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PRINCIPLES OF PHASE TRANSFORMATIONS

Becond Partial Report

OBJECT
. To test the methods developed in the First Partial

Report of this series against experimental data available
in the literature on medium ternary iron alloys, and to
determine the constants of the appropriate equations for
as many alloying elemcnts as possible.

SUMMARY

Major factors in the heat treatment of a specimen of

steel are, the transformations which the materlal undergoes
on heating and cooling, the temperatures at which these
transformations take place, and the Bpeed at which they tako‘
place. The equations developed by Zener (Report Number _
WAL 310/37) are intended to permit caloulation of the effeqfl
of one or more alloying elements on the first two of the
above factors, If the valtdity of these equations can be
established, and if the characteristic constants ocan be
determined for the varioue alloying elements, it should be

possible to predict the heat-treating propertiea of{stpol Qfﬁ

& given composition, or to make up & steel or'ooupoqitidn_}

that 1t would have specified heatwtreating properties, atj.""
least 80 far as the first two factors mentioned aboVo-ﬁiQ-;
ooncerned, It 1es obvious that this would be an important
old to practical steel-making,
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In order to test Zener's equations the literature has
been searched for pertinent experimental date on iron
alloys containing carbon. Only actual results have Beep
used, and not values from smoothed curves, except in thé
case of molybdenum, where only curves were available, 4 .
number of cases have been found in which the data confirm
the theory within the limits of experimental error, and-
in which relieble constants for the equations can be
determined. In other cases the data avallable are few,
or discordant, and no conclusion can be reached either way.
Only two cases havc been found of clear-cut disagreement
of experiment with theory. However, in view of experimental
difficulties in work of this eort, the amount of agreement
obtained gives confidence in the rather general applica- ‘
bility of the theory.

W. West
Physiocist

APPROVED:

THEWS
Major, Ordnance Dept.,

Ne. A, MAT 8

Acting Director of Laboratory S
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I GENERaAL DISCUSSION

3 A. Scope ané Significance of This Report

] ' .
A One wio atiennts to collect and classify equilibrium

data froam various iron alloy systems is soon struclt with tie

3

4 avsence of any quantvitative theory which can serve as a

E general bacizround against which to compare and contrast re-
a2 sults from Gifiereny systems, at different teuperatures, and
4 witii Gifferent concentrations. It is not necessary to walt

= for a perfect tieory; investigation of Givergences of theory
froix observation may Hrove of great value in acquiring under-
standing of the subject. For exaunle, one nas only to thinx

. of Raoult's Law as asdrlied to aqueous solutlons.

The equations Ceveloned by Zener renresent an effort to
4 nrovide suc & quanvltative theoretical bacisround, and 1t
1 is therefore desirable to subject thals theory to such tesis
‘ as can de apnlied. Tiae nresent report 18 intended to be an
] application of availabnle tests, and may thus de consldered
as a sunnlement to Zener's paper.

el b b i

PRy SO

The equations malke it possible fo calculate tie effect
3 )0 on the equilibrium concentration of one alloying element due
j to the presence of one or more other elements. In particu- :
lar, they are intended to give, for alloy steels, tae carbon ]
A - concensrations in alnia and gemsa pnases in equilibrium with . ;
b, each other, and in samma in ecuilibriun with cementite. They :
. may, aowever be modified for use for non-carbon alloys., A
summary is given later of the equations used in analysing
the data in this naver, and the symbols are there deflned.

i

About 125 papers have been examined for experimental f
a data sultable for tnis investigation. 4n effort was made %o -
3 loolz up all available reports of ternary systems including
iron and cardon, as 'ell as similar systems of higher order.
Sunplementary matverial was also obtained from a number of |
binary systems. & few non-carbon ternary systems were also
found to whici: tiese methols could be appnlied.

S el i o
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s
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A commaratively small nronortion of the papers read pro-
vided usable material.. In many systems thne nuiaver of quanti-

tative observations nade in the iron-ricii region is ex-
p

trexmely small, and tne smootihed curves to be found in most 3
1 ; published phase diagrams are entirel; useless for quantita-
tive treatment., Thls oninion is confirmed by the authors ‘ 3
- of the "alloys of Iron Research" series, whose remarks show | '
. elearly that they aave no illusions as to tile accuracy of
many diagrams wiicli ¢aey present. «# furtaer difficulty 1s
due to tne facti chal tiese equations apply only to rather low
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percentages of alloying elements. The result 1ls that at
the lowest{ concentrations, where the best agreement might
be hoped for, %ie errors of observation become relatively
very large. 7Tie experimental difficulties in measure-

ments of this xind of ecuilibrium are, of course, an old

story.

In vievw of ©the above, it is gratifying to find a fairly
substantial a_reeuent of theory with experiment. 48 pre-
viously stated, only two cases have coue to light of clear-
cut disagree.ens. Eeferring to Table II, tiae a -~ column,
it may be said thaet Tor three metals, ..o, W, V, uG seems
rellably establisihed. For P the given velve is from the
Fe-P system, and no ciheck has been possitle with Fe-P-C.
as described later, the value for 51 is so small that 1lts re-
letive uncertalnsy is rather great., JFor tae impnortant alloy-
ing elements n anl. Ni considerable uvicertainty exists, no
doubt largely ecauvse of the difficulty of attalning equi-
libriun at jhe lLowered temperatures. Cu suffers from the
same thing, and in addition hes only a few points from buv a
single observer. OCir 1s discussed in detall later.

In the cerentlite- v column Cr and .n seen fairly re-
liable, and Cu very cdoubtful, Jue to insufficlent and incon-
sistent data, au0n. tare comnlex carbides tihe case of V is
ratner promising, DUt existing data are Tew and very incon-
sistent.

Of special inte:est are the cases wailch clearly disagree
with the theory, e-Cr-C and Fe-ivi~P. It might be worth-
while to investijate other cases of the latter type, with
and without cardon, since experimentel and tiheoretical study
of these may well De illuminating to tae wiole theory.

A48 is snowa leter, it is nossible to get at Ni indi-
rectly througi the system Fe-iii-.  Study of this combination
with carbon, and of re-li-V wita or without carbon, might
throw light on tie important bus hitaerto inscrutable
cquestion of ’i, The sane metiod mignt succeed for un.

. Bs, Summery of Iquations and dymlols

The following ecuvations are taxen from the First Partial
Repory, tane nuabers useld there being retained.

Note that in %e equations temperatures refer to tne
absolute scale, and conpositions to atomic concentrations,
#11 nuaerical date in tials report emnloy Centigrade temper-
atures and weizilss per cent. Sunerscripts refer to phases,
and subscrints to components,
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noleculer gas constant = 1.99 cal.

ot 1y absolutie temperature

ajonic concentration of element |

Q
<.
i
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[T}

free energy

™
]

a suzmation covering all elements present
ercent iron and carvon.

1. alpha-Ge.ile Souillbriud.

It is now »Hointed sut by Zener tiat in both body-
centered alpne-niase aud face-centered ganuus phase inter-
stitlal wnositions erisi at the edges of tiie cuves, as well
as at tie ceater of ise cube for the fece~-centered form
and &t tae centerts of tiae Taces for the body-centered forii.
There are therzfore taree times as many interstitial posi-
tions per lattlice aJoo in the alpna-phase as in the gemma,
and tihe corresponling &G, becomes -5100. .

{ ™ b f
of = @ho+z e /Mg Lcl )
L 1-3e oG [RY
.
¥ oG
(Colo = Fe/ T (23)

1-3¢ L8c/RT

(cerbon concentration in absence of otier alloying elements)
& here refers to & transfer of 1 gram atox of the indicated

element from the alnha to the gemna phase. &G, = -8§,100,
For 4G;, see Tadle I,

2. Cenentite - Gemma mquilibrium.

o/ = )/ T +p ol [g fod -AGFe)/3R'I‘;;\.i3 (35)
e = (Gchf (RREICHN Jg 35
= - y

(carbon concentration in absence of other alloying elements).

4 here refers to a transfer of 1 mol of carbide, (metal)sC,
from the cementite to the gemma phase. uGp, = 5300,
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3. Constante Ior Use In Above Zguations.

- TABLE 1
| 0 r - |
! L ﬂGFE!P:'r E?c?u} i Eié‘cemeqtite):
L pemdlT AR T T
| 700 . 0.050 395 51 g 0&.3 .
________ et o | oo oy
o i e e Al s i
s "-6;605:? S 1 e
S ke e , 1 N
e :'-o DG? il e |
........ e R e '
I T T B i
1500 ' 0,0058 0.25 ‘,- L

EXALTNATION OF IHOIVIDUAL ALLOYING SLILELTS

IH

In the followin; pages analyses are made of the ex-
perimental data on the carbvon content of the gamma~-phase in
equilibriun with, resnectively, alpha-piase and ceaentite.
Constants lhave T"een ciosen to give calculated curyes agree-
ing as closely as poseibvle with the experimeﬂoal resultis,
and the degree of correlation 1s observed over tne available
temperature anc. concensration ranges. Two non-carbon systems
nave also been included.

RESULZS

In Table II aré given the constants as determined. &G
for a —-»j~represents t.ne free energy of transfer of one gram-
atom of the alloying element from the alnmha to the gamma
phase; LG for cementiteue-{r represents the free energy of
transfer of one gram-mol of AzC from the carbide to the gamma
phase, A being the alioying element.

e
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Alloying
Element

Cementite

L' ]
13,G00

20,000 (?)

11,000

W+

No data

No data

W

9* %

* for Cr {2.5% only.
## complex carbides other tuan cementite.

#&#relation of graphite and carbide uncertain.




A. Chromium

1. _Alpha-Gamma Equilibrium.

The iron-¢hromium svstem was discussed in the First
Partial Report, and it was shown that the simplified equa-
tions had to be extended ©To include an interaction term
before results of theory could be brought into agreement
with experiment. 2Ixamination of experimental results for
the iron-chromium-carboin system also shows divergence fron
theory.

In Figure 1 are vlotted a large number of otservations
of Acz and Arz obtained dilatometrically by Wever and
Jelligghausl nd also some points baced on observations of
microstructures by Tofaute, Sponheuer and Bennek.2 A few
cooling-curve resulis by the former, and dilatometric points
Dy the latter authors, have not been plotted, but show no
divergence from the results given. The dotted curves repre-
sent C% for the iron-carvbon system. It is seen that near
the axle the transformation curve is lowered sligntly (as

nmust necessarily e tne case for small percentages of chromi- -

um), and that as carbon-is increased the Arz points maintain
this slight lowering, while the Ac3 points %ise markedly
above the iron-carbon curve. The Dossibility exists that
thls rise is only spparent, and ie due to slow rate of dis-
solving of carbide npnresent vefore heating began. This hypo-
thesis 1s supported by the increasing carbon. On the other
hand, Ac points are generally considered more reliable than
Ar. Further, there a2as been acceptance of an Az curve
crossing the C, curve for low chromium content. This latter
situation woula require ti:at a few percent chromium should
appreciably change the iieat of transfer of carbon from gamma
%o alnha phase, a possibllity thet cannot be ruled out, in
view of the anomalous effect of chromium on pure iron.

2. Gamma-Carbide Equilibrium.

For low chromiuin contents there are two carbides
wilch have stable ranges in contact with the gamma-phase,
ortharhombic (Fe,Cr)zC, (cementite), and trigonal
(Cr,Fe)7 Cz. A8 is ?ndicated, iron and chromium are found
in both foéms, at least within limits. In Figure 2 are
plotted'obssrvations on microstructure by Tofaute, Sponheuer
and Bennek,© corrected for the given contents of manganese
and silicon. iiaking use of the cementite points under
Cr = 1.60 % we obtain «¥ = 13,000, giving the calculated
curve as drawn, For nhigher chromium contents the points ob-
served are of trigonal carbide, and, in fact, the calculated
curves fall increasingly ©to the right of the observations,

-8~
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. as 18 required by theory. The heavy dotted lines repre-
| sent approximata posivions for the p ' -trigonal carbide !
N boundary, increasingly encroaching on the ¥ -cementlite 4
boundary as,the chromiui content increases, Wever and
Jellinghausl using X ray analysis, found cementite at Cr
= 1.6% and C = 1.3%. At Cr = 3.0% they found cementite and
trigonal carbide at ¢ = 0,57, and cementite alone at .92% C.
These fit fairly well wlik the diagrams of Figure 2.

It appears that o = 13,000 is applicavle up to 2-2.5% L
caromium,

1., Alpha-Gamia Zquilibrium.

Copper is inown to lower the temperature of this
transformation, in its alloys with iron, but theufew eXx-
perimental data on the iron-copper-carbon system® indlicate
a marked rise of Ac3 temperature with copper content.

2. Gamma-Carbicde Equilibrium,

The authors mentioned above published tiree series
of experimental data. Four points, with Cu = 1%, are
plotted in Figure 3, with a line calculated for 4Gg,, = 20,000.
The agreement appears fairly good. This promise, rowever,
is not fulfilled with the other two series. In Table 3 the
calculated value of carbon assumes aﬁCu = 20,C00. It is
seen that in one series tiie calculated values fall con-
sistently well above the observations, and in the other,
equally far below, In ihe absence of furtiaer data the free
energy of transfer cannot e determined with any certainty.

TABLE III

% ¢ 4 C
T % Cu obs calc T % Cu obs calc
§50 2.08 048 0,72 980 2,08  1.27  0.99 4 3

90G 3.25 0.55 0.65 980 2.53 1.16 0.92

990 4,10 0.l49 0.72 590 3.11 1.1% 0.84
1020 4.97 0.48 0,70 1060 L,14 1.24 0.89
1050 5.80 0.5k 0.68 1100 4.85 1.11 0.90




C. llanganese
1. Gamma—Alnha'Eguilibrium.

InBPECuiO’ of results on the iron-manganese systen
indicate a value for 4G-,, ~1400 cal. The only observed
points for the 1lon-naﬁganese~ca§bon systeim, at low concen-
trations, are {¢iose of Gensamer,® which are listed in Table

Iv.
TABLE IV
e
& in %20 o present no & present calc obs
2.5 .16 770 795 -.21 -~.2k4
4.5 .19 755 175 -4 -.32
4.5 U5 710 730 -.41 -.4e

-~

L0 gives the calculated and observed distances from the
iron-carbon curve of points midway in the observed tempera-
ture range of dilatometric change. &G;;, was taien as -1000
cal, wialch roughly flts the points, One eggroximate point
is glven for lin = 7% and two for iin = , @ll of which
indicate 4G, as aporoximetely «250C. Iu may be noted that
recent ooservatlons Dy Trolano and chuire9 on the iron-
manganese systex 1nJicate a very similar 4Gy, with a similar
increase at higner manganese concentrations and lower temperaw
tures. The limited evidence, then, points to a free energy

of transfer of -~10C0 cal for low percentages of manganese 4
and temperatures near 900°, o

2. Gamma-Carbide Equilibrium.

R S i

Three series of gyperimental results exist for thils
boundary, two by Gensame; ? 2,5 and 4,5% iin, and one by i
Wells and Walters for 7% lin.( These are nlotted in Figure U, 4
together with the C7 line for the iron-carvon system, and a L B
line calculated by Zquation (35), using 4G, = 11, 000. This :
value gives thie best fit that can bve ootained although the K
observational lines, especially those of Gensamer show a4
appreciably less slope than the calculated. The agreement d i
18 better at 7% i, vhere the equation might not be expected
to apply so well.




D. lolybdenun
1. Gamima~Alpha Equilibrium.

: The iron-molybdenum sygtem forns & gamma-loop,

g but estimates of tae value of Cq very from less than 3/ to
more than 4440, corresponding te values of AG from 1500

to 1000, Tae only available data frox tiae iron-molybdenun

carvon syf em 18 fronr a set of curves by Svetcnnimoff and

alferova.-+ Reading from these curves fov io = 1% we ob~

tain the )oints plotted in Figure 5. . A calculated curve

wita 4G = 1750 is geen to fit the points fairly well., lNo

information is avallable as to the neunods employed by tnese

autiaors,

2. Ganne~Carblde Eguilibriumn.

The gamiza phase is in equilibriuwn with complex
carbides other than cementite in concentration ranges for
wihilch observations are available.

E. Nicxel

1, Gase-Alpha Equilibrium.

Atteupts to calculate AGy; from the Fe-Ni diagram
fail, due to tine wide qivergence o% experimental results ,
obtained on heating agé on cooling, the interpretation of 1 1

his Dpeing uncertain. The diagram widely accepted as of : %
practical use is that showing two wide bands, representing
gamma-alpha transformation ranges on cooling and heating
respectively.

Harshl® quotes three investigators whose results in- q 1
dicate that the true upper and lower boundarles of the :
alpha-gamma two-phase region lie, respectively, in the heat~ ‘B
ing and cooling transformation bands. There is, however, -
disagreement as %o the exact position of these lines. _ 11

Few experimenta]l results exist for the iron-niclkel-
carbon system. Xaséll gives a few values of Arz, which
correspond to 4Gy = -2500 or gore, with considérable
divergences, 3aln (referencel<, page 74) reported points 1 1
on the gamma == gamna + alphe boundary wiich glve {&irly '
consistent results of 4Gy = ~-2000 or less. Jones
reported a long series of Ac and Arz points for nickel g
steels containing up to 1% ué When“corrected for the effect
of the manganese, which is somewhat uncertain, the Acg
points indicate uuni.,-lOOO o mention was made of Bi
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which was almost ceriainly present, and which may have been
in fact responsible for this low result. It may be noted
that his Ar; points fell 60° - 140° below the Acz, indicat-
ing thet thé previously mentioned effect of nickel on this
transformation nersists in the presence of at least some
other alloying elements.,

A gerles o{ ovservations on tihe ternary system iron-
nicikel-tungsten 5 provides an opportunity to deternine “GNi
at temperatures where tiie delayed transformation may be less
troublesome:; As will be shown later, &Gy for tungsten
appears to be known with sufficient accuracy. Using AGW =
1250, and applying equation (}2; modified for a substltu-
tional alloying element (nickel) in place of en interstitial
element (carbon), we optain the calculated curve as shown,
with OGyy = -1050(118- . Agreement 18 good with the experi~
menial data of Wintler and Vogel. This would indicate that °
the true two-phase region for the iron-nickel system lies
inside the heating range of transformation as the latter is
snown on current diagrams,

2. Gamma-Carbide Equilibrium.

No experimental data exist on tihis transformation.

F. BSilicon

——

1, Gamuia-Alnna Egquilibrium.

The gamnazloon for iron-silicon alloys is known
fairly accuratelyl® and from it we find Cy = 2.5%, giving
OGgy = U85, 48 1s indicated by the magnitude of 4G, sili-
con has a rather small effect on the boundary of the gamma
phase. It takes nearly 0.5% Si to change tie amount of
carbon by 0,05%, an effect produced by 10  change in tempera-
ture over most of {ae temperature range involved, which
neans that the uncertainty to be expected in thermal analy-
sls will be at least a considerable fraction of the effects
to be observed.

1€ 19In Table V are given the results of taree observersl s
’ for Acz for tais system. «C, the distance of the point

to thre right of the curve for the iron-carbon diagram, was :
calculated from equation (32), using 4G = U50. The resulis

of Iriz and Poboril and of Wilhelm and Rescilea, were corrected
for mangenese content, that is the carbon contents were in-
creased to compensate for the effects of the given per-
centages of manganese. Other elements piresent had small
effects and practically cancelled each otiler. BSato did not

-]2~




give the complete eanalyeis of his specimene, although 1t
seems highly probable tiiat manganese was present.

On inspecting %wiae columns showing divergences, we find
that the results of riz and Poboril are nearly all high,
but irregular, those of Wilhelm and Reschka also high, but
not by large amounis, walle those of Sato average low but
shovw no great divergence. In view of the fect that the
manganese probably present in Sato's specimens would maXxe
his results too lov the above seem to show good concordance
with theory.

2. Gamma~Carbide Equilibrium.

A few observatiiqs are given by HaneonZ® and also
some by Kriz and Poboril®!, but in view of the small amount
of data and of tie uincertainty regarding the relationship
of carbides and grap:lite in this system, 1t does not seem
worth-while to attensrt & theoretical analysis,

G. Tungsten

1. Gama-Aloha Equilibrium.

The iron-tungsten diagram gaows a gamma-loop for
which convincing data are available with C% = 6.5 and
Cr = 3,2 at fhe neximum. We obtain &Gy = 125C. When ob-
served points 2 for %ie iron-tungsten-carvon system are
plotted (Figure 7) it is found that curves calculated from
OGyy = 1250 it the points as well as can be expected.

2. Gamme~Carbide Equilibriunm.

Comnlex carbides only are present at the concentra-
tion ranges avallevle.

H. Vanadium

1, Gamna-aloha Equilibrium.

Since this element, with iron, forms a gamma-loop,
1t is possitle to calculate AG from the maximum cardon con-
centration (C“%) in eaquilidbrium with the gamma phase. There
is some uncertainty regarding this value, different o
servers' estimates varving from 1.2% V to about 2.0%,° giving
corresponding AG's of 23C0 and 1200 respeciively, wégh he
probability favoring the former. oxperimental datal,24%,25
on the boundary of the gamma phase in tne Fe-V-C system was




TABLE V

E | A03 for Silicon Alloys
| Calculated (4G = 450 cal)
Observed (corrected; see text)
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plotted in Figure 8 and 1t was found that 4Gy = 2000, from
which the taeoretical curves were calculated, gave as good
a it as could be obtained. Althougi the number of points
ise not large, 1t revresents three different observers, and
no set siows systematie divergence.

2., Gamma-Carbide Equilibrium.

In tiais system the gamna phase is considered to be
in equilibriun with Vu93 even at quite low vanadium concen-
trations,

I. Iron-iicrel-Phosphorus

l. Gaa-Alpha Equilibrium..

A8 was nentioned previously, tae iron-chromium
system is an exception to the tiheory, in that the Az point
1s first lowered aad then raised as increasing (but”small;
amounts of cnromium are added, 7The present ternary systen
is of interest, since 1t does mucihh tiie same thing with in-
creasing additlon of phosphorus, although phospiorus alone
produces a normal sype of gamma-loop with 1lron.

Ig Figure § are plotted tae results of Vogel and

Bauere® for iais system, with Wi = 25 The calculated curves
are based on oGy = -1050 (as used in Figure 6), and 4Gp =
3100, as determined from the gamma-loop of the iron-phos hg—
rugs system, and Gtae curves were calculated by equation (49)
modified for a substitutional solute, and by the correspond-
ing equation for uhe alnha boundary.' It is seen that the
latter gives falrly good agreement, but the gamma boundary
shows great daistortion as compared with the theoretical
curve. Apparently there is a marked interaction of nickel
and phosphorus of suclhi nature as to affect the solubllity
relationships in the gamma phase.
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