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Structure, nucleation, growth and morphology
of secondary carbides in high chromium
and Cr-Ni white cast irons
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Heat-treated high chromium and Cr-Ni white cast irons are widely used by the mining and
mineral industries for impact and abrasion resistance. With certain heat treatments, Fe-Cr
carbides are precipitated within the chromium- and carbon-rich austenitic matrix, thereby
destabilizing the austenite which transforms substantially to martensite on subsequent cooling.
The crystal structures of these carbides were determined indirectly by referring electron
microprobe analyses of the austenitic matrix to the appropriate isothermal solid-state sections
of the Fe~Cr-C phase diagram and directly by microprobe analyses of exposed secondary
carbides. The nucleation, growth and morphology of these carbides were studied by a
combination of selective removal of the austenitic matrix and subsequent scanning electron

microscopy of the exposed carbides.

1. Introduction

The microstructure of highly alloyed hypoeutectic
chromium and Cr-Ni white cast irons can be de-
scribed as an anomalous eutectic [1]. The matrix of
austenite (y-Fe) in these alloys surrounds an inter-
connecting network of brittle faceted (Cr, Fe),C; or
(Fe, Cr),C; (M,C;) eutectic carbides [2-4].

These materials are dominantly used in the mining
and mineral processing industries for wear resistance
[5-7]. To obtain improved repetitive-impact tough-
ness and (depending upon the wear environment)
improved abrasion resistance, these irons are often
heat treated at temperatures above the A3 temper-
ature, held, and then furnace cooled [8, 9]. The pur-
pose of this heat treatment is to transform the softer
metastable austenitic matrix to a harder and more
stable martensitic matrix [7, 91.

An often ignored side-product of the heat treatment
is the formation of numerous Fe—Cr carbides formed
by the solid-state reaction of y-Fe - M;C or M,C; or
M,;C, + v-Fe. Carbides formed via this solid-state
reaction are often termed secondary carbides. The
formation of these carbides and the attendant de-
alloying of chromium and carbon of the matrix is
essential to the transformation of austenite to mar-
tensite upon cooling [7]. Furthermore, it has been
shown by others that secondary carbides play an
important role in determining the toughness and abra-
sion resistance of high-alloy white cast irons [7].
Therefore, these irons should be viewed as having
three major components that influence their wear
properties; a matrix of martensite and some austenite,
M, C, eutectic carbides, and secondary carbides.
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The structure, nucleation, growth, and morphology
of secondary carbides in a range of hypoeutectic
chromium and Cr-Ni white cast irons were investig-
ated. The structures of various secondary carbides
were inferred from electron microprobe measurements
of chromium and carbon in the austenite dendrites
with reference to the Fe-Cr—C phase diagram and
electron microprobe analyses of exposed individual
carbides. Nucleation and growth mechanisms were
postulated from scanning electron microscopy (SEM)
observations. Lastly, the morphology of these carbides
is shown by SEM observations.

2. Experimental procedure

All specimens used for this study were melted in
induction furnaces and cast into chemically bonded
sand moulds. Table I gives their compositions and
cooling rates during solidification in the sand mould.
Compositions were determined by X-ray fluorescence
on 25.4 mm round bars for the heavy elements and
gaseous diffusion for carbon. The cooling rate was
calculated as the elapsed time between the eutectic

TABLE 1 Irons studied

Alloy  Composition (wt %) Cooling rate (K s™ 1)
Cr Ni C Si Mn Mo

A 88 57 30 18 11 00 015

B 177 04 31 02 06 11 Q.15

C 293 01 25 01 01 00 030
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TABLE II Heat-treatment details

Alloy Temperature (K) Soak (h)
Al As-cast None
A2 1073 0.25
A3 1073 0.75
A4 1073 4.00
B1 As-cast None
B2 1273 0.25
B3 1273 0.75
B4 1273 4.00
Ct As-cast None
C2 1273 0.25
C3 1273 0.75
C4 1273 4.00

arrest temperature and 873 K. These temperatures
were measured by an alumina-sheathed Type S
thermocouple inserted into the casting cavity.

Alloys A and C were melted from starting materials
of pig iron, electrolytic nickel and chromium and
ferrous-based compounds of silicon and manganese.
Alloy B was obtained from a commercial foundry.
Specimens were cut from each alloy using a slow-
speed water-cooled tungstencarbide bandsaw. To pre-
vent decarburization, the specimens were wrapped in
several layers of stainless steel foil before heat treating.
A pre-heated furnace was used in all heat treatments
and after the prescribed isothermal soak, the speci-
mens were air cooled. Table IT gives the heat treat-
ments and hold times.

The use of 1073 K (Alloy A) and 1273 K (Alloys B
and C) isothermal soak temperatures and times up to
4 h follow commercial practice for austenite destabil-
ization for these irons [10, 11]. The lower temperature
of 1073 K results from the addition of nickel to
Alloy A. The increased nickel content depresses the
solid state reaction of y-Fe — y-Fe + a-Fe + carbide
to a lower temperature [12]. Hence, for all alloys, the
solid-state reaction at these temperatures is one of
v-Fe—carbide +v-Fe [13, 14]. Subsequent to casting
and heat treating, the specimens were mounted in
epoxy and polished using standard metallographic
techniques.

2.2, Analytical procedures used

To reveal the secondary carbides in the above speci-
mens, the austenitic matrix was chemically dissolved
in a solution of 75% concentrated HCI, 24% concen-
trated HNO;, and 1% concentrated HF. The deep-
ctched microstructures were then observed via the
secondary electron imaging mode in a scanning elec-
tron microscope.

The compositions of the carbides and matrix phases
reported in this paper were determined with a Cameca
SX-50 electron microprobe fitted with wavelength-
dispersive spectrometers. Each spectrometer was
peaked for a particular element (Mo, Fe, Cr, Ni, Mn,
Si, and C), and its output was calibrated against
known standards. The most critical of the standards,
that for carbon, was the primary M,C; carbide pre-
sent in a high-chromium white cast iron. K radiation
was always used. Count times were 50 s for carbon
and 10 s for all other ¢lements. The beam current and
accelerating voltage were held constant at 0.020 pA
and 15 kV, respectively. Under these operating condi-
tions, fluorescence occurred in a region with a linear
dimension of ~2 pm and a volume of 6-8 pm3. The
beam could be positioned on the surface of the speci-
men with an accuracy of +1 pm.

3. Results and discussion

3.1. Structure

To determine the composition of the eutectic carbides
and the microsegregation of alloying elements within
the austenite dendrites, microprobe traverses were
performed across dendrites in Alloys A1, Bl and C1.
Selected analyses and summary statistics from this
work are given in Table III. The final column of
Table III labelled “Stoichiometry”, gives the metal
(M = Fe + Cr + Ni + Mn + Mo) to carbon ratio for
each analysis of a carbide. Thereby, because the car-
bide types M;C, M,C;, and M,;C, have been found
to be almost completely stoichiometric [4, 13, 15-17],
the analyses given in Table III show that all three
alloys have eutectic carbides of the M,C; type. Work
by Laird et al. [4] (approximating to Alloy A) and
Jackson [14] and Thorpe and Chicco [18] (approx-
imating to Alloys B and C) has shown that these

TABLE III Microprobe analyses across eutectic carbides and austenite dendrites (composition in wt %)

Alloy Fe Cr Ni C Si Mn Mo Total Mean cov® Stoichiometry
Al

y-Fe® 84.1 4.7 73 14 2.0 0.8 0.0 100.3 100.3 04 n/a

EC* 584 318 0.8 8.6 0.0 1.2 0.0 100.8 M. oCso

Bl

y-Fe 85.8 10.1 0.5 1.2 04 0.5 04 98.9 99.2 0.6 n/a

EC 46.3 438 0.0 8.6 0.0 0.5 1.9 101.3 M;6Cso

C1

v-Fe 79.8 19.3 0.1 0.7 02 0.1 0.0 100.2 100.6 04 n/a

EC 274 65.5 0.0 9.2 0.0 0.1 0.0 102.2 M;oCapo

2 Coefficient of variation.
5Typical austenite dendrite composition.
¢ Typical eutectic carbide (EC) composition.
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Figure 1 (0, A, O) Chromium and (M, A, @) carbon analyses
across dendrites of Alloys ((J, B) Al, (A, A) Bl and (O, @) Cl.
Note: ordinate is logarithmic and abscissa is linear.

carbides are formed by the monovariant eutectic reac-
tion of L — M,C; + y-Fe during metastable solidi-
fication.

Microprobe analyses of chromium and carbon for
Alloys A1, B1 and C1 are shown in Fig. 1. Inspection
of Fig. 1 shows that the carbon content is reasonably
uniform across the austenite to the eutectic carbide
but the chromium content in all three alloys decreases
within ~2 pm of the eutectic carbide. The carbon
spike shown for Alloy Al is believed due to an un-
observed secondary carbide formed during cooling in
the sand mould. Note that Fig. 1 is a semi-log plot.
The chromium variation is the opposite of that ex-
pected from dendritic microsegregation. The probable
explanation is that the austenite adjacent to the eutec-
tic carbide is eutectic austenite and solidified with a
lower chromium and carbon content. The uniformity
of carbon but not chromium is explained by the faster
interstitial diffusion of carbon, which allows a near
equilibrium distribution of carbon in the austenite
during post-solidification cooling.

From Rivlin’s [13] review of the equilibrium tern-
ary Fe-Cr-C system, partial isothermal sections at
1143 K (~1073 K for Alloy A) and 1273 K (for Alloys
B and C) are reproduced in Fig. 2a and b, respectively.
Plotted on these isotherms are the microprobe ana-
lyses (chromium and carbon) of the y-Fe matrix for
Alloys Al, Bl and C1 taken from Table III. Using
these isotherms and the results from microprobe ana-
lysis, it is possible to predict the resulting secondary
carbides formed during isothermal soaking. For Alloy
A, Fig. 2a indicates that the composition is near the
boundary of y-Fe-+ M;C. Although Alloy A is not a
ternary Fe-Cr-C alloy, this hypothesis is reasonable
because nickel is marginally soluble in M;C, M,C,
and M,,C, carbides [15] and by segregating in the
austenite expands the y-Fe + carbide phase field [12].
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Figure 2 Partial isotherms of the Fe—~Cr—C system at (a) 1143 K and
(b) 1273 K, after Rivlin [13].

Note that inspection of Fig. 2a shows that the com-
position of the austenite dendrite in Alloy A is just
outside the y+M,C field. This may be due either to
the fact that the isothermal section is that for 1143 K
rather than the soak temperature of 1073 K or, more
probably, the effect of 7.3 wt % Ni on the boundaries
of the v+ M;C field. For Alloys B and C, Fig. 2b
shows that the equilibrium state is y-Fe+M,C; and
v-Fe 4+ M, ;Cq, respectively. The minor concentrations
of silicon, manganese and molybdenum for Alloys B
and C would be expected to have a negligible effect
upon the boundaries of the isothermal section at
1273 K.

To confirm these results partially, microprobe ana-
lyses were performed on exposed secondary carbides
within Alloys A4 and B4. The procedure involved
removing the austenite via deep etching and then
traversing the microprobe beam across isolated
exposed secondary carbides. An analysis was deemed
“accurate” when the weight percent totals ap-
proached 100 + 2. High or low totals indicate spurious
fluorescence conditions, i.e. at the edge of a carbide.
The results of these analyses are given in Table IV and
are entirely consistent with the above reasoning. It
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TABLE IV Microprobe analysis of secondary carbides (wt %)

Alloy Fe Cr Ni C Mn Mo Total Stoichiometry
A4 74.3 16.0 13 6.6 13 0.0 99.5 M, 0.C
B4 52.5 350 0.2 7.8 0.8 1.5 98.0

M7.16C2.84

should be noted that Basak et al. [19] obtained the
same results for M, ; ,C, 5, after chemically analysing
extracted carbides. The fine secondary carbides in
Alloy C4 were beyond the beam resolution and hence
could not be analysed.

In the case of Alloy C, transmission electron micro-
scopy work by Pearce and Elwell [20] on a similarly
heat treated ~ 28% Cr white cast iron has shown that
the secondary carbides are of the M,;Cg type.

3.2. Nucleation and growth

After 4 h isothermal heat treatment, Alloys A4, B4 and
C4 show superficially similar matrix microstructures
of martensite, austenite and secondary carbides when
viewed by optical microscopy (Fig. 3a—c. In these
photomicrographs, the etchant has darkened the
acicular martensite. The secondary carbides (black
arrows) and retained austenite were unattacked by the
etchant and appear light coloured or white within the
dendrites shown in Fig. 3a—c. Furthermore, in Alloy
Ad, Fig. 3a shows the secondary carbides as having an
acicular morphology compared with the more oblate
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or short rod-like morphologies shown for Alloys B4
and C4 in Fig. 3b and c, respectively.

3.2.1. Alloy A

The composition of Alloy A is similar to that of irons
known commercially as NiHard IV [21]. The se-
quence of nucleation and growth for precipitation of
M, C secondary carbides is shown in Fig. 4a-d.

As clearly shown in all photomicrographs, the M;C
secondary carbides exhibit a plate-like morphology.
In the as-cast condition, Fig. 4a, very few M;C plates
have formed upon the slow cooling in the sand mould
(~0.15Ks™1). Furthermore, it appears that these
plates have not nucleated on the M,C; eutectic car-
bide but within the austenite dendrite. It should be
noted that earlier work on Alloy Al by one of the
authors [22] has shown that these eutectic carbides
are entirely of the M,C; type and do not possess shells
of M;C.

After 0.25h at 1073 K, Fig. 4b shows a dramatic
increase in the number of M;C plates. The juxta-
position of these plates appears similar to that of a
Widmanstatten mode of growth along preferred crys-
tallographic planes in the austenite dendrite. A study
of a possible orientation relationship between the
M;C plates and adjacent austenite has not been car-
ried out but the M;C plates have sympathetically
nucleated on pre-existing M,C plates [23].

As the isothermal soaking time increases to 0.75 h
at 1073 K, Fig. 4c shows that the morphology remains
essentially unchanged. Although the number of M;C
plates has further increased, the same general struc-
ture is apparent. Similarly to Fig. 4b, the M,C plates

Figure 3 Optical microstructure of irons after heat treating, note
numerous secondary carbides in dominantly martensitic dendrites.
Etchant: Kallings’s Reagent for (a) Alloy A4, and Vilella’s Reagent
for (b) Alioy B4 and (c) Alloy C4.




Figure 4 Scanning electron micrographs of Alloy A after deep
etching. Note plate-like morphology of M;C secondary carbides
(marked 1) and eutectic morphology of M,C, carbides (2). (a) As-
cast, (b) held for 0.25 h at 1073 K, (c) held for 0.75 h at 1073 K, and
(d) held for 4 h at 1073 K.

do not appear to nucleate on the M-,C, eutectic
carbides, with the highest density of M;C carbides
nearer the centre of the austenite dendrite than at the
interface between the M,C; and austenite dendrite.
Lastly, Fig. 4d shows Alloy A after 4 h at 1073 K.
Previously, this same iron was shown optically in
Fig. 3a with the matrix described as dominantly mar-
tensite. As shown in Fig. 4d, it is apparent that during
the soak, a significant proportion of plate-like M,C
carbide precipitated from the austenite which substan-
tially transformed to martensite on cooling. This latter
result partly explains the lowered static and dynamic
fracture toughness (K- and K,p) of these irons in the
heat-treated condition [7], ie. the brittle, plate-like
M, C carbides provide numerous crack initiation and
growth avenues for intra-dendritic fracture.

3.2.2. Alloy B

In the as-cast condition Alloy B showed virtually no
M, C; secondary carbides. This result is in contrast to
the observation of several M,C secondary carbides in
Alloy Al. After 0.25h at 1273 K, Fig. 5a shows the
M,C; secondary carbides as having three distinct
morphologies. In some locations shown in Fig. 5a the

Figure 5 Scanning electron micrographs of Alloys (a) B2 (0.25 h at
1273 K) and (b} B4 (4 h at 1273 K) after deep etching. The M,C,
secondary carbides are an aggregate of rod-like particles that
appear joined together (3) discrete rods (4), and occasionally as
plate-like shapes (5). In (b) (4 h at 1473 K), the carbides are coarser
by a factor of approximately 4. Note that there is still no nucleation
of M,C; secondary carbide on the eutectic M,C; carbide on the
left-hand side of the photograph.
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M, C; carbides appear (i) as agglomerates, (i) as dis-
crete rods, and (iii) as plate-like shapes. By analogy to
the growth of eutectic M,C; carbides, the morpho-
logies of the secondary carbides can be inferred. The
crystal structure of M,C; is hexagonal [13] and grows
as rods of hexagonal cross-section at fast solidification
rates [2]. At solidification rates typical of those used in
this study, the eutectic M,C; carbide morphology is
one of rods and plate-like shapes. Furthermore, trans-
mission electron microscopy work by Pearce [24] has
shown that M,C, eutectic rods can cluster together.
Hence, the agglomerates and plate-like shapes shown
in Fig. 5a are simply extensions of the same basic
morphological building block, i.e. the M,C; rod. In-
spection of Fig. 5a suggests that extensive nucleation
of M,C, carbide occurred in Alioy B during the first
0.25 h soak at 1273 K. Virtually no M,C; secondary
carbides were present in the as-cast condition. This
suggests that the cooling rate did not allow time for
M,C, to nucleate heterogeneously from the austenite
during cooling at 0.15K s~ in the sand mould.

After holding for 4 h at 1273 K, Fig. 5b shows that
the principal morphological features remain intact
although the carbides are coarser by a factor of ap-
proximately 4. The random orientation of the second-
ary M,C; carbides in Fig. 5b suggests that there is no
preferred crystallographic growth relationship with
the austenitic matrix.

Similar to Alloy A4, the long isothermal soak ex-
perienced by Alloy B4 has resulted in a structure that
is primarily composed of elongated M,C, secondary
carbides in a substantially martensitic matrix. The
presence of these numerous secondary carbides has
been noted to decrease the fracture toughness of these
irons [7]. Fig. 5b also shows that no M,C; secondary
carbide has grown from the M,C; eutectic carbide
(left-hand side of photomicrograph) after 4 h. This is in
agreement with the results of Pearce [24].

3.2.3. Alloy C

As with Alloy B, there are virtually no secondary
carbides in the as-cast condition. Fig. 6a shows Alloy
C2 after 0.25 h at 1273 K;; the secondary M,;Cg car-
bides have nucleated and grown as very fine fibres
which appear to be interconnected. As with Alloy B,
there was apparently insufficient time for M,,C; sec-
ondary carbides to be nucleated during cooling at
0.3 Ks™! in the sand mould.

After holding for 4 h, Fig. 6b shows that there is an
infilling of the fibrous network with a slight increase in
the thickness of the fibres. Additionally, there is no
evidence of the M,;Cy secondary carbides nucleating
on the eutectic carbides. Pearce and Elwell [20] report
that, during heat treatment, a shell of M,;C4 forms
around the M,C; eutectic carbides. The growth of
these M, ;C¢ secondary carbides appears random pro-
vided the fine carbide fibres have not moved during
preparation of the deep etched specimens.

A similar statement about fracture toughness can be
made about Alloy C4. The matrix in this alloy must be
also considered to be dominantly composed of elong-
ated M,;C carbides in a martensitic matrix.
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Figure 6 Scanning electron micrographs of alloys (a) C2 (0.25 h at
1273 K) and (b) C4 (4 h at 1273 K)) after deep etching. The M,;C
secondary carbides are very fine fibres which appear to be con-
nected. After 4 h, the density of the fibrous network has increased.
Note in (b) that the M,;C, secondary carbides have not nucleated
on eutectic carbides.

4. Conclusions

1. Compositional information from electron micro-
probe analyses of austenite dendrites in as-cast Alloys
A, B and C, in concert with the appropriate section of
the equilibrium Fe-Cr-C phase diagram, predicted
the secondary carbides to be M;C, M,C; and M,,Cq,
respectively.

2. Electron probe analyses of exposed carbides in
deep-etched samples confirmed that the secondary
carbides in Alloys A and B were M;C and M,C,,
respectively.

3. In all alloys, growth of secondary carbides did
not occur from eutectic carbides.

4. Consequently, nucleation must occur hetero-
geneously within the austenite.

5. Growth of these secondary carbides produced
different morphologies, namely, the M,C secondary
carbides were plate-like, the M ,C, were single rods or
rods joined together while the M,,C, were fibrous.

6. M,C secondary carbides can nucleate and grow
in a low-chromium iron, i.e. Alloy A in the as-cast
condition (0.15 K s™! cooling rate).

7. M,C; and M,,;C, secondary carbides were not
observed in high-chromium irons, i.e. Alloys B and C
in the as-cast condition (0.15-0.30 K s ™! cooling rate).

8. Lastly, after 4 h isothermal soaking, the prior
austenite dendrites within all alloys were dominantly
composed of secondary carbides within a substantially



martensitic matrix. Therefore, the presence of these
carbides should be considered a significant factor in
assessing the mechanical and tribological properties of
any heat-treated chromium white cast iron.
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