usedin the above, "person acting on behalf of the 
Commis~ioni, includes any employee or contrabtor of the Com

mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






