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. THE EFFECT OF GRAIN SIZE AND RETAINED AUSTENITE ON THE

DUCTILE-BRITTLE TRANSITION OF A TITANIUM~GETTERED IRON ALLOY

by

S. Jin, S. K. Hwang, and J. W. Morris, Jr.
Department of Materials Sc1ehce and Englneerlng, University of California _

and Inorganlc Materials Research Division, Lawrence Berkeley Laboratory;
Berkeley, California 94720

ABSTRACT

The effect of microstructurai changes on the ductile-brittle
transition temperature (DBIT) was studied in a titanium-gettered
Fe-8Ni-2Mn-0.15Ti alloy. A fairly étrong grai§ size dependence éf the
transition temperatufe was found. Grain size,refinement.from m38umv
(ASTM #6.5) to ¢1.5um (ASTM #15.5).through a four-step the:mai treatment
lowefed the transition temperature‘by_%162°c. A small amount of retained
austenite was iﬂtroduced to this grain—refined”microstru;ture,'and the
transition temperature was SUPPréssed‘by an.addi;ional 100%150°C;' The
suppressioh of the DBTT due to retainéd‘austénite was smaller Qhén‘
introduced into a lérge grained- structure (WGA?C); The diStribﬁtion ahd

. stability of retained austenite were also studied.



INTRODUCTION

‘_The effect of grain size on the ductile-brittle trensition tempera-
ture (DBTT) of interstitial—free iron* baee allo&s has been studied byr
severallinvestigators. ‘Leslie, et 51;1 reported a rather'small grain |
size dependence of the DBTT in an Fe-Ti alloy whlle a stronger graln’
size dependence was observed by Gopdenow,‘et elfz'and Gupta3 in Fe—Tl-Al
alloys.: Reeently Jin, et 31.4’5 were able to’sﬁppress the transition
temperature of a titanium-gettered ferritic Fe-12Ni alley'to below |
liquid helium temperature by obtaining an ultrafine grain_size through _
thermallcycling. | |

‘Thenreporte on the effect of retained.auscgnite‘on the mechanieai

properties:of ferritic (or martensitic) steeie'are someehat contradic-
tory.. A beneficial effect of retained austenite on tensile ductilities
in maraging_type steels has been reported.6’7 iRack, et al,8 and
Paﬁpillo,:et al.,? however, found little beﬁefit in impactvtdughness
_ froﬁ retained auéteﬁite. In 9-Ni sfeel9 and.6;Ni sreel,10 rﬁe eupression
of tﬁe DBTT.and the impro&ed low temperature'toﬁghness were'atrribured
to the presence of retained austenite formed duringvtempering. eRecently.
Hwang, et al.ll have observed a considerable inerease in tensile |
ductility»aﬁd impact toughness by,iﬁtroduding refained aﬁstenite in;o.a |
- fine grained Fe-Ni-Ti cryogenic alloy;vbut'lirtleeimbroveﬁent was found

in fracture'toughhess.

The term "interstitial-free iron" is commonly used in reference to
titanium gettered or aluminum and titanium gettered iron base alloys.
It:does not represent an alloy which is completely free of 1nterst1tia1,
spec1es. : : -
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In many of the pfevious studies the accompanying effect of reduced
strenggh during the formation of retained austéhite has been neglected.
This paper examines the influence of grain size and retained austenite
at similar strength levels on the tensile ductility and the ductile-

brittle transition of a titanium-gettered Fe-8Ni-2Mn-0.15Ti alloy.

MATERTALS AND EXPERIMENTAL fROCEDURE
Two twenty-pound ingots were prepared by induction melting under
argon gaé atmosphere. The composition is shqwn in Table I. The ingots
were homogenized under vacuum at 1200°C for'24 hoﬁrs and furnace cooled,
and then upset cross forged at 1100°C to 10 cm wide by'1;3 cm thick
/plates.' These plates were annealed at 900°C fof‘l hour under argon gas
to remove prior deformation strain and air cooled. Thié annealed

material has a grain size of 38um diameter and is designated as AN.

Table 1. Chemical Composition (wt. %)

Fe Ni Mn Ti c - N - S P

Ingot I bal 7.99 .1.93 0.14 0.004 0:002 0.005 0.001

Ingot II  bal 8.03 1.97 0.17 0.001 0.001 0.006 0.001

Optical metallography and transmission electron microscopy were
performed by standard laboratory procedures. The amount of retained
austenite was measured by conventional X—ray diffraction analysis,

comparing integrated intensities of (211)a peak with the mean value of



(220)Y and (311)Y peaks.12 The specimen surfacelﬁas ground on emery
papers.and.fhen chemicelly_pelished.before_the finelvpelishing'oe;a
lym diamond wheel.

Tensile tests were conducted at liqgid nitrqgen temperature in an 
Instron ﬁachiﬁe gsing subsize round specimens of_12.7 mm.gauge length
and 3 mm‘gauge diameter at a crossheed Speed-df 0.05 cm/min. Impect
tests were carried out with standard Charpy V-notch Specimens at'varioes
' tempereturee in accordance with ASTM specifitatibﬁs.l3. Hot water, a-
mixture of isopentane alcohol and liquid nitrogen, and liquid nitfogen
were-qsed.to obtain various temperatufes. Specimene were immersed in
each liquid bath for at least 15 minutes and the‘accuracy of the tempere-
tures was maintained within #2°C. Tests at iiqpid heliumvfemperature

nlé At leest

(-267°C) were performed using the»"Lucite box technique.
three specimens were tested to obtain each datum in tensile and impact

tests.

RESULTS AND DISCUSSIONS

(a) Phase Transformation and Microstructures

The phase transformatlon kinetlcs of the Fe—8N1-2Mn 0. 15T1 alloy
were studies using dilatometric ana1y51s. Transformatlon temperatures
at a heatlng ‘and coollng rate of N13 C/min. were determlned as follows. -

_AS X 697°C, A_ =~ 748°C, M_ = 468 C and M 396 C.  After simple

f s f _
austenization and cooling to room'temperature,,the substructure of this
alloy was quite similar to that of a typical diélecated 'Fe-Ni marten-

site,15 as shown in Fig. 1. Grain size refinement was achieved through

an alternate thermal cyélingag in the Y renge and the (aty) two‘phase



.

range as shown schematically in Fig. 2. The appropriate heat treating
température and time for each step was determined by careful dilatomatric
and metallographic analyses. After an annealing treatment at 900°C for

1 hour (designated as AN), the alloy was reannéaled in the v range
(labelled as 1A) and then decomposed isothermally in the (o+y) two phase
range. The latter two steps were repeated aﬁd a very fine grained micro-
structure (1abell¢d 2B) was obtained, as shown in Fig. 3. After tﬁe
first reannealing treatment (1A), the éverage grain size was redﬁced
from 38um to 12um in diameter. After the tréatﬁent ZB a grain size as
fine as “1.5um was obtained. Additional steps of thermal cycling refine
the‘graih size further but the effect is rather small.

Retained austenite was introduced by an‘additionai heat treatiﬁg
step aﬁ eifher 550°C (represented by a suffix r) or_600°C (suffix R) for
2 hours followed by a water quench. Introduction of retained austenite
apparently d0esvnot change the grain size very much as canvbe seen in‘.
Fig} 3. The transmission electron microstruéture—of the‘grain refined
alloy (23, 2Br and 2BR) consists predominantly qf equiaxed grains and
subgrains with some eloﬁgafed laths, as shown iﬁ Fig. 4, whilg a lath-
like Substrﬁcture is commonly observea in an anneaied alloy (Fig. 1).V
X-ray diffraction_analysis revealed no retaiﬁed austenité in specimens
AN, 1A and 2B, while in specimens ZBf and ZBR'abpfoximateiy 5 pct. of
retained austenite was detected, which reméined stable on cooling to
liquid helium temper;ture (-269°C). However on plastic deformation in a
rolling mill (40% reduction in area) ét liqﬁid nitrogen temperature
(—196°C), the retained austenife apparently transformed to martensite.
X-réy analysis on séverél different directioné ofifhe rolled specimenv

failed to reveal any austenite peaks. The distribution of retained



austenite in the microstructure was studied bf;tﬁin foil electton mi&ro— '
scopy. Fig. 5 shows the diffraction analysié of fetained austenite. A
comparison of the bright field with correspondiﬁg:dark fieldbmicrostrucf
ture obtéined from the (200)Y diffraction spotvélearly indicates ﬁhat
retained austenite is located primérily at gréip boundaries‘and martensité-_.

lath boundaries.

" (b) Tensile Properties

Tensile properties of vérious microstructﬁres measuredrat liquid
nitrogén=temperature (-196°C) are given in Téble II; Also included in
the'tablé-are the tensile properties of a 1afgé.grained épeciméﬁ_wﬁich
contains rétained austeniﬁe (lébelled l1Ar: the ﬁiérostructure 1A was -
given an additional treatment at 550°C for 2 hoﬁrs). The purpose of
thié treatment was to separate the effect of retained augtenite from
that dug-to grain refinement. Whiie the yield strengths varied only
slightlY>6n thermal cyCliﬁg (except sﬁecimen.ZBR which showed m6.to 13
ksi lower:yield strengfh than the’othér micrbétrgctures); éonsiderable
changes occurred in tensile.ductility. Due fo.thé grain refinement, the o
ductility (measured, for example, by reduétion in area) improved from'
44.9-péf..;o 69.2 pét. The introduction of retained austenite further
increased‘it to 73.0v75.1 pct. A similar iﬁpfdvemeﬁt was also oEsefved-
in tensiie.eloﬁgatioﬁ, as sﬁown in.Table II. | |

The microstructure lAr, in which 53 pct. of stable retéined austenite
was detected in X-ray analysis, exhibited é much better tensile duétility‘
than the microspructure 1A as can be noticed iﬁ Table II. This‘indicé;es
that re;aiﬁed austenitg aione also improves the tensile ductility
cénsidgrably witﬁoﬁg.é gfain refineﬁent. A yieid poinf phenoméhon was

\
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6bserved in this titanium-gettered alloy heat treated at 550°C (speéimens'
2Br and 1Ar) and tested at -196°C as shown in stress-strain curves, Fig.
6. The yiéld point, howeVer, disappeared on tenéile tésting at room
temperature. These observations suggest that an'insgfficient thermal
activation at -196°C might have required additiénal stress for the dislo-
cations to tear away from a solute atom‘atmosphere or preéipitates formed
by residual titanium. This aspect requires further investigation. -In
Fig. 6,:thé'progressiVe increase of tensile ducﬁility and decrease of-

fracture stress on thermal cycling are also noticeable.

Table II. Tensile Properties at -196°C

% Retained
Y.S. T.S. Elong. R.A. Grain Size Austenite
ksi ksi pct. ~  pct. pm vol. pct.
AN 131 149 22.5  44.9 38
1A 134 151 26.6  62.4 12
28 137 157  28.5 - 69.2 1.5
2Br 135 146 34.7 - 73.0 1.5 nS
2BR 124 148 36.0  75.1 1.5 A5
1Aar 130 139 33.8  71.9 12 a3

* : :
.. 0.27% offset yield strength.

oL

'To convert to SI units, 1 ksi = 6.89_X'1065N/m2.

(¢) DBTT - Effect of Grain Size

The impéct enefgy transition of the varioﬁs microstructures is
shown in Fig. 7. The ductile-brittle transition'témpérature was.taken:
as the témpératufe_at which the Charpy anotch iméact ené;gy had fallen
to one=<half qf the upper shelf energy. Since-thé testé’were conductedi

at 20°C intérﬁals, the determination of the:DBIT involves an error of
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at least 25°C. It is evident from Fig.'6 that the DBTT of this inter;
stitial free alloy was lowered cqnsiderably by réducing the grain size:-
Refinement of grain size from 38um (épecimen AN) to 1.5um (specimen 2B)
resulted in a suppression of the DBTT by 162°C.i fﬁe grain size depen—v

16,17 In

dence of the DBTT in carbon containing steels is well known.
interstitial free Fe alloys, however, there has been some difference in-
reported values of grain size dependence. The data obtained in this

1,2,3

work are plotted together with those of other.inveStigators in

Fig. 8. A fairly étrong grain siie dependence; average of %8.2°C/mm-l/2,
was obtaihed;. In the region of larger grain Size.(between the data

point AN and>1A in Fig..8), the slope of the CurVe_approaches those of.
Goodenowg and Guptasvin FefTi—Al alloys, in con;fast to the presumption

" that "titanium—gettered" iroﬁs containing alumiﬁum may éhdw substantially'
higher graiﬁ'size dependence of DBTT compared'to those not containing
aluminum;3k However, considering the experiﬁenfal inaccuracy frequently .
~involved in measuring the transition temperatu;e or grain size, it

v appears to.be'iﬁapp;opriate fo draw any deéisiveJéénclusidn frqm the

_limited data.

(d) DBIT - Effect of Retained Austenite

Approximaﬁely 5 pct. of retained austenité introduced td a grain
refined alloy suppressed the DBTT considerably (by'lOS°C) as.éan be seen
by comparing the transition curves for microstructure .2B with that. for
v2Br-(550°C tréatment) in Fig. 7. .These two microstructures exhibit

similar yield strengths‘(Table II).' Microstfuctﬁre 2BR (600°C’tfeatmen;)

showed a much lower DBTT than that for 2Br. Ih-fact the ductile-brittle
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transition did not occur at least down to liéuid helium temperature.
Whilefthere could be some metallurgical factors involved, the main
reason for this phenomena seems to be ﬁhe‘lowerVyield strength of micro-
structure 2BR, 124 ksi at -196°C, compared wiﬁh that for 2Br, 135 ksi at
. the samé temperature. |

‘ Miller, et al.l8 observed an increased stability of retained
austenite iﬁ a fine-grained alloy. The fine gféin size of specimen 2B
might have‘affécted the amount and stabiliﬁy.df‘retained'austenité
introduced to it in ﬁheVSubsequent reheétinngtep. Aléo the structure
2B contains aﬁ inhpmogeneous distribution'of‘alloying elements due to
. the deéomposition in the (aty) two phase range, which could ﬁaQe_aided
the formation of retained austenite. ‘To see the net effect of retained
austenite, a large grained structuré (14) was'heat tfeafed atVSSOEC for
2 hours to introduce retained austenite into it (structure lAi)._ Approxif'
mately 3 pct. of retained austeﬁite-(stable to —196°C) was detected in
1Ar compafed with 5 pct. in 2Br and 2BR. It ié obvious that the grain
refining'prpceSS affects the stability or aﬁQpnt'of retaiﬁed austenité_.
in the éubséquent pfocess.' The optical micréét:ﬁctute of thé specimen
JAr is. shown in Fig; 9. In Fig.10, the éfféct.pf'retained ausﬁgnite
- (1Ar) onltﬁe ductile-brittle transition tempefatufe of a'largé.giéined '
alloy (1A) is shown. These two microstructu;és_sﬁowed similar yield
strenéth 1e§e1'(Taﬁle 11). ihe supfression Qf,ghé DBTT due to the
introduction of retained austenite{in a large gréined alloy.was smaller
(by 64°C from 1A to 1Ar) than that in the grain refined alloy (by 105°C
 from 2B to 2Br). This seems to come from the différences‘in the amount

and stability of.retained austenite in the two microstructures and the



possibly different response of retained austenite'to deformation at

N

various temperatures.
_There have been several speculations on the role of retained auste-
nite in improving ductility and toughness. It has been suggested that

the retained austenite may serve as a sink for deleterious elements

9,19 due to its high solubility, that retained

10,19 bf crack blunting effect7’lo’19

present'in the matrix
austenite may have a shock absorbing
because it“iS'é softer phase than the matrix,'énd that retained austenite
iméroves the ductility of the matrix by tfansf0rming to martensite on
defo?mation (the TRIP meéhanism). However,lthé exact mechanism is"
still unknown. The role of retained austenite may differ from one éllo&
systemftb another, and the amount and stébility.of it varies widely from
system to system. Othér reactions, i.e. tempering,'bveraging of preci-

' pitates, temper brittleness, etc. which affect‘tﬁé méchanical ﬁroperties
significéntly bccurs at ﬁhe same time as thevfo;matiqh-of retained
austenite. Furthermore, the effect of retainedhaustenite may be éontfaQ
diqtory in different mechanical testing of a same material (fbr example,
Ref. 11). .Cleérly more research effort is needed to identify the role

of retained austenite.

'CONCLUSiONS.

1) A fairly stroﬁg grain size depehdence of the duétile?brittle ;rénsi—
tion temperature wés observed in a tiﬁanium4get§éred Fe-8Ni-2Mn-
0.15Ti.a110y. The refinement of grain size through a four—stép
thermal cycliﬁg from 38um tb 1;5ﬁm feSultea in a sﬁppfession of

DBTT by 162°C.
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2) The introduction of a small amount of sgéble retained austenite
inté a grain refined alloy further suppressed the DBIT by an-, 
additional 100N150°C. The effect of rétaiﬁed austenite was nore
pfoqohnced when it was introduced into é grain refined alloy than

into a large grained alloy.
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Fig. 1 - Lath-like dislocated martensite in an annealed Fe-8Ni-2Mn-0,15Ti

alloy (specimen AN). Thin foil. XBB 751-177

THERMAL CYCLING OF THE Fe-8Ni-2Mn-!/4Ti ALLOY

SRS RETAINED
ANNEALING GRAIN REFINEMENT[ acy r%nge AUSTENITE
900"C1_! hr/AC
750C/1hr/AC 750°CAhr/AC

I
1
! 680°C/2hrs/AC 680T/2hrs/AC
L 550-600%/2hrs/WQ
]
I
!
I
1
|
I
1
]

ROOM
TEMR Rl e e i Ve celol gl LT i
| | | e
AN IA 2B 2Br(550°C)
2BR(600°C)
XBL 7410 - 7449
Fig. 2 - Thermal cycling procedures of grain refinement and introduction

of retained austenite.
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MICROSTRUCTURES

XBB 7410-7029

Fig. 3 - Optical microstructures. Nital etch.
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XBB 751-176

Transmission electron microstructure of specimen 2Br,



( b) XBB 7410-7592

(@)
— Electron diffraction analysis of retained austenite in a
specimen heat treated at 600°C after grain refinement.

(a) Bright field, (b) Dark field micrograph taken from (200)Y

diffraction spot.
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DBTT OF Fe-8Ni-2Mn-1/4Ti ALLOY
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transition in an Fe-8Ni-2Mn-0.15Ti alloy.
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temperature in interstitial-free iron base alloys.

XBB 751-175
Fig. 9 - Optical microstructure of the specimen 1Ar. Nital etch.
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