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INTRO DUCTION 

H.lNOWOOU (UlGO) pointed out that the minerlll " cohenite" (Fe, NihC, whi(:h O(WllrS 
ill many iron meteorites, is highly 1l1etaHtable 1l1ld in view of the very ~low cooling 
to which irons have been subjected, shou ld have decomposed into gntphito plus 
metal. It was shown that the st!tbility of eohcnite was favoured by high pressIH'e. 
ThermodYllamic calcu lations revea.led that :t minimum pressure of 2G,OOO n.tm 
would have been required to maint!tin the thermodynamic stability of collenite in 
the temperature range through which irons are known to have slowly cooled. 

LII'SUHU'l'Z and AN DIms (L!J(jJ a) argued that natural eohenite had been thermo­
dynamically stabilized by the presence of phosphorus ill solid solution alld that 
high pressure was not necessary to explain its presence in iron meteorites. 
This was disproved by I~INOWOOI) and Sl1AUROOK (1!JG2) who showed that 
eohenite contains only very small quantities of phosphorus. The observed con­
centrations are far too small to cause appreciable stabilization. In their latest 
paper, LIPSCHUTZ and ANDl1RS (1!J64) have retracted their previous view and 
agree t hat cohenite in iron meteorites is indeed a highly metastable phase and that 
n.n explanation for its survival is required. 

LJ I'SeH U'l'Z and ANDJ£HS (HHi4) h avo attorn pted to provido such an expla.na­
tioll. Their arguments fall into two claHses, the first of which is concerned with the 
thermodynamics and phase equi libria, of the iron- carbon system and tho second 
with the kinetics of eohenito docompoHition. Tt will be convenient to consider 
these separately. 

PHASE EQUILlllIUA AND 'rmmMOUYNAMICS IN THE IIWN- CAltl30N SYSTEM 

In the following discussion the term "cohenite" is used to designate the natural 
mineral whereas "cementite" is used with reference to the corresponding iso­
structural synthetic phase Fe3C. LIPSCHUTZ and ANDERS (1961b) carried out 
an experimental investigation of the decomposition of cementite at high pressures. 
From their results they concluded that the pressure stabilization of cementite 
predicted by RINGWOOD (1!J60) on the basis of DARKEN and GURRY'S (1951) 
thermodynamic data did not occur. Accordingly they constructed a revised P, T 
phase diagram (Fig. 4 in their paper) for the iron-carbon system in whieh the 
stability field of cementite was severely restricted. They proceeded to discuss 
the significance of the occurrence of eohenite in iron meteorites on the basis of 
their new phase diagram. Their procedure is open to a number of serious objections. 
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(a) The experimental data used h." LIPSCHUTZ and ANJ)J~RS were mostly ob­
tained between 450 and 650°C. They roncluded from these results that the 
stability boundary for cementite should be shifted towards higher pressures. By 
comparing the positions of the Fe3C ~ 3Fe" + C (graphite) boundaries (AB) in 
their new phase diagram (Fig. 4) with the position of the same boundary in the 
phase diagram calculated from DARKEN and GURRY'S data (Fig. 3), it can readily 
be shown that the new diagram requires a clutnge in the free energy oj jormc£tion 
oj cementite c£t zero pressure of about 2·3 kcal/mol over the whole temperature 
range. It is inconceivable that an error of this magnitude should have remained 
undetected in the iron-carbon system ,r hieh ha~ received more intensive inves­
tigation from metallurgists and chemilit li than perhaps any other comparable 
system. Some comparisons are illuminati ng. DARKEN and GURRY (1951) give 
the free energies for the formation of cementite from carbon-saturated iron 
and graphite as 0·4 and 0·2 kcal at 700 and 800°C respectively. According to 
LIPSCHUTZ and ANDERS, the corresponding values would be 2·7 kcal and 2'9 kcal 
respccti vel y. 

(b) LIPSCHUTZ and ANimRS (p . 704) clf1im that their thormodynamic proposals 
which aro based upon the experimental behaviour of Fci; at high pressures 
"should perhaps be given greater weight than stability relations derived by 
indirect methods". 'l'his statement ignores the fact that DARKI~N and Gum~Y 
used precise equilibrium measurements of phase boundaries in the iron- carbon 
system at zero pressure to refine the basic thermochemical data. DARKEN and 
GURRY'S thermodynamic data accordingly are closely consistent with the observed 
equilibria. On the other hand, LIPSCHUTZ and ANDERS' revised thermodynamic 
data arc grossly inconsistent with the 1 atm phase diagram . 

A particularly serious discrepancy concerns the position of the cementite-Ill 
iron euteetoid. This is experimentally observed to lie about 10°C below the 
graphite-ex iron eutectoid (DARlmN and GURRY, 1%1). The small magnitude of 
this difference shows clearly that the free energy of formation of cementite from 
graphite and carbon-satumted iron is also small in the vicinity of the eutectoid 
(0·20 keal according to DARlmN and GURnY). LIPSCHUTZ and ANDlntS would 
increase this value to approximately 2'05 kcal/mol. This would make it im­
possible to understand and interpret the obscrved closc proximity of the two cutec­
toids. In fact, using the LIPSCHUTZ and ANDERS diagl'l1111 the Fc3C- Fc" cutectoid 
should occur about 100°C below its observed temperature. Furthermore, it would 
result in a euteetoid composition which differed seriously from the observed 
composition. 

(c) In Fig . 4 LIPSCHUTZ and AN])I<;ItH IUlNa displaced the li'eaC/Fe" + C boundary 
(AB) corresponding to an increase' ill f rce energy of cemcntite of 2·3 lecal/mol. 
But they have not altered the position of t he Fe .,. (C sat.)/Fe 3C + Fe" boundary JB. 
Yet such a change in the free energy of formation of cementite as that proposed 
must necessarily affect this boundary to a comparable degree. On Fig. 4 of their 
paper the boundary JB must be moved to the left by a considerable amount. The 
stability field of cementite in Fig. 4 would then disappear. 

(d) However, these conseqlienees are in direct conflict with the measured 
effect of pressure on the cementite eutectoid as determined by HILLIARD and 
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CAHN (1961), HILLIARD (1!Hi:3) all(l nAUCLIFlo'E et al. (1963). These authors 
observed displacements of eutcctoid temperature and composition as a function 
of pressure which were closely consistent with the thermodynamic data of DARKEN 

and GURRY. On the othcr hand, they were completely incompatible with the 
proposals of LIPSCHUTZ and ANDERS. 

In Table 1, thermodynamic calculations on the variation of eutectoid temper­
ature and composition with prcs ure in the iron-carbon system by KAUFMAN (1963) 

Tablo 1. Comparison of thcrmo(lynnll1ic c·:tic'u it.1tions on t.he pressure dopendence 
of eutectoid composition a nd ICllq H'ral lll'(' ill the il'On-cI1l'bon system (KAUFl\fAN, 

1963, p. 343) with valucs dCl'in'd frolll th(' C'xp C' I'imcnlal determinations of 
HILLIAltn, ]!)():l. ('sp('('iHlly Tablo 1, p. ,134 

Eutcctoid J~ul (\('1 oi(1 Eut,ectoid Eutcctoid 
composition cotnposi I,ion temperaturo temperature 

ProssUl'o (calculated) (observed) (calculu.tcd) (obseI'ved) 
(kbar) (at. % carbon) (at. % carbon) (OI() (OK) 

0 :3·61 :3056 996 1000 
:Iii 1·57 1·72 9:38 928 
50 1·10 1·16 902 88:l 
6Ci 0·61 0·79 861 853 

arc given. They may be compared with the experimental results of HILLIARO 

(1963). The agreement is excellent. Yet KAUFMAN'S calculations were based 
upon thermodynamic data which yielded D ARKEN and GURRY'S values for the 
free energy of formation of cementite. The calculations were also performed prior 
to the experimental measurements . Ln'scHuTZ and ANDERS have stated their 
preference for thermodynamic results based upon direct experiments at high 
pressure. Why do they ignore the comprehensive experimental investigations 
mentioned above~ 

This list of gross conflicts between the thermodynamics of the iron-carbon 
system as proposed and implied by LIPSCHUTZ and ANDERS with the results of a 
score or more well known metallurgists of the highest repute could be extended. 
LIPSCHUTZ and ANDERS are claiming in effect that their own experimental results 
deserve precedence over the combined results of virtually all previous investi­
gators. It is therefore fitting that we should examine their experimental results 
and technique. 

LIPSCHUTZ and ANDERS (1!)61b) subjected samples of cementite to varying 
pressures and temperatures in a squeezer apparatus (Fig . 2 of their paper). The 
cementite powder was sandwichcd between two discs of platinum foil and the 
sandwich was then compressed to the desired pressure between two chrome 
carbide pistons. An external furnace provided the desired temperature. After 
completion of a run the whole sample plus platinum wafers (plus any pieces of. 
adhering decomposed piston) was dissolved in acid and the residue examined by 
X-ray diffraction. In all runs the authors found some graphite or amorphous carbon, 
which they attributed to the decomposition of cementite. They also observed in 
all runs some ehromite which they attributed to. oxidation of pistons and diffusion 
of iron through the platinum. 
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These experiments arc open to some obvious oujectiolll:l. The cementite was 
placed in contact with platinum* whieh is able to form solid solutions with iron, 
thereby lowering its activity. The n.uthors noticed that iron diffused from the 
sample, through the platinum wafer n.nd reacted with the chrome carbide piston. 
Since one of the reaction produets was chromite, FeCr20 4 , it is clear that the 
system was also open to oxygen from the air. 

It is difTieult to attach any significance to the inferred decomposition of cc­
mentite under the experimental conditions described by the authors. The system 
which they investigated was not closed to iron and the activity of iron was lowered 
by reaction with platinum, oxygen and chromium. In such circumstances, partial 
decomposition of cementite was only to be expected, with iron migrating out of 
the system and graphite remaining. The observation that oxygen from the air 
was able to enter the system to form chromite suggests the possibility that it may 
have gained dil'cct access to the cementite sample causing selective oxidation of 
iron andlcaving residual graphite, Finally, thcre is no guarantee that the graphite 
observed was not derived from the piston, and liberate(l during the selective 
oxidation of chromium to form chromitc. 

Ln'scllu'l'J'; an(l ANDlms cln.im that they 1\.1'0 observing ton isoehmnieal eqlli­
Iibrium decomposition of cementito I1Gool'dillg to tho equation 

FeaC -+ U(graphiLc) I Pe '" 

The minimnrn reqnirement iJ this claim is to ue s't£stninect 'lVonld be (£n 1£'1lambi(/7W'Il8 
demonstration oj the equilibrium coexistence oj the pnrc plw.8es on the 7'ight-han£t .si(le 
of this equation after completion oj the experirnent, Theil' experimental technique 
did not permit this requirement to be established, since after an experimont, the 
sample was dissolved in acid leaving only carbon (plus ehl'omite) to be identified. 

The experiments and interpretation described by LIPSCHUTZ and ANDERS 
(1061b, 1964) are clearly of a highly dubious nature. It is indeed difficult to accept 
the claim of these authors that their experimental results call for a revolution in 
the thermodynamics of the iron- carbon system, 

3, KINETICS OF DECOMPOSITION OJ!' CEMENTITI!: 

LIPSCHU'l'Z and ANDERS (1964) claim that cohenite, although admittedly 
thermodynamically unstable, has not decomposed during the slow cooling exper­
ienced by iron meteorites becausc of slow nucleation of graphite in the cohenite. 
They make the statements (parrcs 709 and 710) "Our own experiments show that 
absence of nucleation eentl'es inhibits gra.phitisation of cementite at 680°C by a 
factor of >6 X 104, Data from other authors (HICKLJ~Y and QUAIU"!.ELL, 1054) 

• LIPSCHUTZ and ANDERS (1!l61b) mentioned that they hnd carricd. out 0. fow ,·uns using low 
carbon stoel foil instoad of platinum, with no apparent difference to tho results, It is to be­
rogretted that the specific results of theso oxperiments were not reported, Rosults fl'om such 
runs remain open to the objections statod above-namoly, the evidonce that the system wa.'1. 
not closed to ohromium and oxygen and tho absence of a demonstration of the presonce of pure 
iron coexisting with graphite at the end of the experiment, Under the experimental conditions 
desoribed, the iron foil would have become seriously contaminated by reaction with the chromo 
carbide piston. 
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indicate factors of > 105, In meteorites, factors of 101°- 1011 are needed, "To sum 
lip the ma.tter: if relatively imperfeet cementite crystals heat-treated in the 
laboratory show inhibition by factors of > 105 , is it entirely unreasonable to suppose 
that the hLl'ger and much more JlOl'fect meteoritic cohenite crystals were in­
hibited by faetors of 101°- lOll? " 

We will leave readers to ponder the In,ttci' quc::;Lioll and reserve comment for 
t.he first part which claims that variations in gl'aphitisation rates of cementite of 
greater than 105 have been experimentally obsf'.nwl, 

A;-;OERS and LIPSOHUTZ obtain the factor of 105 by comparing their own results 
011 the heat treatment of a pure iron- carbon alloy composed of iron and cementite 
with the results of Kr,EIN (1034) who determined the rate of decomposition of 
ccmentite in the ]H'CSCnce of graphite nuclei, The information is plotted in Fig, 5 
of their paper, which is accompanied by the caption "Cementite samples heated 
at mwoC for 104G hI' failed. to show any graphitisation whatsoever although 
.~illlil(tr (my italics) samples with pre-formed llucleation centres show one pel' cent 
of gmphitisn.tion in 0,03 hI'," (The former results a.re those of LIl'SCHU'l'Z a.nd 
ANI)(.;nS, whilst the latter a.re those of KLlHN.) 

Now in I.\. kinetic study a.imed at investigation of the effects of the presence or 
n.b!;(·lIce of graphite nuelei on decomposition rn.te it is essential to keep other 
vl\l'i/~hlcs sneh as composition constant if valid comparisons are to be made. Y ct, 
011 ('oIH!IIltillg Klein's original paper we find that he worked on an impure cast iron 
('olltaiJling Hi5% Si, 0'5% Mn, 0'18% P and 0·13% S. It is well known that 
liiJic'oJl he·haves as a graphitising agent in steels. It is completely invalid to co/w{ln?'e 
modioli, rates in two steels of such contrasting cornpositions and then to att1'ibute 
(hfJ('fellces observed solely to the presence 01' absence of graphite n~tcleation centres. 
LlI'SCllu'rz I.\.nd ANDlms in the caption to Fig. 5 (quoted previously) state that the 
1il1.Il1ples which they investigated were sirnilar to those which Klein investigated, 
differing only in the presence of pre-formed nucleation centres. This statement is 
ineorrect anel seriously misleading. 

LIPSCHUTZ and ANDERS (p. 700) elaim that experiments by other authors 
(HICKLf;Y and QUAURELL, 1954, is the only reference given) have "indicated" that 
the presence or absence of nueleation centres affects gl'aphitisation rates by factors 
> 105. After studying the reference, I find acceptable evidence for variations in 
gro.phitisation rn.tes of the order of 100, not 100,000. 

One further point: On page 710 LIPSCHUTZ and ANDERS attempt to explain 
why cohenite does not decompose in the absence of graphite nuclei. "Finally, the 
frec cnergy difference between cementite and graphite is so small near the formation 
temperature that it may be more than offset by the surface energy which will 
fn.vour millimeter sized eohenite crystals over angstrom-sized graphite nuelei ." 
The first phrase of this statement is correct if the thermodynamic results of 
DAltKEN and GURRY are used. However, the authors appear to have forgotten 
that earlier in their paper they claimed that DARKEN and GURRY'S value for the 
free energy of formation of eementite was wrong by 2·3 kealJmole. 

4. CONCLUDING REMARKS 

Tho authors have drawn attention to the possible role of kinetics in explaining 
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the Rurvival of coheniLe in it'oll meteorites. 'fhis is all important suggestion which 
deserves careful study. It is to he l'cgreLted that the authors have chosen to 
support it by a combination of dubio liS experiments and clcarly fallaceous thermo­
dynamic and kin tio u.rgumollLs. ({,cgn.l'uless of tho merits of the suggestion, such 
arguments could 'not be permitted to stand without challenge. 

Whether or not the survival of cohenite can be attributed to a difficulty in the 
nucleation of graphite remains unresolved and requires further investigation. 
BRETT and RINGWOOD arc currently studying the thermal decomposition of meteor­
itie eohenite. 'l'hoy have found that cohcnite from Cosby's Creck completely 
decomposed to iron plus graphite after 180 days at GGO°C. Cohenite (in situ) in 
Coolac was extensively graphitised in the same interval. We noticed that graphit­
isation was initially more rapid along cracks. Ultimately, however, graphitisation 
commenced at contres which wcre scattered approximately randomly throughout 
the crystal. In some regions, the nuclcation showed a crystallographic control, 
the centres following one of the prineipal crystallographic planc in the cementite 
structure. Nucleation in the bodics of thcse natural cohenite crystals occurred at 
points for whjch no evidence of pr~vious cracks or inhomogeneity was present at 
the highest optical magnification. These observations do not support the views of 
LIPSCILUTZ and ANDERS (1!)G4, p. 707) regarding the decomposition of meteoritic 
cohenite. 

The observation that natural cohenite decomposes completely or extcnsively in 
6 months at 6GO°C and that the decomposition is not obviously controlled by 
pre-formed nuclei must surely be relevant to the problem of its occurrence in irons 
which have probably cooled tlu'ough the temperature interval 700-GOO°C over a 
period of 106-107 years. Whilst there is no doubt that nucleation is an important, 
probably the most important, rate controlling factor in the decomposition of 
eohenite, it will require a much more competent and comprehensive investigation 
than that of LIPSCHUTZ and ANDERS to make plausible the view that a nucleation 
difficulty is solely responsible for the enormous discrepancy between the observed 
decomposition times and the inferred slow cooling of meteorites. Differing nu­
cleation conditions have been observed to change graphitisation times by a factor 
of approximately 100 (HICKLEY and QUARRELL, 1954); to explain the survival 
of cohenite in meteorites, a factor greater than 106 is needed. 

Until such evidence is produced the pressure stabilization hypothesis is to be 
preferred in the author's opinion. However, it is desirable to reconsider some 
quantitative aspects of this hypothesis in the light of the current uncertainty con­
cerning kinetics. Previously, it was assumed that equilibrium was maintained 
down to a temperature of 450°0. At this temperature a pressure of 25,000 bars is 
required to stabilize cementite (RINGWOOD, 1960). A more conservative view 
would be to restrict the assumed lowest temperature of equilibration more closely 
to the temperature interval in which meteoritic cohenite can be decomposed in 
laboratory experiments. To stabilize eohenite at 650°C, a minimum pressure of 
8 kbar would be required (RINGWOOD, 1960). If the present results can be ex­
tended to 600°C, a. minimum pressure of 12 kbar is indicated. 
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Xule mldcd in proof 

LOVY-IUNG (I \)6./) hn .. '! recently t/I'soriul'd Ill tl oooun','nco of cohenito in tho motullic IIlUSSCS 
foulld in hllsulLic rooks at DiHko .fRiant!, (:rN·nlund. Tho bIlHn\t,1I Imvo cl·Yl:lLu,llil'.otl undol' com­
pnmtivoly Rlmllow (i.o. low 1'r('HHIII'O) condit,ionH 1\/1(\ mn.,y havo coolO(\ over int.orvals varying 
from W"I'kH 10 Y(,llrH, ])oHpit.o 1,f1O 10llg oooli,,/.( l,iIlH''', d"oompoHition of colloniLo int.o gmphit,(l 
WllA not OhHI'I·vod. LOVIr.ltlNO COllelud"d Uml, 1,110 1)['oH'''lco of cohoniLo in moioor'il,ic ir'onf! coulll 
not l,hOl'"rol"ll hn UHOIIILH nil 1II1111'1ivo(:1I1 11I"'H:< ul"" indilml,Ot·. 

Oil 1,1\(1 otlt"I' hnlld H.AMIlOlllt (lUnO, 1'. :1·10) olt""I'vlld (.\mt (,ho dlll:OllljlOHiLion of coh"l1 i (,I) illto 
grnphitt W'IH quito C0ll111101l ill il'OIlH fl'OIII I )iHko. '1'1\ iH olmorvuLion iH e101wly of cl'ucial imporl,ulIcn 
1,0 tho prohlpl11. Tho cooling hil:ll,orios of ])iHko H(locimonH Imvo clourly variod widely. j L iH not 
il11poflHihlo thut tho RamploR oxumiJlotl by l..oVmtlNO coolO(I comparo.Livoly rapidly whilHt thoso 
rnfilrred 1,0 by RAMIlOIIJt coolcd more Hlowly. J L HoomH thnt a study of t.ho phaRO aHRomblagoH of 
DiKko RpocimenR in rolut,ion to their prolmble cooling hil!t.orios, as given by 10cl1tions within t.i1O 
oncloRing bnsnitR, might rORolve the con(l'ovnrHY. 

II cknowlrrll/llllwnlll ·- Tlto n.u 1,lInl' iR grl 'lLt.ly in(" 'hl"d t.o 1)1'. L. 1, A III' MA N of Ml1nlttUA Inc:. tll1(\ 

Dr. 1'. It. Blur.rr of I,ho (ioophYl!ical Lltl>o,'nl.()I''y 1'01' I"'il il"tl COllllllnnt.A o.nd lllllpful dil!cURHionfl. 
'I'hil! JlIlJlIlr Will! wl'il,(,1'1I .!III'ill/.( 1,110 1011111'1\ of It Cal'llllgi ll 1·\,IIowt-lltip 'tl , 1,110 UllophYHiclL1 Lubor'n­
l.ory. '1'110 nlll,hor WiHlu'H 1,0 (,lIank 1,IIn l>il'.'<:lol' oj" 1.llI' (;oopllYHicnl LniJol'lll.ory nnd tho Co.rnngio 
JnHLituLion for hospitnlil,y ,uIII Hllpporl. 
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