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This article describes in detail the effect of cooling rate on the microstructure of a low-carbon Fe-
12 pct Cr alloy. The alloy was prepared using a relatively simple technique, i.e., rapid cooling of the
melt in a copper wedge mold. The dependence of microstructure on the cooling rate (,40 to 105 K/
s) has been determined by X-ray diffraction (XRD), microhardness measurement, optical microscopy
(OM), and transmission electron microscopy (TEM). It has been found that the matrix structure over
a large cooling rate range is composed of columnar ferrite grains, the size of which decreases with
increasing cooling rate. Precipitation of second phases has been observed at either the ferrite grain
boundaries or within the ferrite grains. The former takes place along the entire wedge sample, whereas
the latter characterizes a region 12 mm away from the tip of the wedge sample. The essential structure
of the grain boundary precipitates was identified as martensite, which is a transformation product of
austenite precipitated at high temperatures. Retained austenite was identified at the tip region as
isolated particles (,4 mm). The precipitates within the ferrite grains appeared as planar colonies
consisting of two sets of needles. The density of these precipitates increases with increasing the
cooling rate while their size decreases. Characteristic precipitate-free zones (PFZs) at the ferrite grain
boundaries were observed and are discussed.

I. INTRODUCTION During the last 3 decades, a considerable effort has been
devoted to study the effect of rapid solidification on Fe-baseTHE commercial corrosion resistant Fe-Cr-Ni alloys alloys mainly due to the inherent technical importance of this

(.11.5 pct Cr) containing very little Ni (,2.5 pct) are class of materials.[9–12] It is known that rapid solidification
generally termed martensitic or ferritic stainless steels. The processing can result in microstructure refinement, forma-
composition of the alloys is one of the major factors that tion of metastable phases and morphological changes.
determines the amount of martensite/d-ferrite formed; e.g., Although rapid solidification enables production of more
austenite forming elements (e.g., C, N, and Ni) promote the uniform and refined microstructure in comparison with con-
formation of austenite phase, while ferrite-forming elements ventional solidification, the understanding of the local inho-
(e.g., Cr, Mo, and V) discourage austenite formation.[1–4] In mogeneity of the products during rapid solidification and
the ferritic stainless steel, the austenite has often been their influence on the subsequent precipitation processes is
observed to precipitate at the d-ferrite grain boundaries and also of technical importance. In recent studies, the micro-
transform into martensite on cooling to room temperature. structural development has been characterized in 12 pct Cr
The morphologies of the grain boundary precipitates have stainless steels produced by different rapid solidification
been earlier examined and classified for isothermally trans- processes, namely, gas atomizing, melt spinning, and laser
formed alloy steel by Dubé et al.[5] for ferrite morphology surface remelting, showing that the solidification conditions
and later modified by Aaronson[6] for ferrite and cementite have a strong effect on the structures that are formed.[13,14]

morphologies. Based on these investigations, it has been The present study was undertaken to obtain a detailed
suggested that the morphologies of the grain boundary pre- understanding of the effect of cooling rate on a low-carbon
cipitates consist of[6] (1) allotriomorph, (2) primary and sec- Fe-Cr alloy. A wedge chill casting technique has been used
ondary sideplates (sideneedles), (3) primary and secondary to prepare samples that experience a large cooling rate varia-
sideteeth, (4) idiomorphs, (5) intergranular Widmanstätten tion. The cooling rates were then determined at different
plates, and (6) massive structure. Recently, three-dimen- positions in the mold. Based on these measurements and
sional analyses were conducted to determine more precisely detailed observations of microstructures, the relation
the classification of the precipitates.[7] The results of these between the cooling rate and the resulting microstructures
investigations indicated that only dendritic grain boundary was determined and is discussed in the text. Finally, a sys-
precipitates and Widmanstätten precipitate morphologies tematic view of the evolution of the microstructure as a
exist and that the intergranular precipitates were not function of cooling rate is proposed.
observed. The morphology can strongly affect the mechani-
cal properties of the alloy. Knowledge of the morphology
formation can therefore provide a way of controlling and II. EXPERIMENTAL PROCEDURE
optimizing the mechanical properties of the alloy.[8]

The investigated low-carbon Fe-Cr steel was prepared by
induction melting under an argon atmosphere and then cast-
ing the alloy into a wedge-shaped copper mold. The compo-
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Table I. Compositions of the Alloy (in Weight Percent) as a function of d (half-thickness of the wedge, refer to the
z-y plane in Figure 1), and the following empirical relation-

Element ship was found:
Cr 11.3
Mo 0.87 Ṫ 5

(926 K mm2/s)
d 2 [1]

Mn 0.36
Ni 0.77 Different sections of the wedge-formed samples, normal to
C 0.045 the x or y axes (Figure 1), were mounted in a conductive
V 0.25 resin, mechanically polished, and then etched using a solu-
N 145 ppm

tion containing 1 to 2 g NH2SO3H, 0.5 to 1 g NH4FHF, andFe bal
3 g K2S2O5 in 100 mL distilled water. The samples were
studied with an optical microscope equipped with image
analysis.

The microhardness of the wedge-formed samples along
a line normal to the x-y plane was determined using a Knoop
hardness test with a testing load of 100 g.

X-ray diffraction (XRD) was performed using Bragg–
Brentano geometry with a STOE&CIE u/u powder diffrac-
tometer, equipped with an energy dispersive Kevex detector.
The radiation used was Cu Ka. The measurements were
made to determine the phases at different sections of the
wedge-formed samples (normal to the x-y plane, Figure 1).

Thin foils for transmission electron microscopy (TEM)
observations were taken from different parts of the wedge-
formed sample. The foils were prepared using 20 pct HClO4

in methanol at 215 8C by a twin-jet polishing apparatus.
The TEM observations were conducted on a JEOL-2000FX
electron microscope operating at 200 kV.

III. RESULTS

A. Constitution

Figures 2(a) through (c) show the XRD patterns obtained
from three locations of the wedge sample subjected to three
different cooling rates, i.e., 75, 7.5 3 103, and 4.1 3 104

K/s, which correspond to distances of 70, 7, and 3 mm from
the tip of the wedge. The diffraction profile in Figure 2(a)
is identified as ferrite. However, as will be seen later, within
these regions, the structure consists also of martensite at the
grain boundaries of the matrix, i.e., the ferrite. In view of
the low-carbon content in the present steel, both the martens-
ite and ferrite are expected to have approximately the same
lattice parameters. Therefore, it is impossible to distinguish
between them by using XRD. Low-temperature a-ferrite
formation was excluded because the rapid rate of cooling
retained the high-temperature d-ferrite to room temperature.
As shown by XRD, there is no phase change at the upper
part of the sample. However, at the tip region, besides the
diffraction peaks corresponding to the ferrite/martensite,
extra peaks are observed. The peaks marked (g) are found

Fig. 1—Schematic illustration of the wedge-formed sample. The locations to correspond to austenite, while the phase corresponding to
in which the thermocouples were inserted are marked “A,” “B,” and “C.”

the peaks labeled “P” is carbide but could not be completely
identified by these experiments as the number of diffraction
peaks is limited. However, the peaks labeled “P” are foundalloy composition. Figure 1 shows the final shape of the
to be consistent with cementite. A complete phase determina-sample. In order to measure the temperature and the time
tion of the precipitates has recently been made on the basisduring the solidification, thermocouples were introduced at
of a series of selected area electron diffraction patterns,[15]

different positions within the wedge mold (Figure 1). The
and the precipitates have been identified as orthorhombicsize of the thermocouple wires was chosen as 0.3 mm in
cementite M3C.order to achieve a good transient response during the mea-

surements (type R, Pt-13 pct Rh/Pt). From the temperature
B. Microhardnessand time measurements, the cooling rates throughout the

solidification temperature range were determined at the mea- Figure 3 shows the microhardness measurements taken
along the wedge sample, i.e., the z-axis is the distance fromsurement positions. The cooling rate (Ṫ) was then plotted
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Fig. 2—(a) through (c) XRD patterns obtained at different locations along the direction parallel to the z-axis showing the formed phases; (a) 3 mm, (b) 7
mm, and (c) 70 mm. Key to symbols: (P) carbide, (d) ferrite, and (g) austenite.

observed by the XRD in Figure 2(c)). A hardness value of
,170 kg/mm2 corresponds to that of the ferrite phase. In
contrast to the increased hardness in the bulk of the ferrite
grains toward the tip region of the sample, the hardness of
the precipitates at the grain boundaries decreases from ,450
to ,300 kg/mm2 from the top to the tip of the wedge sample
(open circle in Figure 3). The value of ,450 kg/mm2 is in
the range of the reported hardness value for the martensite,[16]

while the value of ,300 kg/mm2 is in the range of the values
reported for the austenite.

C. Shape and Size of the Ferrite Grains

Figures 4(a) through (c) show two sets of optical micro-
graphs taken from two perpendicular sections of the wedge
sample, i.e., z-y section (Figures 4(a)) and z-x sections (Fig-
ures 4(b) and (c)). Owing to the fact that the removal of
heat from the solidified material is conducted mainly into
the y direction (Figure 1), the appearance of the matrix grains
is an elongated morphology in the x-z section, whereas in the
z-y section, the ferrite grains show a polygonal morphology.
These observations demonstrate that the wedge sample con-
sists of columnar grain structure with a polygonal cross
section. This kind of grain morphology was previously
observed in a 12Cr-Mo-V steel melt-spun sample.[13]

Fig. 3—Microhardness measurements along the wedge-formed sample. With regard to the cooling rate effect on the grain size,
Key to symbols: (V) measured at the grain boundary precipitates and (●) Figure 4 clearly shows that the grain size decreases with
measured at the grain bulk. The error bar represents the standard deviation. increasing the cooling rate. At the very tip, in which the

cooling rate is the highest, grain sizes were found to be less
than 5 mm. In order to establish the relation between the
ferrite grain size and the cooling rate, the grain sizes werethe tip to the top of the wedge (100 mm), in the grain

boundary interior, and at the grain boundaries precipitate. measured by dividing the wedge sample into four regions
corresponding to distances of 0 to 10, 30 to 40, 50 to 60,Since the microstructure affects the microhardness measure-

ments, these measurements provide a tool for evaluating the and 70 to 80 mm from the tip, respectively. The grain size
obtained from each region is plotted in Figure 5 as a functionformed microstructures. The microhardness of the bulk d

ferrite grains shows decreasing values from ,250 kg/mm2 of the average local cooling rate, i.e., at distances of 5, 35,
55, and 75 mm from the tip. The average cooling rate wasat the tip down to a value of ,170 kg/mm2 at a distance of

,15 mm from the tip of the wedge sample (full circles in calculated by taking the average cooling rate at the lower
and the higher distance of each measurement position. It isFigure 3). The higher hardness at the tip of the wedge (,250

kg/mm2) is probably a result of carbide precipitates within seen that the grain size decreases progressively with increas-
ing cooling rate. The empirical relationship between thegrains (an indication supporting this interpretation was
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Fig. 5—The grain sizes vs the average cooling rate. The measurements
were conducted at different locations within the wedge-formed sample (A)
at 0 to 10 mm, (B) at 30 to 40 mm, (C) at 50 to 60 mm, and (D) at 70 to
80 mm. The fitting parameter, R, is found to be 0.96.

D. Precipitation at the Ferrite Grain Boundaries

As seen in Figure 4, the precipitation of the second phases
occurred either at the ferrite grain boundaries or within the
grains. The former is observed along the entire wedge sample
and will be characterized in this section; the latter is found
only within a distance of about 12 mm from the tip and will
be described in Section E.

1. Optical microscopy and TEM observations of the
morphology

Observations along the wedge-formed sample indicated
that a significant change in the precipitate morphology exists.
Figure 4 provides examples of the effect of increasing cool-
ing rates, i.e., different parts of the sample, on the morpholo-
gies. At the lower part of the sample, which is characterized
by high cooling rates (e.g., higher than 3.7 3 103 K/s),
various morphologies have been observed: (1) grain bound-
ary allotriomorphs, (2) grain boundary film, (3) primary side
plate, (4) primary sawteeth, (5) thin film, and (5) isolated
particles of second phase. Examples of optical microscopy
micrographs of these morphology variations are shown in
Figures 6(a) through (d). The labels in these micrographs
correspond to “a” grain boundary allotriomorphs (Figure
6(a)), “b” grain boundary film (Figure 6(b)), “c” primaryFig. 4—(a) through (c) Optical micrographs showing the grains at (a)
side plate (Figure 6(c)), and “d” primary sawteeth (Figurenormal to x-axes and normal to the y-axes at (b) 0 to 10 mm and (c) 30

to 50 mm from the tip. 6(d)). The morphologies observed by optical microscopy
(OM) were later confirmed by TEM investigations, and
examples of the observed morphologies are shown in Figures
7(a) through (c). Again, these observed morphologies indi-

grain size, d0 (mm), and the local cooling rate for this type cate the existence of grain boundary allotriomorphs (Figure
of steel can be expressed as 7(a)), primary sawteeth (Figure 7(b)), and isolated austenite

at the triple points (Figure 7(c)). Note that the primary saw-
teeth formed at the early stage of the transformation individu-d0 5

(804 mm (K/s)0.4)
Ṫ 0.4 [2]

ally on the ferrite grain boundary, as seen from Figure 7(b)
(also Figure 6(d)).

Besides the observed small isolated particles, which wereThe measured grain sizes, i.e., about 60 grain measured for
each region, varied along the z direction (Figure 1). Error found initially to nucleate at the grain corners, the initial

stage of the nucleation of austenite was also observed tobars in Figure 5 reproduce this variation.
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Fig. 6—Optical micrographs of the precipitate mophology at the lower part of the wedge sample: (a) allotriomorph structure, (b) grain boundary film, (c)
primary sideplates, and (d ) primary sawtheeth.

take place at the grain boundaries (Figure 8). In such cases, finer primary and secondary sideplates. The microstructure
observed at this part of the wedge-shaped sample (zonesthe austenite appeared as primary sideplates “a” and the

initial stage of what are known as grain boundaries allotrio- “A” and “B”) is found to be similar to the microstructure
observed at a heat-treated Fe-25Cr-6Ni two-phase (a 1 g)morphs “b” and “c” (Figure 8).

At the upper part of the sample, the Widmanstätten struc- stainless steel[17] in which austenite (g) sideplates are found
to grow from the g film formed at the grain boundary intoture is well developed and covers the ferrite grain boundaries

(e.g., Figure 4). At this part of the sample, which corresponds the ferrite (a) grains.
to a later stage of the Widmanstätten development, the d-

2. Correlation between observed morphology andferrite grain sizes are coarser (Figures 4(a) and (b) and (c)).
structureFigures 9(a) and (b) show optical micrographs at this stage

At the upper part of the sample, the austenite precipitatedof the Widmanstätten structure development. As seen in
at high temperatures and transformed into martensite subse-Figure 9(a), the secondary sideplates are found to grow from
quent to its formation. The TEM evidence related to thethe allotriomorph structure (Figure 6(a)) or from a film
internal structure of the Widmanstätten structure is shownstructure (Figure 6(b)) into the ferritic matrix with fine sec-
in Figure 10, which reveals a clear substructure of martensiteondary sideplates. Evidence for the formation of the Wid-
laths. This indicates that the solid-state cooling rates at thismanstätten structure directly from the grain boundaries can
part of the wedge-formed sample were sufficiently highbe clearly seen in the early stage of the primary sideplate
to allow a complete transformation of the austenite intoformation (Figure 6(c)) and at a later stage of the formation
martensite. In general, the lath spacing depends on the cool-in Figure 9(b). In both figures, the primary sideplates are
ing rate and decreases with increasing cooling rate. Lathclearly shown to nucleate directly from the ferrite grain
spacing of less than ,0.2 mm was found in this regionboundaries. The growth direction of the primary and second-
(Figure 10), as a result of a high cooling rate.ary sideplates (Figures 9(a) and (b)) seems to be well defined,

In contrast to the complete transformation of austenite towhich implies that the grain crystallography determine the
martensite observed at the upper part, retained austenite wasgrowth direction of these precipitates. Note that as the cool-

ing rate decreases, the grains become coarser, leading to identified by XRD (Figure 2) at the tip region, although the
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Fig. 7—(a) through (c) TEM micrographs of the precipitate morphology at the lower part of the wedge sample: (a) allotriomorph structure, (b) primary
sideplates, and (c) isolated austenite particles.

3160—VOLUME 31A, DECEMBER 2000 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 8—Optical micrographs showing the initial growth stage of the
austenite.

Fig. 10—TEM micrograph showing the characteristic lath of martensite.

by the TEM. Morphological observations coupled with
selected area electron diffraction patterns demonstrated that
the retained austenite is restricted to the grain boundary
precipitate particles of small sizes (,4 mm). In Figures 11(a)
and (b), typical examples of retained austenite particles are
shown. The correspondence between the particle size and
the retention of austenite indicates an austenite size effect
on the martensite transformation.

E. Precipitates within the Ferrite Grains

At the lower part of the wedge-formed sample at a distance
of about 12 mm from the tip, marked as “C” (Figure 1),
besides the Widmanstätten martensite and the metastable
austenite (which appeared as isolated precipitates of small
sizes), a high density of needle-shaped precipitates, identi-
fied as cementite M3C,[15] have been observed within the
ferrite grains (Figure 4). Figure 12 shows a TEM montage
of micrographs of the cementite precipitates, which were
taken in the [100]d beam direction. The diffraction pattern
of the cementite was indexed as [321]c. These observations
are supported by the XRD observations (Figure 2(c)) inFig. 9—(a) and (b) Optical micrographs showing the formation of second-
which evidence for the formation of carbide precipitates isary side plates: (a) secondary sideplates growing from the allotriomorph

structure and (b) formation of the secondary sideplates directly from the observed as well as by the observed increase in the hardness
grain boundaries. close to the tip region (Figure 3).

It is seen that the precipitates have platelike shape rather
than a needle shape, as viewed in optical microscopy (Fig-
ure 4). Detailed studies of the precipitate morphology[15,18]solid-state cooling rate at this part is expected to be higher.

To understand this, an effort was made to detect the austenite showed that the cementite is formed as fine needlelike
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Fig. 11—(a) and (b) TEM micrographs taken from the tip of the wedge-formed sample showing the austenite nucleated at the triple point of grain boundaries.
Key to symbols: (d ) ferrite and (g) austenite.

precipitates joined together in a planar colony. Two direc- IV. DISCUSSIONS
tions of needles subtending an angle of about 70 deg charac-

A. The Evolution of the Morphologyterize each colony. The needles grow almost equally,
producing a planar structure of rectangle-shaped outline. The fact that the wedge-formed sample contained a large

range of cooling rates provides the possibility to relate theIt has been shown that the colonies are formed on the
{100}c //{011}d plans and that the growth directions of the evolution of the morphology described previously (Section

D) to the different stages of the Widmanstätten structureprecipitate needles in the colonies are ^010&c //^111&d,[15]

where the subscripts c and d correspond to cementite and formation.
The high cooling rates at the tip region result in formationdelta ferrite, respectively.

The effect of grain size and cooling rate on the precipitate of fine d-ferrite grains with a polygonal shape. These fine
grains allow the nucleation and growth of austenite to takelength has been investigated and is illustrated in Figures

13(a) through (c). As seen from these figures, it is evident place initially at the grain corners as fine isolated particles
(e.g., the arrow marked “a” in Figure 6(a) or Figure 7(c)).that the length of the precipitates increases with increasing

grain size up to a distance of ,12 mm away from the tip, As demonstrated by TEM (Figure 11), the retained austenite
is only related to the grain boundary precipitate particlesat which point they disappear.

In the vicinity of some ferrite grain boundaries, precipi- of small sizes (,4 mm). However, the austenite particles
nucleate initially not only at the grain corners but also attate-free zones (PFZs) were observed. Examples of OM and

TEM observations of the PFZs are shown in Figures 14 and the grain boundaries (Figure 8). The nucleation of austenite
in these particular sites is attributed to the low energy barrier15, respectively. It was found that the PFZs are always

associated with the grain boundaries in which the austenite for austenite nucleation, which is associated with the triple
point[19] and low-angle grain boundary.[6] The high cooling(martensite) had formed, suggesting that the reason for the

PFZs is the nucleation and growth of grain boundary austen- rate in this region ensures that the sample will not remain
for a long enough time at high temperature to permit aite during transformation. Note the high dislocation density

in the PFZ (Figure 15) compared to that in the grain interior significant growth of the austenite particles into Widmanstät-
ten structure. The austenite at this early stage of the transfor-where the carbide precipitates are observed.
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(a)

Fig. 13—(a) The length of the cementite precipitates at different parts of
the wedge as well as micrographs showing the precipitate lengths at different
locations within the wedge; (b) d 5 0.16 mm and (c) d 5 0.2 mm.

mation takes the form of different types of morphologies
(Figures 6 and 7): (1) grain boundary, allotriomorphs, (2)
grain boundary film, (3) primary side plate, (4) primaryFig. 12—(a) TEM montage of the precipitate morphology and (b) the
sawteeth, and (5) isolated particles of second phase.corresponding diffraction pattern, which is indexed as [001]d //[321]c. The

precipitates are formed on the {110}d habit planes. These precipitates, Based on these observations, we can conclude that such
which are formed on (110)d and (110)d, are viewed edge-on in the beam a variation in morphology observed at the lower part of the
direction used. wedge-formed sample reflects the nucleation and growth of
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impingement of primary sideplates developed directly from
the austenite grain boundaries by individual nucleation
events. Evidence of these two mechanisms has been
observed in the present work: the formation of the secondary
sideplates from allotriomorphs (Figure 9(a)) and the forma-
tion of the primary sideplates directly from the ferrite grain
boundary (Figures 6(c) and 9 (b)). It should be recognized
that sympathetic nucleation is defined as the nucleation of
a precipitate crystal at the interface boundary of another
crystal of the same phase when both crystals differ in compo-
sition from the matrix.[20] As such, it is difficult to judge
from Figure 9(a) whether the secondary sidplates where
sympathetically nucleated on the grain boundary ferrite
allotriomorphs.

B. Stabilization of the Austenite
Fig. 14—Optical micrograph of the PFZ around the austenite. The correspondence between the particle size and the

retention of austenite observed in the present investigation
indicates an austenite size effect on the martensite transfor-
mation. Such an austenite size effect has been previously
observed for the Cu-2 wt pct Fe, Cu-1 wt pct Fe,[22,23] and
Cu-Fe-Co alloys[24] and for nanoscale particles of Fe-Ni.[25]

Investigations for the Cu-Fe alloys showed that the fcc pre-
cipitates of size 20 to 30 nm do not transform to the martens-
ite phase on cooling. The coherency of the precipitates with
the matrix is the main factor determining the martensitic
transformation. Easterling and Miekk-Oja[22] have shown
that nucleation that occurs homogeneously leads to fully
coherent spherical fcc precipitates; however, with prolonged
annealing time, the fcc precipitates grow, lose their coher-
ency, and take the cubic form. Lin et al.,[24] for the Cu-Fe-
Co system, have also pointed out the dependence of the
martensitic transformation driving force on the variation
of the precipitate composition with particle size; i.e., any
deviation from 33 wt pct Co decreases the driving force for
the fcc-to-bcc transformation. In the nanoscale particles of
the Fe-Ni system,[25] the fcc is found to become more stable
when the size is reduced, e.g., the specimens that wereFig. 15—TEM montage of the precipitate area depleted with precipitates

as marked by arrows. Note that the PFZ, as shown in this figure, is character- composed of grains smaller than 5 nm in size were expected
ized by high dislocation density around the austenite. to consist of bcc and martensite; however, the austenite is

the only phase observed to be formed. The origin of austenite
stabilization in these small grain sizes remains unclear. The
martensite transformation in Fe-Ni powder particles has beenthe austenite precipitates at the initial stage of the Widman-

stätten structure. The formation of fine isolated particles of previously studied by Cech and Turnbull[26] and more
recently for a 12Cr-Mo-V steel.[12] In both studies, the depen-retained austenite at this part of the sample is attributed to

the effect of rapid cooling. The fine grain sizes in this region dence of the powder particle sizes on the relative fraction
that transformed to martensite was found, i.e., the martensiteare also attributed to the effect of high cooling rate. Grain

sizes as fine as 5 to 20 mm were observed at a d of , 500 fraction decreases with decreasing particle size. In Reference
12, analysis of the rapidly solidified powders showed thatmm. These fine grain sizes reflect the high cooling rate in

this area, .3.7 3 103 K/s. when the size of the powder particles is smaller than a critical
value of ,60 mm, the austenite formed within the ferriteAt a later stage of the transformation at the upper part of

the sample, the Widmanstätten structure is fully formed. The powder particles cannot be transformed into martensite and
is retained as austenite to room temperature. In this rangeWidmanstätten precipitates can be described as plates or

needles growing either directly from the matrix grain bound- of powder particle sizes, the grain size within the powder
was found to be ,5 mm. The retained austenite precipitatearies (primary sidplates) or from grain boundary precipitates

(secondary sideplates) or with no interconnectivity at all sizes, therefore, are expected to be much smaller than this
grain size due to the small amount of austenite. In other(intragranular).[7] The latter was found recently by Kral and

Spanos[7] not to be a real morphology but an effect of two- words, the austenite size in this case is smaller than the
austenite particle sizes found in the present study (,4 mm).dimensional sectioning. A detailed investigation of the pro-

eutectoid ferritic steel indicates that the secondary sideplates In contrary to the preceding reported data, the austenite
particle sizes observed in the present investigation are muchformed by two mechanisms.[20,21] The first is sympathetic

nucleation at ferrite allotriomorphs and the second is lateral larger in fact by a factor of ,130. The question that is
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Fig. 16—Schematic diagram illustrating the different morphologies and structures observed at different parts of the wedge-formed sample (normal t o the
x and y axes).

Table II. The Morphologies and the Structures Evolution at Different Part of the Wedge-formed Sample.

Cooling Rate
d* (mm) (K/s) Phases Morphologies Solidification Path

0 to 0.5 mm .3700 d, g, Fe3C, M columnar d grains, early stage of the L → L 1 d → L 1 d 1 g →
Widmanstätten morphologies, d 1 M 1 g* 1 Fe3C
cementite, isolated austenite parti-
cles, martensite

0.5 to 5 mm 3700 to 368 d, M columnar d grains, later stage of the L → L 1 d → L 1 d 1 g →
Widmanstätten martensite d 1 M

*d is the half-distance (Fig. 1).

then raised is what is the reason for the stabilization of the with the prediction of the Schaefler diagram. However, devi-
austenite and the suspension of the martensite transforma- ations occur at higher cooling rates in which retained austen-
tion? Martensitic transformation is typically a heterogeneous ite (Figures 2(c) and 11) and intergranular precipitates of
process in which the nucleation occurs on defects, i.e., struc- cementite M3C (Figures 2(c) and 12) were observed. These
ture imperfections, in the parent phase, the austenite.[24] morphological observations were supported by XRD, micro-
However, in small particle experiments,[26] the role of auto- hardness, and selected area electron diffraction pattern (Fig-
catalytic nucleation can be avoided. The probability of find- ures 2 and 3 and Reference 15). The decrease in the hardness
ing a heterogeneous site in a particle increases with increas- at the grain boundary precipitates (the tip of the sample) is
ing particle size. Bearing this in mind, in the large austenite a consequence of the lower concentration of martensite and
particles, which probably contain more structure imperfec- the retention of austenite at this part of the sample. The
tions, it is easy for the martensite to nucleate; e.g., evidence hardness value of ,300 kg/mm2 is in the range of the values
of this can be seen by the complete transformation of austen- reported for the austenite. The fine substructure of the Wid-
ite into martensite at the upper part of the wedge (Figures manstätten, i.e., lath martensite (,0.2 mm), observed in this
2(a) and (b)). The small particle sizes, on the other hand, part of the sample (Figure 10), is also attributed to the rapid
contained less nucleation sites for martensite; in such a case, cooling in this area. The lath martensite was previously
the martensite transformation is suppressed and the austenite found in other rapid solidification processes, e.g., for the
retained to room temperature (e.g., Figures 2(c) and 11(a) Fe-Mo-C alloy[28] and for the Fe-Cr-C alloy.[13] In the latter
and (b)). case, the lath martensite dimensions were found to vary

between 0.2 and 0.4 mm for cooling rates of ,106 K/s.
The carbon concentration of d-ferrite is of principal impor-

C. The Evolution of the Microstructure tance in determining the kinetics of carbide formation. Dur-
ing cooling, two mechanisms by which the excess carbonThe constitution of stainless steels is often predicted by
in the ferrite is removed can take place simultaneously. Onethe use of the Schaefler diagram,[27] which shows the phase
is the diffusion of carbon into the Widmanstätten austenitefields in terms of Ni and Cr equivalent for the steel. Calcula-
nucleated at the ferrite grain boundaries and the other is thetions of the Ni and Cr equivalents for the present steel
precipitation of carbides within the ferrite. Each one of theseindicate that the microstructures should contain a mixture
two mechanisms may dominate, depending on the coolingof delta ferrite and martensite after cooling. The initial phase,
rate, i.e., location in the sample. At the tip of the sample,which nucleated at the ferrite grain boundaries, is the austen-
which is characterized by fine grain ferrite, only a few nucleiite. During subsequent cooling, the austenite transformed
of austenite were formed on the grain boundaries. In suchinto martensite (Figures 2(a) and (b) and 3). The identifica-
a case, the carbon concentration within the grains is relativelytion of the phases demonstrated that the constituents

observed at the upper part of the wedge sample are consistent high and uniform. The high carbon concentration and the
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formation of high density of dislocations in this area promote 3. Dispersed carbide precipitates within the ferrite grains
were also observed at the tip region. The size of thethe formation of a large amount of fine homogeneously

distributed carbide precipitates (Figure 13(a)).[15] carbides decreases but their density increases with in-
creasing cooling rate.As the grain size gradually increases with decreasing cool-

ing rate, the amount of austenite precipitation at the grain 4. The precipitation of austenite at the grain boundaries
and the precipitation of carbides within the ferrite areboundaries increases, and this is accompanied by a reduction

of the carbon concentration at the middle of the grains. This considered as two competitive processes by which the
excess of carbon in the solidified delta ferrite grains iseffect together with a low cooling rate, i.e., longer time for

the diffusion process to take place, at this region leads to a removed. Depending on the cooling rate, one of these
processes can dominate, resulting in the formation ofsmall volume fraction of large carbide precipitates (Figure

13(c)). Eventually, after a certain distance from the tip, the different phases at different parts of the wedge-formed
sample.secondary sideplates further develop and surround the entire

grain boundaries. In such a case, all the excess carbon content
in the ferrite is removed by the formation of the austenite,
and as a consequence, no carbide precipitates are formed ACKNOWLEDGMENTS
above this distance.
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