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The effect of copper on proeutectoid cementite precipitation was investigated by examining the 
isothermal transformation characteristics of Fe-C and Fe-C-Cu alloys that had comparable carbon 
contents. The TTT diagrams generated for the Fe- 1.43 wt pct C and the Fe- 1.49 wt pct C-4.90 wt pct 
Cu alloys showed that the kinetics of proeutectoid cementite precipitation were not significantly 
affected by copper. The morphology of the proeutectoid cementite, as seen in the optical micro- 
scope, was also substantially the same in both alloys. However, transmission electron microscopy 
revealed the presence of small epsilon-copper precipitates within the proeutectoid cementite of 
the copper containing steel. It was concluded that this precipitation of e-Cu took place at the 
cementite:austenite interphase boundaries, and that the transport of copper to the precipitates was 
accomplished by interphase boundary diffusion. The small influence of copper on the kinetics of 
proeutectoid cementite precipitation is discussed in terms of diffusional growth theories and the 
structure of the cementite:austenite interphase boundary. 

I. INTRODUCTION 

W H E N  hypereutectoid steels are cooled from the austenite 
range, proeutectoid cementite is often precipitated at aus- 
tenite grain boundaries. The first morphology observed is 
usually that of grain boundary allotriomorphs. L These pre- 
cipitates nucleate at austenite grain boundaries and grow, 
more or less smoothly, along them. 2 Lengthening along the 
grain boundary proceeds more quickly than thickening 
normal to it, and this causes the allotriomorphs to take the 
shape of lenses. The allotriomorphs quickly lengthen and 
impinge 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 Widmanstiitten plates.~ This evolution 
of microstructure is analogous to that which occurs during 
the precipitation of proeutectoid ferrite in hypoeutectoid 
steels) '3 Proeutectoid cementite grain boundary allotrio- 
morphs have been identified as a source of embrittlement in 
high carbon steels. ~ 

Proeutectoid cementite grain boundary allotriomorphs 
thicken rapidly at first, but much more slowly at the later 
stages of the transformation. 6 The initial thickening rates 
have been found to be considerably lower than those 
calculated under the assumption that growth is controlled 
exclusively by the diffusion of carbon through austenite, s'6 
Thickening rates lower than those allowed by the diffu- 
sion of carbon through austenite have also been found for 
proeutectoid ferrite grain boundary allotriomorphs in hypo- 
eutectoid steels. 2'3'7 These sluggish thickening kinetics 
have been attributed to the effects of interphase boundary 
structure. 2'3'5 7 It is thought that the interphase boundary 
surrounding grain boundary allotriomorphs consists of a 
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mixture of incoherent and partially coherent portions, z The 
incoherent portions have high mobility and can migrate 
freely under the action of carbon diffusion. 2 The partially 
coherent portions are manifested as planar facets which can 
migrate normal to themselves only by a ledge mechanism. 2,3 
The necessity to migrate by a ledge mechanism causes these 
facets to act as a structural impediment to growth. 2'3 How- 
ever, the exact amount and distribution of partially coherent 
facets that exist at the boundary remain uncertain, and this 
is a central issue concerning the diffusional decomposition 
of austenite. 

Proeutectoid cementite grain boundary allotriomorphs 
thicken more rapidly in high purity Fe-C alloys than in steels 
containing approximately 0.23 wt pct Si. 5 Silicon has very 
little solubility in cementite, 8 and it is thought that the par- 
titioning of silicon away from growing cementite plays a 
large role in reducing allotriomorph thickening kinetics. 5,9 
Conversely, it has been shown that phosphorus can acceler- 
ate proeutectoid cementite precipitation, m However, the 
current understanding of the effects of alloy chemistry on 
proeutectoid cementite precipitation, particularly with re- 
gard to how it can be inhibited, is far from complete. 

When cementite or ferrite grows into austenite, solutes 
can be partitioned by the precipitation of third phases at 
interphase boundaries. The partitioning of silicon at 
cementite: austenite interphase boundaries can result in the 
formation of "porous" cementite, 5,~ which is a mixture of 
cementite and ferrite that has been stabilized by silicon 
enrichment. Precipitation of alloy carbides, ~2'r3 epsilon- 
Cu, ~4'1~ and gold, 16 i .e . ,  interphase precipitates, at fer- 
rite:austenite interphase boundaries are other examples of 
solute partitioning by the formation of third phases. One 
characteristic that appears to be common to all types of 
interphase precipitates is the adoption of a single variant of 
a crystallographic orientation relationship with the fer- 
rite. 1>~ The variant chosen is often the one which permits 
the simultaneous satisfaction of a favorable orientation 
relationship with the parent austenite, t2't3 

Although the metallography of interphase precipitates has 
been well documented, ~2q6 some uncertainties exist con- 
cerning their influence on boundary mobility. It has been 
suggested that interphase precipitates can effectively pin 
intrinsically mobile, incoherent boundaries, tv However, 
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other results indicate that at least some portions of partially 
coherent boundary are essential to allow the nucleation of 
interphase precipitates. ~8,19 Since the partially coherent por- 
tions of the interphase boundary are inherently immobile in 
the direction normal to the boundary, precipitation that is 
confined to them should not represent a structural obstacle 
to growth. However, interphase precipitates that are con- 
fined to the partially coherent portions of the boundary 
can still alter the rate of boundary migration through their 
influence on the diffusion gradient of carbon. 2~ 

The present work was undertaken in order to develop a 
better understanding of how the partitioning of substi- 
tutional solutes influences the kinetics of proeutectoid 
cementite precipitation. In addition to its significance as a 
sintering aid in powder metallurgy 2~ and as an impurity in 
recycled steel, 22 copper was chosen as an alloying element 
because it does not form a stable carbide, 23 and it has very 
little solubility in cementite. 24 Therefore, there is a strong 
thermodynamic tendency for it to partition away from ce- 
mentite. The effect of copper is evaluated by comparing the 
isothermal transformation kinetics and microstructures of 
Fe-C and Fe-C-Cu alloys that have similar carbon contents. 

Figure 1 shows an 800 ~ isothermal section of the Fe-C- 
Cu phase diagram. 25 Most of the phase boundaries in this 
diagram were generated from computer calculations in 
which it was assumed that copper is completely insoluble 
in cementite. The diagram shows that when both the carbon 
and copper contents of an alloy are high, the equilibrium 
state is one in which three phases coexist, austenite, 
cementite, and e-Cu. The solubility of carbon in e-Cu is 
extremely small, less than one ppm, at 800 ~ The solu- 
bility of iron in e-Cu is also low, less than 1 wt pct, at 
800 ~ 26 This phase diagram also indicates that the solu- 
bility of carbon in austenite is relatively unaffected by the 
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presence of copper. Because of this, the austenite:(aus- 
tenite + cementite + e-Cu) solvus temperature of a hyper- 
eutectoid Fe-C-Cu alloy is nearly the same as the austenite: 
(austenite + cementite) solvus temperature of an Fe-C alloy 
with identical carbon content. Therefore,  the super- 
saturations of carbon which drive the isothermal precipi- 
tation of proeutectoid cementite can be expected to be 
comparable in Fe-C and Fe-C-Cu alloys that have similar 
carbon contents. 

I I .  E X P E R I M E N T A L  P R O C E D U R E  

Three alloys were used in this investigation. Their com- 
positions are listed in Table I. All of the alloys used were of 
high purity and were vacuum cast. The Fe-l .43C and the 
Fe-l.31C-3.57Cu alloys were cast as 3 cm diameter, 28 cm 
long cylindrical ingots. These cylindrical ingots were heated 
to 1200 ~ under an argon atmosphere, and then hot rolled 
to 16 mm plate. These 16 mm plates were then homoge- 
nized at 1200 ~ 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 treat- 
ment as the other alloys. 

The isothermal transformation kinetics of the alloys 
were evaluated by optical metallography. The specimens 
used were small plates, measuring 0.8 mm x 13 mm x 
13 mm. It has been demonstrated that the stereology of grain 
boundary allotriomorphs is simplified if metallographic 
specimens are made sufficiently thin to cause the austenite 
grain boundaries to lie normal to the polished surface. 27 
However, because the microstructures being investigated 
were very brittle, especially with regard to intergranular 
fracture, it was not practical to prepare large flat areas for 
optical metallography in specimens thinner than 0.8 mm. 
For transmission electron microscopy, the specimens started 
as thin sheets measuring 0.25 mm • 13 mm x 13 mm. 

Two techniques were used to perform the isothermal heat 
treatments. When the duration of the isothermal reaction 
was less than 30 minutes, the following procedure was 
used. The heat treatments began with a twenty-minute 
austenitization at 1150 ~ This was done in a vertical 
tube furnace under a dynamic argon atmosphere. The 
temperature was controlled to within -+5 ~ Following aus- 
tenitization, the specimens were quenched into molten 
barium chloride salt at temperatures ranging from 600 ~ 
to 850 ~ for times ranging from six seconds to 30 min- 
utes. The temperature was controlled to within -+3 ~ After 
isothermal reaction in the salt bath, the specimens were 
quenched into iced-brine. As a precaution against decar- 
burization, a graphite rod was immersed in the molten salt 
for 24 hours prior to heat treatment. 

When the i sothermal  react ions 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 aus- 
tenitized, in a box furnace, at 1150 ~ for 30 minutes. The 
specimens were then quickly transferred to an adjacent box 
furnace that was maintained at the transformation tem- 
perature. The temperature control of the box furnaces was 
-+3 ~ After isothermal reaction, the specimens were 
quenched into iced-brine. 
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Table 1. Alloy Compositions (Weight Percent) 

Fe C Cu Mn N O P Si S 

bal. 1.43 <0.005 <0.005 0.003 0.006 <0.005 0.005 <0.002 
bal. 1.49 4.90 < 0.005 0.001 0.005 <0.005 0.007 0.002 
bal. 1.31 3.57 <0.005 0.003 0.003 <0.005 0.005 <0.002 

After heat treatment, a broad face of the small plates was 
prepared for optical metallography by standard grinding and 
polishing procedures. Nital was used as an etchant. The 
grinding procedure was sufficient to eliminate all visual 
signs of decarburization. 

The austenitization treatment produced an austenite grain 
size of approximately 350 microns, which was a little less 
than half of the specimen thickness. Because the austenite 
grain boundaries intersected the metallographic plane of 
polish at a variety of angles, the apparent thickness of 
the proeutectoid cementite grain boundary allotriomorphs 
was not the same as their true thickness, normal to the 
boundary. The true thickness was calculated by the follow- 
ing equation: 5'28 

T = T / 2  [1] 

where T = the true thickness of the grain boundary allot- 
riomorphs, and T = the mean thickness obtained from a 
linear trace across the specimen surface. The use of this 
equation implicitly assumes the allotriomorphs to be plates, 
having uniform thickness and a random spatial distribution. 

The specimens used for transmission electron microscopy 
were prepared from the 0.25 mm x 13 mm • 13 mm 
sheets by standard grinding and jet-polishing techniques. 
Jet-polishing was performed with either a chrome-acetic- 
acid electrolyte at 21 ~ or a 1 pct perchloric acid-metha- 
nol electrolyte at - 6 8  ~ Ion beam milling was sometimes 
performed on the jet-polished specimens to expand the elec- 
tron transparent areas. 

Conventional transmission electron microscopy was 
performed on a Philips EM 301 operated at 100 kV. Con- 
vergent beam electron diffraction and energy dispersive 
X-ray spectroscopy (EDS) were performed on a Philips EM 
400 operated at 100 kV. Because of an objectionably high 
Cu K~ systems background, EDS results will be reported 
only qualitatively. 

III. RESULTS 

The TTT diagrams generated for the Fe-l .43C and 
the Fe-l.49C-4.90Cu alloys are shown in Figure 2. The 
equilibrium austenite:(austenite + cementite) solvus 
temperature for the Fe-1.43C alloy was 970 ~ The equi- 
librium austenite: (austenite + cementite + e-Cu) solvus 
temperature for the Fe- l .49C-4.90Cu alloy was also 
approximately 970 ~ 25 The transformation start curves in 
these diagrams represent the first observation of product 
phases by optical metallography. The dotted portions of 
the curves indicate that transformation times less than 
six seconds were not practical with the experimental tech- 
nique used. 

Figure 2 shows that the initiation of the pearlite trans- 
formation was significantly delayed by copper. The effects 

of copper on the pearlite transformation are reported 
elsewhere. 29 

The proeutectoid cementite transformation start curves 
for the Fe-l.43C and the Fe-I.49C-4.90Cu alloys were 
found to be the same. Individual grain boundary allotrio- 
morphs, such as those shown in Figure 3, were sometimes 
observed at the start of the proeutectoid cementite reaction. 
Because of the quickness of this precipitation, a severe 
quench 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 severely limited the number of unim- 
pinged allotriomorphs that could be observed. Nevertheless, 
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 average aspect 
ratio of these allotriomorphs tended to be about 5:1. 

The morphology of the proeutectoid cementite at later 
stages of isothermal transformation was also substantially 
the same in the Fe-C and the Fe-C-Cu alloys. Figure 4 
shows optical micrographs of the microstructures produced 
in Fe-l.43C and Fe-l.49C-4.90Cu, by transformation at 
800 ~ for one minute. Proeutectoid cementite, in thin film 
morphology, covers nearly all of the austenite grain bound- 
aries. The thicknesses of these grain boundary films were 
nearly the same for both alloys. The true thicknesses of the 
films in Fe-l.43C and Fe-l.49C-4.90Cu were 1.6 microns 
and 1.5 microns, respectively. 

Figure 5 shows the microstructures produced in Fe-1.43C 
and Fe-1.49C-4.90Cu, by transformation at 750 ~ for one 
minute. The thicknesses of the grain boundary films of 
proeutectoid cementite were nearly the same in both alloys. 
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Fig. 2 - -TTT  diagrams for Fe-I.43C and Fe-1.49C-4.90Cu. 
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Fig. 3--Optical  micrograph of proeutectoid cementite grain boundary 
allotriomorphs produced in Fe-1.49C-4.90Cu by transformation at 825 ~ 
for one min. 

Both of these microstructures also contained many intra- 
granular proeutectoid cementite Widmanst~itten plates. The 
lengths of the longest plates were also nearly the same for 
both microstructures, about 115 microns. 

Although optical microscopy revealed little influence of 
copper on the morphology of the proeutectoid cementite, the 
effect of copper on the fine structure of that phase was 
readily apparent by transmission electron microscopy. The 
proeutectoid cementite in the Fe-C-Cu alloys was found to 
contain fine precipitates. Figure 6 represents a typical trans- 
mission electron microscope observation of the proeutectoid 
cementite that was produced in Fe-1.49C-4.90Cu by trans- 
formation at 750 ~ for one minute. The bright-field image, 
Figure 6(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 precipitates have been 
identified as the face-centered-cubic e-Cu phase. Because 
the e-Cu precipitates were small and embedded in the 
cementite matrix, the reflections belonging to them gener- 
ally had low intensity in the selected area diffraction 
patterns. They were usually identified by systematically 
displacing the objective aperture so that it surrounded each 
of the e-Cu reflections, and then making double exposures. 

The dark-field image of the e-Cu precipitates, Fig_ur_e 6(b), 
indicates that nearly all of them share a common [ l l l ]e-Cu 
reciprocal lattice vector and that they are distributed 
throughout the cementite, right up to the cementite: 
austenite interphase boundary that existed just prior to the 
iced-brine quench. No e-Cu precipitates were observed 

Fig. 4--Opt ical  micrographs of proeutectoid cementite that was produced in Fe-I.43C (a) and Fe-l.49C-4.90Cu (b), by transformation at 800 ~ for 
one rain. 
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Fig. 5--Optical  micrographs of proeutectoid cementite that was produced in Fe-l.43C (a) and Fe-I.49C-4.90Cu (b), by transformation at 750 ~ for 
one min. 

Fig. 6 - - ( a )  Bright-field transmission electron micrograph of proeutectoid cementite, face-centered-cubic e-Cu. and martensite that was produced in 
Fe- 1.49C-4.90Cu by transformation at 750 ~ for one min, followed by an iced-brine quench. The included selected area diffraction pattern shows that the 
beam direction was nearly parallel to the [Tl2]e-Cu zone axis. (b) Dark-field image taken with the g[TIT]e-Cu reflection. 
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within the adjacent martensite* (austenite before iced-brine 

*The matrix in these microstmctures is a mixture of martensite and 
bainite. The one quality of this matrix that is critical to the current work is 
its crystallographic orientation relationship with the parent austenite. Since 
both martensite and bainite are usually related to austenite by relationships 
close to that of Kurdjumov-Sachs or Nishiyama-Wasserman? ~ the matrix 
will be loosely referred to as martensite. 

quenching). No retained austenite was observed in these 
microstructures, which is surprising in view of their high 
carbon content. 

In the bright-field micrograph, Figure 6(a), the e-Cu par- 
ticles decrease in size, from about 400 ,~ to about 150 ,~, 
as the distance from the cementite :martensite interphase 
boundary increases. The micrograph also shows that the 
distance from the interphase boundary to the position where 
the e-Cu precipitates are of minimum size is about 0.6 mi- 
crons, which corresponds to the true half-thickness of 
the grain boundary cementite films shown in the optical 
micrograph of this microstructure, Figure 5(b). 

It was consistently found that the e-Cu precipitates within 
the proeutectoid cementite were crystallographically related 
to the martensite which abutted the cementite. The orien- 
tation relationship between these phases was generally 
found to be very close to that of Nishiyama-Wassermann. 
An example of this is illustrated in Figure 7, which shows 
the microstructure produced in Fe-l .31C-3.57Cu by 
isothermal transformation at 800 ~ for 190 minutes. The 
convergent beam electron diffraction patterns show the par- 
allelism of the [121]e-Cu and [110]martensite zone axes, as 
well as the reciprocal lattice vectors g [ l l l ]e -Cu and 
g[ll0]martensite. The dark-field micrograph, Figure 7(b), 
taken with the nearly coincident g[ l l l ]e-Cu and g[ll0] 
martensite reflections, indicates that nearly all of the 
e-Cu precipitates are of the same crystallographic variant. 
No e-Cu precipitates were found in the adjacent marten- 
site. The Figure 7 micrographs again show that the E-Cu 

precipitates decrease in size as the distance from the 
cementite:martensite interphase boundary increases. The 
arrows point to an e-Cu precipitate that was in the process 
of forming at the cementite:austenite interphase boundary 
just prior to the iced brine quench. The higher trans- 
formation temperature and longer transformation time used 
to produce this microstructure gave a wider range of e-Cu 
precipitate sizes than that shown in Figure 6. 

The smallest e-Cu precipitates in these microstructures 
took shapes that were approximately spherical or cuboidal. 
The largest precipitates, however, often took shapes that 
were more anisotropic. A large angle tilting experiment 
revealed that the three-dimensional shape of the largest 
e-Cu particles tended to be that of thick platelets. This is 
illustrated in Figure 8, which shows e-Cu precipitates 
within proeutectoid cementite that was produced in Fe- 
1.35C-3.5Cu by isothermal transformation at 800 ~ for 
190 minutes. In Figure 8(a) the electron beam direction is 
nearly parallel to [010]CEM.* The traces of (100)CEM and 

*Throughout this text the convention used to describe the dimensions 
of the cementite orthorhombic unit cell will be that which has been tra- 
ditionally used by metallurgists, a < b < c?  2 

(001)CEM are indicated in the figure. The arrow points to 
an e-Cu precipitate with a projected aspect ratio of 4.4:1. 
Figure 8(b) shows the same area after being tilted through 
an angle of 80 deg about g[001]CEM. It can be seen that 
the projected aspect ratio of the e-Cu precipitate has 
decreased in a manner that is consistent with its being a 
thickoPlatelet, having dimensions of approximately 160 x 
490 A x 700 A. The projected shapes of the other e-Cu 
precipitates in Figure 8 can be seen to respond similarly to 
tilting. In this case the platelets lie on (100)CEM; however, 
other habit planes were also observed. 

When the e-Cu precipitates were small (<300 ,~), 
their density was high, and their spatial distribution was 

Fig. 7 - - ( a )  Bright-field transmission electron micrograph of proeutectoid cementite, face-centered-cubic e-Cu. and martensite that was produced in 
Fe-I.31C-3.57Cu by transformation at 800 ~ for 190 min, followed by an iced-brine quench. (b) Dark-field image, taken with the nearly coincident 
g[T1T]e-Cu and g[T10]martensite reflections. The included convergent beam electron diffraction patterns shows that the E-Cu and the martensite are 
Nishiyama-Wasserman related. 
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Fig. 8--Bright-field transmission electron mcirographs of e-Cu precipitates within proeutectoid cementite that was produced in Fe-I.31C-3.57Cu by 
transformation at 800 ~ for 190 rain. (a) The electron beam is nearly parallel to [010]CEM, and the traces of (100)CEM and (001)CEM are shown. 
(b) The same area after being tilted through an angle of 80 deg about g[001]CEM. 

apparently random. Extensive tilting of the specimens and 
observation of stereo pairs failed to reveal any consistent 
and systematic distributions of these small precipitates. 

Although the small e-Cu precipitates 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 Figure 9, which shows e-Cu precipitates within pro- 
eutectoid cementite that was produced by transformation 
at 800 ~ for 190 minutes. There it can be seen that as 
the e-Cu precipitates increase in size, from about 100 .~ to 
about 500 A, their spatial distribution changes from appar- 
ently random to apparently regularly-spaced linear arrays. 

Nearly all of the e-Cu precipitates shown in Figure 9 
exhibit Moire fringes. The selected area diffraction pattern, 
included in Figure 9, indicates that this micrograph was 
taken with two beam diffracting conditions very nearly sat- 
isfied for both the e-Cu and the cementite. The incident 
beam direction is close to both [ll0]e-Cu and [010]CEM. 
These Moire fringes are a consequence of double diffraction 
between the nearly coincident g[103]CEM and g[l]-l]e-Cu 
reflections. Some of the e-Cu precipitates exhibit fringes 
that are almost exactly perpendicular to g[103]CEM, 
indicating that they are parallel Moire fringes. Others, espe- 
cially the smaller ones, are definitely of mixed character, 
i.e., rotation and parallel. 

The parallel Moire fringe spacing, D, can be cal- 
culated from the following equation: 33,34 D = d~d2/ 
[d~ -,d2] = Md2, where M is called the 'Moire magnifi- 
cation . Using the values dj = d( l l l )e -Cu = 2.087 A,35 
and d2 = d(103)CEM = 2.013/~,32 the parallel Moire 
fringe spacing was calculated to be 56.7 A. The average 
parallel Moire fringe spacing measured from Figure 9 was 
53 A, which agrees well with the calculated value. The 
angle of rotation of Moir~ fringes, W, is related to the angle 
of rotation between the e-Cu and cementite crystals, 0, by 
the Moire magnification, W = MO. The largest measured 
rotation of the Moire fringes in Figure 9 was 40 deg, which, 
with M = 28.2, gave a calculated value of 0 = 1.4 deg. 
Therefore, Figure 9 indicates that for this orientation, i.e., 
nearly parallel [ll0]e-Cu and [010]CEM zone axes, the 
(111)e-Cu and (103)CEM lattice planes match up very well, 
but that small angular displacements do exist. 

Although the orientation relationship between e-Cu and 
the martensite which abutted the cementite was consistently 
found to be close to Nishiyama-Wasserman, several differ- 
ent orientation relationships were observed between e-Cu 
and cementite. The orientation relationship that was most 
frequently observed led to the Moire fringes shown in 
Figure 9. It is illustrated in the selected area electron diffrac- 
tion pattern shown in Figure 10. This diffraction pattern 
indicates that the [ll0]e-Cu and [010]CEM zone axes are 
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nearly parallel, and that in addition to the previously men- 
tioned near coincidence of the g[ 1]l]e-Cu and g[ 103]CEM 
reflections, the g[ 1 l l]e-Cu and g[200]CEM reflections are 
also in near proximity, about 7 deg apart. The bright-field 
image in Figure 10 shows some large e-Cu precipitates that 
are near the cementite:martensite interphase boundary. 
Observation of the change in the projected shape of 
the precipitates after tilting far away from [010]CEM 
revealed that these precipitates were thick platelets with 
their broad faces parallel to (010)CEM. The projected 
dimensions of the largest e-Cu precipitate are approxi- 
mately 930 ,~ x 1700 A. The long edges of this precipitate 
are close to being parallel to the trace of the cementite: 
martensite interphase boundary. The Moir6 fringes shown in 
Figure 10 are not perfectly straight. The distortion of the 
fringes must have been caused by localized bending of 
the specimen. 34 Bend contours can also be seen in the 
cementite matrix. 

IV. DISCUSSION 

During the growth of proeutectoid cementite in the Fe-C- 
Cu alloys, copper was partitioned away from the cementite 
by the precipitation of e-Cu. Both the kinetics and the 
microstructure of the transformation indicate that this 
precipitation of e-Cu took place at the cementite:austenite 
interphase boundaries, and that interphase boundary dif- 
fusion of copper was an essential part of this process. 

It is unlikely that any significant partitioning of copper 
occurred by lattice diffusion into the austenite, ahead of the 
growing cementite. This would have required a diffusive 
flux of copper into austenite which was already super- 
saturated with copper. The diffusivity of copper in austen- 
ite was also much too low to allow such a flux to exist. 
The extent to which copper could have been pushed into 
the austenite may be estimated by the ratio Dcu /G ,  where 
Dcu = the lattice diffusion coefficient of copper in aus- 
tenite, and G = the thickening rate of the cementite. 36'37 
Although the thickening of proeutectoid cementite grain 
boundary allotriomorphs diminishes rapidly at the later 
stages of the transformation, 6 the initial thickening appears 
to be approximately parabolic in time, 5 i .e . ,  L = A(Dt )  1/2, 
where L = the allotriomorph half-thickness, D = the dif- 
fusion coefficient for carbon in austenite, A = the parabolic 
rate constant, and t = the growth time. The effective value 
of A D  1/2 can be evaluated by inserting the appropriate 
experimental values of allotriomorph half-thickness and 
growth time. 37 For example, for Fe-I.49C-4.90Cu, trans- 
formed at 800 ~ the growth time was about 50 seconds, 
and the allotriomorph half-thickness was measured to 
be 7.5 x 10 -5 cm. These values give A D  1/2 = 1.06 x 
10 -5 cm/sec ~/2. The thickening rate can be determined by 
differentiation, giving d L / d t  = G = A D  1/2/2t 1/2. Using 
the value of A D  ~n just calculated, the growth rate, at 
t = 50 seconds, was G = 7.5 • 10 -7 cm/sec. The dif- 
fusion coefficient for copper in austenite, at 800 ~ is 

Fig. 9--Bright-field transmission electron micrographs of face-centered- 
cubic e-Cu precipitates within proeutectoid cementite that was produced in 
Fe-I.31C-3.57Cu by transformation at 800 ~ for 190 min. The included 
selected area diffraction pattern shows that the two-beam conditions of 
g[103ICEM and g[1]-l]e-Cu were simultaneously satisfied. 

Fig. 10--Bright-field transmission electron micrograph showing e-Cu 
precipitates within proeutectoid cementite that was produced in Fe-1.31 C- 
3.57Cu by transformation at 800 ~ for 190 min. The included selected 
area diffraction pattern shows that [010]CEM and [ 110]e-Cu zone axes are 
nearly parallel. The nearly coincident g[103]CEM and g[1]l]e-Cu reflec- 
tions are responsible for the Moir6 fringes. 
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9.7 x 10 -~5 cm2/secY Therefore the distance that copper 
could have been pushed into the austenite, by lattice 
diffusion, was limited to distances of approximately 
Dcu/G = 1.3 A. This extremely small diffusion distance 
indicates that the cementite was always growing into 
austenite that had a constant concentration of copper, and 
that a high diffusivity path, provided by the cementite aus- 
tenite interphase boundary, was responsible for the observed 
rapid precipitation of e-Cu. Preliminary in situ heating 
studies in a high voltage electron microscope confirm this 
explanation. 39 

There are also several microstrnctural features which 
indicate that the e-Cu was precipitated at the cernentite: 
austenite interphase boundaries. The observation that the 
size of the e-Cu precipitates decreased as the distance from 
the cementite:martensite interphase boundary increased 
indicates that the last e-Cu precipitates to form, during the 
isothermal transformation, grew to be the largest. If the 
e-Cu precipitates grew by boundary diffusion, then their 
size should have been directly related to the length of time 
that they were in contact with the boundary. The observed 
size distribution therefore implies that the velocity of the 
interphase boundary decreased as the transformation pro- 
gressed, which is consistent with the known thickening 
behavior. 5'6 The observation of an e-Cu precipitate that was 
in the process of growing at the cementite:austenite inter- 
phase boundary, just prior to the iced-brine quench (arrowed 
precipitate in Figure 7), is another indicator of precipitation 
at interphase boundaries. 

The observation that nearly all of the e-Cu precipitates 
took the same variant of crystallographic orientation 
relationships with both the cementite and the adjacent 
martensite indicates that the cementite :austenite interphase 
boundary acted as a common heterogeneity for e-Cu nucle- 
ation. The adoption of a single crystallographic variant is a 
trait that appears to be common to all types of interphase 
precipitates, i2-16 The variant taken is often the one that pro- 
motes the formation of low energy interfaces between both 
of the phases which form the boundary. The activation free 
energy for nucleation is thereby reduced.~2~3"J9 

Since martensite and bainite are usually Kurdjumov- 
Sachs or Nishiyama-Wasserman related to austenite, 3~ the 
consistently observed N-W orientation relationship between 
e-Cu and martensite indicates that the e-Cu was cube: cube 
related to the austenite. This is expected since the lattice 
parameters of high carbon austenite and e-Cu are very simi- 
lar; 3~ hence the { 111} planes of these fcc phases must have 
matched very well. 

Although it appears that a cube:cube relationship was 
always maintained between e-Cu and austenite, the e-Cu 
established several different orientation relationships with 
the cementite. Presumably, all of these orientation rela- 
tionships promoted the formation of low energy e-Cu: 
cementite interfaces. Inspection of stereographic pro- 
jections revealed that the orientation relationship which 
was most often encountered, [010]CEMII[I10]e-Cu, 
(103)CEMI[(1]-I)e-Cu, is also the same as that which 
has been observed between proeutectoid cementite 
Widmanstiitten plates and retained austenite. 4~ A reason for 
this orientation relationship can be found in the fact that the 
cementite crystal structure is such that the {103} planes 
possess the highest density of iron atoms, 32 and so the close- 
packed planes of the two phases tend to parallelism. 

Despite the extensive partitioning of copper that was 
accomplished by interphase precipitation of e-Cu, the great 
similarities in the thicknesses of the grain boundary allot- 
riomorphs and the lengths of the Widmanst~itten plates that 
were produced in identically transformed specimens of Fe- 
1.43C and Fe-1.49C-4.90Cu, indicate that the growth rates 
of proeutectoid cementite were substantially the same in 
both alloys. As has been found by previous researchers, s'6 
the thicknesses of the allotriomorphs indicate that these 
growth rates were less than those allowed by the diffusion 
of carbon through austenite. 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)~/2. 2 For a planar growth front, the parabolic rate 
constant is approximately: 2'4~ 

A = 
(C ~ - Cr:9 

[ ( c  - c , ) ( c  - c , : c ) ]  '~ 

where C r = the carbon concentration of the alloy, 
C ~:c = the carbon concentration of austenite in contact with 
the cementite, and C c = the carbon concentration of the 
cementite. Taking C ~:c and C ~ from the 800 ~ tie-line of 
the Fe-C phase diagram, the parabolic rate constant for the 
Fe-l.43C alloy is 0.09. The diffusivity of carbon in aus- 
tenite, at 800 ~ increases by almost a factor of three as the 
carbon concentration increases from C ~:c to Cr. 42 Taking 
the weighted average as the effective diffusion coef- 
ficient, 43'44 D = 9.0 x 10 -8 cm2/sec. For a growth time 
of 50 seconds, L --- 1.9 microns. For transformation at 
800 ~ 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 pct of the theoretical value. 

Thickening rates lower than those allowed by the dif- 
fusion of carbon through austenite are also exhibited 
by proeutectoid ferrite grain boundary allotriomorphs. 7 
Although models based on the assumption that growth is 
controlled by carbon diffusion cannot account for the 
observed thickening rates, it has been demonstrated that 
they are of great use in explaining the relative differences in 
the allotriomorph thickening kinetics observed in Fe-C and 
ternary alloys. Within this context, an alloying element 
exerts its influence primarily by altering the concentration 
gradient of carbon/5'46 When Fe-C and ternary alloys of 
similar carbon content are compared, the change in concen- 
tration gradient imparted by the alloying element can be 
obtained from the appropriate phase diagrams. In the 
absence of partitioning, the influence of the alloying 
element can be qualitatively described by the difference 
between the phase boundaries in the Fe-C equilibrium 
phase diagram and the "no-partition equilibrium", or 
"paraequilibrium" phase diagram of the ternary alloy. 36'45 
However, the present data make it clear that despite 
the sizable (>200 ~ undercoolings from the equilibrium 
solvus temperatures, the conditions of paraequilib- 
rium were not obtained in the Fe-C-Cu alloys--interphase 
precipitation of e-Cu was always observed. Under these 
conditions, the austenite contacting the interphase bound- 
ary must have had a carbon concentration that was much 
closer to that of austenite in three phase (austenite + 
cementite + e-Cu) equilibrium. The Fe-C-Cu phase dia- 
gram, Figure 1, shows that the carbon concentration of 
austenite, in three phase equilibrium, is nearly identical to 
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that of austenite in an Fe-C binary alloy. Since the Fe-1.43C 
and the Fe-l.49C-4.90Cu alloys had similar carbon con- 
tents, the carbon concentration gradient, and therefore the 
flux of carbon to the cementite, were probably not affected 
much by copper. 

The similar allotriomorph thickening kinetics exhibited 
by Fe-l.43C and Fe-l.49C-4.90Cu also indicate that the 
e-Cu precipitates did not act as a structural obstacle to 
allotriomorph growth. In the early stages of proeutectoid 
cementite precipitation, the allotriomorph growth rates were 
high, and the interphase boundaries were densely populated 
with e-Cu precipitates. If these precipitates had interfered 
with growth, by pinning mobile interphase boundaries, then 
it is likely that the proeutectoid cementite growth kinetics in 
Fe-l.49C-4.90Cu would have been much lower than those 
in Fe-l.43C. The absence of any great decrease in growth 
kinetics implies that the precipitation of e-Cu took place on 
the portions of the interphase boundary that were partially 
coherent, and therefore inherently immobile. J8 The similar 
thickening kinetics also indicate that the abundance of par- 
tially coherent facets was similar in both the Fe-l.43C and 
the Fe-l.49C-4.90Cu alloys. 

Since the cementite:austenite interphase boundary was 
destroyed by the martensitic transformation that occurred 
during the iced-brine quench, a direct determination of the 
exact proportion of partially coherent interphase boundaries 
could not be ascertained by electron microscopy. However, 
the high density of e-Cu precipitates that was produced at 
the early stages of the transformation indicates that when the 
cementite growth rates were high, the cementite:austenite 
interphase boundary contained a large number of partially 
coherent facets. The absence of any large systematic distri- 
butions of small e-Cu precipitates also implies that when the 
cementite growth rates were high, the partially coherent 
facets did not extend over large distances, and that the 
growth ledges associated with the facets were also not very 
high. The observations of relatively smooth cementite: 
martensite interphase boundaries also indicate that ledge 
heights were not great. This is in contrast to the broad, 
planar sheet distributions of interphase precipitates that have 
been produced during ferrite growth in some hypereutectoid 
steels, j2,J3 The transition from a dense, apparently random 
distribution of small e-Cu precipitates to curved, linear ar- 
rays of larger precipitates reflects the increased boundary 
diffusion distances that were associated with decreased pro- 
eutectoid cementite growth rates. 

V. CONCLUSIONS 

The following conclusions have been reached concerning 
the effects of copper on the isothermal precipitation of pro- 
eutectoid cementite: 

1. Copper does not have a large influence on the kinetics of 
proeutectoid cementite precipitation. In both Fe-C and 
Fe-C-Cu alloys, proeutectoid cementite grain boundary 
allotriomorphs thicken at rates that are considerably less 
than those allowed by the diffusion of carbon through 
austenite. 

2. Copper can be partitioned during the growth of pro- 
eutectoid cementite by the precipitation of e-Cu at 
cementite:austenite interphase boundaries. Both the 

microstructural and the kinetic data indicate that inter- 
phase boundary diffusion of copper was an essential part 
of this precipitation. Because the proeutectoid cementite 
grain boundary allotriomorphs in Fe-I.43C and Fe- 
1.49C-4.90Cu exhibited similar thickening kinetics, it 
was also concluded that these e-Cu precipitates did not 
impede boundary migration by pinning mobile interphase 
boundaries. 
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