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M. J. Bibby and J. Gordon Parr 

INTRODUCTION 

even when the word martensite was exclusively used to 
describe the hard transformation product in steels, then* 
was some appreciation thrt the adjective martensitic could 
be used with more justification to define a certain tv|>e of 
transformation process. However, due largely to the diffi¬ 
culty of establishing a convenient experimental criterion by 
which martensitic transformations might be identified, the 
early work on the subject, reviewed by Troiano and (Jrc- 
ninger,1 does not permit a satisfactory distinction, as Bilhy 
and Christian have pointed out,* between martensitic and 
non-martensitic processes. For example, characteristics 
such as the constancy of M„ with cooling rate, and the 
athermal nature of the process, an' neither exclusive nor 
always necessary. 

The most adequate and applicable single criterion to 
identify martensitic transformation is a sha|K> change,* re¬ 
vealed by the rumpling of a polislnsl surface, which is 
caused by the tilting of transformed regions. If one applies 
this criterion to the photomicrogrrphs taken by Sauveur 
and Chou* in 1929, there is no doubt that the transforma¬ 
tion produced in electrolytic iron quenched in mercury from 
1000°C was indeed martensitic. However, in 1929, the con¬ 
stitution of martensite was still in doubt; the shear mechan¬ 
ism of formation had not been proposed; transformation 
temperatures had not, apparently, Iwen measured. 

During the last twenty years, investigations of marten¬ 
sitic transformations have concentrated on iron-base alloys 
that are of industrial importance or exjierimentally con¬ 
venient. Arguments pertaining to mofle of nucléation and 
to the distinction between athermal anti isothermal cha¬ 
racteristics have become largely semantic. A reaction type, 
designated massive (and intermediate to martensitic and 
diffusion-controlled transformations), was projxjsed in 1958 
by Massalski* and was confirmed by Owen and Gilbert.* 
The fact that in iron and iron nickel alloys the product is 
metallographically distinguishable from martensite, but 
possesses the characteristics of a fairly constant transfor¬ 
mation temperature over a range of cooling rates, strength 
ens the case for the shape change criterion as an identifi¬ 
cation of martensitic processes. 

An interest in Owen's results, together with the contra¬ 
dictory values of M» for pure iron obtained by extrapola¬ 
tion (Fe-Ni data extrapolate to 725 ’C at 0%Ni, while Fe-C 
data extrapolate to 520 C at 0,'nC), as well as the hope that 
a pure metal system would disjiose of one variable, suggested 
an investigation of the martensitic transformation in pure 
iron. Towards the completion of our work, we were pleased 
to read that Yeo* had, as a result of his investigation of 
complex alloys based on Kc Ni, suggested that 'carbon-free 
alloys should lie studied for a reassessment of the theories 
of martensite format ior '. 

Previous measurements of M» in pure iron have been 
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■ VNORSIE 

Hùjh-role qurnrhiruj experimenta have rstahlish d that iron 
ermtnininq lest than 0 0017%C transforms mart'nsitically at 
750 C at cooling rates in excess of 35000 deyfjs. M, falls to 
540 and the critical quenching speed is lour red to 5000 
degCjs when the carbon content is increased to a figure be- 
turen 0-005 and 0 01°a. Tun hypotheses are offered to ration¬ 
alize the effect of carbon, and Crussard's shoclc-unir model of 
the martensitic transformation is extended. 2275 

made by Esser et al.,1 I)uwez,H Owen and Gilbert,* and 
Srivastava and Parr." Table 1 summarizes the values of M, 
obtained, the cooling rates at which a transformation 
described as martensitic occurred, anti the purity of the 
iron. Two qualifications must be kept in mind, however, 
when the data in Table I are evaluated: 

(i) the expressed comjxxiition of the iron is not inevit¬ 
ably correct. Carbon analyses at low values are not 
always reliable; the bar composition may not be 
typical of the sample used in the experiment, be¬ 
cause of local segregation effects 

(ii) there is no recorri of martensite formation !>eing con¬ 
firmed by metallographic examination for a shape 
change in any of the work quoted other than that of 
Srivastava and Parr.* 

■XRIRIMINTAL 

Quenching expriment« were conducted in an apparatus 
shown in Fig 1. Briefly, it consists of a tungsten wire h-ater 
surrounding the sample, which is suspended on chromel- 
alumel thermocouple wins, of 0 003in dia. This assembly is 
supported by a quartz fitting fastened to a cross-bar and 
pillar. Below the sample is a convergent-divergent nozzle 
designer! to give supersonic gas velocities. A helium supply 
is controlled by a solenoid vacuum valve. 

A small sample (usually about 0 005 x 0 01 x0-01in) is 
heated to 1000°C and soaked for 5 min in a vacuum of 10-4 
mm of mercury or better, and then quenched with helium 
gas by owning the solenoid valve. Cooling curves are ob¬ 
tained on an oscilloscope and recorded by a Polaroid I^and 
camera. 

In a subsidiary experiment an iron sample was contami¬ 
nated with carbon, by heating the sample (in the unit) in a 
methane atmosphere maintained at lin of mercury. After 
soak mg for a time that depended upon the amount of 
carbon contamination required, the system was evacuated, 
and the sample transformed. 

Two sources of iron were used: (a) Johnson Matthey 
spectrographie standard material: batch analysis shows 
0'C25"„C: iMMKi 1 °()Si ; 0-0005"„Mn ; (KMH)3%Cu; 0 (101% 
Ni; ami less than o-ool",, oxygen and nitrogen, and (6) iron 
supplied bv tin' I S Bureau of Mines, batch analysis shows 
00015”,, metaliic impurities and 0-0017% non-metallic 
impurities 

* 
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TABLI I M« valu*« obfalnad In vnrIOMa Inv^tllgatlen*

T mn«fr>rmnt>nn 
InvMtitniion tompemiur** Mntnl nnnIysMi, %

Emat «< nl. ftSO

Gilbert end M
Owen

Rnte. degC/e 
laooo

6500

Duwet

SnvMtnve 519 
end Pnrr

rnrbon 0 017
no record of 
metnllire
r 0010
8| 0 006
O. 0000
H 0 004
V OOOt
rorbon 0 001
trer«> mMollir

\fam then 0 001
(lr«M ihon 0 09
r 0 006
Si 0 09
Ni 0 06

1 Gan quenrh Mni<

Thp rraultfl Hhown in Kig 2 n>pr«ipnt thr transformation 
temppratiirp a« a function of cooling rate for aampica from 
aource (a). Mctallographic ciamination of aampica polmhc<{ 
lieforc tranaformi tion ahowwl aiirfacc rumpling when the 
lower transformation t<-mfsTatun' (almut H05 (’) wan 
meaaured (Fig 4) The higher transfiumation temp«-rature 
(at cooling rates lietween 5(SSl and 3()0ft0 HegC s was asso­
ciated with no surface rumpling (Fig 3) In Fig 5 the trans­
formation temperature results (source (a) iron) at rates leas 
than 10000 degC/s are compared with the hgurea of Ihiwei, 
and (lilberf and Owen

During the course of the quenching eiperiments on source 
(a) iron, a number of samples were found to transform 
martensitically at the mote frequently quoted M( tempera-

2 The y tranefttrmatiem in pure iron (rnnling mte mn^fe
0 ionoo de^’ie)

lure, about 540 (’, with appreciable scatter b*-lwe<-n 54<»' 
and 605 (’. Kx|s-riments wen- condiiel«il t<i dete rmine 
whether this variation was attributable to prior thermal 
or mechanical history, but results wen- negative The pre­
dominating fi-a*'!n- » as that any one .sample alway- trans- 
formeil at the sam«- tempi-ratiire for a given cesiling rate, 
within an experimental error of less than ( 5 degC Micro­
scopic examination of the inin bar stock showisl what 
appeared to lie small particles of cementite at some grain- 
boundary regions; it therefore s«-eme<l (smsible that, in view 
of the small size of our sampl«-s, this carlMui het«-rogi-neity 
might lead to sampl<-s containing ditfen-iit ipisntities of 
carbon To test this assumption, a sample that traiisfnrm«-d 
at 695 C at 4O0HO degf' s was subjecteil to an iiien-mental 
carburizing treatment in natural gas. and siibsi-qin-ntly after 
each treatment its transformation t<-m|s-rature was mea­
sured. The apfiniximate amount of carlsin absorlssl by the 
specimen was assesse*! by measuring the Ac, t«'m|s-rature 
and assuming that, for a constant heating rate. Ac, would 
lie lowereil 1(1 degt' i> tl4'’„(' The meas'in d M. t<‘m|s-rature 
dropped drastically with small carlsin . Iitions ( Fig 6) I'n- 
fortunaU-ly. the actual carlsin eonteiit ol the imii that trans­
forms martensitically at 700 (' is not known aeeurately (for 
the analysis of such small sampk-s was not |sswible)

Iron from source (ft) was obtain'si after m<sit of our ex- 
pi-nments with source (a) iron were compleO-d Samples 
transformed martensitically at 750 (' ( j 5 degt') The criti­
cal rate for mart«nsitic transformation was not measuml.

\ 'x *
' :\ \

. y -e
4 a > ss

v'^v;

■iV ' ^-•'v .

3 X is'Msier riiiiuijrrd mrfiire etrurturr of inm ronled 
al ‘J'llMl t ihip • Triin^f ii iniUum temperature 742 ('
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4 < 750 martrru'ilr mirfrirr Atrurturr of irim rooUd at 50000
irgCja. Traruifi>rmatK>n temprrature 694^C

and the value of M, quoUii was ohtaineri with a quenching 
rate of r)20l>() tiegC H. The Ac, teniftr-rature of thia iron was 
916'’C. The Ac, t»*nii>eratun- of iron tiom srjuree (a) whose 
M, was ti96C, was 9ir> C (average of several samples). This 
implies that samples from soun-e (a) that transformed mar- 
tensitically at 695 (' container! Is-tween O OOr’o and 0 096 
”'oC.

As the carbon content of the sample is increased, not only 
does the H, temperatun* fall, but the critical quenching 
speed is reducer! from S.'JOfK) degC’;s for an M, of 69.5'^C, to 
5000degC’/s for an M, <tf 54<i C

The effect of changing sjs-cimen size between O lin cube 
and 0 006xOOl rOOlin had no effect on transformation 
temperature at a given rate. Further, soaking temperatures 
between 960° and 1390 C ha<! no effect. Hardness measure­
ments made on transformrd snmpltrs are summarizrK! in 
Table II.

DISCUSSION
Taking our results in thi> coiiU xt of earlier work, it is safe 
to assume that the .64II f transformation temis-rature is 
associatei! with carbon contents Is-twi'en about 0IK),6 and 
0 01"t’ The scatterer! results n-isirtrd by some workers and 
the spread we observed are to U' ezi>ect<s! if M, f. carlsm is 
as shown in Fig t5. The .M, U'liiperatiire of our highest- 
purity material (soure»' |6)I, which contains leas than

0 M W 05 CM 05 M 07 08 09 tO
Ai-<fcC

6 M, valuta for various iron -carbon alloys

0 0017"„C, is 7,60‘C.* This temperature is sufiBciently close 
to the quoted Curie temperature for iron (770°C) to remind 
one of Zener's'® contention that fee iron should transform 
to the bcc structure at the Curie temperature. However, we 
are not certain of the precise value of the Curie temperature 
for high puntv- iron; and we are more intrigued by the 
approximate extrapolation of M, at low carbon values to 
zero carbon, for it appears that M, for pure iron (with sub­
stantially zero carbon) would lie between 800° and 900°C.

The M, temperature for high-purity iron (source (b)) is in 
line with data extrapolated from Fe-Ni alloys. However, 
it apiiears that most, if not all, of the M, data for such 
alloys pertained to massive rather than to martensitic trans­
formations. which casts doubt on the value of these extra­
polations. Recent work by Swanson,'' however, yields an 
M, value for iron extrapolated from Fe-Ni M, data (the 
transformations were identified by shape chanro) of 680°C. 
The susceptibility of Fe-Ni alloys to carbon has been in­
vestigated by Yeo,® whose curve of M, v. carbon content 
for an Fe-22'4°o^> alloy, has a pronounced upward turn 
at002®oC.

In the light of (he newly established M, temperature for 
pure inm, the therrmxlynamic approach'* to the martensitic 
transformation is again oast inb) doubt. It has already been 
showm by Anderson and Hultgren'* that the enthalpy data 
obtained by extrapolation involve an error that is of the 
same magnitude as the eventually calculated driving force 
of the austeniU'-martensite transformation. Further, Singh 
and I’arr'* have shown that an emf is generated by a cell

^QQ,_ • Re«j»\o(C'%»'’(jnd Owen
I Rewluol Duwti

ReujSi o! ptr\rr>f
• M,poi»

.i . . 1 1 ...i____ 1__ J
«00 500 600 700800900IOCXX5 

rootiNt,R*Tf.*CA
S TAe y-*a trartsformation in jiure iron [raiding rate range 

0 -10000 d*g< ■ s)
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* AfUtr tmtm, iron •uppluwi by the Memoh*l InsUtxite, con*
taining 0 OOUV^oC. gAve rontirniAtory re*ulU.

TABLi II Mtcroh«rdn«»t in pur« iron

Hent
A verAgA 
m*r rohArdneAA.

tmotment VPN Rem Arks

1 Slo'wlv eooind 
(100 <)««<'/•)

nstis AvrrAge of 4 •perimeni:
vATiAtion ATTUM Any one sAmple ± 10

2. Mmbiva iron
qumrhed At 
2600»J
trAnsformAtion
tnmpnrAtim
742^C

143116 AverAge of 3 »|>ecimAns :
\ AnAtion AcroM Any one AAmple i 10

3. Quemchnd At 
25000 divC/A. 
tTAnAformAtion 
tMDPerAture
525*C

164 i 26 A\erAse of 1 R|>eoLmMis
TT. HATdnMA. HV
1. 640 164 f 16
2.626 164 110
3. 630 175i 18

4. Quonrhod At 
53000 deteda

143 i 30 TT. bArdnrA.. HV
1.605 136110
2. 764 148m 10
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TEMPERATURE °K 

7 Free energy change accompanying the auatenite-rnarten- 
site transformation (after Cohen) 

whose electrodes are equiaxed ferrite and martensitic iron; 
this, in turn, demonstrates that the free energy of equiaxed 
ferrite is not the same as that of martensitic pure iron. 
Hence, an assumption that is implicit in the thermodynamic 
approach to martensitic transformations in Fe-C alloys'* 
(i.e. that a strain-energy term is solely ascrihable to tetra- 
gonality induced by carbon) appears to be in error. 

However, accepting for the time being the general validity 
of the thermodynamic approach, a new anomaly occurs 
(Fig.7). The curves show the constancy of the free-energy 
difference between martensite (FM) and austenite (FA), 
regardless of carbon content, and imply that the driving 
force is always 290 cal/mole. However, if the Ma tempera¬ 
ture for pure iron is not 540°C, but is in excess of 750°C, 
then, presumably, the driving force for the martensitic 
transformation in pure iron will be considerably reduced 
(to less than 100 cal/mole). 

The effect of small carbon additions on M* and the criti¬ 
cal cooling rate may be rationalized by two possible hypo¬ 
theses. The first relates to the interatomic forces induced 
by the insertion of earlwm atoms into a periodic array of 
iron atoms. Very small deviations of iron atoms from their 
equilibrium positions involve large energy changes. A 
simple model implies that a sharp increase in the energy of 
the system will occur with the introduction of the first 
carbon atom, but a smaller increase occurs if the second 
carbon atom is placed sufficiently close to the first that the 
distortive effects of the first are present. Assuming that the 
effects of the first introduced carbon atom have a sphere of 
infiucnct of ten atomic distances, the first carbon atom 
represents a weight concentration of about 0-006%. This 
figure, then, is the approximate amount of carbon up to 
which we would anticipate the greatest energy change in 
the system. Subsequent additions would have less effect. 
Therefore, if the martensitic trensformation is to produce 

the bcc structure distorted by small quantities of carbon, 
we would expect an initial rapid depression of M» up to 
about 0 005%C. An important criticism of this suggestion 
is that it assumes a uniform distribution of carl»on atoms 
in interstitial positions, which is probably not the case. 

The second hypothesis relates to the density of vacancies 
in y iron. If a vacancy content of 1 in 10*-10* is accepted, 
it is reasonable to suppose that initially added carbon atoms 
up to about 0-001% will reside in these sites in preference 
to interstitial sites. Smith’s conclusions11 that carbon atoms 
migrate to vacancy sites at 700°C offers some support. Thus 
the transformation requires less energy than it would were 
carbon atoms to be retained in the interstitial positions that 
become necessary at higher carbon levels. Further, we 
would expect the self-diff si m rate of iron to become sub¬ 
stantially lower when vacancies are filled by carbon atoms, 
and interstitial sites taken up. Hence, at the critical carbon 
level at which M, is substantially lowered, the cooling rate 
necessary to prevent the diffusion-controlled process y—►« 
would be expected to become leas. Therefore, il" one sub¬ 
scribes to the view that the cooling rate for martensite 
production is determined by the necessity of preventing 
diffusion, the experimental results showing a simultaneous 
reduction of critical cooling rate and a depression of M* are 
rationalized. 

While the results presented do not constitute material 
for a new hypothesis of the general mechanisms of marten¬ 
site formation, we feel that they cast sufficient doubt on 
the thermodynamic approach that other avenues should 
be re-explored. Philibert and Crusaard1* have tended to¬ 
wards a Block-wave model, which may be developed fur¬ 
ther. The solution of wave forms in a periodic lattice are of 
the type t/j=A,t(wt kaM) where: i/i=displacement; A — 
amplitude of the wave; te—frequency of the wave; a = lat¬ 
tice spacing; 4=wave vector; i=timc; n = -l. 2, 3, etc. 

Bom and Huang17 have shown that if 4 is complex, a 
resonant condition is set up in the lattice, which produce« 
a vibration of infinite amplitude and hence lattice break¬ 
down. Applying this to martensitic transformations, there 
may be a critical temperature (M,) at which such behaviour 
occurs, as long as normal diffusion processes are suppressed. 
The theory is consistent with a number of characteristics of 
the martensitic process: 

(i) martensitic growth occurs only when the lattice of 
the martensite plate is coherent with the parent 
phase, since the resonant wave will be stifled by a 
discontinuity. Thus the extent of growth will l>e 
controlled by the degree of registry of the marten¬ 
sitic and parent phases 

(ii) the Mg temperature will be sensibly independent of 
cooling rate, as long as this is sufficient to prevent 
diffusion phenomena, since it is that temperature a/ 
which the proper wave-length sjK>ctrum is reached 
for resonance 

(iii) since atomic vibrations are anisotropic, growth 
would lie expected in preferred directions. 

CONCLUSIONS 

1. High-rate quenching experiments show that the M* 
temperature in iron containing no more than 0-0017%C is 
760 C. 

2. Mg falls very rapidly with small additions of carbon to 
iron and M» in pure iron would be exjs-cted to iie between 
800° and 900°C. 

3. The critical cooling rate necessary to produce marten¬ 
site ia iron containing less than about 0-006 %0 is at least 
360<i0 degC/s. But the critical rate drops drastically with 
carbon additions In iron containing sufficient carbon to 
show an Ma temperature of 640 0 the critical rate is about 
6000 degC/s. 
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4. TV* sharp change in hchaviour of iron at a critical 
carbon content is tentatively rationalizco on the basis of 
the effect of interstitial carbon atoms on born! energies, or 
by assuming vacancy sites for carbon atom 

.r>. Since the thermodynamic approach to martensitic 
transformation theory is no longer consistent with the M* 
temperature of 7.r»o''(! in high-purity iron, and in view of the 
theory s other limitations, a suggestion is made which 
relates martensite formation to lattice resonance. 
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