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QDANTITATIVE INVESTIGATION OF STRAIN INDUCED
STRENGTHENING IN STEEL '

Bertrand de Miramon
Tnorganic Materials Research Division, Lawrence Radiation Iabordtory,f
Department of Mineral Technology, College of Engineering, of
University of California, Berkeley, California

ABSTRACT

.The effect of the strain induced austenite -» martensite transforme-
tion on the mechanical properties and especilally oﬁ the ductility of some |
‘ metastable.austenitic steels hag been investigated, The steels Investi-
gated were a new class of high nltrogen steelg having yleld strengths
above 206,000 psi withleo to 40% elongation. The results emphasize the
important role of the austenite — martensite transformation in improving
the ductility by preventing early necking, as has been mentloned by other
authors,
The austenite — martensite transformation was detected by a magnetic
method, assuming that the saturation induction (BS) was proportional to
the amount of magnetic phase (martensite),
The proportion of marteﬁsite in each speclmen was measured during
- pulling using a permeameter attached to an Instron testing machine. The
tests showed that martensgite forms immediately after the yleld point in a
region of the specimen which is plastically deformed,
Some static measurements were also made on small portions cut from
the tensiie specimen, These measurements showed that the austenite ;a.
martensite transformatién seems to occur only in the plastic reglon which .
traverses the specimen,
Finally a few continuous (but non-quantitative) tests were run and thege
showed that the serratlons observed in some tensile curves can be cdrrelated

with discontinuities in the martensite transformation.
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('I,. mmonUdTIOﬁ

‘Recently 8, néw serles of metastable auétehitic steel combining high
yleld strength wlth good duetility has begn investigéted,' Such steels
have been referred to as "TRIP" steels (trénsformétion induced plasticity).
All of these transforﬁ to martensite during straining, The exact benefi-
clel effect of the prior processing (different amounté of prestraining at
different temperatures) is little known. The increase in the yield
strength ls probably assoclated with the'high dislocation density produced, .
Also the prior processing has probably a great influence on the ability of |
the austenite to transform early during testing, whiéh results in a higher
ductility. |

The austenite — martensite trénsformafion in metastable austenitic
steels has been studied by Bressanelll and Mbskowitz.l They think that
martehsite forms in the reglon of the flrst necking of the specimen and
so increases the necked portion, thereby preventing an early breaking. Iﬁ.
the case of "TRIP" steels the plastic reglon (similar to a ILuders! band)
transverses the specimen and finally the strain tends to be uniform
throughout the gage length,

It ;s thought that the martensite formed during ﬁhe onset of necking
is the most benefipial to the elongationa The specimen continues té
elongate con%iderably after the initial necked region has éxpanded to
reach the ends of tﬁe specimen, as there is stlll some éontinuation of
the austenite — martensite transformation, until a mescdmum value of |
martensite content of about 66% is reached., Then the specimen fails;

probably because of the low ductility of the martensite,




In the early stages of straining, the increase in length of the R
specimen is mainly due to the expansion of the plastic region, anal-.v
ogous to a Luders band and the cross-sectional area 1s then smaller than
the initial crosé-sectioﬁal»area of the speéimen. |

For lafge plastic strains,'the expansion of the specimen cannot be
explalined only by the dilatation due to the austenite — martensite trang-
formation, as the dilatation is very small (AV = 0,04). Some authors®
think that the shear displacements. (shear strain of the transformation
along the habit plane,'y = 0,20) are initially statistically oriented.
But under the influence of an unlaxial tension, transformation'is forced
to take place in stronglyvpreferred directions and consequently a large
number of elementary shear displacements take place in the same direction
giving an important external change in shape, !

It 1s not yet known whether the most important factor in the forma-
tion‘of mertensite 1s the stress or the strain, Angel?‘believes that the
gqverning factor is the supply of mechanlical energy through deformation.
Hg feels that stress is of primary importance and that deformation is of. some
importance too, by its effect on stress conditions, so that local peaks

of stress may be formed, activating the transformation,
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"IT, EXPERIMENTAY, PROCEDURE |

A. Processing of the Allojs

The ailojs,‘with high nitrogen content, ﬁere prep&*ed by induction
melting in g nitrogen.atﬁosphere and adding lron nitrides, The ingots
were forged to approximately ho" x 2-1/2" k 1/2", They were austenitized
1 hr, at 1100°C then cut into smaller pieces. Five pieces were hot-rolled
at 900°C to each of the intermediate thicknesses, 0.250", 0.125", 0,0625",
in order to produce different amounts of reduction: 80%, 60%, and 20%, by
final rolling at different temperatures to the thlckness of 0,050", An
additional five pleces were rolled from the initial 0,5 in. thickness. This
final rolling was preceded by austenitlizing all pieces 1 hr, at 1100°C
and water quenchings. Rolling was then done at different temperatures: RT,
250°¢c, 350°c, Ls0°c and 550°C, After rolling, the specimens were air-codled
to room temperature. |

Tensile specimens were ground from the 04050 in. thick sheet.‘ Thelr

dimensions are shown in Fig, 2, Both 1 in, and 5/8 in. specimens were

 used to test mechanigal and’'magnetic propefties;

B. Mechanical Testing

Most of the mechanical testing was done.at room temperature and for
some specimens. in liquid nitrogen on an Instron machine using a cross-
head speed, of 0.1 cm/minute,

Hardness measurements were made using & Rockwell A scale, in an

- attempt to follow qualitatively the transformation and to correlate the

hardness with the magnetic results.
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6‘.}' Magnetic Testing of thé Specimens -

The saturatlon inductlon of the specimens ﬁas measured during pulling
on an Instron machine, using s permeameter built specially for this
| purpose,. This equipment is described on Fig, l. Two detecting colls
-bucking'each other were placed between the poles of an electromagnet.

The resulting current from the detecting coils was first integrated, thén
read on a chart recorder,

The energizing current in the large coils of the electromagnet could
be switched continuously from a negative vdlue to a positive value so
that the magnetic field between the poles could be reversed from about
6,000 oersted to 6,000 oersted (Fig. 1), ' |

The following operatlons were made to measure the saturation induc-
tion in the specimen: |

l, With the specimen femoved, gearch coils A and B were balanced

with a divider, to give a minimum signal on thé recorder,

2, With the specimen in one of the search coils, ény increase, n

volts, in the signal on the recorder was due to an additional

flux In the specimen,

A‘l)tspec A(B"H) NAspec %LBSNAspec’
where
' ¢Spec is the flux in the specimen (Maxwells) o .
B is the induction (gauss)
,Bs ~1s the é&turation induction :
H is the magnetic field (oersteds)‘
A is the cross-section area of the specimen,

spec
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To calibrate thejintegrated signal, & square 1oepbflux standard was

: uSed; a known variation in the flux A¢SEFS given by the flux standard

gave an integrated voltage read on the recorder,

- n volts on the recorder.

Morws

The saturation Induction 1s related to the meaéured voltage from the

integrated signal by:

.

s TR STES‘ R . .

The factor 1/2 is due to the fact that the magnetic field was switched

- from a negative value to s positive value. The purpose of thils switching

was to eliminate any error due to fhe zero of the induction in the specimen,
This zerexcannot‘be attained easlly since the remanent magnetlzation de-
pends on ﬁhe nature of eaeh specimen, | |
The signal due to the magnetizatioh of the specimen, n volts, was
obtained by subtracting the signal due to an imperfect bucking of the
search colls from tﬁe total signal read oh the recorder.
In Eq, (1) n and n_ are determined 5y simple reading, Ao oo 18

known and N is known, Only the area of the specimen, A has to be.

spec’

determined for each magnetic measurement, To determine Aspee as a function

of the elongation, 2 specimens for each prior treatment were tested. One

of them.Wa$'simply pulled on the Instron machine and its dimensions meas-

fv ured as the pulling proceeded; the other was pulled in position within

the permeameter,
As the permeameter could only determine the martensite content in the
middle portion of the specimen (only 1/2" of the gage length was in the

alr gap of the electromagnet), the thickness of all speclmens was slightly



fdeéiegsedu(bjib.ﬁzéofé_Qiié).in the Qiddlé;’sb fﬁé%ygﬁgﬁfi;ét neckingl -
occurred within fhe péles of the electromagnet" | i |
Thé BS detérminations were convérﬁed_to é‘pércéntage of martensitev
by assuming that Bé is proportional to the amoﬁnt of magnetic phase,

If x is the percentage of martensite, we haves

x _ D
100 = B

Bo is the‘séturafion induction of & cdmpletqu marténsitic specimen, As
no completely martenéitic specimen coﬁld be fdund for any treatment.amoﬁg
the three alléys investigated, Bo waes détermined using a 43#0 steel. and
an ordinary mild steel, |

The results were the following:

for 43k0 steel - .Bé = 19,500 kgauss

for the mild steel B = 119,700 kgauss.

A Bo’value of 20,000 gauss was arbiffarily chosen tb simpiifylﬁhe‘céléula;
tions, | o

An attémpt to calibraté the measurements by x-ray diffraction méthod
was unsuccessful. Most of the difficulty waé-due to the large aﬁount of
cold work in the material, Even metallographic techniques could not be
| used to resolve the different phases. |

To check 1f the cold work itself affected.the magnetic results of a
perfect BCC phase, different sheets of mild steel were cold-rolled various
amounts, The results shdw that BS 1s proportional to the thickness of
- the specimens, for a given width. These results suggest that the effect

of cold work per se can be neglected.
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,vFar oﬁelbf“thé steéiéﬁihvésfigéféd; Ailgy Ii,fﬁoth 15 and 5/8" gage
length specimens were magﬂetically tested.v
To check the eventual effect on the martensite content of the cold
rolling induced by milling, some specimens were meésured in the unsectiohed
condition, and remeasured after having been cut. No significant difference

in the BS value was observed and it was concluded that this effect could be

neglected,



. ITI. EXPERIMENTAL RESULTS AND DISCUSSION =

A, Introductibnﬁ .

1. - Cholce of the Alloys

The alldy contents are given in Tablé_I. These,wefé.choseﬁ'to be
similar to some TRIP élloys alrgady tested in this laboratory,E’h but
in the présent study part of the carbon was replaced by nftrogen. The
nitrogen solubility was‘estimated by calculations based on free energy.5

These alloys have a very low M (MS < -196°C for Alloy II) and a My |
above room temperaturéo Nitrogen is known for its influence in giving
an austenitic structuré and a good combination of strength and.ductility.6’7

The first alloy (AllojHD was an Fe-Cr-Mn alloy with 0.21T% nitrogen.
The manganese was raised to 13% as this element is known,,iike nickel,
to be an austenite stabilizer. An attempf to introduce vanadium in this
. type of steel was made in order to increasé‘the nitrogen solubilitj but
even a small amount of this element made the steel brittle. |

The mechanical properties (yield and tensile strength,.elongation
- and hardness before and after testing) at room temperature are given in

Tables II to VI.

2. Magnetic Testing

Magnetic testing of the alloys was carried out at room temperature,
Digcontinuous testing was employed (measure of BS at certain points of
the tensilg curve) and, for certain specimens, continuous tésting was
doné wifh the large coil remaining permanently energized during the pulling.
However, this cqntinuous testing could not be quantitative because the
current has to be switched between a negative and a positive vaiue in order

(

to get a quantitative measurement.

SRORN
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© Table I. Alloys content

Fe cr V. Mn-  Ni ‘st Mo N C

Alloy I Balance 8 - 3 . - - - 0.21 -
Alloy II  Balance 9 - 2 8 ) 3 0.093  0.25
Alloy IIT Balance .9 0.5 2 8 2 1 0.070 0.k

B. Results of the Magnetic Testing

Figures T, 8, and 9 show the effect of prior processing treatment on

‘the initial mertensite content. The magnetic technique used could not

discriminate between ferrite énd martensite; 1t is possibie that some
ferrite was fresent initially in the specimens, Some ferromagnetic phase .
was found in all specimens even after austenitizing 2 hrs. at 1100°C.

for Alloy II, at a prior deformation temperature of 250°C, the marten-
site content increases with the amount of deformation, with a maximum for
80% deformation, and then decreases as the amount of deformation goes up
té 90%. The reason for this behavior is not yet clear.

~ Pigures 10 and 11 show the percentage of austenite transformed into

martensite at 20% tensile strain in the specimen as a function of prior

treatﬁent.' The amount of austenite transformed for this given strain
increases with the amount of prior reduction, but, surprisingly, an attempt
to correlate the increase in martensite transformed at 20% tensile strain

with the elongation and the yield strength was unsuccessful.
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f i‘Tﬁﬁle”IiLf NbChanical prbperfieé"bffAllby.I'

Prior Treatment YS

UTS - Elonga-

Hardness

Hardness

. (Temp. and. amount (psi) (psi) tion % before after
of deformation, °C) . . testing,R, testing,R,
Specimen 5/8" gage length
RT 10% 101,000 159,000 28 66 72
RT 20% 14k, 000 187,000 23 69 75
RT 60% 24,000 24k, 000 6 76 76
250°C 10% 81,000 159,000 kg - -
250°C 20% 116,000 157,000 45 - -
250°C 60% 165,000 166,000 - k40 - -
350°C 10% 75,500 159,000 L6 - _—
350°C 20% 103,000 161,000 46 62 Th
350°C 60% 151,000 171,000 46 70 5
L50°C 109 70,000 156,000 - 50 54 Ve
450°Cc 209 101,000 159,000 48 64 7
L50°C 60% 139,000 170,000 46 . 68 75
550°C 10% 7,700 152,000 46 60 75
550°C 20% 95,000 156,000 60 55 76
550°C 60% - 125,000 175,000 46 62 75
Specimens 1" gage length -

© 250°C 80% -187,000 187,000 37 T3 T6.5
250°C 89% 200,000 200,000 22 Th 7

- 350°C 80% 166,000 180,000 43 72 ™5
350°C 89% 171,000 179,000 . 37 O T2.5 75
ks50°c 80% 152,000 180,000 Ly - T 75
Ls0°c 89% 172,000 187,000 k42 TR 76
550°C 80% 141,000 177,000 =~ Lk 70 75
550°C 89% 149,000 170,000 L7 7L.5 75
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o | Teble ITI, L
° Mechanical properties of Alloy II," Specimens 1" gage length.

" Prior Treatment ' - 'YS umrs Elonga -~ Hardness Hardness

(Temp. and amount (psi) (psi) tion % -  Before after
of deformation,®C) _ pulling,R, pulling,R,
Austenitized 2 hrs,.
1100°C 47,000 145,000 100 54 78
 RT 20% . , 155,000 180,000 36 69 76.5
. RT 60% ' 250,000 250,000 28 ™ 78.5
RT 80% o7h,000 274,000 31 77 79
RT 90% - 382,000 382,000 ~ 0 . 80 80
250 20% . :_' © 132,000 154,000 39 . 68 Th
250 60% 206,000 219,000 38 7h | 79,5
250 80% = 275,000 275,000 Lo 8. . 78
250 90% - - 288,000 288,000 12 78 80
450 20 - . 137,000 163,000 - 50 = 69 T
450 60% . 230,000 235,000 = 22 T 9
450 80% - - 224,000 22,000 = 34 K (A 81 '
450 90% | 268,000 268,000 10  TT.5" 795
55 204 . - 138,000 167,000 32 67 ™
550 606 - 212,000 228,000 31 Th 8.5
550 80% IR 240,000 260,000 3 76 81.5

550 90% . . 234,000 260,000 . 20 76 | 78




Table IV. S
' ‘Specimens 5/8" gage length.

Mechanical properties of Alloy II.

" Prior Treatment Ys uTs

550 90%6 - .. - -

ElongaA Hardness Hardness
(Temp. and amount " (psi) (psi) tion % _ before after
of reduction, °c ) . _ , pulling, RA pulling, RA
RT 20% 135,000 159,000 45 69 76
RT 60% S 240,000 240,000 30 7545 78
RT 80% : 252,000 252,000 28 76 .81
250 20% . . o 134,000 156,000 k2 o 67 5 .
250 604 - . 200,000 21k,000 b5 T 79
250 80% - 278,000 278,000 L T T7
250 906 - 265,000 265,000 12 77 81
450 20% j 126,000 160,000 Y, 67 6
Lso 60% " 210,000 228,000 31 T35 79 .
Lkso 804 - . 233,000 259,000 33 e 78
450 90% 274,000 282,000 22 . T8 80
550 206 . © . 127,000 157,000 39 66 T3
550 60% 188,000 210,000 28 - 7 78
550 80% - - . 229,000 2hk,000 - 38 7545 82
--  __76 78,5 .
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T&blel V.

. Mechanical properties’ of Alloy IIT.

TJSpécimensfl"fgage length,

Prior Treatment Ys N UTS Elonga- Hardness Hardness
(Temp, and amount  (psi) (psi) tion % before after
of deformation,’C) pulling,R,  pulling,R,
Austenitized 2 hrs,
1100°C 65,000 115,000 b2 5k =68
RT 20% _ 168,000 234,000 23 7h 79
RT 60% 312,000 312,000 945 7945
RT 80% 348,000 348,000 80 80
250 20% : 145,000 202,000 - 27 T0.5 TTe5
250 60% 189,000 256,000 2k 7565 T 80
250 804 - 218,000 268,000 24 o 81
250 90% - 266,000 266,000 1 8.5 80
450 20% 147,000 227,000 36 TL.5 79
450 60% 185,000 255,000 25 75 80
450 80% - 201,000 282,000 .22 76.5 80
450 90% 220,000 280,000 1T 78.5 81
550 20% © - 148,000 224,000 36 70 9
550 60% : 155,000 270,000 21 7545 79+5
550 80% : 190,000 282,000 20 77 80
550 90% 208,000 280,000 16 78 80




Table VI. Ferromagnetic volume in % before and after testing.

Prior Treatment Alloy I ' Alloy II . o ‘ Alloy IIX
(*c) - Long gage length Short gage length Long gage length Long gage length
before after before after before after before after
Aust, 2 hrs.. v o L : ‘ S S o e
1100°C — e e - 0.17 51 0,34 L9
S RT 206, eem eeiee 36 2,15 20 9.25 s
RT 605 —_— e 13.8 b2 kb Wy 45,5 e
RT 80% — - 10 47T 10.2 46 B33 e
RT 906 ——— - e - 38.6 - - 55
250 205' — -;-_ -— 0438 30 0.33 25 - 0.137 50
250 60% - — o069 51 03 = 1 6T
250 80 1,43 53 18,1 - — 187 26 2.3 O o
250 90% N Sekt 16 k.1 28 3.1 - Lo IR e
" 450 204 — - 0.58 45 . 0.8 25 03k 63
1450 60% e -- 0.35 b5 08 37T 056 62 ou
450 80% -+ 0.37 62 0.9 67 05k 64 0,95 67 it
450 90% 1.8 65 1.67 50 143 o o 1.8 J— fi,j‘ SR
550 20% -—- — 0.15 b 035 11 ‘03 g0 o
550 60% e - 0.20 ko 0.33 4o 0.58 - - Th
550 80% 0.k 65 0,625 60 ' 0.3 62 . 1.85 T
550 90% - 0,92 63 7 ms2a L == MW 5T 6T. 6T o

e




'Figﬁféé lé‘and lB‘t;yAfov¢6rreiateutﬁé'éiéné;fiom'wifh thé ﬁartensitev
éonteﬁt priér to testing; - For both Alloys I aﬁd II thereléeems to be
maximums invv elongation at very low martensite confént and at lb_% martensite
content. ‘ o |

Figures. 14 to 21.show the distribution of the transformation along
the gage length for different amounts of néminal tensile strain. There is
e good correlation between hafdness and amount of magnetic phase. For the
tests run at room temperature, the results shoﬁ clearly the expansion of |
the plastic region. This expansion is completed at 10% tensile strain.

The magnetic Measurements were made at room temperature for the tests
run in liquid nitrogen. The results show that both the austenite transfor-
- mation and expansion of the plastic region occur much more rapidly at the
low testing temperature, At 5% tensile strain, the amount of transforma-
tion 1s uniform along the gage length. Filgures 20_€nd 21 show that some
specimens which transform very little at room temperature (less than 5%
of magnetic phase) transform much more in liqudd nitrogen (more than 45%).

Figures 22 to 27 givg some examples of magneﬁic curves correlated with
ldad-displacement curves. Magnetic measﬁrements weré made on the three
alloys investigated but only those concerning Alldy II are included in
this study. The magnetic results are tabulated in Table VI,

Some continuous magnetic measurements were made to correlate the
serrations observed in Fig. 24 with increases in the transformation rate.
These measurements show a marked increase in the rate of formation of még-
netic phase right after the drop of the load; the reaction then proceeds

~at the same rate as before the serration.
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-3.:~ Intérpretation of the Magnetic Curve%ﬂ.

| The magnetic éur&és shéwn in Figs, 22 tp.é?vgaﬁ'pevinterpréted in
terms of the phase transformation; Thefé seéﬁé to béHa:vefy sharp iﬁcreﬁée
in the transformation right after the yield‘point, unt il the elongation
reaches about 10 to 12%, Then the martensitic reaction rate seems té
level off aﬁd:increase again from 20% elongation up to failure. This can
be interpreted in the following way: |
&) The necked region, or "plastic region" or IfMders? band, trans-
forms very rapidly the region‘through which it passes into x% of martensite'
then expands, The percentage of martensite in the plastic region remsins
more or.less constant during the passage of the band down the remaiyder
of the specimen.
This is confirmed by thé static'measurements made on different portions

of specimens which.havg been cut up at various stages of the deformation.

| b) When the plastic region reaches the ends ofvthe specimen the
percentage of martensite along the gage length seems to be uniform (this
again ié confirmed by the static measurements mentioned above) and the - |
transformation proceeds at a slower rate.
| c) For an elongation around 20-25% the transformstion rate starts
increasing again more rapidly for some specimens, However, for most
specimens, the transformation fate levels off at this stage: there can .
be a stabllizing effect due to the large value of the strain, preventing

’

any further transformation,
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" Ca Accuraéy of the thnéﬁic'Méaéureménts

BeQides the error due fo the calibration (measure of Bo) which has
been mentioned earlier, the main source of efror comes from the deter-
mination of the area of the specimen.

1) For the "dynsmic" measurements thls cross-sectional area could
not be established with better than 10% accuracy in the vefy'early stages
of pulling, because of the uncertainty in the position and dimensions of
the plastic region in the gage length. The cross-sectional ares eéuld be
determined with better accuracy for the higher values of tensile strain,

2) For the "static" measurements (on the pieces cut from the
‘specimen) the magnetic method can measure 0,1% of ferromagnetic volume,
~and can detect even less.

Other sources of error cbme from the equipment-itself: error of
. reading on the chart recorder, error due to a change in the bucking of

the coils during pulling, etc, They were estimated not to exceed 1%,
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"The,pﬁrpbse.qf'this1investiga£ion was tSFstﬁéy'thé fransformétionldf
auéfeﬁite to martenéite‘during straining and eventually its effect oﬁ the
mechaﬁical properties of steels, It has been shown that martensite forms
| very rapidly after tﬁe Yield point thereby préveﬁting an early failure V
(due.to necking) of thevspecimen. |

However, it was impossible to éstablish a direct correlation between
the amount of austepite transformed into»martensite and fhe elonéation or
the ultimate tensile strength. The yleld strength also seems to be in-
dependent of fhe amount of martensite présent prior to tensile testing.

. The beneficial effect of the prior processing is better explained in
terms of density of dislocations and precipitatlion of carbides and nitrides
~ during prior deformation,

On fhe other hand, the émount of martensite present>prior to tensile
E testing seems to play a roie in the elonéation of the specimens. High

ductiiity was found for very low amounts of initiai ferromagnetic volume

(les3=than0 Wg). A good combination of strength (above 200, 000 psi) and =

ductility (around 30% elongation) was also found for some specimens con-
taining initially 10% to 12% martensite.

The austenite - martensite reaction occurs much more rapidly at
liquid nitrogen temperature than st room temperature and more martensite
- forms for a given strain,

Future work in this direction should encompass the Influence of
testing temperature and strain rate on the straln induced trensformation

and improve the célibration of the method.
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