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Abstract: The Ni-hard alloys white-cast irons are generally used for high wear work. Among
them, those with better impact resistance because of its low carbon content compared to the rest
of the family, are studied in this paper. One experimental technique of characterizing the metallic
materials is the microstructural study. Several metallographic attacks intended to reveal qualitatively
each microconstituent that forms the alloy, as well as the segregation and solidification structure
of casting, are studied in this article. The use of color metallography is fundamental in this case to
distinguish clearly the microconstituents. The main objective of this paper is to propose a series of
attacks that identify each one of the microconstituents present in the alloy that has not been reported
up to date.
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1. Introduction

Ferrous alloys have been studied for long. Nital-3 (3% solution of HNO3 in alcohol) attack has
been typically used for long, though it distinguishes between certain microconstituents neither in
distribution nor in size [1,2], as it will be furtherly discussed. Mechanical properties and corrosion
resistance are strongly dependent on the microstructure [3], so its proper identification is critical to
understand the behavior of the material. In the case of Ni-hard alloys, little has been said about specific
etchants that highlight the structure of these alloys [4,5]. Ni-hard alloys are classified according to
standard [6], in the wear-resistant white-cast iron alloys. These white alloyed cast irons substitute
the binary unalloyed white cast irons because of their higher tenacity and hardness. The percentages
of carbon and chrome are variable depending on the mechanical requisites: the higher contents are
used for high wear solicitations [7,8] and the lower contents are proper to acquire certain tenacity
exigency [9]. This kind of ferrous cast alloys are widely used in mining, fluid transport, carbon
industry, or metallurgy, among others [10,11], because of their advantages in fabrication and costs.
The fabrication of elements for pulverizing mills is worth to be specially mentioned [12–14].

The microstructural evolution from the liquid state after cooling in sand mold begins with
the solidification of austenite, which increases its carbon content as temperature decreases, up to
reaching the eutectic temperature [15,16]. The solidification ends with the formation of the eutectic
microconstituent. Its morphology is formed by a rounded-contoured matrix [17], made of M3C-type
carbides, that encircles the proeutectic austenite, the dispersed microconstituent. Both eutectic and
proeutectic austenite are highly stable because of the high carbon and alloy contents in solution [18–20].
During the cooling between the eutectic and eutectoid temperature ranges, the proeutectic and eutectic
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austenite segregates secondary globular-type carbides [18,19]. Depending on the cooling rate during
the eutectoid interval, the austenite will eventually be partially transformed into pearlites (P), bainites
(B), or martensites (M) since MF (martensitic transformation end temperature) is typically much lower
than the room temperature [1]. In the case of sand-mold cooling for medium thicknesses, the austenite
will be partially transformed into martensite and isolated pearlitic zones. In slower cooling processes,
segregation happens and the behavior of the last interdendritic fluid in solidification (LTF, last to freeze)
is different owing to the high refractoriness of the austenite to be transformed [1].

Given the influence of the type, morphology, distribution, and quantity of microconstituents on
the behavior in service of the cast iron [18,19], its identification is critical. The presence of austenite,
pearlites, and bainites decreases the hardness and, therefore, the resistance to wear while increases
the tenacity [9,21]. On the other hand, secondary carbides increase the hardness, while the initial and
final martensitic transformation temperatures are increased when the austenite is destabilized because
it contains less carbon and alloys in solution [7,22]. The microstructure of these alloys is well-known,
but it is not easy to distinguish each of the constituents by metallurgical procedures [23,24]. Some of
them, owing to its similarity in chemical composition and structure, are colored by the same etchants
and are only distinguishable because of its color shade.

In this work, the characterization of the microconstituents that appear in Ni-hard alloys is
systematized by selecting the proper selective reagents. This leads to a specific attack—or a sequence
of them—to identify every single microconstituent. Although the separate use of the reagents for
the characterization of iron-base alloys has already been described in the literature, the successive use
of all of them for the study of Ni-hard alloys has not been reported. The traditional nital-3 etchant
colors the austenite to brown tones and the pearlite to darker tones. Martensite remains unaltered
as well as eutectic and secondary carbides, so it is necessary to study other attacks that identify
these microconstituents [25,26].

2. Materials and Methods

Ni-hard cast-iron alloys have been used for more than fifty years in fields that require extreme
hardness to work under high wear conditions. For metallic materials, an increase in hardness mostly
imply embrittlement. Because of this fact, white cast irons found almost no application in industries,
being replaced by alloyed cast irons [27]. To this purpose, four main types of Ni-hard alloy were
developed [28,29]:

• Type 1: 3.0–3.6%C, 0.3–0.5%Si, 3.3–4.8%Ni, 1.5–2.6%Cr
• Type 2: <2.9%C, 0.3–0.5%Si, 3.3–5.0%Ni, 1.4–2.4%Cr
• Type 3: 1.0–1.6%C, 0.4–0.7%Si, 4.0–4.75%Ni, 1.4–1.8%Cr
• Type 4: 2.6–3.2%C, 1.8–2.0%Si, 5.0–6.5%Ni, 8.0–9.0%Cr

Besides, Ni-hard alloys can be modified through the addition of other elements, such as
titanium [17], vanadium [30,31], molybdenum [32,33], manganese [34] or boron [35]. Wear resistance
is related to the chemical composition and the microstructure of the alloy. Wear rate sinks as carbon
content decreases for both cast irons and steels—in absence of graphite. Regarding the microstructure,
the higher percentage of martensite, the more resistant the alloys are. Besides, the presence of
eutectic carbides is more beneficial than the secondary ones, because the latter may be detached from
the matrix [18,19].

In this study, the microstructural characterization has been done by optical microscopy of
the higher tenacity Ni-hard (EN-GJN-HB480) whose composition according to emission spectrographic
analysis is 2.75–2.98%C; 0.5–0.67%Si; 0.50–0.77%Mn; 0.04–0.06%P; 0.02–0.06%S; 4.17–4.50%Ni and
1.82–2.00%Cr. The test pieces were molded in chemical sand and molten in an induction furnace of
intermediate frequency (3 kHz) AJAX GUINEA, in a 200 kg crucible, from a temperature of 1340 ◦C.
The specimen for the metallographic analysis was obtained by cutting with a metallographic metal
cutting machine of 30 mm diameter round pieces. The characterization has been done in the as-cast
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condition. After sectioning, the pieces were encapsulated in a metallographic mounting press with
NXMET high-quality phenolic resin. Once they are encapsulated, they were ground and polished
before being attacked.

Attacks were performed with the reagents in Table 1. For this work, the sequence of attacks is:

• Attack 1: Marshall reagent for 5 s at room temperature
• Attack 2: Marshall reagent for 25 s at room temperature
• Attack 3: Marshall reagent for 60 s at room temperature
• Attack 4: Attack 3 + 5% ammonium persulfate at room temperature
• Attack 5: Attack 4 + Kalling N◦1
• Attack 6: Murakami hot reagent
• Attack 7: Murakami reagent at room temperature
• Attack 8: Klemm reagent for 20 s
• Attack 9: Nital-3 at room temperature
• Attack 10: Marble reagent
• Attack 11: Picral reagent
• Attack 12: Vilella reagent for 20 s

Table 1. Reagents used.

Reagent Composition

Murakami [36] 10 g K3[Fe(CN)6], 10 g KOH and 100 mL H2O

Klemm [37,38] 50 mL of H2O, Na2S2O3 until saturation, and 1 g of K2S2O5

Marble [39] 10 g CuSO4, 50 mL of HCl and 50 mL of H2O

Marshall [40] 28 mL of 5% oxalic acid, 80 mL of H2O and 4 mL of 30% H2O2

Nital-3 [24] 3% HNO3 in ethyl alcohol

Ammonium persulfate [41] 5 g of (NH4)2S2O8 and 100 mL of H2O

Kalling N◦1 [42] 1.5 g of CuCl2, 33 mL of H2O, 33 mL of HCl and 33 mL of ethanol

Picral [24] 100 mL of Ethanol and 4 g of C6H2OH(NO2)3

Vilella [42] 1 g of C6H2OH(NO2)3 and 5 mL of HCl and 100 mL of ethanol

For these attacks, etchants, reaction times, and temperatures were chosen according to specialized
studies [1,5,26,43,44]. The key point is to minimize the etching time and the temperature not to
burn the microstructure. This would induce the darkening of the microconstituent instead of
its identification. It is preferable to accomplish a series of short attacks, checking the results after each
one, instead of attacking the sample for long.

3. Results

The microconstituents that can be present in the alloy are proeutectic austenite (APE), martensite
(M), pearlite (P), secondary carbides (CS), eutectic carbide (CE), and eutectic (E) [10]. Contrary to
other ferrous alloys, in Ni-hard works, it is not common to distinguish between pearlites and bainites
because they show almost the same pernicious properties, so the term “pearlite” actually refers to any
biphasic aggregate that comes from the diffusive decomposition of the austenite in ferrite and cementite.
However, many structures are distinguished as the decomposition temperature—as well as the thickness
of these lamellas—is lowered: pearlite, sorbite, troostite, upper bainite, and lower bainite [1,16].
Generally, the thinner the lamellas are, the more resistant and brittle the biphasic constituent is. Though
there are plenty of possibilities among the etchants to identify the microconstituents of these alloys,
the selected attacks are focused on unequivocally highlight any of them.
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3.1. Attack 1—Marshall Reagent for 5 s at Room Temperature

With this attack during 5 s of immersion, the edges of the eutectic carbides can be observed, and
the proeutectic austenite grains are delimited. Inside the proeutectic grains of austenite, needles of
an undetermined constituent start to be spotted. These needles may correspond to the upper bainite
as well as martensite (Figure 1).

Figure 1. Marshall reagent for 5 s at room temperature (200×).

3.2. Attack 2—Marshall Reagent for 25 s at Room Temperature

By prolonging the previous attack, more contrast is gotten in the edges of the eutectic carbides
and the proeutectic austenite. Pearlite areas (P) are observable inside the proeutectic grains in 500×,
in the shape of dark laminar areas (Figure 2).

Figure 2. Marshall reagent for 25 s at room temperature: (a) general view at 200×;(b) detail at 500×.

3.3. Attack 3—Marshall Reagent for 60 s at Room Temperature

Prolonging the reagent time, the contrast of pearlitic zones and the definition of martensite
needles enhance. The typical morphology of the transformed eutectic formed by the carbide matrix,
the retained austenite, the pearlite, and the martensite needles are now perfectly distinguishable.
Martensite is attacked is a slighter way, but its characteristic disposition at 60◦ is observable and makes
it distinguishable from pearlites (Figure 3).
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Figure 3. Marshall reagent for 60 s at room temperature: (a) general view at 200×; (b) detail at 500×.

3.4. Attack 4—Attack 3 (Marshall Reagent for 60 s at Room Temperature) + 5% Ammonium Persulfate
at Room Temperature

After attacking with ammonium persulfate, the austenite inside the proeutectic constituents
is bluish-colored, revealing the dark-brown pearlite and the martensite needles in a lighter-brown
tone. The presence of white carbides can be observed inside the proeutectic grains. Once again,
the microstructure typical of the eutectic is identified. This attack highlights the austenite,
and the intragranular carbides—inside the grains—remain unaltered (Figure 4).

Figure 4. Attack 3 (Marshall reagent for 60 s at room temperature) + 5% ammonium persulfate at room
temperature: (a): general view at 200×; (b) detail at 500×.

3.5. Attack 5—Attack 4 (Marshall Reagent for 60 s at Room Temperature, 5% Ammonium Persulfate at Room
Temperature) + Kalling N◦1

Attack 4 + Kalling N◦1 transforms the blue color of the retained austenite, because of
the ammonium persulfate reaction, into light brown and turns even darker the martensite needles.
The secondary carbides inside the proeutectic grains are revealed much more clearly (Figure 5).

Figure 5. Attack 4 (Marshall reagent for 60 s at room temperature, 5% ammonium persulfate at room
temperature) + Kalling N◦1: (a) general view at 200×; (b) detail at 500×.
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The presence of secondary carbides is limited because these Ni-hard alloys have few
carbide-forming elements and low carbon content. Despite this fact, they are segregated during
continuous cooling between eutectic and eutectoid temperatures after solidification.

3.6. Attack 6—Murakami Hot Reagent

To only color the carbides of the eutectic, hot Murakami reagent accelerates the reaction. Bluish
coloration of the eutectic carbide network and martensite needles is observed. Small areas with
the same coloration are observed inside the proeutectic grains, which coincide with the secondary
carbides (Figure 6).

Figure 6. Murakami hot reagent: (a) general view at 200×; (b) detail at 500×.

3.7. Attack 7—Murakami Reagent at Room Temperature

In addition to the matrix of eutectic carbides, the Murakami reagent at room temperature highlights
dark areas referring to the carbon segregation in the cast iron. Large amounts of small carbides are
identified inside and outside the proeutectic grain (Figure 7).

Figure 7. Murakami reagent at room temperature: (a) general view at 200×; (b) detail at 500×.

3.8. Attack 8—Klemm Reagent

When the Ni-hard alloy is attacked with Klemm reagent, the austenite is colored light brown, the
martensite remains white and the pearlite is darkened. The eutectic carbides are not dyed by Klemm
reagent (Figure 8).



Metals 2020, 10, 728 7 of 12

Figure 8. Klemm reagent: (a): general view at 200×; (b) detail at 500×.

3.9. Attack 9—Nital-3 at Room Temperature

Nital-3 is traditionally used for ferrous alloys and darkens the ferrite grain boundaries and
the interface between ferrite and cementite. After its attack, the austenite is distinguished in a light
brown tone, the pearlite is darkened, and the martensite and the eutectic carbides remain white.
The secondary carbides cannot be distinguished from any other carbides (Figure 9).

Figure 9. Nital-3 at room temperature: (a) general view at 200×; (b) detail at 500×.

3.10. Attack 10—Marble Reagent at Room Temperature

The Marble reagent does not attack the matrix of eutectic carbides. However, it turns the proeutectic
austenite grains in brown tones and pearlite in almost black tones. Martensite appears as white needles.
Also, white areas are observed inside the proeutectic grains, resembling the secondary carbides already
seen with Kalling N◦1 (Figure 10).

Figure 10. Marble reagent at room temperature: (a) general view at 200×; (b) detail at 500×.
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3.11. Attack 11—Picral Reagent

The Picral attack also induces a difference of tonality between the pearlitic and martensitic
microconstituents. Austenite grains are darkened whereas the eutectic carbide matrix remains unaltered.
Martensite and pearlite have also been attacked, as the pearlite has darker shades (Figure 11).

Figure 11. Picral reagent: (a) general view at 200×; (b) detail at 500×.

3.12. Attack 12—Vilella Reagent for 20 s

The Vilella reagent hardly attacks the phases of the white cast. There is a black-colored phase
corresponding to martensite with their characteristic morphology in needles, forming 60◦ between
them. Areas with a darker hue are also observed, which corresponds to the matrix of eutectic
carbides (Figure 12).

Figure 12. Vilella reagent for 20 s, (200×).

4. Discussion

The results of the described attacks are summarized in Table 2. It is seen that it is possible to
distinguish all the microconstituents present in the Ni-Hard alloy studied, including those that are
not usually distinguishable with the typical reagents [1,26,38,40]. Considering the importance of
the carbide matrix for the wear applications of these alloys [8,18], Table 2 should be used to identify
them. Afterward, through image analysis, for instance, the rates between the microconstituents
can be related to the measured hardness. For metallurgical purposes, the most interesting case
is the possibility of distinguishing between pearlite and martensite, feasible through attack 12.
Even though this differentiation is feasible through microscopy—the lamellar structure of the pearlite
and the needles of martensite are observable through SEM [17,21,45,46], for instance, or chemical
analysis, EDX or EDMA analysis may point out that pearlite has a narrower range of carbon
contents [47]—it is not easy to discriminate between them through metallographic techniques [48].
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To identify the austenite, the etchant combination of attack 4 is the best choice, coloring it to a blue shade.
To selectively attack the eutectic carbides, attack 7 darkens them, as well as the intragranular carbides.

Table 2. Microconstituents status after each attack studied (APE: Proeutectic austenite; AE: Eutectic
austenite; M: martensite; P: pearlite; CE: eutectic carbides; CS: secondary carbides; RT: room temperature;
HT: high temperature; Cont.: contoured).

Attack Microconstituent

# Reagent t (s) Temp APE AE M P CE CS

1 Marshall 5 RT Cont. Cont. No Slightly Cont. No

2 Marshall 25 RT Cont. Cont. Slightly Dark Cont. No

3 Marshall 60 RT Cont. Cont. Slightly Dark Cont. No

4 Attack 3 + 5% ammonium persulfate 25 RT Blue Blue Dark Dark Cont. Cont.

5 Attack 4 + Kalling N◦1 60 RT Slightly Dark Dark Dark Cont. Cont.

6 Murakami 60 HT No No Dark Dark Gray Gray

7 Murakami 60 RT No No No No Dark Gray

8 Klemm 20 RT Slightly Slightly No Dark No No

9 Nital-3 40 RT Slightly Slightly No Dark No No

10 Marble 10 RT Slightly Dark No Dark No Cont.

11 Picral 10 RT Slightly Slightly Slightly Dark No No

12 Vilella 20 RT No No Dark No Slightly No

5. Conclusions

The objective of this paper is to identify the type, morphology, distribution, and quantity of
microconstituents with selective reagents, regarding the influence on the behavior in service of
the Ni-hard white cast iron. Different reagents have been chosen from those proposed in the literature
to reveal each one of the microconstituents. Although the most common choice for this type of castings,
ferrous alloys, is the Nital-3 or Picral reagents, it is clear in this study the need to use other reagents to
unambiguously reveal the appearing microconstituents. There are several possible etchants to identify
the microstructure of these alloys, regarding specific microconstituent that is wanted to be spotted.
In Table 2, the comparison of all attacks made to the Ni-Hard cast iron is shown. All the possible
microconstituents, as well as their arrangement, are thus identified just by observing the microstructure
of the alloy. Among the studied attacks, the best selection for each relevant microconstituent—pearlites
and bainites have been excluded—is displayed in Table 3.

Table 3. Attack selection for each microconstituent present in Ni-hard alloys.

Microconstituent Attack

M: Martensite 12: Vilella reactant

APE: Proeutectic austenite 4: Marshall + 5% ammonium persulfate

CE: Eutectic carbides 7: Murakami reactant

CS: Secondary carbides 7: Murakami reactant

Owing to its common applications, the most important microconstituent is the carbide matrix,
but the rate between hard and soft components should be also studied. Thus, the proeutectic
austenite, the eutectic carbides, the martensite, and the pearlite must be identified. As said before,
high quantity martensite or carbides show better behavior against wear, whereas the austenite improves
its tenacity. As the proportion between these constituents can be controlled through the fabrication of
the alloy [49,50], it allows determining errors in this process.
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