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THE EFFECT OF NICKEL ON THE BEGINNING OF TRANSFORMATION

OF AUSTENITE IN A 0.55 CARBON, 0.35 MOLYBDENUM STEEL
~ ABSTRACT

This study is carrled out to find the effect of
nickel on the beginning of isothérmal transformation of
austeﬁite in-an iron-carbon-molybdenum alloy containing 0.55
carbon énd 0.35 molybdenum. An introductibn describes the
iron-carbon equilibrium system, the products of slow cooling
of austenite, the felation between slow cooling and lsothermal
transformation at temperatures below equilibrium, and a full
discussion of terminology used. A literature review discus-
ses theories of transformation and prévious work on the effect
of nickel on austenite_transfbrmation.- Development of eXperi-
mental technique in isothermal transformatlion and melting of
pure alloys 1ls discussed.

The lsothermal transformati¢n diagrams are shown
for béginning of transformation of austenlte of base composl-
tion 0.55 carbon and 0.35 molybdenum, relatively free from
impurities (silicon, manganese, etc.), showing'the effect of
‘nickel on the beginning of transformation. Nleckel additibns
used are 0, 2,13, 3.69, and 5.31 percent. Isothermal trans-
formation is shown by photomicrographs which are discussed
fully. | | _ |

The effect of increasling nickel on the isothermal



- transformation of an alloy containing 0,55 carbon and 0,38
molybdenum is as follows: }(1) the pearlite reaction is
delayed appreciably: (2) ferrite formed at intermediate
temperatures (880 to 1000 deg. F.) becomes more prominently
aclcular, the aclcular ferrlte reaction taking the place of
the upper bainite reaction of léw nickel allofs: (3) the
aclcular ferrite reasction is followed flrst by rejection of
carblde particles, and later by aggiomeration and growth of
‘the carbide phase: (4) the acicular ferrite and feathery
bainite reactions as represented on the isothermal transfor-
mation dlagram become separated by the appearance of a bay in

the 1sothermal transformation curve,
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THE EFFECT OF NICKEL ON THE BEGINNING OF TRANSFORMATION

OF AUSTENITE IN A 0,55 CARBON, 0.35 MOLYBDENUM STEEL

OBJECT

The phenomena accompanying the decomposltion of
austenite have not Yet been fully or satlsfactorlly explained
despité the fact that they have been examined by many obser-
vers and that they play an extremely important part in the
heat treatment of steel. Especially lacking 1s the effect of
single elements added to alloys of iron and carbon 1n which
no other residual elements are presént to compllcate the
experimentael results., Once this effect of indivlidual elements
has been established it should be possible to find the effect
of one alloy on that of another elther directly or lndlrectly,
and, by so doing, some of the phenomena accompanying austen-
i1te decomposlition may be explalned more satisfactorily than
they are at present. Studies of thls type should provide
quantitative data for relating the isothermal transformation
curve and hardenabllity, and from which the form of thils curw
and the hardenabllity curve could be predicted; ‘

Establishing data fully for the above involves a
long range study, and thls thesls descrlibes only one step
toward the ultimate objective,

The object of thls phase of the work is to estab-
1lish the quantitative effect of nlckel on the beginning of
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l1sothermal transformation of austenlite in a pure iron-carbon-
molybdenum alloy containing 0.55 carbon, 0.35 molybdenum,
and substantlally no sllicon, manganese, or other alloying

element.

SUMMARY

A method of melting has been establlished for pro-
ducing pure alloy samples having a predetermined carbon and
alloy content, substantially free from silicon and manganese.
Base materlals are Norway iron, pure graphite powder, pure
‘ferro-alloys, and pure nickel shot.

The method of melting involves using approximately
100 grams of material in a 35 cc alundum crucible, protected
against thermal shock and oxldation in a globar furnace by a
shaped graphite block contalner and 1id. The melts are
poured as quarter-inch-diameter ingots 1in a graphite mold.
The 1ngots are annealed 30 minutes at 1500 deg.F. and cut
into one-twelfth inch dlscs before lsothermal heat treatment.

The beglinning of 1lsothermal transfdrmation of
austenlte has been determined for alloys containing 0,55
carbon, 0.35 molybdenum, and O, 2.13, 3.69, and 5.31 percent
nlckel at temperatures 650, 700, 750, 800, 880, 930, 1000,
1100, and 1200 deg. F. for times up to 20,000 seconds (5%

hours). A photomicrographic record was made of beginning of
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transformation, andvof progress of transformation at all teﬁ-
peraﬁures where two products form.

Adding increasing amounts of nlckel to an alloy
containing 0.55 carbon and 0.35 molybdenum gives the follow-
| ing effects on the lsothermal transformation of austenlte:
(1) the 1sotherma1 transformation curve is pushed generally
to the right, (2) the pearlite reactioﬁ is delayed much more
than any other reaction, (3) the tendency towards formation
of aclcular ferrite at 1nterﬁed1ate temperatures is more
notlceable, and on growth of acicular ferrlte a carblde
precipltates from ferrlte, agglomerates, and grows as a
separate phase formed directly from austenite, (4) the upper
baingfe reaction 1s displaced by the aclcular ferrite reac-
tion, (5) the lower bainite reaction as represented on the
eurve becbmes separated from the rest of the curve by the
appearance of a bay between the acicular ferrite and lower
bainite reactions, and (6) the upper temperature of formation
of lower bainite 1s not lowered as rapidly as the eutectold

temperature,
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INTRODUCT ION

To understand thoroughly precipitation of the
varlous products from austenlte during‘cooling or at constant
temperature it ls necessary to have a clear understanding of
the basic metallurgy of pure alloys, or the iron-rich portion
of the system iron-carbon. The portion of the lron-carbon
constitution or equilibrium diagramﬁ;relating to plain carbon
alloys and thelr heat treatment 1s shown in Figure 1.

For any steel of the carbon'range covered in Figﬁre
1, heating for several minutes to the area marked austenite
at a temperature above the lines Az and Acm transforms the
steel entlrely to austenitg, a solld solution of carbon in
face-centered (gamma) iron. By slowly cooling any steel of
carbon content less than 0.8 percent (eutectold or pearlite
composition) a solid solution of carbon in body-centered
(alpha) iron of extremely low carbon content, called ferrite,
begins to precipltate at approximately the temperature
indicated by the line Az. Further slow cooling to the temper-
ature marked A, preclpitates all the excess or proeutectoid
ferrite, and, as the ferrite precipltates, the composition of
the remaining austenlte progresses with decréasing temperature
down line Az to the eutectold composition (0.8 percent carbon)
The proportion of fefrite to austenite is shown in Figure 1

for a 0.4 carbon steel at 1400 deg. F. as the ratio of Y2 to

1 - Subscripts refer to the blbliography at the end.
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X yo. As the temperature 1ls slowly lowered below the Al line
the remaining austenite transforms to eutectoid (pearlite),
which has a microstructure of alternate parallel cementite
(FezC) plates and ferrite. No appreciable change in struc-
ture occurs between A] and room temperature. .

Coollng any steel above esutectold composition is
similar to the above except that the proedtectoid constituent
appearing at the line Acm 1s cementlte, a compound of iron
and carbon wilth preferred orientation of lnterstitial solld
solution carbon atoms 1ln a body-centered iron lattice.

The transformatlion process for heating a steel is
the reverse to that deseribed for cooling.

Figure 1 1s reproduced in prgctice only wlth steels
of low residual alloy content, and then only with extremely
slow coolling, which may be expected from the fact that the
lines on the dlagram represent equilibrium between two phases
which requires that the freé energy 1s the same for each
‘phase. Preclpltation of any phase from austenite can occur
oanly when the free energy of the phase 1s lower than that of
the austenite, the excess free energy of the austenlte that
transforms being used up in surface energy of the preciplta-
ting phase. The adjustment In composition of the remaining
austenite changes the equilibrium conditions to give the
austenite a free energy equal to that of the precipitating

phase. Precipltation stops when the free energles are equal,
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Cooling at any rate faster than that required for
oonditions glven 1ln fig. 1 changes equlilibrium relationshilps
and produces a difference Iin the microstructure of the trans-
formed product, and if cooling is fast enough metastable
phases other than ferrite and pearlite are produced. These
diffefent conditions are best related in fig. 2 which 1s a
schematic representation of the isothermal transformation
dlagram. Temperature is represented vertically, time on a
logarithmic horlzontal scale. The two solld curved lines
represent beglinnling and end of 1sothermal transformation of
austenite after quenching rapidly from austenltizing tempera-
tude to isothermal temperature. The dotted line represents a
proeutectoid constituent, ferrite for hypoeutectold steels,
cementite for hypereutectold steels, which is non-existent for
a eutectold steel. The area between the proeutectold line and
the beginning curve is greater the farther the carbon content
of the steel is from the eutsctold composition., The two hori-
zontal lines Ms and Mf represent O percent and 100 percent
gartensite which forms during cooling if the cooling 1s fast
enough to avold the curved portion, and also during cooling
1f transformation is arrested at ény time after beglnning at
a temperature higher than Ms by quenchlng the specimen to
room temperature; the martenslte reaction is not 1lsothermal.
Martensite has a highly strained, distorted body-centered

lattlce structure which approaches a tetragonal lattice, The



. Austenrtia.ng Tomperatyre
Dissolves ok Hdoy Elements

- Sp it Temperstere_ _ _ _ _ _ _ _ _ _ ____
L
2 -
§ Mold at 7, for Time A, A, A etc.
$ _ — : _, ol
L/ L// ‘ &
b e i e
S %
_'6
?
- 3 :
100 AR 75%R 50%A 285 A
$ 2243 RN KL
£ <
v ™ 9
3 3 3
Q Q o

100% /M 75%M SO NM @ 25%M°
| 2548 S0%8 75%3

A=ARustenite

Bz Decomposit;en Proguct
MeMartonsire

O Twme af Zemperoture 7,

Fig3- Method of 'S iddychg Tsothermal Tran sform ation
Mefa-//é_gre/bbfrall;, Representea Schematically




10.

body-centered lattice 1s attained after reheating martensite
for tempering.

A échematic method of producing the isothermal
transformation diagram 1s shown in fig. 3.

o The products of transformation of steel vary with
temperature of formation. Just below the A, témperature
pearlite which forms is coarse lamellar, almost spheroldal.
As the temperature of formatlon 1ls lowered tﬁe resulting
pearllte lamellae are finer and the start of the reaction 1s
increasingly faster down to the "nose” which represents the
maximum rate of reaction. At this maiimum another very
finéiy lamellar product is formed,‘commonly called upper
bainite., Below the "nose" the produét is bainite, an acicu-
lar aggregate of extremelj fine feathery lamellae, now more
éommonly referred to as 1ower:bain1te. The austenite which
does ndt transform to martensite on quenching and holding
1sothermally at a temperature between Ms and Mf eventually
transforms to lower bainlte.

Partlally transformlng to any product and quenching
to room temperature ilmmedlately stops the reaction and as the
specimen 1is cooled through the range Ms to Mf the untrans-
formed austenite transforms to martensite. This has made
possible 1lsothermal studles of the beginnihg and progress of
transformation by metallographic methods. |
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THEORIES OF TRANSFORMATION

During the past few years several theorles have
been advanced to explain the mechanlism of nucleatlon and
growth of precipitating phases during austenlte decomposition
in steels. The first work reported on isothermal transfor-
mation 1s that of‘Bain and Davenport2, and from thelir work~
has been developed what is now known as the lsothermal trans-
formation diagram. .

Later investigatorss,4have shown that the bottom
portion of "S-curve" should be a series of horizontal lines,
1ndicat1ng‘£hat mar%ensite does not form lsothermally, but .
only by lowering the temperature. Recent investigatorss’s
have reallzed the importance of lInterpreting the curved
portion of the "S-curve" as two "C-curves", namely, pearlite
and bainite, although previous workers recognized a differ-
ence in the type of transformation to pearlite and balnlte.

A theoretical basis for the lsothermal transformation diagram
was presented by Zener5 which explains some of the lesser
understood facts, but this has.been open %to questionv’s’ 29
because of too many assumptions which may not be valid.
Hultgren9 recently proposed six distinct reactions in his
description of decomposition of austenite in alloy steels.

An exberimental fact that transformation to pearlite
and balnite normally begins at graln boundaries has been shown

to be theoretically true by Zener With thls assumed and

50
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‘observed fact in mind earlier workerslo,ll,lgpresented
analytical theories of nucleation and growth of pearlite, all
based on certaln éssumptions. It must be noted that any
theory for solid-solld reactlions cannot be accepted as fact
because many of the varlable factors cannot be measured or,
rather, have not yet been measured. Yet many facts can be
observed expirically even 1f they cannot be dlirectly
measured, and analytical theorles may be produced by analogy
with those experimentally measurable for gas-liguld-solild
reactlons. .

s Mehl

Mehl and Jetter and Bowman14have advanced

13 10
the nucleation theory that, during the random migration of
the soluté:.. atoms in austenite, volumes of the correct com-
posltion and size are established by chance, depending upon
enerygy relationships, for the formation of a nucleus, and
this this nucleus can remain or grow only if the free energy
of the precipitating phase is lower than that of austenite.

Wells and Mehl 5° Pellissier, Hawkes, Johnson and

1
Mehl16 have shown that local diffusion currents of solute
atoms are very necessary for the formation and growth of
pearlite, keeping In mind that for plain carbon steels only
carbon and iron atoms»have to diffuse, whereas in alloy
steels each alloy atom, és well as carbon and iron, has to

dlffuse elther to or away from a potential nucleation site.

Mehl10 and Ham17 advanced the theory that diffusion away from
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an area of a potentlal carbide nucleus of an alloy element
not appearing ln the carbide phase and diffusion towards that
area of elements appearing iIn the carblde phase must take
place simultaneously befare the potential nucleus can form.

Mehl, . related his diffusion nucleation theory to

10
interlammellar spacing decreases to describe the gradual
chaqge from peérlite to balnite nucleation at the pearlite
maximum or "nose" of the "S-curve". |

The greatest number of lattice discontinultles or
imperfections exist whére there 1s a bresk in curvature of
the lattice which‘is the case for grain boundaries, the
greater the cufﬁature or smaller the radius the greater the
discontinulty of the lattlce. For impure steels inclusions
also cause sharp disdontinuities. Zenery postulated that
alloying elements tended to cong}egate at lattice imperfec-
tions (although why they should 1s questionable) and the
carbide or ferrite which forms usually has definite high or
1low alloy'content compared with normal plain carbon steel
ferrite and carbide. | v ‘

Because alloying elements change the carbon diffu-
sion réte very-l;ttlel4’l6;18,19 and alloy elements diffuse
at much lower rates than does carbon17, nucleatlion and growth
1s delayed by the slower diffusion of the alloying element.

' This same type of reasoning can be appliéd to the delay in

formation of proeutectoid phases and bainite.
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Some general and speciflc alloy effects upon the
"s-curve" of austenite decomposition have been presented by.
Davenportg, and Bain,,, but 1t 1s assumed because it 1is not
stated otherwise and becausevmanganese is included 1in the.
analysls of steels used, that alloy additions have been made
to commercial steels. Much work has been coordinated by the
Unlted States Steel Corporation and pubiished in their "Atlas
of Isothermal Transformation"22 giving the isothermal trans-

- formation dlagrams of many commerclal steels. An extensive
compilation of "S-curves"” published up to 1945 has been
presented by Morralzs, nearly all of which are fof impure or
commerclal alloys.

Some workers have nbted14’18’21,24 the partition of
alloying elements between the ferrite and carblde phases, and
have advanced some theories on the partition effect to explain
the effect of alloying elements upon the "S-curve®. The main
outline of this theory 1s that some alloys appear only in |
ferrite, others only in carblde, and some wlth varylng degrees
of partition between the two phases. The low diffuslon rate
of alloy elements slows down formation of nucleil of sufficlent
size to grow, and also slows down growth by the slow movement
of the various partitioning elements to the respective phases.

Investigators have 1ndicated4’lo’25’26’27 by X-ray
studies and other means the theory that pearlite 1s nucleated

by cementite or carbide, and bailnite is nucleated by ferrite.
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Bainite has the same orlentation relation as ferrite 1in
respect to the austenite from which 1t is formed. Balnite
differs from proeutectoid ferrite only in microstructure and
composition, the difference in composition being that bainite
has a higher Carbon content on formation and retains increas-
ingly morevcarbon to completion of transformation as the
formation temperature is lowered. One possible further proof
that proeutectold ferrlte and balnite are similarly formed
from the same nucleus is of fered by Hollomon, Jaffe, and
~Nortongg, 1n showlng that holding a hypéeutectoid steel
1sothermally 1n the proeutectoid range without'transfofming
visibly to ferrite, markedly reduces the time to form bainite
- by a sﬁbsequent quench to the 5a1nite temperature, This 1ls
even more revealing when 1t is shown that the fractional times
(to form visible amounts) held in each range add up to unity.
This would substantiate the theory that nucleation begins the
instant the steel is reduced below the critical temperature
range. The apparent additiveness of the ferrite and bainite
reactions 1s posslibly not general since energy relationships
and diffuslon rates ére different at different temperatures,
and the nucleation and growth rates would depend on energy
and diffuslion rétes.

 The theory that nucleation begins instantly on an
atomic scale 1s contrary to the theory that nucleatlon starts

on a microscopic scales about visual beginning, as is usually
. !
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assumed 1n theoretlcal discussions4’1o,1l,12,29. The same
variance of opinion was volced in trying to explaln preclpi-_
tation hardening where hdrdening 1s obtalned before particles
could be detected by X-ray, which leads to an assumption that
"quasi-nuclei” can possibly exist.

Some of the above theories can bé combined or
expanded to glve the theorles presented by Blanchard, Parke
and Herzigso, and Bowman,, that decomposition of austenite
can be explained on a basis of rates of nucleation and growth
of both cementite and ferrite, each of the four rates being
some function of témperature.

The reaction to martensite is a different type, 1in
which a new set of energy relationships supplant the normal
nucleation and growth reactions, and some form of strain
mechanism2,3’4’1o operates so that instantaneous reaction |
occurs as the temperature 1s lowered, and the strain thus set
up by partlal transformation changes the required energy con-
ditions so that a lowering of temperature ls necessary to

cause further transformation.

THE EFFECT OF NICKEL

v

Some previous 1nvestigatorslv’1g’21’22’32,33 have
noted the effect of nickel on the isothermal transformation.
of various types of steels, most of whlch were of commercial

~grade with varylng amounts of impurities such as manganese
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and silicon. Thils dld not permit a strictly comparative,
quantitative estimate of the effect of nickel. It has been
reported by Davenports, that, in general, nickel moves the
"S-curve” to the right with little change in shape except that
éaused'bj Ibwering the Ae temperatures.

Both nickel and manganese produce a sluggish trans-
formation reaction in carbon. free iron slloys and lower con-
siderably the Ae Temperatures in carbon alloyssl,54. Thils
sluggishness was reported34 to be so great that two years
were required to measure equilibrium in a 4.8 percent nickel
alloy. As a result of these obsefvations Hamyw assumes that
carbon does not necessarlly have to be present in manganese
and nickel alloys of iron to retard the decomposition of the
gamma phase (austenite in carbon alloys). Hence Ham concludes
that manganese and nickel retard austenite transformetion
because ofAtheir presence in the original austenite.and in the
subsequently-formed ferrite which must contain both elements.
This 1s apart from any effect they may have on the rate of
formation and growth of any precipitating phase other than
ferrite. Expanding the reasoning further, the effect of
manganese and nickel in shifting the pearlite reaction to
longer times may be caused by the fact that they must appéar
in ferrlite rather than in the carbide phase, and that their
inherent sluggishness on the austenite to‘ferrite reaction

delays the austenlte to carbide reaction proportionally.
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Ham, 5 has recognized that dlffuslon must be accoun-
ted for in any theory explaining the decompdsition of austen-
1te by nucleation and growth. Much useful data has been
presented on diffusion coefficients for hicke}lé,ss,
manganesezg., carbonl4’37, and molybdenuml7,58.-

Ham's explanatlon of the effect of nidkel and
manganése on the "S-curve" does seem to hold true 1in the
bainite region where 1£ has been sv.ho‘wn25,26’27 that balnite
1s formed from ferrite nuclei. Because both nickel and
manganese produce an equllibrium sluggishness in the gamma
to alpha transformation the delay in proeutectold ferrite
" and bainite reéctions should bse proportional to the degree
of sluggishness in the gamma to alphs transformation.

Thls reasoning may»hot hold true for the effect in
deleying the pearllte reaction since 1t 1s generally conceded

that pearllite -1s nucleated by carbide » &and not

4,10,2%8,26,2%
by ferrite. The common conceptlion is that the addition of
carbide-forming elements (Cr, Mo, W, V, Ti) delays nucleation
and growth of carbideé simply because of diffuslon requlre-
ments of the carbide-forming elements, and that nickel
additions with carbide forming elements delay the reaction
8till more becasuse of slugglshness. However, ﬁhis may not be
the case as 1t is conceivable that the stronger carbide-

forming elements may hasten nucieation so that extremely small

"gquasi-nuclei" form, much smaller than the stable size for
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growth requirements, yet potentially stable. The delay in
transformation may be céused by the slow diffusion of the
"quasianucleiﬁ to.form_ﬁuélei of a size required by energy
relationships for growth to oceur and large enough to see.
It is also cohceivable that ferrite;fcrming elements con-
tribute to the delay in the pearlite reaction because of
Intensifyling effects on the carblde-formers.

Gra§h10a1 representation,bf the effects of alloyiné
elements on the Ae témperature and the eutectold carbon com-
position is glven by Balny,. Reasonable agreement up to 6
percent nickel has been shown by Marsh31 for the effect of
nickel on the eutectold carbon content, which 1s rep:odueed‘
in fig. 4 with the addition of Bain's data. The effect of

nickel on the eutectold temperature ls shown in fig. 5.
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EXPERIMENTAL TECHNIQUE IN MELTING

After preliminary experimental work melting steel
samples in a higﬁ frequency induction furnace using various
types of crucibles and 1n a glo-bar type furnace, it was
decided that the most satlsfactory melts can be obtained in
the glo=ber furnace.

One of'the difficulties encountered in producing
steel samples from puré materials ls obtainling uniform carbon
and alloy contenté froﬁ accurately welghed materials;_ Carbon
unites with the oxygen which 1s always present in varyling
quantities‘in the melt, deﬁeﬁding upon the purity of the
materials used, the method of melting, time of melting, and
’degree of atmosphere protection‘given the melts. Hence com-
plete carbdn pickup in the steel from welghed amounts of pure
graphite is diffiéult unless complete atmosphere protection
and similar melting conditions for each melt are maintained.

Tnduction Furnace

Reasonably unliform carbon analyses were obtained by
melting in the induction furnace,‘but‘sevefal difficulties
were experienced., The temperature of the melt was hérd to
control because the cruclible dld not heat uniformly nor to as
high a temperature as the melt 1tself, and accurate me#sure-
ment of the temperature of the steel 1tself was not possible.

The temperature o the melt was measured emplrically by strap-
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ping‘a platinum, platinum-rhodium thermoaouple to the outslde
of the sllica tube inside layers of asbestos'insulation
(fig. 6), assuming 50 to 75 deg. F. lag between the melt and
the thermocouple ltself. Melting proceeded until a Poten-
tiometer lndlcated the outside of the tube was 2900 deg. F.
Time of melting for approximately 75 grem samples was one and
one half to two minutes.
" Because the top of the crucible was much colder
‘than the melt‘itself conslderable steel froze during pouring.
Hence the melts used for analyses were frogzen in the tube,
which had to be.broken to remove the ingot.
| A protective atmosphere could not be supplied with-
out affecting the temperature of the melt. Five ingots gave
carbon analyses within a range of 0.05 percent carbon, but a
50 percent carbon ldss was obtained when attempting to make a
0.50 earbon steel. Complete recovery of molybdenum from
ferromo;ybdenum and nickel from nlckel shot was obtained;
Possible methods for producing uniform temperatures
throughout the crucible and melt in the inductlon furnace are:
'(1)'f1t a ready made crucible into a shaped graphlte block,
and (2) make a paste crucible of magnesis or zirconia inside
a graphlite mold and dry very slowly. |

Glo-bar Furnace -

The melt and cruclble can be heated to a uniform

controllable temperature in the glo-bar furnace. Thus small
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melts can be poured readily without much coollng of fhe
charge. As the temperature required to melt the steels 1s in
the range 2950 to 2975 deg. F. it is necéssary'bo have a
crucible which has high thermal shack resistance and reason-
ably high strength at the high temperature. Very few mater-
lals are satisfactory or obtalnable for use directly in a
basic-lined furnace. High grade alundum cruclbles have
_proved satlsfactory. |

To prevent oxldation and subsequent attack on the
crucible lining, énd also to reduce thermal and_ﬁechanical
shock, the alundum crucibles are placed in a graphite bloék
and covered wlth a graphite 1id. In this way‘reasonably
+ small carbon losses occur; sometimes, indeed, there 1ls a
small carbon pickup from graphite powder falliﬁg from the 1lid.

The method finally adopted for making 100-gram steel
vmelts is as follows:- N

(1) Using Norwey iron as the base material, holes
are drllled in one end of small rods, into which are packed
pure graphite powder and the required ferroalloy (ferro-
molybdenum, ferrochromlum, etc.) in weighed amounts.

(2) The Norway iron bars are placed, packed-end
down, in 35 ml porous alundum crpcibles, and any requlred
amounts of nickel added in the form of shot.

(3) The crucilble is placed in a shaped graphite
block (fig.7) in the furnace, covered with a graphite 1lid,

/
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and the furnace brought up to 2975 deg. F.

(4) A small amount of calcium-silicon 1s added as
e deoxldlzer and the furnace temperature which drops to 2925
1s brought up to 2950 deg. F. '

\ (5) The steel is poured into a heated graphite
mold (fig. 8) to make quarter-inch bars from which small
spécimens‘are cut after fully annealing iIn a salt bath fur-
nace.

Preliminary melts showed that, for Norway iron
accurately packed with sufficlent pure.graphite to make a
0.60 percent carbon steel, the resultant product for three
melts contalned 0.57, 0.56, and 0.61 percent carbon respec-
tively, which indicates that reasonably close carbon content
can be obtained by thls technique.

Melts made without an addition of deoxldigzer before:
pouring produced some hollow and some honeycombed bars. Ex-
amination of every small specimen cut from eight deoxidized
melts showed macro-cavitles to be practically non-existent.

Samples for analysis were machined from the top of
the casting (see fig. 6) which had been thoroughly cleaned
and glven the same softening treatment as the bars.

The alundum cruclbles used in the glo-bar furnace
withstand the high temperature reasonably well after a
thorough drying. Although the crucibles are not attacked

chemlcally, 1t was found that they are very susceptible to
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thermal shock after one melt.

Another type of crucible which may be used in the
glo-bar furnace to withstand the high temperatures and give
atﬁosphere protection is'a paste of zirconla or magnesla
inside a graphite block. This type has not been tried.

‘Total recovery of added alloying elements was ob-
tained in all melts when nickel shot, ferromolybdenum, and
feérochromium were used, Very little silicon wes added to

the melts from the deoxildlzer calclum-sllicon.

EXPERIMENTAL TECHNIQUE IN ISOTHERMAL TRANSFORMATION

Experlimental technique in produclng isothermal
transformation dlagrams was developed using a commerclal alloy
steel NE8740. The technique follewed 15 similar to the
methods developed and described in detaill’sv wherein both
metallographic and dilatometric methods are used. -

Dilatometric speeimens were cut 12 inch longitu-
dinally from a 13 inch dlameter bar of hot-rolled, air cooled
NE8740 steel. Metallographic specimens % inch square were
cut from 1/16 inch transverse discs from the same bar. Speci-
mens for mlcroscopic work were wet-ground to a polnt approx-
imately 1/32 inch below the surface, near the center of a
1/16 by + face, so that any decarburization was absent from
the section examined, and so that the longltudlnal banding

was visible.
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v Since this steel showed marked banding, the criter-
lon of beginning of transfqrmation was the first pfecipitating
particles which could be detected visually at 1300 magnifica-
tions. (Pecause of the marked banding and the high magnifica-
tions required to detect each constituent, estimates of
percentage transformation are difficult if less than 10 per-
cent is transformed. |

All speclmens were austenitlized 15 minutes at 1550
deg. F. in a neutral salt bath, producing average ASTM grain
sizes 7 and 8. The metallographic specimens were suspended |
by 22 geuge chromel wire threaded through a small hole
drilled in the centre of a :-inch square face. The dilato-
meter speclmens were handled'with preheated chromel tongs.
A1l transformations were carried out in salt baths controlled
pyrometrlcally within plus or minus 5 deg. F. Times were
measured from the instant the specimens entered the baths:
less than two seconds was requlred to transfer thé dilato-
meter specimen from the austenitizing bath to the quench bath;
less than one-fifth of a second was'required to transfer a
metallographic specimen from‘one bath to the next.

Metallographic methods were found the more accurate.
The dllatometer can only be used below 800 deg. F. and then
only when the time to beglin transformation is long. The Ms
line was found by the method of Greninger and Troianoz, in

which, briefly, specimens are quenched to form some martensite
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at a particular temperature and held 10 seconds, raised above
the4Ms Temperafure to 700 deg. F., for 3 seconds to temper the
martensite, and then quenched to room temperature. The tem-
pered martensite etéhes dark.whereas the untempered martensite
does not.

‘ The beginning of transformation ls shown in the

form of an "S-curve" (fig. 9) and data is given in Table 1.

e —

TABLE 1

Time to Begin Trensformation for NE 8740 Steel

Temperature . Time to Begin Transformation
deg. F. ‘ seconds

1250 1
1200 - -~ :
1100
1000
900
800
700 1

OLUUOG ®O
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EXPERIMENTAL WORK

The composition of Norway iron used as a base
material of the alloys 1s given 1ln Table 2 along with the
analysis of the nickel-molybdenum serles used for lsothermsal

transformgtion diagrams.

e
TABLE 2

Analysis of Alloys Investigated and Norway Iron

' Aeq Grain
Alloy Chemical compositlion percent Temperature Size
No. C Mn Si Ni Mo deg. F. ASTM
Norway iron 0.02 <0,001 0,004 == --- |
A '~ 0,55 -0, 0.0056 ==« 0,35 1333 7-8
AAl 0.55 0. 0,02 2.13 0.34 1275 8
AA2 0,50 O. 0,01 3.61 0.35 1210 9
AA3 0.59 0. 0,02 5,39 0.35 1160 7=9

_ -]

The method used for isothermal transformation of the
alloy steels was the metallographic technique developed by
Bainy. To conserve specimens in finding the beginning of
transformation tlmes used for prelimlnary surveys were flve
or ten second lntervals. The exact time of beginning‘of
transformation was found by a final survey at times between
the last one showing no transformation and the first one show-

Ing transformation has begun.
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Specimens for isothermal transformatlion were cut
approximately one-twelfth of an inch thick from the cast bars
which had been annealed, Small holes were drilled in the
center of each specipen through which 22 gauge chromel wire
was threaded to serve as a handle for transferring the speci-
men frqm one bath to the next. Three minutes at austenltlizing
temperature of 1550 deg. F. were required to completely aus-
tenltize the specimen, and hence all speclimens isothermally
treated were heated slx mlnutes at 1550 deg. F. In a neutral
salt bath, Transformation temperatures used were 1200, 1100,
1000, 930, 880, 800, 750, 700, and 650, all in deg. F. Specl-
mens were quenched for a measured time at one of the above
temperatures in a salt bath, followed by an lmmediate guench
to room temperature In an 8 percent brine solution.

Thé flat faces of the transformed specimens were
smoothed on No. 2 emery paper, the specimens mounted in
transoptic, polished;/étched, examined at 1800 magnifications,"
-and a sultable serles of specimens photographed to illustrate
beginning of decompositlon where one product 1is formed, ahd
to illustrate progress in transformation where more than one

product 1s formed.
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EXPERIMENTAL RESULTS

The beginning of isothermal transformation of

austenite for the series of 0.55 carbon, 0.35 molybdenum,
0, 2.13, 3.69, and 5.31 percent nlckel austenitized six
minutes at 1550 deg. F, 1s shown 1n fig. 10 to 13. The
pearllte reactlon is delayed much more than can be explained
by the lowering of the equllibrium temperature. Increasing
nickel produces a bay in the curve at 880 deg. F. Ferrlte
formation in the intermedlate temperature range 880 to 1000
. deg. F. becomes increasingly more aclcular, and during
growth of the aclcular ferrite carblides are rejected elther
from the ferrite or at the ferrlte-austenite interface,
followed at later times by growth of the carblde phase, at
first between groups of aclcular ferrite and eventually ihto
the untransformed austenite surrounding the ferrite.

The results showing the effect of nickel on the
lsothermal transformation products'of austenlte are shown

as photomlcrographs in fig. 14 to 101.
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Alloy A (0 percent nickel)
| A very fine dendritic pattern is produced on cast-
ing alloy A (fig. 14) which is a regular pattern of Widman-
staaten ferrite and fine pearlite (fig. 15). Annealing by
heating for 30 minutes at 1550 deg. F. and cooling slowly in
five hours to room temperaturé produces a homogeneous fine-
grained structure (fig. 16) of ferrite and coarse lamellar
pearlite (fig. 17), the structure which 1s used for iéother-
mal work.

The transformatlion product between 650 and 880 deg.
F. is feathery lower bainite (fig. 18 to 25). At 930 deg. F.
upper bailnite grows nodularly (fig. 26), the structure of
which 1s not resolved at 1800 magnifications. At 1000 deg.F.
two products form and grow simultaneously (fig. 27, 28 and 29),
the light-etchling phase belng acicular ferrite, and a dark-
etching phase nodular In formation and very rapid-growling. At
1100 deg. F. aclcular ferrite forms at two seconds (fig. 30)
and a dark-etching phase begins to form at five seconds near(
adjoining groups of ferrite fingers (fig. 31). At 1200 deg.
F. Ferrlte begins at five seconds (fig. 32) and has an
aciéular structure which becomes more rounded by the time
pearlite forms at 15 seconds (fig. 33). The time of beglnning
of reaction between 800 and 1000 deg. F. 1s undetermined be-
cause it is below the limit of asccurately measuring time at

temperature.
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Alloy AA; (2.13 percent nickel)

A very fine dendritic pattern is developed in the
cast ingots (fig. 34) which 1s an intricate pattern of
ferrite fingers and pearlite (fig.'35). Annealing the allby
removes the dentritic pattern giving a fine grained (fig.36),
hbmogeneoﬁs mixture of ferrite and fine lamellar pearlite
(fig. 37) which is the structure previous to isothermal heat
treatment,

Between 650 and 886 dgg. F. feathery bainlite forms
(fig. 38 to 45). At 930 deg. F. a nodular dark-etching
product forms (fig. 46) and is probably upper bainite, At
1000 deg. F. two products appear simultaneously (fig. 47),
acicular ferrite and a nodular, dark-etching constituent
which grows more rapidly than ferrite (fig. 48). At 1100 deg.
F. ferrite precipitates at 5 seconds (fig. 49) and grows alone
until 400 seconds when pearlite appears (fig. 50). At 1200
deg. F. ferrite begins to form at 20 seconds (fig. 52) but

pearlite was not found up to 20,000 seconds.
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Alloy AAp  (3.61 percent nickel)

A very flne dendritic pattern 1s produced on
casting (fig. 55) which is a very intricate pattern of
aclcular ferrite and balnite (fig. 56). Annealing the alloy
removes the dendrite pattern, producling a uniform fine-grained
structure (fig. 57). Several products forﬁ during annealing,v
among which are proeutectold ferrite, flne pearlite, aclcular
ferrite, and a secondary carbide produced at the same temper-

ature range as the acicular ferrite and balnite (fig. 58).

Feathery balnlte forms between 650 and 800 deg. F.
(fig. 59 to 62). At 880 deg. F. the first product after 9
seconds appears to be acicular ferrite (fig. 63). Further
progress of transformation at 880 deg. F. shows two products,
the feathery or aclicular product being ferrite with rejection
of a carbide between 20 and 25 seconds (fig. 64 and 65), the
éarbide then growing separately withln areas of ferrlte
(fig. 66). Similar growth is found at 930 deg. F.; after 10
seconds aéicular ferrite precipitates (fig. 67) followed at
15 seconds by rejection of carbide (fig. 68) and growth of
the carbide phase separately within groups of acicular
ferrite at 20 seconds (fig. 69) and eventually away from
ferrite groups by 30 seconds (fig. 70). At 1000 deg. F.
ferrite precipitates after 20 seconds (fig. 71) and grows



until at 400 seconds carbilde preclpitates (fig. 72) and grows
as a separate phase between 500 and 1000 seéonds (fig. 73 and
74). At 1100 deg. F. ferrite forms at 25 seconds (fig. 75)
and grows until 2000 seconds when fine lamellar pearlite
begins to grow (fig. 76). At 1200 deg. F. ferrite preclpi-
tates at 500 seconds (fig. 77) and grows rounded and agglom-
erated by 10000 seconds (flg. 78). Pearlite was not found up

to 20000 seconds.
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Fig. 55 Alloy
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Fig. 59 Alloy AR, transformed
30 sec. at 660 deg. F.

Bainite begins to form. X850
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Fig. 56 Alloy as cast
showing acicular ferrite and
bainitee. X850
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Fig. 68 Alloy AL, annealed X850
Proeutectoid and acicular ferrite
Pearlite and secondary carbide.
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transformed
25 sec. at 700 deg. F.
Beinite begins to fom. X850

Fig. 60 Alloy
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Fig. 61 Alloy AA, transformed Fig. 62 Alloy AAp transformed
9 sec. at 780 deg. Fe. 7 sec. at 800 deg. F.
Beinite begins to form. X850 Beinite begins to fom. X850
v :
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.
transformed Fié.' 64 Alloy Ak, transformed
9 sec. at 880 dege. F. Acicular 20 sec. at 880 deg. F. acicular
ferrite begins. X850 Picral. ferrite growse. X850
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Fig. 65 Alloy AA, transformed Fig. 66 Alloy Ah, transformed
256 seconds at 880 deg. F. shows car- 40 sec. at 880 dege F. shows growth
bide rejection fram ferrite. X850 of the carbide as a separate phase.
X850
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Fige 67 Alloy transformed Fige 68 Alloy AA, transformed
10 sece at 930 deg. F. 15 sec. at 930 deg. F. Carbide
Ferrite begins to form. X850 rejected fr%g acicular ferrite.

Fig. 69 Alloy AA, tremnsformed Fige 70 Alloy AA, transformed
20 secs at 930 deg. F. Carbide 30 sec. at 930 deg. F. Carbide
begins to grow. X850 grows repidly. X850
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Fig. 71 Alloy , trensformed Fig. 72 Allo transformed
10 sec. at 1000 d&g. F. 400 sec. at 1000 &ege. F. Carbide

Ferrite begins to form. X850 begins to precipitate. X850



Fig. 73 Alloy A.A.2 transformed Fig. 74 Alloy transformed
500 sec. at 1000 dege. F. X850 1000 sec. at 1000 deg. F. X850
Carbide begins to grow. Further carbide growth.
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Fig. 75 Alloy AA, transformed Fig. 76 Alloy transformed
20 sec. at 1100 deg. F. 2000 sec. at 1100 deg. F. X850

Ferrite begins to form. X850 Fine pearlite begins to form.

‘ Fié.- 77 Alloy tréx;sformed Fig. 78 Alloy Al transformed
500 sece at 1200 deg. F. 10000 sec. at 1200 deg. F.
Ferrite begins to form. X850 X850



Alloy AA3 (5.31 percent nickel)

The strﬁcture developed on casting is a very f;ne
dendritic pattern (filg. 79) of feathery ferrite along
Widmanstaaten blanes (fig. 80) bainite and martensite.
Annealing the cast lngot does not remove entirely the den-
dritic pattern (fig. 81) but leaves a very fine network of
‘W1dmanstaaten ferrite, aclcular ferrite, carbide rejected
and grown from acicular ferrite,_baihite and martensite
(fig. 82). Between 650 and 800 deg. F. feathery bainite
forms and grows (fig. 83 to 87). At 880.deg.,F. Ferrite
particles precipitate at 25 seconds (fig. 88) followed by_
carbide rejection at 30 seconds (filg. 89).as the ferrite
grows aclcularly, and the carbide phase begins to grow at ‘
60 seconds (fig. 90 and 91). At 930 deg. F. acicular ferrite
forms after 15 seconds (fig. 92), foilowed by carbide reject-
'ibn at 30 seconds on growth of the ferrite (fig. 93 and 94),
and the carbide phase begins to éfﬁw at 80 seconds (fig.’95);
4within groups of ferrite and extends beyond ferfite groups by
120 seconds (fig. 96). At 1000 deg. F. ferrite fingers form
at 30 seconds (fig. 97) and grows rounded (fig. 98 to 102).
Pearlite was not found at 20000 seconds; at which temperature
ferrite forms as a line marking graln boundarles aé well as
“the large particles (fig.~103). At 1100 dege. F; ferrite be-
gins after.loo seconds'(fig.‘104), and grows rounded by 10000

seconds (fig. 105). The pearlite reaction does not appear'at
20000 seconds.



Fig. 79 Alloy AA
drawn 1100 deg. §o X100
Fine dendritic pattern
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Fig. 83 Alloy AA; transformed

60 sec. at 650 deg. F.
Bainite begins to form.
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Fig. 81 Alloy AAz annealed X100
Dendritic pattern not entirely

Fig. 80 Alloy AA; cast and
drevn 1100 deg. F. X850 Ferrite
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Fig; 82 Alloy AAz anne;le

Ferrite, secondary carbide,

bainite and martensite.
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Fig. 84 Alloy AA; transformed
30 sec. at 700 deg. F.
Bainite begins to form.




Fig- 85 Alloy AAS transformed
25 sec. at 750 deg. F.
Bainite begins to fom. X850
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Fig. 87 Alloy AAg transformed
20 sec. at 800 deg. F.

Beainite begins to form. X850
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Fig. 89 Alloy Abz transformed 30
sec. at 880 deg. F. X850 Ferrite

grows acicularly, rejecting carbide.

Fig. 88 Alloy AA3 transfonmed
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25 sec. at 880 deg. F.

Ferrite begins to Form. X1000
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Fig. 90 Alloy
60 sec. at 880 deg. F.
Carbide begins to grow.
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Fig. 91 Alloy AAz transformed
120 sec. at 880 deg. F. X850

Further growth of carbide.
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Fig. 93 Alloy AAz transformed
30 sec. at 930 deg. F. X850

Carbide rejected as ferrite grows
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80 sec. at 930 deg. F. X850

Carbide phase begins to grow.
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Fig. 92 Alloy transformed

15 sec. at 930 deg. F.
Ferrite begins to formm. X850

Fig. 94 Alloy

AAz transformed
40 sec. at 930 deg. F. X1000
Further carbide rejectione.
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Py

B O
ansformed
120 sec. at 930 deg. F. X850
Carbide growth much greater.
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Fig. 97 Alloy AAS transformed Sr“i.g. 98
30 sece at 1000 deg. F.

Ferrite begins to form. X8

AR

ALl
150 sec. at 1000 deg. F.
50 Ferrite grows rounded.

Py ’

transformed

X850
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o Fig. 99 !.lloy tr formd‘ I';ig. 166"]&—11_; A.A; %rma}:m
300 sec. at 1000 deg. F. X850 500 sec. at 1000 deg. F.X850
Ferrit_g grows further.

loy transformed Fig. 102 Alloy AAz transformed
1000 sec. at 1000 deg. F. X850 2000 sec. at 1000 deg. F. X850
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Fig. 103 Alloy AAS transformed 20000
sec. at 1000 deg. F. showing ferrite
outlining grein boundaries. X850
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' Fié}‘104 TAllbiuzls transformed Fig. 105 Alloy AA5 trensformed
100 sec. at 1100 dege. F. 10000 sec. at 1100 deg. F.
Ferrite begins to form. X850 Ferrite grown similar to that

at 1000 deg. F. X850
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DISCUSSION OF RESULTS

Sevefal investigators have reported that nickel
shifts the whole isothermal transformation.?urve to the right,
and that all portions of the curve are shifted similar |
amounts. The present investigation has found (fig. 10 to 13)
that the pearlite curve is pushed to the right much more than
any other part of the isothermal transformation curve with
increasing nickel content. The effect on the pearlite re-
action cannot fherefore be dire¢tly related to the increase
in nickel content. To find the'direct effect of nickel on
the peariite reactlion a series of pure iroﬁ-nickel-carbon
alloys‘shall be investigated. If the pearlite reaction could
be explained by the lowering of the eutectoid temperature the
curves of thls reaction drawn with a common Ae témperature
would be 1ldentical. It can thefefore only be assumed that
nickel intensifles greatly the effect of molybdenum on the
pearlite reaction.

By extrapolation of data given by Wells and Mlehl55
and Ham17 the approx;mate values of -diffusion coefficients of
nickél and molybdenum at 1000 deg. F. in austenite containing

0.6 percent carbon are 9 x 10™'% and 8 x 1015 c¢u2 per second

respectively, compared with 8 x 10° cm® per second for carbon

The ratio of diffusion rates is %%% = %. The ratio at 1550

deg. F. 18 ¢ to 1l; thus, in the range of temperature which
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pearlite forms nickel diffuses more slowly than does molyb-
denum. Increasing the ﬁickel content should increase the
preference in formiqg ferrite nuclei, because nickel is an
element partitioned almosﬁ entirely in ferrite. The delay in
forminhg ferrite at equivaient temperatures below the equili-
brium (the gamma to gamma plus alpha equilibrium‘is lowered
proportionally to the eutectold lowering with increasing
nickelsl) may be exﬁiained on a basis of lowered diffusion.
But the delay in the pearlite reaction may not entirely be
the result of lowered diffusion.

| The increase in the ferrite nucleation rate by
nickel and the Iincrease in the carbide nucleation rate by
molybdenum are two opposing factors which depend on free
energy and diffusion rates before growth of ﬁuclei can occur.
Because the pearlite reaction in the higher nickel alloys
tested isothermally did not appear within the time limits in-
vestigated (assuming the reaction does appear at longer times
_according to Bain's equilibrium phase diagram51) even after
the ferrite has apparently grown to its full amount, some
other cause besides diffusion is necessary to explain the
delay. This suggests two possible.hypotheses; (1) that
nucleation sités for carbides are increasingly more difficult
to find as the austenite nickel content 1s lncreased, and that

V these carbide nucleation si tes cénnot exist until ferrite
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transformation and further nickel diffusion from austenite to
ferrite lowers the nickel content of the remaining austenite,

or (2) that nickel increases the tendency for carbide nuclel
to be less than the critical size for growth according to free

 energy relationships.

The accepted theory of nucleation‘and growth of

nuclel in solid-solid reactions (based on

5,9,10,11,13,27,
analogy of gas-liquid-solid reactions) is as follows. During
the random migrations of atoms in austenite, volumes are
established from time to time of the required lattice for a
precipitating phase; the number of thesé embryo lattices or
potential nuclei depends on diffusion relationships; and the
size of the potential nuclei 1s statistically distributed.

Free energy relationships determine the minimum size potential
nucleus which has a surface energy equivalent to the difference
in free energy between austenite and a phase of the potential
nucleus lattice. If this condition 1s met by a potential
nucleus it can remain in situ as a stable nucleus, and growth
of thils nucleus 1nto a phase of the new lattice can occur as
diffusion in austenite brihgs other atoms appearing in the new
phase to lattlce positions adjoining the nucleus. If this
condition is not met the embryo lattice is broken up by con-
tinued diffusion of the atoms. But the accepted theory has

been questioned to explain some discrepancies, the argﬁment

being that thermodynamics does not tell us exactly what happens,
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but what is most likely to happen. Hultgréng has suggested
growth from an embryo lattice smaller than the accepted
minimum, or, for isothermal transformation, growth from zero
time.

This leads to the hypothesis discussed earlier
that nickei intensifies formation of smaller embryo lattices
or "quaéi-nuclei" of carbides, and that growth of these
smaller nuclel must necessarily take longer than growth from
much larger nucléi, which results in transformation time to
visible amounts being extremely long; or that the "quasi-
nuclei" themselves have to diffuse before growth can occur,
and diffusionxrate of a "quasi-nucleus" is smaller than that
of nickel and molybdenum., This hypothesis may explain some
of the facts better than other hypotheses and can only be
proven by indirect means.

The effect of nickel in increasing both the amount
and time of formation of acicular ferrite at intermedlate
temperatures can readlly be explained by the increased
tendency toward ferrite nucleation and the low diffusion rate
of nickel causing slower growth of ferrite nuclei. Lower
diffusion rates of all elements at these temperatures and the
increased nucleation rate of ferrite results in the formation
of a high carbon ferrite. As the aclcular ferrite grows
further, diffusion of carbon and carbide~forming elements

causes precipitation of carbides, both within the ferrite
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and at the ferrite-austenite interface. Eventually, the
carbide grows as a separate phase. This type of precipita-
tion has been discussed before in the literature. vDavenportzo
calls acicular ferrite the "X" constituent and notes the
secondary carbide reaction in low and medium alloy steels,
Thisltype of transformation was also notedzg in transforma-
tions of low and medium carbon N E steels, and in all alloys
discussed‘the pearlité reaction was delayéd greatly.

The bay which appears in the curve has not been
noted before for nickel steels. The lower bainlte reaction
is evidently separate from the ferrite reaction. The upper
bainite reaction has been displaced by the acicular ferrite
reaction, and the bay in the curve between the acicular
ferrite and lower bainite reactions illustrates the separa-

tion in maxima of the two reactions.
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CONCLUSIONS

(1) ©Nickel shifts the isothermal transformation
curve generally to the right in a 0.55 carbon, 0.35 molybdehum
alloy of iron.

(2) Nickel delays the pearlite reaction mdre than
can be explained by the lowering of the eutectoid temperature.
To find the actual effect of nickel and molybdenum, as single
alloying elements and together, 1sotherma1 transformation data
wlll have to be obtained for pure iron-nickel-carbon alloys
and pure iron-molybdenum-carbon alloys, and the results of
these investigations compared with those of the present
investigation.

(3) Nickel produces a tendency toward formation of
high carbon acicular ferrite at intermediate temperatures, |
accompanled on further growth of the ferrite by carbide pre-~
cipitation and agglomeration, and by eventual growth of the
carbide as a separate phase formed directly from austenite.

(4) The upper balnite reaction is suppressed as
ﬂickel content is increased, and 1s displaced by the acicular
ferrite reactioh.

(5) The lower balnite reaction as represented on
the curve becomes separated from the rest of the curve'by
the appearance of a bay betweeh the aclcular ferrite and

bainite reactions, a fact which has never been reported in
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earlier investigations of alloys containing nickel.
(6) The upper temperature of formation of bainite
is not lowered as rapidly as the eutectoid temperature with

increasing nickel.
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