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 A B S T R A C T 

The effects of destabilization treatment and destabilization followed by 
cryogenic treatment have been evaluated on the microstructural 
evolution and sand-water slurry erosion behavior of Cr-Mn-Cu white cast 
irons. The phase transformations after the destabilization and 
cryotreatment have been characterized by bulk hardness measurement, 
optical and scanning electron microscopy, x-ray diffraction analysis. The 
static corrosion rate has been measured in tap water (with pH=7) and the 
erosion-corrosion behavior has been studied by slurry pot tester using 
sand-water slurry. The test results indicate that the cryogenic treatment 
has a significant effect in minimizing the as-cast retained austenite 
content and transforming into martensitic and bainitic matrix embedded 
with ultra-fine M7C3 alloy carbides. In contrast, by conventional 
destabilization treatment retained austenite in the matrix are not fully 
eliminated. The slurry erosive wear resistance has been compared with 
reference to destabilized and cryotreated high chromium iron samples 
which are commonly employed for such applications. The cryotreated Cr-
Mn-Cu irons have exhibited a comparable erosive wear performance to 
those of high chromium irons. Higher hardness combined with improved 
corrosion resistance result in better slurry erosion resistance. 

                                                       © 2016 Published by Faculty of Engineering  

Corresponding author:  

I. Chakrabarty 
Department of Metallurgical 
Engineering, Indian Institute of 
Technology (Banaras Hindu 
University), Varanasi 221005 India. 
E-mail: ichakraborty.met@itbhu.ac.in  

 
 
1. INTRODUCTION  

 
A combined action of electrochemical corrosion 
and mechanical damage due to erosion by the 
solid particles suspended in a liquid slurry 
medium accelerates failure to many critical 
components. The effect of this combined action 
is synergistic in nature that is corrosion 
accelerates wear and vice-versa. Thin 
passivating surface layers that protect the 

material from corrosion are worn out by the 
impinging eroding particles in the slurry and 
further corrosion increases. Plastic deformation 
of the metal surface during wear can also 
generate localized high energy sites more prone 
to corrosion than the unworn sites. High 
chromium and nickel-chromium white cast irons 
are potent materials for corrosion-erosion 
applications such as in the mining, earth moving, 
cement and coal industries [1-4]. The carbide 
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morphology and the matrix phase are the two 
influencing factors contributing to maximum 
wear resistance, toughness and corrosion. 
Discontinuous plate like eutectic M7C3 carbides 
along with tough matrix embedded with fine 
secondary alloy carbides are preferable for such 
applications [5,7]. A thin passive layer is formed 
on the surface due to high percentage of 
chromium in the solid solution [8,9]. 
 
Beside the developments in the high 
chromium and nickel-chromium irons there 
has been continuing interest in the 
development of substitute alloy irons to 
provide either a partial or total replacement of 
costly and scarce alloying elements viz. Ni, Mo 
etc. A new class of chromium –manganese 
alloy irons has been developed with 
manganese, a cheaper alloying addition to 
produce a predominantly austenitic matrix in 
as-cast condition by suppressing pearlitic 
transformation [10-12]. Copper addition to 
chromium–manganese irons reported to be 
beneficial because of its partitioning tendency 
to austenite phase and it enhances resistance 
to aqueous corrosion [13-17]. 
 
The as-cast austenitic matrix is conventionally 
destabilized by a destabilization or 
destabilization treatment to transform as-cast 
austenite to martensitic and/or fine bainitic 
matrix embedded with fine secondary carbides 
[1,2]. But even after such conventional 
destabilization the retained austenite cannot be 
totally transformed. Cryogenic treatment is 
successfully employed especially in tool steels 
[18-32] and high chromium cast irons [33-37] to 
minimize the retained austenite content as far as 
possible. The consequent improvement in wear 
resistance has been attributed to i) 
transformation of retained austenite to 
martensite, ii) conditioning of martensite at low 
temperature and iii) enhanced volume 
percentage of refined secondary carbide 
precipitation. In a recent study, Shaohong Li et. 
al [31] have verified the mechanism of the 
refined carbide precipitation by internal friction 
method and transmission electron microscopy, 
in tool steels on deep cryogenic treatment. The 
high internal stress developed from austenite to 
martensite transformation is responsible for 
modification of carbide precipitation. The 
martensite lattice contraction causes to 
segregate interstitial carbon atoms at the nearly 

moving dislocations. The tetragonality becomes 
very low as a consequence. A strong interaction 
in between the time dependent strain field of 
dislocation and the segregated carbon atoms is 
produced.   The segregated carbon atoms form 
clusters at nearby dislocations forming nuclei 
for carbide precipitation during subsequent 
warming up to room temperature or tempering. 
These uniformly dispersed secondary carbides 
are responsible for the improvement of 
properties on deep cryogenic treatment. 
 
The aim of the present article is to study the 
effect of destabilization and cryogenic treatment 
on the microstructural evolution and 
consequent erosive wear behavior of Cr-Mn-Cu 
white cast iron in sand-water slurry media. 
 
 
2. EXPERIMENTAL PROCEDURE 

 
The alloy irons were melted in a basic lined high 
frequency induction furnace. Cylindrical test 
bars and wear test samples were cast in sodium 
silicate –CO2 bonded sand moulds with a pouring 
temperature of 1773K (1500 0C). For 
comparison of wear behaviour high chromium 
iron specimens were also cast; the chemical 
compositions analysed in ARL optical emission 
spectrometer are shown in Table 1. 

 
Table 1. Chemical compositions of alloy irons cast. 

Alloy irons C% Mn% Si% Cr% Cu% 
a)Cr-Mn-Cu iron 2.8 4.8 1.87 9.2 3.1 
b) High Cr iron 2.9 0.53 0.32 16.3 - 

 
Optimum destabilization temperature ranges 
and time for as-cast Cr-Mn-Cu irons were 
selected based on isochronal and isothermal 
heat treatments. Initially the as-cast samples 
were subjected to isochronal heat treatment for 
a fixed period of 1 hour in the temperature 
range of 973K (700 0C) to 1373K (1100 0C) in 
373K (100 0C) steps and followed by air cooling 
to room temperature. In the optimum 
temperature range thus found from the 
isochronal treatment, the samples were 
isothermally treated for various soaking times 
and subsequently either air cooled or quenched 
in liquid nitrogen bath and kept immersed for 30 
minutes for the cryogenic treatment. The wear 
samples were heat treated at the optimum 
temperature {1023K (750 0C)} and time (9 
hours) obtained from isochronal and isothermal 
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treatments. High chromium irons were 
subjected to conventional destabilization at 
1273K (1000 0C) for 9 hours and subsequently 
cryotreated. The microstructures of the alloy 
irons observed under optical and scanning 
electron microscopes. The bulk hardness at 
different heat treatment conditions were 
measured in Rockwell C- scale with 150 kgf load. 
 
The retained austenite contents in a few selected 
samples were measured by x-ray diffraction 
analysis with Cu Kα radiations. To avoid the 
effect of texture the samples were continuously 
rotated. The carbide volume percentages 
present in the alloys at different conditions were 
measured by electrolytic extraction of carbides. 
The carbide volume percentages thus 
determined were computed to estimate the 
retained austenite content in the matrix. A bath 
with 5 % concentrated HCl in ethyl alcohol was 
employed with sample as anode and a stainless 
steel plate as cathode for electrolytic extraction. 
The extraction was continued for about 20 hours 
with a current density of 5 mA/cm2 and the 
extracted carbides were collected in a glycerine 
layer from the bottom of the bath. The volume 
percentages of the extracted carbides were 
calculated after drying at 343K (70 0C). 
 
The static corrosion rate of the alloy irons was 
measured as per ASTM standard (ASTM G-1-72). 
Mirror polished rectangular specimens (10x10 
mm.) were cleaned with water and acetone, 
dried and weighed in an electronic balance. The 
samples were suspended in a glass beaker with 
tap water (pH=7) for 168 hours at room 
temperature. After this period of immersion, the 
specimens were again cleaned thoroughly with 
water and acetone, dried and reweighed. The 
static corrosion rates were computed from the 
expression, 

Corrosion rate [ in mg/decimeter2/ day (mdd)] =  
K.W /(A.T.D) 

where, K= 2.4 x 106.D; W= weight loss in g 
nearest to 1 mg; A= surface area in square cm 
nearest to 0.01 cm2; T= duration in hours; D= 
density of the material in g/cc. 
 
The erosive wear performance was evaluated in 
a slurry pot tester as shown in Fig. 1. Although 
the effect of impact angle of the slurry particle 
impingement cannot be evaluated by this set up, 
the relative wear performance in different heat 

treatment conditions of the test alloy specimens 
can be well assessed with reference to the high 
chromium iron samples under identical 
conditions. Cylindrical wear specimens (10 mm. 
diameter x 50 mm. length) were ground with 
emery paper number 1000, cleaned with water 
and acetone, dried and fitted in the holding disc 
of the test rig. Specimens with similar heat 
treatment condition were placed at the  
 

 
Fig. 1. Slurry erosion test set-up. 

 
Two diametrical opposite position at the holding 
disc to avoid any biasness. The sand-water 
slurry was prepared with 60 % silica sand 
particles by weight in plain tap water. The 
details of the silica sand eroding particles are 
shown in Table 2. 
 
Table 2. Details of silica sand used for slurry erosion 
test. 

Erodent 
Shape 

(Roundness)a 
Average 
size, μm 

Micro-hardness, 
Kg/mm2 

Silica sand 0.79 325 1100-1150 
a according to Rittenhouse sphericity scale 

 
The specimens were rotated in the slurry for a 
total duration of 24 hours at 500 rpm which 
corresponds to a linear speed of 4.5 m/s. After 
every 6 hours of test run the specimens were 
taken out, cleaned, dried and the mass losses 
were noted. After 24 hours run the samples tips 
were cut off, cleaned ultrasonically in acetone 
and examined under scanning electron 
microscope for worn-out surface topography. 
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3. RESULTS AND DISCUSSION 
 

3.1 Phase Transformation Behaviour 
 
As revealed in the optical microstructure shown 
in Fig. 2, the as-cast Cr-Mn-Cu iron consists of 
predominantly austenitic matrix along with 
discontinuous eutectic carbides. The matrix 
structure is confirmed by XRD analysis, the 
austenite content has been estimated to be 87.63 
% and the types of eutectic carbides are detected 
as M7C3 carbides (Fig. 3). The volume percent of 
these carbides has been estimated as 15.4 % 
from electrolytic extraction. 
 

 
Fig. 2. Optical micrograph of as-cast Cr-Mn-Cu iron 
showing predominantly austenitic matrix. 

 

 
Fig. 3. XRD pattern of as-cast Cr-Mn-Cu alloy iron 
with Cu Kα radiation. 

 
The bulk hardness after isochronal treatment 
temperature attains a peak at a temperature 
around 1023K (7500C) and decreases with 
further increase in temperature. Fig. 4 shows the 
corresponding microstructural change in optical 
micrographs from which it can be inferred that 

as the temperature is increased initially as-cast 
austenitic matrix is gradually transformed into 
martensitic and/or fine bainitic matrix along 
with fine alloy carbide precipitates.  

 

 
Fig. 4. Optical micrographs of isochronally treated 
alloy irons for 1 hour at a) 973K (700 0C), b) 1073K 
(800 0C), c) 1273K (1000 0C) and d) 1373K (1100 0C). 

 

 
Fig. 5. Variation in bulk hardness with isothermal 
treatment time followed by a) cryotreatment and b) 
air cooling. 

 
This results in an increase in hardness. If the 
treatment temperature crosses beyond the peak 
temperature, it is perhaps too high above the A3 
temperature of the alloy and austenite phase 
becomes stabilized again. This is substantiated 
by the optical micrographs. The attainment of 
peak hardness can be attributed to the following 
factors: 

i) Initially when the alloy is held just above 
the A3 temperature, the solid solubility of 
carbon and other alloying elements being 
the lowest possible, the austenite matrix 
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gets depleted of carbon and other alloying 
elements with consequent fine alloy carbide 
precipitation. 

ii) The martensite start temperature (Ms) of 
the alloy depleted austenite matrix is raised 
and during subsequent air cooling the 
matrix transforms to martensite embedded 
with fine carbides. 

iii) On further increase in temperature, the 
austenite gets stabilized again because of 
the higher solid solubility and the 
precipitates are also coarsened resulting in 
a drop in hardness. 

 

 
Fig. 6. Optical micrographs of isothermally treated 
Cr-Mn-Cu alloy for a) 3 hours and air cooled;             b) 
9 hours and  air cooled; c) 3 hours and cryotreated 
and d) 9 hours and cryotreated. 

 
The bulk hardness versus isothermal treatment 
time plot at the optimum temperature 1023K 
(750 0C) obtained from isochronal treatment is 
shown in Fig. 5. It is evident from the figure that 
the hardness initially increasing almost linearly 
with time and becomes steady at the latter stage 
of treatment. A gradual conversion of austenitic 
matrix into a dark matrix embedded with very 
fine alloy carbides are revealed in the 
corresponding optical micrographs (Fig. 6). The 
actual phase present in the matrix is difficult to 
be resolved under optical microscope. The as-
cast supersaturated austenite matrix tends to 
attain equilibrium carbon and alloy contents 
with consequent rejection of these elements and 
on subsequent cooling to room temperature the 
alloy depleted austenite transforms to the dark 
phase. The dark matrix could be resolved under 
scanning electron microscope and it is found to 
be mostly fine bainite with few areas of 
martensite embedded with fine alloy carbides. 
The SEM image of the destabilized matrix is 

shown in Fig. 7 and the EDS spectra obtained 
from secondary carbides is shown in Fig. 7a. 
 

 
Fig. 7. SEM image of destabilized {1023K (750 0C) for 
9 hours} and air cooled Cr-Mn-Cu alloy. 

 

 
Fig. 7a. EDS spectra of secondary carbides in 
destabilized and air cooled alloy. 

 

 
Fig. 8. XRD profile of i) destabilized and cryotreated 
alloy and ii) destabilized and air cooled alloy. 

 
The effect of cryotreatment following isothermal 
destabilization for varying soaking periods on 
the bulk hardness is shown in Fig. 5. It depicts a 
similar trend as in the case of air cooling. 
However, in case of cryotreatment, the hardness 
increase is significantly higher than that in air 



S. Gupta et al., Tribology in Industry Vol. 38, No. 4 (2016) 486-495 

 

 491 

cooling. This trend can be justified with the 
retained austenite percentage measured from 
XRD analysis (Fig. 8) and the corresponding 
optical and SEM micrographs in Figs. 6 and 9 
respectively. The EDS spectra from secondary 
carbides is shown in Fig. 9a. 
 

 
Fig. 9. SEM image of destabilized {1023K (750 0C) for 
9 hours} and cryotreated Cr-Mn-Cu alloy. 

 

 
Fig. 9a. EDS spectra of secondary carbides formed in 
destabilized and cryotreated alloy. 

 
Table 3. Details of carbide volume% and retained 
austenite content in different conditions. 

Alloy conditions 
Carbide 

volume% 
Retained 

austenite% 
1. As-cast 15.44 87.63 
2. Destabilized at  
1023K (750 0C) + 9 hrs. → air 
cooling 

21.50 13.54 

3. Destabilized at 
1023K (750 0C) + 9 hrs. 
→ cryotreatment 

28.32 - 

 

A large dispersion of very fine secondary carbide 
precipitates accounts for further increase in 
hardness which has been confirmed by the 
volume fraction of carbides determined by 
electrolytic extraction (Table 3). The matrix also 
contributes to the high hardness, a 
predominantly martensitic matrix with lesser 

areas of fine bainites are formed as evidenced by 
the SEM. 
 
3.2 Static corrosion rates 
 
The static corrosion rates of destabilized and 
subsequently air cooled or cryotreated Cr-Mn-
Cu and high chromium alloys in tap water (pH 
=7) are shown in Fig. 10. It is evident from the 
figure that cryotreated alloys are having a lower 
rate of corrosion than those of destabilized and 
air cooled alloys.  
 

 
Fig. 10. Static aqueous corrosion rate in different 
alloy conditions. 

 
Similar improvement in corrosion resistance has 
been observed by Amini K. et al. in cryotreated 
tool steel [30].  The improvement in corrosion 
resistance has been attributed to the more 
uniform carbide distribution in association with 
higher fine carbide formation in cryotreated 
alloy. It is believed that, the deep cryogenic 
treatment reduces the internal stress and 
stabilizes the dislocation structure in steel, 
consequently, decreasing the free energy of 
atoms. This results in a better corrosion 
resistance in steel [37,38].  
 
3.3 Slurry-erosion behaviour 
 
The cumulative wear loss versus wearing time 
curves are shown in Fig. 11, from which it is 
apparent that, the wear resistance of the 
cryotreated specimens is significantly improved 
compared to those in destabilized and 
subsequently air cooled specimens. The wear 
resistance of the as-cast alloy is least among 
other tested alloys. The erosive wear resistance 
of the cryotreated Cr-Mn-Cu alloys is 
comparable to that of cryotreated high 
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chromium alloy irons. The hardness perhaps 
plays a vital role in decreasing the wear rate.         
The corresponding microstructures obviously 
have a great influence on the wear loss. A fine 
Grained predominantly martensitic matrix with 
least amount of retained austenite embedded 
with fine and hard alloy carbides exhibit very 
good wear resistance. The better wear 
resistance of cryotreated samples can be 
attributed to three factors: 

I. Due to reduction of retained austenite and 
its conversion to higher percentage of 
martensite in the matrix. This provides 
stronger support to the hard and fine 
secondary alloy carbides during erosion. 

II. More homogeneous precipitation with high 
volume fraction of finer alloy carbides. 

III. Cryotreatment produces refined martensitic 
matrix causing a fine grained strengthening 
effect which improves wear resistance 
further. 

 

 
Fig. 11. Average cumulative wear loss vs. time plot in 
slurry erosion test. 

 
The worn out surface topography have been 
studied with scanning electron microscope 
(SEM). The SEM micrographs show formation of 
indentation craters by ploughing mechanism as 
suggested by Hutchings [39]. The round to sub-
angular shaped eroding particles impinges on 
the metal surface pushing the metal in the 
direction of the movement of the eroding 
particles. The erosion occurs due to fracture and 
detachment of this lip. The metal is displaced 
also at the sides of the impact craters. The worn 
out surface show the carbides in relief, being 

harder phase compared to the matrix. The 
matrix regions have worn out preferentially 
leaving the carbide regions to support the load 
of eroding particles.  In all the worn out surfaces 
plough marks are prominent in the matrix 
phases (Figs. 12a and 12b). 
 

 

 
Fig. 12. a) SEM image of worn out surface of 
destabilized and air cooled alloy, b) Magnified image 
showing plough mark sand lip formation in the matrix. 

 

 
Fig. 13. SEM image of worn out surface of as- cast 
alloy showing micro-cracks in the matrix. 
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The as-cast Cr-Mn-Cu alloy shows fine cracks 
formed in the matrix. These cracks might have 
led to spall formation and hence material 
detachment (Fig. 13). 
 

 
Fig. 14. SEM image of worn out surface of destabilized 
and cryotreated alloy showing smoother surface. 

 
It was perhaps due to excessive preferential 
wear of the matrix regions for which carbides 
might become unsupported and susceptible to 
spalling and fracture. In contrast, cryotreated 
sample surfaces are smoother which can be 
attributed to their higher hardness resulting in 
shallow penetration and improved aqueous 
corrosion resistance hence lesser attack by 
corrosion- erosion (Fig. 14).  
 
 
4. CONCLUSIONS 
 
The Cr-Mn-Cu alloy iron consists of a 
predominantly austenitic matrix in as-cast 
condition. This as-cast matrix can be 
transformed to a hard martensitic and/or fine 
bainitic matrix embedded with fine M7C3 type 
secondary carbides by a destabilization 
treatment, conventionally employed for most 
wear resistance applications. 
 
The retained austenite content in as-cast matrix 
cannot be fully eliminated by conventional 
destabilization treatment which can be almost 
totally converted to martensite by a 
destabilization followed by cryogenic treatment. 
The consequent bulk hardness increases 
significantly. 
 
The slurry erosion resistance of the cryotreated 
Cr-Mn-Cu iron is well comparable to that of 

cryotreated high chromium iron. Not only higher 
hardness but improved corrosion resistance 
contributes to better slurry erosion property. 
 
It is evident from the SEM images of the          
worn out surfaces that, the predominant 
mechanism of material removal during slurry 
erosion is by ploughing. In as-cast irons   cracks 
are formed around the matrix leading to spall 
formation. In case of cryotreated iron matrix 
being harder, no preferential erosion between 
matrix and carbides are occurring and hence a 
smoother worn out surface is revealed.  
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