Atom Probe Field lon Microscopy Study of
the Partitioning of Substitutional Elements
during Tempering of a Low-Alloy Steel Martensite

S.S. BABU, K. HONO, and T. SAKURAI

The partitioning behavior of Mn and Si at the cementite/ferrite interface during tempering of
Fe-C-Si-Mn steel martensite has been studied by atom probe field-ion microscopy (APFIM). It
has been shown that cementite can form without partitioning of Si and Mn during the early
tempering stage at a low temperature. The atom probe compositional analysis shows no evidence
of segregation or of concentration spikes of substitutional elements at the interface. This suggests
that the early stage of cementite growth occurs by paraequilibrium mode and is controlled only
by C diffusion in the matrix. In addition, significant C concentration fluctuations are measured
in the as-quenched condition. The onset of partitioning of both Si and Mn occurs after prolonged

time or by increasing the tempering temperature.

I. INTRODUCTION

THE kinetic models of reconstructive growth in low-
alloy steels aim to predict the interface velocity, volume
fraction, and composition of product phases as a func-
tion of alloy composition, transformation temperature,
and time. Theories of reconstructive transformations in
ternary steels are already available.!'-®! These theories
have been extensively used to model the reconstructive
transformation of austenite to ferrite in low-alloy
steels.'®1% Nevertheless, the theories are general and can
be applied to any situation involving reconstructive
growth of a precipitate phase. In these kinetic models,
local equilibrium at the interphase interface is assumed
for predicting velocities of transformation interfaces.
With the local equilibrium assumption, three transfor-
mation modes were proposed for the transformations in
steels involving the diffusion of both substitutional and
interstitial elements. In low supersaturation and low
interface velocity, the transformation is controlled by the
slow diffuser (substitutional elements) and the local
equilibrium at interface exists. This mode is known as
partitioning local equilibrium (PLE). In high super-
saturation and high interface velocity, the transformation
is controlled by the fast diffuser (interstitial atoms) and
the local equilibrium at the interface exists. This mode
is known as negligible partitioning local equilibrium
(NPLE). In NPLE mode, a steep concentration gradient
of substitutional element, which is known as a diffusion
spike, is assumed in front of the growing interface.'

The estimated width of these diffusion spikes reduces
as a function of undercooling. In very high under-
coolings, the diffusion-spike width reduces to the order
of atomic spacing. In this condition, it is assumed that
the local equilibrium fails and the transformation mode
switches to paraequilibrium.!*7-11} In the paraequilibrium
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condition, there is no redistribution of substitutional ele-
ments between the precipitated phase and the matrix.
The ratio of Fe/X (X = substitutional elements) con-
centration remains constant at both sides of the interface.
Paraequilibrium growth is possible if C reaches its equi-
librium concentration in both parent and product
phases.'*-® In this case, the growth of the product phase
is controlled only by C diffusion. Several experimental
works were conducted to determine the partitioning of
substitutional elements under the paraequilibrium reac-
tion by employing electron probe microanalysis and an-
alytical electron microscopy.”®'® However, because of
the insufficient spatial resolution of the conventional an-
alytical techniques, the most critical information on the
interfacial concentration of alloying elements during the
growth of precipitates has not been available. Moreover,
there is no satisfactory theory for the transition from
paraequilibrium to local equilibrium during the growth
of the precipitates.!'!

The previous theoretical works on paraequilibrium
were proposed for ferrite and pearlite reaction in
steels;!'-% however, paraequilibrium is also applicable to
the precipitation of cementite from low-alloy steel mar-
tensite. According to equilibrium thermodynamics, the
solid solubility of Si in cementite is almost zero, and Mn
has high solid solubility in cementite. The expected
concentration-depth profiles for cementite growth from
martensite for all three transformation modes are sche-
matically illustrated in Figure 1. The tempering of mar-
tensite steels is usually carried out in low temperatures,
where the diffusivity of C is many orders of magnitude
greater than the diffusivity of substitutional elements;
e.g., Ds; = Dy, =~ 1002 cm? s7'; and D¢ = 107° cm’
s™' at 350 °C.U'*'4 Thus, the precipitation of cementite
may proceed either by NPLE mode (Figure 1(b)) or
paraequilibrium mode (Figure 1(c)) in the early stages
of tempering. Kinetic models are not sufficient to predict
which mode would actually control the growth of ce-
mentite in the present low-alloy steel. Hence, it is in-
teresting to determine the transformation mode
experimentally by measuring the concentration of
cementite/ferrite (6/a) interface.
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The aim of this study is to determine the concentration
of solute elements at the 6/« interface during early-stage
tempering of Fe-C-Si-Mn martensite. It should be noted
that measurement of bulk compositions of parent and
product phases is not sufficient to distinguish between
the NPLE and paraequilibrium modes. The NPLE mode
_ is associated with thin diffusion spikes of substitutional
elements at the interface. On the other hand, in para-
equilibrium mode, diffusion spikes are not expected at
the interface. The concentrations of the solute elements
between the product and parent phases are the same in
both cases. Since conventional apalytical techniques
cannot resolve the variation of chemical concentration
with sufficiently high spatial resolution, atom probe
field-ion microscopy (APFIM) was used.

II. EXPERIMENTAL
A. Alloy and Heat Treatment

An Fe-1.84C-3.84Si-2.95Mn (at. pct) steel was used
for the present study. This steel had been studied pre-
viously!™ and is known to produce a negligible amount
of retained austenite on quenching, making it ideal for
this study. Alloys were initially homogenized at 1200 °C
for 3 days in a sealed silica glass with an Ar atmosphere.
The steel was rolled into 0.5 to 0.8 mm sheets and
3-mm-diameter discs were punched out from this sheet
for transmission electron microscopy (TEM) specimens.
The field-ion microscopy (FIM) samples were prepared
from 0.5 X 0.5 mm square rods. They were austenitized
at 1080 °C in an Ar atmosphere for 15 minutes and then
quenched into ice water to form martensite. These were
tempered with various conditions, as shown in Table I.
Coates” assumed that the local equilibrium condition
would be maintained when the diffusion distance was
above 50 A and the paraequilibrium would take control
when it was below 10 A. He calculated the diffusion
distance from the velocity of transformation interface
and diffusivity of substitutional elements as

2Dy

diffusion distance = 1
i interface velocity ]

where Dy is the diffusivity of a substitutional element X
(X = Mn and Si). As the interface velocity of transfor-
mation was not available, the random walk distance
2V Dy, - t) was used for approximating the diffusion
distance of Mn (Table I). As seen from this table, the
growth with the paraequilibrium mode is expected for
heat treatment (HT)1 and HT2 and local equilibrium for
HT3 to HTS conditions.

B. Microstructure and Compositional Analysis

All tempered specimens were observed by a trans-
mission electron microscope, PHILIPS* CM12, for pre-

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

liminary characterization of the microstructure. The
TEM samples were prepared using the standard twin-jet
electropolishing technique. The atom probe analyses
were performed by a time-of-flight atom probe FIM; the

500— VOLUME 25A, MARCH 1994

Carbon Mn (@
6o
X, =40
X = M
25 "] *¥n
0 | X
0 | o / X mn
| —X,
a® ¢ X% 20,001
X.=0 Mn
ELE
Carbon Mn ()
6o _
x9“-25 an_40
___/ (4
LA x Xpn
af _
/i % = 0.001
] 6| @
xc=0
NPLE
Carbon Mn (C)
 xas
[+
0l
0 |« - _
/ xc an
a(-)_
xc—O
ilibri

Fig. 1 — Schematic illustration of the concentration-depth profiles for
the diffusional growth of cementite from martensite while tempering.
The horizontal axis corresponds to distance and the vertical axis to
concentration. The concentrations given in this figure are equilibrium
concentrations (note that these concentrations are not calculated inter-
face concentrations; nevertheless, the interface concentrations should
be close to these values) calculated by the MTDATA program''? for
Fe-1.84C-3.84Si-2.95Mn (at. pct) steel tempered at 350 °C.

Table I. Heat-Treatment Conditions
and Estimated Diffusion Distance Values

Heat Temperature Time =~Mn Diffusion
Treatment 0 (s) Distance* (A)
HT1 350 1.80 x 10° 1.7
HT2 400 1.80 x 10° 9.0
HT3 350 6.48 x 10° 32.1
HT4** 450 5.40 x 10° 98.3
HT5 500 0.30 x 10° 54.8

*The diffusivity value was taken from Refs. 13 and 14.
**This heat treatment is two-step heat treatment (i.e., after HT3,
the sample was tempered at 450 °C).

details of this instrument are described elsewhere.!"® The
FIM tips were prepared by the standard two-step electro-
polishing technique.!'” The FIM images were observed
with Ne as an imaging gas at 50 to 70 K, and the anal-
yses were carried out with 15 pct pulse fraction (V,/V,.)
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under 107® torr Ne. In drawing the concentration-depth
profile from APFIM data, 100 ions were treated as one
block with a moving average of 50 ions. Carbon mass
peaks corresponding to C**, C*, C; ", C5, and C; ions
were considered for C concentration measurement.

III. RESULTS
A. Early Stages of Tempering

The transmission electron micrograph of the martens-
ite tempered at the HT1 condition is shown in Figure 2.
It shows the presence of cementite in lath martensite.
The orientation relationship of the cementite with the
ferrite is close to that of Bagaryatskii or Isaichiv type:

(101),/}(100), and (101),][(011),

Similar orientation relationships have also been reported
in lower bainite.!'®! In addition to the cementite, the faint
spots!'! suggest the presence of a small amount of ¢ car-
bide that might have formed during heating, before the
cementite formation. The matrix is observed with high
dislocation density. The dark-field image using one of
the variants of (111) cementite reflections shows the dis-
tribution of cementite. The cementite is in the form of
thin platelets of 20-nm size. The samples after HT3
treatment (Figure 3) also show similar microstructure.

The APFIM analyses were carried out for the specimens
tempered with various conditions, as shown in Table I.

Figure 4(a) shows an FIM image of the alloy tempered
at the HTI condition. On the basis of the preliminary
TEM observation, the darkly imaging region indicated
by arrowheads is believed to be cementite. Selected-area
analysis clearly showed that the C concentration is sig-
nificantly higher in this region. However, the concen-
tration of the substitutional elements was found to be 3.3
+ 0.5 at. pct Si and 2.4 + 0.4 at. pct Mn. These values
are close to the nominal composition of the alloy, and
hence, it is concluded that there was neither enrichment
of Mn nor depletion of Si in the cementite at this stage.
Figure 4(b) shows a concentration-depth profile of the
same sample. In this figure, the presence of carbide can
be clearly recognized from the abrupt change of the C
concentration. The apparent concentration of C in the
carbide determined by this analysis is only 16 = 4 at.
pct; however, we believe that this is due to an artificial
effect during the atom probe analysis. In earlier atom
probe works on steels, apparent low-C concentrations of
cementite were also reported.!?*?!l Nevertheless, atom
probe results clearly show the presence of carbide in the
concentration-depth profile with excellent spatial reso-
lution. Furthermore, it gives relatively quantitative data
regarding the substitutional elements such as Mn and Si.
This plot clearly shows that the cementite formed with-
out redistribution of Si and Mn. There were neither dif-
fusion spikes nor segregation peaks of Si and Mn at the

Fig. 2—HT!1 condition: (a) bright-field TEM image showing the lath martensite structure with dispersed cementite; (b) dark-field image using
one variant of (111),, cementite reflection in the same area; (¢) selected-area diffraction pattern; and (d) schematic representation of the diffraction

pattern.
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Fig. 3—HT3 condition: (a} bright-field TEM image showing the lath martensite structure with dispersed cementite; (b) dark-field image using
one variant (111),, cementite reflection in the same area; (c) selected-area diffraction pattern; and (d) schematic representation of the diffraction

pattern.

interface. An integral concentration-depth profile or a
ladder plot shown in Figure 4(c) demonstrates the local
concentration at the 8/a’ interface more clearly, where
the numbers of detected solute elements are plotted as a
function of the total number of detected atoms; hence,
the slope of the plot corresponds to the local concentra-
tion of the specimen. If there is any sharp concentration
spike of Si and Mn during growth, a corresponding
change in the slope of the Si and Mn curves should be
observed. However, no segregation or partitioning of Si
and Mn are observed. Similar analysis for the HT2 con-
dition is shown in Figures 5(a) and (b). The ladder plot
does not show any indication of the concentration
change of Si and Mn in the cementite. The absence of
partitioning and interfacial segregation of substitutional
elements strongly suggests that the cementite formed by
the paraequilibrium mode during the early stage of tem-
pering below 400 °C.

B. Extended Tempering

Extended tempering treatments were carried out to ob-
serve the transition from paraequilibrium to local equi-
librium. From the diffusion distance data (Table I),
significant diffusion of the substitutional element is ex-
pected for the HT3 to HTS5 conditions. Figure 6(a) shows
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an FIM image of the sample from the HT3 condition.
Dimly imaging regions indicated by arrowheads are be-
lieved to be cementite, as in the case of Fig. 4(a). The
concentration-depth profile (Figure 6(b)) of this sample
does not show gross redistribution of Si and Mn yet. In
contrast, the ladder plot from the same data (Figure 6(c))
shows the initiation of small-scale Si and Mn redistri-
bution near the 6/« interface. Just outside the cementite,
the slope of the ladder plot of Si seems to be slightly
higher than the other area. Corresponding to this, the
slope of the Si concentration is significantly lower near
the interface in the cementite. This ladder plot suggests
that Si is depleted in the cementite but enriched in ferrite
near the interface. Manganese seems to be slightly en-
riched inside the cementite near the interface.

In order to enhance the redistribution of Mn and Si,
HT4 and HTS treatments were carried out. Note that
HT4 is a two-step tempering, i.e, samples were tem-
pered first at 350 °C for 6.48 X 10° s and then tempered
at 450 °C for 5.4 x 10’ s. This tempering was carried
out in order to obtain a high-density cementite for fa-
cilitating the atom probe analysis. The concentration-
depth profiles and ladder plots from the HT4 and HTS
conditions are shown in Figure 7 and 8, respectively.
Both the ladder plot and the concentration-depth profiles

METALLURGICAL AND MATERIALS TRANSACTIONS A



504

40

30

C/at%

20

e ol A s

/] 50 100 150 200

&
w©
-~
o 1 T 1 1
o 50 100 150 200
20—
15—
R
" o~
(a) s | dh A T
T AUV s ILA%WWO
0 rrl -Ul H “-Jl h 1 1
o 50 100 150 200
Number of Blocks (=100 nm)
(b)
120 — - 400
c o =z
2 - §
o
(4] —mg
3 " °
g ] oo §
('] -
o 8
|- 3
‘8 - 100 ¢n
£ I
2 5
T T T T 0
0 1000 2000 3000 4000 5000 6000 7000 B0O00 9000

Total Number of Detected lons

Fig. 4—(a) FIM image of the tempered martensite with the HT1 condition (the darkly imaging region corresponds to the cementite phase);
(b) concentration depth profile; and (c) a ladder plot of the tempered martensite with the HT1 condition.

from the HT4 and HTS conditions show extensive re-
distribution of Mn into cementite. The compositions of
Si and Mn measured from cementite and ferrite are sum-
marized in Table II. It is important to note that even after
1.5 hours at 450 °C, the redistribution of Si and Mn be-
tween cementite ferrite and ferrite was not complete.
The cementite still contained 1.9 to 2.0 at. pct Si.

C. As-Quenched Stage

In order to understand the precipitation mechanism of
cementite, the as-quenched martensite steel was also

METALLURGICAL AND MATERIALS TRANSACTIONS A

analyzed. Figure 9 shows a concentration-depth profile
obtained from the as-quenched alloy. As reported pre-
viously by Taylor er al.,!”?) the fluctuation of C con-
centration is present. While the overall C concentration
of the alloy is only 1.84 at. pct, the maximum concen-
tration of C reaches 10 at. pct. Such high C concentra-
tion peaks cannot be the statistical noise which is
commonly observed in atom probe data. While the fluc-
tuations of C concentration are clearly observed, Si and
Mn seem to distribute homogeneously in the super-
saturated solid solution. This indicates that the fluctua-
tions occur only in C concentration.
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Fig. 5—(a) Concentration-depth profile and (b) a ladder plot of the
tempered martensite with the HT2 condition. The dotted lines in (b)
indicate the position of the cementite/ferrite interface.

IIl. DISCUSSION
A. Early Stages of Tempering

Since no partitioning was observed in the early stage
of tempering (HT1 and HT2 conditions), it appears that
the cementite precipitation and growth are controlled by
the C diffusion alone. Because the atom probe analyses
failed to detect concentration spikes of substitutional ele-
ments at the 8/«’ interface, it is most likely that the ce-
mentite growth occurs by paraequilibrium mode in the
early stage of tempering. The formation of paracemen-
tite was postulated as early as the 1950s,” and
thereafter, many theoretical kinetic models were
presented.!>% The present results directly show that the
early-stage precipitation of cementite is indeed progress-
ing in the paraequilibrium mode as predicted earlier. The
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diffusion distance for the HT1 conditions can be esti-
mated from the observed thickness of the cementite
plates (around 20 nm) and the growth time for 1.80 X
10° seconds. The diffusion distance calculated using
Eq. [1] is 0.0072 A, which is far less than the inter-
atomic spacing. Thus, the paraequilibrium mode of
growth appears to be reasonable under the HT1 condi-
tion. It is worthwhile to mention that Chang and
Smith® had already shown that the ¢ carbide precipi-
tation did not accompany the partitioning of substitu-
tional elements during the early-stage tempering.
However, the present result showed for the first time that
the same thing is applicable to the early precipitation
process of cementite. Also, the present work is the first
direct evidence for the paraequilibrium growth of
cementite.

Sherman er al.!*) measured the activation energy for
carbide growth during martensite tempering. They at-
tributed it to the pipe diffusion of Fe and substitutional
atoms along a high density of dislocations which are
present in the as-quenched martensite. If such diffusion
controls the growth of the cementite in the present case,
significant redistribution of Si and Mn should occur.
However, the atom probe did not detect such redistri-
bution of Si and Mn.

In general, reconstructive transformation is associated
with rigorous atom movement at the interphase interface
that causes the lattice change from parent phase to prod-
uct. Thus, a concept of the paraequilibrium mode in re-
constructive growth needs further consideration. It is
interesting that reconstructive growth of cementite oc-
curs without any redistribution of Fe and substitutional
atoms at both sides of the interfaces. It has been sug-
gested that the paraequilibrium mode of growth may be
associated with only displacive transformation.!!!
Andrews!®® showed that the cementite lattice can be
formed by small zigzag movements of Fe atoms in a
martensite lattice, similar to a displacive atom shuffle.
Recently, Taylor et al.l?*? suggested the mechanisms
of carbide formation from martensite as follows. Ini-
tially, the C concentration fluctuations develop by spi-
nodal decomposition at room temperature and the
C-enriched and depleted regions are formed. Such high
C-enriched regions undergo invariant plane strain (IPS)
or shear to form transition carbides of orthorhombic
structure. They also showed that the carbides exhibited
extensive faulting on the basal plane.!?”! Sandvik*” also
observed faulting in carbides which form from austenite
and concluded that the carbides may form by a shear.
As IPS is a conservative deformation with respect to the
martensite matrix, no intrinsic movement of Fe or sub-
stitutional atoms is required, and hence, no partitioning
is expected.

The concentration-depth profile of the as-quenched
martensite (Figure 9) clearly shows the presence of
C-enriched regions in the as-quenched condition, which
agrees with the previous atom probe results of Fe-Ni-C
martensite.*? Such a fluctuation of C concentration may
be associated with either spinodal decomposition? or C
redistribution to dislocations in martensite.!?® Irrespec-
tive of the mechanism, C-enriched regions exist in the
martensite phase in the as-quenched condition. These
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Fig. 6—HT3 condition: (a) Ne field-ion image, (b) concentration-depth profile, and (c) ladder plot of a tempered martensite with the HT3
condition. These indicate the onset of small-scale redistribution of Si and Mn. The dotted lines in (c) indicate the region of redistribution.

C-enriched regions may transform into carbide by dis-
placive mode on heating to higher temperatures as sug-
gested by Taylor et al.”® Further work is necessary to
extend the displacive mechanism of carbide precipitation
to explain the absence of partitioning of substitutional
elements in the early stage. Detailed crystallographic
analysis, characterization of cementite substructure, and
surface-relief analysis are needed to support the notion
of a displacive mode of growth. It will be interesting to
extend the present work to the cementite that precipitates
in the lower bainitic steels.

B. Extensive Tempering

The partitioning behavior observed in the later stages
of tempering (HT3, HT4, and HTS5) is indeed expected.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Similar partitioning has been studied previously using
atom probe. Chang and Smith® and Bernard et al.”™
studied & carbide and cementite which were formed dur-
ing tempering of an Fe-C-Si steel. They showed that
there was no enrichment of Si in the ¢ carbide. In ad-
dition, they found that cementite growth was controlled
by Si diffusion in matrices in the later stages of tem-
pering. They observed a Si-enriched region near the fer-
rite (a) and cementite (6) interface and negligible
amounts of Si in cementite. The present results are in
line with these previous works. The composition data
shown in Table II apparently show that the redistribution
of Mn into cementite is faster than that of Si into ferrite.
The measured redistribution is related to equilibrium
partitioning of Mn and Si between cementite and ferrite.
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Fig. 7— (a) Concentration-depth profile and (b) ladder plot of a tem-
pered martensite with the HT4 condition. The extensive partitioning
of Si and Mn between ferrite and cementite can be observed.

The calculated partitioning of Si in ferrite in equilibrium
with cementite is only 4.1 at. pct in comparison to the
nominal alloy concentration of 3.84 at. pct. The calcu-
lated partitioning of Mn into cementite is about 30 to
40 at. pct. It is also known that the solubility of Mn in
cementite is quite high, as Mn,;C is known to be iso-
morphous with Fe;C.*” Thus, complete depletion of Si
from cementite will be rather slower than the Mn en-
richment in cementite. The presence of diffusion profiles
of Mn and Si within the cementite phase indicates that
the redistribution is not complete yet. Further extensive
tempering is necessary to obtain equilibrium
partitioning.

A significant difference in Si and Mn concentrations
between the cementite and matrix is detected in the HT3,
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Fig. 8 —(a) Concentration-depth profile and (b) ladder plot of a tem-
pered martensite with the HT5 condition. The partitioning similar to
HT4 condition can be clearly observed.

Table [I. Measured Nominal Concentration
of Si and Mn in Ferrite and Cementite
after Various Tempering Heat Treatments

Phase Heat Treatment Si/At. Pet Mn/At. Pct
Cementite HT3 (350/180 h) 275 £ 04 2.7 +04
Ferrite* 3.7 0.5 25+x04
Cementite: HT4 (350/180 h—450/1.5h) 2.00 x 0.25 8.6 = (0.5
Ferrite 4.60 = 0.5 2004
Cementite HTS5 (500/5 min) 1.9 2077 9.7 = 1.67
Ferrite 49 *1.13 1.9 + 0.7

*The composition quoted is near the interface of cementite and ferrite, in
the ferrite matrix.
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Fig. 9— Concentration-depth profile obtained from the as-quenched
sample. The C-enriched regions are marked with arrowheads. There
is no associated concentration fluctuation of Si and Mn, and the figure
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HT4, and HTS conditions. This means that the cementite
growth is no longer in the paraequilibrium mode. The
concentration-depth profiles from HT3 to HTS can be
considered as a transition stage from paraequilibrium to
the PLE mode.®”! The composition profiles measured
from HT3 can be taken as the initiation of the redistri-
bution stage between PLE mode of growth and the at-
tainment of equilibrium concentration at the interface.
The composition profiles from the HT4 and HTS con-
ditions indicate the well-developed stage of redistribu-
tion ‘that will eventually lead to equilibrium
concentration at the interface.

V. CONCLUSIONS

The compositional analysis from atom probe indicates
that the cementite growth is controlled by para-
equilibrium C diffusion during early stages of temper-
ing. In the as-quenched martensite, a significant
fluctuation of C concentration was observed while the
concentration of Si and Mn looked more or less uniform.
It is likely that these C-enriched regions work as nucle-
ation sites for cementite. By tempering the sample for
an extended period of time or at higher temperatures, a
clear indication of partitioning of Mn in cementite and
Si in ferrite was observed. In these intermediate redis-
tribution stages, concentration-depth profiles showed
gradual change toward equilibrium concentrations at the
interphase interface. This suggests that the growth mode
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changes as follows: paraequilibrium — local

equilibrium.

The present result shows the importance of Kinetic
constraints such as gross difference in diffusivity in
modeling the transformations in steels.
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