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Abstract

The morphology and crystallography of lath martensite in Fe-C alloys containing various carbon contents from 0.0026
to 0.61% were studied by analyzing electron back scattered diffraction patterns in scanning electron microscopy and
Kikuchi diffraction patterns in transmission electron microscopy. As carbon content increases, the sizes of both packet
and block decrease. In low carbon steels (0.0026—-0.38%C), a block which is observed as having different contrasts
under optical microscopy contains two groups (sub-blocks) of laths which are of two K-S variants with a misorientation
of about 10 degrees. On the other hand, in the high carbon alloy (0.61%C), a block consists of laths of a single K-
S variant.
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1. Introduction graphs. However, since lath martensites have a
tendency to align themselves parallel to one
Ferrous martensite exhibits a variety of morpho- another in the large area of the parent grain, lath
logies [1], i.e. lath, butterfly, lenticular and thin- martensite exhibits a characteristic microstructure
plate. Among them, lath martensite has over- at the optical microscopic scale. Current views
whelming industrial significance because it appears hold that an austenite grain is divided into packets
in most heat-treatable commercial steels. The size (the group of laths with the same habit plane) and
of martensite lath is very small, and hence individ- each packet is further subdivided into blocks (the
ual laths are not clearly observed in optical micro- group of laths of the same orientation (same
variant))[2—4]. Since the strength and toughness of
martensitic steels are strongly related to packet and
block sizes (effective grain sizes in lath martensite
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E-mail address morito@iron.mtl.kyoto-u.acjp (S. Morito). structure) [5,6], the characteristics of morphology
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There have been many studies conducted on the
morphology and crystallography of lath martensite
in Fe-alloys [1-21]. However, the crystallographic
feature of lath martensite structure has not been
completely clarified yet because of discrepancy
between various experimental results. For example,
the inter-variant relationships between neighboring
blocks in a given packet have been reported to be
twin-related [5,7] or non-twin relationship [3,8—
10]. It is aso not clear whether a packet consists
of laths with all possible six variants of Kurdju-
mov—Sachs (K-S) relationship [11] or only few
specific variants among possible six ones [2-5].
These inconsistencies in the previous studies might
be caused by the inaccurate orientation measure-
ment which was analyzed by the selected area elec-
tron diffraction pattern.

Recently, however, new and more accurate tech-
niques for the orientation measurement with a mar-
gin of error less than 1 degree, such as the Kikuchi
diffraction pattern taken from local area on trans-
mission electron microscopy (TEM), and the elec-
tron back scattered diffraction pattern (EBSP) on
scanning electron microscopy (SEM), have been
developed and used to study the crystallography
of lath martensite. For example, Kelly et al. [12]
reported, by the analysis of Kikuchi diffraction pat-
tern obtained with a spot size of about 7nm, that
the orientation between martensite and austenite in
low carbon alloy steels is essentialy the Gren-
inger—Troiano relationship which is close to the K—
S relationship with a deviation of a few degrees.
Gourgues et al. [13] showed by EBSP measure-
ment that martensite block boundaries in Fe-0.2C
aloy are mainly not twin boundaries, but those
with the misorientation of [011]/60 degrees. How-
ever, there has been no systematic study on the
crystallography of lath martensite in Fe-C aloys
with various carbon contents.

The purpose of the present study is to re-exam-
ine the morphology and crystallography of lath
martensite in Fe-C alloys containing various car-
bon contents from 0 to 0.6 mass% by Kikuchi dif-
fraction pattern and EBSP analyses.

2. Experimental procedure

An ultra-low carbon steel (interstitial free steel)
with 0.0026 mass% C and 0.14 mass% Mn
(hereafter Fe-0.0026C) and Fe-0.18, 0.38 and
0.61mass% C aloys were used. Details of chemi-
cal compositions of these aloys are shown in Table
1. All specimens were austenitized at 1373K or
1573K and quenched in water or iced brine to
obtain full lath martensite structure. Prior austenite
grain size in the Fe-0.0026C alloy was 670 pm,
and in other alloys about 200um.

Microstructures were observed by optical micro-
scope, SEM (Hitachi S3100H) and TEM (Philips
CM200). EBSP analysis was made with the TSL
Orientation Imaging Microscopy system. Kikuchi
patterns obtained by the convergent beam method
were analyzed by software for orientation determi-
nation developed by Zaefferer [22]. It was difficult
to obtain clear Kikuchi patterns of as-quenched
martensite in Fe-0.38C and Fe-0.61C alloys due to
high density of dislocations. Therefore, for these
two aloys, anneding at 773K for 0.6 ks was
undertaken for accurate analysis of crystallo-
graphic orientations.

Since austenite does not exist at room tempera-
ture after quenching in the present aloys, it was
impossible to directly measure the orientation
relationship between martensite lath and austenite.
However, if the orientation relationship between
martensite and austenite is fixed, the misorientation
of each variant pair can be determined uniquely
[23]. The orientation relationship of martensite lath
with austenite shows deviation around K-S, Gren-
inger—Troiano and Nishiyama relationships. How-
ever, orientation relationships of most laths could
be characterized as near K-S orientation relation-
ships in the present study.

In the case of K-S orientation, there are 24 vari-
ants as listed in Table 2. Laths in a given packet
have the same plane parallel relationship between
close-packed planes (e.g. V1 to V6). Thus, there
are four crystallographically different packetsin an
austenite grain. In a packet, there are six variants
with different direction paralld relationships on the
same conjugate parallel close packed plane. Fig. 1
shows the orientation relationship between austen-
ite and six K-S variants (V1 to V6) within a packet.
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Table 1
Chemical compositions of the alloys used [mass%]

1791

C S Mn P S Fe Others

Fe-0.0026C 0.0026 <0.01 0.14 0.008 0.005 bal Ti:0.046,
B:0.0024,
Al:0.015

Fe-0.18C 0.18 0.006 0.02 <0.001 0.004 bal.

Fe-0.38C 0.38 0.006 0.01 <0.001 0.004 bal.

Fe-0.61C 0.61 0.014 0.01 0.003 0.005 bal.

Table 2

Twenty-four variants in K-S relationship

Variant Plane parallel Direction parallel Rotation from Variant 1

No. [ Y 1 a’ ] Axis (indexed by martensite) Angle [deg.]

V1 [ -10 1 W -1-11 ] — —

V2 [ =120 1 [ -11 -11] [05774-0.57740.5774] 60.00

V3 (111)y [ 0 1 -1]/M -1-11 1] [0.0000-0.7071-0.7071] 60.00

V4 //(011)a’ [ 0 1 -1} -11 -1 ] [0.00000.70710.7071] 10.53

V5 [ 1 -10 M -1-11 ] [0.00000.70710.7071] 60.00

V6 [ 1 -120 [ -11 -11] [0.0000-0.7071-0.7071] 49.47

V7 [ 1 0 —-1] -1-11 ] [-05774-057740.5774] 49.47

V8 [ 1 0 -1 -11 -11] [05774-0.57740.5774] 10.53

V9 (1-11)y [ -1-10 M -1-11 ] [-0.18620.76660.6145] 50.51

V10 //(011)a’ [ -2 -120 J[ -11 -11] [—0.4904-0.46250.7387] 50.51

V11 [ 0 1 1 M -1-11 ] [0.3543-0.9329-0.0650] 14.88

V12 [ 0 1 1 M -11 -1] [0.3568-0.71360.6029] 57.21

V13 [ 0 —-11 J[ -1-11 ] [0.93290.35430.0650] 14.88

V14 [ 0 -1 1 M -1 1 -1 ] [-0.73870.4625-0.4904] 50.51

V15 (-111)y [ -2 0 -2 Y[ -1 -1 1 ] [-0.2461-0.6278-0.7384] 57.21

V16 11(011)a’ [ 1 0 -1 M -1 1 -1 ] [0.65890.65890.3628] 20.61

V17 [ 1.1 0 W[ -1 -1 1 ] [-0.65890.3628-0.6589] 51.73

V18 [ 1 1 0 M -1 1 -1 ] [-0.3022-0.6255-0.7193] 4711

V19 [ -2 1 0 [ -1 -1 1 ] [-0.61450.1862-0.7666] 50.51

V20 [ 11 0 M -1 1 -1 ] [-0.3568-0.6029-0.7136] 57.21

V21 (11-1)y [ O -1 -1 [ -1 -1 1 ] [0.95510.0000-0.2962] 20.61

V22 11(011)a’ [ 0 -1 -1 M -1 1 -1 ] [-0.71930.3022-0.6255] 47.11

V23 [ 1 0 1 W[ -1 -1 1 ] [-0.7384-0.24610.6278] 57.21

V24 [ 1 0 1 M -1 1 -1 ] [0.91210.41000.0000] 21.06

When V1 is taken as a reference, the orientation
relationship between V1 and V2 is atwin relation-
ship ([011]/70.5 degrees, 33). The orientation
relationship between V1 and V3 or V5 is
[011]/60.0 degrees, and between V1 and V6 is
[011]/49.5 degrees, deviate by misorientation of
about 10 to 20 degrees from the exact twin
relationship. On the other hand, the misorientation

between V1 and V4 is a low angle of about 10
degrees.

Fig. 2 shows [001]c’ standard stereographic
projection of one of the K-S variants (V1) on
which the [001]a’ axes of 23 other variants (V2
to V24) are plotted. The K-S variant of observed
martensite lath can be identified by comparing the
experimentally measured martensite/martensite
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Fig. 1. Schematic illustration showing the orientations of K—
S variants in a packet.
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Fig. 2. [001]a’ standard stereographic projection of one of the
K-S variants (V1) on which the [001]a’ axes of 23 other vari-
ants (V2 to V24) are plotted as solid marks.

orientation relationship with the calculated plot of
Fig. 2. Actually, comparisons were made for 24
different calculated plots by taking each of the 24
variant as a reference.

3. Resaults
3.1. OM observation

Fig. 3 shows optical micrographs of lath marten-
site in Fe-C alloys with different carbon contents.
In the Fe-0.0026C aloy (Fig. 3(a)), large parallel
blocks are seen in a packet with strong contrast.
The Fe-0.18C aloy, as shown in Fig. 3(b), aso
exhibits clear block structures, although they are
dlightly finer than the blocks in the Fe-0.0026C
dloy. In the Fe-0.38C dloy (Fig. 3(c)), blocks and
packets are finer than in the lower carbon alloys.
Lath martensite in the Fe-0.61C aloy shows a
rather uniform contrast, and it is difficult to recog-
nize blocks and packets in the optical micrograph
(Fig. 3(d)). These results are consistent with the
previous results obtained by one of the present
authorg[21].

3.2. SEM and TEM observations

3.2.1. Fe-0.0026C alloy

Fig. 4(a) is an optical micrograph of a packet of
0.0026C lath martensite, and Figs. 4(b) and (c) are
the corresponding crystal-orientation  maps
obtained by EBSP measurement. These colored
maps show the orientations of laths for two direc-
tions of the specimen, i.e. normal and parallel to
the polished surface, respectively. B1, B2 and B3
in Fig. 4(a) are different blocks within a packet. It
is clear from Figs. 4(b) and (c) that the orientations
of B1, B2 and B3 are entirely different to each
other. It is to be noted that each block contains two
different lath groups of about 5 um width, misori-
ented by approximately 10 degrees (hereafter
denoted as sub-blocks). The corresponding K-S
variants were determined by EBSP analysis as
shown in Figs. 4(b) and (c). Variants of sub-blocks
in the blocks of B1, B2 and B3 are V2-V5, V1-
V4 and V3-V6 with small misorientation, respect-
ively.
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Fig. 3. Optical micrographs of lath martensite in (a) Fe-0.0026C,

solution: 3% nital.

Fig. 5(a) shows the TEM image of lath marten-
site in a block. There observed two regions, ‘&
and ‘b’ where the habit plane of laths are dightly
different. Electron diffraction patterns taken from
areas ‘a and ‘b’ indicate that these areas have
dlightly different crystallographic orientations. Fig.
5(b) shows the <001>a’" poles measured by Kiku-
chi patterns of each lath in the areas ‘a and ‘b’.
It was confirmed that variants of laths in areas ‘&
and ‘b’ are V1 and V4 respectively, which corre-
spond to sub-blocks with a small misorientation in
a single block in Fig. 4. Although orientation
relationship of most of laths is close to the K-S
relationship, laths with nearly Nishiyama orien-
tation relationship are also observed as shown in
Fig. 5(b). By the trace analysis, the habit plane of
laths in the area ‘a was determined to be near
(575)y and the habit plane of laths in the area ‘b’
was (755)y.

Fig. 6 is another example of crystal-orientation
map of parallel blocks in a packet. Three blocks

(b) Fe-0.18C, (c) Fe-0.38C and (d) Fe-0.61C dloys. Etching

with different orientations are observed, and each
block contains sub-blocks with a small misorien-
tation. It appears from Figs. 4 and 6 that there is
no specific rule for the orientation relationship
between adjacent paralel blocks. Furthermore, a
specific combination of two variants with a small
misorientation, i.e. V1-V4, V2-V5 and V3-V6
makes a block, and then laths with all the six vari-
ants (V1 to V6) exist in a given packet. There are
three types of combinations between adjacent
blocks in a given packet, i.e. group 1: V1-V3, V3-
V5, V5-V1, V2-V4, V4-V6 and V6-V2 (whose
misorientation is[011]/60.0 degrees), group 2: V1-
V6, V3-V2 and V5-V4 (whose misorientation is
[011]/49.5 degrees) and group 3: V1-V2, V3-V4
and V5-V6 (whose misorientation is [111]/60.0
degree ( = [011]/70.5 degrees)). Table 3 summar-
izes the observed results on the ratio of these vari-
ant combinations in various aloys. The observed
ratio of group 1: group 2: group 3 in Fe-0.0026C
aloy was about 2:1:1, which is identical to the
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Fig. 4. (a) Opticd micrograph of lath martensite in Fe-
0.0026C aloy, and (b), (c) the corresponding crystal-orientation
maps obtained by EBSP analysis for the directions of perpen-
dicular and parallel to the polished surface, respectively.

same ratio of combinations between adjacent paral-
lel blocks in which two variants (sub-blocks) are
equal in fraction.

3.2.2. Low and high carbon alloys
Fig. 7(a) shows the SEM image of a packet of
lath martensite in the Fe-0.18C alloy. The block

QVaKs)

[001]V1(K-S) [010]V1(K-S)

V1(K-S) VA(KS)

N
V4(K-S), |

[100]V1 (K-S)

Fig. 5. (a) TEM image and electron diffraction patterns of lath
martensite in Fe-0.0026C alloy and (b) the stereographic projec-
tion showing <001>«’ poles (marked by ‘+') of each lath in

Fig. 5 (a).

width of martensite seems narrower than that in the
Fe-0.0026C aloy. The EBSP measurement (Fig.
7(b)) reveds that there are three paralel blocks
with different orientations, and each block contains
sub-blocks with low angle misorientation in the
same way as the Fe-0.0026C alloy.

Figs. 8(a) and (b) show the SEM micrograph of
a packet of 0.38C lath martensite and the corre-
sponding crystal-orientation map, respectively.
Blocks are finer and more degenerate in compari-
son with lath martensite of Fe-0.18C alloy. How-
ever, the presence of sub-blocks is still recogniz-
able within a block. On the ratio of boundaries
between blocks in a packet, group 1 boundaries
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Fig. 6. (a) SEM image of lath martensite in Fe-0.0026C alloy
and (b) the corresponding crystal-orientation map measured
by EBSP.

increase with increasing carbon content, as shown
in Table 3.

Fig. 9(a) shows TEM microstructure of 0.61C
lath martensite. The packets which consist of laths
with the same habit plane exist and packet size is

Table 3

10pm
i

Fig. 7. (d) SEM image of lath martensite in Fe-0.18C aloy
and (b) the corresponding crystal-orientation map measured
by EBSP.

much smaller than in low carbon aloys. Fig. 9(b)
shows the TEM microstructure of lath martensite
in a packet in the Fe-0.61C alloy tempered at 773
K for 0.6 ks, and Fig. 9(c) is the corresponding
variant map determined by Kikuchi pattern analy-
sis. The block width in a packet is approximately
equal to that of a few laths. It is clear that each
block consists of laths with the same variant.
Blocks of al the six variants (V1 to V6) are distrib-
uted randomly and there is no specific variant pair
such as V1-V4, V2-V5 and V3-V6, which were
observed as sub-blocks in the low carbon alloys.

Observed ratio in three groups of block boundaries measured by EBSP analysis in various Fe-C alloys

Group  Rotation axis’angle

Corresponding variant pair

Ratio in block boundary area

Fe-0.0026C Fe-0.18C Fe-0.38C
1 [011]/60.0 deg. V1-V3, V3-V5, V5-V1, V2-V4,  56% 7% 83%
V4-V6, V6-V2
2 [011]/49.5 deg. V1-V6, V3-V2, V5-V4 25% 7% 4%
3 [011]/70.5 deg.(33) V1-V2, V3-V4, V5-V6 19% 14% 12%

(=[111]/60.0 deg.)
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Fig.8. (8 SEM image of lath martensite in Fe-0.38C alloy
and (b) the corresponding crystal-orientation map measured
by EBSP.

4. Discussion

In this study, the variation in the morphology
and crystallography of lath martensite with carbon
content was studied in detail. The present results
are schematically summarized in Fig. 10. As car-
bon content increases from 0.0026% to 0.61%,
block and packet sizes decrease. In low carbon
aloys (0.0026%C-0.38%C, Fig. 10(a)), packets
consist of well developed parallel blocks. There are
three blocks with different orientations in a packet.
Each block consists of laths of two specific K-S
variant groups (sub-block) which are misoriented
by small angles of about 10 degrees. In high carbon
aloy (0.61%C, Fig. 10(b)), packets consist of fine
blocks whose width is a few pum. Blocks consist
of laths with a single variant and six blocks with
different orientations exist in a packet.

w
o
=1

J)]/4533 N it

Fig. 9. TEM images of (a) quenched martensite and (b) tem-
pered martensite in a packet in Fe-0.61C alloy and (c) the corre-
sponding variant map of (b). Numbers in (c) indicate the num-
ber of K-S variants.

In the case of lenticular or thin plate martensite,
it is known that adjacent martensite plates usually
have the specific combination of variants in order
to accommodate the transformation strain [24,25].
However, in the case of lath martensite, the accom-
modation of transformation strain by the combi-
nation of variants has not been clear yet. Thus, in
the present study, the strains for the combinations
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Laths of 2 variants
with small misorientation

Block boundary

Block

Laths of single variant

Block boundary

Packet

Fig. 10. Schematic illustrations showing lath martensite struc-
ture in (@) low carbon (0-0.4%C) and (b) high carbon
(0.6%C) dloys.

of V1 with the other variants (V2 to V6) in agiven
packet of lath martensite were calculated as fol-
lows. The phenomenological theory of martensite
crystallography developed by Kelly [26,27] with
double lattice invariant shears [ 28] was used to cal-
culate the shape strain for each martensite variant.
For the analysis in Fe-0.0026C alloy, lattice para-
meters of austenite and ferrite [29], and Ms tem-
perature [30] of pure iron were used. The lattice
parameters at Ms temperature, 993K in pure iron
were calculated with the experimentally obtained
thermal expansion coefficient [31].

The calculated results are summarized in Table
4. The shape strain matrix F in the origina
phenomenological theory is given as:

F = RBS;S, )

where S, and S, are the first and second lattice
invariant shears, and B and R correspond to Bain

Table 4
Results of calculation for pure iron

Input
Lattice at Ms (993K) temperature
parameter:
Austenite: 8, = 0.36313 nm
Martensite: a=0.28974 nm
Lattice invariant
shear
S (101)[ —101)y (112)[ —1-11]a’
S, (100)[01-1]y (110)[-11-1]a’
Shape strain of  0.09122
S,
Output
Shape strain of  0.26488
S,
Habit plane: (0.49714, 0.71113, 0.49714)y
Shape strain [—0.20113, 0.70712, —0.67789]y
direction:
Shape strain
matrix (F): 0.97578 —0.03465 —0.02422
0.08515 1.12181 0.08515
—0.08164 —0.11677 0.91837
Shape strain of  0.24223
F:
Orientation (11DA - (01D)a": 0.23 degree
relationship: [-101]A - [-1-11]a’: 3.41 degree

distortion and arigid body rotation matrix, respect-
ively. The selections of S, and S, are the same in
the analysis made by Kelly[27]. Table 5 shows the
habit plane and shape strain direction of lath of
each variant (V1 to V6) in a given packet. Table
6 shows the total strains for the combinations of
V1 with the other variants in a packet. The shape
strain of the V1-V6 pair is the smallest. The com-
bination of V1-V2 (23 combination) does not can-
cel the shear strain effectively. Further, the shape
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Table 5
Habit plane and shape strain direction of each variant in a
packet in pure iron

Variant No.  Habit plane Shape strain direction
V1 (5,7,5)y [—0.20,0.71,—0.68]y
V2 (5,7,5)y [—0.68,0.71,—0.20]y
V3 (7.55)y [0.71,—0.68,—0.20]y
V4 (7,5,5)y [0.71,—0.20,—0.68]y
V5 (557 [—0.68,—0.20,0.71]y
V6 (5,5,7)y [-0.20,-0.68,0.71]y

strain of the combination of V1 and V4 which cor-
responds to a ‘ sub-block’ in ablock, is not so small
compared with the other variant pairs. Therefore,
the specific combination of V1-V4 in the block
can not be explained by a self-accommodation cal-
culated with the phenomenological theory
developed by Kelly[27]. The origin of sub-blocks
in a block in low carbon aloy is still unclear at
present.

From the present study, it became clear that
block and packet sizes decrease as carbon content
increases. Furthermore, in the high carbon aloy,
each block consists of laths with the same variant
and blocks of al the six variants in a packet are
distributed randomly. One possible reason why
blocks and packets become finer can be the follow-
ing. In low carbon aloys, laths in a large block
are formed by autocatalysis and significant plastic
accommodation might occur in the austenite
matrix. However, in high carbon aloys, the strain
of martensitic transformation could not be easily
relieved by plastic accommodation in austenite
matrix, because the austenite is harder than in low
carbon alloys due to solid solution hardening by
carbon, lower Ms temperatures, etc. For this rea-
son, self-accommodation by the combination of
martensite laths should take place more exten-
sively. For self-accommodation, it is necessary that
blocks and packets size decreases and all variants

Table 6
Total shape strain in variant combinations in a packet

in a packet appear, resulting in the formation of
blocks and packets with small size and random dis-
tribution of variants.

5. Conclusions

The morphology and crystallography of lath
martensite in Fe-C aloys with different carbon
contents such as 0.0026, 0.18, 0.38 and 0.61
mass% were examined by means of OM, SEM and
TEM. Main results obtained are as follows:

1. As carbon content increases from 0.0026% to
0.61%, block and packet sizes decrease.

2. The orientation relationship between austenite
and martensite is near Kurdjumov-Sachs
relationship and some laths seem to have nearly
Nishiyama relationship.

3. In low carbon aloys (0.0026%C—0.38%C),
packets consist of well developed paralel
blocks. There are three blocks with different
orientations in a packet. Each block consists of
laths of two specific K—S variant groups (sub-
block) which are misoriented by small angles of
about 10 degrees.

4. In high carbon aloy (0.61%C), packets consist
of fine blocks whose width is afew pum. Blocks
consist of laths with a single variant and six
blocks with different orientations exist in a
packet.
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