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High chromium (18%) white irons solidify with a substantially austenitic matrix 
supersaturated with chromium and carbon. The austenite is destabilized by a high- 
temperature heat treatment which precipitates chromium-rich secondary carbides. In the 
as-cast condition the eutectic M7Cs carbides are surrounded by a thin layer of martensite and 
in some instances an adjacent thicker layer of lath martensite. The initial secondary carbide 
precipitation occurs on sub-grain boundaries during cooling of the as-cast alloy. After 
a short time (0.25 h) at the destabilization temperature of 1273 K, cuboidal M23C6 precipitates 
within the austenite matrix with the cube-cube orientation relationship. After the normal 
period of 4 h at 1273 K, there is a mixture of M23C6 and M7C3 secondary carbides and the 
austenite is sufficiently depleted in chromium and carbon to transform substantially to 
martensite on cooling to room temperature. 

1. Introduction 
The high chromium white irons based on the ternary 
Fe Cr-C alloy are used extensively for applications 
requiring resistance to abrasive wear [1]. For  castings 
containing 18% Cr (all compositions are given in 
wt %), a composition producing a slightly hypo-eutec- 
tic microstructure is usually used [-2]. In the as-cast 
condition, the microstructure consists essentially of 
dendrites of austenite in a matrix of a eutectic mixture 
of austenite a nd  (Cr, Fe)7C3 [-M7C3] carbides. For  
many applications, the castings are heat treated prior 
to service. This heat treatment (~  1273 K for an 18% 
Cr white iron) is designed to destabilize the austenite 
by the precipitation of chromium-bearing secondary 
carbides. The reduction in the carbon and chromium 
contents of the austenite results in substantial trans- 
formation of the austenite to martensite on cooling to 
room temperature [1, 3]. 

It has been suggested by several authors [1,4, 5] 
that the secondary carbides per se play a role in 
determining the mechanical properties of heat-treated 
high chromium white irons. Diesburg and Borik [1] 
have suggested that precipitated secondary carbides 
are the cause of a decrease in K~c fracture toughness 
from 3 2 M P a  m x/2 for an austenitic matrix to 
21 M P a m  1/2 for a martensitic plus precipitated sec- 
ondary carbide matrix in an 18% Cr white iron. Biner 
[4] failed to detect an increase in K~c fracture tough- 
ness in heat-treated 16% Cr white irons as a function 
of eutectic carbide morphology and concluded that 
secondary carbide precipitation was the controlling 
factor. More recently, Powell and Laird [-5] have 
suggested that the non-equiaxed morphology of the 
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precipitated secondary carbides should be considered 
as a significant factor in assessing the mechanical 
properties of a heat-treated high chromium white iron. 

This paper reports the results of a microstructural 
study of an as-cast and heat-treated 18% C r - l %  Mo 
white iron. Light microscopy, scanning electron 
microscopy (SEM) and transmission electron micros- 
copy (TEM) have been used to determine the identity 
as well as tile nucleation and growth sequence of 
secondary carbides 

2. Experimental procedure 
The high chromium white iron studied was a 
15 Cr-3 Mo alloy (actual composition t7.7% 
C r - l . l %  Mo-3.1% C). Full details of composition 
and heat treatment have been given previously [5], 
where the alloy was identified as Alloy B. A condensed 
description of chemical composition and heat treat- 

:ment is shown in Table I. Light metallography and 
scanning electron microscopy were performed after 
etching in Vilella's reagent. Discs for transmission 

TABLE I Actual composition of high-chromium alloy iron 
15Cr-3Mo, togetherlwith contents in the dendritic matrix after heat 
treatment at 1273 K. 

C (wt %) Cr (wt %) Mo (wt %) 

Alloy 3.1 17.7 1.1 
Dendritic matrix 1.2 10.1 0.4 
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electron microscopy were prepared by standard tech- 
niques and thin foils produced using a twin-jet elec- 
tropolisher. These samples were examined in a Jeol 
2000 FX AEM operating at 200 kV. 

3. Results and discussion 
3.1. As-cast condition 
Fig. 1 shows the microstructure of the as-cast alloy 
cooled at 0.15 K s  - 1 .  In this light micrograph, the 
eutectic carbides are surrounded by a thin dark-etch- 
ing layer, while the lines of fine secondary carbide 
precipitate are barely visible. In the scanning electron 
micrograph (Fig. 2), it can be seen that the eutectic 
carbides are surrounded by a narrow region in which 
the austenite has transformed to martensite (due to 
local carbon and chromium depletion), while fine sec- 
ondary carbide precipitation has occurred only on 
sub-grain boundaries. Precipitation on sub-bound- 
aries has also been found after high-temperature 
destabilization of 19% Cr irons, but only after pre- 
annealing [6]. 

Transmission electron microscopy showed that the 
matrix of the as-cast material was austenitic and con- 
tained deformation twins and a high dislocation den- 
sity (Fig. 3). Although some deformation might be 
expected from the differential thermal contraction 
stresses induced during cooling of the eutectic struc- 
ture, in this case it is more likely the result of damage 
to the thin foil. Close to the eutectic carbides some 
transformation was observed, which had the appear- 
ance of lath (low-carbon) martensite (marked M in 
Fig. 4a). A b c c structure was confirmed by selected- 
area diffraction (Fig. 4b). The transformation of aus- 
tenite to form a thin rim of martensite adjacent to 
eutectic carbide (marked L in Fig. 4a) has been re- 
ported previously [7]. This was shown to be asso- 
ciated with a local depletion of chromium at the 
carbide/austenite interface. In the present study, this 
rim is also present but the further decomposition of 
austenite to form lath martensite (in a different ori- 
entation) indicates a simultaneous local depletion in 
carbon content. 

3.2. Heat-treated condition 
Holding at the heat-treatment temperature of 1273 K 
for only 0.25 h produced significant intragranular pre- 
cipitation (Fig. 5). Close to the eutectic carbides there 
is a dense distribution of very fine precipitates: In the 
centres of the austenite grains, coarser secondary car- 
bide precipitates have a cuboidal morphology and 
many are aligned in rows to form a grid. Transmission 

Figure i Light micrograph of an alloy in the as-cast condition 
cooled at 0.15 K s - 1. Barely visible dark lines of precipitates within 
the austenitic matrix are marked by arrows. The outlined white 
constituent is eutectic M7C3. 

Figure 2 Scanning electron micrograph of fine secondary carbide 
precipitation on sub-grain boundaries (arrowed) in the as-cast 
matrix. The eutectic carbides are marked M7C3. 
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Figure 3 (a) Transmission electron micrograph showing the aus- 
tenitic matrix of the as-cast material, containing deformation twins. 
(b) SADP from the region shown above, showing a <1 10> f cc  zone 
axis and a {1 1 1} twin reflection. 



Figure 4 (a) A centred dark-field transmission electron micrograph of the lath martensitic matrix (M) close to a eutectic carbide (C) in as-cast 
material. Another thin martensitic area (L) immediately adjacent to the carbide has not been illuminated. The remaining matrix (A) was 
identified as austenite. (b) SADP of the lath martensitic phase shown above. 

Figure 5 Scanning electron micrograph showing a grid of second- 
ary carbides after 0.25 h at 1273 K. 

electron microscop, y revealed that these precipitates 
contained faults (Fig. 6a and b), while the associated 
selected-area diffraction pattern identified them as 
M23C6 with a cube~cube orientation relationship with 
the austenitic matrix (Fig. 6c). Faulted carbides in 
chromium-containing alloys are usually indicative of 
M7C3; however, in this material the precipitate was 
identified as M 2 3 C  6. The internal structure therefore 
probably represents annealing twins developed during 
growth. The formation of M23C6 is unexpected, be- 
cause according to the equilibrium phase diagram the 
thermodynamically stable phase is MvC3. This behav- 
iour has been observed previously in the annealing of 
F e - C r - C  hardfacing alloys [8]. The preferential 
formation of M2 aC6 rather than the equilibrium (com- 
plex hexagonal) M7C3 is explained in terms of the 
good lattice matching between austenite and M23C6. 
M a 3 C  6 has a lattice parameter  almost exactly three 
times that of austenite and precipitation in the normal 
cube-cube orientation relationship minimizes the in- 
teffacial energy requirements and reduces the activa- 
tion energy for nucleation. 

Even after such a short time at this temperature 
there is evidence of growth and coalescence of the 
cuboidal particles (Fig. 7a). Again internal faulting is 
visible and while the selected-area diffraction pattern 
(Fig. 7b) still shows a dominant  M23C6 structure, 
there is Some evidence of the presence of M7C3. This 

Figure 6 (a) Bright-field transmission electron micrograph of the 
cuboidal precipitates formed after 0.25 h at 1273 K. (b) Dark-field 
micrograph of the same region, using a {1 1 1}Mz3C6 reflection. (c) 
SADP showing a cube-cube austenite: carbide orientation relation- 
ship. 
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main  planar .  Aga in  the se lec ted-area  diffract ion pa t -  
tern (Fig. 10b) has  a d o m i n a n t  cubic  pa t t e rn  wi th  
some evidence of  MTC 3. This  suggests great  s tabi l i ty  
and  the in situ t r ans fo rma t ion  to M7C3 canno t  be 
a d o m i n a n t  mechanism.  In  o ther  areas,  p rec ip i ta te  
par t ic les  con ta in ing  mul t ip le  fine para l le l  faults were 
observed  in a mar tens i t ic  ma t r ix  (Fig. 1 la). These  were 
typica l ly  e longa ted  and  co r r e spond  to the rods  seen in 

Figure 7 (a) A centred dark-field transmission electron micrograph 
showing coalescence of cuboidal precipitates after 0.25 h at 1273 K. 
(b) SADP showing an M23C6 zone and a spot (arrowed) which is 
consistent with an {01. l} M7C3 reflection. 

Figure 9 Scanning electron micrographs of the fine secondary car- 
bide precipitate shown as very small white areas in Fig, 8. In (a) 
large carbides appear as rods or with a hexagonal cross-section. In 
(b) the smaller precipitates are bounded by facets at right angles 
(arrowed). 

Figure 8 Light micrograph of alloy after 4 h at 1273 K. The second- 
ary carbide precipitate appears as very small outlined white areas. 

could  be indica t ive  of  the s tar t  of  an  in situ t rans-  
fo rma t ion  to  the  equ i l ib r ium carb ide  phase.  

After  4 h at  1273 K, there  is cop ious  p rec ip i t a t ion  of 
secondary  carbides ,  which a p p e a r  as small  ou t l ined  
white  a reas  in a da rk -e tch ing  ma t r ix  (Fig. 8). In  the 
SEM,  the carb ides  a re  revealed as vary ing  in bo th  size 
and  morpho logy .  Large  carb ides  a p p e a r  as rods  or  
with a hexagona l  cross-sect ion (Fig. 9a). The  smal ler  
carb ides  are  b o u n d e d  by  o r t h o g o n a l  facets (a r rowed  
in  Fig. 9b), which suggests coalescence of  the cubo ida l  
prec ip i ta tes  descr ibed  above.  

Transmiss ion  e lec t ron mic roscopy  revealed tha t  
there  has  been cons iderab le  g rowth  of the cubo ida l  
p rec ip i ta tes  (Fig. 10a) bu t  mos t  of the interfaces re- 
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Figure 10 (a) A centred dark-field transmission electron micrograph 
of a coarse (~ 1.2 pro) cuboidal precipitate after 4 h at 1273 K, using 
a {1 1 3} M23C~ reflection. (b) SADP showing M23C6 and bcc 
matrix zones, and diffraction spots (arrowed) consistent with the 
presence of M7C3. 



M 7 C  3. These were not associated with any cuboidal 
precipitates and probably formed by a separate nu- 
cleation process. 

Precipitation is sufficient at this time to destabilize 
the austenite and the bulk of the matrix was found to 
be martensitic. 

Figure 10 Continued 

4. Conclusions 
1. Local depletion of chromium close to eutectic 

carbides in the as-cast alloy results in the formation of 
a thin layer of martensite. The Simultaneous depletion 
in carbon can produce further decomposition of aus- 
tenite to form a lath martensite. 

2. Initial precipitation of secondary carbides occurs 
on sub-grain boundaries in the austenite matrix of the 
as-cast material during cooling. 

3. A short destabilization heat treatment (0.25 h at 
1273 K) produces regular arrays of cuboidal intrag- 
ranular secondary carbides. These were identified as 
M 2 3 C  6 with a cube-cube orientation relationship with 
the austenite matrix 

4. After longer heat treatment (4 h at 1273 K) copi- 
ous precipitation of M 2 3 C  6 still exists, but rods of the 
e q u i l i b r i u m  M 7 C  3 have also developed. Destabiliz- 
ation is sufficient here to produce a fully martensitic 
matrix on cooling. 
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Figure 11 (a) Transmission electron micrograph of rod precipitates 
in a martensitic matrix. (b) SADP showing strong b cc matrix 
reflections and two streaked precipitate patterns (arrowed 1, 2) 
typical of M7C3. The periodicity of the precipitate spots (arrowed 3) 
is consistent with that of {01.0} M7C3. 

the SEM (Fig. 9). The selected-area diffraction pattern 
from this region was complex (Fig. llb) but the 
streaking and periodicity of the diffraction spots is 
typical of two different orientations of the equilibrium 
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