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STRUCTURE AND PROPERTIES OF THERMAL-t.fECHANICALLY 
TREATED 304 STAINLESS STEEL 

by 

P. L. Mangonop, Jr.* and G. Tho~as 

·UCRI;-18869 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Materials Science and Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

. . ~echanical and thermal-mechanical treatments of 304 stainless steel 

enables yield strengths of over ·200,000 psi to be obtained with elongations 

better than 10%. Electron microscopy. X-ray, and magnetic techniques sho1~ 

0 

that during deformSJ.tion) strain induced y -7. e -7 a transformation occurs with 

further thermal nucleation of a achieved by aging up to 400°C. The yield 

strength is linearly proportional to the amount of a irrespective of the 

treatment used to form a. The yield strength is given by cry = 255 f + 

48,650 psi, where f is the volume fraction of martensite. Softeni~g occurs 

by aging at 500°C and ab?ve due to a decrease in % a, which·may occur by 

renucleation of y. The amount of e decreases as a increases;by reversion 

£ + y. 

The system is thus an unusual form of composite strengthening; hard 

mar~ensite particles are formed within tne austenite, and the % a (and 

thereby the mechanical properties), can·be controlled by the mechanical/ 

thermal-mechanical processing. 

*Presen~ address: . Inland Steel Research .Laboratories 
East Chicago, Indiana 46312 
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I~ INTRODUCTION 

The stability of austenite against the martensitic transformation is 

usually measured by the Ms and Md temperatures. The H signifies the tem­
; . s 

perature at which the austenite starts to transform spontaneously to marten-

site on cooling, while M is the temperature ~bove which deform.ation stresses 
d 

cannot initiate the transformation. 

the authors(l) have shown that the 

with M (a) <4°K and M (a) ~293°K. 
s d 

or thermal-mechan~cal processing. 

In the case of 304 stainless steels, 

transformation sequence is y ~ ~ ~ a 

In fact a is ohly observed after mechanical 

It is thus possible to induce the marten-

sitic transformation in these alloys by sub-zero deformation ("Zerolling"), 

and this is known to considerably. increase the yield and tensile strengths. (l-lO) 

Further significant increases in these properties have been achieved by stress 

relief treatment .. between 225° - 425°C, (
2

'
8

' 9 ) or by aging. (6 ,7 ) An optimum 

(8) 
aging temperature of 400°C was established by Chukhleb and Martynov 

where the maximum increase in properties was observed. The increase in 

properties at a certain aging temperature depended both on the time'of 

aging and the amount of prior sub-.zero deformation. Most ofthe increase 

occurred during the first hour of aging followed by a very slight_ increase 

but no apparent.softening effect. occurred even after 120 hours, which makes 

. the phenomenon quite different from that of precipitation hardening. With 

. the increase in mechanical properties, the magnetic susceptibility also 

increases. 

The only attempt made so far to.explain the strengthening observed on 

. (8) 
stress'-relief aging is that due to Chukhleb and Martynov. They proposed 

· that precipitation of carbides in the retained austenite occurs followed by 

nucleation of the a-phase around the carbides. ·Additional strengthening was 
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. . . . ~ :. : . ·~ .... . . . : 
· · ._, .. : '··.;. also presumed to result :from precipitation ·of carb'ides in the. stress-
-~ ' I<; ,'· '1 !•~ -t' ::;' •· ... 

".··.-:. 

·, .' :·. •,.:" · ·:··. -~ ' ... induced a-phase. Aside from magnetic susceptibility measurements, no other 
-~ . ·: ... ·,, 

.,: ·· >:. · ·: •'-" ·:;;_-. structural information was obtained. 
':.· .. ·; •,. . . _, . 

. . :.· :., 
! t .r'' 

'.·.: · ..... ,·;t 
,· ,. ' ' 'r ··l,\ • 

.:.,· ;.: .. '':.'.: :·.::{:.:i .,' One 

The purpose of this part of the investigation ¥hich is related to Part 

(1) 
was to correlate the properties at room temperature of deformed 304 

' --~-- ..... :-.:· .:.~ •· '· 

stainless steel.s, before and after aging treatments, wit~ quantitative 
{ _. 

·; '· . ' 

. __ ,;·-· . .. ·. ' 

~ . ' . . 
• I • ·. ~ ' 

.. ' 

. ' ' ~-~,- . ~-- .. : ;-. -~ .. 
,,. . .. , .; structural information such as volume fractions of y, a and £ phases ·obtained 

. ' ' . 
• : ;:. : ··;: ~~- ~ • c • 

from magnetic measurements, and X-ray, light and transmission electron . ' ~ . 

'• /' :~' 
. _ ... ', 

' o· •L' -· ... ; . metallography techniques, in order to ascertain the principal mechanism or'· . 

strengthening. 

-~-· ,; . . . . ~ . 
' . 

I i ' • • .· ·.~ .·_, • ,. 

',' .. ~ . ' ~ 

... ;·;: 

II. EXPERIMENTAL 

-The mechanical'.deformation was carried:out•in tension at liquid nitrogen 

···. :·,:using .a special ar]:'angement for the Instron machine, whereby the specimen 
. . . 

. \.' 
' '~ I ' 

. . . .. 

,· ·, 

) ~ -._ '. · .... 
can be completely immersed in the coolant. Some. specimens were also rolled ·. __ ,._-_t 

. ' •,' Aging was done for one. and ·one-half .hour ·periods. a,t room tempera-

Further thermal-mechanical treatment by rolling was also conducted 

.... ' -. . .. ~ 
' . ~- after the first aging treatment to see if further strengthe_ning were possi-

.·. ble. ·The changes in structure were investigated by using the magnetic, 

·. . . 

·X-ray' and transmission electron metallography techniques .which are described ... 
t•_' ... I (11) 

· in detail elsewhere (see "'also Ref •. 1). 

•':-· ... 
III. RESULTS 

. } . 

A. Mechanical P5operties: 
; . ~ 

(. 

... The tensile properties at room temperature after the appropriate thermal 

· .. 

. ;-

.. . . . 

.. 
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·mechanical treatment are shown in Figs. 1-3 and in Table I. Figure 1 shows 

the yield strength .at room temperature after aging at 100°C, 200°C, 400°C, 

and 500°C subsequent to varying amolli!ts of tensile deformation at -196°C. 

The yield strengths of the annealed sarnple at roohr temperature f!.nd at -196°C 

are also shown for comparison purposes. The points corresponding to aging 

at room temperature represent properties of as-deformed samples at-196°C 

brought up to the testing temperature. · It is observed that the yield strength. 

was significantly increased from 43,500 psi at the annealed condition to 

215,000 psi after 24% tensile strain at -196°C. On the other hand, the 

effect of temperature. on the yield strength in the annealed condition was 

very small as seen by comparing the yield strength obtained at -196°C to 

that at room temperature. The latter behavior is understandable if the 

alloy remains single phase fcc (for example Ref. 12). The ultimate tensile 

strengths (UTS) Fig. 2, were also considerably increased by deformation at 

-196°C. In contrast to the yield strength, the UTS in the annealed condi­

tion was_very temperature-dependent which is again typical of fcc.materials, 

although., as will be shown later, the major factor to be considered is trans-

formation to a-martensite. As expected, the increase in the yield and ten­

sile strengths brought about a decrease in elongation, as illustrated in 

Fig. 3. 

The increase in the yield strength was most marked on aging when the 

prior deformation was 15% or more. averaging occurred above 400°C (Figs. 

1 and 2]. 

The ductilities (% elongation) of the samples are shown in Fig. 3. 

Agai11, for comparison purposes, the elongations of the annealed sa.'l:ple when 
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. :t;ested at room tem~erat~r'e _and at ~196°C are. a.{~~' ~hown!. It is seen that 

•· .< •. 

,, the maximUm tensile strain before fractur.e that can 'be imparted to this steel 

at -196°Cis about 30%. As shown by the curves corresponding to the 4% and 
' ·'' ·,,-·. 

··r:·,, · 15% strained samples, the elongation after aging was at least as high or 
~ .. 

' ,·, 

. slightly higher than the as-deformed value. What is significant is the fact 
'.t' •· 

··.:· .. that for the 15% strained sample, this increase in ductility is concurrent 

with increases in yield and tensile st'rengths. The data points with asterisk 

marks represent specimens that broke outside the 211 gage marks which explains . · 

why the curve for the 10% strained sample is below that for the 15%. For 

the 20% strained samples, two:samples broke within the gage length and the 

elongations were 11.8% and ll% (see Table I). These treatments thus appear 

to be promising for obtaining yield strengths in excess of 200,000 psi with 

at least 10% elongation. 

The effects of further thermal-mechanical treatment after the first 

stress-relief treatment are shown in Table II. Comparing the results in 

Tables I and II with respect to 20% deformation, it is seen that a;Lmost 

identical properties were obtained whether the deformation was in tension 

~.-. or compression. 

Comparing samples A21 and A22, (Table·II) it is seen that -deformation 

at 400°C, instead of just aging,' resulted in higher yield stre;:ngths. The 

effect of temperature of deformation can be seen by comparing samples A22, ' 

- . A31, and A41. It should also be noted that A31 and A41 were rolled at room 
.. i w 

.temperat'ure and -196°C, respectively, afterthe first stress-relief treat-

ment at 400°C. The results illustrate that further deformation does not 

'<.. 'affect the yieid strength very much. However, further aging· at 400°C resulted 
'." . 

•• ,i 

·,. ,· 
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·~. 

in a· considerable increase in strength (samples ·A32 and A42) and it is seen 

that the response of A41 (deformed at -196°C) is significantly higher than 

A31 (deformed at 20°C). The resulting yield strengths of A32 and A42 are 

higher than A22. ~e stress-,.strain curves of the· samples .aged at 400°C . 

invariably were 
. (1~) . . 

of Type-III, characterized by no work hardening and sudden 

drop in load as soon as yielding has occurred. 

The changes in properties resulting from the thermal-mechanical treat-

ments were associated with transformation of the austenite to a (martensite) 

since the specimens became magnetic. ·Quantitative estimates of the volume 

fraction of a were obtained both by magnetic and X-ray techniques. Appendix 1 

describes how the volume fraction of a is determined from the magnetic 

measurements. 

B. Magnetic Properties: 

Th . t . . . t t. t. t.. B ' . t . t · · t. · ( 14 ) e .J.n rJ.nsJ.c sa ura J.on· magne J.Za J.on, , J.s s rue ure-J.nsensJ. J.ve 
s 

and depends only on the quantity of ferromagnetic phase~ Of the three 

phases, y, e:, and a, that can co-exist in 304 stainless 'steel, a is the only 

ferromagnetic phase. The results of the magnetization measurements·are 

tabulated in Table III an?- shown in figs. 4 and 5. Figure 4 ·illustrate~ 

the increase in magnetization, B as a function of deformation at -196°C s 

showing that stress..,.induced transformation of Y. to a occurs. Figure 5 

shows the change in magnetization, 6Bs' from the magnetization, .Bs' of the 

as-deformea sample after aging at 100°C, 200°C, 400°C, and 500°C. The peaks 

·.at 400°C correspond to a maximum in %:t which correlates with the maxima in 

• yield strengths (Fig. 1). 

C. X-ray Results: 

The X-ray diffractometer traces obtaine·d after a sample was 10%. tensile 
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--.; :: ·:.:. ·. ~-----·· ... · . . _,· .. <:_ .de.f6~~ed(~l96.°Clare _s~o~·-ln Fig. 6 .. Tne appearance of the (10.1) ·. . E 
and 

.·_,_ .. 

. ;.~-. ~ . ~ .. 
·(100) peaks in the as-deformed condition (Fig. 6a) indi~~te.d the existence 

. E 
.· .. · 

'~. ' . .-· - of the E- hcp phase; The relative 20 values, of thes~ peaks with respect to 

~- . 

·' ·>· .. · .',' <-: '.;·: ·._',·.·:. the ( 2oo )' , ( 111) , and ( 110) using CuKa .radiE\-tion with a ( 200) LiF diffracted 
•' .; '. ;. : _. • .. , '' .. ·_. . :~. . ·; :_ . y y . (). ' . . 

· · .. · -_· . .'.· :··: ~::,.;._,"· ··beam monochromator are shown in the figure. The amount of each phase pre-
, . . . .-.. ~ :·..=·:~·~<- ;-:.:::. . 

· ··: .~: ::;:_: sent in the mixture was determined by comparing the relative integrated 
_. _ .. _._, . _ ... -. 

• I •''' ' 

,\·.:.'./:.~_:: intensities.ofthe (200) ~ (10.1), and (200) 
y . ~ a 

peaks for each amount of 
.. ·. ~·-, -,~ : '' 

.. -: ·, . 

:--' -·· 
:'.:·---' 

• ... tensile strain an.d the results are shown in Fig. 7. Figure 7 shows that·· 

:,: ~~; --~ . the amount of a steadily increased as the tensile strain inc'reased while 

·' '· .... the amount· of E maximises at about 5% strain and steadily decreased there­

.. (15,16) 
after. These results agree with published data. Figure 7 indicates· 

' .· ~ 

that the %y ·decreased lin;early with strain and predicts that 100% a would 
. i<' .· ... _ .· .. 

. be . pre sent after about 35.% strain; · 
. ; 

.. 

. . '. . •; ... ~.: :- ·. 
Figure 6 indicates that the e: - hcp phase shown by the (10.1) peak 

E 

:. : .. started to disappear upon aging at 200°C. · Samples· aged at 100°C did not seem 

_: ~- '. : .. 

· to affect the relative integrated intensity of the (10.1) peak. 
. . . . . . E 

These 

: observations suggest that E 

;also indicated by Reed. (l7) 

starts. ·to revert to y at about 20.0°C which was 

:., of the ( 200) 
y 

The increase in %Y is indicated by the intensities 

and (111) peaks before and after aging. 
y 

Af~er aging at 400°C, 

· · :<· ·,the E disappeared completely, at least to the.-extent that it can no longer be 
.. - ·~:: 

... 
,t' . .-· . 

·· detected by X-rays. A detectable increase in the amount of a was also 
. ..; 

.. ,· .'-s.' 
- .. -· ;·. 

,'> . 

observed after aging at 400°C and this is shown in Fig. 8 by the. increase 

in the x;elative integrated intensity of the (200) _peak. 
a 

_·,.· ... ,·· · .. · ·:· .. ·.··D. 
.;_ ~'\ , ' Transmission Electron Microscopy: I' 

·,, ..... :v ·."ff . 

'· ;~. ,' :· The results of transmission electron microscopy are summarized· as follows: 

. -·. 
(1) a was nucleated subsequent to formation of e: by deformation, at .. ~ .. : 

I'''·:-

•• : ·i,-

··.-; 
. . . .... ~ ~~ 

' ". ,. ~ 

. i 

_; :·- ·-,· 

·. -::l 
.··- '! 

. j 

· . .'• 

. ; ~ 

-·: 

:• 

':. 
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low temperatures. Thus, in 304 the transformation proceeds y-+- .£-+-·a and 

not y -+- a (-+-£), These results have been discussed in detail in the first 

paper. 
(1) 

(2) The decrease in% £·with aging (Fig. ·7) occurred by reversion to 

y (by unfaulting) and as a result of growth of a which consumes the neigh.;.. 

boring £phase (Ref. 1) as shown in Figs. 9,10. Observations of dislocation . . 

nodes showed that they decreased in radius and became almost irresolvable 

··after 400°C ag1.· ng.· (ll) Th' · d' t · · t k · f lt 1.s 1n 1ca es an 1ncrease 1n sac 1ng au .energy 

with increasing temperature, i.e~, a decrease in stability of the hcp £ phase. 

The tr~nsformation y ~ £ is thus reversible and can be understood on the 

basis of dissociation of dislocations into partials (y -+- £) and recombina-

tion of partials into whole dislocations (c -+- y). Such events have been 

(18) 
observed directly in Al-Ag alloys. 

(3) The increase in amount of a upon aging up to 400°C was found to 

be due to nucleation of new particles of a rather than growth of existing 

. a particles. The thermally nucleated a is lenticular in appearance simi-

. lar to martensite in low alloy steels (compare Figs. 10, 11). 

(4) averaging above 4·00°C is associated with a decrease in % a, i.e., 

a transforms back ~o y. This transformation may occur by renucleation of 

y within a rather than by simple disolution of a as indicated in Fig. 12. 

(5) The transformed a is representative of dislocated martensite; 

(19) 
twinned martensite was not observed. 

IV. DISCUSSION OF·RESULTS 

A. Strengthening; f\1echani sm 

Figures l and 2 show that considerable increases in both the yield 



,· ~ ·<. < ::":' t ~- ·~,:.: ·, ... ;.·.·.· ... ·. "'• . 
-..:. '·: :.· · .. ;:.:'.:[t-:~.-!~< : .. : .. ·' ' ·. 

·.. \ ·.·. -': ~ · .... ·, '• 

' . :•-. ,. -: .. _.:.. 

... ::-~11~.-~h\ . •li .. .:': , .. ; :. ~· 

: !'; ,, ;,,,·;'::;;and ten~ile strengths is .attainable with .the 304 Staihless steel by · ... 

. ·.· :.::.:·::.· <·:··J ... J::····,_. mechanical and thermal-mechanical treatments (Tables.· I and II). The · · ·. ·: . 
·. ·:··f..: rr::- J • ._ .. · ·: • .: ~.-. ··:: • - • • • •• ·_ ~- :;- • ••• 

. ··:> l't' \. ·{·· .. ·1) ·::·: increase in yield strength may be correlated with the increase in di.slo- :- ·. ·, 
: . .'I ',, • :. '·~ 0 ~~~ .... ~·\, •. : ,,. 

f. · .. -; -··' 

··,': 

. : -~ .'' UCRL-18869 ·· 
: . ~· .. 

... :.-

;:"·:~Jf:;·/·:~~{ .. :'.f;[':'·;·. cation density within the matrix as a result of work hardening during ., : --~· .. . .. -~ 

. ·: ...... · : ~·.·:·<··:deformation, and precipitation of a- during deformation and subsequent· .. 
~~;: -:·;:::_:~! '.· :· <~ ~/-~-'.: ;~ ;_·, ';. . . 
'\:;.:.':/ • .-/~ ; .<:·: aging (Figs. 9-12 ); These methods have· also been utilized to improve the ·:; · ·. · 

~~:.;;c. J :::.' -..:.:;: > . (20) 
; ....... ,·, .. •: .. , ·· tQughness of high strength steels. ' .. -·· ;· : ·: 

.. ., ; ~-"· ..;;/; _: ·.·- ~ ·t .. : ;..-·... • : • 

,. ·."·.··... .. :·-: :; ·.-
·.·, ·-... :··_. 

. t ,_. 

. -~ ;,. .. . : ;;{!:-·. 
. ;, . · ·· play an important role in strengthening. 

Since the carbon content is low, carbide formation within a cannot ' '.: . .. ..· , . 
. ' . 

! . - ~' . I' . .... :'" ... ~ ., , .. 
Some carbides are visible in. . . ~ .. ' 

-.. -

:;).;-~~~:t::._·:';;:_::;:::< the 'straininduced a, but not in the thermalJ.y nucleated a (Figs.· l0-12) • 

. ·. ;:~::;:··. : : .· . .- ·y.· .;: However, when the yield strengths are ·plotted against % a :Fig. 13
1 

ft can ·. ·.-<· , 
. •• .. • '. -·~ .t. , •• :: •· .. • ··: '. ·: 
_1 •• · •.•• - : -

; ·:. ; • ~-:·' • • .. • '• ', I I I' • 

_''·;}~: ·::< ·;, :;_>;_.· data gives a (psi) = 48 650 + 255 f 
.... :··; .... :· i :· .·· :: :'. y . , 

· · ;., .:.. . ,_. ·· :f'raction of a). 

be seen that a linear relation is obtained. A regression analysis of the .<:::/ 

(where f. is equal to the volume 

There are two possible interpretations of this result viz a) dis-
~ ~ ·: ' . 

... . ' .: . 
. . . . . ; ~::~.:. ·;:: 
::.-_.· ·;. <: ::· . strengthening the particles of a in the 'Y matrix can be considered to be >F·:. ,·:. 

persion strengthening or b). composite strengthening4 In dispersion 
.-··.·. -. 

' ' •• '· ·,.;:· :. _J 

,-, ; •. .·.J·, . 

. . "', -~- :.:,- the hard phase ciue to work hardening as a result of transformation .. ·. :: 

. ·'· ,., 

'.· .·· -~ .:·.:;::_ .. : strains. (l9). The yield strength would then be expected .to depend on · · :": 

.. ·. :J .: :: ._ .. :·:·:··~'· :; .·_particle size and· spacing(2l) by the Orowan criterion, similar tQ systems ' ! 
: .:.:::·~:: .. , , ~ .. ::,.·. ;.: .'·such as TD nickel. (22 ' 23) The volume fraction f = Nd ·= a:;::;..; where N is ·;{. . ·· I 

... . . ·.· . . . '1: ·.:.:.: ' : ._·.. . . . •.;. ' ,: 
.. ·· :>'·the nwnber of particles per unit length of dislocation line, 5: is the ·,• 

,;;.·,!· :. ·:~:;·/ .. mean particle spacing and· d the average diameter. Hence, a ·o: f(a).:. · .. <,:'_:··., · .. ·.- ~ .:'.: ~::} 
. :. : ... · ·.'·;·: . y . ' ·' 

· .. , . .-.~. --·~'<··. :-; <: ... (Ci/>:). To explain the strength >: .... loo1-3oo.A. However the mierographia ;.;.;:: .. ~ ':! 
-~_-..: .:· . ·>; '"\ .. ' .-: ~ 1 -

- .0 
,·_:. · evidence, e.g., Fig. 10 where A. ~ 590A1 and the fact that the yield 

.\- -;. -. :· . 
. :·.' · .. · .. 

. . , . strength depends not on morphology of a but only on the ·amount of ,, . · .. , 

:·, . ' . ·>: L~ > .a (Figa. 10
1 

11 1 13) irrespectively of how ~he a has been formed, .. ; .. ' ~·· ;, 
r • ·. ·,- ~-' ,. - .. . ... ·.-__ .. :_ '. ~ .-· 1 . suggests that the system is more aptly described as a composite. · Figur~ lj 

. ~j 

. ~ _·.{ . 
. ·• J 

! 
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. . (24) 
is remarkably similar. to data obtained for fiber reinforced metals. 

The yield strength a = 255f + 48.65 (Fig. 13) may thus be written as a 
y . . . . 

(25) cl . . y . . 
simple law of mixtures . Q · = a . ·f(a) + {1 - f(a)} a where f(a) = volume 

y :. 

fraction of a i.e., a 
y 

= f(a)[aa cry]+ cry where [aa -·cry] = 255,000 psi 

and aY·= 48,650 psi (Fig. 13). 

Actually the. above equation should probably be modified to include 

· parameters related to the strengthening capacities of the a and y phases 

e.g., p~ecipitation hardening, work hardening etc~ since· the treatments are 

complex. Thus the magnitude and/or slope of the curve in Fig. 13.may be 

changed by changing composition (e.g. increasing_% carbon) and by further 

variations in thermal-mechanical treatment. Such effect? are being investi-

gated. 

Analysis of the true-stress, true-strain relationships at room temperfl-

ture showed that the work hardening rate is proportional to the square root 

'· 

of the volume fraction of martensite. Although this result may be questionable 

due to the fact that ·. c~composition to martensite may also occur during . 

testing, it is nevertheless consist.ent with both the dispersion and composite 

strengthening models. 

B. Martensite Nucleation 

It is interesting to comment on the possible ways that the amount of a 

can increase upon aging. One is that the stress-induced a simply grows. If 

this were the case, one would expect the boundaries of the "old" a crystals 

• 
· to expand and whatever "nevr" a comes out, this must have the same orienta-

tion as t'he "old" crystals. However this was not observ.ed as demonstrated 

by dark field analysis (Fig. 10). Another possibility is .that which was 

(8) 
envisaged by Chukhleb and I-1artynov vrhere carbides precipitate out from the 



. . . ~ ... ~ .. ' 

. : . '~ .. , ... 
t ., • 

. '• . .. .. 
. . ..... ,. 

··' 
; ... ~ .. · .( .. 

. . :·." . :: 

. : ·. :· 

,· . .··:· 

' . . \' ... 

._.,,: ' . ." • I ~ 

.... ' • I • 
,. ;••.: 

.·.\. ,._, 
·' \ ·.· . 

-.·' 

~1o..:.· ·.: . 
. .. 

. . 
• . . .• ~ \. : • ~. ,'. ~·: ' I. . . . 

;. 
' ~ " 

' ••...• } :" . . • ':'· i -~. 

, · .. : ·· .' .· : a:~stenite~ and. the "new" a ~rysta:ls then form~ around the carbides 1. e. , 

' a nucleation and growth process·. This mechanism can also be ruled out on 
: .... ~. ~ .. 

.. ·.· the basis. of the transmissio.n electr,onmicrographs(Figs.· 10,11). The a 

,.· ...... 
particles formed,by aging had ent'irely different ,orientations from those 

·formed only by deformation; also'no precipitation of carbides was observed 

... . '. '·. ··. ,·_ 

·. 
· · ' '. :, . within them. Furthermore,' the new a crystals had a lenticular appearance 

. :. {Fig. 11) resembling that of mart.ensites in Fe-C and Fe-Ni-C steels and 

I •'' 

.. ·-: ~. ·-' ' . . .. 

· ·. ·. ::: . :: · '· different from the ·lath-like appearance {l) of the stress-induced a. It is . 
. 1' __ :_ .. -,_.·· 

"' ... 

. ·.: .. 

.. 
·· .. ·.'· .- .. _·,_ 

... 
'· 

. ·-.: 

·' : 
. ,·· ... 

. ·;' . . . 

: .·. 

.... 
. · . . . 

. . 
•I- ! 

·''t . 

. ··.· . 
..... · 

;. 

. ~ , >' 

... 
~. . . 

probablc2- therefore that these a crystals formed martensitically by thermal 
. . .. . (26) 

nucleation. This is the first direct evidence, as far as the authors 

know, of martensites being formed during stress-relief treatment, i.e., on 

raising the temperat~re. Such an.increase in martensite-content had also 

been monitored magnetically by Kurdjumov, et al. (27 ) during up-quenching 

'. ", 

. .. .. 

.· .... 

.. 
' . . . ' 

., 

·,· 

' ... 

. ! 

···: · .. .t. 

, .. ·.· 

~.. . . ' . '•" 
... ::. ' ·. · .. ·'· 

.. , .. . ·. .. 

.. . , .. .. . 
" . .. . , . 

r:l · . 
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SUMMARY AND CONCLUSIONS 

l-1echanical and thermal-mechanical· treatments. of 304 stainle'ss steel 

enables yield strengths of over 200,000 psi to be obtained·with elongations 

better than 10%. Electron microscopy, X-ray, and'magnetic techniques show 

that during deformation strain induced y ~ E ~ a transformation occurs with 

f_urther ther.mal nucleation of a achieved by aging up to l100°C. The yield 

strengths are linearly proportional to the volume fraction of a irrespective 

of the treatment used to form a. Softening occurs by aging at 500°C and 

above due to a decrease in % a.. This may occur by renucleation of y rather 

than by reversion. The amount of E decreases as a increases by reversion 

£ ~ y. 

The system is best described as a composite with hard martensite parti­

cles formed within the austenite. The amount of a can be controlled (a~d 

thereby the properties) by the mechanical/thermal-mechanical processing . 
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APPENDIX 

Calculation of Volume Fraction of a Phase 

The amount of magnetic phase present is calculated from the measured 

magnetic saturation B and using the reported specific saturation magnetization 
s 

per unit mas ·(as) of 160.4 for 100% a mart~nsite( 22 ) in an alloy almost 

identical to the one used here. (See also Ref. 20). 
' . 

Magnetic moment/unit mass a = B /4 np where B is the intrinsic sat-
~ · . · s . s a s 

uration magnetization and values are given in Tables II and III. pa is the 

density of the" a phase (bee) . 

1/pa =(1/pFe)NF.e +. (1/pCr )NCr -:*" (1/pNi )NNi '. etc., where Ni is weight 

fraction of ith component thus 

From which p 
. a 

3 = 7.77 gm/cm • 

Ca 

0.08 

The volume fraction of a is thus 

= 

,The values obtained by this method were checked against values obtained on 

the same sample by X-ray intensity measurements, and the agreement was 

excellent. Thus, the magnetic technique was utilized to obtain the volume 

fractions of a, which are given in Fig. 13 and Table .II . 

.~ 

.. 



·'1•.' .• ' .. . . . . : ·~ . . ~ . : ·, . :. ·,;····. \· . '•: _: . 

• ,.. ,f ., 

:·, . ~ ' :- . . . ... .. . . . . 
:·-· i ~ 'I 

. :--,·, .· .. ... 
'.. . .. ~.. . . . . .. :· ··-~ ' ·. :~ .. ~· .... '' 

: .. - I ' . 

:'. I, ' ~ • :' ' t•;• • •, . • • •) • ' •' t • , 

. : ':: .. '' . : .... ,' ·: ' -16::.. 
:--·· 

. ~ . . .. 
I • . ~ : ... : 

:' :· .. ·. -· ' 
. .:. . . ~ . ' .... 

. ··:! .. . ~ . 
;. ', .. · .. ."r·. 

. ·.- ~. ·- .. -· 
-· ..... -

; .... •• ; :: '. 'j • ~ : • :~ • 

._ "' :. " 
·:_ 1.· 

.. -. ~ ·: . 
'. 
I 

' ' . ,· ' 

.:,-··._:.-·· .. ·-::-... ,· 
• • I • ~ :· ,'_" ' : 

. . -~ ·. : - .. 
. . ' . . • ,.!; ' I ~ o 

Tab1.e I.. Tabulated ro·om tempe!atur~ mechanical properties. 
·.·. 

: . ' .. ~ : ' :. ·:. =~=;::::::========================================:::;::::= % Tensile Aging Yield Strength Tensile Strength ·. % 

.. ' '. .. . ' 

.'• . ; '• ... 
.. ' 

:: .· .. , -~' .. 

.. 

' ' 

.. 

: t' 

Strain at LN Temp,°C (0.1% offset),psi. psi Elongation 

. . 3.5% R.T • . . 
3.5% 200°C 

'c/_ 3. 5,o 300°C 
4.5% 400°C 

.. .4.5% 500°C 

-····:· 10% R.T. . 
10% 100°C. · . ·' 

.. · . 9.5% 200°C 
8.5% 300°C .: 
9.5% 400°C 

10% 500°C 

16% R.T. 
'15% 100°C. 
15% 200°C . 
15% 300°C· 
15~~ 400°C 
15% 500°C 

19.75% R.T. 
19.5 % 100°C 
20.0 % 200°C 

·:~ 19.5.% 300°C 
20.25% 400°C 

20% 500°C 

25.25% R.T. 
24.0 % 400°C 

't Specimen broke outside 
• 

* Catastrophic failure 

.... 

75,800. 
63,400. 
67,900 
71,500 
66,200 

95,000 
103,500 . 

82,600 
96,800 
98~200 
93,200 

141,000 
147,200 

.. 165,000. 
161,000 

' 154,000 
128,000 

177,000 
176,000. 
197,000 
199,000 
217,000 
155,000 

215,000 
244,000 

of gage marks. 

131 ,ooo· 
116,000 
116,700 
119,800 

'115,500 

156,500 
. ' 153,500 

130,000 
136,700 
136,700 
134,000 

184,000 
. 186,000 

183,500 
182,000 
188,500 
154,500 

195,000 
182,000 
198,000 
201,000 
219,000 
169,500 

* 
* 

in 211 . 

42.0 
43.0 
43.5 ' 
39.0, 
4·2.0 

7. 5t 
9.0t ' 
5.0t 

. 10. 5t 
5.0t 

14.5t 

15.5 
15.2 
17 .. 5 
17.0 
18.0 
25.5 

. 4. 5f 
2.0t 

11.8 
11.0 
2.0t 

18.5t 

... 'V0%t 
'V0.5%t 

. ' 

i 

. I 
! 

I 
I 

I 
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. Table II. Effect of further thermomechanical treatment. 

(Deformation by rolling) 

\. 
t .), 

i 
Bs, (gauss) (!( 

I Sample Thermotnec hani cal· Yield Tensile iO Elong-
I Treatment Saturation Strength Strength at ion 
'. Magnetization 0.1% offset psi in 2" i ~ 

(% a') psi 

'. Al Rolled,20% reduc- 9.920 
tion in thickness .187,000 199,000 9% 
at LN ( 63%) . 

; 
'· 
f. A2l Same as Al, then 10,550 ; : 

aged at 400°C 216,000: * 5% 
for 2 hrs. (67%) 

A22 Same as Al, then 10,790. 
rolled at 400°C 231,000 234,000 1% 
9% reduction in (68.5%) 
thickness 

A31 Same as A21, then 11,'090 
rolled at R. T •. · 9% 219,000 225,000 5% 
reduction in thick- . (70.5%) 

·ness 

A32 Same as A31, then ll,iOO 
aged at 400°C for 242,000 * 1% 
2 hrs. (70.6%) 

A41 . Same as A21 rolled 10,940 

' 
at LN, 9% reduction 216,000 224,000 5% .. , :im thickness (69.7%) 

... A42 Same as A41, then 11,600 
aged at 400°C for 255,000 ~· 1% 
2 hrs. (73. 7%) .. 

~ 

~ ..... ·~ . . ... -· .. . . .. 

* Catastrophic failure 
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.·, · ... Table III. Tabuiated resUlts .of magn~tic· measurements. 

... ·. . ~ 
I_.,' . ·.: ... 

... ' .... 
... 

. ·' ~. ~. 
.. -:',. ', 

. . . 
'o.' 

· ....... . 

. . . ~·. 
... . . ' ::: 

" 

% Tensile Strain 
at 
LN 

o% . 

3.5% 
. 3~5%. 

3.5% 
4.5% 
4.5% 

10% 
''. 10% 

9.5% 
8.5% 

;. · ... 

. _-· ' 9.5% 
.·· .. 10% 

16% 
15% 
15% 
15% . 

.... . . ~ . 

15% 
15% 

·.t·. 

. . 
. 19.75% 

19 . .5%' 
20% 

. 19.5%. 
20.25% 

. . . . . . 20% 

25.25% 
24% 

i . 

Bs, saturation magnetiza.tion 
gauss 

before aging · after aging 

0 

.580 .. 
580. 
627 
780 
920 

4.180 
3,555 
3,240· 
2,955 
3_,220 
3,370 

6,570 
6,830 
7,180 
6,980 
6,810 
5,010 

8.490 
7,800 
8,340 
8,390 
8,820 
8,740 

10,300 
10,250 

0 

567 
. 587 
.772 
613 

3,605 . 
,3 ,290 

. 3,055'· 
3,325 
2,630- . 

6,870 ' 
7,210 
7,110 
7,080 .. 
4,350 

7,770 
8,340 
8,560 
9,286 
6,400 

10,680 

Aging· 
Teniperature 

oc 

R.T . 
• 200°C 

300°C 
400°C 
500°C 

R.T. 
100°C · 
.200°C 
300°C 
4oooc 
500°C 

R.T. 
. 100°C 
200°C 
300°C 
400°C 
500°C 

R.T. 
100°C 
200°C 
300°C. · 
400°C · 
500°C 

·:·-: · .. 

llB gauss 
~fter · · 
Aging 

13 
- 40 
- 8 
-307 

- 50 
- 50 
+ 70 
+105 
-7llO. 

.+ 40 
+ 30 
+130' 
+270 

. -.1660 

... 
_; 30 

o· 
+170 
+460. 

-2340 

'+430 

• .. 

'· 
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: 'FIGURE. CAPTIONS 

F.ig. 1 ,... Yield strenths of ·304. steels at room temperature after aging 

l 1/2 hours at the temperatures shown following tensile deforma-

tion at -196°C. These property changes are related to·% a. 

. Fig. 2 - As Fig. 1 showi.ng ult:i.mate tensile strengths· . 

Fig. 3 As Fig. 1 ·showing % elongation. 

Fig. 4 Variation·in the saturation magnetization at room temperature 

after tensile deformation in liquid nitrogen. 

Fig. 5 Changes in saturation magnetization after the thermal-mechanical 

treatments i~dicated . 

. Fig. 6 · - X-ray diffractometer traces of 304 steel at room temperature 
\ 

following 10% deformation in liquid nitrogen; a) as deformed; 

b) aged 1. 1/2 hrs at 200°C; c) aged 1 1/2 hrs at 400°C. 

Fig. 7 Shmdng the variation in vol~e fract'ion of y, e: and a phases 

at room 1 temperature after tensile deformation in liquid nitrogen. 

Fig. 8 - X-ray diffractometer traces of the 200 a reflection at room 

temperature after 10% reduction in thicknes's in liquid ri.i trogen. 

. F.ig. 9 Specimen defor-med 15% at·-196°C and aged at room 'temperature . 

' The a particles have grown into,the y phase and e: reverts toy. 

Notice alignment of a laths in one· direction. 

Fig~ .10 - Specimens deformed 15% at -196°C showing blocky a particles 

(strain induced) at A containing carbides (circled); thermally 

nucleated a at N. Reversion of e: ~ y has occurred at S. a)bright 

field; b) dark field of ~ reflection; c) dark .field of a (strain 

induced) and d) dark field of a (thermal). Notice that the o. 

phases in· c and d differ in orientation. 
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F.ig. 11 -. Contrast experiments .to show thermaliy nucleated a marked 2 

Fig. 12 

Fig. 13 

·has a different orientation from stress induced a as seen by 

the contrast reversals in.the dark field i~ages of a(2).in (b) 

a 1 in (c) .. (a) .is the ·br.ight field; d is a dark-field 'image 

using a.y reflection. (e.'g., to Fig. 10). SpeCimens deformed 

15% at -196°C then .aged 1 1/2 hrs 200°C. 

Microstructure of 304 steel after 10% strain at -196°C followed 

by 1 1/2 hrs aging at .5.00°C; a) bright field; b) dark field using 

only y·reflection. Notice y regions F within a phase A. 

Summary of results shm-ring the yield strength is linearly 

determined by the % a irrespective of the manner or amount of 

thermal-mechanical/mechanical treatment • 
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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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