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ABSTRACT

Purpose: The effectiveness and usefulness of the quench ageing on the service properties of massive duplex cast 

steel was presented in this work. The mechanism of precipitation of a ε-Cu phase and its effect on the mechanical 

properties of the cast steel were investigated.

Design/methodology/approach: The microscopic analysis of the cast steel was performed on a Zeiss 

Axiovert 25 optical microscope. The substructure of ferrite was examined on a JOEL JEM 3010 high-resolution 

transmission electron microscope. The analysis of chemical composition of selected micro-regions was carried 

out using a JEOL JSM 5400 scanning microscope equipped with an EDS microanalyzer. The verification of the 

metallographic examination results was done using the Thermo-Calc program.

Findings: The formation of the ε-Cu phase during quench ageing causes an increase in hardness and drop in 

impact resistance. The ageing parameters have a substantial influence on the ferrite substructure and the degree 

of coherence, dispersion and amount of the ε-Cu phase. The ageing treatment at 480°C causes the precipitation of 

the ε-Cu phase coherent with the matrix. This temperature of quench ageing produce also the formation of a α’-Cr 

phase and an α-Fe phase.

Practical implications: Duplex cast steels are becoming an irreplaceable material in the elements of equipment 

exposed to the simultaneous action of corrosive and erosive environment. In the case of massive elements like 

pumps and pipeline elements, the effect of quench ageing is much lower which is associated with the presence of 

a large amount of the incoherent ε-Cu phase in the cast steel after the solution heat treatment.

Originality/value: The lower temperature of quench ageing duplex cast steels with copper addition should not 

be lower than 500°C because of the temperature of an undesirable spinodal decomposition of the ferrite in 480°C 

which is partially responsible for the slight increase in hardness and a drastic drop in plastic properties.

Keywords: Casting; Heat treatment; Quench ageing, ε-Cu precipitation

MATERIALS MANUFACTURING AND PROCESSING

1. Introduction 

Ferritic-austenitic cast steels, called also duplex cast steels 

(DSS), become irreplaceable materials for components exposed to 

erosion-corrosion action of a medium, showing a better set of 

corrosion and mechanical properties, as compared with traditionally 

used ferritic or austenitic cast steels [1,2]. DSS feature yield 

strength R0.2 roughly twice higher than achieved by austenitic cast 

steels, at comparable corrosion resistance. They have also higher 

tensile strength Rm, with a minimum, depending on the grade of 

cast steel, within the range between 600 and 900 MPa [3-5]. The 

impact strength of duplex cast steels falls between the impact 

strength of austenitic and ferritic cast steels, however, even small 

amounts of secondary phases, which precipitate in duplex cast 

steels, deteriorate the energy of breaking, where the influence of  
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phase seems to be the most drastic [6,7]. In addition, a high 

content of alloying elements, mainly Cr, Ni and Mo, guarantees a 

high resistance to general, pitting, stress, and intercrystalline 

corrosion [8,9]. Chromium, apart from ferrite stabilisation, widens 

the range of passivation potentials, reduces the passivation current 

density and increases the value of breakdown potential Ep.

Molybdenum, at the presence of sufficient chromium amount, 

shows a strong and favourable influence on steel passivity, 

promoting a shift in the breakdown potential (Ep) towards more 

positive potentials. Corrosive influence of nickel is similar to the 

influence of chromium; it shifts the breakdown potential towards 

positive potentials and causes a reduction in current density in the 

passive range [10,11]. The reduction in nickel content is 

facilitated by nitrogen, a component strongly stabilising the 

austenite, added to steel in the form of nitrided ferrochromium or 

during the melting process under pressure. On those accounts, so-

called superduplex steels are a dynamically developing group of 

corrosion-resistant materials [12]. 

Apart from basic ferrite- and austenite-forming elements, part 

of duplex cast steel grades contains also copper. In the austenite, 

the maximum copper solubility at 1094°C amounts to ~8.5%, 

reaching the value of ~4% at ambient temperature. The copper 

solubility in ferrite at 1480°C amounts to ~6.0% and goes down 

with temperature to ~0.2%, causing precipitation of fine-dispersed 

 -Cu phase and related with that increase in its hardness [13,14]. 

In the light of studies and literature reports, using the effect of 

ageing and precipitation of fine-dispersed  -Cu phase in the 

ferrite, the resistance to erosion wear of components made of DSS 

may be increased [15]. Results of studies presented in paper [16] 

have shown that for massive casts the ageing is of little 

effectiveness and the authors suggest abandoning it because of 

unnecessary increase in the production cost. 

The presence of copper in chromium-nickel steels facilitates 

their passivation. Copper as a cathodic component of the alloy 

reduces the overvoltage of the cathodic reaction, enabling in this 

way the transition of alloy steels from an active to passive range 

[17]. However, precipitations of  -Cu phase – disturbing the 

integrity of the passive layer and stimulating the pitting – reduce 

the resistance to pitting corrosion [18]. Apart from anti-corrosion 

and hardening action, copper substantially increases the 

castabillity, what enables reducing the temperature of tapping and 

moulds casting. This substantially reduces propensity to form 

micro-shrinkages and shrinkage porosities and promotes obtaining 

fine-grained structure of the casts[19].

The aim of the study was to examine the effectiveness and 

usefulness of the quench ageing process on the service properties 

of massive duplex cast steel elements such as pump parts, rotors 

and guide vanes, pipeline elements, etc. 

2. Methodology and materials for 

research

The chemical composition of the duplex cast steel type 

GX2CrNiMoCu25-6-3-3 used for the present work is listed in  

table 1. A majority of basic duplex-type cast steels should have the 

carbon content at a maximum level of 0.03% (heat No.1). In 

industrial practice, however, it is difficult to reach such a low 

content of this element; therefore, many national standards 

(ASTM, UE, PN-EN) specify steels of variable carbon content, 

where the fraction of carbon ranges from 0.03% to 0.10%  

(heat No. 2). 

Table 1. 

Chemical composition of the investigated cast steel 

C Cr Ni Cu Mo Mn Si S 

% % % % % % % % 

heat No. 1 

0.024 25.8 6.34 2.75 2.99 1.32 0.81 0.011 

heat No. 2 

0.055 24.4 6.71 3.08 2.40 0.14 0.81 0.020 
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Fig. 1. Schematic diagram of the heat treatment process  

For the purpose of the optimisation of the structure and 

service properties of duplex cast steel, the following heat 

treatment processes were carried out:  

 solution heat treatment in water after 2h of soaking at a 

temperature of 1080!C,

 quench ageing of the cast steel for 4h in the temperature 

range of 480÷520!C (Fig. 1). 

The microscopic analysis of the cast steel in as-cast conditions 

and after heat treatment, respectively, was performed on a Zeiss 

Axiovert 25 optical microscope. In order to disclose the structure, 

the cast steel was chemically etched with reagent Mi21Fe (30g 

potassium ferricyanide + 30g potassium hydroxide + 60ml 

distilled water) that etches ferrite ! and the " phase which is 

visible as a dark phase in the microscopic image.  

The substructure of ferrite was examined on a JOEL JEM 3010 

high-resolution transmission electron microscope (HREM) of an 

accelerating voltage of 300 kV, a linear resolution of 0.14 nm and a 

point resolution of 0.17 nm. The microscopic examination was 

performed on thin foils thinned on ionic polisher, type PIPS, 

supplied by Gatan, at a voltage of 30 kV and an angle of incidence 

of a ion beam onto the specimen less than 30.

The analysis of chemical composition of selected micro-

regions was carried out using a JEOL JSM 5400 scanning 

microscope equipped with an EDX microanalyzer.  

2.  Methodology and materials 

for research
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The verification of the metallographic examination results 

was done using the Thermo-Calc program.  

Hardness was measured by the Brinell method according to 

the PN-EN ISO 6506-1:2002 standard under a load of 1838 N 

with a steel ball of a diameter of 2.5 mm. Microhardness was 

measured by the Vickers method on a Digital–Microhardnes tester 

manufactured by Future Tech Corp. Tokyo Japan. The 

measurements were taken on metallographic specimens under a 

load of 0.49 N  (HV0,05) and a load action time of 8 s. Forty 

hardness measurements of ferrite and austenite were made for 

each test. Impact resistance was measured according to the  

PN-EN 10045-1:1994 on Charpy V specimens at ambient 

temperature on a hammer of an initial energy of 300 J. 

3. Results and discussion

Examinations of raw steel casts structure have shown that with 

decreasing carbon content the amount of unfavourable intermetallic 

phases precipitates goes down (Fig. 2 and 3). Such precipitates, 

creating a characteristic network on boundaries of primary 

solidification grain (Fig. 3) cause a clear deterioration in raw cast 

steel impact strength, which value for the cast steel with 0.05% C 

amounted to only 7J (Table 2). A uniform ferrite-austenitic structure 

was obtained in the cast steel with Cmax<0.03% (Fig. 2), ensuring a 

high, ~60J, impact strength of the raw material (Table 2). Figure 4 

shows the   phase occurring on the boundary region of the 

solidification grain.  

 The   phase nucleates most often at the ferrite/austenite 

interface and grows into the ferrite grains, which is promoted both 

by the higher diffusion rate and by the higher chromium content 

in ferrite compared to austenite. This phase can be formed also by 

eutectoid decomposition following the reaction  ! " + #’ in the 

temperature range of  700÷900oC. 

The diversified structure after solidification, as well as 

unfavourable changes which occurred during cooling process of 

the cast caused that the micro-regions with precipitated brittle 

phases, in particular the   phase, promoted the formation of 

cracks in casts. That was extensively described by the authors in 

their work [20]. 

The   phase which precipitates during cooling after the 

solidification is characterized by high temperature stability. The 

performed point determinations of chemical composition of the  

phase precipitates showed that it exhibited a different content of 

chromium (from 32% to 58%) and molybdenum (from 5,83% to 

9,99%) enhanced its temperature stability, which is confirmed by 

Thermo-Calc program calculations (Fig 5). 

After the solution heat treatment the cast steel is characterized 

by a diphase ferritic-austenitic structure (Fig. 6). The temperature 

of 10800C provided the dissolution of the   phase precipitated 

during cooling after the solidification of the cast steel from heat 

No. 2, whereas the high cooling rate (>400C/s) prevented its re-

precipitation. 

In order to determine the volumetric fractions of phases in 

the solutioned cast steel, the binary images of the structure were 

subjected to analysis by the ImagePro Plus program. The obtained 

results are shown in Figure 7.  

Fig. 2. The microstructure of GX2CrNiMoCu25-6-3-3 duplex cast 

steel in as-cast conditions,  heat No. 1 

Fig. 3. The microstructure of GX2CrNiMoCu25-6-3-3 duplex cast 

steel in as-cast conditions,  heat No. 2 

Fig. 4. Occurrence of   phase on the grain boundary regions,  

cast steel in as-cast conditions, heat No. 2, SEM 

3.  Results and discussion
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Fig. 5. Influence of Mo contents on temperature stabilization of  

phase in duplex cast steel, Thermo-Calc 

Fig. 6. The optical microstructure of investigated cast steel after 

the solution heat treatment 10800C/2h/water

The cast steel from heat No. 1 had 57 % of ferrite and 43 % of 

austenite in the structure. The cast steel from heat No. 2 had  

a similar share of ferrite and austenite, which equals 56 % and  

44 % respectively (Fig. 7).   

The examination results show that, in duplex cast steel, the 

solutioned temperature of 10800C provides a ferritic-austenitic 

structure of a comparable volumetric fraction of both phases.

Water solutioning of small specimens, as was the case in the 

laboratory conditions, prevented the precipitation of the   phase 

in the structure of the cast steel. In industrial conditions, during 

the solution heat treatment of massive casts at a considerably 

lower and diverse cooling rates, an increase in the volumetric 

fraction of the   phase and an associated impairment in the 

properties of the material should be expected. This is 

demonstrated by the results of the authors’ investigation presented 

in the paper [21]. In the solutioned cast steel, in the presence of 

about 3 % of the   phase the impact resistance amounted to 70 J, 

compared to 142 J obtained for the pure ferritic-austenitic 

structure, with a similar volumetric fraction of ferrite and 

austenite. 

Fig. 7. Ferrite and austenite volumetric fractions of the investiga-

ted cast steel after the solution heat treatment 

The coper content reaching 3.5% in one of three duplex cast 

steel grades comprised by the PN-EN 10283:1998 standard shows 

that, apart from improving the castability and reducing the 

propensity to porosity, it aims at increasing the tribological 

properties through ageing. According to PN-EN 10283:1998 

standard, the temperature range of precipitation hardening with 

the !-Cu phase is 480-510°C. The usability and effectiveness of 

ageing and the temperature optimisation of the treatment was 

carried out for cast steel heated at 480°C, 500°C and 520°C 

during 4 and 8 hours. Prior to ageing the cast steel was solution 

heat treated at parameters 1080°C/2h/water. 

 The HREM examinations have shown that two-hour heating 

before solution heat treatment does not ensure total dissolution of !-

Cu phase precipitating during many hours of massive casts cooling. 

The lack of characteristic stress contrast around precipitates 

presented in Fig. 8 shows that they are incoherent. The presence of 

copper not dissolved during the solution heat treatment to some 

extent reduces the effectiveness of subsequent ageing, and the 

applied parameters of ageing (temperature/time) clearly 

differentiated the size, amount and degree of !-Cu phase coherence.

As a result of ageing at 480°C/4h, uniformly distributed, 

spherical !-Cu phase, approx. 15 nm in size, precipitated in ferrite 

grains (Fig. 9). Characteristic “coffee-bean” shape proves their 

coherence with the matrix. Ageing at 480°C caused maximum 

increase in hardness and decline in impact strength as compared 

with the solution heat treated cast steel (Table. 2).

Ageing at 520°C caused the smallest increase in hardness of 

alloys studied, what is related to overageing consisting in coagulation 

of !-Cu phase precipitates and loss of their coherence (Fig. 11). 

The high-resolution transmission electron microscope 

examinations have shown, apart from precipitation processes, the 

occurrence of spinodal decomposition of ferrite and formation of 

iron-rich " phase and chromium-rich "’ phase in the cast steel 

aged at 480°C. This process is accompanied by a strong increase 

in hardness and a decline in plastic properties by half. The 

reduction in cast steel impact strength as a result of spinodal 

decomposition indicates the necessity to modify the lower ageing 

temperature included in PN-EN 10283:1998 standard.



561

Microstructural evolution in a duplex cast steel after quench ageing process

Volume 28    Issue 9    September 2007

Fig. 8. The HREM microstructure of investigated cast steel after 

the solution heat treatment, 10800C/2h/water

The ageing carried out at three temperatures, i.e. 4800C,

5000C, 5200C caused an increase in hardness. The highest 

increment, by approx. 15%, was obtained for ageing at the lowest 

temperature of 4800C (Fig. 12), upon which the hardness 

increased by over 40 HB. 

The overall increase in hardness is determined mainly by the 

distinct increase in the microhardness of ferrite associated with its 

precipitation hardening, the fine-dispersion  -Cu phase and 

spinodal decomposition into the   and  ’ phases at  

a temperature of 4800C. The increase hardness in cast steel 

causes, at the same time, a drop in impact resistance by several 

times (Tab. 2). Higher ageing temperature proved to be less 

effective than lower one, where the results in hardness values 

increase with decreasing temperature (Fig. 12). 

Table 2.  

Measurements of hardness, microhardness and impact strength  of 

investigated cast steel after different heat treatment 

HB HV0,05 ! HV0,05 " KV, J Heat

treatment heat No. 1 

as-cast 257 --- --- 60 

1* 243 348,5 212,3 120 

2* 282 430,6 230,4 100 

3* 272 420,5 225,3 106 

4* 267 410,7 220,6 118 

 heat  No. 2 

as-cast 268 --- --- < 7J 

1* 242 350,1 214,4 142 

2* 285 437,6 233,3 50 

3* 271 423,5 229,4 68 

4* 255 378,9 219,7 82 
*1- 10800C/2h/water,                    2- 10800C/2h/ water + 4800C/4h,

 3- 10800C/2h/ water + 5000C/4h, 4- 10800C/2h/ water + 5200C/4h

Solution heat treatment causes a rapid increase in the impact 

strength of the examined alloys compared to the cast steel in as-

cast conditions. In the cast steel with carbon content at  a level  of  

Fig. 9. The HREM microstructure of investigated cast steel after 

the quench ageing, 10800C/2h/water + 4800C/4h 
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Fig. 10. The HREM microstructure of investigated cast steel after 

the quench ageing,10800C/2h/water + 5000C/4h

0.055% (heat No. 2), after solution heat treatment from the 

temperature of 10800C, the impact strength was 142 J (Tab. 2), 

compared to 7 J in the cast steel in as-cast conditions. In the case 

of the cast steel from heat No. 1, with a pure ferritic-austenitic 

structure in as-cast conditions, the impact strength after the 

solution heat treatment increased from 60 J to 120 J (Tab. 2). The 

quench ageing process causes a drop in duplex cast steel impact 

strength, and its variations as a function of ageing temperature are 

plotted in Figure 13. The greatest drop in impact strength is 

exhibited by the cast steel aged at 4800C, which is accompanied at 

the same time by the greatest increase in hardness.  

The fractographic examination showed that the fracture of a 

solutioned cast steel specimen was matte, being typical of 

cracking by the ductile transcrystalline micromechanism. As can 

be seen in Figure 14, the size of the ductile cracking “cups” is 

clearly dependent on the size of cracking initiators, which are 

fairly large inclusions of third-type sulphides and much smaller 

deposits, probably those of carbides or carbonitrides.  

Fig. 11. The HREM microstructure of investigated cast steel after 

the quench ageing, 10800C/2h/water + 5200C/4h 
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Fig. 14. The fracture of GX2CrNiMoCu25-6-3-3 cast steel after 

the solution heat treatment, 10800C/2h/water

Fig. 15. The fracture of GX2CrNiMoCu25-6-3-3 cast steel after 

the quench ageing, 10800C/2h/water + 4800C/4h 

The fractures of the quench aged cast steel specimens are 

mixed, ductile and brittle in character. The latter, in the macro 

scale, manifests itself by the presence of bright walls. Figure 15 

shows a typical microfractographic image of cast steel aged at 

4800C. Alternate micro-regions of transcrystalline, ductile and 

brittle cracking are visible. 

4. Conclusions 

The carried out investigation make it possible to formulate 

statements and draw conclusions, as follows: 

1. obtaining a ferritic-austenitic structure of a comparable 

share of phases is provided by solution heat treatment from 

the temperature of 10800C. This temperature assures also 

the dissolution of the   phase characterized by high 

temperature stability afforded by a high molybdenum 

content reaching 10%; 

2. quench ageing parameters have a substantial effect on the 

degree of cohesion, dispersion and amount of the  

!-Cu phase. Ageing at a temperature of 4800C for 4h results 

in an increase in the amount of matrix-coherent !-Cu phase 

precipitates of an average size of approx. 15 nm, thereby 

contributing to a maximum increase in the hardness of the 

cast steel; 

3. as a result of ageing at a temperature of 5200C an over-

ageing effect occurred, which consisted in the coagulation of 

!-Cu phase precipitates and the disappearance of their 

coherence, which resulted in a reduction of hardness down to 

a level of 255 HB, with a simultaneous increase in impact 

strength;

4. in the case of massive casts, the quench ageing effect will be 

much slower than in small laboratory specimens, which is 

associated with the presence of a large number of incoherent 

!-Cu phase in the cast steel after the solution heat treatment; 

5. ageing at a temperature of 480 C causes, besides the 

precipitation of the matrix-coherent ! phase, the formation of 

a chromium-rich "’ phase and an iron-rich " phase and 

associated drop in plastic properties. Coincident with the 

impact resistance drop are thus two processes: the 

precipitation of the coherent !-Cu phase and the spinodal 

decomposition of ferrite; 

6. the investigation carried out confirm the little effectiveness 

of the ageing treatment in respect of thick-walled casts, while 

the high copper content in the home scrap necessitate its 

selection and makes its management difficult. At the same 

time, the authors’ experience in the production of thin-walled 

casts of a wall thickness from 2 to 4 mm justifies the 

advisability of introducing copper that improves the 

castability and lowers the pouring temperature.  
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