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Abstract: In this study, fresh attempts have been made to identify and estimate the phase constituents
of a high-silicon, medium carbon multiphase steel (DIN 1.5025 grade) subjected to austenitization
at 900 ◦C for 5 min, followed by quenching and low-temperature bainitizing (Q&B) at 350 ◦C for
200 s. Several techniques were employed using different chemical etching reagents either indi-
vidually (single-step) or in combination of two or more etchants in succession (multiple-step) for
conducting color metallography. The results showed that the complex multiphase microstructures
comprising a fine mixture of bainite, martensite and retained austenite phase constituents were
selectivity stained/tinted with good contrasting resolution, as observed via conventional light optical
microscopy observations. While the carbon-enriched martensite-retained austenite (M/RA) islands
were revealed as cream-colored areas by using a double-step etching technique comprising etching
with 10% ammonium persulfate followed by etching with Marble’s reagent, the dark gray-colored
bainite packets were easily distinguishable from the brown-colored martensite regions. However,
the high-carbon martensite and retained austenite in M/RA islands could be differentiated only
after resorting to a triple-step etching technique comprising etching in succession with 2% nital, 10%
ammonium persulfate solution and then warm Marble’s reagent at 30 ◦C. This revealed orange-
colored martensite in contrast to cream-colored retained austenite in M/RA constituents, besides the
presence of brown-colored martensite laths in the dark gray-colored bainitic matrix. A quadruple-step
technique involving successive etching with 2% nital, 10% ammonium persulfate solution, Marble’s
reagent and finally Klemm’s I reagent at 40 ◦C revealed even better contrast in comparison to the
triple-step etching technique, particularly in distinguishing the RA from martensite. Observations
using advanced techniques like field emission scanning electron microscopy (FE-SEM) and electron
back scatter diffraction (EBSD) failed to differentiate untempered, high-carbon martensite from
retained austenite in the M/RA islands and martensite laths from bainitic matrix, respectively. Trans-
mission electron microscopy (TEM) studies successfully distinguished the RA from high-carbon
martensite, as noticed in M/RA islands. The volume fraction of retained austenite estimated by
EBSD, XRD and a point counting method on color micrographs of quadruple-step etched samples
showed good agreement.

Keywords: advanced high-strength steel; color metallography; multiphase microstructure; bainite;
martensite; retained austenite

1. Introduction

In recent years, the design and development of a new class of multiphase high-
strength steels containing small fractions of finely divided, carbon-enriched austenite led
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to the emergence of novel engineering materials belonging to the 3rd generation advanced
high-strength steels (AHSSs) [1,2]. Innovative processing routes, such as quenching and
partitioning (Q&P) and low-temperature transformation for ultrafine/nanostructured
bainite, have since been proposed as the potential means of improving the balance of
elongation to fracture and tensile strength for these 3rd generation steels [3,4]. Unlike in
the case of tempering, the formation of iron carbides is intentionally suppressed in these
multiphase steels by suitably alloying with high silicon and/or aluminum to suppress the
formation of iron carbides and to stabilize a fraction of finely divided austenite down to
room temperature. To impart ultrafine bainitic structures in these multiphase steels with
the possibility of achieving good strength–ductility combinations and adequate toughness,
the steel samples are first austenitized and then subjected to isothermal heat treatments
at a temperature close to the martensite start temperature (Ms) [5]. During isothermal
holding, the decomposition of austenite into (ultra)fine bainite occurs continuously with
a concomitant partitioning of carbon to the adjacent austenite grains and the extent of
carbon diffusion and its equilibration in austenite will depend on the kinetics of bainite
formation. During final cooling, a part of untransformed austenite decomposes into
untempered high-carbon martensite, thus stabilizing a significant fraction of finely divided
retained austenite (RA) at room temperature (RT). This results in a very fine, complex
multiphase microstructure with various phase constituents [6]. In the microstructures of
these multiphase AHSSs, the RA phase can be seen as blocky pools and/or thin films
between the bainitic and/or martensitic laths. These blocky pools/islands often appear as
a mixture of both martensite (M) and RA microconstituents called M-RA islands [7,8]. The
thermal stability of the retained austenite is related to the isothermal holding conditions,
and the extent of carbon partitioning from bainite and/or martensite to the adjacent
untransformed austenite films/grains prior to cooling at RT [9,10].

Both the qualitative and quantitative characterization of these multiphase microstruc-
tures, particularly in respect to retained austenite, its stability, size, shape, distribution,
morphology, carbon content, etc., help in optimizing the processing conditions in order to
achieve a given set of mechanical properties, i.e., tensile (UTS) and yield (YS) strengths,
besides ductility [5,11]. Of course, RA phase is the main factor affecting mechanical prop-
erties through the well-known transformation-induced plasticity (TRIP) effect [5,12]. The
volume fraction of RA could have both positive and negative consequences on the final
engineering properties of AHSSs [6].

For several years, color light metallography has been used to enhance the visual
identification of various phase constituents to characterize the microstructures [13]. Ad-
ditionally, it is an easy, quick and inexpensive method to be able to reveal and discern
several microphases, particularly if they are fine and complex [14]. Although color light
metallography is a recognized etching technique to identify multiphase microstructures, it
has its own limitations as well. For example, the technique is not very versatile and can vary
significantly for a given composition depending on the type of structure and its etching
response and often relies on the expertise and experience of a metallographer to get the best
contrasting resolution between different phase constituents [15]. Sometimes it is necessary
to use several tint etching reagents separately or in succession to provide good contrast
between different phases of the complex microstructures [14,16,17]. In recent years, many
attempts have been made to conduct color metallography of the RA phase, but most of
these attempts have failed [13,18,19]. In general, detection and estimation of fine RA phase
in the presence of other phases and selective coloration of a particular microconstituent in
a complex microstructure continue to be difficult and challenging [18,20].

It is well established that the etching methods are different and complex depending on
the steel’s chemical composition and microstructural components [13,18]. Accordingly, the
extent of bainite, martensite and RA phases present in the microstructures of AHSSs renders
their discernment difficult, although the use of color metallography is capable of identi-
fying even very finely divided phases with high contrast by employing a special etching
technique described by Vander and Walker et al. [21,22]. Although Vander Voort et al. [18]
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suggested that the addition of 1% zephiran chloride to 4% nital was useful to detect RA
phase with a high resolution in a martensite–austenite structure, this reagent did not color
the fine RA. Additionally, using other tint etching reagents, such as 10% sodium metabisul-
fate and Beraha’s sulfamic acid, could color the microstructures, but could not, however,
distinguish the RA phase from other phases. Girault et al. [23] used LePera’s tint etching
solution to identify the four phases of the microstructures of TRIP-assisted steels. This
tint etching solution could have been useful to color and reveal the different phases, but
there was a limitation in the detection of RA phase from martensite. Mehranfar et al. [16]
developed a new double-step color metallography technique, using an etching solution of
10% ammonium persulfate and Glyceregia to color and distinguish the RA and martensite
phases from other phase constituents in a low alloy white cast iron. Various techniques
are still underway with little or no success, and sometimes presenting conflicting reports
regarding the microstructural characterization of bainite, martensite and retained austenite
multiphase microstructures. For these reasons, the purpose of this investigation is to
develop a method to designate various phases characterizing the microstructural features
of a high-silicon, medium-carbon steel sample, austenitized and quenched to 350 ◦C, a
temperature in the lower bainite range slightly above the Ms temperature (275 ◦C), and
held isothermally for 200 s in order to facilitate bainitic transformation. The sample was
named the Q&B specimen based on the applied thermal treatment comprising quenching
and bainitic holding. This was followed by different etching techniques for color metal-
lography using a light optical microscope. In addition, detailed microstructural analysis
was carried out using a TEM and an FE-SEM equipped with an EBSD facility, and was
further supported by XRD analyses to detect and estimate the bainitic/martensitic ferrite
and RA phase fractions in the Q&B sample. Another objective of this investigation is to
highlight various merits of light color metallography in identifying every single-phase
constituent with good contrasting resolution in comparison to the detection and estimation
using advanced characterization techniques, e.g., FE-SEM, EBSD, TEM and XRD.

2. Materials and Methods

In this study, the investigations were carried out on a DIN1.5025 steel sheet (1mm
thickness) sample with the chemical composition presented in Table 1. A suitable Q&B
heat treatment process schedule was designed to achieve the multiphase microstructure
with different percentages of bainite, martensite and RA phases. For this purpose, the
determination of critical temperatures such as Ac1, Ac3 and Ms was considered essential.
Consequently, the critical temperatures for this steel sheet sample were determined by
conducting dilatometer measurements in a Gleeble 3800 thermomechanical simulator with
heating and cooling held at linear rates of 0.2 and 150 ◦C/s, respectively. The corresponding
temperatures were estimated as 765, 835 and 275 ◦C, for Ac1, Ac3 and Ms temperatures,
respectively. The bainite start (Bs) temperature was estimated to be about 471 ◦C using an
empirical equation given by Li [24]. A schematic of the two-step quenching and bainitic
holding (Q&B) heat treatment cycle is depicted in Figure 1. In the first step, the specimens
were heated at 900 ◦C and held for 5 min, followed by air cooling (normalizing step). In
the second step, the specimens were reaustenitized at 900 ◦C for 5 min, quenched in a salt
bath maintained at 350 ◦C, held for 200 s for bainitic transformation and then quenched in
water to ambient temperature [6].

Table 1. Chemical composition of DIN1.5025 steel sheet.

Alloying Elements C Mn Si Cr S P Fe

wt.% 0.529 0.721 1.670 0.120 0.023 0.022 Balance
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Figure 1. The schematic diagram of quenching and low temperature bainitizing (Q&B) heat treatment
schedule used in this study.

After the samples were heat treated according to the Q&B schedule, the samples
were cold mounted, ground and finally polished to a high quality in accordance with
the standard ASTM E3 [15,25]. In order to carry out the microstructural observations,
color metallography was done with various tint etching solutions, as listed in Table 2.
Additionally, the samples were etched in single, double, triple and quadruple steps using a
combination of etching reagents in succession, as illustrated in Table 3, for different holding
times at various temperatures according to the optimal conditions depending on the etching
reagents in order to detect a specific phase or phases with a good contrasting resolution.
The color metallographic observations were made with an OLYMPUS PMG3, Olympus,
Tokyo, Japan light microscope. ImageJ, ImageJ developers, Maryland, USA analyzing
software was used to analyze the phase constituents recorded on optical micrographs and
the volume fractions of different phases were estimated according to the ASTM E562 [26]
standard using at least five representative areas of 200 × 200 µm2 at different locations of
the samples. In all cases, the average values have been reported.

Table 2. Various tint etching reagents used in this research work.

Etching Reagent Chemical Composition Purpose Ref.

2% nital 2 mL HNO3, 98 mL ethanol reveals the phase boundaries [11]
Vilella’s 1 g picric acid, 5 mL HCl, 100 mL ethanol reveals the RA grains [13]

Marble’s reagent 5 g CuSO4, 16 mL HCl, 30 mL ethanol colors bainite plates [11]
10% ammonium persulfate 10 g (NH4)2S2O8, 100 mL distilled water attacks the RA and matrix [21]

Klemm’s I 1g K2S2O5 in 50 ml Na2S2O3 aqueous solution colors martensite [21]

In addition, microstructural details were examined using a TESCAN MIRA3 FE-SEM
(Tescan, Brno, Czech Republic) and a 200 kV Jeol JEM-2200FS STEM, and the volume
fractions of RA phase were measured by performing XRD analysis [27] on a Rigaku
SmartLab 9 kW XRD, using a Co-Kα radiation source operated at 135mA and 40kV with
2θ ranging between 45 and 130◦ and the rotation performed at 7.2◦/min. Rietveld whole
powder pattern fitting (WPPF) analysis was used for quantitative investigation of RA. The
volume fraction of RA was measured using a direct comparison approach, comparing
the integrated intensities of (111), (200), (220) and (311) of FCC diffracted planes with
(101), (002), (112) and (202) of BCC planes, respectively. Additionally, an EBSD facility
(Physical Electronics Company, Chanhassen, MN, USA), equipped with the FE-SEM, was
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used to detect and image different phase constituents using a scanning auger nanoprobe
(Physical Electronics-PHI 710 EBSD system). The operating conditions of EBSD are as
follows: acceleration voltage 15 kV, working distance 8 mm, beam current 10 nA, tilt angle
70◦, scanned area 50 × 50 µm2 with a scanning step size of 150 nm. TSL OIM7.3, EDAX,
Mahwah, NJ, USA software was used later to analyze the EBSD data [6].

Table 3. Color metallography methods based on various etching techniques.

Test Method Etching Reagent

Single-step
i. 2% nital (10–15 s)

ii. Marble’s reagent at room temperature (about 20 ◦C) (5–10 s)
iii. Vilella’s solution (15–20 s)

Double-step i. First etched in 10% ammonium persulfate solution (8–12 s), followed by etching in Marble’s reagent
at room temperature (about 20 ◦C) (5–7 s).

ii. First etched in 10% ammonium persulfate solution (8–12 s), followed by etching in Marble’s
reagent at 30 ◦C (4–6 s).

Triple-step First etched in 2% nital (5–8 s), followed by etching in 10% ammonium persulfate solution (4–8 s) and
then final etching in Marble’s reagent at 30 ◦C (4–6 s).

Quadruple-step
First etched in 2% nital (5–8 s), then in 10% ammonium persulfate solution (4–8 s), followed by

etching in Marble’s reagent at room temperature (about 20 ◦C) (5–10 s) and final etching in Klemm’s I
reagent at 40 ◦C (3–5 s).

3. Results and Discussion
3.1. Optical Micrography
3.1.1. General Single-Step Metallography

Different single-step and multiple-step (Table 3) color metallography techniques have
been used based on techniques involving various chemical etching reagents [21,22], as
listed in Table 2. Due to the development of a very fine mixture of bainite, martensite
and retained austenite in the multiphase microstructure, high-magnification light optical
microscopy was used. Figure 2a–c show the optical micrographs of Q&B samples at the
highest possible magnification, taken after etching with different reagents, viz., 2% nital,
Vilella’s and Marble’s reagents, respectively. As can be seen from Figure 2, the three etchants
individually were unable to differentiate every microconstituent, such as bainite, martensite
and RA with good contrasting resolution, whereas, by using 2% nital and Marble’s reagents,
the martensite/retained austenite (M/RA) islands appeared as white-colored constituents
(marked with arrows in Figure 2a,c, respectively) and bainite plates appeared as dark
gray constituents, while Vilella’s reagent was ineffective in detecting the RA phase in this
microstructure, though it is widely used to identify this phase. Additionally, M/RA islands
could not be clearly characterized and distinguished from martensite phase (Figure 2b) and
only bainite was partly revealed, appearing as dark gray-colored constituents in the final
microstructural observation. These results clearly indicate that these single-step general
etching techniques with 2% nital, Marble’s reagent and Vilella’s reagent are not useful in
detecting different phases with a clear distinction from each other in complex, multiphase
steel microstructures. Hence, in this study, several new multiple-step etching techniques
were considered for identifying various phases of the multiphase microstructures of these
Q&B samples with high contrasting resolution. Therefore, different multiple-step etching
processes will now be discussed which have been used to develop a good contrast between
different phase constituents of the Q&B heat treated samples with complex microstructures.
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Figure 2. Optical micrographs of Q&B specimens etched in (a) 2% nital; (b) Vilella’s; and (c) Marble’s etching reagents. The
bainite (B) and martensite/retained austenite islands (M/RA) are indicated with arrows.

3.1.2. Double-Step Metallography

Figure 3a shows the high-magnification light microstructural image of the Q&B heat
treated sample etched in two successive steps, first by immersion in 10% ammonium
persulfate and then in Marble’s reagent, termed as double-step I, as listed in Table 3. During
and after every step of double-step I etching, the sample was carefully cleaned and dried as
per the standard metallographic practice. While the ammonium persulfate solution etched
the matrix and M/RA islands [28,29], the Marble’s reagent subsequently attacked bainite
plates [29]. Therefore, the carbon-enriched M/RA islands, appearing as cream-colored
bright areas, became discernible and easily distinguishable from brown-colored martensite
and dark gray-colored bainite plates, as indicated by arrows in Figure 3, and whereas the
dark gray bainite plates and brown-colored martensite are easily identifiable from each
other, the M and RA microconstituents of M/RA islands are not easily distinguishable
from each other in the micrograph, as more clearly shown in the enlarged Figure 3b.
All the same, this etching method can be considered to be more useful for detecting
different phase constituents in the complex, multiphase microstructures in comparison to
general single-step etching techniques (Figure 2). However, this technique does not make
a clear contrasting resolution between the components of the M/RA dispersed islands,
i.e., martensite and RA. For this reason, another double-step etching method was tried to
develop a good contrast between these two finely divided phase constituents.
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Figure 3. (a) Double-step I etching method (10% ammonium persulfate solution + Marble’s reagent).
(b) Enlarged image view of the square shown in (a). The abbreviations B, M and M/RA represent
bainite, martensite and martensite/retained austenite phase constituents, respectively.

The double-step II etching technique was very similar to double-step I (Table 3), as
the sample was first etched in the 10% ammonium persulfate solution, followed by etching
in Marble’s reagent with its temperature raised to 30 ◦C. As the temperature of Marble’s
reagent was increased, its etching characteristics changed too, with enhanced sensitivity,
and it was capable of tinting the martensite. The phase constituents, viz., bainite (dark
gray), martensite (brown) and M/RA (cream), were revealed with a better contrasting
resolution, as indicated with arrows in Figure 4a. While the ammonium persulfate solution
etched the matrix and M/RA phases, Marble’s reagent heated at 30 ◦C color-tinted the
bainite plates with better contrast [28,30]. Moreover, a better contrasting resolution has
been achieved, identifying different phase constituents in comparison to the single-step
etching (either with 2% nital or Marble’s or Vilella’s etchant; Figure 2), in addition to the
double-step I technique (Figure 3). Although this double-step II etching technique with
Marble’s reagent heated at 30 ◦C is better than the double-step I etching technique, it has
the limitation of developing a reasonably good contrast between carbon-enriched fine
martensite laths and RA in cream-colored M/RA islands (Figure 4b). Therefore, further
work was carried out to develop the triple- and quadruple-step etching techniques to
differentiate various phase constituents in the microstructures.
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3.1.3. Triple-Step Metallography

Figure 5a is a typical light micrograph of the Q&B heat treated sample color etched
using the triple-step method, as listed in Table 3. The chemical reagents used for etching in
succession are: a) 2% nital, b) 10% ammonium persulfate and c) Marble’s reagent at 30 ◦C
(Table 3). The sample was carefully cleaned and dried after each step of etching. In this
technique, the complex phase mixture of bainite and martensite appears much sharper as
dark gray- and brown-colored packets/laths, respectively, as shown in Figure 5a. Moreover,
the constituents of M/RA islands can be easily differentiated from each other, with RA
particles appearing as cream-colored fine grains, speckled with fine, orange-colored, carbon-
enriched martensite laths (clearly shown in Figure 5b). In this method, etching with 2% nital
solution revealed the interphase boundaries between martensite and bainite plates, but left
the untempered, high-carbon martensite and RA constituents of M/RA phase unattacked.
During the second step, etching with 10% ammonium persulfate solution attacked the
high-carbon martensite of M/RA islands as orange-colored laths. Finally, Marble’s reagent
tinted the bainite as a dark gray-colored phase constituent. These observations indicate that
this metallography technique leads to better identification of finely divided high-carbon
martensite from RA in the M/RA constituents [21]. It is observed that the use of 2% nital
renders the color of bainite a dark gray (instead of gray) and that of RA as shiny white
(instead of cream colored). A quick comparison of the etching techniques discussed so far
(Figures 2–5) suggests that the triple-step etching technique is a very useful method for
distinguishing the carbon-enriched martensite from RA and producing a sharp contrast,
particularly between bainite and martensite in the multiphase microstructures.
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Figure 5. (a) Triple-step etching method (2% nital + 10% ammonium persulfate solution + warm
Marble’s reagent at 30 ◦C). (b) Enlarged image view of the square shown in (a). The abbreviations B,
M and RA represent bainite, martensite and retained austenite phase constituents, respectively.

3.1.4. Quadruple-Step Metallography

The quadruple-step etching technique is based on etching with different reagents in
succession, i.e., 2% nital, 10% ammonium persulfate, Marble’s reagent and, finally, warm
Klemm’s I reagent heated at 40 ◦C. The sample was carefully cleaned and dried after
each step of etching. As shown in Figure 6a, after the quadruple-step etching, the RA
phase, lath martensite and bainite phase appear as cream-colored, brown and dark gray,
respectively, indicated by arrows in the figure. The 2% nital solution was used to develop
the phase boundary contrast, whereas Klemm’s I reagent (at 40 ◦C) helped in the coloration
of martensite [21]. Therefore, this etching technique also produces an excellent contrasting
resolution of various phases in a complex mixture of bainite plates (dark gray), martensite
laths (brown) and finely divided retained austenite (cream-colored), so that the amount of
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RA phase can be approximately estimated (Figure 6b), though limited by the resolution of
the light optical microscopy.
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3.2. Microstructural Characterization With FE-SEM, EBSD, TEM and XRD Techniques

To confirm the reliability of color light metallography results, the microstructural
observations were carried out with an FE-SEM combined with EBSD, and further aided
with XRD measurements. Figure 7 shows a typical backscattered electron (BSE) micrograph
of the Q&B heat treated sample, characterized with many islands of M/RA constituents,
present in a relatively featureless martensitic matrix, in a manner similar to that of the
general features noticed in the single-step light optical metallograph (see Figure 2). It can
be observed that the use of the FE-SEM technique did not differentiate RA from the high-
carbon martensite, present as M/RA islands in the microstructure. Since the martensite and
RA had an almost similar chemical composition, it is possible that these phase constituents
cannot be differentiated in the BSE imaging because of the similar composition contrast,
appearing as gray islands [1]. Bainite phase could also be discerned, but the volume
fraction of RA could not be estimated using FE-SEM examination [6].

Typical examples of TEM micrographs including both bright (BF) and dark field
(DF) images and diffraction pattern analysis for the heat treated samples are presented
in Figure 8. It can be seen that the Q&B specimens isothermally held at 350 ◦C for 200 s
contained M/RA islands in a relatively featureless bainite/martensite matrix. The DF
image (Figure 8b) clearly reveals the presence of finely divided retained austenite. How-
ever, this information is obtained from local areas and does not include the inhomogeneity
of the phase composition of the Q&B heat treated sample. As TEM images are taken
locally, it is hard to determine the volume fractions of different phases due to the pres-
ence of inhomogeneity in the microstructure of the heat treated sample. However, it
is a very powerful technique to investigate the multiphase microstructure and identify
different microconstituents.
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Figure 7. A field emission scanning electron microscopy–backscattered electron (FE-SEM BSE)
micrograph of the Q&B specimen held in the molten salt bath at 350 ◦C for 200 s, followed by
water cooling to the ambient temperature. The abbreviations B and M/RA represent bainite and
martensite/retained austenite phase constituents, respectively.
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Figure 8. Transmission electron microscopy (TEM) images of Q&B heat treated sample. (a) Bright
field (BF) image, (b) dark field (DF) micrograph using a {111} diffracted retained austenite phase. The
selected area electron diffraction (SAED) pattern is shown as an inset in the corresponding BF image.

The EBSD combined with FE-SEM is a very useful supplementary technique to pro-
vide crystallographic features of multiphase microstructures through phase contrast imag-
ing [30]. The possibility of rapid analysis with relatively high resolution, lattice parameter
determination and quantification of microstructures are some of the positive aspects of
EBSD analysis [11]. In the EBSD micrograph presented in Figure 9a, the green-colored
RA phase (FCC-lattice; an area depicted at high magnification in Figure 9b), is distributed
between red-colored bainite (matrix) and/or martensite phase constituents (BCC-lattice), as
can also be identified on the basis of their morphological characteristics [31]. Additionally,
the EBSD phase maps were used to measure the volume fraction of RA phase [32], although
such estimation can be easily limited by the resolution of the EBSD (about 0.08 µm) and
the corresponding result is included in Table 4.
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Figure 9. (a) EBSD phase map showing the green-colored RA (FCC) islands in the red-colored bainitic
ferrite matrix with martensite packets (BCC). (b) Enlarged phase map view of the rectangle shown in (a).

For further confirmation of color light metallography observations, the analysis of
the XRD measurements conducted on the Q&B sample is presented in Figure 10. The
XRD pattern clearly reveals that the heat treated sample is a multicrystalline structure
comprising the BCC (bainite and/or martensite (B/M)) and FCC (RA) phase constituents.
The intensity peaks of (111), (200), (220) and (311) diffracted planes correspond to the FCC
RA phase (2θ angles of 51◦, 60◦, 90◦ and 112◦, respectively), while the intensity peaks of
(101), (002), (112) and (202) diffracted planes correspond to the BCC bainite/martensite
(2θ angles of 52.5◦, 77◦, 100◦ and 124◦, respectively) phase constituents. Diffraction peaks
related to carbide precipitation in bainite or martensite, if any, are not detected in the XRD
patterns [6].
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3.3. Color Light Metallography vs. Electron Microscopy  

Figure 10. The X-ray diffraction (XRD) pattern of the Q&B specimen. The intensity peaks of FCC
RA are shown with green symbols, while the intensity peaks of BCC bainite/martensite (B/M) are
shown with purple symbols.

3.3. Color Light Metallography vs. Electron Microscopy

The volume fraction of RA phase was measured by different techniques, viz., color
light microscopy, EBSD and XRD analyses, and the data are listed in Table 4 along with
volume fractions of other phases, i.e., bainite (matrix) and high-carbon martensite. The
estimated RA volume fraction using the XRD analysis [12,13,15,33] is considered reliable
and is higher than the fractions estimated by optical microscopy and EBSD techniques,
because of the resolution limits of the two techniques, i.e., 0.2 and 0.08 µm, respectively,
as RA particles finer than these sizes cannot be detected by the respective techniques [6].
A comparison of the achieved volume fractions (in vol.%) of RA phase using light color
metallography methods (triple-step and quadruple-step) estimated by ImageJ software



Metals 2021, 11, 855 12 of 15

is shown in Figure 11, and the corresponding fractions are 12.8% (triple-step) and 13.4%
(quadruple-step) in comparison to the estimated fractions of 15.3 and 18%, measured
by EBSD and XRD analyses, respectively. These results indicate that the quadruple-step
metallography method is able to reveal a large fraction of RA phase, differentiated from
the martensite and bainite phase constituents. Hence, the volume fraction of RA phase
estimated by light image analysis using color metallography can be very close to the data
obtained by XRD and EBSD analyses, provided an appropriate etching method is used
(here, the quadruple-step method). Hence, it is interesting to point out that all the phase
constituents observed in the complex microstructure of the Q&B heat treated sample can be
identified by color light metallography methods with a good contrasting resolution, even
though not all of them are detectable using the advanced techniques of FE-SEM, EBSD
and XRD analyses. The high-carbon martensite and retained austenite in M/RA phases
show a similar composition contrast in FE-SEM observation. The EBSD analysis, on the
other hand, failed to differentiate bainite plates from martensite areas in a way similar
to the XRD results. Therefore, these color etching techniques are very useful in detecting
various phase constituents (bainite, martensite and RA), besides estimating their volume
fraction in a relatively simple and inexpensive manner, though limited by the resolution
(0.2 µm). Therefore, color light metallography can still be considered as a very useful
method in comparison to other advanced techniques of microstructural analyses such as
XRD, FE-SEM and EBSD.

Table 4. Various phase constituents detected and estimated using different techniques.

Analysis Method RA (vol.%) M (vol.%) B (vol.%) B/M (vol.%) M/RA (vol.%)

Single-step nital 2% failed failed failed 91.8 (±2.5) 8.2 (±2.5)

Single-step Vilella’s reagent failed failed 28.7 (±2.5) - -

Single-step Marble’s reagent failed failed 66 (±2.5) - 34 (±2.5)

Double-step I failed 10 (±2.5) 58 (±2.5) - 32 (±2.5)

Double-step II failed 11.5 (±2.5) 51(±2.5) - 37.5 (±2.5)

Triple-step 12.8 (±2.5) 15 (±2.5) 72.2 (±2.5) - -

Quadruple-step 13.4 (±2.5) 18.5 (±2.5) 68.1 (±2.5) - -

FE-SEM failed failed 63.7 (±2) failed 36.3 (±2)

EBSD 15.3 (±1.5) failed failed 84.7 (±1.5) -

XRD 18.0 (±1) failed failed 82.0 (±1) -
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4. Conclusions

In the present investigation, color metallography was attempted on a high-silicon
medium-carbon steel (DIN1.5025) heat treated according to a Q&B heat treatment. The
purpose of this investigation was to detect and identify various microstructural features
of the Q&B sample comprising a mixture of bainite, high-carbon martensite and RA, also
present as M/RA phase constituents. Different etching methods were used to distinguish
RA phase from martensite and bainite phase constituents in comparison to other advanced
techniques of microstructural analyses, such as XRD, FE-SEM and EBSD. The following
conclusions can be drawn:

The single-step color metallography method based on general etching with individual
reagents, such as 2% nital or Vilella’s solution, or Marble’s reagent, was not successful
in distinguishing bainite, martensite and RA phase constituents from each other with
reasonable contrasting resolution.

Etching with 10% ammonium persulfate solution followed by Marble’s etchant in the
double-step method nicely revealed the multiphase microstructures with bainite, marten-
site and high-carbon M/RA islands appearing as dark gray-, brown- and cream-colored
areas, respectively.

Following the triple-step technique using successive etching with 2% nital, 10% am-
monium persulfate and warm Marble’s reagent at 30 ◦C, the color metallography clearly re-
vealed fine, orange-colored, high-carbon martensite laths present alongside cream-colored
retained austenite in M/RA constituents. The bainite plates and martensite laths were also
sharply colored as dark gray plates and brown areas, respectively.

A relatively better contrasting resolution was obtained by the quadruple-step etching
technique using 2% nital, 10% ammonium persulfate, Marble’s reagent and warm Klemm’s
solution (40 ◦C), thus sharply coloring different phase constituents. This emerged as one of
the most effective color metallography techniques.

The multi-step metallography produced a specific thickness of passive film on the sur-
face that resulted in sharp color contrasts for different microstructures, whereas advanced
techniques like FE-SEM, EBSD and XRD could not detect individual phases, particularly a
distinction between different BCC ferrites.

The volume fraction of RA in the multiphase microstructure of the Q&B samples was
estimated to be about 18 vol.% by XRD analysis, which is quite reliable. In comparison, the
RA estimation using quadruple-step color metallography, which is a relatively simple and
inexpensive technique, is lower at 13.34 vol.% because of the resolution limit (0.2 µm) and
is in good agreement with the EBSD estimate.

Optical microscopy, in comparison to other advanced techniques such as FE-SEM,
TEM, EBSD and XRD, is cheaper and commonly used worldwide. In addition, the ease
of sample preparation and capability of revealing different phase constituents render it a
preferred method for microstructural characterization.
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