
Lawrence Berkeley National Laboratory
Recent Work

Title
LATH MARTENSITES IN CARBON STEELSuARE THEY BAINITIC?

Permalink
https://escholarship.org/uc/item/6rv4s1t2

Authors
Thomas, G.
Sarikaya, M.

Publication Date
1982-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6rv4s1t2
https://escholarship.org
http://www.cdlib.org/


J J\~~ " 
~. 

'~ .. ' 

LBL-13098 
UC-25 e.'O-

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Molecular 
Research Division . 

BERKELEY I ABO 
- RATORY 

£ Ef s u 1;;!82 

00 ~IBRARy ANO 
CUM£NTs Q£ 

.., CTION 

LATH MARTENSITES IN CARBON STEELS--ARE THEY BAINITIC? 

G. Thomas and M. Sarikaya 

August 1982 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 

which may be borrowed for two weeks. _ 

For a personal retention copy~ call 

Tech. Info. Division~ Ext. 6782. · 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

\ 
CJ 
r 
\ -
~ 
\:: 

(\ I 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of-the-Uni-versity of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



, .. 

. . 
LATH MARTENSITES IN CARBON STEELS--

ARE THEY BAINITIC? 

G. Thomas and M. Sarikaya 

Materials and Molecular Research Division 

Lawrence Berkeley Laboratory 

University of California 

Berkeley, CA 94 720 

Summary 

A detailed metallographic, crystallographic, and spectroscopic analysis of 

"lath martensites" formed by quenching low and medium carbon steels confirm an 

earlier suggestion that these structures are not strictly martensitic since carbon 

redistribution occurs during transformation. Perhaps a better description would 

be l.Bltransformed upper bainite with the interlath phase being carbon enriched 

austenite rather than carbide, as occurs in classic upper bainite. A summary of 

new crystallographic results using convergent beam electron diffraction is 

presented. In a given packet, the laths cluster around <111> a.' and <100> a." but as 

reported earlier, other orientations also occur between them. The co'mmon axis 

between a particular bundle of laths is <110> a.•· Rotations between bundles of 

laths and deformation of retained austenite may be important in minimizing the 
I 

shape deformation. 

Introduction 

Over the past decade, considerable data on 
' 

microstructure, 

crystallography, and properties have been accumulated in our alloy design 

program on low and medium carbon steels (see Refs. 1, 2), in which alloys are 
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quenched from the austenite temperature range so as to produce dislocated 

packets of "lath martensite", in which the laths are almost always surrounded by 

films of austenite which have not transformed. These films are stable even to 

low temperature holding, but may transform at high stress concentrations (e.g., 

at the top of a growing crack in a K1C test) and decompose to carbides on 

tempering (temper martensite embrittlement3) •. The question of the austenite 

stability is addressed in another paper at this conference 4 in which we also 

report new data on the carbon concentration at the martensite/austenite 

interface as well as in the martensite and austenite phases. Detailed 

experimental data from various techniques show that carbon partitioning must 

occur during the transformation of austenite.4' 5 Since this must occur by 

diffusion, then in a strict sense, the alloys are not ideally martensitic, which 

confirms our previous suggestion that a more appropriate characterization would 

be "untransformed upper bainite."2 In the present work, a summary is given of 

recent detailed morphological and crystallographic studies of these structures. 

Morphology and Crystallography 

Figures 1 to 3 compare the morpholo9y of directly quenched (lath marten­

site), tempered, and isothermally transformed - 0.3% C steels, respectively. In 

dark field,· the morphologies are almost identical except ~hat in Figure 1, the 

laths are surrounded by austenite. That is, as-quenched martensite can be 

converged into a microstructure almost exactly like upper bainite by tempering 

to allow the austenite to decompose by carbide. nucleation at the a. '/y inter-

faces (Fig. 2). The fact that little or no intralath carbides occur in upper bainite 

indicates that the carbon content of bainitic ferrite is even less than in lath 

martensite (Fig. 4). This is to be expected since more time is available for 

complete carbon partitioning in the isothermal transformation situation. An 
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actual carbon analysis across the microstructure similar to that of Figure 1 is 

shown in Figure 4. This distribution does not change appreciably from oil to 

brine' quenched samples,4 (note the cooling curve for an oil-quenched sample in 

Fig~ 4a). 

A detailed crystallographic study of lath martensites was presented at 

ICOMAT -792 at which time the need to redefine "lath martensites" .was' empha-
, 

:sized.· It was also suggested that the relative orientation differences observed 

between laths in a packet was a consequence of minimization of the shape 

deformation. This was based on a model limited by the accuracy of conventional 

selected area electron diffra~tion. 2 Since Kikuchi patterns are too diffuse for 

analysis, we have subsequently carried out very detailed studies using convergent 

beam electron diffraction (CBED).6 The new data is not exactly in agreement 

with the details of the rotation model proposed in 1979.2 Figure 5 shows part of 

a detailed series of analyses of the orientation determination of laths in a single 

· packet (i.e~: one of the {1lly} variants) using CBED which uniqt.Jely defines the 

orientation, i.e., without the 180° ambiguity present in spot patterns, and Figure 

6 shows a stereographic projection summarizing the data including controlled 

tilting about the <110> , axis common to all laths. 
7 

What these results show is a. 

· that groups of 3 or 4 laths cluster around <111> ,. These are the most frequent a. 

observations, but some laths .also cluster around <112> a.' and <113> a.•· Thus, it may 

be that the shape deformation is not minimized by individual lath rotations, but 

by groups of several laths. Of course, the interlath austenite suffers 

considerable plastic deformation which itself accommodates transformation and 

deformation strains, as adjacent laths grow together, and deforms the retained 

austenite. The new observations reconfirm that' retained austenite ·is not found 

between twin related laths2 --which is· another consequence · of the shape 

accommoda~ion. 
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The orientation relationships between austenite and martensite range from 

K-5 through G-T to N-W, with G-T being the most frequent (Fig. 1). As 

suggested earlier, the reason why so many possibilities exist may be related to 

the choice of the most favorable nucleating condition and shape accommodation, 

i.e., the more potential variants, the better. 

Wa~asa and Wayman8 also studied lath crystallography in carbon-free 

steels, but with low M2 temperature. Since it is known that carbon is needed to 

stabilize retained austenite in steels with high M , it is not surprising that they s 

did not find retained austenite and that lath orientations in .a packet clustered 

around a single pole. 

On the other hand, Eterashvili et a1.9, working on low C-law alloy steels, 

published almost identical results to those reported here. 

Thus, it should be emphasized that the presence or absence of retained 

austenite is of fundamental significance in descriptions of the transformation. 

The delectability of such austenite requires very careful characterization using 

the most advanced experimental techniques now available. 

Description of the Transformation; Conclusions 

On cooling, the austenite of the nominal ~t?mposition of the alloy 

transforms at Ms to form a lath, or initially a plate, with subsequent rejection of 

carbon across the y /a.' interface. As long as the M -Mf temperature range is 
' s 

high enough to allow carbon diffusion to occur (and for low and medium carbon 

steels, this is usually above 200't:), the martensite grows laterally and loses 

about 10% or more of its carbon content, Figure 4. Eventually, the carbon 

content at the interface can reach very high values, ... 10% at.% which must 

seriously reduce the mobility of the a.'/y interface. , At this stage, 

transformation stops leaving retained austenite with a carbon level ... 3 at.%. At 
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this carbon level, the retained austenite Ms is calculated to be - 150CC, .so it 

must be stabilized by other mechanisms· (see Fig. 4 of .ref. ·4). During this 

continuous cooling, the austenite does not have time to transform to carbide, but 

on subsequent tempering or isothermal annealing, the austenite can then 

decompose by carbide nucleation at the a'/Y interface where the carbon 

content is a maximum. Thus, the as-quenched state is that of laths surroanded 

by stabilized austenite, rather than carbide as in classic upper bainite (Fig. 3). · It 

should be noted, however, that retained austenite has been identified in bainitic 

t l 10,11 d l 10 . . . F. 7 s ee s an an examp e 1s g1ven 1n 1gure • 

A comparison of Figures 1, 2, 3, and 7 shows that a range of structures can 

be obtained from the transformation of austenite in low and medium carbon 

steels. These can be summarized as follows: 

--a' laths with interlath carbide (upper bainite), 

--a' laths with intralath carbides, retained austenite (lower bainite), 

--a' laths with retained austenite (also autotempered intr.alath carbides), 

--a' laths without austenite (unusual in carbon steels with Ms > 250CC). 

Thus, depending on composition, carbon diffusion and partitioning, and the 

mobility of the y/a' interfaces, which in,turn depend on alloy content and heat 

treating conditions, many combinations of microstructure containing mixtures of 

the laths, austenite and inter/intralath carbide phases are possible. 
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Figure Legends 

Figs. 1, 2, and 3. Comparison of the microstructures in 1) as-quenched lath 

martensitic, 2) tempered martensitic (T = 300CC), and 3) upper bai-

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

nitic (T = 360CC) states. Fig. 1 - Fe/3Cr/2Mn/0.5Mo/0.3C, M = s 

320CC (note the characteristic <llO>y- <111> a'- <100> a' triplet SAD 

pattern corresponding to the K-S and N-W relations). Fig. 2. Fe/ 

3Cr/2Ni/0.5Mo/0.3C, M2 = 340CC. Fig. 3. Fe/4Cr/0.34C, Ms = 

320CC. 

a) The cooling curve for oil quenched Fe/3Cr/2Mn/0.5Mo/0.3C sam-

ples (1mm dia.). b) Schematic diagram similar to an actual atom 

probe analysis4) shows the approximate carbon profile (with spikes 

corresponding to c clusters at defects) across the a'- Y duplex micro-

structure in the as-quenched sample (see Fig. 1). 

a) Bright field electron micrograph from the 0.3C steel showing 

the regions corresponding to the CBED patterns in b) taken from 

the individual a' laths before and after tilting. 

Stereographic projection summarizing the data of tilting experi-

ments, such as Fig. 5. 

a) Bright field and b) dark field micrographs from Fe/2Si/0.4C steel 

(M = 370CC) to produce lower bainitic structure. OF micrograph s 

<9111 ) reveals S-shaped retained austenite along ferritic lath boun­
y 

daries, in addition to intralath carbides (from Ref. 10). 
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XCG 810-11683 

Fig. 3 
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Fig. 5 
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XBB 810-11684 

Fig. 7 
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