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THE EFFECT OF GRAIN SIZE AND RETAINED AUSTENITE ON THE

DUCTILE-BRITTLE TRANSITION OF A TITANIUM-GETTERED IRON ALLOY
by

8., Jin, S, K. Hwang, and J. W. Morris, Jr.

- ABSTRACT

" The effeét_of microstructural changes on the ductile-brittle
transition temperature (DBTT) was studied in a titanium-gettered
Fe-8Ni-2Mn-0.15Ti alloy. A fairly strong grain size dependence of_the
‘transition temperature, 8°C/mm;1/2, was found. Grain size refinement
v from 38u£ (ASTM #6.5) to 1.5um (ASTM #15.5) .through a four-step thermal
treatment loﬁered the transition temperature by 162°C. A small amount
of retained austenite was introduced into this grain-refined micro-
’structure,,and the trahsition temperature was reduced by an a&ditional
- 1200150°C. The reduction of the DBTT due to retained austenite was
smaller when the austenite was in a large-grained structure (64°C>. The

distributidh and stability of retained austenite were also studied.
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INTRODUCTION

The effect of grain size on the ductile—britrle transition tempera-

ture (DBTT) of interstitial-free iron base alloys has been studied by

several investigators. Leslie, et al.l reported a grain size dependence
of the DBTT of 6°C/mm.m1/2 in an Fe-Ti alloy while a slightly larger
grain size dependence was observed by Bucher, et a1.2 andvGupta3 in

Fe-Ti~Al alloys. Recently Jin, et al.l"5 were able to suppress the

transition temperature of a titanium—gettered ferritic Fe-lZNi alloy to

below liquid helium temperature by obtaining an ultrafine grain size

_ through thermal cycling.

The repor;s on the effect of retained austenite on the mechanical
uroperties of ferritic_(or martensitic) steels aré somewhat contradic-
tory;; Albeneficialbeffect of retained austenite on tensile ductility
iubﬁeraéiugétype steels has been reported.6’7 Reck,’et 31.8 and

Pampillo, et al.,7 however, found little benefit in impact-toughnesé'

from retained austenite. In 9-Ni steel9 and 6-Ni steel,10 thevsupression

of the DBTT and the improved low-temperature toughﬁess were attributed
to the preeence of retained austenite formed duriug tempering. Recently
Hwangll‘observed a considerable increase iu tensile ductility and

impact toughness by introducing retained austenite into a fine'grained

Fe-Ni-Ti cryogeuic alloy, but little improvement wasvfdund in fracture

- toughness.

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 1nterst1tial

species. -
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In mahy of the previous studies the accompanying effect df reduced
strength during the formation of retained austenite has been neglected.
This paper éxémines the influence of grain size and retaiﬁed austenite
- at similar strength levels on the tensile ductility and the ductile-

brittle transition of a titanium-gettered Fe—8Ni—2Mnf0.15Ti alloy.

MATERIALS AND EXPERIMENTAL PROCEDURE

- Two tﬁentyfpound ingots were prepared by inductibn melting under
argon gas atmosphere. The compositions ére shown in Table I. The
ingots were homogeniéed under vacuum at 1200°C for 24 hours and furnace
cooled, and then upsét chss-férged at 1100°C't§ 10 cm wide by 1.3 cm
thick plates. Thesé plateS'were annealed at 900°Cifor 1 hour under
argon gés to rémove pfior deformatién sﬁrain and air cooled. This
gnnealed mater;al has a grain size of 38um diametef and ié designated‘as

AN.

Table I. Chemical Composition (wt. %)

Fe N Mn TL C N s P 0

Ingot I bal 7.99 1.93 0.14 0.004 0.002 0.005 0.001 0.010

Ingot II bal 8.03 1.97 0.17 0.001 0.001 0.006 0.001 ——v

Opticai hetallography and transmission electron microscopy were
performed by standard laboratory procedures. The amount of retained
austenite‘was measured by‘conventional X-ray diffraction analysis,

comparing the integrated intensity of a'(le)a peak with the mean value
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of (220)Y and (311)Y peak_s.12 The specimen_surfage was ground on emery
papers andythen cheﬁically polished before the final polishihg on a lum
diamond wheel.

Tensilé tests were conducted at liquid nitrogeh temperature in an
.Instron.méchine using subsize round specimens of 12.7 mm gauge length
and 3 mm gauge diame;ef at a crosshead speéd of 0.05 cm/min. Impact
tests were carried out with é;aﬁdard Charpy V-notch specimens at various_
temberatures in accordance with ASTM specificatibns.13 Hot wa;ér, a
ﬁiﬁture of isbﬁentane alcohol and liquid nitrogen, and liquid ﬁitrogen
"wefe used to thain.various temperatures. Sﬁeciméns were immersed in
V'Eachiiiqdid bath for at least 15 minutes and the AccuraCy of the teﬁpera-

tures was maintained within #2°C. Tests at liquid helium‘temperature

14 At least

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

tests.

RESULTS AND DISCUSSIONS

(a) Phase Transformation and Microstructures

The phase trénsfdrmation_of the Fe-8Ni-2Mn-0.15Ti alloy were
étﬁdied’ﬁy‘dilatometric analysis for rough estimation of proper heat
"tieating témpératurgs of grain refinement.a' Transformation té€mperatures
at a he#ting and cooling rate of ~13°C/min. were determined as follows:
~ 748°C, M_ = 468°C and M. = 396°C. After simple

f
auStenization:apd cooling to room temperature, the substructure of this

A, = 697°C, A

‘alloy was quite similar to that of a typical dislocated Fe-Ni marten-

sité,ls as shown in'Fig. 1. Grain size refinement was achieved through
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an alternate thermal cycling4 in the Yy range end"the (a+Y).two-phase
range, as shown schematically in'Fig. 2.' The appropriate heat treating
temperature and time for each step were deterninednby careful dilato-
metric and metallographic analyses. After an annealing treatment at
900°C for 1 hour (designated as AN), the alloy was reannealed in the y
range (labelled as 1A) and then transformed isothermally in the (a+Y)
two-phase range. The latter two steps were repeated and a very fine-
grained microstructure (labelled 2B) was obtained, as shown in Fig. 3.
After the first reannealing treatment (1A), the average grain size was
reduced to 38pm to 12um in diameter. After the treatment 2B a grain

' eize'as-fine-as ~1.5um was obtained. Additional steps of thermal cycling
refine the grain siee further but the effect is rather sﬁall,

Retained austenite was introduced by an'additional heat treatlng
step at.either'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 does not change the grain size very much “as can be seen in
bFig. 3. 'The transmission electron microstructure of the grain-refined
'alloy (2B 2Br and ZBR) consists predominantly of equiaxed grains and
‘subgrains wlth some elongated laths, as shown in Fig. 4, while a lath-
like substrncture is commonly observed in an'annealed alloy (Fig. 1).

‘ X—ray.diffraetlon analysis revealed no retained anstenite in'speeimens
AN, 1A and_ZB,'while in specimens ZBr and 2BR approximately 5 pct. of
retalned austenlte was detected, which remained stable on cooling to
liquld heliUm temperature (-269°C). HOWeQer, on plastic deformation in
a rolling mill (40% reduction in area) at liqnid nitrogen temperature

(-196°C), the retained austenite apparently transformed to martensite.
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X-ray analysis on several different diréctioﬁ§ of the rolled specimen
féiled‘to-revéél any austenite péaks. The dist?ibhtion of retained
auétenite in the microstructure was studied by thiﬁ'foil electron micro—
S§opy; Fig. 5 éhows the diffraction analysis ofhretained austenite; A
comparison of fhe bright.field ;ith corresponding:dark field microstruc-
ture o§tained from Che-(zoo)Y diffraction spoﬁ cleélry ;ndicates tha;b
retaiﬁed austenite is located primarily at grain boundaies and martensite

.lath boundaries.

~(b) Ténsile Properties

| Tensile properties of various’microstrﬁctures measuréd'at liquid
nitrogen tempéfature (—i96°C) are giveh:in‘Table 1I. ’Also inéludedvin
the table are the tensile prop;rties of é iarge—grained specimen thch ‘
cohtains retained austenite (iabeiled 1lAr: the microstructure 1A w;s |
given an additional treatmentlat'550°C fdf.Z hours). vThé purpose of
fhis treatment was to separate the effect of retaiﬁed austenite from
| thgt due to grain refinement. While the yield strengths varied only
slightly on thermal cycling (except specimen 2BR whicﬁ shoﬁed.§§ to 13
kéi (41&90 MPa) lower yield strength than the other microstructufes);
considéréble.éhanges occurred;in tensile ductility,‘ Because of'grain
refinement,'thé ductility (meaéﬁred by £eductiohvin area) imprdved from
.45 pct. to 69 pct. The introductipn of retained austenite further -
inéreaéed it to 73+75 pct. A similar improvément wés also observed in
tensile elongation, as shown in Table II. i .‘ o )

The mic;oétruéture iAr, in which approximately 3 pct. of stable .

retained austenite was detected in X-ray analysis, exhibited a much
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better tensile ductility than the microstructurg 1A, as can be noticed .
in Table II. This indicates that retained austenite alone also improves
the tensile ductility considerably without grain.refinement. A yield
point was observed in this titanium-gettered alloy heat treated at 550°C
(specimens ZBf and 1Ar) and tested at -196°C,’as sﬁown in stress-strain
cﬁrves, Eig.:6. The yield point, however, disépégafed on tensilg
testing at room température (also shown in Fig. 6). These obsgrvatiqns
suggest that an.insufficient thermal activation at“—196fC might have
required additiqnal stress for the dislocationsvtb tear away from_a
golute atom atﬁOSphere_or precipitates formed by”fésidual titanium.
This.aspect-requires further ihvestigation.' In Fig.‘6, the progressi&e
increase of tensile ductility and decrease of ffacturg.stress on thermal

cycling are also noticeable.

Table II. Tensile Properties at -196°C and DBIT

Grain " Retained

- Y.S. T.S. Elohg. R.A. Size Austenite DBTT**
ksi = ksi pct. pect., um vol. pct. °C
AN 131 149 22,5 45 38 0 44
1A 13 151 2.6 62 12 0 - -10
2B 137 157  28.5 69 1.5 0 -us
C2Br 135 146 3.7 73 L5 5 236
C2BR 124 148  36.0 75 1.5 A5 <-267
lAr 130 139 33.8 72 12 a3 -74

' 0.2% offset yield strength _
FT ]

CorrespOndlng to the impact energy of 75 ft-1lbs (100 NM)
1"‘l‘o convert to SI umnits, 1 ksi = 6.89 MPa. ’
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(¢) DBIT - Effect of Grain Size

The impact energy transition of the various microstructures is

shown in Fig. 7. For the convenience-of'comparison,fthe ductile-brittle

transition temperature was arbitrarily taken as the'Cemperature'at which
the Charpy V-notch impact energy had fallen to belbw 75 ft-1bs (100 NM)

.which corresponds to near one-half of the upper shelf energy. Since the

tests.werg'conducted'at about 20°C intervals, the determination of the
DBTT involves an error of at least *5°C. It iS'eviaeht from Fig. 7

that the DBTI of this interstitial-free alloy was iowéred‘conside¥ab1y
by reducing the grain size: Refinement.of grain size from 38uﬁ (specimen
AN) to 1.5um‘(5éecimen 2B) resulted in a suppreséion of the DBTf:by
162°C. The‘ﬁBTf of 44°C in the starting microstructufe’AN is subétan—
tially higher than those of other interstitial-free irons aﬁa lowvnickei »
alloys.m-18 'quever,.our Fe~8Ni-2Mn-0.15T1 allqy has a dislocafed
martensite éubstiucture and shows a much higher étréngth than fhese
alloys. The room temperature yield strength of oﬁr.glloy‘is 70075 ksi-
(482~517 Mfa) compared with 10 ksi (69 MPa) in Fe=0,15Ti alloy and 30 ksi

(207 MPa) in Fe-3Ni-0.15Ti alloy16 at similar grain sizes and strain

" rates. The relatively high oxygen content in the present alloy (Table I)

could also_be partially responsible for the high DBTT. The grain size
dependence of the DBTT in carbon-containing steels is well known.19’20
In interstitialrfree Fe alloys, however, there has been a slight
aifference iﬁ réported values of grain size dependence and their inte;-
pretation. The data obtained in this work are plotted together with
those of other i_.nves_tigat:orsl’z’3 in Fig. 8, A fairly strong grainvsize

dependence ,8°C/mm-1/2, was obtained. As the dislocation tﬁeory‘of
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Qhe ductile-brittle transition21’22 suggests, the DBfT is also a function
of surface energy (v), the resistance to propagation of slip across grain
boundaries (K ), shear modulus (G), etc. These variables may depend on
alloy composition, test temperature, andnstructural’changes'due*to heat
.treatments depending on the alioy system.: Wﬁiie there appears'to be no
reason for the grain size dependence of DBTT to be the same for the
interstitial-free iron alloys with different base composition and struc-
ture, it is interesting to note that the DBTT in our interstitial free
Fe—SNi—ZMn alloy shows roughly similar grain size dependence as the
other alloys in previous research (Fig. 8). 1In the region of larger
grain size (oetween the data point AN and 1A in.Fig. 8),'the siope of
the curve approaches those of Bucher2 and Gupta3 in Fe—Ti—Al'alloys.'
However, considering tne experimental inaccuracy frequentiy involued in
measuring the . transition temperature or grain size, it seems to be

inappropriate to draw any decisive conclusion from the 1imited data.

(d) DBTT - Effect of Retained Austenite

Approximately 5 pct. of retained austenite introduced to a grain-
:refined alloy suppressed the DBTT by 105°C, as can be seen by comparing-
the transition curves for microstructure 2B with thatvfor.ZBr (550°C.
‘treatment) in Fig, 7. :These two microstructures exhibit similar yieid:
strengths although.there‘is a slight difference in the degree of work
hardening (Table II)._ Microstructure 2BR.(600°C treatment) showed a
'muchrlower DBTT than»that’for 2Br. In fact the ductile—brittlegtransi-
tion did not occur at -least down to liquid helium temperature. ,While_

there could be some metallurgical factors inVolved, the effect of
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reduced yield strength of microstrueture ZBR,VIZA ksi (854 MPa) at -196°C,
compared withbthat for-23r, 135 ksi (930 MPa) attthe sémé tempefatﬁre,
should not be:néélected in explaining the lower DBTT in 2BR.

teslie;;ét al.23 observedJan increased stébility of retainéd_
austenite in a fine-grained alloy. The fine grain size of épecimen 2B
might have affected thé amount and stability of retéined austenite
introduced in the subsequent reheating sfep. Also,.the structure 2B
contains anviﬁhomogeneous distributiﬁn of alloying eiements because of
decomposition in the oty range, which could have aided the formation ofv'
-retained austenite. To determine the net effect of_retaiﬁed austenite,
a large-grained structﬁre (1A) was heat treated 5& 550°C for 2 ﬁours ﬁd
prodﬁce austenite (structure 1Ar). Approximately\3”pctf of retained
austé;ité (stable to -196°C) was detected in 1Ar éomﬁéred ﬁith 5 pct. in
2Br and 2BR. It is obvious that grain-refining affects the sﬁability or
amount of reﬁained austenite in the subsequent pfoqess. The optical
microétructure'of the specimen lAr is shown in Fig.b9. In Fig, 10,.the
effect of retained austenite (1Ar) on the ductile—bfittle transiﬁion
.témperature_of a large-grained alloy (1A) is shown. These two micfo—
~ structures had similar yield.strengths (Table II). The suﬁpressiOn of
thebDBTT, because of the introduction of_retained agstenite into é
iarge-grained alloy,'QAS‘smaller (by 64°C from lA‘tb 1Arx) ﬁhan:that in
the grain-refined alloy (by 118°C from 2B to 2Br). This may arise from
the differences in the aﬁounﬁ an& stabilit& 6f retained austenite_in,fhe'
two microstructures and the possibly different résponée of retained

~ austenite to deformation at various temperatures. -
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There have been several speculations on the%réle of retained éuste-
nite in improving ductility and toughness. It has been suggested that
the retained austenite may serve as a sink for deleterious elements
present in theﬂmatrix9’24 that rétﬁined austenite‘maf"haVe~a“shéck—3
ébsorbinglo’zélor c1:ack-—b1unt:i.ng.ef.fect]’1'0’-'2-4 and that retained
austenite impréves the ductility of the matrix by'transforming to marten-
site on deformation25 (the TRIP mechanism). However, the exact mechanism
is still unknown. The role of retained austenite may differ from one‘
alloy system to another, and the amount and stability of it varies widely
from system to system. Other reéctions, i.e. teﬁpéring, overaging of
precipitaﬁes,‘temper brittleness, etc., which affect the mechanical |
propertiés significantly, occur at the same time as the formation of
retéined austenite. Furthermore, the efféct of ;etained‘éustenite may

11

be contradictory in different mechanical tests of the same material.

Clearly more.research is needed to clarify the role of retained austenite.

CONCLUSIONS
1) A fairly strong grain size dependence of the ductile-brittle transi-

tion temperature (8°C/mm-1/2

) was observed in a titanium-gettered
Fe—8Ni—2Mn;0.15Ti alloy. The refinement of'grainvsize through.a
| £ourfstep thermal cycling from 38um to 1l.5um lowered ;he DBTT By’
162°C._
2) .The introduction of a small amdunt of stable retained'austenite
into argrain—refinéd alloy 1oweréd the DETT by.an additional
120&150°C. This gffect of retained austenite was more pronounced

when 1t was introduced into a grain—refined*élloy than into a

large-graihed alloy.
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FIGURE CAPTIONS
Lath-like dislocated martensite in én annealed Fe—8Ni—2Mn;O.15Ti

alloy (specimen AN). Thin foil.

Thermal Cycling Procedures of grain refinement and introduction

of retained austenite.

Optical micrographs. Nital etch.

Transmission électfon micrograph of_specim;n 2Br.

Retained austenite in a specimen heat treated at 600°C aftér

grain refinement. (a) Bright field, (b) Dark field electron

micrograph taken from (200)Y diffraction spot.

Engineering stress-stfain curves‘bbgained in tensile tésts.
Effect'of microstructurai.changgé;onuthe impacixenergy transi-
tion in an Fe-8Ni-2Mh-0.15Ti-allo§.

Grain size dependence of the ductileebrittlé transition temperé;
ture in interstitial—free irdn-Base allbys._ -

Opticél'micrograph of the specimen 1lAr, Nital etch.

10 - Decrease of the impact transition temperaﬁure by retained

austenite in a large grained alloy.



-
~
L
e
.
\',u‘
-
whe
\ %
o
-
P
o
L
i
———

-15-

(XBB 751-177)



16—

THERMAL CYCLING OF THE Fe-8Ni-2Mn- /4 Ti ALLOY
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DBTT OF Fe-8Ni-2Mn-1/4 Ti ALLOY
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their employees, makes any warranty, express or.implied, or assumes
any legal liability or responsibility for the accuracy,u completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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