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Abstract: The microstructure of austempered ductile iron was investigated by electron backscatter
diffraction technique. The results show that the orientation relationship between acicular bainitic
ferrite and austenite is Greninger—Troiano relationship. A single austenite grain is divided into four
packets and each packet contains six variants that share a {011} « (i.e., {111}, ) plane. When two v grains
are twinned, the twins share a {111}, plane and have seven packets. The adjacent acicular bainitic
ferrite plates (or laths) sharing a (001),,, axis have small misorientation of about 5.7°. The adjacent
acicular bainitic ferrite plates (or laths) not sharing a (001),, axis have two high misorientation angles
of ~54.3° and ~60.0°. Further, the low angle boundary to high angle boundary ratio is far less than the
ratio of the variant pairs with small misorientation to the ones with large misorientation. This work
is available for structures obtained as a consequence of the heat treatment of austempering.

Keywords: electron backscatter diffraction; morphology; crystallography; acicular bainitic ferrite;
austempered ductile iron

1. Introduction

Phase transformations strongly influence the microstructures of materials and, consequently,
their mechanical properties [1-3]. During martensitic or bainitic transformation, the product phases
keep specific crystallographic orientation relationships with the parent phases, which plays a crucial
role in the nucleation and growth of transformed products and thus their morphology [4-6].
The orientation relations between parent austenite (y) and transformed products are denoted as
Kurdjumov-Sachs (K-S) [7], Nishiyama-Wassermann (N-W) [8,9], Greninger-Troiano (G-T) [10],
Pitsch [11], and G-T’ (inverse G-T) [4] relations. In irons and steels, the orientation relationship is
generally described as K-S or N-W relations [12-20]. Sometimes the orientation relationship between
v and martensite is characterized as the G-T relationship [21-24], which is generally considered to
be intermediate [24-26] between K-S relation and N-W relation although the {111}, plane is not
exactly parallel to the {110} plane in G-T relation. However, the G-T relationship of bainite has not
been found in irons and steels except low-carbon, high-alloy steel [25]. The Pitsch and N-W are two
complementary orientation relations (the parallel planes and directions of martensite and those of y
are interchanged). The G-T and G-T’ are also complementary to each other.

Austempered ductile iron (ADI) is increasingly being used as a structural material due to its
combination of high strength, toughness, and good wear resistance with low cost [27-32]. The attractive
properties of ADI are related to its unique matrix that consists of acicular (bainitic) ferrite (x) and
retained austenite, which is often referred to as “ausferrite” [30-32]. Actually, three-dimensional
morphology of acicular bainitic ferrite is a plate or a lath [33]. Until now, the morphology of ausferrite
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is generally analyzed by optical microscopy (OM) or scanning electron microscopy (SEM), which is
deficient in the detailed knowledge of the morphological feature. More importantly, the orientation
relationship between vy and « in ADI has not been well understood. The electron backscatter
diffraction (EBSD) technique can provide detailed images of crystal morphology via a color-coded
mapping of crystallographic orientation at each pixel. The aim of the present study is to investigate
the morphological and crystallographic features of ausferrite in austempered ductile iron by an
EBSD approach.

2. Materials and Methods

The ADI used in the present investigation has a chemical composition of 3.6C-2.75i-1.3Mn-0.6Cu-—
0.6Cr-Fe balance (in wt %). The material was melted in a medium-frequency induction furnace
(Zhengzhou Coal Mining Machinery, Zhengzhou, China). The melt was nodulized with 1.6 wt %
FeSiMggREj; alloy, followed by innoculation with 1.3 wt % FeSiys alloy. Then, the melt was poured into
sand molds in the form of Y-blocks according to the GB/T 24733-2009 [34]. The samples for isothermal
heat treatment were machined from the Y-blocks. The austempering heat treatment process consists
of austenitizing the samples at 900 °C for 90 min to get a full austenite matrix, and then quenching
them at 270 °C for 90 min in a salt bath. After being withdrawn from the salt bath, the samples were
air cooled to room temperature.

Specimens of 10 mm x 10 mm X 3 mm were machined from the heat-treated samples and polished
to obtain a damage-free surface suitable for the EBSD measurements. The procedure was described
in detail elsewhere [35]. The microstructure was examined using EBSD in a FE-SEM instrument
(Zeiss LEO 1550, Zeiss, Oberkochen, Germany) equipped with the TexSEM Laboratories (TSL) system.
The microscope was operated at an accelerating voltage of 20 kV and working distance of about 15 mm.
The EBSD scans used a step size of 0.15 um. The data was cleaned using the grain dilation provided
by the TSL software (D] Dingley, Salt Lake, UT, USA) and points with a confidence index (CI) of <0.02
were omitted. The experimental pole figures overlaid with the theoretical ones were created by rotating
the experimental data. After the experimental data are rotated, the correspondence between the image
and the pole figures is lost and the habit planes are no longer indexed.

3. Results

3.1. Analysis of Ferrite/Austenite

The inverse pole figure (IPF) orientation map of ausferrite in the ADI is shown in Figure 1la.
The IPF orientation maps of the acicular bainitic ferrite and retained austenite in Figure 1a are shown
in Figure 1b,c, respectively. The phase map of the ausferrite is shown in Figure 1d. From Figure la-d,
it can be seen that the ausferrite mainly consists of acicular bainitic ferrite with a little retained
austenite. All the « grains do not straddle the grain boundaries of prior austenites except a few of
them (e.g., the « grain circled in Figure 1b) crossing the straight one (the twin boundaries). Clearly,
refining prior austenite is an effective way of refining acicular bainitic ferrite.

In irons and steels, the orientation relationship between y and « is generally described as K-S or
N-W relations. The G-T relationship of bainitic ferrite has not been found in irons and steels except a
low-carbon, high-alloy steel [25]. The G-T relationship can be conveniently approximated in terms of
the following directions [4]: {111}, // {011}, (51217)y // (71717) .
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Figure 1. (a) Inverse pole figure (IPF) orientation map combined with image quality (IQ) map of
ausferrite; (b) IPF orientation map combined with IQ map of the acicular bainitic ferrite in (a); (c) IPF
orientation map combined with IQ map of the retained austenite in (a); (d) phase map of the ausferrite
in (a). Prior y grain I, and I, is labeled in (a). The « grain circled in (b) crossing the straight one (the
twin boundaries).

Table 1 gives the 24 G-T variants keeping (011) parallel to (111)y or (111),. The six G-T
variants on the same close-packed planes of austenite form a packet. For example, the variants from
GT1 to GT6 on the y close-packed planes (111), form one packet (denoted as P1). A prior y grain
can be divided into four packets because there are four close-packed planes ((111), (111)y, (111),
and (111),) in it. Furthermore, each (001),, axis in a packet is shared by two variants, e.g., X is shared
by GT1 and GT2. The two variants sharing a (001),, axis in a packet (denoted as Bain paired variants)
are misoriented by low angles of about 5.7°.
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Table 1. The 24 G-T variants keeping (011)« parallel to (111), or (111).

G-T Variant {111}, {011}« (51217),, (71717) , Bain Variant  Packet
GT1 (111) (011) [17512] [71717] X
GT2 aii 011) [17125] [71717] X
GT3 (111) (011) [12175] [71717] Y P1
GT4 ain 011) [51712] [71717] Y
GT5 (111) (011) [51217] [71717] z
GT6 atii 011) [12517] [71717] z
GT7 (111) (011) [17512] [71717] X
GT8 (1171) (011) [17125] [71717] X
GT9 117) (011) [12175] [71717] Y P
GT10 a17) 011) [51712] [71717] Y
GT11 117 011) [51217] [71717] z
GT12 117 (011) [12517] [71717] z
GT13 111) (011) [17512] [71717] X
GT14 111) (011) [17125] [71717] X
GT15 111 (011) [12175] [71717] Y P3
GT16 i 011) [51712] [71717] Y
GT17 111) (011) [51217] [71717] z
GT18 (111) (011) [12517] [71717] z
GT19 111) 011) [17512] [71717] X
GT20 a11) 011) [17125] [71717] X
GT21 (111) 011) [ﬁl@] [71717] Y P4
GT22 111 011) [51712] [71717] Y
GT23 111) 011) [51217] [71717] z
GT24 111 011) [12517] [71717] z

The orientation relationship between y and o can be examined by qualitative and quantitative
procedures [15]. Here, we qualitatively identify the orientation relationship by comparing the ideal
(011) pole figure with the measured one from EBSD. Figure 2a shows the gray-scale (011) pole figure of
the acicular bainitic ferrite in prior y grain I, (labeled in Figure 1a) projected onto the (111), plane,
with the poles from the ideal G-T relation of a single y grain superimposed on it. The four packets in
the ideal pole figure are expressed using green, violet, gold, and red colors. As can be seen, most of the
experimental poles agree well with the theoretical ones. The K-S and G-T relations are quite similar
to each other, so we have also superimposed an ideal K-S pole figure on the poles of the acicular
bainitic ferrite in prior y grain I, to test whether the orientation relation is exactly a G-T or K-S relation,
as shown in Figure 2b. Clearly, the experimental data is not well fit by the K-S relationship. Of course,
the experimental data is also far away from the N-W relation which only has the half of G-T variants
and much less poles. Though the G-T' relation cannot be distinguished from the G-T using commercial
EBSD software such as TSL, it usually appears in precipitates [4]. Therefore, we think the orientation
relationship between « and v is the G-T relationship.

The packets within an austenite grain can be identified by highlighting the regions in which the
variants share a common close-packed plane. The highlighted (011) pole figure and the corresponding
packets for the prior y grain I, are presented in Figure 2c,d, respectively. In Figure 2c, the poles
sharing a common close-packed plane are tinted in green, violet, gold, and red, respectively. Therefore,
each color stands for one packet. Note that each rosette of poles is focused by the poles of one particular
packet, indicating that the (001) , axis is shared by the acicular bainitic ferrite plates (or laths) in the
packet. The four (011) , axes of the four packets are perpendicular to the {011} planes and correspond
to the four (111), directions in the prior y grain (normal to the four {111}, planes). This means that
the six variants in a particular packet share a common {011} (i.e., {111},) plane. From Figure 2d,
it can also be seen that there are four packets in I,, which are highlighted in green (P1), violet (P2),
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gold (P3), and red (P4), respectively. Further, any packet (P1, P2, P3, or P4) is subdivided into several
disconnected areas.

Figure 2. Gray-scale (011) pole figure of the acicular bainitic ferrite in prior y grain I, (labeled in
Figure 1a) compared with the ideal pole figure for (a) the G-T relationship and (b) the K-S relationship,
(c) (011) pole figure of the acicular bainitic ferrite in y grain I, colored to show the packets, and (d)
corresponding packet map of the acicular bainitic ferrite. Black lines in (d) show the boundaries with
misorientation angles larger than 10°. Each color stands for one packet.

It is noted that the grain boundary between the prior y grains I, and I}, (white dotted line) is very
straight, as shown in the highlighted map of the retained austenite (Figure 3a). This means that the
prior y grains I, and I, could be twins. Figure 3b presents the highlighted (111) pole figure of the
retained austenite in Figure 3a. It is apparent that the prior y grains I, and I, are really twins and
the twinning plane (twin boundary) is (111),. In order to investigate the bainitic transformation of
twinned austenite, the highlighted (011) pole figure and the corresponding packets of the acicular
bainitic ferrite in I, and I, are displayed in Figure 3c,d, respectively. Note that the data were rotated.
In Figure 3c, the poles of the acicular bainitic ferrite in I, and I, are pigmented in seven colors (green,
violet, gold, red, pink, brown, and blue) with each color representing one packet. Clearly, there are
seven packets in I, and Ij,. Further, we can see that there are two sets of pole figures with each similar
to the calculated one, and the “violet” rosette (circled in Figure 3c) is shared by them. The shared
rosette (shared packet) make the total number of the packets in I, and I;, be one less than that it should
be (eight), being the same as the previous results [24,36]. As mentioned above, each rosette of poles is
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concentrated by the poles of one particular packet and the six variants in one packet share a {011} «
(i.e., {111},) plane. The “violet” rosette means that the six variants in the “violet” packet share the
(011) « plane (violet color corresponds to the packet of P2 listed in Table 1). Therefore, the two sets of
poles share the (011)« (i.e., (11 T)y) plane. The colors in Figure 3d correspond to those in Figure 3c.
From Figure 3d, it can be seen that the three packets highlighted in green, gold, and red lie in I,, and
the three packets highlighted in pink, brown, and blue lie in I;,. However, the “violet” packet lies both
inI; and I,

Figure 3. (a) Highlighted orientation map of the retained austenite in prior y grains I, and L,, (b) (111)
pole figure of the retained austenite in (a) colored to show the twins, (c) (011) pole figure of the acicular
bainitic ferrite in y grains I, and I, colored to show the packets, (d) corresponding packet map of the
acicular bainitic ferrite. Black lines in (d) show the boundaries with misorientation angles larger than
10°. Each color stands for one packet.

In order to reveal the orientations of each acicular bainitic ferrite plates (or laths), we have
re-colored the (011) pole figures of the “green” packet (P1) and the “violet” packet (P2) in Figure 2b,
as shown in Figure 4a,c. The six variants within one packet (e.g., GT1, GT2, GT3, GT4, GT5, and GT6)
are identified by six colors, with dark and light of the same color used for the Bain paired variants
(e.g., GT1 and GT2). The pole figures show that the three Bain variant pairs of one packet colored in
cyan, olive, and magenta (e.g., B1, B2, and B3) have significantly distinct orientations (a mean rotation
of 120° (equivalently, of 60°)). Moreover, the orientation angles between the variants sharing a <001>v
axis are less than 6°. Figure 4b,d display the highlighted acicular bainitic ferrite plates (or laths) of
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the “green” packet (P1) and the “violet” packet (P2), respectively. Clearly, the six variants in a packet
(e.g., GT1, GT2, GT3, GT4, GT5, and GT6) are present. Some of the six variants in a packet are adjacent
to each other, but the others are disconnected. Further, the included angle between the adjacent acicular
bainitic ferrite plates (or laths) sharing a (001),, axis is about 30° (as shown in the red circle of Figure 4b

and the blue circle of Figure 4d). However, the misorientation angles between them are about 5.7°,
as shown in Figure 5.

Figure 4. (a) (011) pole figure colored to show the acicular-ferrite orientations of the “green” packet
(P1) in Figure 2b, (b) highlighted acicular-ferrite structure of the “green” packet (P1), (c) (011) pole
figure colored to show the acicular-ferrite orientations of the “violet” packet (P2), (d) highlighted
acicular-ferrite of the “violet” packet (P2). The variant names are further abbreviated as number,
e.g., GT1 is abbreviated as 1. The B1, B2, B3, B4, B5, and B6 are the Bain variant pairs in (a,c). The lines
from C to D in (b) and from E to F in (d) show the paths of point-to-point misorientation in Figure 5.
The included angles between the adjacent acicular bainitic ferrite plates in the red circle of (b) and blue
circle of (d) are about 30°.
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Figure 5. (a) Point-to-point misorientation along the line from C to D in Figure 4b, (b) point-to-point
misorientation along the line from E to F in Figure 4d. B represents the Bain variant pairs, e.g., Bl stand
for the “cyan” Bain variant pairs.
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3.2. Ferrite/Austenite Boundaries

Figure 5a,b display the point-to-point misorientation along the line from C to D in the “green”
packet (P1) of Figure 4b and the line from E to F in the “violet” packet (P2) of Figure 4d, respectively.
Clearly, the adjacent acicular bainitic ferrite plates (or laths) which do not share a (001),, axis (e.g., GT2
and GT5, GT8 and GT9) have two misorientation angles of ~54.3°and ~60.0°. The adjacent acicular
bainitic ferrite plates (or laths) sharing a (001),, axis (e.g., GT11 and GT12) have small misorientation
of about 5.7°. These peak misorientation angles are close to the ideal values of 5.7°, 54.3°, and 60.0°
calculated from the G-T relationship. We summarize three groups of the misorientation angles between
adjacent variants in the “violet” packet (P2) and the number percentage of the variant pairs with
the same misorientation in Table 2. Note that some variant pairs with the misorientation of 60° are
twins, which have the twin misorientation of 54.3° /[011]«. For example, the misorientation angle of
GT7-GT12 in the “violet” packet (P2) is 60°, but the twin misorientation between them is 54.3° /[011] .

Table 2. The misorientation angles between adjacent variants in the “violet” packet (P2) and the
number percentage of the variant pairs in the packet.

Group Variant Pair Misorientation Angle Number Percentage
1 GT7-GT8, GT9-GT10, GT11-GT12 5.7° 20%
2 GT7-GT10, GT8-GT11, GT9-GT12 54.3° 20%
GT7-GT9, GT7-GT11, GT7-GT12
3 GT8-GT9, GT8-GT10, GT8-GT12 60° 60%

GT9-GT11, GT10-GT11, GT10-GT12

Figure 6 presents the boundary maps for the prior y grain I,. Here, we investigated the boundaries
only based on misorientation larger than 3.5° because there is small misorientation less than 3.5° in
acicular bainitic ferrite plates (or laths). From Figure 4, we can see that the length of red and black
boundaries are 0.08 and 0.78 mm, respectively. This means that the boundary ratio of group 1 to group
2 + group 3 is about 1:10, which is far less than the ratio of the variant pairs in group 1 to the ones in
group 2 + group 3 (1:4).

—3.5°<6<10° length:0.08mm
—10°<8 length:0.78mm

Figure 6. Boundary maps for the prior y grain I,.

4. Discussion

All the acicular bainitic ferrite grains do not straddle the grain boundaries of prior austenites.
This means the fine acicular bainitic ferrite can be obtained if prior austenite is fine. Therefore, refining
prior austenite is an effective way of refining acicular bainitic ferrite. The orientation relationship
between acicular bainitic ferrite and austenite is the G-T relationship and the G-T variants form
four packets in a single prior austenite. Each packet contains six G-T variants that share a {011}
(i.e., {111},) plane. Furthermore, the four packets interpenetrate and each is further divided into
several disconnected areas in the two-dimension cross section. The three Bain variant pairs in one
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packet have significantly distinct orientations (a mean rotation of 120° around the common (011)
axis), while the orientation angles between the variants sharing a (001),, axis are less than 6°.

The adjacent acicular bainitic ferrite plates (or laths) sharing a (001), axis have small
misorientation of about 5.7° around the common (011) , axis, but most of the included angle between
them is about 30°. This means that most acicular bainitic ferrite plates or laths grow up along some
specific crystal orientation. The adjacent acicular bainitic ferrite plates (or laths) not sharing a (001),,
axis have two high misorientation angles of ~54.3° and ~60.0°. These values are close to the ideal
values of 5.7°, 54.3°, and 60.0° calculated from the G-T relationship. However, the ratio of low angle
boundary to high angle boundary (1:10) is far less than the ratio of the variant pairs with small
misorientation to the ones with large misorientation (1:4). It has been found that the orientations
inside some martensitic laths/plates gradually change and the continuous orientation impacts on
the chances of variant contact [37]. Therefore, the low ratio of low angle boundary to high angle
boundary could result from a continuum of orientations that exists between the low-angle misoriented
variants. This means that the adjacent acicular bainitic ferrite plates or laths could be considered the
basic element of austempered ductile iron.

5. Conclusions

All the acicular bainitic ferrite grains do not lie on the grain boundaries of prior austenites.
The orientation relationship between acicular bainitic ferrite and austenite in our austempered ductile
iron is a G-T relationship. A single austenite grain is divided into four packets, each of which contains
six G-T variants that share a {011} (i.e., {111},) plane. When two vy grains are twinned, the twins
share a {111}, plane and have seven packets. In a packet, the adjacent acicular bainitic ferrite plates
(or laths) which do not share a (001),, axis have two high misorientation angles of ~54.3° and ~60.0°.
The adjacent acicular bainitic ferrite plates (or laths) sharing a (001),, axis have small misorientation of
about 5.7°, but most of the included angle between them is about 30°. Further, the low angle boundary
to high angle boundary ratio is far less than the number percentage of the variant pairs with small
misorientation to the ones with large misorientation. These results showed that the adjacent acicular
bainitic ferrite plates or laths could be considered as the basic element of austempered ductile iron.
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