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The presence of M7C3 carbide in white iron enhances its wear resistance because of high hardness.
Scanning electron microscopy (SEM) revealed its morphology as a pencil-like hexagonal structure. On the
basis of the SEM observations, elemental distribution studies, and differential thermal analysis (DTA) of
some heat-treated hypoeutectic white irons alloyed with Cr, Mn, and Cu, it is concluded that M7C3

carbides form as a result of attainment of a favorable condition in the liquid phase present at the austenite
grain boundaries. Segregation of phosphorus in the intercellular regions and formation of a copper-rich
intermetallic is responsible for the formation of this liquid phase. Austenite was found to nucleate first,
followed by the nucleation and growth of M7C3 carbide in its vicinity, because of rejection of C and Cr
during formation of austenite. The rosette structure generally observed is formed from the joining of M7C3

carbides by precipitation of secondary carbides.
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1. Introduction

M7C3 provides good resistance to wear/abrasion because of
high hardness[1] and therefore, forms the basis for the devel-
opment of wear/abrasion-resistant alloys. M7C3 may form di-
rectly from the liquid as primary carbides or may precipitate as
secondary carbides from austenite because of a decrease in
solubility of carbon in austenite with a decrease in temperature.
The secondary M7C3 may nucleate on the existing M7C3 or as
separate nuclei. Laird et al.[2] carried out the fractal analysis of
carbide morphology in high-Cr white irons and observed that a
hyper-eutectic alloy first solidifies via L → M7C3, forming
nucleation sites for the subsequent growth of M7C3 during
eutectic reaction. As such, this alloy consists mainly of the
faceted hexagonal-shaped carbides. A near-eutectic alloy first
solidifies as L → �Fe (austenite) with the subsequent eutectic
reaction occurring within large pools of liquid. As such, faceted
hexagonal-shaped carbides are allowed unrestricted growth
among the rosette-type clusters formed by the eutectic reaction
L → M7C3 + �Fe. This consists of mixed morphology of
smooth facets from the hexagonal-shaped carbides and coarse
facets of the quasi-rectangular and blade-like carbides. A hy-
poeutectic alloy experiences prior growth of �Fe (austenite)
which interdendritically constrains the growth of the M7C3

phase during the eutectic reaction L → M7C3 + �Fe.
The precipitate morphology is controlled by (1) minimiza-

tion of interfacial free energy in a given volume fraction of
precipitate, and (2) the total elastic energy (taking into account
both the components involving precipitate-matrix and precipi-
tate-precipitate interactions) associated with nucleation and

growth.[3] Local constraints to growth may further affect the
shape of the precipitates.[3-6]

Hunt and Jackson[7] classified the eutectic solidification as
lamellar nonfaceted-nonfaceted, faceted-nonfaceted, or fac-
eted-faceted on the basis of a phase being classified according
to a dimensionless factor �. A lamellar eutectic will form
where both phases have an � value of <2. If a phase has a high
� value (>2), its growth as a eutectic constitute will produce a
faceted interface. Metal-metal carbide eutectics fall into the
faceted-nonfaceted phase and the carbide is the faceted
phase.[8] According to this classification, the austenite-M7C3

eutectic would not be expected to be lamellar.[9]

Pearce[10] observed that the hexagonal-shaped M7C3 re-
sembles a pencil-like structure and showed that the central core
was martensite. Pearce[10] suggested that the growth of eutectic
M7C3 may occur in a manner similar to that proposed by Ohide
et al.[11] for primary crystals, which are believed to form as a
hexagonal shell and grow inward with a remaining melt or
shrinkage cavity at the central zone of the hexagonal form. This
suggests that the nucleation of M7C3 took place away from the
core and grew inward, thereby leaving a molten core with low
concentration of C and Cr. The core liquid later transformed to
austenite and then into martensite because the Ms temperature
increased as a result of low C and Cr.[12] According to this
observation, formation of M7C3 took place similarly to the
casting process in which solidification starts at the mold sur-
face and precedes inward and the core solidifies in the end. For
this process, nucleation sites similar to a mold wall must be
present in the liquid, which is only a hypothetical case and is
never possible in reality.

In view of the above discussion, an effort has been made to
study the formation sequence and morphology of hexagonal-
shaped M7C3. An explanation is presented about the formation
of a pencil-like structure of M7C3.

2. Experimental Procedures

The alloy was air-melted in clay-bonded graphite crucibles
in an induction furnace and sand cast into 25-mm diameter ×
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250-mm-long cylindrical ingots. Chemical analysis (Table 1)
was done with the help of a vacuum quantimeter and x-ray
fluorescence analysis.

Heat treatments comprised soaking at 800, 850, 900, 950,
1000, and 1050 °C for 2, 4, 6, 8, and 10 h followed by air-
cooling. Heat treatments were carried out in an airtight muffle
furnace, the temperature of which was controlled within ±5 °C.

Optical metallography was done on disc samples (height ≈
15 mm) that were sliced off from the cylindrical ingots by
making a 2- to 3-mm-deep cut along the circumference on a
silicon carbide cut-off wheel followed by hammering. Heating
of the specimens during cutting was minimized through water-
cooling. Optical metallography was carried out on a Reichert
Metavert-368 (Vienna, Austria) microscope. The specimens
were etched with freshly prepared 2% nital solution. Scanning
electron microscopy (SEM) was carried out with a model JSM
840A scanning electron microscope (JEOL, Tokyo, Japan) at
an accelerating voltage of 20 kV. The samples were deep
etched in 6% HNO3 in CCl4 for this purpose. Electron probe
microanalysis (EPMA) was done to study the partitioning be-
havior of the alloying elements into matrix and carbide. This
was done on a Superprobe 733 instrument (JEOL) at an accel-
erating voltage of 15 kV.

Differential thermal analysis (DTA) was done on a model
STA 781 differential scanning calorimeter (Stanton and Red-
croft, NJ, USA) using alumina as a reference material. This
was carried out primarily to assess the transformation tempera-
ture(s) at which the phase transformation(s) occurred while
heat-treating was performed. For DTA, powder samples weigh-
ing approximately 15 mg and made by turning the as-cast ingot
were heated at a rate of 10 °C/min up to 1100 °C.

3. Results and Discussion

Figure 1 is a typical SEM micrograph showing network
carbide along austenite grain boundaries obtained after 4 h
soaking at 1050 °C followed by air-cooling. EPMA (Table 2)
of these carbides revealed that they were chromium-rich (Fe,
Cr)7C3. The formation of M7C3 in low Cr alloy can be ex-
plained as follows.

The alloy under study contains relatively high phosphorus
(Table 1), which is known to segregate in the intercellular
space, raising its concentration to a level required to form
phosphide eutectic.[13] A liquid phase rich in P, Cr, and C
begins to appear at about 950 °C,[14-16] therefore, if the soaking
temperature of the alloy is more than this temperature, partial
melting may be observed near phosphorus-rich regions. Shin et
al.,[17] while studying the liquid film migration in a sintered
Fe-Cr-C base alloy, observed the formation of network car-
bides during solidification of liquid films formed because of
the presence of P, Cr, and C as discussed above. The network
carbides have also been observed by Thumuki et al.[18] and
Suganuma et al.[19] The alloy also contains copper. Because the

solid solubility of copper is poor except in austenite, it will
precipitate out once austenite goes under transformation to
other phases. The manganese present may then combine with
copper to form a low melting point (873 °C at 34.6% Mn)
intermetallic.[20] Copper-rich needles (Fig. 2) observed with
SEM-energy-dispersive x-ray analysis (EDAX) analysis in the
lower temperature treatments (950 °C, 6 h, air-cooling) confirm
this possibility. DTA (Fig. 3) also revealed a peak at 937 °C,
indicating possible melting caused by the above-mentioned
reasons.

At 1050 °C soaking temperature, two phases exist: austenite
and liquid. The liquid is likely to be present at the austenite
grain boundaries where the above-mentioned phenomenon
would occur. Because chromium has a greater tendency to
partition in the carbide rather than in austenite, a large amount
of chromium would come out of austenite and would dissolve
in the liquid present at the grain boundaries. Concentration of
C also increases in the liquid phase, as more and more C is
rejected from the austenite because of its lower solubility, com-
pared with carbon present in the alloy. High concentrations of
Cr and C will favor the formation of Cr-rich M7C3. Figure 4
represents typical hexagonal M7C3 carbides. A close examina-
tion of these carbides under SEM after deep etching revealed a
center-line hole resembling the pencil-like structure described
by Pearce.[6]

The following steps can explain formation of such a typical
morphology of M7C3, as represented in Fig. 5:

1) Nucleation of austenite in the liquid (Fig. 5a);
2) Growth of austenite nuclei (Fig. 5b);
3) Rejection of C and Cr from newly formed austenite due to

lesser solubility of these elements in austenite (Fig. 5b);

Table 1 Alloy Composition, wt.%

C S P Si Mn Cr Cu

3.05 0.070 0.183 2.24 6.1 4.8 1.46

Fig. 1 SEM image showing network carbide M7C3 (arrow)

Table 2 Electron Probe Microanalysis of Network
Carbide, wt.%

Phase Fe C Si Cr Mn Cu

Network carbides 58.28 12.68 0.04 22.78 9.57 0.04
Austenite matrix 83.03 3.07 2.20 3.14 5.80 1.34
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4) Buildup of C and Cr around austenite (Fig. 5b);
5) Nucleation of M7C3 at austenite because of favorable con-

ditions provided by step (4) (Fig. 5c);
6) Movement of C and Cr from the surrounding region in the

liquid to M7C3 nuclei (Fig. 5c);
7) Growth of M7C3 because of step (6) (Fig. 5d);
8) Formation of austenite in the surrounding region of M7C3

due to depletion of Cr and C in the adjoining regions (Fig.
5e);

9) Steps (3) to (7);
10) Formation of secondary carbides may take place at M7C3

and/or within austenite because of a decrease in the solu-
bility of C and Cr in austenite with a decrease in the
temperature (Fig. 5f);

11) Growth of these secondary carbides may join two adjacent
M7C3, giving a look of a single carbide (Fig. 5f);

12) Transformation of austenite to martensite may take place
because of an increase in Ms temperature (Fig. 5f).

The above explanation is also supported by the fact that some
M7C3 (arrow, Fig. 1) present in the center of rosette-clusters

have grown to a larger size compared with the nearby M7C3,
revealing that the nucleation of the M7C3 took place initially,
followed by formation of other M7C3 according to the steps
described (Fig. 1). Incomplete growth of M7C3 (arrow, Fig. 4),
although a core is present, also suggests that nucleation and
growth of M7C3 takes place after the austenite has grown suf-
ficiently enough to reject the required amount of C and Cr for
the formation of M7C3 (Fig. 5c).

Formation of rosette-clusters of M7C3 (Fig. 1) during so-
lidification of liquid metal can also be explained by the steps
described. First, formation of M7C3 takes place at a few nucle-
ation sites, followed by their growth as in step (7). Because the
second round of nucleation and formation of M7C3 take place
at a large number of sites according to steps (8) and (9), the
sizes of M7C3 in the second round are smaller compared with
the initially formed M7C3. This is followed by another round of
formation of M7C3. The sizes of these M7C3 are still smaller
than those in the previous round of M7C3. The size of M7C3

will depend upon the extent of growth in the available space.
Because the available space in the initial round is large, the
sizes of M7C3 are larger compared with the later rounds of
M7C3. This process of M7C3 formation continues until it en-
counters another growing cluster of M7C3. In the process it
forms a rosette structure where each M7C3 has an austenite/
martensite core resembling a pencil-like structure and is en-
capsulated by austenite/martensite (Fig. 1).

4. Conclusions

• Segregation of phosphorus in the intercellular regions and
formation of copper-rich intermetallic are responsible for
the partial melting at austenite grain boundaries.

• M7C3 carbide can form because of attainment of a favor-
able condition in the liquid phase present at the austenite
grain boundaries.

• Austenite is the first phase to nucleate and grow in liquid
followed by nucleation and growth of M7C3 at the newly
formed austenite. This reaction proceeds in a manner simi-
lar to a eutectic transformation L → M7C3 + �Fe.

Fig. 2 SEM image showing Cu-rich intermetallic (arrow)

Fig. 3 DTA of the alloy. TG, thermogravimetric; DTA, differential
thermal analysis; DDTA, derivative of differential thermal analysis

Fig. 4 SEM image showing typical pencil morphology of M7C3 car-
bide (arrow). Dark continuous phase is austenite
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• M7C3 is enclosed by austenite except where secondary
carbide precipitation has joined the two M7C3 carbides.
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