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Abstract: The three-dimensional (3D) morphology and crystal structure of Widmanstätten sideplate
ferrite were simulated using a focused ion beam (FIB) scanning electron microscope equipped with
electron backscatter diffraction (EBSD). The primary Widmanstätten sideplates nucleated and grew
directly at the austenite grain boundary (GB). A certain included angle between the sideplates and
the austenite GB was observed. The sideplates grew approximately parallel to the grain, and were
separated by a small-angle GB. The primary Widmanstätten sideplates are best described as “∃”
shaped, with a long intermediate ferrite strip. The interface with the austenite GB was smooth and
flat, and the sideplate surface contained pits and holes. The secondary Widmanstätten sideplates
nucleated and grew on the surface of the proeutectoid GB ferrite, with the sideplates and GB ferrite
perpendicular to each other. Sideplates parallel to one another grew into the grain, and were separated
by small-angle GB. The 3D morphology was distinguished by its “comb” shape. The sideplates’ tail
was clustered and its front end remained sharp. The contact side of the GB ferrite was smooth and
flat. The surface contained several uneven pits and defects.

Keywords: focused ion beam; Widmanstätten sideplates; three-dimensional morphology

1. Introduction

When hypoeutectoid steel is cooled at a fast rate at high temperatures, proeutectoid fer-
rite grows from the vicinity of the austenite grain boundary (GB) toward the ingrain along
certain habits, forming feather-like or triangular structures with approximately parallel
morphology, which are called Widmanstätten ferrites [1–5]. Kral et al. and Dube et al. [6,7]
observed Widmanstätten ferrite in steel under an optical microscope and classified it
according to its morphology during growth. Subsequently, Aaronson [8] modified this
classification system to distinguish between the primary and secondary Widmanstätten
precipitates (Figure 1). Widmanstätten sideplates extend into the matrix grains after nucle-
ation either directly into the GBs (primary Widmanstätten sideplates) or into precipitates
already formed at the GBs (secondary Widmanstätten sideplates). Primary and secondary
Widmanstätten sawteeth are similar to sideplates, but have a larger apex angle.

Most studies on Widmanstätten ferrite are based on two-dimensional (2D) analysis
using optical or electron microscopy. The method studies only arbitrary surfaces, losing
much organizational structure information [9]. Researchers [10–16] have gradually realized
the importance of three-dimensional (3D) analysis and have performed experiments using
the quantitative continuous method. M. V. Kral and Spanos et al. [6,10–12] reconstructed
the 3D morphology of proeutectoid ferrite. The 3D morphology of proeutectoid ferrite
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was constructed and showed the relationship between microstructures which the two-
dimensional section cannot display. Cheng et al. [13–15] constructed a 3D morphology of
Widmanstätten ferrite but did not derive its crystal structure information. Although these
methods established 3D morphology, they could not maintain the same cutting thickness
of each layer in the morphology as they used manual grinding. At the same time, a crystal
structure could not be obtained. Recently, focused ion beam (FIB) has become a multi-
functional micro–nano processing and characterization analysis technology [17]. FIB has a
higher precision than other 3D analysis technologies and can derive 3D structure [18–20]
and 3D crystal orientation information [21–25]. Shaowen et al. [26] used FIB to simulate
the 3D morphology of intragranular acicular ferrite.
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Finally, the specimens were metallographically polished using an Ar-ion polisher to re-
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Figure 1. Classification of Widmanstätten ferrite. (a) Primary Widmanstätten sideplates, (b) Sec-
ondary Widmanstätten sideplates, (c) Primary Widmanstätten sawteeth, (d) Secondary Widmanstät-
ten sawteeth.

FIB field-emission scanning electron microscopy (hereinafter FIB/SEM) can be used
to accurately control and reduce the slice thickness of each layer and obtain the 3D mor-
phology and crystal structure of the primary and secondary Widmanstätten sideplates
simultaneously. This study uses FIB/SEM to comprehensively analyze Widmanstätten
sideplates in terms of the morphology and crystal structure to deepen the understanding
of Widmanstätten ferrite.

2. Materials and Methods
2.1. FIB Sample Preparation

EH40steel specimens were prepared for the FIB/SEM test. The chemical composition
of this steel is listed in Table 1. The steel sample was austenitized at 1250 ◦C for 1 h and
cooled to room temperature at a rate of 7 ◦C/s.

Table 1. Chemical composition of high-strength low-alloy steels (mass, %).

Ingredient C Si Mn P S Al Mo Cu Ni V Nb Ti Cr

Composition 0.07 0.28 1.62 0.01 0.004 0.04 0.07 0.008 0.004 0.005 0.02 0.017 0.02

The sample was cut into 10 mm × 10 mm × 2 mm pieces and mechanically polished.
Finally, the specimens were metallographically polished using an Ar-ion polisher to remove
the surface stress.

2.2. Experimentation

FEI Scios double-beam electron microscopy (FEI Inc., Hillsboro, OR, USA) was used for
the 3D reconstruction, which operates for cutting with a Ga+ beam. First, a protective layer
of Pt was deposited on the specific area in order to protect the surface of the sample during
the cutting process. Then the sample was cut at the tip of the nose, followed by cutting. The
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2D images were aligned digitally as described elsewhere using cross-correlation of reference
markers [21]. An ion beam continuously cut the sample according to the parameters set in
advance. The electron beam completed the analysis of each layer. The complete 2D image
and 2D electron backscatter diffraction (EBSD) information was obtained through each step
of cutting and analysis. Finally, a large set of 2D images was restored in situ with Avizo
software to construct a 3D morphology and crystal structure information. The method of
3D reconstruction is shown in Figure 2.
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Figure 2. Schematic diagram of cutting sample.

In this experiment, the cutting area was 40 × 40 µm2, the layer spacing was 150 nm,
and 200 layers with a total depth of 30 µm were used.

3. Results and Discussion

The morphology, size, growth position, and crystal orientation of the Widmanstätten
sideplates changed during the process of ion-beam cutting.

3.1. Primary Widmanstätten Sideplates

Figure 3 illustrates the 2D morphology of the primary Widmanstätten sideplates
during the continuous cutting process. The dotted yellow lines represent the austenite
GBs. An irregularly shaped grain A exists near the boundaries (Figure 3a). As the cutting
progressed, grain A was gradually revealed, and a new grain B emerged, with both ends
connected to the austenite GB (Figure 3b). A small grain C appeared in front of grain A
(Figure 3c). As the cutting process progressed, grain A merged with grain C to form a
large grain D (Figure 3d). Subsequently, a new grain E was observed. Grains B, D, and
E were parallel to one another and grew into the grain at a certain angle with austenite
GBs (Figure 3e). Subsequently, all the grains merged into a large block (Figure 3f) and
gradually disappeared.

The grain orientations corresponding to Figure 3 are depicted in Figure 4. The orienta-
tions of both grains A and B were {111} (Figure 4a,b). The orientation of grain C in front
of grain A was also {111} (Figure 4c). Finally, grain A and C fused to form grain D with
grain orientation {111} (Figure 4d). As cutting progressed, grain E with orientation {111}
was gradually exposed (Figure 4e). Finally, all the grains fused into a large block grain
(Figure 4f). During the entire process, the grain orientation remained consistent at {111}.

Figure 5 illustrates the GB orientations of the 119th and 127th layers during the
continuous cutting process. Among grains B, D, and E, the austenite GBs were separated
by large-angle GBs (blue θ > 15◦). However, small-angle GBs were separated among grains
B, D, and E (yellow 2◦ < θ < 5◦, red 5◦ < θ < 15◦). Grains B, D, and E were separated from
the other grains by small-angle GBs (red 5◦ < θ < 15◦).
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Figure 6 illustrates the 3D morphology of the reconstructed primary Widmanstätten
sideplates from different perspectives. From the X–Y perspective, the morphology of the
primary sideplates was “∃” shape, with long a sideplate in the middle and pits on the
surface. The contact side of the GB between the primary Widmanstätten sideplates and the
austenite is defined as the adhesion surface. The sideplates and the attachment side were
not perpendicular but grew parallel to each other at a certain inclination angle. Holes were
found in the sideplate from the X–Z perspective. From the Y–Z perspective, the adhesion
surface was smooth, flat, and wide, revealing it as the contact side of the austenite GB.

The length of the adhesion surface of the primary Widmanstätten sideplates was
measured and found to be 6.75 µm (Figure 6b). However, the height perpendicular to
the observation direction was calculated to be 6.15 µm according to the interval and
number of layers. The primary Widmanstätten sideplates first appeared in the 109th layer
and finally disappeared in the 140th layer. The adhesion surface is not parallel to the
observation direction but inclined. According to the inverse cosine function of the triangle,
cos−1θ = 6.15/6.75, and the angle included between is θ = 24.34◦.

Figure 7 illustrates the growth model of the primary Widmanstätten sideplates. During
the cooling process, a few scattered ferrite grains nucleated at the GB, and then the grains
fused into clusters. The newly generated ferrite preferentially developed in the form of
flakes through the coherent interface at specific crystal planes and crystal directions of the
austenite parent phase, such that the Widmanstätten sideplates at the tip retained their
original long strip [26]. The sideplates were parallel to each other and grew into the grain
at a certain angle with the austenite GBs.
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The surface of the primary Widmanstätten sideplates had several pits and holes
(Figure 6a,b) which may have been caused by the growth of the sideplates as they were
cooled. At a temperature less than a certain value, intralagellar ferrite formed inside the
grain. As the sideplates grew, the intralagellar ferrite in the grain was compressed, which
hindered the continued growth of this part, and consequently forming pits and holes.

The heterogeneous nucleation of GB ferrite generally occurs near and along the austen-
ite GB. In contrast, Widmanstätten ferrite does not grow along the GBs but along certain
specific conventions of the austenite parent phase. The primary Widmanstätten sideplates
directly nucleate and grow on the austenite GB and generally possess a wide base. Cheng
Lin [11] ascribed this phenomenon to the rapid diffusion of carbon along or near the GB.
Figure 6 shows a wide adhesion surface and a consistently sharp front.

3.2. Secondary Widmanstätten Sideplates

Figure 8 depicts the 2D morphology of the secondary Widmanstätten sideplates
during the continuous cutting process. Irregularly shaped grains are observed near the
GBs in Figure 8a. As the cutting progressed, the grain grew into several parallel sideplates
(Figure 8b), and the GB ferrite precipitated along the tail GBs, as indicated by the yellow
dotted lines. As the cutting progressed, the GB ferrite became increasingly distinct, and
the tails of the parallel secondary sideplates were closely connected to the GB ferrite
(Figure 8c–e). The sideplates gradually disappeared (Figure 8f).

The grain orientations corresponding to those in Figure 8 are depicted in Figure 9.
Figure 9a reveals grains with an orientation of {111}. During the cutting process, the grains
developed into several parallel grains at an orientation of {111}, and the tails of some grains
propagated deep into the GB ferrite at an orientation between {111} and {101} (indicated by
the red arrows in Figure 9b–d). The secondary Widmanstätten sideplates may be nucleated
on the ferrite GB. These sideplates were firmly rooted in the GB ferrite (Figure 9e) and
gradually disappeared (Figure 9f).
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Figure 10 illustrates the accumulated misorientation of the red line from bottom to top
of the line in Figure 9e. There is an abrupt change in orientation of 2◦–3◦ near the interface
between the bottom of the secondary Widmanstätten sideplates and the GB ferrite. Cheng
Lin et al. [14] claimed that this difference was the direct evidence of nucleation excitation of
the secondary Widmanstätten sideplates on GB ferrite.
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Figure 12 illustrates the reconstructed 3D morphology of the secondary Widmanstätten
sideplates. From the X–Y perspective, the shape is like that of a comb. The interface between
the secondary sideplates and the GB ferrite is defined as the adhesion surface. This surface is
wide, and the sideplates at the front of it are not entirely parallel. From the X–Z perspective,
the adhesion surface is smooth and flat. From the Y–Z perspective, the surface contains
several risings and fallings, which makes it uneven.
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The length of the adhesion surface of the secondary Widmanstätten sideplates was
8.75 µm (Figure 12b). However, the height perpendicular to the observation direction
was 7.05 µm according to the interval and number of layers, which first appeared on the
51st layer and then disappeared on the 98th layer. The adhesion surface is not parallel
to the observation direction. According to the inverse cosine function of the triangle,
cos−1θ = 7.05/8.75, and the angle included between is θ = 36.32◦.

Figure 13 depicts the growth model of the secondary Widmanstätten sideplates. Dur-
ing the cooling process, several dispersed GB ferrite grains were first formed at the GB, and
gradually grew and fused to form a larger GB ferrite. Subsequently, the initial secondary
Widmanstätten sideplate grains nucleated on the GB ferrite surface. The grains were par-
allel to one another, with one end fixed on the GB ferrite surface and the other growing
inward to form ferrite sideplates. The ferrite sideplates were approximately vertical to
the GB ferrite, the contact side of the GB ferrite was wide and smooth, and the front end
remained sharp. Subsequently, during the continuous growth process, the intralagellar
ferrite at the front end of the ferrite sideplates is obstructed, thus changing the direction
and forming risings and fallings on the surface.
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The secondary Widmanstätten sideplates also have a broad base and a sharp front
end, which may have been caused by the nucleation of the sideplates on the GB ferrite. The
sideplates possess an interface for the rapid diffusion of carbon nearby; however, limited
diffusion occurs at the front end.

In this study, the secondary Widmanstätten sideplates tended to nucleate on the broad
plane of the proeutectoid ferrite, which is approximately vertical to the GB ferrite and
demonstrates a face-to-face excitation nucleation characteristic. During the growth process,
the ferrite sideplates are parallel to one another, but the orientation is continuously tuned.
From those, the secondary Widmanstätten sideplates and GB ferrite may be related by
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orientation. King and Bell [27] claimed that the orientation difference between the habitual
plane of Widmanstätten sideplates and the GB ferrite {111} was within 0–5◦. Concurring
with that claim, Figure 8 highlights a surge in the 2–3◦ orientation difference near the
nucleation interface, which is consistent with the experimental results (Figure 10).

4. Conclusions

In this study, the 3D morphology and crystal structure of Widmanstätten sideplate
ferrites were analyzed using FIB/SEM equipped with EBSD. The main conclusions can be
drawn as follows:

(1) Compared with the previous “quantitative continuous method”, this method can
more accurately control and reduce the slice thickness of 150 nm between each layer, thereby
increasing the precision and accuracy of the obtained 3D morphology

(2) Compared with the previous “quantitative continuous method”, this method not
only can obtain the 3D morphology, but also the crystal structure information. Sideplates
are separated by a small-angle GBs and separated from other grains by large angle GBs.

(3) The primary Widmanstätten sideplates directly nucleate and grow at the austenite
GBs. The sideplates and austenite GB are inclined at a certain angle; the sideplates are
approximately parallel to one another, grow inward. The shape of its 3D morphology is
like “∃”, and the sideplate in the middle is long.

(4) The secondary Widmanstätten sideplates nucleate and grow on the surface of the
proeutectoid GB ferrite. The sideplates and GB ferrite are perpendicular to each other.
The sideplates almost parallel to each other and grow inward. The 3D morphology has a
“comb” shape.

(5) The contact side of the Widmanstätten sideplates is smooth and flat and the
sideplates have many defects. Pits and holes were observed on the surfaces of the sideplates
of primary Widmanstätten sideplates. The sideplates’ surface of secondary Widmanstätten
sideplates is rough.
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