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. ABSTRACT

The effect of copper-on ﬁhe-precipitation of proeutéctoid 
cementite and pearlite was investigated in order to gain a better
understanding of how common substitutional solutes influence
diffusional phase transformations in steelss The solubility of copper
in cementite is extremely low, therefore, thermodynamic considerations
predict a strong tendency for the partitioning of copper away from
growing cementite. However, this precipitation cam occur at
temperatures such that the diffusion of copper through austenite is
very limited. In order to test whether this predicted partitioning of
copper would affect the kinetics of proeutectoid cementite and
peérlite precipitation, therisothermal transformation behaviors of Fe-
C-Cu and Fe-C alloys were examined and compared.

The time-temperature~transformation diagrams generated for these
alloys showed that the kinetics of proeutectoid cementite

precipitation were npot significantly affected by copper. The



morphology of the proeutectoid cementite, as seen in the optical
microscope.vwas also substantially the same in both alloys. However,
transmission electron microscopy revealed the présence of small €-Cu
precipitates within the proeutectoid cgmentite of the copper
containing steel. It was concluded that this precipitation of €-Cu
took place on the moving cementite:augtenite,interphase boundaries,
and that the transport of copper to the precipitates was accomplished
by boundary diffusion. The small influence of copper §n the kinetics
of proeutectoid cementite precipitafion is explained in terms of
diffusional growth theories, and the struéture of the
cementite:austenite interph#se boundaries.

Unlike the proeutectoid cementite reaction, copper did
significantly retard the start-bf pearlite precipitation, especially
at transformation temperatures that were close to the eutectoid
temperature. Pearlite growth rates were decreased, and interlamellar
spacings were incréased by coppef; These effects are atfributed to
the partitioning of copper by the precipitation of €-Cu. Epsilon-Cu
precipitates were observed within both the cementite and the ferrite
lamellae of pearlite. It was concluded that this precipitation of €-Cu

took place on the moving pearlite:austenite interphase boundaries, and

that the: transport of copper to the precipitateé was accomplished by

boundary diffusion. Some evidence is presented which indicates that
the diffusivity of copper in the moving pearlite:austenite interphase
boundaries was no greater than that reported for copper in static

grain boundaries of irom.
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1.INTRODUCTION:
1.1. Alloy Design Hypothesis and Alloy Selecfion-

The effect of solutes on the decomposition of austenite is a
topic that has beenvstudied extensively but still has many
aspects which are not well understood. Research on this topic
hag mainly been.concerned with steels having either eutectoid or
hypoeutectoid compositions. Research on hypereutectoid steels is
much less extensive, and this is a reflection of the relative
technological usage of these materials. The utilization of
hypereutectoid steels as engineering materials is severely
limited by embrittlement that is associated with the
precipitation of proeutectoid cementife. in thin film morphologys,
on austenite grain boundariesf Nevertheless, it is not
unreasonable to expect that microstructures possessing desirable
mechanical properties could be produced in hypereutectoid steels
if the kinetics of grain boundary precipitation could be
controlled.

Good mechanical properties, including superplasticity, have
Been ébtained from fine grained microstructures consisting of
ferrite and spherodized cementite [1l,2]. 1In these
microsructures, the grain boundary films of cementite were
eliminated by repeated deformation and recrystallization. With
adequate control of grain boundary precipitation kinetics, the
possibilities of creating useful microétructures by more direct
routes could be opened. For‘example. a microstructure of lower
bainite, with a very high density of carbides, might have good

wear resistance [3,4].



The kinetics of isothermal phase transformations in steels
are conventionally expressed in time-temperéture-transformation
(ITTT) diagrams. A TTT diagram for a hypereutectoid plainm carbon
steel is shown in Fig. l. Schematic diagrams depicting the
evolution of the microstructure at various stages of

transformation are also shown in Fig. l. The evolution of the

microstructure is a result of the sequential nucleation and

growth of several preciéitate morphologies during cooling.
Proeutectoid cementite grain boundary allotriomorphs are the
first precipitate morphology to form during the decomposition of
hypereutectoid aqstenite. Thése.precipitaﬁes nucleate on
austenite grain boundaries and grow, more or less smoothly, along
them_[S]. Lengthgning. aIOnQ'the grain boundary, proéeeds more
rapidly than thickening, normal to it, and this causes the
allotriomorphs to*take’the:shape~of lenses. The allotriomorphs
quickly lengthen and impinée‘upon'each other, leaving the grain
boundaries covered with thin (on the order of a micron) films of
proeutectoid cementite. After longer transformation times,

proeutectoid cementite may also precipitate intragranularly,

usually in the form of Widmanstatten plates. If the

transformation temperature is below the eutectoid temperature,
then the remaining austenite decomposes to pearlite or other
eutectoig products. The relationships between isothermal
transformation kinetics and the various morphologies of
progutectoid cementite in plain.carbon steels have been examined
extensively by optical metallography [6]. It should be noted

that the kinetics of precipitation and evolutiom of

*
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microstruéture just described are very similar in form to the
precipiﬁation'of proeutectoid ferrite in hypoeutectoid steels
[51.

The central problem involved with the development of useful
hypefeutectoid»microstructures is how to design an alloy with
transformatioﬁ pharacteristics such that grain boundary
precipitation of proeutectoid cementite can be avoided. This is
analogous to increasing the hardenability of a hypoeutectoid
steel. Since relatively 1little is known about the influence of
alloy chemistry on this precipitation, the approach adopted for
this work was to characterize and compare .the isothermal -
transformation behaviors of Fe-C and Fe-C-Cu alloys. The choice
of copper as the third component was based on the following
hypothesis. If a chemical species which has very low solubility
in cementite is concentrated at the austenite grain boundaries
prior to isothermal transformation, then the subsequent
precipitation of cementite on those boundaries will be inhibited.
This hypothesis is based on the assumption that the incorporation
of copper into the cementite will be so energetically unfavorable

that it must be rejected before the precipitate can form. It is

further assumed that since the lattice diffusivity of copper in

austenite is very much less than that of carbon._this
partitioning of copper will reduce the kinetics of cementite
precipitation.

Copper was chosen as the third compoﬁent for two primary
reasons. Firstly, copper does not form a stable carbide [7] and

is considered to be nearly insoluble in cementite [8]. Secondly,



there exists substantial ancillary iﬁformation, i.e. the wetting
of austenite grain boundaries by copper rich liquid phases [91],
and the much greater diffusivity of solid copper in austenite
grain boundaries as compared to in the lattice [10,11], that
suggests that copper might segregate to austenite grain
boundaries. The phenomena of grain boundary segregation and
grain Boundary wetting by copper are also the cruxes of some of
the problems associated with copper as an impurity element in
steel, especially recycled scrap [9,12]. Thus, a better
understanding of this aspect of copper in.steél may occur
indirectly through this research.

The influence of copper on the kinetics, and the
microstructure, of pearlite are also examined in the present.
work. Since pearlite is a common microconstituent in,comméfcial
steels and cast iroms; knowledge of the effects copper has on the

pearlite transformation are of practical use.

1.2, Phase Diagrams

The characteristics of the Fe-C-Cu system that are of most
significance to the current work are that iron and copper have‘
limited mutual solubility, and that cementite and copper have
extremely little mutual solubility. The iron-cementite [13] and"
iron- copper [14] phase diagrams are shown in Fig. 2. There it
can be seen that the maximum mutual solubility between the f.c.c.
€-Cu (epsilon copper) and ferrite is about 2 wt.%Z at 850°C. At
1000°C, the solubility of €-Cu in austenite is about 7 wt.%,

while that of iron in €<~Cu is about 3 wt.%.
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Phaée diagrams for the Fe-CfCu system were available from
several sources [8,15,16]. Most of the phase boundaries in these
diagrams were generated from computer calculatioms in which it
was assumed that copper is completely insoluble in cementite. An
isothermal section at 800°C is shown in Fig. 3. There it can be
seen that when both the copper and the carbon contents of the
alloy are high, as is the case for the current work, the
equilibrium state is one in which three phases coexist,

austenite, cementite, and €-Cu. The solubility of carbon in €-Cu

is extremely small, less than one ppm. at 800°C [13]. This phase

diagramvalso indicates that the solubility of carbon in austenite
is only slightly decreased by the presence of copper. Because of
this, the austénite:(austenite+cementité+e-Cu) solvus
temperatures ofvthe Fe-C-Cu alloys used in the current work are
nearly the same as the austenite:(austenitetcementite) solvus
temperatures of binary Fe-C alloys with identical carbonm
contents.

The austenite field in the Fe-C-Cu phase diagram shrinks as
the temperature decreases. It disappears by a ternary eutectoid
reaction, austenite > (ferrite+cementite+€-Cu), which is
predicted to occur at 715°C with a composition of 98.42Fe-0.68C-
0.9Cu (wt.Z) [15]. Below that temperature, the mutual
solubilities between ferrite, cementite.‘and €-Cu are very
limited. This is illustrated in the 650°C isothermal section

shown in Fig. 4.



1.3. Diffusionv Coeffficients

The most characteristic feat.ure of diffusional phase
t'ransformations in Fe~C-Cu alloys is the vast difference between
the lattice diffusivities of the interstitial solute, carbom, and
thé substitutional solute, copper. In the range of
transformation temperatures exémined in the current work, 600°C
to 900°C, the diffusivity of carbon in austenite is seven to
eight orders of magnitude greater than that of copper. These
differences are illustrated in a plot of diffusion coefficients
versus reciprocal temperature in Fig. 5. The solid lines in
Fig.5 indicate the range over which experimental data were taken.

The dashed lines are extrapolations.

The diffusivity of carbon in austenite is concentration

dependent [17]. It increases with carbon concentration, and it
can be expressed by the equation' [18]:

(1.1) D = 0.5 exp(-30C)exp[-(38300-1.9X10°C +

5°5X105C2)cal*molg]"/RT]cmZ/sec. where C = the mole fraction of carbon.

The interdiffusion coefficient of copper in austenite has
been measured over the composition and temperature ranges of
Owt.Z to 5wt.Z Cu, and 929°C to 1020°C. It can be expressed by
the following equtiom [111]: |

(1.2) Dg,= 1.8 exp‘[-70.5kcal*mol“’l/RT]cmz/sec.

u

The interdiffusion coefficient of copper in ferrite is
larger than that of copper and austenite. It has been measured
over the composition and temperature ranges of Owt.Z to 2wt.Z Cus

and 699°C to 832°C. Below the Curie temperature, an anomalous

decrease in the diffusion coefficient occurs, similar to that

o



reported for the diffusion of other sﬁbstitutional elements in
ferrite. In the paramagnetic temperature range, the
interdiffusion coefficient can be expressed by the following
equation [11];' |
(1.3) Déu = 8.6 expl-(59.7)kcal*mol™ /RTIcm?/ sec.

It has been reported that copper slightly enhances the
mobility of carbon in austenite , and that carbon hinders the
mobility of copper during interdiffusion of copper and iron [10].
These effects, however, are too small to be of any significance
to the current work.

Enhan;ed diffusion of copper in grain boundaries of iron has
been reported often in the literature [10]. Grain boundary
diffusion of radioactive %%4Cu in pure iron, and in dilute iron-
based alloys, has been quantified by a serial sectioning
technique [19,20]. The results for pure irom are shown in Fig.b
as plots of the temperature dependence of the factor Dyd, where
Dy is the grain boundary diffusion coefficient, and d is the
grain boundary half-width. Dilute additions of Cu, B, and Mo
were found to decrease grain boundary diffusivity. The data in
Fig.6 may be expressed by the following equations [10]:
for austenite grain boundaries, |
(1.4) Dgd = 1.6X107% exp(-42.5kcal*mol™!/RT)cm3/ sec,
for ferrite grain boundaries,

(1.5)  Dgd = 2.2X1078 exp(-28.0kealsmol ™ L/RT)en®/sec.

It has been reported in the literature that the

diffusivities of moving boundaries, such as encountered in

recrystallization [21] and chemically induced grain boundary



motion [22], may be several orders of magnitude greater than the
diffusivities of static boundaries. Thé suggestion has been made
that these effects are due to structﬁral changes that occur when
the boundaries are mobile [21]. However, more recent research,
concerning cellular precipitation and discontinuous coarsening:
h#s indicated that the diffusivities of static and moving

boundaries are similar [23,24].

li4. Precipitation of Proeutectoid Phases

The processes controlling the kinetics of proeutectoid
cementite precipitation in hypereutectoid steels are analogous. to
those controlling proeutectoid ferrite precipitation in
hypoeutectoid steels [5]. The kinetics of proeutectoid ferrite

precipitation have been studied extemsively, both experimentally

and theoretically (see refs. 5 and 25 for reviews). Therefore, .

research that has addressed the kinetics of this reaction will be .

frequently referred to in this brief review.

l.4.1. Fe-C alloys

The position of the proeutectoid cementite start curve in

the TTT diagram represents the time for grain boundary

allotrioﬁorphs to nucleate and grow to a perceptible size.
Isothermal nucleation rates can be quantified through optical
metallographic techniques, performed on a series of specimens
that have been reacted for successively longer times [5,25]. If
the number of allotriomorphs per unit area of untransformed

austenite grain boundary is measured for each of the specimens,

g



then the grain boundary nucleation rate can be determined from
the slope of a plot of the number of allotriomorphs versus
reaction time. Such data apparentiy do not exist for
proeutectoid cementite grain boundéry allotriomorphs. However,
quantitative isothermal nucleation rate data have been reporfed
for proeutectoid ferrite grain boundary allotriomorphs in high
purity Fe-C alloys [25].

The quantitative isothermal nucleation rate data for
proeutectoid ferrite grain boundafy allotriomorphs have been
analyzed in terms of classical heterogeneous nucleation theory
[25]. Quantitative analyses of nucleation rates are cbmplicated
by ignorance of the exact nature of the critical nucleus,
particularly with regard to what energy should be assigned to the
interphase boundary. This interfacial energy is fhought to be
considerably higher for disordered iﬂterphase boundaries than for
coherent, or partially coherent ones. For small undercoolings
from the austenite:(ferfite+austenite) solvus temperature, the
theoretically predicted nucleation rates could be made to agree
with the experimentally determined ones if most portions of the
ferritetaustenite intefphase boundary, belonging to the critical
nucleus, were assigned a low value (18 érgs/cmz) thought to be
representative of a coherent interface [25].

. Once nucleated, the grain bounda®y allotriomorphs lengthen
along and thicken, normal to, the austenite grain boundaries.
Allotriomorphs 1lengthen more quickly than they thicken, and this
causes them to initially take the shape of lenses. Thickening

continues after the allotriomorphs have lengthened to




impingement. In theoretical analysess such as described in
Appendix I, it has been assumed that allotriomorphs grow at rates
that are determined exclusively by the transport of carbon
through austenite by lattice diffusion. Such analyses predict
that the dimension of the allotriomorphs should increase
according t0'eqdations of the form,
s=a(t)1/2, 1 =p(pe)l/2

where, S=the allotriomorph half-thickness, L=the allotriomorph
half-length, A,B=the parabolic rate constants, D=the diffusion

coefficient for carbon in austenite, and t= the growth time

[2,26]. Allotriomorph growth rates may be evaluated:
experimentally through‘quantitative metallographic techniques

performed on a series of specimens that have been isothermally

transforméd for succesively longer. times [5,27,281..

The isothermal thickéning_kinetics of proeutectoid cementite
grain boundary allotriomorphs have been méasured in a high purity
Fe-C alloy [27]. As expected for diffusion controlled growth,
the thicknesses of the allotriomoxrphs were found to increase
parabolically in time. However, the experimentally determined
parabolic rate constant was found to be several times lower than
that predicted by a simple model in which growth is dictated by
the diffusion of carbon through austenite. Reasonable modifica-
tions of the assumptions used in the theory could not account for
this diffgrencee Therefore, it was concluded that some sort of
‘rate limiting interfacial reaction was responsible for it. Anal-
ogous behavior has been found for the thickening of proeutectoid

ferrite allotriomorphs in high purity Fe-C alloys [29].

10
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Proeutectoid ferrite grain boundary allotriomorphs have been

shown to thicken and iengthen parabolically in time [29]. The
experimentally determined rate constants were comnsistently found
to be close to, bpt always significantly less than, those
predicted by a Qery detailed theory of diffusion controlled
growth, in which the allotriqmorphs were modeled as oblate
spheroids [25]. The authors concluded that fhe growth of
proeutectoid ferrite grain boundary allotriomorphs was largely

determined by the diffusion of carbon through austenite, and that

the discrepancy between theory and experiment was mostly due to a

finite reaction rﬁte at some portions of the interphase
boundaries. They suggested that although most of the
ferritetaustenite interphase boundaries were of the incoherent
types such that atoms can freely adhere to ﬁhe growing
precipitate, significant portions of the interphase boundaries
were of the planar, partially coherent type that could not move
normal to themselves by the random transfer of atoms. The
necessity that these boundaries migrate only by the lateral
movement qf ledges across the planar interfaces represented a
structural impediment to growth [5,25,29].

The presence of partially coherent interphase boundaries has

been confirmed via electron microscopy in both proeutectoid

ferrite:austenite and proeutectoid cementite:austenite interphase
boundaries [5,25,31]. However, the exact proportions of the
interphase boundaries that are partially coherent remains

uncertain.
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l1.4.2, Effects of Alloy Additions

Several theories which explain the influence of alloying
elements on the kinetics of nuéleation and growth in ternary
steels have been developed [32,33,34]. Although these theories
have dealt mostly with the precipitation of proeutectoid ferrite
in hypoeutectoid steels, they may also be applied to the
precipitation of proeutectoid cementite. in Fé~C-Cu alloys. It
is clear from the literature that no single theory can account
for all of tﬁe effects that alloying elements have been observed
to have on the kinetics of proeutectoid phase transformations
[35,36,37]. However, it does appear that many of the effects
caused by an alloy addition <can be explaiﬁed from a

thermodynamic basis [32,38,39]. From this viewpoint, the

alloying element exerts its influence by altering the free energy-

change associated with precipitation; and the limits of solute
concentration that are available for diffusion#l growth.

It ié a thermodynamic requirement that the net free energy
must decrease in order for precipitationm to occur [40]. The
magnitude of the free energy change associated with precipitation
increases with the undercooling from the solvus temperature, and
it is a measure of the driving force for precipitation. In
ternary alloyss, the magnitude of the free energy change_is also
critically dependent on the extent to which the substitutional
solute is partitioned between the parent and the product phases.
Non-equilibrium partitioning necessarily reduces the ffee energy
change, and this may be manifested in the precipitation kinetics.

If the thermodynamic driving force is sufficiently great.

12



i.e. for large undercoolings from the solvus temperature; it may
be possible for the phase transformation to occur without aﬁy
partitioning of the substitutianal solute [32,33]. 1Indeed, for
the precipitation of pfoeutectoid ferrite grain boundary
allotriomorphs in ternary steels, it has often been found that
the product phase inherits the same substitutional solute
concentration as the parent austenite [38]. Under these
conditions, precipitation kinetics are largely determined by the
diffusion of carbon through austenite. The alloy may modify this
diffusion through its influence on the activity gradient of
carbon. However, if the driving force is insufficient for such
precipitation to occur, then some partitioning of the
substitutional solute will be thermodynamically required in
order for precipitation to proceed. Under these conditionms, the
diffusion of the substitutional solute may determine
precipitation kinetics [32,33,38].

It has been demonstrated to be useful to define a non-
equilibrium thermodynamic state that describes the conditions
under which precipitation can occur without any partitioning of
the substitutional solute. Such a state has been termed “no-
partition equilibrium”™ [32], or “paraequilibrium” [33.41].‘ This
state represents a minimum in the free enérgy subject to the
constraint that the ratios of substitutional solute atoms to iron
atoms are the same for the product ph#ses and the parent

austenite [41]. By extrapolating equilibrium thermodynamic data

to the conditions imposed by “no-partition equilibrium™, the

thermodynamic properties of this state can be calculated, and

13



“no-partition equilibrium” phase diagrams can be constructed.
This has been done for a number of temary steels [32,33,411].

In sections of ternary phase diagrams representing a
constant substitutional solute concentration, the no-partition
equilibrium™ austenite:(proeutectoid phase+austeﬁite) solvus

lines always lie at lower temperatures than thé equilibrium

solvus lines [32]. The difference between the equilibrium and "’

the no-partition equilibrium™ solvus temperatures represents the
critical amount of undercooling necessary for precipitation
without partitioning of the substitutional solute. If isothermal
transformations are performed at témperatures in between the no-
partition equilibrium” and equilibrium solvus temperatures, then
some partitioning of the substitutional solute will be
thermodynamically required in order for precipitation to occur.
Since the diffusional movement of substitutional solutes should
be much slower than that of carﬁon. this requiréd partitioning
of the substitutional solute may be expectedlto reduce
precipitation kinetics. This hypothesis has been experimentally

verified for the precipitation of proeutectoid ferrite in ternary

steels in which the substitutional solute exhibits a strong

thermodynamic tendency to partition, e.g. Mn and Ni [38]. When
the;e alloys were isothermally reacted at temperatures above the
calculated “no-partition equilibrium”™ solvus temperatures,
transformation kinetics were greatly reduced, and substantial
partitioning of substitutional solute was detected by x-ray
microprobe analysis. For hypoeutectoid ternary steels in which

the substitutional solute did not exhibit a strong thermodynamic
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tendency to partition, the equilibrium and "no-partition
equilibrium™ austenite:(ferrite+austenite) solvﬁs temperatures
were found to be very close to ome Qnother. and the precipitation
of proeutectoid ferrite occurred without substitutional solute
partitioning at all experimentally attained undercoolings [38].
“No-partition equilibrium”™ phase diagrams for hypereutectoid
Fe-C-Cu alloys havesapparently, not been calculated. The major
difficulty involved with such calculations is the uncertainty in
how the free energy of cementite is changed by the presence of
copper. However, the assumed strong thermodynamic tendency for
copper to partition away from cementite implies that partitioning
should be required, even at substantial undercoolings from the
equilibrium austenite:{(cementite+austenite+€-Cu) solvus
temperature. The influence tha; the partitioning of copper ﬁay
have on the kinetics of precipitation will depend on the

mechanism by which partitioning takes place.

1.4.3. Proeutectoid Cementite in Alloyed Steels
The isothermal thickening rates of proeutectoid cementite
grain boundary allotriomorphs in steels containing alloy

‘additions typically found in commercial plain carbon steels have

been found to be substantially lower than those in Fe-C alloys

having much higher purity [27]. It has been suggested that
relatively small (0.23 wt.Z) amounts of silicon were primarily
responsible for this. Silicon has extremely little solubility in
cementite [42], therefore, it is likely that the partitioning of

silicon was necessary in order for the cementite to grow. The
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’retafdation of growtﬁ'imparted by silicon was attributed to the
combined effects of silicon, rather than carbon, being the rate
determining species, and the influence of silicon on the
diffusive flux of carbon to the cementite [27]. Because the
diffusivity of silicon in austenite is much less than that of
carbon, a largevaccumulation of silicon immediately in front of

" the interphase boundary was believed to exist. This accumulation
of silicon has been describéd as being analogous to the wave~like
rise of water as a shallow puddle on the floor is rapidly pushed
back by a brobm [43]. Since silicon increases the acitvity of
carbon in austenite, an accumulation of silicon ahead of the
interphase boundary would decrease the diffusion gradient of
carbon which caused the cementite to grow [27,43].

Proedtgctoid cementite formed in silicon containing steels

has sometimes been found to exhibit a porous appearance [27,44].

It has been suggested that this porous appearance is due to the

presence of small pockets of ferrite within the cementite. It
is thought that this pourous cementite was a result of the co-

precipitation of proeutectoid cementite and ferrite, which was
stabilized by the enrichment of silicom [27,44]. The presence of
this microconstituent has been taken as indirect evidence for the
partitioning of silicon during proeutectoid cementité
precipitation. The partitioning of silicon away from cementite
has subsequently been confirmed by Auger electron spectroscopy

[44]. Both the thermodynamics and the kinetics of porous

cementite precipitation in Fe-C-S5i alloys have been examined

. [43]. Analysis of experimentally determined cementite growth
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rate data indicated that the partitioning of silicon, necessary
for the co-precipitation of cementite and ferrite, was
accomplished by boundary diffusion along the cementitetaustenite
interface. |

The isothermal thickening kinetics of proeutectoid cementite
graih boundary allotriomorphs have also been measured in Fe-C-Cr

alloys [31,46]. The rate of allotriomorph thickening was found

to undergo an abrupt decrease as the transformation progressed.

This change in thickening rate was explained in terms of a
transition from an initital mode of growth in which the
partitioning of chromium did not occur, to a growth mode in which
the partitioning of chromium was required by thermodynamics.
This transition was related to the gradual decrease in the
driving force for precipitation which was attendant with the
graduél decrease in the supersaturation of carbon in austenite.
Under equilibrium conditions, chromium segregates to cementite

[47]0

The examples referred to thus far have indicated that some

alloy additions may be able to reduce the kinetics of
proeutectoid phase transformations. However, it has also been

demonstrated that phosphorus can catalyze the isothermal

precipitation of proeutectoid cementite grain boundary

allotriomorphs [48]. This effect may be related to the
segregation of phosphorus to grain boundaries during
austenitization. It méy also be liﬁked to the well known
tendency for phosphorus to promote cementite precipitation in

cast irons [49].
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1.5. Pearlite Precipitation

Pearlite is a lamellar, eutectoid, mixture of ferrite and
cementite. It nucleates on austenite grain boundaries, or on
pre-existing proeutectoid phases, and grows in a cellular manner.
This section gives a brief review of the literature concerning

pearlite precipitation.

1.5.1. Pearlite Growth Theories
Most theories of pearlite growth assume that the isothermal
rate of growths and the interlamellar spacing, are constant with

time. Experiments have shown that, for plain carbon and low

alloy eutectoid steels; these are reasonable assumptions [50,51].

As described in APPENDIX II, the functional relationship between

the growth rate of pearliteé and the interlamellar spacing is

derived from a mass balance at the transformation front, and its

form depends on the the mechanism that is rate controlling. If
the diffusion of carbon through the region of austenite just
ahead of the transformation front is rate controlling, then the

relationship is of the form [52,53,54]:

(1.5) 6 = - | ————— -
s \c® - ¢c® a S®s°¢

c 2
D c‘ga(- cY 1 s < sc>
1 -—
S

where, G = the growth rate, D = the lattice diffusion coefficient

for carbon in austenite, S = the interlamellar spacing,
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a =va geometrical parameter, CZ“==thé carbon concentration of
austenite in equilibrium with ferrite, Cgc = the carbon
concentration of austenite in equilibrium with cementite, C°® =
the carbon concentratiqn of the cementite, C* = the carbon
concentration of the ferrite, S® = the thickness of the ferrite
lamellae, S® = the thickness of the cementite lamellae, and S, =
the critical spacing for which the growth rate is zero. However,
if boundary diffusion along the pearlite:austenite interface is
rate controlligg. then the relationship bétween growth rate and
interlamellar spacing is of the form [53,54,55]:

Dga [c- cre\ 12k s2 s

(1.6) - G = 1 - -
s2 \c® - c® s¢ §°¢ S

where, Dg = the diffusivity of solute in the boundary, d = the
thickness of the boundary layer, and K = the boundary segregatién
coefficient.

The above equations do not give a unique relationship
between the growth rate and the inteflamellar spacing., The
minimum interlamellar spacing that pearlite can take may be
derived from thermodynamic; [52]1. As described in APPENDIX II,
the minimum possible spacing is that which would be produced if
all of the free energy released by the transformation were
converted to surface energy, |

2 Te c

an Spin =

p @ (T, -T)
where, 'I'e = the eutectoid temperature, T = the transformation
temperature, o = the surface energy per ﬁnit area of
ferrite:cementite interface, p = the demsity of anstenife. and Q

= the heat of transformation per unit mass.
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Because some of the free energy released by the
transformation must be dissipated by diffusional growth, the
minimum possible spacing is never obtained. The'portion of the
free energy used to create new surface may be evaluated by.some
optimization principle. The criterion originally proposed was
that pearlite took the spacing which maximized its rate of grewth
[521. On'this principle, the interlamellar spacing is predicted
to be twice its minimum value. Other optimization criteria, such
as the maximum rate of entropy productioﬁ [56,57], have been

proposed.

1.5.2 Experimental Measurements
Pearlite nodules generally nucleate on austenite grain

boundaries, and then grow from them approximately as hemispheres.

Pearlite growth rates are usually obtained from measurements of

the largest pearlite nodule produced in a series of specimens’

that have been isothermally transformed for successively 1longer
times. In plain carbon, and low alloy steels, the maximum
nodule radius increases linearly in time, until impingement
occurs [50,51]. The slope of a plot of maximum nodule radius
versus-transformation time gives the growth rate. Since, in this
method, the largest pearlite nodule is measured, it yields the
maximum growth rate. It has been suggested that, rather than the
maximum, the averege growth rate is a better parameter to
describe the kinetics of the pearlite transformation [581].
Metailographic methods which yield average pearlite growth rates

have been developed [58]. However, for plain carbon. and low
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alloy steels, the growth rates determined by the maximum nodule
radius method and the average growth rate method give similar
results [51].

Because a metallographic plane Qf polish usually intersects
pearlite lamellae at a wide variety of angles, a wide variety of
apparent interlamellar spacings are seen; The actual
perpendicular distance between two lamella is termed the true
spacing, and a number of metallographic techniques have been
devised to obtain it from measurements of the apparent spacings
[50,53]. There is experimental evidence which suggests that the
true spacing does not have a constant value, but is distributed
about a mean value, termed the mean true spacing [50,53]. The
mean true spacing is somewhat greater than tﬁe minimun observed
apparent spacing . However, the numerical factor relating these
quantities may vary, depending on the alloy system and the
transformation temperature [53]. Because of these discrepancies,
pearlitic microstructures are frequently characterized by the

minimum apparent spacinge.

1.5.3. Fe-C Alloys
Measurements of interlamellar spacings and growth rates in
isothermally transformeds high purity, Fe-C eutectoid alloys have

been performed [59]. The minimum observed interlamellar spacings

were found to be inversely proportional to the undercooling from -

the eutectoid temperature. This trend agrees with the
predictions of equation (1.7). Attempts have been made to

determine the optimization criterion that the system selected by
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relating the experimental spacing data to the minimum spacings
predicted by equation (1.7) [53,54,59]. However, no conclusion
could be reached because of unéertainty regarding the‘correct
specific free energy of the ferrite:cementite interface.

The growth rate of peaflite increases as thé transformation
temperature decreases. It reaches é-maximum when decreasing
diffusivity begins.to compensate for increasing thermodynamic
driving force. In attempts to determine the rate controlling
process for pearlite growth, the interlamellar spacing, and
growth rate data have been analyzed by equations (1.5) and
(1.6). The experimentally measured growth rates were always
found to be greater than fhdse~calculated under the assumption
that the diffusion of carbon through austenite was rate

controlling. However, reasonable adjustments in the

concentration and diffusivity terms- could reduce this difference .

to within a factor of about two. Therefore, it was suggested
that lattice diffusion of carbon through austenite was the.
dominant rate controlling mechanism, but that the partial
involvement of-interfaciél diffusion could not be neglected
[53,59]. The high growth rates of Fe-C pearlite have also been
explained by a mechanism in which carbon diffusion through ferrite

controls growth [60]. .

1.5.4. Effects of Alloy Additions
The most significant comsequence of alloy additions on the
pearlite transformation is their influence on the rate of growth.

Nearly all alloy additions decrease the growth rates of pearlite,
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and the effects can be as large as several orders of magnitude.
Although other factors may be involved, the partitioning of
substitutional solutes at the transformation front is central in
determining the growth rate. Strong carbide forming elements,
such as Cr, Mo, and Mn, partition to cementite, while the
elements Si, Ni, and Co partition to ferrite [54]. The effects
of specific Alloy additions oﬁ the pearlite transformation have
been recently reviewed [54].

When partitioning doeé occur, the growth of pearlite
involves two, parallel, diffusional processes. Because the
lattice diffusivity of substitutional solutes in austenite is so
low, relative to the gfowth rate of peérlite. partitioning of
these species must occur by boundary diffusionm. Conversely.'the

transport of carbon is thought to occur primarily by lattice

diffusion in austenite just ahead of the interface [54]. The

distance over which these species move is related to the
interlamellar spacing. The relationship between the growth
rate, the transformation temperature, the extent of alloy
partitioning, and the interlamellar spacing can be complgx.

As was described for the precipitation of proeutectoid
phases, the thermodynamic requirement that the net freg energy
must decrease can be used to determine the minimum amount of
solute partitioning'necessafy for pearlite to grow. Howevers
within this limit set by thermodynamics, there are a range of
groﬁth rates, interlamellar spaéings. and extents of solute
partitioning that may occur. The growth rate may be such that

only the minimum amount of partitioning takes place, or it may be
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lower, such that partitioning is more complete. Attempts to
explain the combination of growth rate, interlamellar spacings

and extent of solute partitioning that the system actually takes,

rest on some sort of optimization priﬁciples such as that of

maximum growth rate, or maximum rate of entropy production [61].

At the extemes of the temperature range in which pearlite

forms, the extents of alloy partitioning may be very different.

Consequently.'the diffusing species that controls the growth
rate may be readily identified. When the undercooling from the

eutectoid temperature is 1argés the driving force for

precipitation is great, and it may be thermodynémically.feasible

for pearlite to form without any partitioning of the
substitutional solute. Gnow;h under these conditions 1is
primarily determined by the diffusion df carbon, although the
alloy addition may modify ﬁhis diffusion through its influence on
the activity gradient [33]. However, when the undercooling is
small, substantial partitioning of the substitutional solute may
be required if pearlite is to grow. Under these conditions, the
partitioning of the substitutional solﬁ;e. by boundary diffusion,
may control growth.

It has been suggested that the thermodynamic state of “no-
partitibn equilibrium™, or “para-equilibrium™, describes the
temperature which divides the regime of growth controlled by
carbon diffusion from that controlled by substitutiomal soiute
diffusion. [33]. Theories based on this idea predict that the
growth rates, and the temperature dependence of the interlamellar

spacing, should be very different for these two regimes, and that
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the transition between them should be abrupt [33]. However,
experimental results indicate that as the undercooling from the
eutectoid temperature increases, the extent of partitioning
decreases, and the growth rate increases. in continuous fashion
[53.54.59]; Likewise, evidence for abrupt changes in the
temperature dependence of interlamellar spacing is mot strong
[53.54,62]. Therefore, it appears that alloyed pearlite can
undergo a gradual transition from a mode of growth controlled
primarily by carbon diffusion to ome controlled by boundary

diffusion of the substitutional solute.

1.6. Crystallography
1.6.1. Crystal Structures

The current work concerns the crystallography of €-Cu which
was precipitated on moving interphase boundaries. Two cases of
three phase crystallography are examined; proeutectoid
cementitet€-Cutaustenite, and pearlitic ferrite:€-Cutaustenite.

Austenite and €-Cu both have the faée-centered-cubic crystal
structure. X-ray analyses of retained austenite, invquenched
steels, have indicated that the lattice parameter of austenite
increases linearly with carbon concentration [63]. At room
temperature, the lattice parameter of austenite is a = 3.555 +
0.044 x 8, where x = wt.Z carbon [63]. The room temperature
lattice parameter of €-Cu is 3.615 & [63]. This value increases
slightly if iron is in solution with €-Cu [63]. Ferrite is the
body-centered-cubié form of iron, and its room temperature

lattice parameter is 2.866 & [63].
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The crystal structure of cementite is orthorhombic. In the
current work, the convention used to describe the dimensions of
the unit cell will be that which has been traditionally used by
metallurgists: a = 4,51448, b = 5.07878, ¢ = 6.72978 [64]. The
unit cell contains 16 atoms in the ratio Fe3C. The space group
is Pbnm E64]._ However, it should be noted that the Internatiomal
Tables for X-ray crystallography now use a different convention
for the dimensions of the unit cell, viz. c <a <b [65]. With

this convention, the space group of cementite is Pnma [661].

1.6.2. Relationships Between Phases
The ﬁrystallographic‘orientation relationship between
proeutectoid ﬁementite Widmanstatten plates aﬁd retained
austenite has been examined by transmission electron microscopy
[671. Aﬁ alloy with a high manganese content was used so that
large quantities of austenite could be retained. The following'
orientation relationships were reported:
(010)CcEM//(110)A
First Pitsch [001]cEM//[225]A
(100)CEM// (554)A

[010]cEM//[110]A
Second Pitsch (oo1]ceM//(112]A
(100)CEM//(1I1)A
It has been reported that prbeutectoid cementite

Widmanstatten plates do not have a unique habit plame in
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in three investigations which involved the ﬁse of x-ray
diffraction and trace analysis [68,69,70].
It is well known that the ferrite and cementite lamella of

pearlite exhibit definite crystallographic orientation

relationships [71]. 1In hypereutectoid steels, the cementite

lamellae usually nucleate on proeutectoid cementite grain

boundary allotriomorphs, and are Bagaryatskii related to the

ferrite [72]. The Bagaryatskii relatiomship.is [73]:
(100)CEM//(0I1)ferrite
Bagaryatskii (010)CcEM// (1IT) ferrite
(001)CEM//(211)ferrite
The precipitation of copper from ferrite has been the topic
of many materials science investigations. This precipitation can
be described in terms of the following sequence of events; (1)
the formation and growth of coherent, body-centered-cubic,
clusters [74-77], (2) the transformation of these clusters to
spherical, face-centéred-cubic. €-Cu [74,78], (3) the subsequent
growth of the €-Cu to rod shaped precipitates [74,78-80].
Ferrite and €-Cu generally exhibit the Kurdjumov-Sachs
relationship [79,80]:
| (011)bee//(111) fcc
K;S. (11I)bcc//(10I)fcc
| (Z1D)bee// (12D fce
The transition from spherical to rod shaped €-Cu

‘precipitates is associated with coherency loss [80]. Epsilon Cu

rods tend to be aligned with high index directions in ferrite

‘that are grouped about <ll11>ferrite [74,79,80]. It has been
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shown that these directions are either <755>ferrite, or
<665>ferrite, and that they are the directions of zéro misfit, or
the.invariant lines of the transformation [80]. The growth of €-
Cu rods along these directions minimizes transformation strains
[801. .
Low temperature transformation products of austenite, i.e. "
martensite or bainite, are usually related to the parent
austenite by orientation relationships such as Kurdjumov-Sachss
or Nishiyama-Wasserman [81-85]. The Nishiyama-Wasserman
relationship is [73]:
(001)bee//(0I1)fcc
N.W. (T10)bee//(T11)fce

(110)bee//(211) fce

1.7 Interphase Precipitation.

In certain low alloy steels, the growth of proeutectoid
ferrite can be accompanied by the simultaneous preciptation of
alloy carbides on the moving ferrite:austenite interphase
boundaries [86,87]. Similar precipitétién has been observed in
other, carbon-free, ferrous alloys which contain copper [88,891],
and gold [90]. Collectivel&. these phenomena have been termed
interphase precipitation [86-95].

Under some conditions, interphase precipitates can adopt
a fibrous morphology that is similar to a fine scale pearlite
[87,91]. However, it is most commonly.found that the interphase
precipitates are discrete particles [87,88,91].

Interphase precipitates are often distributed in



regularly spaced, planar, sheet-like arrays within the ferrite
[86-91]. This spatial distribution ié a consequence of
nucleation and growth upon planar, partially coherent, interphase
boundaries. These boundaries are often found to be parallel to

(111)austenite//(110)ferrite [87,91,94] Their partially coherent

structure makes them inherently immobile. Therefore, growth of

the ferrite occurs by the lateral passage of ledges over. these

planar boundaries. It is thought that the ledges have incoherent

structures. The spacing between the planar sheets of
precipitates is determined by the height of the ledges [87].

These spacings become smaller as the transformation temperature

is lowered, until temperatures are reached where other modes of

austenite decomposition interveme [87].

Interphase precipitatibn 6n partially coherent boundaries is
a consequence of the highly dynamic nature of the phase
transformation. In a static situation, nucleation of the third
phase would be expected to occur on the ferrite growth ledges,
which, because of their incohereﬁt structure, should have high
interfacial energy. However, in the dynamic situation prevailing
during ferrite growth, the ledges are moving too fast to act as
nucleating sites [87,91,92]. Therefore, the low energy,
partiallylcoherent; ferritetaustenite interfaces act as the
preferred sites for nucleation.

.In addition to the planar sheet distributions of interphase
precipitates. regularly spaced, non-planar, sheets, and virtually

random distributions, have also been observed [89,94]. These

spatial distributions have been associated with precipitation on
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interphase boundaries that are not of the plamar, partially
coherent, type [94]. Although small segments of partially

coherent boundary méy be necessary for the nucleation of

interphase precipitates [95], these non-planar boundaries are

thought to have a largely disordered structﬁfe¥[94].

Disordered interphase boundaries are able to to migrate by
the uniform attachment of atoms to the growing ferrite (5,941,
and therefore they arev highly mobile. It has been suggested
that interphase precipitation can interfere with the growth bf
ferrite by pinning these interphase boundaries [93,94]. The

boundaries can bypass the interphase precipitates by bowing

around them, in a manner analogous to the Orowan mechanism for:

the lobping of dislocations around precipitates [93]. It has

been shown that this mechanism of ferrite growth produces a

P
rather coarse, virtually random, spatial distribution of

interphase precipitates [93,94].

The crystalldgraphic orientation rélationships between
interphase precipitated carbides and ferrife are the same as
those encountered in tempered martensites [87,91]. Interphase
precipitated, face-centered-cubic, coppér and gold also exhibit
the, same orientation relationships encountered during the ageing
of supersaturated ferrite [88,90]. For example €-Cu intrerphase
precipifates éxhibit the Rurdjumov-Sachs (K.S.) relationship with
ferrite (88]. However, within any given region of ferrites
interphase precipitates generally exhibit only one variant of the
existing orientation relationship [87-91]. Whenever possible,

the variant taken by the interphase precipitates is the one that

30



permits favorable orientation relationships with both the ferrite
and the austenite [87-91]. For example, it has been shown that
planar arrays of Cry3C¢ interphase precipitates, which have a
complex cubic crystal structure, often exhibit a K.S.

relationship with the ferrite, and a cube:cube relationship with
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the parent austenite, i.e. (111)austenute//(110)ferrite//(111)Cr,y3Cq,

(T10Jaustenite//[T111ferrite//[1101Cr,5Cs [87,91,941.

In.some cases of interphase precipitation, a mutually
compatible three phase crystallography cannot be readily
established. For example, VC is a face~centered-cubic carbide
which exhibits the Baker-Nutting relationship with ferrite, i.e.
(100)vC//(100)ferrite, [0101vC//[T101ferrite [86,87,91]. This
carbidg usually adopts a plate-like morphplogy, with a
(001)VC//(001)ferrite habit plane [87]. Analyses have shown that
none of the three possible Baker-Nutting variants allows the
simultaneous formation of a cube:cube relationship between VC
and the parent austenite E‘87.91]. The Baker-Nutting variant
taken by interphase precibitated VC is that which results in a

habit plane of the carbide being most closely parallel to the

ferritetaustenite interphase boundary [87,91].



1.8 Summary of the Introduction
The decomposition of hypereutectoid austenite is initiated
by the precipitation of proeutectoid cementite grain boundary

allotriomorphs. These precipitates have been identified as a

source of embrittlement in high carbon steels. In Fe-C alloyss

their growth occurs at rates that are close tos but significantly

lower than, those allowed by the volume diffusion of carbon

through austeﬁite. Alloying elements commonly found in steels,

especially silicon, can reduce proeutectoid cementite growth
kinetics. Conversely, it has also been demonstrated that

phosphorus can accelerate this precipitation.' However, the

current understanding of the effects of alloy chemistry on

proeutectoid cementite precipitation, particularly wi;h'regard to
how it can,be?inhibited. is. for from complete.

The grain: boundary allotriomorphimorphologY’is also
exhibited in the early stages of proeutectoid ferrite precipita-
tion. This precipitation has long been used as a model phase
transformation to test theories of diffusional growth. One of
its greatest attribuﬁes is that allotriomorph growth does not
appear to be very strongly influenced by crystallographic
effects. It is thought that most po;tions of the allotriomorph:
ausﬁenite interphase boundaries are of the incoherent type, which
can migrate freely by the random attachment of atoms to the
growing phase. The high mobilty of these boundaries allows most
aspects of allotriomorph growth to be well described by
thermodynaﬁic factors, such as diffusivities, composition

gradients, and substitutional solute partitioning.
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If a substitutional solute partitions to a large extent,
then the transport of that solute, rather tham carbon, may
control allotriomorph growth.e If that transport requires lattice
diffusion, then marked reductions in precipitation kinetics can
occur. In addition to its signifcance as an impurity element in
scrap steel, copper was chosen as an alloying element because it
does not form‘a stable carbide, and it has extremely little
solubility in cementite. Therefore, there is a very strong
thermodynamic tendency for copper to be partitioned away from
growing cementite. Some of the experiments described in this
thesis were performed in ordér to teét ﬁow this predicted
tendency for copper to partition would affect the kinetics of
proeutectoid cémentite precipitation.

While thermodynamic effects may dominate, other factors do
play a significant role in determining allotriomorph growth
kinetics. There is strong evidence that portions of.the
interphase boundaries surrounding both proeutectoid cementite,
and proeutectoid ferrite, grain boundary allotriomophs have
partially coherent structures. Such boundaries can only migrate
by the lateral passage\of ledges, and therefore they represent a
structural impédiment to growth normal to the boundary. However,
the exact proportions of the interphase boundaries that are
partially coherent remains uncertain, and this is a central issue
in the diffusional decomposition of austenite.

In many alloy systems, third phases may also precipitate on
moving interphase boundaries. The most well known example of

this is interphase precipitation of alloy ‘carbides on
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ferritetaustenite interphase boundaries. Although the

metallography of these interphase precipitates have been studied

extensively, little is known about the effect they have on the

growth kinetics of proeutectoid phases. There are also many

H

uncertainties concerning the mechanisms of interphase

precipitation. One of these is the relationship between

interphase boundary structure and the nucleation of the third

phase. The diffusivity of substitutional solutes in moving
interphase boundaries is also uncertain.

Pearlite is a éommon.qicroconstituent in commercial steeis
and cast irons.  Therefore, knowledge of the effécfs that

alloying elements have on the kinetics, and the microstructure,

of pearlite are of practical use. The mechanism of

snbstitutional solute partitioning is also an important, and -

fundamental, aspect of the pearlite transformation. Little
scientific information has been published on the effects of

large copper additions on the pearlite transformatiom.
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2. EXPERIMENTAL PROCEDURE:
2.1. Materials and Heat treatment.

Ihfee alloys were used in this investigation. Their
compositions are listed in table I. A1l of the alloys used were
“of high' purity, and were vacﬁﬁm cast. The Fe-1.43C and the Fe-
1,31C-3.57Cu alloys were cast as 3 cm diameter, 28 cm 1long,
cylindricalvingots. These cylindrical ingots were heated to
1200°C, under an argon atmosphere, and then hot rolled to 16 mm
plate. These 16 mm plates were then homogenized at 1200°C for 24
hours, under an argon atmosphere, and furnace cooled. The Fe-

1.49C-4,90Cu alloy was cast in the form of a 15 mm X 50 mm X 65

mm ingot. It was not hot rolled, but was given the same

homogenization treatment as the other alloys.

The isothermal transformation kinetics of the alloys were
evaluated by optical metallography. Two types of specimens were
used. For the Fe-1.43C and the Fe-1.49C-4.90Cu alloys, the
specimens were small plates, measuring 0.8mm X 13mm »X 13mm. For
the Fe-1.31C-3.57Cu alloy, thé specimens were rectangular
cylinders measuring 5 mm X 5 mm X 13 mm. These specimens were
used in the pearlite growth experiments because they were easier
to prepare for metallography. For transmission electron
microscopy, the specimens started as thin sheets measuring 0.25
-mm X 13 mm X 13 mm. -

Two techn.,iques were used to perform the isothefmal heat
treatments. When the duration of the isothermal reaction was
less than 30 minutes, the following procedure was used. The heat

treatment began with a twenty minute austenmitization at 1150°C.
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This was done in a vertical tube furnace under a dynamic argom
atmosphere. The temperature was controlled to within + 5°C.
Following austenitization, the specimens were quenched into
molten barium chloride salt at temperatures rangingAfrom 600°C to

850°C, for times ranging from six seconds to 30 minutes. The

temperature was controlled to within + 3°C. After isothermal

reaction in the salt bath, the specimens were quenched into iced-
brine. As a precaution against decarburizatioﬁ. a graphite rod
- was immersed in the molten salt for 24 hours prior to heat
treétment.

When the isothermal reactions were longer than 30 minutes; a
different procedure was: used in order to avoid decarburization:.
For these heat treatments the specimens were first sealed in

evacuated quartz capsules, and then austenitized, in a box

furnace,. at 1150°C, for:-30 minutes. The speciméns were then

quickly transferred to an adjacent box furnace that was
maintained at the transqumation temperature. The temperature
control of the box furnaces was + 3°C. After isothermal

reaction, the specimens were quenched into iced brine.

2.2. Metallography

After heat treatment, a broad face of the small plates, or
one end of the rectangular cylinders, was prepare&afor optical
metallography by standard grinding andvpolishing procedures.
Nital was used as an etchant. The same specimens were used for
scanning electron microscopys but with a much deeper etch to

improve contrast. Optical metallography indicated that the
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grinding procedure was sufficient to remove any decarburized

material.

The TIT diagrams were generated from optical‘metallographic
data. The transformation start curves in these diagrams
represent the first observation of product phases.

Because the austenite.grain boundaries intersected the
metallographic piane of polish at a variety of angles, their
apparent thickness was not the same as their true thickness,
normal to the boundary. The true thickness was calculated by the

following equation [27,961:

(2.1 1= d/2

where, T = the true ;hickness of the grain boundary
allotriomorphs, and T = the mean thickness obtained from a linear
trace across the specimen éurface. The use of this equation
implicitly assumes the allotriomorphs to be plates, having
uniform thickness and a random épatial distribution.

Pearlite growth rates were evaluated by optical
metallography. The radius of the largest observed nodule was

measured in specimens that were isothermally transformed for

successively longer times. The growth rate was calculated by a |

least squares analysis which gave the slope of a 1linear

relationship between the nodule radii and the transformation

time.

The minimum interlamellar spacings of pearlite were measured
on transmission electron micrographs of thin foils. Measurements
were made normal to lamella which were oriented parallel to the

electron beam.
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The specimens used for transmission electron microscopy were
prepared from the 0.25mm X 13mm X 13mm sheets by standard
érinding and jet-pélishing techniques. Jet-polishing was
performed with either a chrome-acetic-acid electrolyte at 21°C,
or a 1% perchloric acid-methanol electrolyte at -68°C. Ion beam
milling was sometimes performed on the-je;-polished séeéimens'to

expand the electron transparent areas.

Transmission electron microscopy was performed on a variety

of instruments. Conventional microscopy was performed on a

Philips EM 301 operated at 100kV. Con?ergent beam electron

diffraction and energy_dispersive X-ray microanalysis were
performed on a Phj.l'ips EM 400 operated at 100kV. Because of an
undesirable Cu K,» systems backroundipeakf x~-ray microanalysis
will only be- reported qualitatively. High voltage glectron
microscopy was-parformed at the National Center for Electron
Microscopy with a Krafos EM 1500 microscope, oferated at 400kV,
and at 1500kV. Because the curfent work concerned the
characterization of seéond phase particles which were produced by
long range diffusion of substitutional solute, any artifacts
introduced by high voltage microscopy were inconsequential,
Stereo transmission electron microscopy was used to
determine precipitate volume fractions and mean free distances.
In order to obtain these quahtities. it was necessary to know the
thickness of foil specimens° The foil fhiékness was determined
from parallax measurements of a grain boundary that ran through
the thickness of the foil, and the use of the following equation

[971:
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(2.2) t = P/(2 M sin 8)

wheres t = the foil thicknesss, P = the parallax, M = the
magnification, and 6 = the tilt angle between the stereo-pairs.
The angle between the stereo-pairs was detefmined from Kikuchi
patterns [98]. High voltage eleétron microscopy was used in
these experiments so that thick regions of foils, which gave a
true representation of the bulk microstructure, could be
examined.

The quantities that were measured on the micrographs were

the number of precipitates per unit length of test line Ny, the

projected area fraction A,', the mean intefcept length izl and
the mean tangent diameter H' [99]. The projected area fraction
was evaluated by point counting on a test grid that was randomly
applied‘to the micrographs. The tangent diameter of a particle
image is the perpendicular distance between parallel lines,
tangent to the perimeter at opposite sides of the image. The
mean tangent.diameter for all orientations of the image is also
identical with the mean distance between parallel tangent planes
for all orientations of the particle.

The volume fraction of a system of randomly distributed
spheres having uniform diameter, D, is given by the following
equation [99,100]:

(2.3) Vy = Ay' [2D / (2D + 3¢)]

For spheres, D = H' [99]. 1In the derivation of equation (2.2),
the overlap of projectéd images is considered negligible, but the
truncation of spheres by the surfaces of the foil is corrected

for.
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The mean free distance between particles represents the
uninterrupted interparticle distance through the matrix. averaged
between all possible pairs of particles.. It was evaluated by

the following equation [100]:

N, L)
3. RESULTS

3.1. Proeutectoid.Cementite Precipitation
| 3.1.1. Transformation Kinetics and Morphology:

The TTT diagrams for the Fe-1.43C and the Fe-1.49C-4.90Cu
alloys are shown in Fig. 7. The equilibrium cementite solvus
temperature for both of these alloys was 970°C. Thé TTIT diagram
generated for the Fe-1.31C~3.,57Cu alloy is shown in Fig. 8. The
equilibrium cementite solvus temperature for this alloy was
926°C. The transformation start curves in these digrams
represent the first observation of product phases by opticél'
metallography. The dotted portions of the curves indicate that
transformation times less than six seconds were not practical
with the experimental technique used. For all of the reaction
temperatures investigated, grain boundary cementite was the first
transformation product to.appear°

The proeutectoid cementite transformation start curves for
the Fe-1.43C and the Fe-1.49C-4.90Cu alloys were found to be the
same. Individual allotriomorphs were sometimes observed at the
start of the transformation, such as shown in Fig. 9. However,

the same specimens also contained segments of grain boundaries



where the allotriomorphs had already impinged. The time from the
start of the transformation to the time at which all of the grain
boundaries were consumed by cementite was also short for both of

“these alloys.

Because of the quickness of this precipitation, a severe

queﬁch, from the transformation temperature, was necessary to
stop it at its early stages. However, the iced-brine quench that
was used also induced cracking along the austenite grain
boundaries, and this obscurred the observation of individual
allotriomorphs. Such grain boundary cracking is commonly
observed in quenched high-carboﬁ steels [101]. These
difficulties severely limited the number of unimpinged
aliotriomorphs that could .be observed.. Thereforé. a
statistically meaningful, quantitative, stereologicalndescription
of the unimpinged allotriomorphs céuld not be made. However,
from the observations that were made, it was clear that for
identical heat treatments, the allotriomorphs in both alloys had
similar size and shape distributions.

The morphology of the proeutectoid cementite at later stages

of isothermal transformation was also substantially the same in

the Fe-1.43C and the Fe-1.49C-4.90Cu alloys. Optical micrographs

of the microstructures formed by transformation at 800°C for ome
minute, and by transformation at 750°C,~for one minute, are shown
in Figs. 10 and 11 respectiQely.Copper caused the martensitic
matrix of Fe-1.49C-4.5Cu, Figs. 10(A) and 11(A), to etched darker
than that of the binary alloy, Figs. 10(B) and 11(B).

The thicknesses of the proeutectoid cementite grain boundary
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allotriomorphs in these identically transformed specimens of Fe-
1.43C and Fe-1.49C-4.90Cu were found to be nearly the same. True
thicknesses were obtained from apparent thicknesses by equation
2.1, For the specimens transformed at 800°C, for onme minute, the
thicknesses of the allotriomorphs formed in Fe-1.43C and Fe-
1.49C-4.5Cu were 1.6 microns and 1.5 microns respectively.v For
the specimens transformed at 7SOdC.for one minute, the true

thicknesses of the allotriomorphs formed in Fe-1.43C and Fe-
1.49C-4.5Cu were l.4 microns and 1.3 micronms resPectiveI}‘f.

The average austenite grain size produced in both Fe-1.43C
and Fe-1.49C-4.90Cu was about 350. microns, which was about half
the specimen thickness. When viewed in cross-section, it was
found that the grain boundaries intersected the broad faces of

the specimens at a wide variety of angles. Most of these angles,
. :

however, were less than 45°. Therefore, calculation of the true

allotriomorph thickness by equation 2.l., which assumes that all
angles of intersection are equally probable, underestimates the
true thickness, but by less than a factor of two.

Both of the microstructures produced by transformation at
750°C, for one minute, Fig.ll, also contained many intragranular
proeutectoid cementite Widmanst;tten»plates. The lengths of the

longest plates are also nearly the same for both microstructuress

about 115 microns.

3.1.2. Fine Structure of Proeutectoid Cementite
Although optical microscopy revealed no influence of copper

on the morphology of the proeutectoid cementites the effect of
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copper on the fine structure of that phase was readily apparent

by transmission electroﬁ microscopy. The proeutectoid cementite
in the Fe-C-Cu alloys was found to contain fine precipitates.
Fig.12 represents a typical-transmission electron microscope
observation of the proeutectoid cementite in Fe-1.49C-4§9OCu that
was transformed at 750°C, for one minute, and then quenched
into iced brine. The bright-field image, Fig.12(A), shows a
high density of strongly diffracting particles within a
cementite matrix. Energy dispersive x-ray microanalysis indicated
that these precipitates were rich in copper. By electron
diffraction, these fine precipitates have been identified as the
face-centered-cubic €-Cu phase. Because theve-Cu precipitates
were small, and embedded in the cementite matrix, the reflections
belonging to them generally had low intensity in the selected
area diffraction patterns. The patterns were usually indenxed
by systematically displacing the objective aperture so that it
surrounded each €6-Cu reflection, and then making double exposures.
The dark-field image of the €-Cu precipitates, Fig.12(B),
indicates that nearly all of them have the same crystallographic
orientation and that they are distributed throughout the
cementite, right up to the cementite:auétenite interphase
boundary that existed just prior to iced-brine quenching. No €-
Cu precipitates were observed within the adjacent martensite”

(austenite before iced-brine quenching).

* . . : . . .
The matrix in these microstructures 1s a mixture of

martensite and bainite. The one quality of this matrix that is
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critical to the current work is its crystallographic orientation
relationship with the parent austenite. Since both martensite
and bainite are usually related fo austenite by relationships
close to that of Kurdjumov and Sachs or Nishiyama and Wasserman

[81-85], the matrix will be loosly referred to as martensite.

In the bright-field micrograph, Fig.12(A), the €-Cu
particles décrease in size, from about 400 & to about 150 &, as
the the distance from the cementiteimartensite interphase
boundary in;reases. The ﬁicrograph also shows that the‘distance
from the interphase boundary to where the. €-Cu precipitates are
of minimum size is abouf.O.ﬁ‘microns.,which corresponds to the.
true half-thickness. of the grain boundary.cementiteAfilﬁs .shown
in the optical micrograph of this microstructure, Fig.ll. )

It was consistently found that the €-Cu précipitates within
the proeﬁtéctoid cementite were crystallographically related to
the martensite which abutted the cementite. The orientation
relationship between these phases was generally found to be very
close to that of Nishiyama-Wassermann. An example of this is
illustrated in Fig.l3, Which shows the microstructure produced in
Fe-1.31C-3.57Cu by isothermal transformation at 800°C, fdr 190
ﬁinutesg followed by an iced-brine quench. The convergent beam
electron diffraction-patterns show the parallelism of the
[121]e-Cu and [110]ferrite zone axes, as well as the feCiprocal
lattice vectors glI1IJ€-Cu and glIl10]ferrite.

The dark-field micrograph, Fig.13(B), taken with the nearly



coincident g[I1I1C-Cu and g[I10]ferrite reflections, indicates

that nearly all of the €-Cu precipitates are of the same

crystallographic variant. No G—Cu precipitates were found in the
adjacent martensite. The micrographs in Fig.l3 again show that
the €-Cu precipitates decrease in size as the distance from the
cementiteimartensite interphase boundary increases. The higher
transformation temperatures; and longer transformation time, used
to produce this microstructure gave a wider range of €-Cu
precipitate sizes than that shown in Fig.l2.

It is clear from Fig.l3 that although all of the €-Cu

precipitates have nearly the same crystallographic orientation,

their projected shapes are not all the same. The aspect ratios
of the €-Cu precipitates shown in Fig.l3 range from unity to
about three. This is especially evident for the large particles.
Despite these variations in precipitate morphology, after many
observations it became evident that two general trends did exist.
One is that the aspect ratio of the large (>7008) €-Cu
precipitates could be considerably greater than the small (<3008)
ones, The other is that the projection of the €-Cuicementite
interphase boundary often contained long, flat, segments which
were usually parallel to the cementite:martensite interphase
boundary.. This is especially well illustrated in Fig.l13 by the
arrowed €-Cu precipitate which was in the process’of forming on
the cementite:austenite interphase boundary just prior to the
iced-brine quench.

After many observations, it became apparent that the shape

of the small €-Cu precipitates was close to spherical, or
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cuboidal. The largest precipitates, howevers often took shapes
that were more anisotropic. A large angle tilting experiment
revealed that the three dimensional shape of the largest €-Cu
particles tended to be that of - thick platelets. This is
illustrated in Fig.l4, which shows €-Cu precipitates within
proeutectoid cementite that was produced in Fe-1.35C-3.5Cu by
isothermal tfansformation at 800°C;vfor 190 minutes. In
Fig.14(A) the electron beam direction is nearly parallel to
[010]JCEM. The traces of the (100)CEM and (001)CEM plaﬁes are
indicated in the figure. The arrow points to an €-Cu precipitate
with a projected aspect ratio of 4.4, which is the largest aspect
ratio that has been observed in the current work. Figure 14(B)
shows the same area after being tilted through an angle of 80°
about.-g[001]CEM. It can be seen that the projected aspect ratio
of the €-Cu precipitate has decreased in a manner that is
consistent with it being a thick platelet, having dimensions of
approximately 1608 X 4908 X 7008. The projected shaées of the
other €-Cu precipitates in Fig.l4 can be seen to resﬁond
similarly to tilting. In this case the platelets lie on
(100)CEM, however, it will be shown later that other habit planes
have been observed. Unfortunately, fhe crystallographic
orientation of the €-Cu platelets was not obtained for this case.

When the €-Cu precipitates were small (§3003). their density
was high, and their spatial distribution was apparently random.
Extensive tilting of the specimens, and observation of stereo-
pairs, such as shown in Fig.l5, failed to reveal any consistent

and systematic distributions of these small precipitates.
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Epsilon-Cu precipitates were also observed within regions of
proeutectoid cementite that were obviously part of Widmanstatten
plates. An example of this is shown in Fig.l16. The €-Cu
precipitates within these Widmanstatten plates were uniform in
size, and had appafently randoh spatial distributions.

Although the small €-Cu pfecipitates always appeared to be
randomly distributed, the larger precipitates, produced by long
isothermal transformations, were often found to be systematically
distributed. An example of this is shown in Fig.l7, which shows
€-Cu precipitates within proeutectoid cementite that was

produced by transformation at 800°C, for 190 minutes. There it

can be seen that as the €-Cu precipitates increase in size, from

about 1008 to about 5008, their spatial distribution changes from
apparently random to regularly spaced linear'ﬁrrays.
. .

Nearly all of the €-Cu precipitates shown in Fig.l7 exhibit
moire' fringes. The selected area diffraction pattern, included
in Fig.l7, indicates that this micrograph was taken with two beam
diffracting conditions very nearly satisfied for both theAG-Cu
and the cementite. The incident beam direction is close to both
[110]le-Cu and [010]JCEM. These moire' fringes are a consequence
of double diffraction between the nearly coincident g[103]CEM and
glll1]e-Cu reflections. - Some of the €-Cu precipitates exhibit
fringes that are almost exactly perpendicular to g[103]CEM,
indicating that they are parallel moire' fringes. Others,
especially the smaller ones, are definitely of mixed character,
i.e. rotation and pérallel,

The parallel moire' fringe spacing, Ds can be calculated
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from equations of the form [102,103]:
D=dydy/ [dy - dpl =Mdy

where M is called the 'moire' magnification’. JUsing the values
dy=d(111)e-Cu=2,0878, and d,=d(103)CEM=2.0138, the parallel
moire' fringe spacing was calculated to be 55,68. The average
parallel moire' fringe spacing measured from Fig.l7 was 534,
which agrees well.with the calculated value. The angle of
fotation of moi‘re' fringes, W, is related to the angle of
rotation between the €-Cu and cementite crystals, 8, by the

moire' magnification, W=M8. The largest measured rotation of the

moire' fringes in Fig.l7 was 40° which, with M=27.2, gave a .

calculated value of 8=1.5°. Therefore, Fig.l7 indicates that for

this orientation, i.e. nearly parallel [110]€-Cu and [010]CEM

zonme axess the (1'1)C-Cu and (103)CEM lattice planes match-up

-very well, but that small angular displacements do exist.
The crystallographic orientation relationship responsible

for the moire® fringes in Fig.l7 is illustrated in the selected

area electron diffraction pattern shown in Fig.l8. This .

diffraction pattern indicates that the [110]€-Cu and [010]CEM
zone axes are nearly parallel, and that in addition to the
previously mentioned near coincidence of the g[1I1]€é-Cu and
g[103]CEM reflections, the g[lII]€-Cu and g[200]CEM reflectionms
are also in near proximity, about 7° apart. This orientation
relationship is described in a stereogram shown in Fig.l9. The
bright-field image in Fig.l8 shows some large €-Cu precipitates
that are near to the cementite:martensite interphase boundary.

Observation of the €-Cu precipitate's projected shape after
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tilting far away from [0l0JCEM revealed that these precipitates
are thick platelets with their broad faces parallel to (010)CEM.
The projected dimensions of the largest €-Cu precipitate are
approximately 9308 X 17008. The long edges of this precipitate
are close to being parallel to the traces of both (101)CEM and
the cementite:martensite interphase boundary.

The moire' fringes shown in Fig.l8 are not perfectly
straight. The distortion of the fringes must have been caused by
localized bending of the specimen [105]. ‘Bend contours can also
be seen in the cementite matrix.

The orientation relationship between €-Cu and cementite was
most frequently found to be very close to the one described in

Fig.19. Another example of a situation where this orientation

relationship was observed is shown in Fig.20. The selected area .

diffraction pattern was taken with the beam direction parallel to
EIlO]G-Cu.aﬁd about 7° away from [30IJCEM. The bright-field
iﬁage shows that the €-Cu precipitate# are all elongated, with
flat sides and rounded ends. The flat sides of the precipitates
are parallel to the trace of (I03)CEM. Like the other large €-Cu
precipitates, such as shown in Figs.l4 and 18, the oﬁes shown in
Fig.20 most prbbably also have the shape of thick platelets.
Some of them have projected aspect ratios exceeding 4:1, which
indicates that they are viewéd edge-on, with their broad faces
parallel to (I03)CEM.

Although the orientation relafioﬁship between €-Cu and
cementite was most often found to be close to that described in

Fig.l9, greatly different orientation relationships were also
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observed. An example of this is shown in Fig.2l. The selected
area diffraction pattern shows that the [I11]€-Cu and [310]CEM
zone axes are nearly parallel, and that g[202]€-Cu is about 2°
away from g[006]JCEM. Inspection of the stereogram shown in
Fig.l9 shows that the {110}6-Cu pole closest to (001)CEM is
(101)€é-Cu, which is more than 30° away. The near proximity of
the gll111]€-Cu and the g[120]JCEM reflections shown in the
diffraction pattern of Fig.l6 indicate that the orientation
relationship there is also differenmt than that in Fig.19.

The transmission electron images of the €-Cu precipitates
sometimes displayed double-arc contrast, which typically results
from the strain field of - a coherent precipitate [104]. - This
contrast was best seen in dark-field images of the €-Cu
precipitates, an example of  which is shown in- Fig.22. The small
arrows point to two €-Cu precipitates that exhibit double-arc
contrast. It can be seen that thesé precipitates are slightly
elongated, with flat sides, and rounded ends. The line of no-
contrast [104-106] in these two precipitate images lie at widely
different angles to the operating reflection. Although it is
difficult to see in Fig.22, thesé 1ine§ of no-contrast also have
small, and abrupt, curves, or ~notches” [107], in them. The
selected area diffraction pattern in Fig.22 also reconfirms the
previously stated finding that the €-Cu within proeutectoid
cementite were genmerally N-W related to the adjacent martensite.

Fig.22 also shows other images of €-Cu precipitates that
exhibit circular lines of no-contrast, which follow the outline

of the precipitates. This type of contrast is indicative of



thickness extinction contours [104,105]. Other images display
very irregular contrast that is not related to the shape of the
precipitates. It is thought that these types of images are also

forms of thickness extinction contours, that were produced by

precipitates which lied at the surface of the specimen, and

therefore had irregular thickness profiles from electropolishing
and ion beam thinning [105].

It is well known that a misfitting spherical inclusion can
produce a double-arc images with the line of no-contrast always
being perpendicular to the operating reflection [104-106]. It
has also been shown that the contrast from the strain.field_of a
misfitting éuboidal inclusion differs from tﬁat of a spherical
inclusion by the presence of a notch™ in .the line of no-
contrast. Images of non-sphericai inclusions may also exhibit
lines of no contrast that are not perpendicular to the operating
reflection [108]. All of the above analyses have considered the
diffraction contrast images produced by a hard inclusion in a
soft matrix. The present case of a soft €-Cu inclusion in a hard
cementite matrix has, apparently, not been examined.
Nevertheless, the fact that the images of the €-Cu precipitates
sometimes exhibited double arc contrast inndicates that some type

of anisotropic strain was present in them. Dark-field images of

‘the cementite matrix displayed very little strain contrast

effects. This indicates that most of the strain was contained

within the €-Cu precipitates.
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3.2. Pearlite Precipitation
3.2.1. Transformation Kinetics

The TTT diagrams. Figs.7 and 8, indicate that copper
significantly delayed the start of pearlite precipitation,
especially when the transformation temperatures approached the
eutectoid temperature. |

Typical examples of the metallographic data that were used
to evaluate the growth rates of pearlité in Fe-1.3IC-3.57Cu are
shown in Fig.23, as plots of thevlﬁrgest observed nodule radius
versus reaction time. These figures show that straight 1lines.
i.ec constant growth rates, fit the data reasonably well.The
pearlite growth rates measured for the Fe-1.31C-3.57Cu alloy are
listed in Table II, and are plotted against traﬁsfbrmation
temperature in Fig.24. Data reported for a high purity Fe-C
eutectoid alloy [59] are included.iﬁ Fig;24 for comparison. It
can be seen th#t copﬁer decreased the growth rate of pearlite
over the entire temperature range investigated.

It is well known that substantial heat ié evolved during the
transformation of austenite to pearlite [50,53]. When reaction
rates are high, this evqlution of heét can causé the true
undercooling at the transformation front to be apprecialby less
than the applied undercooling. Consequeﬁtly. the observed growth
rate will be lower, and the minimum observed interlamellar
spacing greater, than that characteristic of the transformation
temperature. An insufficiently rapid quench to the
transformation temperature can resﬁlt in similar consequences.

These effects can be minimized by using the smallest specimens
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practicable; so that heat transfer between the bath and the
specimen is optimized.

The measurement of pearlite growth rates required the
preparation of a large numbe; of metallographic specimens. In
order to facilitate this preparation, the 5Smm X 5mm X 13mm
specimens were deemed to be the smallest specimens practical for
the -the present experiments. These speéimens were somewhat
larger than those used in a pfevious study of pearlite growth in
an Fe~C eutectoid alloy [59]. In order to check how the growth
rate data generated by the present experimental technique
compared to those reported for the Fe-C eutectoid allloy,s
pearlite growth rate data were also obtained for a high purity
Fe-1.05C alloy that was transformed at 700°C.

For a transformation temperature of 700°C, the pearlite
growth rate measured for the Fe-1.05C alloy was about a factor
of two lower than that reported for a high purity eutectoid alloy
[59]. This difference can be attributed to reduced rates of heat
transfer, caused by the use of larger specimens, and molten salt,
rather than molten lead, as a quenchingrnedium in the current
work. This heat transfer effect certainly had an influence on
the pearlite growth rate that was measured for Fe-1.31C-3.57Cu at

600°C. However, for transformation temperatures of 675°C, and

higher, the pearlite growth rates were sufficiently low to make

heat transfer effects small.
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3.2.2. Eutectoid Microstructures

Copper increased the interlamellar spacing of isothermally
formed pearlite. This is illustrated in Fig.25, which shows
optical micrographs bf Fe-1.43C and .Fe-1.49C-4.9OCu that were
partially transformed at 675° This effect of copper om the
interlamellar spacing of pearlite was most strongly manifested at
the highest transformation temperatures. The pearlite that
forme'd. at 700°C in Fe-1.31C-3.57Cu was extremely coarse, as shown
in Fig.26. In some of the pearlite nodules of this
microstructure, the demsity of cementite lamella was very lows
and large segments of the pearlite:austenite (transformed to

martensite) interphase boundaries were free of cementite, as

shown in Fig.26(B). This pearlite was sufficiently coarse to

‘permit' measurement of its minimum interlamellar spacing by
optical metallography. The minimun interlamellar spacings of the
pearlite that was produced at lower temperatures were measured by
transmission electron microscopy. Because the specimens for
transmission electron microscop& started as small, thin (0.25mm)
. sheets, the effects of heat transfer on these interlamellar
spacings [53] should have been minimal. The minimun observed
interlamellar spacings of the pearlite that was formed in Fe-
1.31C-3.57Cu are listed, according to transformation temperature.
in Table ITI.

When the Fe;1.31C—3.57Cu alloy was transformed at
temperatures above 700°C, eutectoid decomposition occurred, but
pearlite did not form. The ferrite in these microstructures

contained no cementite lamella. This is illustrated in Fig.27,
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which shows optical micrographs of the microstructure produced by
partial transformation at 708°C. The arrow, in Fig.27(B), points
to a ferite:ferrite grain boundary that intersects the
transformation front. Grain boundaries such as this were
observed by transmission electron microscopy. As will be
described later, this type of grain boundary influenced the size
and spatial distribution of €-Cu precipitates that were produced
during eutectoid decomposition.

Transmission electron microscopy revealed that €-Cu was
precipitated during the eutectoid decomposition of the Fe-C-Cu
alloys. Epsilon-Cu precipitates were found within both the
pearlitic cementite‘andvthe pearlitic-ferrite of partially
transformed specimens. At all of the transformation temperatures
investigated, €-Cu precipitates were found within the cementite
lémellae of tﬁe pearlite that fqrﬁed in Fe-1.31C-3.57Cu.
However, €-Cu precipitates were only found in the pearlitic
ferrite of this alloy when specimens were transformed at
temperatures of 675°C, or higher.

A high voltage (400kV) transmission electron micrograph
showing the pearlite formed in Fe-1.31C-3.57Cu, by partial
transformation at 675°C, is shown in Fig.28(A). Fig 28(3) is a
higher magnification image of this pearlite, showing a single
cementite lamella within ferrite. Many €-Cu precipitates, about
125 & in diameter, can be seen within the cementite lamella. The
ferrite shown in Fig.28(B) contains some dislocations. Moire'
fringe contrast, due to surface contamination, can also be seen

in the ferrite.  Although not easily seen in Fig.28, the ferrite



of this microstructure did contain some €-Cu precipitates.
These precipitates were spherical, with a diameter of about 80
8. The density of these precipitates was very low.

The pearlite that was produced in Fe-1.31C-3.57Cu, by

transformation at 700°C, contained €-Cu precipitates within both

the cementite and the ferrite. This is illustrated in the high
voltage (1500kV) transmission electron micrographs shown in
Fig.29. The bright-field images Fig.29(A), shows a cementite
lamella within ferrite. Both of those phases contain €-Cu
precipitates. vThe dark-field images show that the €-Cu
precipitates within the cementite, Fig.29(b), have a different

Vc‘ry'st‘all'ogrzl;hi'c orientation than those within the ferrite,

Fig.29(C). The bright-field image also shows that the ferrite

contains many dislocations.

The ferrite that. was produced in Fe-1.31C-3.57Cu, by
transformation at 708°C, contained €-Cu precipitates that were
vlarger. and more widely spacéd. than the ones within the férrite
that was produced at 700°C. Two high voltage (1500 kV)
transmission micrographs showing the €-Cu precipitates within the
ferrite that was produced at 708°C are shown in Fig.30. The beam
direction is near [11I] fverritev._ and the micrographs were taken
with different, g<0ll>ferrite, sysfematic rows excited. - The
moiref fringes in the left-hand mic'rograph were caused by the
nearly coincident gl[0ll]ferrite and g[111]€-Cu reflections. As
was shown in Figl.27, the ferrite produced in Fe-1.31C-3.57Cus; by
partial transformation at 708°C, contained no cementite lamellae.

The micrographs shown in Fig.30 form a stereo-pair.
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Observation of this stereo-pair, and others like it, indicated
that the €-Cu precipitates were distributed throughout the
thickness of the foil specimens, and in an apparently random
manner.

" In specimens of Fe-1.31C-3.57Cu that were partially
. transformed to pearlite, small regions of ferrite immediately
adjécent to the transformation front, did not contain any €-Cu
preéipitates. An example of this is shown in Fig.3l, which shows
the microstructure produced by partial transformation at 708°C.
The micrographs were taken with the beam direction close to
[110]ferrite. The projected directions of [001], [1I1], and [1I1]
-ferrite are indicated. The position of the ferrite:martensite
interphase boundary is marked by the dashed lines., It can be
seen that the region of ferrite immediately adjacent to the
interphase boundary is free of €-Cu precipitates. This region of
precipitate-free ferrite forms a band, about 150 nm wide, which
parallels the ferrite:martensite'interphase boundary. >Away from
the interphase boundary, the €-Cu precipitates are uniformly
distributed, and have a nearly constant size. No €-Cu
precipitates were observed in the martensite.

Specimens of Fe-1.31C-3.57Cu that were‘partiélly transformed
at 700°¢ exhibite& regions of precipitate-denuded ferrite thaﬁ
were very similar to that shown in Fig.3l. The regions of
precipitate-free ferrite in these specimens also formed bands,
about 150 nm wide, which paralled the ferrite:martensite
interphase boundaries. Away from these boundaries, the €-Cu

precipitates were uniformly distributed, and had a nearly
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constant size. This comsistency in size was maintained even in
regions of ferrite that were far removed from the ferrite:martensite
interphase boundaries.

At 700°C, the growth rate of pearlite in Fe-1.3C-3.5Cu was 2.3
X-lsz'microns/sec, and at lower transformation temperatures it was
considerably greater. At a growth rate of 2.3 X 10”2 microns/secs
the 150 nm distance corresponding to the.widths of the. precipitate-
denuded regions, such as that shown in Fig.31l: could have been
traversed in about six seconds. The consistency in the size of the
€-Cu precipitatés implies thatvthey grew very littie after the
interphase boundary had passed. Therefore, it is believed that these
bands of"precipita;ewdeguded ferrite were produced by rapid.
advancement of the boundary during the quench from the:
transformation temperature.

Regioﬁs of the pearlite transformation front that contained
cemenfite lamellae .were never observed in thin foil transmission
electron microscope specimens of Fe-1.31C-3.57Cu, that were
partially transformed at 700°C. The microstructure of these
specimens had a large grain size and a coarse interlamellar spacing.
Because of this, there was a low probability of finding cementite
lamallae at the pearlite transformation front in thin foil specimens

In order to quantify the volume fractions, and the mean free
distances; of the €-Cu precipitates, the thickness of the foil
specimens had to be known. This was obtained from parallax
measurements of grain boundaries, that fén thfough the foils, and
the use of equation (2.2). An example of the high voltage (1500 kV)

transmission electron micrographs, and diffraction patterns,



‘that were used for the thickness measurements are showﬁ in
Fig.32. It can be seen that the projected width of fhe grain
boundary decreased when the specimen was tilted from the
orientaﬁion shown in Fig.32(A), to that shown in Fig.32(B). Both
of the micrographs were taken with the beam direction near
[001]ferrite, and a systematic g[200]ferrite row excited. From
the Kikuchi patterms, the tilt angle was found to be 8.9° + 0.5°,
In geﬁeral- the tilt angles could be determined with érrors thét
were considerably less than 1°. The parallax measurements were
found to vary slightly at different positions along the grain
boundaries. The combined errors in the parallax, and tilt angle,
measurements gave errors in the thickness.of 207%, or less. In
Fig.32, the foil thickness was calculated to be 1430 & +250 &,
The measurements of the €-Cu precipitates were performed on
both bright-field and dark-field micrographs, in regioﬁs where
the foil thickness changed by no more than 20%. Both types 6f
images gave similar results. Examples of the dark-fiéld
micrographs that were used to quantify the €-Cu precipitates are
shown in Fig.33. Fig.33(A) shows the €-Cu precipitates produced
by transformation at 700°C. The foil thickness was found to be
10108 + 200 R, and the beam direction was near [0ll]ferrite.
Fig.33(B) shows the €-Cu precipitates produced by transformation
at 708°C. The foil thickness was found to be 1870 8 + 70 &, and
the beam direction was nearifjll]ferriteo Some overlap of the
precipitates can be seen in the images, however, this did not
seriously interfere with the counting of individual precipitates.

For each transformation temperature, quantification of the
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€-Cu precipitates was performed on at least two different
vspecimenso The average projected dimensionss volume fractions,
and mean free distances are listed in Table III. The projected
dimensions of the precipitates could be measured to within + 208.
fﬁe errors in the volume fraction measurementé were 0.5%Z, or
less. Errors in the mean free distance were as much as 307%.

This was due mostly to the uncertainty in the foil thickness.

The ferrite:ferrite grain boundaries, that were used for the

foil thickness measurements, were p:obablj produced by the
impingement of growing ferrite grains, such as shown in
Fig.27(B). Transmission -electron microscopy revealed that
exceptionally large €-Cu precipitates were often located on these
bouﬁdariess but' that the regions of ferrite adjacent to these

bounaries did not contain any €-Cu precipitates. Such a

60

precipitate-denuded zone can be seen next to the grain boundary

shown in Fig.32(B). A vbid. which was produced when a large €-Cu
precipitate was leached away during electropolishing, can also be
seeﬁ on that grain boundary.

It was consistently found that the €-Cu precipitates
produced during the eutectoid decomposition of Fe-1.31C-3.57Cu
were crystallographically related to the ferrite by a
relationship close to that of Kurdjumov-Sachs. This is
illustrated in Figs.33(A) and 34, which shows the pearlitic
ferrite produced in Fe-1.31C-3.57Cu by transformation at 700°c,
for 75 minutes.‘ The dark-field images show that nearly all of
the €-Cu precipitates have. taken the same crystallographic

variant.



The small (roughly 802 diameter) €-Cu precipitates observed

within the ferrite that was produced by transformation at 675°C.

were spherical. Those which were produced by transformation at
700°C and 708°C, however, took‘the shape of short rods with
aspect ratios that were only slightly greater than unity. The
rod shape was evident in the precipitates that were produced at
700°C, e.g. Fig.33(A). Transformation at 708°C made the rod
shape better defined, e.g. Figs.30 and 33(3).

Trace analysis indicated that, within any giyen region of
ferrite, the rod directions were always nearly parallel to either
<557>ferrite, or <665>ferrite. These rod directions are the same
as those reported for €-Cu in quenched and aged ferrite [801].
The rod morphology is usually best observed with the beam
direction parallel to <110>ferfite. becaﬁSe this makes 6. of the
12 variants of <557>, or <665>, lie in the projection plane [80].

The micrographs shown in Fig.30 were taken with the beam
direction close to [liOerrrite. Thebspecimen was tilted
slightly away from the zone axis in order to accentuate the
contrast of the €-Cu precipitates. It can be seen that the €-Cu
precipitates are slightly elongated, with their lengths being
near the projection of [1I1]ferrite. The trace of these €-Cu
rods was measured to be about 5° away from [1Il]ferrite, towards
[1I0]ferrite. Trace analysis indicated that the rod direction
was either [665]ferrites, or [755]ferrite. The Accuracy of the
trace analysis was insufficiept té distinguish between the two
direcfions.

Fig.33(A) shows the €-Cu precipitates that were produced at
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700°C. The aspect ratio of these rods was only about l.:l. The
trace of their lengths wés measured to lie 3° away from the
vector g[202] shown in the Fig.33(A). Trace analyéis indicated
that the axes of these rods was parallel to [755]ferrite.The rod
morphology is better defined in Fig.33(B), which shows the €-Cu
precipitates préduced at 708°C. The beam direction is near
[133])ferrite, which is 14°% away from [110]ferrite. Trace
analysis indicated that the lengths of the rods were parallel to
the projection of [5751ferrite.

The rod shape 1is not apperent in Figs.30 and 34. This is

because the rod axes are inclined to the projection plane.
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3.3. Summary of the Results

The TTT diagrams generated for the Fe-C and the Fe-C-Cu
alloys indicate that copper did not have an appreci#ble effect on
the initiation of proeutectoid cementite precipitation. Optical
metallography indicated that copper also had little influence on
the subsequent, isothermal, growth of proeutectoid cementite. By
transmission electron microscopys it was found that copper was
partitioned away from cementite by the precipitation of €-Cu. No
precipitation of copper occurred in the untransformed austenite.

It was found that the €-Cu precipitates within the
proeutectoid cementite were always crystallographically related
to the martensite (austenite at the transformation temperature)
which abutted the cementite. The orientation relatiomship
between the €-Cu and the martensite was generally found to be
very close to Nishiyama-Wasserman. Within any given region of
proeutectoid cementite, nearly all of the 6-Cu precipitates
exhibited the same variant of the N-W relationship with the
adjacent martensite. More than one orientation relationship
between the 86-Cu and the proeutectoid cementite was observed.
The orientation relationship most frequently observed led to good
matching between (1I1)€-Cu and (103)CEM.

Within regions of proeutectoid cementite that appeared to be
grain boundary allotriomorphs; the €-Cu precipitates displayed
variations in size. The size of the €-Cu érecipitates decreased
as the distance from the,cemeﬁtite:martensite inﬁerphase boundary
increased. The smallest 6-Cu precipitates took the shape of

spheres, or cubes, while the largest €-Cu precipitates tended to
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take the sﬁape of thicklplatelets. The longest sides of the €-Cu
precipitates were flat, and they tended to be nearly parallel to
the cementite:martensite interphase boundary. The small €-Cu
precipitates appeared to be randomly distfibuted. However, the
larger ones were sometimes found to be arranged in regularly

spaced; linear arrays.

Although copper had an unpronounced effect on the kinetics

of proeutectoid cementite precipitation, it did significantly
retard pearlite transformation kinetics. Copper delayed the
initiation_of the pearlite transformation. Copper also decreased
the growth rateég and increased the interiamellar spacings, of
isothermally formed pearlite.

Transmission electron'microscopy~revealédrthat,e~Cu was also

precipitated during the eutectoid decomposition of. the Fe=-C-Cu

alloys. At all of the transformation temperatures investigated.
6-Cu precipitates were found within the cementite lamellae.
Epsilon-Cu precipitates were also found within the ferrite

lamallae, but only when the pearlite growth rates were low. The

volume fraction of the 6-Cu precipitates was sensitive to the

pearlite growth rate.

Within a given pearlite colonys the‘e=Cu precipitates
within the ferrite lamellae had a different crystallographic
orientation relationship with the parent austenite than did the
€-Cu precipitates within the cementite lamellae. The.ferrite and
‘the 6-Cu precipitates tended to be related by orientatiom
relationships close to Kurdjumov-Sachs. Within any given

pearlite colony, nearly all of the €-Cu precipitates within the

64



ferrite lamellae displayed the same variant of the K-S
relationship. Because of experimental difficulties, the
orientation.relationship between the €-Cu precipitates and the

pearlitic cementite was not determined. However, dark-field

images made it clear thats within any pearlite colony, nearly all

of the 6-Cu precipitates took the same variant of an orientation
relationship with the cementite. The €6-Cu precipitates
within the pearlitic ferrite had uniform size, and an apparently
random spatial distribution. These precipitates were rod shaped,
but with aspect ratios that were only slightly greater than
unity. The traces of these rod shaped precipitates tended to be
parallel to high index directions in the ferrite, which were near

to <lll>ferrite.

The pearlitic ferrite was found to have two types of regions

that did not contain €-Cu precipitates.-dne type was a narrow
band of ferrite, which paralleled the ferrite:martensite
interphase boundary of partially transformed specimens. It is
thought that this type of precipitate-~denuded region was produced
by rapid advancement of the pearlite transformation front during
the iced-brine quench from the transformation temperature. The
other type of pfecipitate-denuded region was associated with
ferrite:iferrite grain boundaries within the pearlite.
Exceptionally large €-Cu precipitates were observed on these

ferrite:ferrite grain boundaries.
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4, DISCUSSION
4.1, Proeutectqid Cementite Precipitation
4@1;10 Interphase Precipitation of €-Cu

It was observed that the Fe-C-Cu alloys decomposed by the
precipitation of both proeutectoid cementite and €-Cu. These €-
Cu-ﬁrecipitates were observed within the proeutectoid cementite,
but not within the martensite,(austénite before iced-brine
quenching) of partially transformed specimens. Therefore , this
precipitation of €-Cu took place at, or in the wake of, the
cementitetaustenite interphase boundaries. In this subsection, it
is shown that both the kinetics and the microstructure of the
transformation indicate that this precipitation of €-Cu took
place on the moving cementitetaustenite interphase boundaries,

and tha* boundary diffusion of copper was an essential part of

this process. The observed precipitation of €-Cu can therefore

be classified as a form of interphase precipitation.
It is unlikely that any significant partitioning of copper
occurred in the austenite, ahead of the growing cementite. At

the transformation temperatures employed in the current work, the

austenite in the Fe-C-Cu alloys was supersaturated with both

carbon and copper. Therefore, although the. thermodynamic driving
force for copper to ﬁartition'away from cementite waé very large,
it does not seem reasonable that this could have been
accomplished by a diffusive flux of copper into the austenite
lattice.

The possibility of.#ny significant partitioning of copper

ahead of the growing cementite can also be negated by considering
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the low lattice diffusivity of substitutional solutes in
austenite. The extent to which copper could have been pushed

into the austenite, ahead of the cementite, may be estimated by

the ratio DCu/G' where DCu the lattice diffusion coefficient of

copper in austenite, and G = the fhickening rate of the cementite
[33,39]. It is reasonable to assume that the proeutectoid
cementite grain boundary allotriomorphs thickened parabolically
"in time [27], i.e. L = A(Dt)llz. where L = the'allotriomorph
half-thickness, A = the parabolic rate constant, and t = the
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growth time. The effective value of A can be evaluated by

inserting the appropriate experimental values of allotriomorph‘

half-thickness and growth time. For example, for Fe-1.49C-
4,90Cu, transformed at 750°C, the growth time was nearly the same
as the transformation time, t = 60 sec, and the allotriomorph
half-thickness was measured to be, L = 6.5X10 9cm. These values
give apl/2 = §.3x10 6cm/sec!’2, The thickening rate can be
determined by differentiation, giving dL/dt = G = AD1/2/2t1/2.
Using the value of ADl/2 just calcuiated. the \growth rate, at t =
60 sec, was G = 5X10”° cm/sec. The interdiffusion coefficient
fof copper in austenite at.' 750°C, is 1.9X10 1 3cn?/gec [111.
Therefore, for Fe-1.49C-4.90Cu, tranformed at 750°C, the distance

that copper could have been pushed into the austenite, by lattice

diffusion, was limited to distances of approximately, DCu/G =

0.48. This penetration distance is too small to have any real
physical meaning. It indicates that the cementite was always
growing into austenite that had a constant concentration of

copper, and that some high diffusivity path was respomsible for
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the observed rapid precipitation of €-Cu. -

It is also unlikely that this precipitation of €-Cu occurred
in the wake of the cementitetaustenite interphase boundaries.
Such a mechanism would require the cementite to first inherit the
same copper concentration as the parent austenite, and then
relieve the supersatﬁration by the diffusional'precipitation of
€-Cu. As described in. Appendix I, the maximum size that the €-Cu
precipitates could have grown to by this process may be estimated
to be on the order of R = Z(Dcut)llz. where R = the radius of a
shperical precipitatép Z = the parabolic rate cbnstant. D¢, = the
diffusion coefficient for copper in cementite, and t = the
transformation time [26]. The diffusivity of coppér'in ceméntite
is unknown, but it may be assumed to be similar to that of copper
in ferrite, which at  750°C is Dg, = 2X10"14cm2/3ec. For the
growth of copper-rich (>50.wt.i) €-Cu precipitates fr&m a dilute
(490 wt.Z) solution of copper in cementite, Z < 0.1 [26]. Using
these values of Dg, and Z, and a growth time of 60 secondss the
€-Cu precipitate radius calculates to be only 10 2. In Fe-1.49C-
4,90Cu, transformed at 750°C, for one minute. 68-Cu precipitates
as large as 400 & were observed. |

It is also unlikely that enhancements of lattice diffusion

by excess vacancies, which were retained by the rapid quench from

the austenization temperatures, were too small to Wake any

significant differences in the transport of copper by lattice

diffusion. The enhancement of diffusivity by excess vacancies
can be estimated by multiplying the diffusion coefficient, at the

transformation temperature, by the relative concentration of
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excess vacancies [74], D, = D(V;/V,), where D, = the excess
vacancy enhanced diffusion coefficient, D = the diffusion

coefficient at the transformation temperature, V; = the

equilibrium vacancy concentration at the austenitization:

temperature, and V), = the equilibrium vacancy concentration at
the transformation temperature. The equilibrium vacancy
concentration is approximately V = exp(U/RT), where U = the
energy of formation of a vacancy. Assuming the the energy of
formation of a vacancy in austenite is 30 kcal/mol [74], the

excess vacancies produced by the quench from 1150°C to 750°C,

could have increased the diffusivity of copper by a factor of 60.

This increase is insufficient to make the possibilities of copper

partitioning within the austenite, or precipitation wholly within
the cementite realistic.

The above analyses make it apparent that the kinetics of the
transforma;ion were such that the precipitation of €-Cu must have
occurred on the cementitetaustenite interphase boundaries, and
that interphase boundary diffusion of copper Qas primarily
responsible for their growth. There are also several
microstructural features that support this explanation. The

observation that the size of the €-Cu precipitétes decreased as

the distance from the cementite:martensite interphase boundary

increaéed indicates that the last 6-Cu precipitates to form,
during the isothermal transformation, gfew to be the largest. If
a diffusive flux of copper alomg the cementite:austenité
interphase boundary was responsible of the growth of the 6-Cu

precipitates, then the size of the precipitates should be
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directly related to the length of time that they were in contact
~ with the boundary. Therefores, the obéer;ed size distribution of
the €-Cu precipitates implies that the velocity of the interphase
boundary decreased as the transformation progressed. A
decreasing interphase boundary velocity is consistent with the
known parabolic thickening kinetics of proeutectoid cementite
grain bound#ry allotriomorphs [27,42]. The observation of an €-
Cu precipitate that was in the process of growing on the
cementitetaustenite interphase boundary, just prior to the iced-
brine Quench_(arrowed precipitate in Fig.l3), is another
indicatbr of precipitation on ,inferpﬁasevboundarie35

The consistently observed Nishiyama-Wasserman orientation
relationship between the €-Cu and the martensite, which abutted
the cementite, may also be taken as evidemce for precipitation om
the moving cementite:;ustenite interphase boundaries. Low
temperature transformation products of austenite, i.e. martensite
and bainite, are usually reiated to the parent austenite by
relationships such as Nishiyama-Wasserman (N-WL,or_Kurdjumov-
Sachs (K-S) [81-85]. It is reasonable to assume that such
orientation relationships existed in the microstructures of the
cuftent worke Therefore, the consistently observed N-W
relationship between the €-Cu and the martensite implies that the
€-Cu and the austenite were cube:cube related, i.e. (111)e-
Cu//(111)austenite, [110]6-Cu//[110]austenite.

The observation that nearly all of the 6-Cu precipitates
within a given cementite matrii took the same variant of a N-W

relationship with the martensite further implies that the
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cementitetaustenite interphase boundary acted as a common

heterogeniety for €-Cu nucleation.

4.1.2. Proeutectoid Cementite Transformation Kinetics.

It was observed that copper did not have much influence on
the kinetics of proeutectoid cemenfite precipitation. The TTT
diagrams generated for the Fe-1.43C and the Fe-1.49C-4.90Cu
alloys had identical proeutectoid cementite start curves. Severe
quench cracking prohibited the quantificatiqn of isothermal »
nucleation rates by metallographic methods [5,25]. However, the
observed similarities in the number, and the size, of individual
grain'boundary allotriomorphs in identically transformed
specimens of Fe-1.43C and Fe-1.49C-4.90Cu, give a qualitative
indication.that~the nucleation rates of proeutecﬁoid cementite
weré not greatly different in the two alloys. Likewise, the
great similarities in the thicknesses of the grain'boundary
allotriomorphs, and the lengths of the Widmanstatten plates,
produced in identically transformed specimens of Fe-1.43C and Fe-
1.49C-4.90Cu, indicate that the growth rates of proeutectoid
cementite were also substantially the éame in both.alloys. These

similarities in transformation kinetics occurred despite the

" extensive partitioning of copper that was accomplished by

interphase precipitation of €-Cu.
In this subsection, the reasons that copper had only a small
influence on the kinetics of proeutectoid cementite precipitation

are discussed. The data are first examined by phenomenological



theories which are based on the assumption that proeutectoid
cementite growth is controlled by the diffusion of carbonm through
austenite. It is shown that despite the inaccuracy incurred by
neglecting the effects of interphase boundary structure, these

phenomenological theories can give a reasonable explamation for

the data. However, it is also shown that the effects of.

interphase boundary structure, particularly the presence of
partially coherenﬁ facets on the cementitetaustenite interphase
boundary, are essential to explain the small influence that the
€-Cu precipitates had on proeutectoid cementite growth.

The observation that interphase precipitation of €-Cu did

not limit the growth of proeutectoid cementite indicates that the
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6-Cu precipitates could nucleate and grow at rates that were at

lTeast equivalent to the rates at which the cementite:austenite
interéhase‘boundary migrated. Under the high supersaturations of
copper that doubtlessly occurred at these moving boundariess
barriers to the nucleation of €6-Cu must have been readily
surmounted. Therefores, the nucleation rates of 6-Cu must have

been sufficiently high to keep pace with the boundary. Once

nucleated, the precipitates grew well beyond critical size..

This indicates that the transport of copper to these
precipitatiess by boundary diffusion, must also have been
sufficiently rapid, so that it did not limit cementite g:owtho
Boundary diffusion is known to be sensitive to boundary structure
[109], and it has also been suggested that diffusion in moving
boundaries is much greater than that in static boundaries

(21,22]. However, because the proeutectoid cementite growth



ratess and the resulting densities of €-Cu precipitatess changed
with time, it is difficuit to use these quantities to estimate
what the diffusivity of copper was in these boundaries.

The similar proeutectoid cementite growth kinetics exhibited
by Fe-1.43C and Fe-1.49C-4.90Cu also indicate that the traﬁsp/ort
of carbon to the cementites by lattice diffusion. was not
greatly reduced by copper. It has been demonstrated that a
substitutional solute can alter this transport through its
influence on the carbon activity gradient [32,35,36]. A factor
important in defining this gradient is the concentration of
carbon at the cemeﬁtite:austenite interphase boundéry. A
qualitative assessment of the change in carbqn concentration
imparted by the substitutional solute can be obtained from the
appropriate phase diagrams [32,35,36]. In the absence of
partitioning, the influence of the solute can be qualitatively
described by the difference between the phase boundaries in the
Fe-C equilibrium phase diagram, and the "no-partition

equilibrium”™ phase diagram of the ternary alloy [32,35,361].

However, the present data make it clear that despite the sizable

(>200°C) undercoolings from the equilibrium solvus temperatures,
the conditions of "no-partition equilibrium™ were not obtained in
the Fe-C-Cu alloys; interphase precipitation of 6-Cu was always
observed. Under these conditions. the austenite contacting the
interphase boundary must have had a carbon concentration that was

much closer to that of austenite in three phase

(cementite+austenite+€-Cu) equilibrium. The Fe-C-Cu phase

diagram, Fig.2, shows that the carbon concentration of austenite,
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in three phase equilibrium, is nearly identical to that of
austenite in an Fe-C binary alloy.. Since the Fe~1.43C and the
Fe-1.49C-4.90Cu alloys had similar carbon contents, the carbomn
concentration gradient, and therefore the flux of carbon to the
cementite were probably not affected by copper.

It has just been shown that theories, based om the
assumption that cementite growth iSvcontrolle_d by the
diffusion of carbon through austenites can account for the
relatively small differences between the growth kinetics
exhibited by Fe-=1.43C ‘and Fe~1.49C-4,90Cu. Howev;r. these

theories predict cementite growth rates that are substantially

higher than those observed. As described in Appendix I, the half-

thickness that the allotriomorphs would be expected to take, if

their growth was diffusion controlled, may be estimated by the
equation, L = A(Dt)lv/Z. where, L = the half-thickness, A = the
parabolic rate constants D = the diffusion coefficient for carbon
in austenites; and t = the growth time. Taking the carbon
concentrations from the 800°C tie-~line of the Fe-C phase diagram.

the parabolic rate constant is [261]:

(CY - CY:cem)

(4.1) A = v : :
[(C°em _ ¢Y) (coem _ cy:cem)jilz

(1.43 - 0.93)
A= = 0.09
[(6.67 - 1.43) (6.67 - 0.93)11/2

The diffusivity of carbon in austenite, at 800°C, increases by
almost a factor of three as the carbon concentration increases
from CCEM 45 oY [17,18]. Taking the weighted average as the

effective diffusion coefficient, D = 9.00 X 10 8¢m2/sec. For a

growth time of 50 seconds, L = 1.2 microns. For transformation
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at 800°C, with a growth time of about 50 seconds, the Fe-1.43C
alloy exhibited an allotriomorph half-thickness of 0.8 microns,
which is about 40% of the theoreti;al value. An identically heat
treated specimen ot Fe-1.49C-4.90Cu exhibited an allotriomorph
half-thickness of 0.75 microms, which is about 35% of its
theoretical value.

The current finding that the grain boundary allotriomorphss

in Fe-1.43C, thickened at rates that were less than those allowed

by the diffusion of carbon through austenite is comsistent with
the results of previous research om both proeutectoid cementites
and proeutectoid ferrite, grain.boundary allotriomorphs in Fe-C
alloys [27,29]. Since the im?urity concentrations in these
alloys were very low. the sluggish allotriomorph growth kinetics
have been attributed to the atomic structure of the
allotriomorph:austenite interphase boundary. Specifically, it
has been suggested that some portions of the
allotriomorphtaustenite interphase'boundary have partially
coherent structures. These portions of the interphase boundary
are manifested as planar facets, which can migrate normal to
themselves only by a ledge mechanism [5,25,31]. The necessity
for these boundaries to migrate by a ledge mechanism causes them
to act as an -impediment to growth [5,271].

Evidence for the presence of partially coherent facets on
the cementite:austenite interphase boundaries can be found in thé
fact that the 6-Cu precipitates did not act as an obstacle to
allotriomorph growth. In the early stages of proeutectoid

cementite precipitation, the allotriombrph growth rates were
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high, aqd the interphase boundaries were demsely populated with
6-Cu precipitates. If these precipitates had interferred with
growth, by pinning mobile boundaries, them it is likely that the
proeutectoid cementite growth kinetics in Fe-1.49C-4.90Cu would
have been much lower than those in Fe-1.43C. The absence of any
great decrease in growth kinetics implieé that the precipitation
of 6-Cu took place on the portions of the interphase boundaries
that were partially coherent, aﬁd therefore inhereéntly immobile.
Migration of these boundarieg must have been accomplished b& the
 passage of ledges over these precipitates, and not by the *bowing
around' mechanism that has been observed in other ferrous alloys
[93,94]

The cementite:austenite ihterphase boundaries were"destroyed
by the martensitic transformation' that occurred during'the.iced-
brine quench. Therefore, a direct determination of the exact
proportion of partially coherent interphase boundaries could not
be ascertained by electron microscopy. However, becaﬁse the
densitj of 6-Cu precipitates could be high, e.g. Figs.12 and 13,
and the cementite:martensite interphase Boundaries did not
exhibit pronounced curvatures, it is reasonabie to aésume that

substantial;, if not most portions of the cementitetaustenite

interphase boundaries were partially coherent. The similar

growth kinetics exhibited by Fe-1.43C and Fe-1.49C-4.90Cu also
indicate that the proportion of partially coherent interphase
boundaries was high for both alloys. This suggests that the
proeutectoid cementite grain boundary allortiomorphs may have

thickened primarily by a ledge mechanism.
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It has been shown that when interface migration occurs by a
ledge mechanism, a wide variety of growth kinetics, including
parlbolic growth, may be exhibited [25,110]. Models that
describe precipitate growth by a ledge mechanism have been
developeds; and they predict that growth rates are critically
dependent upon the height, and the number of ledges present on
the interface [111,112]. It has been shown that, depending on
the alloy system, and the experimental conditions, ledge
heights can vary widely, ranging from omne to several hundred atom
layers high [87,110]. The current observations of rather flat
cementite:martensite interphase boundaries, e.g. Figs.l12, 13, and
16, indicate that ledge heights were usually much less than 50nm.
The absence of any larges systematic arrays of small €-Cu
precipitates implies that when the proeutectoid cementite growth
rates were high, the number of ledges was high, and that the
planar facets of partially coherent boundary between these
-ledges did not extent over large distances. This is in contrast
to the broad, planar sheet distributions of interphase alloy
carbide precipitates that have been produced during proeutectoid
ferrite growth in some hypoeutectoid steels [86,97]. The
trapsition from a dense, apparentlﬁ random distribution of small
8-Cu precipitates to curveds linear arrays of larger precipitates
problaly reflects a reduced number of growth ledges (25,1101, and
an increased diffusion distance, attendant with decreased

proeutectoid cementite growth rates.
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4.2, Pearlite Precipitation
4.2.1. Pearlite Transformation Kinetics

Unlike proeutecfoid cementite precipitation., copper did have
a large influence on the kinetics of pearlite precipitatiom.
These kinetics can be reasonably well explained by theories whigh
relate the rates of nucleation and growth to a thermodynamic
driving fércee In the Fe-C-Cu alloys this driving force was
strﬁngly depen&ent upon the extent to which copper was
partitioned by the precipitation of €-Cu. In this subsection,
the reductions in pearlite precipitation kinetics imparted by
copper are explained in terms of thermédynamic driving forces,
and ‘the rates of mass transport that were required to accomplish
the partitioning of €-Cu.

The TTT diagrams generated for the Fe-C and the Fe-C~Cu

aIldys,zFigse 5 and 6, indicate that copper deiayed the

initiation of the pearlite transformation. Since the positions
of the transformation start curves represent the times at which
the product phases were first observed by metallographys these
TTT diagrams giﬁe a qualitative indication that copper decreased
the isothermal nucleation rates of pearlite. Because the nature
of the critical nucleus is so uncertain, it is difficult to
discuss any mechanism'by which copper could have decreased
pearlite nucleation rates. However, from classical theories
[40,50]: it can be inferred that copper may have decreased
nucleation rates by causing a reduction in the volume free energy
change accompanying precipitation.

. The volume free energy change accompanying precipitation is
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also the driving force for the growth of peariite. Although the
growth rates and the intérlamellar spacings fhat pearlite
exhibits are dependent.upon thevmechanism of the transformation,
theories predict that decreases in the free energy change cause

reductions in the growth ratess and increases in the interlamelar

spacings [40,52]. Therefore, the observations that the isothermal

growthhrates of pearlite in the Fe~C-Cu alioys were less than
those in fe-C binary alloys can also be attributed, at least
pértlyo to a reducedvthermodynamic driving force for eutectoid
decomposition.

Part of the reduction in the thermodynamic driving force for

eutectoid decomposition imparted by copper can be assigned to the

influence of copper on the Fe-C phase diagram. Copper decreases

the eutectoid temperafure of the Fe-C system, which is 7279
L13]. Fof the Fe-C-Cu alloys of the current work, the ternary
eutectoid reaction, austenite > (ferrite + cementite + €-Cu), is
-predicted to occur at 715°C [15]. Therefore, at a given

transformation temperature, the undercooling from the eutectoid

temperature, and consequently, the driving force for eutectoid’

decomposition, were less in the Fe-C~Cu alloys. However, when
the pearlite growth rates, and the interlamellar spacings, of the
Fe-C and the Fe-C-Cu alloys were compared at equivalent
undercoolings from the eutectoid temperatures, it was found that
copper decreased pearlite growth rates, and increased
~ interlamellar spacings, at all undercoolingé.' Therefore, copper
altered the kinetics, and the microstructure, of pearlite

precipitation further than that suggested from equilibrium phase

79



diagram considerations.

In addition to influencing the thermodynamics of the bulk
phasess it is possible that copper had an effect on the specific
free energy of the cementite:ferrite interface. Since copper is
nearly insoluble in cementite [8,15], it is reasonable to assume
that it increased this interfacial energy. If this is true, then
larger portions of the volume free energy change would have been
required to create new surfacess leﬁving less of the free energy
change available for growth. This could have causedvincreased
interlamellar spacings and decreased growth rates. Investigation
of the possibility that copper increased the specific free energy
of the cementite:ferrite interface would rgquire calorimetric
experiments such have been performed on Fe-C-Co alloys [113].

It i8 well known that ﬁhe-precipitation kinetics, and the
microstructure, of pearlite, iﬁ'aIloyed steels, are semsitive to
the extent of solute partitioning that takes place at the
transformation fronmt. an-equilibrium partitioning reduces the
volume free energy change accompanying precipitation, and this
may reduce growth rates,; and increase interlamellar spacings
[40]. 1In the current work, the partitioning of copper wés
identified by the precipitation of €-Cu.

By arguments similar to those used in the discussion of
proeutectoid cementite precipitation, it is considered most
likely that the 6-Cu was precipitated on the pearlite:austenite
interphasé boundaries, and that boundary diffusion was the
primary mechanism by which they grew. At the transformation

temperatures investigated, ca. 700°C, the lattice diffusivity of



substitutional solutess in austenite, was very low, relative to

the growth rates of pearlite. Consequently, the calculated

diffusion distances ahead of the transformation front were too

small to have real physical meaning. For example, at 700°C, the
ratio of the diffusivity of copper in austenite to the pearlite
growth rate was D;,/G = 3.3 X 1071602 gec~l/

2.3% 10"%m sec™) = 1.4 X 107 4cn << 1 8.

It is also unlikely that any extensive precipitation of €-Cu
occurred in the wake of the interphase-boundaries. For
temperatures near 700.°Ce the lattice diffusivity of copper in
ferrite was about 103 times greater than that in aﬁstenite.
Therefore, it is possible that some growth of the €-Cu
precipitates took place in the wake of the interphase boundaries.
However, the observations that the size of the 6-Cu precipitates
remained constant, as the distancevfrom the ferrite:martensite
‘interphase boundaries increased, indicates that most of their
growth took place while they were in contacf with the boundaries.
The observations that most of the €~Cu precipitates, within a
ferrite grain, . took the saﬁe crystallographic variant of a
Kurdjumov-Sachs relationship with the ferrite further implies
that the pearlite:austenite interphase boundaries acted as a
common heterogeneity for nucleation and growth.

The precipitate-denuded. zones associated with the
ferritetferrite grain boundaries, such as shown in Fig.32, are

also thought to be a consequence of copper diffusion along

interphase boundaries. The boundary shown in Fig.32 was probably"

produced by the impingement of two growing ferrite grains, such
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as those arrowed in Fig.27(B). Such a configuration would have
been an effective sink for copper atoms, since they could be
diffused along the ferrite:ferrite grain boundaries to large €-Cu
precipitates. This would have depleted the copper from the
ferrite adjacent to the grain boundary, and obviated the need for
precipitation.

Ferrite makes up most of the mass of pearlite, therefores, it
is reasonable to assume that partitioning of cdppef a&ay from
that phase had the most influence on pearlite precipitation
kinetics. When the transformation temperature was below 675°C,
the undercooling was suficiently large to make the precipitation
of pon-partitioned ferrite thermodynamically feasible, and"
interphase precipitation of 6-Cu did not occur. Under these:
conditions, it is likely that pearlite growth was largely
controlled by the - diffusion of carbon through austenité [33].
Howevers, the precipitation of ferrite that was highly
supersgturated with copper must have reduced the magnitude of the
free energy change associated with precipitation below its
equilibrium value. This must have caused the interlamellar
spacings to be increased, and the growth rates to be decreased,
beyond what méy have been expected from phase diagram
considerations. | |

At all of the transformation temperatures investigated, €-Cu
precipitated on the cementite:austenitg portions of the pearlite
growth front. This reflects the very strong tendency for copper
to partition away from cementite, and it is consistent with the

data obtained on proeutectoid cementite precipitation. Since
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interphaée precipitation of €-Cu had relatively little effect om
the kinetics of proeutectoid cementite precipitation, it is
reasonable to assume that the precipitation of 6-Cu on the
cementitestaustenite portioﬁs of the pearlite tranformation front

had relatively little effect on the kinetics of pearlite growth.

This may be a consequence of the relatively small effect copper

had on the diffusive flux of carbon to the.cementite.

When the transformation tempefatufe was 700°C, or higher,
extensive precipitation of €-Cu occurred on the ferritetaustenite
interphase boundaries. Under these conditions, groﬁ;h rates were
lows and carbon could diffuse over long distances in the
austenite. Consequently, the lamellar microstructure became very
coarse, and at 708°C it was non-existant. The cementite:ferrite
surface energy associated with the lamellae was thereby reduced
in these microstructures.

Because of experimental difficulties, a direct chemical
analysis of the €-Cu could not be obtained. An objectionally
high CuKa systems backround prevented accurate analysis by
energy dispersive x-ray microanalysis. The accuracy of chemical
analysis performed on extracted €-Cu precipitates would also have
been questionable because copper can be dissolved, and then re-
precipitated, by the etching solutions used for extraction,

The extent of segregation accomplished by interphase
precipitation can be related to the volume fraction, and the
- composition, of the €-Cu. The 700°C tie-line in the Fe-Cu phase
diagram gave the following mass fraction of €-Cu:

(CY - ¢c% / (C® - C%* = (3.57 - 0.51) / (99.8 — 0.51) = 3.,08%
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where,C', C% and C® are the copper concentrations of the
austenite, the ferrite, and the €-Cu respectively. At 708°C,
essentially the same values apply. Taking the densities of
ferrite and 6-Cu to be 7.87 g/cc, and 8.93 g/ccs respectively
[114], the equilibrium volume fraction is 2.7%. |

For transformation at 708°C, the measured volume fraction of
€-Cu precipitateswas.Z.S +-0.1Z. This is in close agreement
with the equilibrium values, and it indicates that near
equilibrium segregation of copper occurred at the pearlite
transformation front.

For transformation at 700°C, the measured volume fraction of
€~Cu was 4.5 t 0.5Z. This exceeds the equilibrium volume
fraction by a factor of 1.6, Reasonable adjustments of: the
.experimental data used to calculate the volume fraction' could not
account for this difference.. Therefores this result indicates
that either large, systematic: errors occurred in the volume
fraction measurements of this microstructure, or the €-Cu
precipitates had a copper concentration that was considerably
less than the equilibrium value. Since the volume fraction of €-
' Cu measured for the 708°C microstructure was consistent with the
equilibrium value, large experimental errors are not considered
likely.

A tie-line relationship could be made to give a mass
fraction that was consistent with the volume fraction measured
for the 700°C microstructure, if the ferrite was assigned its
equilibrium concentrations 0.51 wt.Z Cu, and the 6-Cu was

assigned a concentration of omly about 70 wt.Z Cu. From
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classical theories of nucleation in binary systems, the
precipitation of €-Cu with such a low copper content is not
expected. These theories predict that the driving force for
precipitation is generally maximized if the critical nucleus is
richer in solute than the equilibrium phase [115]. However. in
the present case of simultaneous pearlite and interphase
precipitation, the transformation is driven by the
supersaturations of both carbon énd copper. Under the dynamic
conditions that occurred af the pearlite transformation front,
the amount of segregation required for the formation of critical
€6-Cu nuclei may have been greatly reduced. Consequently,

pfecipitates with only about 70%Z copper may have been

sufficiently matastable to exist over the time periods examined.

Some support for the possibility that such metastable €-Cu could

_ exist may be found in the report that vapor deposited Fe-Cu films
can exhibit a face-centered-cubic structure with Compositions as
low as 60Z copper [116,117]. However, accurate chemical
analysis, perhaps by field ion microscopy and time-of-flight mass
spectroscopy [118], is'necessary to validate this.

It is believed that the é-Cu precipitates did not act as a
.significant structu;al oﬁstacle to pearlite growth, i.e. they did
not pin the pearlite transformation front. Evidence for this is
found in the precipitate denuded regions that were produced at
the transformation front during the iced-brine quench, Fig.31l.
 These precipitate denuded regions indicate that the
bpearlite:austenite interphase boundary could easily overgrow the

€-Cu precipitates.
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4.2.2, Intefphase Boundary Diffusion

The data of the current work indicate that copper could
preciﬁitate on the moving ferritetaustenite interphase boundaries
when the growth rate was low enough. When this interphase
precipitation was extensive, it is reasonable to assume that
pearlite growth ﬁas controlled by boundary diffusion of copper.
If some approximations regarding the kinematics of interphase
precipitation are mades an estimate of the inter?hase boundary
diffusivity can be obtained. Since the pearlite growth rate was

constant, and since the 6-Cu precipitates had a constant size,

and an apparently random spatial distribution, it may be assumed

that interphase precipitation of €-Cu was a steady-state process.

Under this assumption, interphase precipitation of €-Cu was

analogous to peaflite precipitation.

Schematic diagrams representing microstructures of 6-Cu and

ferrite are shown in Fig.35. Fig 35(A) represents a series of

thin slices taken from the actual microstructure. The growth
direction is indicated. If, in the wake of the transformation
front, the slices are displaced, normal to the growth direction,

then a cellular microstructure consisting of €-Cu rods in a

ferritic matrix is approximated.. This is shown in Fig.35(B). In

this analysis, it is assumed that the diffusion required to
produce this cellular microstructure is equivalent to that
required to produce the random distribution of discrete €-Cu
precipitates.

In the ferritetaustenite interphase boundary plane, the €-Cu

rods are assumed to be located at the centers of an array of
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circles, all having radii equal to half the mean free distance
between the €-Cu precipitates. As the boundary advances, copper
from the;volume of austenite swept by the bounding circle is fed
to the €-Cu by boundary diffusion. Following the procedure that
hés been used‘in the analysis of cellular precipitation:[SS]. the
rate at which copper is removed from the austenite is equated to
the rate at which copper is fed to the €-Cu precipitates,
(4.2) 6nRE(CY-CY = TJd2nr
where, G = the growth rate of the ferrite, R = the radius of the
bounding circle, ¢Y = the concentration of copper in the
austenite, C® = the concentration of.copper in the ferrite, J =
the fiux of copper slong the interphase boundary, d = the
thickness of the boundary, and r = the radius of the copper rod.
The flux of copper can be related to the interphase boundary

diffusion coefficient through Fick's firsf law, For’sﬁeady-
state conditions,

(ck - ¢7)
(4.3) J = -Dgd (1/ 1)

1n (R/r)
where, DB = the interphase boundary diffnsivity of copper, d =
the thickness of the boundary, CR = the concentration of copper

at the perimeter of the bounding circle, C* = the-concentratioﬁ

of copper at the.. interface of the €Cu precipitate. Combining

equations (4.2) and (4.3) gives,
(4.4) d = G R? —(EY——-C—G)- (1/2 1n(R/1)]
° ’» (R - ¢
By far, the dominant terms in equation (4.4) are the growth

rate and the radius of the bounding circle, which has been

assumed to be equal to half the mean free distance between the €f
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Cu precipitates. The growth rate has been determined by optical
metallography. The mean free distance has been determined by
quantitative transmission electron microscopy. The concentration
of copper in the boundary at the perimeter of the boundinglcircle
was assumed to be equal to the concentration of copper in the
austenite, 3.57 wt.%. The concentration of copper at the surface
of the €-Cu precipitate was assumed to be equal to the
concentration of ferrite in equilibrium with €-Cu, about 0.5 wt.Z
at 700°C. This equilibrium value was also assumed for the copper
concentration of the ferrite. Therefore, the factor containing
the concentration terms was reduced to unity. The radius of the
precipitate was assumed to be one-half the mean tangent diameter..

For transformation at 708°C, the data in Table III'givesvthef
following values, G =3X 1077 cn/sec, R = (7537/2) 8.> =
(475/2) 8. 1Inserting these values into equation (4.4) gives:

Dy d = (3 X 107 )em/sec (7.5 X 107 cu/2)% [1/2 1a(7537 /475)]
Dy d = (4.2 %10716) [1.4] = 5.9 % 10716 cm3/gec

For transformation at 700°C, the data of Table III cause equation
(4.4) to give D#d = 4,1 X 10 “16 cm3/sec. These values are
plotted in Fig.6 along with values of Dgd which have been
reported for copper im iron [19,20].

Fig.6 shows that the values of Dgd given by the current
analysis are as much as an order of magnitude lower than those
reported for the diffusion of copper into ferrite grain
boundariess but are cdmparable to the extrapolated values for
austenite grain bouﬁdaries.

" The major assumptions in the current analysis are the

existence of a steady state diffusion gradient, and that the mass



of copper fed to the €-Cu was‘proportional to the square of half
the mean ffee distance. In reality, there must have been some
overlap of diffusion fields. Therefore, the diffusion gradient
was probably something less than assumed. Howevers from
inspection of equation (4.4), it can be seen that reasomable
changes in the terms defining the gradient would not have had
more thaﬁ an order of magnitude effect on Dgd. The more
signific#nt assumption is that the mass of copper fed to the €-Cu
vwas proportional to the square of half the mean freeidistance.
In realitys a distance closer to the nearest neighbor distaﬁce
would probably have been more appropriate. Therefore, the
current analysis most probably overestimated Dpd.

In view of the approximations made in the current analysis,

an order of magnitude difference between the present values of

Dgd and those reported for copper in iron cannot be considered

excessive. Therefore the current results do not support the idea
that the diffusivities of moving boundaries are very much greater

than the diffusivities of static boundaries [21-24].
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4.3, Crystallography and Morphology of the €-Cu Precipitates

During the growth of proeutectoid cementite in the Fe-C-Cu
alloyss €-Cu was precipitated on the moving cementite:austenite
interphase boundaries. It was found that the €-Cu could take
more than one orientation relationship with the cementite.
However, within any given region of proeutectoid cementite,
_nearly all of the €-Cu precipitates exhibited the samé’variant of
the existing orientation relatiomship. The orientation
relationghip between the €-Cu andrthe cementite was always such
that the 6-Cu was also Nishiyama-Wasserman (N-W) related to the
martensite (austenite at the transformation temperature) which
abutted the cementite. Since martemsite is typically Kurdjumov-
Sachs (K=S), or N-W, related to austenite .[81-85], it is
reasonable to assume that the €-Cu was cube:cube related to the
austenite. |

The tendency for the €-Cu precipitates to take the same
variant of an orientation relationship with the growing cementite
reflects the importantance of the cementitetaustenite interphase
boundaries in determining precipitate crystallography. Since
the observed orientation relationships were established during
the nucleation of G-Cﬁ. it. is likely that the tendency to
minimize the surface energy associated with the critical nuclei
was. a major factor involved in their determimation [92].
Minimization of this surface energy must have reguired the

formation of coherent, or partially coherent interfaces between

the €-Cu and both the parent austenite and the growing cementite.
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Although the transformation to martensite prevented its
direct observation by eleétron microscopys it is likely that the
cube:cube relationship between €-Cu and austenite lead to the
formation of coherent interfaces between these phases. Since the
lattice parameters of the 6-Cu and high carbon austenite were
nearly identical [63], éxcéllent matching of atom positions

\
across parallél close-packed planes of these phaseé must have
been readily established.

The transmission electron microscope observations indicate

that coherent interfaces were also formed betweeﬁ the €6-Cu and

the cementite. Evidence for coherency can be found in the moire' .

fringes which were caused by the close matching of (1I1)6-Cu and

(103)CEM, Fig.l8. The misfit between (1I1)€-Cu and (103)CEM can

be estimated from the moire! fringe spacing [105]: m = d/D, where

m = the misfit, d = the interplanar spacing, and D = the moire"

fringe spacing. For the images shown in Fig.l18, d = d(103)CEM =
2.0138, and D = 53 B. These values give a misfit of 3.8%. Since
the thermal expansion coefficient of €-Cu is only slightly larger
than that of cemeatite [119], this estimate of misfit should also
apply at the transformation temperature. If this misfit strain
had been relieved by interfacial dislocations, then it is likely
that a two dimensional net of dislocations would have been
produced [105]. This was not observed in the bright-field images
that were taken with many reflections op.erating. e.g. Fig.l8.
Further evidence for coherency between €-Cu and cementite can be
found in the lines of no-contrast exhibited by the dark-field

images of the 8-Cu precipitates, e.g. Fig.22.
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The orientation relationship most often encountered between
€-Cu and cementite, i.e. (010)CEM//(110)6-Cu, (103)CEM//(111)e-
Cus was the one that gave very good plane matching between
(103)CEM and (1I1)€-Cu. This orientation relationship is also
- the same as that which has been observed between proeutectoid
cementite Widmanstatten plates and retained austenite [67]. A
reason for the preference of this orientation relationship can be
found in the fact that the cementite crystal structure is such

that the {103} planes possess the highest demnsity of iron atoms

[64]. Therefore, this orientation relationship has the often

encountered quality that the close-packed, or most nearly close-
packeds, planes of two phases tend to parallel oﬁe another.
Although it appears that good matching between (1I1)€-Cu and
(103)CEM led to a preferred orientation relationship, the
electron diffraction data make it clear that other orientation
relationships between G-Cﬁ and austenite were developed during
interphase precipitation. Because interphase precipitation of
€-Cu did not greatly impede proeutectoid cementite growth, it has
been deduced that this precipitation occurred on planar facets on
the-cementitetaustenite interphase boundaries that were coherent,
or partially coherent, #nd therefore inherently immobile. Since
the 6-Cu and the austenite were cube:cube related, the habit
planes of these planar facets must have determined the
orientation relationship between €-Cu and cementite. Therefores
the existence of more than one orientation relationship between
€-Cu and cementite must have been a consequence of these planar

facets having multiple habit planes. This is consistent with
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thé well established finding that the habit plame of proeutectoid
cementite Widmanstatten plates in austenite is non-unique [68-70].

During the eutectoid decomposition of the Fe-C~Cu alloys.,
interphase precifitétion of €-Cu could occur on both the
ferritesaustenite, and the cementitetaustenite, segments of the
pearlite transformation front. The €-Cu precipitates were found
to be K-S related to the ferrite. Within the ferrite lamaliae of
any given pearlite colony, nearly all of the €6-Cu precipitates
exhibited one variant of the K-S relationship. The orientation
relationship between the €6-Cu precipitates and the pearlitic
cementite was not determined. However, dark-field images made it
clear that within any pearlite colony, nearly all of the €-Cu
precipitates took the same variant of an orientation relationship
with the cementite.

Orientation relationships élose to K-S are known to give low
energys partially coherent interfaces between (l1l)fcc and
(011)bce [5,25,87] Therefore, it is reasomable that this
relationship was the one taken by the €6-~Cu which was precipitated
on the ferritetaustenite interphase boundaries.

However, it 1is unlikely that the €-Cu could have
simultaneously possessed a K-S relationship with the ferrite, and
a cubetcube relationship with the parent austenite during
pearlite growth. If such a three phase crystallography existed,
then the €-Cu and the martensite adjacent to the interphase
boundary should have been K-S or N~W related. No evidence for
this was found in the transmission electron microscope

observations. A cube:cube relationship between the €-Cu and the



austenite would also imply that the pearlitic ferrite was K-S; or
N-W. related to the austenite into which it was growing. These
sorts of orientation relationships are not generally observed
in the pearlite transformation [72].

Althouéh it is unlikely that a favorable three phase
cyystallography between austenite, 6-Cu, and ferrite existed
during pearlite growth, it is clear that the interphase
boundariés between ferrite and austenite could still_sustain the
nucleation of €-Cu. The exact nature of the interphase boundary
between pearlite and austenite remains uncertain. Many
characteristics of the pearlite transformatiaﬁ indiéa;e that this
boundary is disordered, and that its migration is not influenced
by the crystallography of the parent austenite [72,120].
However, more recent studies have provided evidence that this
interphase boundaryidoes contain partially coherent facets which
migrate by a ledge mechanism [121].

The observation of a K-S relationship between €-Cu and
ferrite indicates that small, planar , facets of

{Oll}fer:ite//{lll}G-Cu acted as the nucleation sites for €-Cu.

Since {0ll}ferrite does not normally lie in the plane of the

7 pearlite:aﬁstenite interphése boundary, these planar facets must
have been formed by local accomodations of the boundary. The
particular variant of {Oll}fe;rite taken was probably the one
which most nearly paralled overall interphase boundary. This
would have minimized the atomic movements necessary for boundary
accomodation. The selection of interphase precipitate

crystallography on this basis has been reported for other ferrous
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alloys [87,91].

The 6-Cu precipitates were observed after they had grown
well beyond critical nucleus dimensions. The shapes that they
displayed must havé‘been influenced by the effects of both
surface energy and strain energy [122,123]. The relative
importance of these effects 1is dependent upon a number of
factors, including the size of the precipitates. For small
(>3008) precipitates, it appears that surface energy has the
largest influence on precipitate shape [122].

The smallest €-Cu precipitafes observed within the
proeutectoid cementite were either spherical, or cuboidal. These
shapes indicate that there was not a large degree.of anisotropy
in the surface energy of the €-Cu:cementite interface.

Anisotropies in shape were evidént in the'large'equ

precipitates. Those within the ferrite took the shape of short

rods, with aspect ratios only slightly greater than unity. Trace

analysis indicated that the rod directions were always nearly
parallel to either <557>ferrite, or <665>ferrite. These
directions are the same as those reported for €-Cu rods in
quenched and aged ferrite [80]. They have been shown to be the
directions which minimize transformation strains [80].
Therefofe. although the ferrite:austenite interphase boundary
made one variant most favorable, it appears that ;he rod
morphology was adopted in order to minimize the strain associéted
with growth iﬁto ferrite.

Transformation strains may have also piayed a large role in

‘ determining the thick platelet morphology which was taken by the

95



large €-Cu precipitates within the proeutectoid cementite. It is
well known that a thin plate is the most favorable shape for a
misfitting elastic inclusion in an elastic matrix [123].

The thick platelet morphology may have been a variation of this

theme, which was influenced by elastic anisotropy and the

strains associated with the fcc to orthorhombic phase
transformation. However, the great thickness of these platelets
indicates that the tendency to minimize surface energy must have

played a major role in determining precipitate morphology.
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5. SUMMARY AND CONCLUSIONS

Proeutectoid cementiﬁe grain boundary allotriomorphs have
been identified as a source of embrittlement in high carbon
steelsc In order to explore the possibility of inhibiting this
precipitation by the addition of alloying elements, the
isothermal transformation behaviors of Fe-C-Cu alloys were
examined, and compared to those of a Fe-C alloy having a
comparable carbon content. Copper was chosen as an alloying
element primarily because there is a strong tendency for it to
partition away from cementite, and its significance as an
impurity in scrap steel.

The following conclusions have been reached concerning the
the effect of copper on the isothermal precipitation of
proeutectoid cementite:

1. Copber does not have a large influence on the kinetics of
proeutectoid cementite precipitation. In both Fe-C, and Fe-C-
Cu alloyss proeutectoid cementite grain Soundary allotriomorphs
grow at rates that are within an order of magnitude of, but
significantly less than, those #llowed by the diffusion of carbon
through austenite. Metallographic observations also gave
strong, qualitative, indications that the isothermal nucleation
rates of proeutectoid cementite grain boundary allotriomorphs
were not greatly affected by copper.

2. Copper can be partitioned from proeutectoid cementite by
the precipita;ion of 6-Cu on movihg cementitetaustenite
interphase boundaries. Bothvthe microstructural and the kinetic

data indicate that rapid boundary diffusion of copper was an
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essential part of this precipitation.

Because copper could be raéidly partitioned by the
precipitation of €6-~Cu on the cementitetaustenite interphase
boundaries, the anticipated reductions in proeutectoid cementite
precipitation kinetics were never realized. Howevers; the
information:obtainedvon this phase transformation does provide
some inéight regarding the mechanism, and effects, of ﬁhird phase
precipitation on moving interphase boundaries.

The current data have verified the well known fact that the
both proeutectoid cementite, and proeutectoid ferrite, grain
boundary allotriomorphs érow at rates that ére'less than those

allowed by the diffusion of carbon through austenite. These

sluggish growth kinetics have been attributed to the structure of-

the allotriomorph:austenite interphase boundaries. It has been
concluded that some portions of these interphase boundaries have
partially coherent structures. Since such boundaries can only
migrate by a ledge mechanism, they“act as a structural
impediment to allotriomorph growth.

Because the proeutectoid cementite growth kinetics in the

Fe~C and Fe-C-Cu alloys were very similar, it was concluded that-

the precipitation of €-Cu on the cementite:austenite interphaae
boundaries did nof constitute an additional structural impediment
to allotriomorph growth. The failure of the €-Cu precipitates
to impede boundary migration'has been attributed to their
nucleation and growth on the portions of the cementitesaustenite
interphase boundary that were partially coherent, and therefore

inherently immobile because of their structure.
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Despite the complications introduced by the presence of
partially coherent interphése boundaries, previous researchers
have demonstrated that the effects of alloying elements on
allotriomorph growth kinetics can be reasonably well explained by
phenomenological theories of diffusional gréwth. which ignore the

influence of boundary structure. The small influence that

copper had on the growth of proeuteccctoid cementite grain boundary

allotriomorphs can also be explained by such theories if it is
assumed that the precipitatioﬁ of €-Cu brought conditions
approaching three phase equilibrium to the cementitetaustenite
interphase boundaries. From éhase diagram considerations, it
was concluded that such conditions shouid have caused the

diffusive flux of carbon to cementite, and therefore the

allotriomorph growth ratess to be very similar to that in an Fe-C.

alloy of comparable carbon content.

Pearlite is a common microconstituent in engineering alloys.
Therefore, knowledge of the effects that copper has on the
kinetics and microstructure of pearlite are of practical use.
There also exist several fundamental questions concerning the
mechanisms, and effectss of substitutional solute partitioning
during pearlite growth.

The following conclusions have been reached concerning the
effects of copper on the pearlite transformation:

1. Copper delays the intitation of the pearlite transforma;iop.

Metallographic observations gave a qualitative indication

that this was due to a reduction in the isothermal nucleation
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rates of pearlite.

2. Copper decreased the growth rates and increased the
interlamellar spacing of isothermally formed pearli;ee Since
the strength of pearlite decreases with increased interlamellar
spacing, alloys with high copper concentraﬁions may be

undesireable in some engineering applicatioms.
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3. Copper could be partitioned during pearlite growth by the

precipitation of €-Cu on the pearlite:austenite interphasé
boundaries. Both the microstructural and kinetic data indicate
that boundary diffusion of copper was an essential part of this
precipitation. These data also indicate that' the composition of
the €-Cu pfecipitates could be very different than the
equilibrium compositioms, and that the diffusivity of copper in
these moving peatiitevaustenite interphase boundaries was no

greater than in static grain boundaries of irom.



APPENDIX I. Diffusional Growth Equations.

As a first approximation, the thickening of proeutectoid
cementite grain boundary allotriomorphs may be éonsidered to be
controlled exclusively by the diffusion of carbon through
austenite. Because the lengths of the aliotfiomorphs are several
times larger than their thicknesses, and because. after short
times, they impinge to create a thin film morphology. the
cementitetaustenite interphase boundary may reasonably be assumed

to be planar. It may also be reasonably assumed that because the

austenite grains are very large, the initial thickening of the

proeutectoid cementite takes place into a semi-infinite medium.

A schematic diagram illustrating the changes in carbon
concentration with distance during the growth of proeutectoid
cementite is shown in Fig.AI. The origin represents the location
of the austenite grain boundary, and L(t) represénts the half-
thickness of the proeutectoid cementite grain boundary
‘allotriomorph at times, t. The half-thickness of the
allotriomorph increases according to the equétion [26]:

L = a(pt)l/2
where, D = the diffusion coefficient of carbon in austenites
assumed to be'constant. and A = the parabolic rate constant.

The parabolic rate constant depends on the carbon
concentratidn in the original austenite, CY, the carbon
concentration of the cementitg C® , and the carbon concentration
of the austenite that is in contact with the cementite CY:¢

It is given by the following equnation [26]:
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(CY - C¥:¢)

A = KI "
[(C® - C¥) (C° - ¥ic)jl/2
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where K; varies slowly from 1.13 to 1.41 as C¥ varies from CY?® o

c .

For the precipitation of proeutectoid cementite in binary
‘Fe~C alloyss it may be reasomable to assumé that the carbon
concentrations determining A are those given by the tie-line in
the equilibrium phase diagram, at the tra?xsformation temperature.

Equations describing the diffusional .growth of precipiﬁ.ates
with other geometries have also been developed. Again, a constant
dif-fusivity is assumed. The radial growth of a sphere may be
described by the following equation [26]:

R =2 (p£)}/2
where, R = the radius of the spherical precipitate, and Z = the
parabolic rate constant,

'L'h_e parabolic rate constant depends on the soiute
concentration in the original métrix phase X, the solute

concentration of the precipitate XM, and the solute concentration

of the matrix that is in contact with the precipitate xM:P,
xM - xM:P
where K4 varies slowly from l4 to 2.4 as X varies from XMP g

xF,
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APPENDIX II. Pearlite Growth Theories
Pearlite is a lamellar, eutectoid, mixture of ferrite and
cementite. It nucleates on austenite grain boundaries, or on

preexisting proeutectoid phases, and grows in a cellular manner.

Most theories of pearlite growth assume that the rate of

growth, and the interlammelar spacing, are constant with time,
Experiments have shown thaf, for plain carbon and low alloy
eutectoid steels, these aré reasonable asgnmptions [40,41]. The
functional relationship between the growth rate of pearlite and
the interlamellar spacing is derived from a mass balance at the
transformation front, which is shown, schematically, in Fig. A2,
In the original theory of pearlite growth [52], it was
assumed that the tramsport of carbon,to the cementite, occurred
by lattice diffusion throngh the region of austenite just ahead
of the transformation front. For a Fe—C binary alioy, thebgrowth
rate may be related to the diffusive flux of carbon at the
pearlite:austenite interface, |
(A1) ' G(cCC-CYH =7
where, G = the growth rate, C® = the carbon concentration of the
cementite, C® = the carbon concentration of fhe ferrite, and J =
the flux of carbon to the cementite. |
The flux of carbonimay be related to its diffusivity in
austenite, and the concentration gradient of carbon, evaluated at
the interfacg.
: 6C
(A2) J = -D —
8X
where, D = the diffusion coefficient of carbon in austenite

(assumed to be constant), and X refers to the distance normal to
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thr transformation front, extending into the ansfenite.

If the tips of the lamella are convex, toward the austenite,
then the effectivé diffﬁsion distance will be consiant. and
comparable to the radius of curvature. The concentration

gradient may then be approximated as,

oC AC
(A3) - - = -
8X ' L

where, L = ﬁhe effective diffusion distance.

If the effective diffusion distance is assumed to be
proportional to the interlamellar spacing, S, then the following
relationship between the growth rate and the interlamellar
spacing may be obtained,

AC D

(A4) G = — -
' (c® - ¢c% S

In other theories of pearlite growth, it has been assumed
that boundary diffusion along the pearlite:austenite interface
conttois growth [55]. For this mode of growth, the mass balance
at the transformation front gives,

AC bB d
(AS). G =& —— —_—
(c® - ¢% s2
where, DB = the boundary diffusion coefficient, and d = the
thickness of the bouﬁdary layer.

The relationship between the interlamellar spacing and the
concentration gradient of carbon hav? been analyzed in detail
[54]. The results of these analyses givé tﬂe following

relationships between the growth rate and the interlamellar

spacing.
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When lattice diffusion of carbon controls growth,

\ D (cI%-cl%) 1 52 S,
46) = 6 = - — - 1- —
s (¢ -cH 2 s¢ s¢ s

where, D = the lattice diffusion coefficient for carbon in

austenite, S = the interlamellar spacing, a = a geometric

parameter, Cza = the carbon concentration of austenite in
.equilibrium with'ferrite; Czé = the carbon concentration. of
austenite in equilibrium with cementite, C® = the carbon
concentration of éementite, C® = the carbon concentration of
ferrite, S® = the thickness of the ferrite lamella, S = the
thickness of the cemetite lamella, and SG = the critical spacing

for which the growth rate is zero.

Vhen boundary diffusion controls growth,

Dpd  (CY%-C% 1 s2 S,
(A7) G = : .- 1- -

52 (c® - c% a s%s® .\ s/
where, K = the boundary segregation coefficient, DB = the

boundary diffusion coeffieient, and d = the boundary thickness.
The above equations do not give a unique relationship
between the growth rate and the interlamellar spacing. The
minimum interlamellar spacing that pearlite can take may be
derived from thermodynamics [52]. Using the geometry shown in
Fig.,A2 (unit depth is assumed), the volume of austenite
transformed to ferrite, containing one cementite lamella, when
the interface advances a distance 8X is S 8X, The free energy
released when this volume of austenite is transformed is

approximately linear in temperature, and may be written as [52]:



-T)

: (T
(A.8) Free Energy Released = Q 2 p S &X
T .
e

where, Q@ = the heat of transformation per unit mass, Te = the
eutéctoid temperature, T = the transformation temperature, and p
= the density of austenite.

The ﬁrecipitation of the lamella creates surface emergy, of
an amount given by 2 ¢ 8 X, where, o = the surface energy per
unit area. The minimum possible spacing is that which would be
produced if all of the free emergy releasﬁd by the transformation

were converted to surface energy,

2 Te c

(5.4) Spin =

p @ (T, -T)

Because some of the free energy released by the
transformation must be dissipated by diffusional growth, the
minimum possible spacing is never obtained. The portion of the
free energy used to create new surface may be evaluated by some
optimization principle. The criterion originally proposed was
that pearlite took the spacing which maximized its rate of growth
[52]. On this principle, the interlamellar spacing is predicted
to be twice its minimum value., Other optimization criterion,
such as the maximum rate of entropy production [56,57], have been

proposed.
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Table I. Alloy Compositions (weight percent)

Fe ¢ Cu N 0 P si s
bal. 1.43 <.005 <.005 .003 .006 <,005 .005 <.002
bal. '1.49 4.90 <.005 .001 ,005 <.005 .007 .002

bal. 1.31 3.57 <.005 .003 003 <.005 .005 <.002

Table II. Pearlite Growth Rates and Minimun Interlamellar
Spacings for Fe-1.31C-3.57Cu.

Transformation Pearlite Growth Minimun Interlamellar
Temperature Rate" Spacing

(°c) (microns/sec) (microns)}

708 | 3 x1073 *

700 - 2.3x107% 2.0

675 6.2 X 1071 0.34

600 8.8 0.067

% A lamellar microstructure did not form.

Table III. Quantitative Description of the €-Cu Precipitates
Produced by Eutectoid Decomposition of Fe-1.31C-3.57Cu.

Transformation L} g Yy 1
Temperature (]) (B - (Z) &
708°¢C 320 475 2.8 7537
700°cC _ 244 303 4.5 2577

f§= mean intercept length.
H' = mean tangent diameter.
= volume fraction.

Vy
1 = mean free distance.



FIGURE CAPTIONS

Fig.l. A TTT diagram for a plain carbon hypereutectoid steel,
and schematic diagrams illustrating the evolution of the
microstructure during isothermal transformation. (1) austenite
solid solutiom, (2) proeutectoid cementite grain boundary
allotriomorphs, (3) grain boundary allotriomorphs after having
grown to impingement, (4) grain boundary allotriomorphs and

Widmanstatten plates, (5) the start of eutectoid decomposition.
XBL 858-9336

Fig.2. Phase diagrams for the Fe~C and the Fe-Cu systems.
Taken from references [13] and [14], respectively. XBL 858-9335

Fig.3. The Fe-rich corner of the Fe-C-Cu phase diagram, 800°C
isothermal section. Taken from reference [16]. XBL 852-7023

Figd. The Fe-rich corner of the Fe-C-Cu phase diagram, 650°C

isothermal section. Taken from reference [16]. XBL 852-7028
Fig.5. Temperature dependence of the lattice diffusion
coefficients of carbon, and copper, in iron. Data taken from
references [17] and [11]. XBL 858-9334

Fig.6. Temperature dependence of the factor Dgd (where Dg is
the grain boundary diffusion coefficient, and d is the grain
boundary half-width) of copper in iron. Taken from references
£10.19,20]. Data from the current work, obtained from analysis
of interphase boundary precipitation are included. XBL 8510-12177
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Figo/. TTIT diagrams for Fe-1.43C and Fe-1.49C-4.90Cu. XBL 852-7026

Fig.8. TTT digram for Fe-1.31C-3.57Cu. XBL 858-9337

Fig.9. Optical micrograph of proeutectoid cementite grain
boundary allotriomorphs produced in Fe-1.49C-4.90Cu by
transformation at 825°C, for one minute. XBB 855-3620

Fig.10. Optical micrographs of proeutectoid cementite that was
produced in Fe-1.43C (A), and Fe-1.49C-4.90Cu (B), by
transformation at 800°C, for one minute. XBB 858-6905



Fig.ll, Optical micrographs of proeutectoid cementite that was
produced in Fe-1.43C (A), and Fe-1.49C-4.90Cu (B), by
transformation at 750°C, for one minute. XBB 852-1210

Fig.12. (A) Bright-field transmission electron micrograph of
proeutectoid cementite, €-Cu, and martensite that was produced in
Fe-1.49C-4.90Cu by transformation at 750°C, for one minutes
followed by an iced-brine quench. The includedselected area
diffraction pattern shows that the beam direction was nearly
parallel to the [I12]6-Cu zone axis. (B) Dark field image taken
with the g[I1I]6~-Cu reflection. XBB 859-7351

Fig.13. (A) Bright-field transmission electron micrograph of
proeutectoid cementite, €-Cu, and martensite that was produced in
Fe-1.31C-3.57Cu by transformation at 800°C, for 190 minutes,
followed by an iced-brine quench. (B) Convergent bean electron
diffraction patterns showing that the €-Cu and the martensite are
Nishiyama-Wasserman related. (C) Dark-field image, takem with the
nearly coincident gCIlIle Cu and glI10Imartensite reflectiomns.
XBB 855-3621

Fig.l4. Bright-field transmission electron micrographs of €-Cu
precipitates within proeutectoid cementite that was produced in
Fe-1.31C-3.57Cu by transformation at 800°C for- 190 minutes. (A)
The electron beam is nearly parallel to [010]JCEM, and ¢he traces
of (100)CEM and (001)CEM are shown. (B) The same area after
being tilted through an angle of 80° about g[001]CEM. XBB 852-1214

Fig.l5. Dark-field transmission electron micrographs of €-Cu
within proeutectoid cementites, produced in Fe-1.31C-3.57Cu by
transformation at 800°C, for 190 minutes. The micrographs form a
stereo-pair. XBB 859-7814

Fig.l6. Bright-field (A), and dark-field (B) transmission
electron micrographs of €-Cu in a proeutectoid cementite
Widmanstatten, plate produced in Fe-1.31C-3.57Cu by
transformation at 675°C, for one minute. XBB 859-7811

Fig.l7. Bright-field transmission electron micrgraphs of €-Cu
precipitates within proeutectoid cementite that was produced in
Fe-1.31C-3.57Cu by transformation at 800°C for 190 minutes. The
included selected area diffraction pattern shows that the two-
beam conditions of g[103]CEM and g[1I1] 6-Cu were simultaneously
satisfied. XBB 855-3619
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Fig.18. Bright-field transmission electron micrograph showing
6-Cu precipitates within proeutectoid cementite that was produced
'in Fe-1.31C-3.57Cu by transformation at 800°C for 190 minutes.
The included selected area diffraction pattern shows that
[010]JCEM and [110]€-Cu zone axes are nearly parallel. The nearly
coincident g[l03]CEM and gl[l1I1]6-Cu reflections are respomsible
for the moire' fringes. .~ XBB 859-7353

Fig.l9. Stereographic projection describing the orientation
relationships [010]JCEM//[110]€~Cu, (103)CEM//(1I1)€-Cu.

XBL 8510-9022

Fig.20. Bright-field transmission electron micrograph of €-Cu
precipitates within proeutectoid cementite, produced in Fe-1.49C-
4.90C by air cooling from the austenite range followed by aging
at 700°C for 24 hours. The included selected area diffraction
pattern shows that the [30I1CEM and [110]J€-Cu zone axes are about
79 apart, and that g[I03]CEM//g[002]16-Cu, and g[0401CEM//g[220]6-
Cu. XBB 859-7352

Fig.21l. Bright-field (A), and dark-field (B) transmission
electron.micrograph of €-Cu precipitates within proeutectoid
cementite that was produced in Fe-1.49C-4.90Cu by air cooling
from the austenite range. The included selected area diffraction
pattern shows that the [J10JCEM and [f11]€-Cu zone axes are
nearly parallel, and that g[006]CEM is about 2° away from
gl202]e-Cu. XBB 859-7354

Fige22. Dark-field transmission electron micrograph of €-Cu
precipitates within proeutectoid cementite that was produced in
Fe-1.31C-3.,57Cu by transformation at 800°C, for 190 minutes,
followed by an iced-brine quench. The beam direction is nearly
parallel to [0I1]l€-Cu and [00l]lmartensite. The image was taken
with the nearly coincident g[I11]6-Cu and glIl0]martensite
reflections. The arrows point to €-Cu precipitates that exhibit
lines of no-contrast. XBB 859-7810

Fig.23. Plots showing the radius of the largest observed
pearlite nodule as a function of isothermal reaction time for Fe-
1.31C-3.57Cu. XBL 858-9332

Fig.24. Plot of the pearlite growth rate in Fe~1.31C-3.57Cu as
a function of transformation temperature. Data for a high purity
Fe-C eutectoid alloy is included for comparison. XBL 851-11914

Fig.25. Optical micrographs of pearlite nodules produced in (A)
Fe-1.43C, and in (B) Fe-1.49C-4.90Cu by partial transformation at
675°C. ' XBB 830-10508
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Fig.26. Optical (A), and SEM (B), micrographs of pearlite
produced in Fe-1.31C-3.57Cu by partial transformation at 700°C.
XBB 852-1209

Fig.27. Optical micrographs of Fe-1.31C-3.57Cu, partially
transformed at 708°C. The arrow in (B) points to a
ferrite:ferrite grain boundary that intersects the transformation
front. XBB 858-6903

Fig.28. (A) Bfight-field, high voltage (400kV) transmission
electron micrograph of the pearlite that was produced in Fe-

1.31C-3.57Cu by transformation at 675°C, for one minute, followed

by an iced-brine quench. (B) A higher magnification bright-field
image of a cementite lamella containing €-Cu precipitates.
' ' XBB 857-5515

N

Fig.29. High voltage (1500kV) transmission electron micrographs
of the pearlite that was produced. in Fe~1.31C-3.57Cu by partial
transformation at 700°C. (A) Bright-field micrograph showing a
cementite lamella within ferrite.. Both phases contain €-Cu
precipitates. (B) Dark-field image of the €-Cu precipitates
‘within cementite.. (C) Dark-field image of the €-Cu precipitates
within ferrite. - ' XBB 850-8190

Fig.30. High voltage (1500kV) transmission electron micrographs
of 6-Cu precipitates within the ferrite that was produced in Fe-
1.31C-3.57Cu by partial transformation at 708°C. The micrographs
form a stereo-pair. XBB 859 6908

Fig.31l. (A) Bright-field transmission electron micrograph of
the pearlite that was produced in Fe-1.31C-3.57Cu by partial

transformation at 700°C, followed by an iced-brine quench. A"

band of ferrite adjacent to the ferrite:martensite interphase
boundary is denuded of 6-Cu precipitates. (B) Dark-field image
showing the €-Cu precipitates. XBB 850-7991A

Fig.32. High voltage (1500kV) transmission electron micrographs
and selected area diffraction patterns that were used to measure
the thickness of foil specimens. XBB 858-6904
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Fig.33. Dark-field high voltage (1500kV) transmission electron
micrographs showing €6-Cu precipitates within ferrite that was
produced in Fe-1.31C-3.57Cu by partial transformation at (A)
700°C, and (B) 708°C. The foil thickness in (A) was about 10008,
and in (B) it was about 1900 R%. : XBB 858-6902

Fig.34. Bright-field transmission electron micrographs of €-Cu

precipitates within the pearlitic ferrite that was produced in -

Fe-1.31C-3.57Cu by partial transformation at 700°C. (B) selected
area diffraction pattern showing that the €-Cu precipitates and

the ferrite are Kurdjumov-Sachs related. (C) Dark-field image:

taken with a g[022]€-Cu reflection. XBB 857-5512

Fig.35. Schematic diagrams representing the geometry of
interphase precipitation of €-Cu. (A) the actual microstructure.

(B) A cellular microstructure is approximated if the slices shown -
in (A) are displaced normal to the growth direction. XBL 859-8985
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