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GRAIN SIZE VERSUS DUCTILE-BRITTLE TRANSITION 
IN AN Fe-12% Ni ALLOY 

Go Sasaki and Michael J. Yokota 

LBL-2777 

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

University of California, Berkeley, California 94720 

1-3 In a number of communications to this journal, the question of 

a strong vs a weak dependence of the ductile-brittle transition temperature 

(DBTT) on grain size in iron and Fe-Ni alloys has been debated. 

Leslie, et al.
4 

reasoned that removal of interstitial solutes by the 

addition of titanium to iron eliminated most of the grain size dependence 

1 2 
of notch impact resistance, while Gupta and others' argued that a 

stronger relationship existed. But when Leslie3 plotted the data 

available from the most recent studies, their slopes all fell within 

6 70K -1/2 a narrow to per rom range. We report here the grain size 

dependence of the ductile-brittle transition temperature for standard 

full size Charpy V-notch specimens of an Fe-12% Ni {0.3% Ti alloy. 

" This alloy differs from the iron and Fe-low Ni alloys examined previously 

in that when it is quenched from the austenite phase a martensitic rather 

than a ferritic substructure is formed. 

An example of the lath martensite structure typical of Fe-high Ni 

alloys is shown in Fig. lao The smaller areas within each prior austenite 

grain exhibiting different etching characteristics are lath packets, 

within which the martensite laths are arranged roughly parallel to each 

other. Figure 2 shows the laths to have widths that vary between 0.5 

and 1.0 ~m and to contain a dislocation, density of about lOll to 1012/cm2 • 
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The austenite grain rather than the lath packet to describe the 

structure because the features of the brittle fracture surface for 

Fig. 1b suggested that it played the dominant role in imparting fracture 

resistance. It is apparent, for example, that the high-angle cleavage 

facets in Fig. 1b delineate the prior austenite grains. Alternatively, 

the lath packet size could have been used, for it follows a constant 

size relationship of 1 to 2.1 with the austenite grain for all the grain 

sizes studied (Fig. 3). Because of this constant size relationship, 

data plotted using either lath packet size or austenite grain size 

would result in the same grain size dependence of the DBTT. 

Six different austenite grain sizes ranging from 4 to 50 ~m were 

produced by quenching from various temperatures in the austenite phase 

field. In order to produce the smaller grain sizes the austenitizing 

and quenching steps were repeated a number of times. For the 3 larger 

grain sizes studied, the ductile-brittle transition temperatures based 

on the point of inflexion of the energy absorbtion curve fell on a 

slope of 6°C -1/2 per mm , Fig. 4, which is the same grain size dependence 

of notch toughness Leslie found for iron and Fe-low Ni alloys. The 

identical grain size dependence of the DBTT for two dissimilar 

substructures and different Ni contents indicates that Ni content 

and substructure morphology act as independent and constant factors 

determining the general level of fracture resistance within each 

alloy. 

The ductile-brittle transition temperature deviates sharply from 

the initial slope, however, for the 3 smaller grain sizes studied. 

There is no significant difference in the microstructures between the 
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two groups of grain sizes, other than the gradual change of the substructure 

which tended more toward equiaxed ferrite as the grain size was decreased. 

This change, if significant, should actually raise rather than lower 

6 7 the DBTT, based on the observation of Yokota, et al. and Roberts, who 

found that equiaxed ferrite was less effective than lath martensite in 

lowering the DBTT. 

Retained austenite was also ruled out as a factor, for no measurable 

amounts «2%) of it were found. Increasing amounts of retained austenite 

are known to lower the DBTTS but at a rate of only a few degrees KO per 

volume percent of austenite. Other reasons for the sharp drop of the 

DBTT with smaller grain sizes can be postulated, particularly new modes 

of deformation promoted by low temperatures and ultrafine grain sizes, 

the cause for the apparent deviation of the grain size dependence lies 

more likely in adiabatic heating associated with very-low-temperature 

impact testing. 

The changes in the engineering tensile stress-strain curves as a 

function of temperature are plotted in Fig. 5 for the microstructure 

shown in Fig. la. Smooth stress-strain curves were obtained down to 

liquid nitrogen temperature. However, serrated or jerky flow occurred 

at liquid helium temperature. Furthermore, serrated yielding at this 

temperature occured for all of the grain sizes examined. 

This behavior suggests that serrated flow is associated more with 

the low testing temperature than with a-y particular microstructural 

feature. Basinski8 found similar behavior at liquid He temperature 

for a number of a~loys having a variety of microstructures and crystal 

structures. He attributed it to unstable flow produced by heat released 
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during deformation. The unstable flow· is not observed at room temperature 

because the heat liberated is too small to produce any appreciable 

softenihg of the material. But because of the rapid decrease in the 

heat capacity at very low temperatures, this same heat can cause a much 

I greater temperature rise at liquid He temperature. For bcc structures 

in particular, where the flow stress decreases sharply with increasing 

temperature, even a relatively small temperature rise can produce 

a large drop in the yield stress. 

From Figs. 5 and 6 a rough estimate was made of the temperature 

rise during the liquid He tensile test by first determining the 

decrease (1.0xl03 MN/m2) in the stress level after the first serration 

(Fig. 5) and then noting the corresponding temperature which produces 

this level of yield stress, namely 50 0 K (Fig. 6). If similar heat 

generation can be assumed to occur in a Charpy V-notch specimen tested 

at liquid He temperature, the Charpy specimen should also experience 

an effective temperature of 50 oK. When this correction is made for the 

Charpy tests conducted at liquid He for the three smaller grain sizes, 

-1/2 their transition temperatures fallon the original 6°C/mm slope 

established by the 3 large grain sizes (Fig. 4). 

This result strongly suggests that heat generated by the deformation 

process is the cause for the sudden improvement in, the notch impact 

resistance below liquid nitrogen testing temperatures and that much 

care should be exercised in the interpretation of impact test data 

below this temperature. -1/2 Also significant is that the 6°C per mm 

grain size dependence on the DBTT holds for the interstitial-free bcc 
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Fe-Ni system, independent of the Ni content and the substructure (equiaxed 

ferrite vs1ath martensite). Extrapolation of the data of Fig. 4 

. indicates that the 12% Ni alloy will not experience a ductile-brittle 

transition at liquid He temperature if its austenite grain size can be 

refined to 2 ~m or the lath packet size to 1 ~m, which is roughly the 

size of individual martensite laths. 
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FIGURE CAPTIONS 

Fig . 1. Fe-12% Ni-O.3% Ti austenitized at 900°C for 2 hr and water 

quenched: (a) light micrograph, (b) scanning electron 

micrograph of Charpy V-notch specimen broken at LN temperature. 

I 

Fig. 2. Transmission electron mictograph of lath martensite. 

Fig. 3. Lath packet size vs austenite grain size. 

Fig. 4. Ductile-brittle transition temperature vs austenite grain size. 

Fig. 5." Engineering tensile stress vs strain at (a) room temperature, 

(b) methyl alcohol-dry ice, (c) liquid nitrogen, (d) liquid 

helium. 

fig. 6. Yield and ultimate tensile stress vs testing temperature. 
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Fig. 1 
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Fig. 2 
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