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'THE MICROSTRUCTURE AND PROPERTIES OF
METASTABLE AUSTENTTIC HICH STRENGTH STEELS'

John S. Dunning

Inorganic Matdrials Research Division, Lawrence Radiation Leboratory,
Department of Mineral Technology, College of Engineering,
Univer31ty of California; Berkeley, California

ABSTRACT

'A study wes made:of the effects of composition and thermal mechanical'_ o

- treatment on the structure -and propertles of metastable austenitic steels.

Two topics were studled in detail: - (a) the cyclic quenching of austenite o

" where the transformation of austenlte 1s accompllshed thermally and (b) the

i
composition dependence of. transformatlon induced plastlcity where straln

induced transformation occuring during tensile testing favors superior

o ductlllties.

The cyclic. quenching of deformed austenite:nas effective in producing -

& fine martensite plate size-and the fineness of the microstructure re-
fsuited in high'strengths. Optimum strength ductility ratios were obtained

'_after two or three cycles of quenching and tempering.'

The strain 1nduced austenite-to-martensite transformation wa.s utilized

’ in a simple Fe—Ni-Mo-C alloy to produce enhanced ductilitles, The occur-
‘rence of the strain induced transformation during tensile testing wWes relatedjiT

'>to'the’percentage of martensite present prior to testing.,n o 'r :-1;'QT*F

..




Con mmmowonmr
A ‘ Plastic straining below the recrystalliaationltemperature is the most
,t f}iQ~" . 'common method of, increasing the strength of metals. However, this increase
in strength is usually accomplished at the expense.of ductlllty. The de-
;s1rab111ty of ach1ev1ng high strength whlle retaining hlgh,ductllity'has led'”;
gto the development of thermal-mechanical treatments which in certain ferrous .
.alloys result in a good balance of strength and ductility° A . "’“
In the conventional cold working of steels the increase'in strength
.during deformation is achieved ‘by blocking the motlon of dislocations° o
Electron mlcroscopy indlcates that dislocations tend to collect in tangled
networks in plastically deformed materials. The motion of dislocations
generated duringifurther deformation is inhibited by the network and inQZi
'icreased stress is required to cause further_plastic,flow. While.cold work
‘can decrease the distance between obstacles to dislocation motion there is
a minimum distance attainable and hence a limit_to the'tensile.yield o
: strengths that'can'be;obtainedvin this'way. Further; since .the strength A&"‘
is.inversely proportional to the distance a. dislocation moves, a yieldi
strength increase is almost always attended by ‘a decrease in ductility.
Maraging alloys also possess superior strength and ductility ratios.g o
In contrast to steels, it is believed that these alloys are strengthened ';i?u
) by the presence of finely dispersed prec1pitates in the form of ordered i
':.compounds.e, Mechanical-thermal processing of these alloys does not improwe,
:;' the strength and ductility as in the case of. steels. 'lmprovement in
| properties has been generally obtained by comp031tion control.
 The compromise between strength and ductility associated with conven- b; _fL
tional cold worklng is undes1rable and is minimized in thermal mechanical

iprocesses such as ausformlng . In the ausformino process metasteble ?f:jff'Q
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austenlte is deformed w1thout noticeable recrystalllzation, prlor to .
transformatlon to marten31te. Ausformed steels are the strongest available
commerc1al steels. Any alloy system exhlbltlng a "pbay" region in the T—T T -

diagram can potentially be deformed in this region and hence is ausformable,},i

Strengthening is thought to be.due_prlmarily to the high dislocatlon density v

| 'produced» an additional'but lesser factor being'that of'strengthening by the - -
icarbide disper51on formed durlng the deformation of austenite. DeformatiOn

in the ausformlng process is thought to accelerate diffu31on of substltutional
- elements so'that they_can form finely dlspersed precipitates, usually alloy- |

3 .

carbides, at relatively low temperatures. :
A thermal—mechanical process‘developed in this.laboratoryb"5 appears:

to have promise for the production of microstructures that are favorable .
for high strength and high ductility .Austenite'deformed.in'a manner similarb‘
to that in the ausform process is quenched just below the MS temperature .

and then reheated to temper the martensite formed durlng the quenching
treatment. Quenching is continued to progres31ve1y lower temperatures :f;_r”w
transforming more austenite; 1ntermed1ate tempering is carried out after e

: each quenching step. Intermediate temperlng is’ employed to induce carbide

' precipitation on the dislocatlon network and within nevwly formed martensite..v
The process is shown schematlcally in Fig. 1. Such treatment results in

a very fine microstructure. The martensite plate size is believed to be
'limited 1n1tially by the heavy dlslocatlon grid in: the deformed austenite,i
later in the- quenching cycle the plate size is further limited by the

" presence ofjpreviously transformed materlal. Preliminary studies indicated

that the structures produced in this process were characterized by a very

.+ high dislocation density and a fine carbide distribution. The strength

. and ductility of these structures forms part of the study reported herein, ‘




'v 200 000 psi with elongatlons aoproachlng ho% ‘have been attained.é

';f '5':< -
Another interesting and potentially useful phenomenon in obtaining

hlgh strength and ductility recently observed in th1s laboratory6 is that -

‘.of “transformation induced plast1c1ty (designated herein for convenience

as "TRIP"). In these studles very hlgh ductllities have been reported

over a %ide range of strength,levels, These unusual combinatlons of strength

-Vand ductility have been attributed in part to a strain-enhanced transforma-

" tion. MartenSIte, formed by the strain 1nduced transformation of austenite,

induces plast1c1ty in a number of ways The formation of martensite causes
an increase in dlslocation den51ty and therefore an increase in strain

hardening rate. Also, since the marten31te is harder than the parent

. austenite, strain hardening is further increased. The onset of local necking

.is inhibited by the highhstrain_hardening‘rate4and ductility is enhanced.

PlasticityiiS'thus enhanced by the production of dislocations and the pre-

vention of early necking..

Bressanelli and Moskowitz7~have also'reported the beneficial effect

on elongation of strain induced transformation occurring during the tensilef

testing ofbmetastable austeniticistainless steel. The authors demonstrated

the importance of strain ratevandvtest temperature in'the occurrence of

strain induced transformation.v They concluded that composition and test )

’ temperature directly affect the amount of ‘martensite formed during testing
and deformation rate has ‘an indlrect affect by influencing the spec1men
. temperature. Only martensite formed in the later stages of tensile testing,

during necklng, ‘was considered beneficial.

Prellminary studies have shown that high strengths and elongations
can be obtained by utiliz1ng the TRIP phenomenon. Yield strengths of over
These_
results wére obtained on complex alloys. The functlon of the individual

alloying elementS'is not understood at the-present time.

3



This 1nvest1gatlon was designed a) to study the effectlveness of

.

cycllc quenchlng in produ01ng alloys hav1ng hlvh strength and hlgh ductlllty

and, b) to produce "TRIP" in- 51mpler alloys° A serles of four alloys was _hf;*

'selected 1nclud1ng both relatlvely s1mple alloys as well as the more. complex A”fﬂa

R . -
ones developed'from prev1ous work.' Thus, the research reported is concerned

»w1th two separate but related topics."
1. The cycllc quenchlng of a metastable austenlte,'where1n the
transformatlon of austenlte is: accompllshed thermally,;
::ii. ,The compos1tion dependence of the TRIP phenomenon, whereln

transformatlon 1s accompllshed by plastlc strain.
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and which demonstrated the TRIP phenomenon, . All four elloys were stgdied'

' v -5- .' ' . .

II.' EXPERIMENTAL TECHNIQUE

A. Alloy ComD051t10n f"

"+ The alloy .series used in the cyclic quenching study was selected on

the basgis of previous work with high strength martensitic steels.h’5 The -

series was selected such that the effect of specific elements could uniquely

be 1dentified.

The,Ms temperature wesgdesigned to be well below room temperature
(~ -60°C) so that the austenite was stable'at.room temperature. A balance
was maintalned between the carblde formers and carbon in the steel, 1 e.,

suff1c1entmolybdenum was added to combine with all the carbon present in

" the alloys. The Mo-C ratlo was maintained constant in each alloy. Nickel .

~was used to adjust the M .of'eachvaIIOy such. that the Mg was the same for .

8

all alloys. The reference alloy was a simpleAFe-Ni—Mo-C alloy; The secpnd'

and third alloys contained l.5%fof.Mh'and Si,Arespectively, and the fourth

& combination of Mn and Si. The coﬁposition cf the steels used is shown

Tih Table I.
Table I. ;Allcying'Element~(wt;%) :
Code . Fe M Mn si Mo - ¢
A Cbals . 2b. - - k1 0.5
B . bal. 22,0 LM .. . ho | 0.23
c ~ bal. ‘l'ff2§.82'.', - Lbs L ko3 “o.2k
D . bal.  20.97. - 148 ~ ©1.55 . 3.57 - - 0.24

Theccomposition of elioy_D,Was‘sihilar to.alloys referred to eerlier':

- whichwere showvn to have an excellent_combinaﬁionhcf strength dand ductility_c'

L
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with respect to bothfthevresponse to cyclic quenching and the occurrence

of the. "TRIP" phenomenon.
. ‘,I

B. 'Alloy Prooeesing

Toe steels were prepared by induction melting in ap inert ﬁelnlm
atmosphere. The ingots were hot forged to dimensions of 10"x2- l/2"xl/h"
-The‘bar stock was cleaned,of,surface scale prior to-subsequent rolling and
heat treetmeot. | |

Suitable lengths of‘bar stock were sealed intOYQuertz tubes under
-vacuﬁm and austenitized for one hour at llOO°C'followed by'an immediate
water quench. Metallographic checks were used to insure that the alloys
were completely austenltlc. | , ;

The bar stock was deformed 80% at a temperature of 500°C. beformatlonr.
temperatures of 450, 500 and.550 C were used with the_Fe—Nl-Mo-C‘alloy. A
~ 500°C rolling temperature gaﬁe an optlmum fine structure_(see Fig. 12).
lLower temperatures tended to give ooarser microstruetures while higherl
temperatures promoped:graih_boundary precipitetion thereby leading to em-
brittlement. Thus, ‘a 500°C deformation temperature was standardized for
the alloy series. Deformetion'was carried oﬁt in steps of'éO mils per pass:

during the initial stages.of deformation and was gradually reduced to 10 AR

. mils per pass during the flnal stages of. deformation.

Specimens were heated in a muffle furnace between paeses and the rolls
of the mill were maintained at a temperature of hOOfC durlng the entire
rolling operafiop.A The‘tiﬁe to achieve the 80% reduction was less than
| one hour. After rolling the speclmens were water Quencﬁed. The final :
thickﬁees:after rolling was approximately 0.0603.. A.éeries of thermomecheni-A

cal treatments were evaluated:
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1. Austenitize and deform 80%
II;_ Austenltize, deform 80% and quench to liquld nitrogen temperature'
'i‘III.__Austenitize and cycle quench to liquid nitrogen temperature
IV. Austenitize, deform 80% and cycle quench to liquid nitrogen

temperature.

Henceforth for convenience these'thermomechanical7processes will be re-

ferred to as Treatment I Treatment II, etc.

The cyclic quenching part of Treatments III and IV 1nvolves quenching

the specimen to a temperature slightly below the MS followed by a tempering

operation prior to again quenching to progressively lower quenching tempera-
tures.. There is a tempering step between each quenching step (as shown in

Fig. 1). In preliminary studies‘tempering temperatures of 450°C, 5006C and

550°C were used with fully cycled specimens of all four alloys, but proper-

ties appeared insensitive to variation in this tempering.range.‘ A cycling I
temperlng temperature of 500° C was standardized upon for the investigation.'“
Cryogenlc baths of ethanol methyl 1sopentane, liquid n1trogen and |
liguid helium were used. The first two medias were cooled in stages with'
liquid nitrogen to their freezing points. | |
An iron-constantan thermocouple was used to measure the temperature
of the cryogenic baths and temperaturevvariations were minimlzed by using
a large volumevof'liquidrmedium with vigorous stirring to reduce tempera-
ture gradients. Speéimensfwere held at’cryogenicvtemperatures for five mhf
minutes. - | | N | |

"The heating medium for tempering was a molten salt bath of nitrates

'.‘in a resistance-heated container. Specimens were tempered for lO minutes

.. - after each quenching step including the final step. Specimens.were removed

at various stages of the cycllng treatment in order to study in some detail o



i .'_8.. .
thevchanges in microstructure and properties at various stages of trans- -

formation. : ' » R

‘fc, lbcbanical.Testing

Tensile specimens were'gronnd from the 0.060" sheet; their dimensions»
are shown in Fig. 2. Room temperature tensile tests weie carried out on
en Instron machine using a crossed travel speed of 0.1 cm/minute. |

Hardness measnrenents wefe nade on a Rockyell.hardness tester. The
Rockwell C nardness scele was used and hardnesses‘in the range RCVBO to
R, 50 were obtained. 'Hardness mea surements were used as a qualitative
but rapid means of fol%owing transformation.‘ However, since the method
was qualitative it was desirable to institute other" means of following

" the phase trensformatlons during processing.’

D. Techniques fof'Following'Structural and Phase Changes

éince TRIP was of special'interest'it was desirable to.correlate the‘

-occurrence of the phenomenon.with the pencentage of martensite present.
prior_toitensile testing. Permeability measurements of partially'transformed'
specimens were comparedAwith standerd specimens containing known.proportions

.of FCC austenite and BCC iron.

A search coil containing & specimen of standard size was placed be-.

' tween thélpoles of an electromagnet. The coil was held in this position
by:a swinging lever. The_coil and specimen could be swung'out from the -
position between the electromagnet pole nieces to a fixed position removed
from the poles. Avcurrent'was induced in the search coil by.eacn of three

,sequentlal operations: j ‘ o | . .

i. When the coil was between the pole pieces and the magnetlc field

~was reduced from the maximum value to zero;.
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ii. When the coil was removed from the residual magnetic field
between the pole_pieceslto a fixed posifioﬁ away from the
poles;

iii, When the specimen was removed from the coil.

The total current induced in the search coil by this set of opefations
was measured. The total magnetic induction readings were measured for.
standard specimens and a calibration .curve of induction reading vs ratio

of transformed to untransformed?ﬁaterial,was plbtﬁed. Specimens were

compared with this calibration curve;

The advantage ofgﬁhis method lay in its‘simplipity; austenite is
paramagnetic, whefeas martensite isvferromagnetic~énd has‘a high ﬁermeability.
An accuracy of #%b in the figure obtained for the amount of transformation

’ was estimated. While the data obtained for higher amounts of transformaﬁion‘
ﬁere_quantitativé, the limited accﬁracy of the method made measurements of
" small amounts ofvtranéformatiqn qualitative. |

Métallographic techniques were‘used to check the négnetic”data at

points of Interest and a good correlation was obtained between the two

determinations.
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I EXPERTMENTAL RESULTS

frocéssing fac#brs ﬁeld.?onstanﬁ in'the stud& reported in this papef
were austenitizing.température, deformation temperatuie-and degree éf
deform;;ioﬁ,~cyéle.tempering teﬁperature,and.time. The variables includéd
were the amount of elevated temperature (500°C)'déf§rmaéion prior to quench-
ing, the quenching technique,'fhe,quenching température, and thé‘alloy
composition. o - .

The purpose of cyclic treatment was:to produée a desiréblé:microstruc—
ture in terms‘bf resulting mechanical pnopefties. The effect of cycling.
on allojs both in the austenitic.condition.and after deformation was
studied. A SE@mary,of'the varilables used éndvtheir effect on mechanical.
‘properties is shown in Table II. Corresponding hérdnéss and phase trans- .
formation data are summarized in Table III.

A detailed study was made of the mechanical properties of specimens
that were deformed 80% at 500°C and cyclically quenched to temperatures .
‘dovn to liquid helium témperatures. Data were gathered for specimens. |
quenched to various‘stages of the quenching cycle. Tables IV through ViI
show tensile data for deformed austenite spécimené cyciically quenched to
diffeient final quenching températures. Five quenching témperatures wefe
used in each case. | . |

Tensile data shoﬁn in.Tablgs IVnthrough VII are presented graphiéally7

in Figs. 3-6.




Table II,;'Variaﬁion'of Ténéile'Prépertiés_wifhféfoéessing

s .

- s S xsT B4
Process L A;l?y S (psi) ’f’(PSi) S - EL%

L d

" ustenitized - A . 204,800 . . 155,600 10.2
Cycle Quench- B - 170,100 . 88,200 11.3
S T6-196 . . €. . 189,300 . 133,300 8.7

'(Treatmén£_i) Hi'iﬁ:;jD  .Lj5 vl69,8OO‘  Tf:i 91;700'._ f '10.6 -
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I
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Table IV. Variatlon of Tensile Properties o
L Wl’ch ‘Quenching Temperature

Alloy A FenEMNl hMo-o 25c  ’

AL e L¥s. . us o mg . ReadnA%

o "161;329‘ | 176,1eo_f~.: Sk 530
Aswolled " 166,900 17,600 W0

-20°C ~"ff w;;' 160, 400 o f‘171,é00,ff{ﬁf}:48;5'gjf]j_ 5.7 g

roce U isk,0000 168,00 AT s

168,700 7. 193,900 i

-]_20°va_ 3_71,800 193,300 12.7 L .

. —159-01 ‘ . i'7185:1007',3;?-V207;6001”i;;f?‘ 9.7 , ,;52f7j,'
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¢ - Temperature . ¥YS - ' UTS . EL % Red in A %"'ffﬁ-,GV

As‘Rolled . 152,100 157,800 o 1676 ko9
S 180 - oashzo0  en7 o wg o
~70 . T R e S SR -
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M6
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30 a0 e

.10

_ ;‘-15o;f'“5":'?715”1800f'f'7’» 167,300 EOEs -
e ._ )-I-O‘ol% -

']15h,2oo ? _‘_g;16h,7ool,¥

 f¥] 16o;1oo_?i?,fﬂfl?GQiQo'f,ff_;"f'il;6'3;leffi? 39,r%f_'
157,300 0 179,600 CU1L 3814

394

 ai_196f-?

o Liquid i
Helium . ;f_;;157,5oo”_ K
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| . ¢ Table VI o o
Veriation of Ten'svivlve' Properties with Quenching Temperature
. Alloy C: Fe - 24 Ni-1.58i <k Mo -0,25C

Quenching - ¥YS ~ urs . B Redin'A%

L4

© As Rolled 167,900 -~ 175,500 },'_ E _7,9‘ . 25.5

70 168,800 176,000 B
S0, o (183,500

- 1T;600 v T .

T

i5195;8h03i f206;5doﬁ"' o ot
‘ - 26.9%_”5?:if?

'; ;;?;;i5o?ii

2L
- 20.5%

e ke
| 187,500 197,900 -

. Liquid

181,800 198,150 o eeusp




'Table VIIVq

' i,f Variatlon of TenSLIe Propertles With Quenching Temperature .
Alloy D Fe - 21 Nl = 1,5 Mn -.1 5 Si - 4 Mo = o 25. c

Quenching. 5. urs . EL$ . . Reddn A% -
“Temperature s o R R . Sl e ‘

L s

© As Rolled - 159,000 . 166,10 . 253 . . 3.7

. 25.9

o1l

o0 S SAMERNEEES
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. ~:iﬁ2h.2 '
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f165,2oo,*i7.f' 176,100 ’

Ci 170,000 185,200
© 172,000 . .193,200

170,000 183,k00

‘”e:j;169;obo‘fljf:j;183,300f:
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. DISCUSSTON
A considerable amount of work has been reported in the llterature
concerning uhermomechdnlcal methoas of strengthenvng s+eels. In recent
years Cohen and several coworkers have reoorted on the effect of thermal._s

cycl;nc of. austenltlc steels through the martensitic transformatlon.

Cohen s worh and the ‘work of several Russian workers however has been con-

cerned with cyclic treatment-of a somewhat dlfferent nature than that re-

borted here. These workers have studied materials where a reverse marten-

31tlc reaction occurs. The alloys are quenched to~a given temperature and

:then'reheated to a given tempering temperature. On reheatlng the martensite'

reconverts to.austenite. In Cohen's earlier work -austenitic Fe-Ni alloys:

8

were quenched to liquid nitrogen temperatures and then- reheated to h50°C.

The. effects of the reverse martensitic transformation (the conversion of

', martensite to austenlte on reheatlng) was studied in some detail. Speclmens

were quenched to a temperature of -196°C and held for 30 minutes pzior to
reheatlng to bk50°C for 2 minutes; this cycle was repeated and specimens were: :

tested after undergoing fromll,to'5_cycles. Austenite and martensite were

;' both‘strengthened by cyclic‘transformation. The strength of both martensiteh

and austenite increased with the number of cycles but the major effect was

“observed after the initial cycles The strength of austenite was 1ncreased :

to a greater extent than that of martens1te, While the strengths were low

due to the Jlow carbon content of ‘the alloy, substantlal increases in

‘mechanlcal propertles were observed. Austenitlc yield strengths were
‘increased from values of 2h ,000-32, OOO psi to 67,000~7h OOO psi after 5

- cycles while elongations fell from approx1mately T70% to 26. 0%. Corresponding

 martensite strengt ths rose from 60,000—80 000 psi to 86 000-98,000 psi with

longatlons falllng from 30% to 20”. Strengthening was attrlbuted to
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stresses and imperfectith‘produced in the Fé—Ni'éustenités.
Russian workerég’lq have been concerned mainly <with the stabilization
of austenite as a result of_suéh,CYCling treatment. CohenIl concluded

however that stabilization associated with the reverse martensitic reac-

tion in iron-nickel alloys is due not to cycling but due to compositional

changes in the martensite where the heating rate was not suffisiently rapid; 

Relatiyély few workers have Investigated the changé in mechanical
properties such as strength and ductility associated'with cycling treat-

ments similar to'thosé.used by Cohen. In one of the few recent studies

‘of this nature Gridnev et al.12 followed the hardness change during cycling .

but tensile data were not obtained. In the present study tensile data were

of prime importance both in following the effects of cyclic treatment and

¢

in observing the occurrence of TRIP.
One purpose of the cyclic quenching treatment is to limit.the size

of martensite plates formed duxlng transformatlon. During the 1nitial

 stages of quenching it is assumed that the martensite plate size is’ limltedv "'

by the complex dislocation grid formed during deformation of austenlte.‘ In

the later quenching stages the martensite plate size ié presumably further

. limited by the presence of previouély transformed niaterial.l5 Intermediate-

tempering is émployed to induce carbide precipitation on the dislocation

network and within newly formed martensite.

All four alloys respondedlin a éimilar fashion to processing variables,

Cyclic quenching resulted in increasing transformation to martensite. The
structure of the martensite‘thus formed was also improved in that a fine
martensite plate size reéulted from cyclic treatment. Figures 8 through

11 show the Fe-NifMo-C‘alloy affer various treatments:
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Figure 8  Austenitized and cycle ddenched:to -l96°C;
TreaﬁmentvI. | - | | |

Figure 9 Austenitized‘amd deformed 86%;dTreatment IT.

’ Figure 10  Austenitized, deformed 80% and straight'quenched to

| | -196°C; Treatment ITI. | |

Figure 11  Austenitized, deformed éo% and. cycle Qﬁenched to -196°C;
Treatment IV, .

The cyclic quenching of non—deformed'ausfenitichspecimens of all four'

alloys (Treatment l) resulted in a relatively high degree of transformation

~to martensite. The range of transformation in the four alloys was 5T% to

 91% (Table III), but the martensite plate size was relatively large (Fig. 8).

" Deformation of metesteble austenite reSulted in a fine microstructure.
After anvSO% deformation (Treatmenf II)-small qoantities of martensite
(<) were observed the microstructure is shown in Fig. 9.

The marten51te plate size observed in deformed austenite, straight
guenched to-liquid nitrogen temperature_(Treatment-III) was considerably -
refined (Fig. 10) as compared with cyclically quedched austenite (Treatmenﬁf,
I) - The amount of ma.rtensii:e in Treatment III was, however, reduced.. The -
range of transformation in the four alloys was 30% to 60% (TablevIII)

The cycllc quenching of deformed austenlte (Treatment IV) was effectlve
in further reducing the martensite plate size (Fig. ll) and»at thevsame
time transformation to martemsite wes favored as comparedbwith straighﬁ

quenched materials (a range of 41% to 89% martensite was observed in

specimens of the four alloys that were cyclically quenched to -196°C)

Deformed and. cyclically quenched specimens (Treatment IV) thus resulted

,:in the finest microstructure. These specimens also resulted in the highest
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tensile and yield strengths.. Photomicrographs’of the other thréefallbys o
after deformation and cycllc treatment are shovn in Flgs. 12 through lh
As may be. seen in these photomlcrovraphs the amount of transformatlon

in deformed and cyclically quenched sp°c1mens (Treatment V) was not hlgh

" being 89%, b1%, 6L%, .end h8a in the case of alloys A, B, C, and D, respec-:

tively. The mechanical stabillzatlon of austenite durlng deformation was
probably & coptrlbutlng factor since correspondvng transformations in
cyclically. quenched specimens of undeformed austenite were 91%, 57%, 69%,
and 62%, respectively. 1

In the fully cycled specimens (Treatment IV) the martensite present

was tempered to varying degrees as shown by its varied response to etching -

 (Figs. 11-1k4). Martensite formed early in the quenching cycle was tempered
to a higher degree than martensite formed later in the cycle which was

. subjected to fewer tempering steps.

Specimens cyclically quenched to liguid nitrdgen temperatures, regard—"

" less Qf.prior treatment, did notvéxhibit supexrior ductility‘in terms of

percent elongation. The elongation of both deformed and undefofmed
austehite was drastically reduced by transformation to martensite at the |

lowest temperature (-196°C), regardless of quenching technique. In all.

cases elongations after quenching to  -196°C were in the range 5-15%. How-f

ever, in the initial stages of quenching in Treatmént'IV‘(for alloys A, B, 
and D) duetilities appearéd to be enhanced gy cyclingL,aé shown in Figé.' a
3 through 6. The low elongations obtained with alloy C remained largely‘
unexplained. The alloys we?e ali deSignea to have an MS temperatureliﬁl

the reglion of -60°C but mechanlcal stabilization of austenite during

. deformatioﬁ presumably caused a depreésion of the MS temperature.

Generally, the first quench of deformed austenite speclmens of all




-7_ of high strengths and high ductilities were not observed in the cyclic

' Wreatmen* IV) alloys resulted in no transformation. On subsequent uench-g~”~3~i
| q

fing martens1te was produced, but the ductility remained high if the per—‘pﬁt%x:
centage of marten51te produced prior to tenSile testing was low. (Figures cfh
3. -6.) However, in the later stages of quenching when a s1gn1ficant propor;A;
tion of tempered and untempered martensite (> 50%) was present in the

microstructure conventlonal strength and ductiTity data were obtained. Thus,'“

'in the latter stages of quenching an increase in yield strength due to in- ,{_“f,i

‘creased transformation was accompanied by 'a decline in ductility. It was ;,ﬂ“:'f
apparent that superior ductllitles were. obtained only during the early o
" stages of quenching where little thermally‘lnduced transformation was |
"occurring Apparently a full cycl:c treatment was not conducive to high

strength and high ductlllty.

Other work with highly deformed austenitlc steels in thls 1aboratory6"'ﬁ
‘indicates that superior strengths and ductility can be”obtained without !
cyclic treatment by utilizing the TRIP phenomenon.  Table VIIX shows results::f:
~ obtained with a complex alloy (Fe-9%Cr-8%N1—2%Si l%Mn h%Mo—O 25%0) This .

v:‘alloy was deformed 80% at 500°C in the austenitic condition,. Speclmens .,:'”'>
"tested in three condltions (as- deformed, deformed and quenched to -196 C
;;ﬂ:and deformed, quenched and tempered) all gave high yield and ultimate

strengths with elongatlons in the neighborhood of'BO%. These combinations;?ﬁ}ffm

-}ftreatments discussed earlier.- However, in the case. of the Fe-Ni Mo-C

[
3

‘alloy (Treatment IV), similar elongatlons were observed for specimens xgiff R

'cycled once or twice.'

In the present investigation the TRiP phenomenon was- observed with ;f?:f
';'alloys A and D With Treatment IT and as reported above, in the early

tages of cycle quenchlno (Treatment IV) Elongations up to h8% were \y_“
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Table.VIII.-vTen51le Data .for an Fe-Cr-Ni-Si-Mn-Mo-C Alloy
After an 80% Deformatlon in the Austenitic

Condition
. Heat Treatment , Propertles
After Deformation Yield " Ultimate Tensile Hardness Elonga-
| Strength ' Strength (Rc) tion -
 Air cooled-no 207,900 psi 282,300 psi- 50 2Th
tempering T :
Air cooled- . _ :
guenched in IN-no 20k, 000 psi ~ 281,000 psi - 50 309
tempering o ' . S
Air cooled and B ‘ ' ' ‘
quenched in IN -y 215,400 psi 291,000 psi .. 51 27%

tempered at 45°C -

. obtained with alloy A utilizing Treatment IV. HcWever, TRIP was only ob~
tained in any case where less than 15 martensite, tempered or untempered,

| was present_prlor to testing. When quenchlng,vfor example, was continued
.to lower temoeratures serrated stress strain curves were not obtained andia
sharp decllne in ductlllty resulted. The fact that serrated stress strain -
curves were not obtained was indicative of the fact that the TRIP phencmenon

-was not operatlive. A typical serrated stress strain curve 1s shown in

Fig. T. It was apparent that the stability of the austenite after processing"

had to be ‘such that the strain induced transformation occurred with the'
onset of incipient necklng in the speclmen. Where signiflcant amounts of
‘ martensite were present in'tne.microstructure prior to. tensile testing,

: necklng and- then fracture occurred.

‘While it is not apparent why TRIP was observed in only two of the four o

' alloys, the enhanced elongatlons obtained with the Fe—Ni-Mo-C alloy

. suggests that- ccmnlex alloys are not necessary for the occurrence of the

, TRIP phenomenon..'.

- &»1
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It was concluded that the TRIP phenomenén can be obtained with rela—,,‘5 o

tlvely 51mple alloys such as alloy A. However, 1tvcannot.be assumed that.
other elements (such as Si and Mn in alloy D).are not necessery in ob-

taining the unusual comblnatlon of ultra high strength and high ductility

. observed in Fahr’s studles.
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| l:»‘\r_..‘ C.OTICLUSIONS:A |

'l. The cycl e quenchlné of undeformed austenltic steels (Treatment I)
zesulted in a relatlvely hlgh degree,of transformatlon. However, the mar-
tensite plate 51ze was relatlvely large, After five cycles of quencnlng and :
temperlng the percent martensite resultlnv in the four alloy systems ranged |
from 57 to 91. The mechanical properties'of the fully cycled steels were |
not appreciably different from-those imparted.by conventional heat treatf
ments. . . | | | |

27 Deformatlon of auetenlte followed by cooling to room temperature
(Treatment II) resulted in an essentlally austenitic structure (less than
5pimartenslte).. Good combinations of‘strength and ductility were obtailned.
Ductilit& was enhanced by the TRIP phenomenon in the case of alloys A and D.

.3. Martensite'formed at liquid nitrogen temperaturee from(deformed
austenite (Treatment ITI) was finer than that formed from nndeformed and
cyclically quenched austenite (Treatment(I). Tne_amonnt'of martensite.
formed,Ahowever,-was less tnan that of Treatment I. The'range of trans—
‘formation in the four alloys was 30% to 60%. Presumably mechanical stabili-
zation of the austenite retarded the transformation. The'fine martensitic
" structure resulted in high strength, but the TRIP process was not operative
and Jlow ductil1t1es were obtained. | _

L, The cyclic quenching of deformed austenite (Treatment IV) was
effective in further reducing the martensite plate size. The transforma-h_"
tlon was also enhanced by this treatment as the range of martensite content
was hl to 8% in the four'alloys. The extreme fineness of the mlcrostruc--‘
‘ture’was reflected in the highrstrength of these alloys. |

5.: Prior austenite deformation tended to depress tne austenite-to-..

- martensite transformation for all the elloys studled.
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6. - Allays cooled to liquid nitrogen temperdture,”regardless of piiorv??
treatment, exhibited poor ductilit&.‘_The presence of more than about 15%' '
untempered‘martenéite prior to tensile testing appeared to be quite detri-.

mencal. )

7. The initial cycles of quénching and tempering for alloys processed»

by Treatment IV generally gave structures chafacterized by an excellent

- combination of strength and ductility. From the appearance of an autographic

record of the stress-strain curve it can be concluded that the TRIP phénomenon
was operative in these’alloys, viz., inciplent necgihg was delayed by the
increased rate of strain hardening occaéioned by the strain-induced
austenite-to—marténsit;#transformation.

8. It can be conciuded that for these alloys and for this particular
form of cyclic‘processing one or two.cyclés of alternate cryogenic treat-
meﬁt followed by tempering is beneficial, but more than this number is dele-

terious. This result may‘be tenfatively rationalized on the basis of the

following factors: ohe, the TRIP process 1s most effective when there 1s

RS large amount of austenite available that is stable with respect to thermal”_f'

energy, but unstable with respect to straln energy; and, two, the presence

of more than a critical amount of relatively untempered martensite (temperéd :

" for one cycle only) is embrittling.

9. The effectiveness of the TRIP.phenOmenon in préventing early'neck- : _:_;'

ing and thereby significdntly increasing the eloﬁgation at high strength

levels in the Fe-Ni-Mo-C alloy suggests that further studies of thls effect

. be confined to simpler alloys than those studied earlier.



Further wor& on the s1molicatlon of alloy ccmposition and factors
N 1nfluenc1ng the straln 1nduced transformatlon of austenite 1s required

Spec1f1c factors requrring addltﬁonal attentron areri“
'lf The chemlcal and. mechanﬂcal stablllzation of austenrte causec.br.
1fdeformatlon,a'; o
7-:2;:"The effect of the amount and temoerature of austeuite deformation
' ;on the resultlng mechanlcal properties,

"sf}13gffThe effect of the ten31le straln temperature on. the occurrence

flof TRIP and its effect on mechanlcal properties, and

'7t'h; The effect of the ten51le straln rate on ‘the occurrence of TRIP

;j;,;'and 1ts effect on mechanlcal propertles.-;>? . _ #ffr§¥f

.3In addltlon to the above studles the determlnatlon of ‘more complex

':englneering propertles such as the fracture toughness and the fatiquef

re31stance of such steels would be of interest.:;
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Fig. 1 Schematic'representation of cyeclie
quenching treatment employed
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~Fig. 2 Tensile specimen used in the determination
‘ ' of mechanical properties. The thickness of
_the specimen was approximately 0.060 inches

and the gage length was 0.50%0,001 inches. .
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Fig. 4 Effect of quenching temperature on the tensilé
properties of Alloy B, Fe-22Ni-1.5Mn-4Mo-0.23C.
The alloy was austenitized at 1100°C for 45
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minutes and deformed 80% prior to cyelic quench-

ing. A tempering step (10 minutes at 500°C) was
carried out after each quench.



-33-

l®)
© Q
I | I ~ &
' «
B ?0 7- o
2
O =
| 183 .
o
- _C . )
o
c @)
— @& — <
-~ [qN}
(2] 1
L o A
el i =
7] ’5‘ o —
< _ )
— o N O
- Iv
L o s 1
O R [}
© ! —
- S]] @ i_8 E
S opme > v %
] 1, €
» 18 =
T oo
= - ol
£
- 48 ©
B )
2 7, ] 8
o
[ — <
]
o)
- —
n
=N o |
o
T 19
|
40O
- [e0]
. 1
. Oe . e 4
I [ | l o
o) o O o o ) o®%
< O © N —_
N —

o —_ .
(:-Ol x 1sd) yibuans (%) voryobuoi3

Fig. 5 Effect of quenching temperature on the tensile
properties of Alloy C, Fe-24Ni-1.58i-4Mo-0.25C.
The alloy was austenitized at 1100°C for 45
minutes and deformed 80% prior to cyelic quench-
ing. A tempering step (10 minutes at 500°C)
was carried out after each guench.
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Fig. 6 Effect of quenching temperature on the tensile

properties of Alloy D, Fe-21Ni-1.5Mn-1.5Si-4Mo-0.25C.
The alloy was austenitized at 1100°C for 45

minutes and deformed 80% prior to ecyclic quenching.
A tempering step (10 minutes at 500°C) was carried
out after each guench.
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F:Lg. T Diagrammatic representation of ‘a typical serrated
stress strain curve.
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Fig., 8 Alloy composition Fe-23Ni-L4Mo-0.25C. Austenitized at 1100°C
and cycle quenched to -196°Ce The cycle tempering temperature
was 500°C. Magnification LOOx
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Fig. 10 Alloy composition Fe-23Ni-UMo-0.25C, Austenitized at 1100°%¢,
deformed 80% at 500°C and straight quenched to -196°C. A
final tempering at 500°C was used. Magnification LOOx



=305

Fig. 11 Alloy composition Fe-23Ni-4Mo-0.25C.

Austenitized at 1100°C,

deformed 80% at 500°C and eyele quenched to -196°C. The

cycle tempering temperature was 500°C.

Magnification 400X
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Fig. 12 Alloy composition Fe-22Ni-1.5Mn-4Mo-0.25C. Austenitized at
1100°C, deformed 80% at 500°C and cycle quenched to -196°C.
The cycle tempering temperature was 500°C. Magnification L0Ox
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IM-2468

Fige 13 Alloy composition Fe-2L4Ni-1.58i-4Mo 0.25C, Austenitized at
1100°C, deformed 80% at 500°C and cycle quenched to -196°C.
The cycle tempering temperature was 500°C. Magnification L0Ox
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IM-2469

Fig. 14 Alloy composition Fe-21Ni-1.58i-UMo-0.25C. Austenitized at
1100°C, deformed 80% at 500°C, and eycle quenched to -196°C,
The cycle tempering temperature was 500°C. Magnification 40Ox
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