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Abstract

A model is proposed to account for
the observed strengthening behavior of
ferrous martensites. The model is based
upon the inheritance of carbon rich regions

by the martensite which were present in
the austenite prior to transformation.
These carbon rich regions strengthen the
martensite in a manner analogous to the

strengthening effect due to a finely
dispersed second phase.
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Introduction

Ferrous martensite is formed by a nucleation and shear mechanism
when austenite 1s cooled,at a‘raté;which is fast enough to suppress the
formation of pearlite, below a critical temperature (Mg). Although the
mechanism of the transformation process appears to be well understooé%lZ)
the mechanism responsible for the observed high strengths gxhibited by
ferrous martensites is uncertain. | |

In this paper, a model is proposed to account fér_théiétrengthen-'
ing of ferrous martensite,. | i@:'

Model

The maximum solubility of carbop in‘austenite is l,§8 Qt. ber qent'
as compared with a maximum solubility of Q.025.wt. per .cent iﬁ férrite;
Prior to transformation, the carboﬁ in the éustenite is nonﬁniformly
distributed. In addition to £he statistical type ﬁf'composition fluc-
tuations and undissolved carbides, the carbon.éegrégatesAat aiélocations,
sub-boundaries, twin boundaries, grain boundaries, and Sthe; structural
defects in the austenite. As will be shown'later, this segrega£ion
results in regions in the austeni?e{ pérticularly around dislocations,
that have many times the nomin;l ;afbbﬁ.é;mposition of thebsteei.'rAs
the austenite is cooledﬁ the equiiibfiu@:composition of these carbon
rich areas increases. When the éﬁ;ﬁégité_ié;cooléd.té the Mg tempera-
ture and below, the nucleation aﬁd sgear.trénsf5rm§£ion occurs. As the

transformation interface moves through the strudﬁﬁfe, the defect struc~

ture present in the austenite is destroyed. The transformation is,



however, so rapid that the carbon which has segregated about these
defects cannot diffuse away, and is inherited by the martensite. Indeed,
chne would more reasonably ‘expect the forrr—tation of a carbide rather than
the d.iéappearance of t'hese.carbonmrich areas.

The .'marte'nsii:e 'i'las, therefore, regions which contain many times
' greate.r_ éa'r]goﬁ.':'cpnt.e:nt ,.i;han ﬁhe nominal ‘can_.”bon composition., Since these
reglions exist in‘v.vﬂ'ai; :élréady ig a s_uper'i—satura.t'ed solid so.lution of
carbon in i;ron',‘ ‘the’se all.reas_' -are, either ﬁighly strained, or form carbides.
Due either to the hlqh ‘loc'alized .étrain. or to the carbide fomation, the
elastic constants ofthese ‘areas should Iin_creése as compareﬁ “to the re-
mainder of the mérfreln;it:e o If one now considers the movement of disloca-
tions through tﬂe"marAtet‘r._lsvitAe,' the effect of these regions upon‘.dis;oc‘zat'ion
motion should be s:Lmllarto {;hat due to a finely dispersed second phase. .

Martensite maf be considered, on this basis, as 'an alloy containing
finely dispersed regions v;ihiéh. a‘ci-; inﬁa manner similar to that of a
dispersed second phase. The géometry of this dispersion is dictateé by .
the nature and degree of carbon segregation about defects, and by the
distribution of the defects in the austenite prior to transformation.

Calculaticns

1) Segregaticn of Carbon in Austenite

It is assumed that the major cause-of loicA;ali'z'ed_Seg_regation of

carbon in austenite is due to aﬁmosphe’re formatibﬁ aboutwdislocations.,,
- A )

Adopting the method of Cottrell, and Bilby, the dégree and character

of the segregation -of carbon around edge type dislocations in



austenite due to hydrostatic interactions is calculated.
The hydrostatic interaction enexgy, V, between the carbon

atoms and edge dislocations is given by:

‘\/:Av kb, ':_%.Ms;_ fou ¢ 2

(1)
N=0 v v<G
where Av = 1.55 x lOm24 cm3, volume change due to the addition of
one carbon atom to the lattice.

= 8.8 ¥ lOf dynes/cmz; shear modulusg of austenite
= 2.58A, Burger's vector of the dislccation
= 0.3, Poisscnls ratio
. & and r are, the st1tlon coordinates relatlve to the dislcca-
tLon lime, oc being measured from the slip direction.
Q= dlsloeatlon core . radius.
L ® .
" . The atmosphere segregation of "carbon about the dislcoaticn,

o

therefcre, follows'the distribution function: }

C(Vd.)_c exP - (vcx)/)Q ) (2}

C . : " }
where C(r aﬂLb the calbon concentratlon at position r,& and Cy
4 )

is the equilibrium‘coneentration of carbon in the lattice, k is
Bcltzmann's constant, and T is the absolute temperature.
Using the values; & = 37, since the maximum interacticn cccurs

%; ' directly below the dislocation line
M'-temperature in equations (1) and {2},

and T
the ratio of C/CO as a functlon of r dlreetly beLhw the dlelocaticn
1line was calculated and is shown in Flg. l for several typlﬂal

valgss of MSo

o

2) Volume Fracgtion of Carbon Rich Regions.

The volume fraction of carbon rich regicns in the martensite is

3

the product of the length of dislccation- lines per com” in austenite

or the disiocatien density,@ , times the cross secticnal area o

e A 4t e e
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the carbon atmosphere about the dislocation lines where the carbon
content is significant. The cross sectional area of the atmosphere
is calculated as the_semicircular area under the edge dislocation
whose radius is ciyen by the distance below the dislocation where
the carhon concentration is at least 2.5 wt. per cent, or 10 at.
per cent carbon. This radius is given by solution4of equation (2)
for a particular nominal'carbon concentration in the steel. In Fig,
1, a iine is shown which. glves the C/C; ralne requlled to prcdnce
-2;5 wt. per cent carbon as a- functlon of the neminal carbon content
of the steel. One may tnerefore determine from Fig. 1 the radlus of
the atmogphere knowing the nominal carbon content.of»the steel and -
its Mg temperature assuming that the atmosphere reaches equlllprium 4

concentration prior to transformation.“

rr

Wthh has segregated
‘ 4y

to the dlslocatlons in any tlme, t follows the'equatlon S

F=1 - exp[ ?(A’U’-/U‘_b- tD’D t/h-r) /3]

The fractlon of the orlglnal soluteF B

3 -

where D is the dlfqulon rate of - c rbon 1n austenlte. From:this

equation it is obvious that'in”the~caSe*ofiplain carbon and low

alloy stéels where the Mg 1s suff1c1ently hlgh the equlllbrlum

atmOephere forms completely almost 1nstantaneously about the dLS"‘l

locatlons'( 1 sec. at.500°q)/ and 1s present prlor to. transformam
tion., For those alloys where:therMs-temperature is reduced‘to room
temperature and below, the time  to form a complete equilibrium

atmosphere increases, and either some evidence of a quenching rate




effect upon the atmosphere or the formation of atmospheres
characteristic of some higher temperature might be found.
The volume fraction, £, of the retained carbon atmosphere in

martensite'isftherefdre given by the relation:

‘where“ra is ‘the atmosphere radius and P.is the austenitic

dislocation density.

f:jz':?reld Strength of Martensite

’Anseii?has derlved on the bas1s of dislocation thecry that,
forvresolved stresses the yleld .stre ngth.Cr of an alloy containm.
fingﬁe;drspersion of'Second—phase,spherical particles of less.then
'LBOOA dlameter 1s.g1ren‘?y the relation: |
R sz S //L?fo 5 - (0‘152773 * T, &) &
'where}#i is the shear modulus of the dlspersed phase and Cr':.

the 1ntrement of stress due to work hardenlng between the stra1n

asscciaued with i_rst.yielding)qnd the‘straln ofﬁthe_measure@;f

yreld7stress;’ - R ’ ‘ff ;'me;;yfﬂ‘} . QQ,L<1H"”:1..

When the volume fraction}af, offtheidispersed"phase_isjver&“

.Bmall, as in the cas e‘of martens1te, thls equatlon may De rewrrt
where/i 1s approx1mately 3 x lO dynes/cm .‘_u%‘“" A
-For unresolved stresses the yleld strength of martens1te is

therefore given by the" equatlon-:'.

T = /D,/O%W/m (/ (3);3, O-JJH “ay)




Digcugsion and Conclusions.

The calculations based upon the proposed model predictsessentially
hhe same strength dependence con carbon content as has been predicted by
other modelé?) The model, hcwever, .additionally predicts that the strength
of ferrous martensites ig sensitive to both the defect structure of the

austenite prior to trans formatLﬂn and the temperacure at which the

austenite trarsforms te martensite.

1

3 the effect of the pricr austenitlc substructure «n the proper—

B

It
ties cﬁ ferrous martensite which makeg this model .'(lmique° The mcdel,
”therefore, readily explains the effects.chseryed in the unse ¢f the ausiorm
rrocess in the produ“tﬂon of a marteiﬁitgh structure with increased
strength and ductility as compared Nlth the properties of martensite
SR ) '

, pyoﬂuced by the normal guerch and tempex'process.

Although it cannct t be demonatrated that the'“trength of ferrous
»maftenSites isiuniquely explained in this:manner; thiz approach should
. bé ﬂon;hdcreé as - ﬁne aLteLnat ve meﬂhanLcm wh;ﬂh ce2ld acsount for the

¢

ob»ervedhstrengthenlnq behaanv of f@rruuq martenzite,
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Figure 1.

FIGURE CAPTIONS

The ratio of carbon segregation as a
function of distance directly below’

a dislocation line is shown for several
typical values of M. A line is drawn
to indicate the ratio of segregation
required to produce 2.5 wt. per cent
carbon segregate as a function of
nominal carbon content.
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