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STRUCTURE AND PROPERTIES OF POWDER STEELS SINTERED 

BY ELECTRIC CONTACT HEATING  

 
Florin CIOFU, Alin NIOAŢĂ, Universitatea "Constantin Brâncuşi", Tg.Jiu 

 
ABSTRACT. Test equipment is constructed and technology is developed for electric contact sintering of 

specimens based on iron. The structure and properties of specimens after sintering is studied by metallographic. 

It is established that the structure of these specimens is ferrite-bainite-martensite with predominance of the 

martensitic phase. After electric sintering there are considerable microstresses in the material that increase with 

an increase in carbon content. A considerable number of randonomly arranged dislocations are revealed in 

sintered samples that are more numerous by two orders of magnitude or more than the number of boundary 

dislocations. This should be appear in the mechanical properties of sintered specimens. Comparasion of the 

structure and properties of samples of the same composition sintered by electric contactmethod shows a small 

difference in these properties. Thus the electric sintering technology developed by us for samples may with 

appropriate development be introduced into production. 
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1.INTRODUCTION 

The problem of obtaining fully dense nanostructured bulk samples is of essential 

significance in various fields of materials engineering due to their peculiar mechanical, 

electrical, optical, and magnetic properties. 

Acceleration of sintering is one of the most important and enduring operations in 

powder mettalurgy, it is an important economic task. Previously it has been shown that 

considerable acceleration of sintering of metal powder is possible by the method of rapid 

electric contact heating of preliminary compacted specimens followed by short isothermal 

exposure at the sintering temperature. Depending on process parameters thare is formation of 

one structure or another, which in turn governs the sintered material properties. To a 

considerable extent these properties are caused by formation of contacts between particles 

under conditions of rapid electric heating and exposure at high temperature, and also kinetic 

material compaction during compaction and sintering, which in turn is governed by the 

incompleteness of the material crystal structure, and the defective nature of its structure. In 

the final analysis acceleration of sintering with electric heating causes activation of the whole 

process, which markedly shortens the time of the process compared with furnace sintering and 

it cheapens the process as a whole. 

  

2.EXPERIMENTAL PROCEDURE 

Alloys based on iron of two compositions were studied, mass %: A) 0,05Cr; 0,29Mn; 

0,53Mo; 1,92Ni; C) 0,32Cr; 0,52Mn; 0,3Mo; 0,25Ni. In order to prepare samples 20mm in 

diameter and with a thickness of 8mm powder was used in the form of granules with a size of 

0,16mm with addition of 10% of a 0,4 fraction. Graphite was added from 0,2 to 0,5 mass% to 

mixtures A and C, and specimens were compacted at pressures of 400, 600 and 800MPa. The 

carbon content after sintering was 0,17; 0,35 and 0,5 mass%. Specimens were sintered in am 

atmosphere of very dry hydrogen in a specially created test unit whose block scheme (fig.1) 

differs little from that used for electric sintering of  specimens. Howevwr, in contrast to this 

device the equipment was automated; it is also entirely different in the shape of the 

conductors. 
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The specimen holders are arcs joined together of the same curvature as the specimen 

being sintered between which the specimen is installed. Ellectric curent is passed through the 

specimen placed in the holders. Electric contact with the raw unsintered specimenoccurred 

through the holders. Uniform sintering throughout yhe whole specimen is monitored by 

studying the structure of the material in the specimen contact areas with the holder-conductors 

and in areas of the specimen most distant from the conductors. 

 

 
Fig.1.Block scheme of equipment for electric contact sintering of samples.  

  

The fact that the structure over the whole arc of a specimen was almost identical 

points to the absence of a temperature gradient with electric sintering over the whole ring of a 

specimen and its uniform sintering. The heating rate with electric contact sintering was of the 

order of 1000deg/min and the cooling rate was 250deg/min. Specimens were heated to 1373, 

1473 and 1573 K with exposure for 1,5,15 and 30min. For comparation the structure and 

properties of specimens of the same composition were sintered by the furnace method at 1473 

K (heating rate 15deg/min, cooling rate in the furnace about the same) with exposure for 

30min. After completion of sintering and cooling to room temperature a specimen was rotated 

by 90
o
 and the sintering process was repeated in order to avoid forming different structural 

states over the extent of the ring as a result of possible small temperature gradient in the 

contact area of the specimen and holder arising due to water cooling of the conductors. The 

optimum sintering technology was selected by choosing the optimum heating rates with a 

current of about 1000A. 

 The density of samples changes little during isothermal exposure after rapid heating. 

This feature was observed with electric contact sintering of  specimens. The grater the 

compaction pressure for billets in the original condition, the greater is the density acquired by 

the material after both electric contact and furnace sintering. As metallographic studies 

showed, with short-term rapid electric heating not all of the graphite introduced into the alloy, 

particularly with a content of 0,4 and 0,6%, manages to dissolve throughout the whole volume 

of an samples. The same thing was observed with electric sintering of a  specimens. It should 

be noted that the structure, porosity and density of each material was determined at several 

points of a sample. These properties hardly differ, wich points to the uniformity of the 

structure. 
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3.CHARACTERISATION 

With an increase in isothermal exposure time material porositychanges little (Table 1). 

The main reduction in porosity of samples, as also the increase in density, accurs during rapid 

heating to the sintering temperature. The least porosity after sintering applies to specimens 

compacted at a pressure of 800MPa. Depending on sintering time, with the same compaction 

pressure at first porosity increases a little, and then it decreases. Probably this feature may be 

explained by the fact that with electric sintering the intensity of diffusion processes is much 

greater than with normal furnace sintering. 
 

Table 1.Density and porosity for materials with a different carbon content after electric contact. 

(Shown before the line is material density, g/cm
3
, and porosity, % is shown after the line) 
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 Alloy A Alloy C 

Sintering at 1373 K Sintering at 1473 K Sintering at 1373 K 

Electric contact Furnace Electric contact Furnace Electric contact Furnace 

Materials without graphite 

400 1 6,6842/14,6  

 

 

6,87/11,8 

6,7448/13,8  

 

 

6,72/14,5 

6,9202/11,0  

 

 

6,82/12,1 

5 6,7525/14,3 6,6676/14,7 6,4882/12,4 

15 6,8246/12,5 6,7762/13,5 6,8744/11,4 

30 6,8546/12,5 6,7988/13,4 6,8642/11,6 

600 1 7,0108/10,1  

 

 

7,03/9,8 

6,9880/10,4  

 

 

6,92/11,1 

 

 

 

7,1424/6,8 

 

 

 

7,12/7,7 

5 7,0544/9,6 7,0226/9,7 

15 7,0740/9,4 6,9814/10,5 

30 6,9784/10,2 6,9742/10,8 

800 1 7,2224/7,4  

 

 

7,24/6,8 

7,2338/7,2  

 

 

7,19/6,8 

7,2582/6,5  

 

 

7,38/5,2 

5 7,2519/7,1 7,2594/7,1 7,3632/5,6 

15 7,2524/7,1 7,2565/7,1 7,4248/4,8 

30 7,2183/7,5 7,2678/6,9 7,4946/4,7 

Materials containing 0,4% graphite 

400 1 6,7244/12,8  

 

 

6,72/14,1 

6,8149/11,6  

 

 

6,72/12,8 

6,8368/11,1  

 

 

6,85/11,4 

5 6,6184/14,2 6,7278/12,6 6,8929/10,5 

15 6,5272/16,1 6,8618/10,8 6,7902/11,3 

30 6,7992/11,5 6,9088/10,47 6,8295/11,1 

600 1 7,1244/9,1  

 

 

6,85/10,5 

6,9684/9,5  

 

 

6,69/13,2 

7,1548/7,1  

 

 

6,92/8,2 

5 6,9264/10,1 6,8882/10,4 7,094/8,0 

15 6,9840/9,5 6,9584/9,3 7,0344/8,4 

30 6,8845/10,5 6,7618/12,2 7,0518/8,2 

800 1 7,2926/5,5  

 

 

7,11/6,5 

7,3248/4,9  

 

 

7,18/6,3 

7,3100/4,9  

 

 

7,36 

5 7,2738/5,7 7,2984/5,3 7,2866/5,2 

15 7,2384/6,2 7,2480/5,9 7,2508/5,4 

30 7,2208/6,4 7,2500/5,9 7,2544/5,6 

 

 

 This is also indicated by the change in average pore diameter depending on isothermal 

exposure time (Table 2). The fact that with all of the compaction pressures for samples with 

an increase in isothermal exposure time pore diameter decreases, but the distance between 

pores increases a little with almost no change in porosity, indicates that pore size decreases 

with electric sintering, but their overall number changes little pores are refined. The 

microstructure of both alloys with 0,4% graphite was studied. 
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Table 2. Properties of alloi a with 0,4% graphite sintered by electric contact heating at 1473K. 

(Shown before the line is hydrostatic porosity, and beyond the line are results of measurement) 

Sintering time, 

min 

Compaction 

pressure, MPa 

Porosity Pore diameter, 

µm 

Distance between 

pores, µm 

Pore shape 

factor 

1 400 11,1/12,6 21,0 67 0,58 

5 400 10,8/9,5 18,0 86 0,76 

30 400 12,2/11,1 15,0 118 0,34 

1 600 6,8/7,8 10,9 78 0,62 

5 600 8,9/9,1 12,5 83 0,75 

30 600 7,4/6,8 5,6 116 0,69 

1 800 6,6/5,9 20,0 49 0,28 

30 800 5,7/5,1 9,0 86 0,54 

 

 Samples compacted at a pressure of  600MPa (Fig.2) were sintered at 1473 K. 

Spherical pores are present in both material C and material A (here there are much fewer of 

them). Pores of this shape may only form in the presence of a liquid phase. A similar picture 

was observed with metallographic study of electric contact sintered  specimens of the same 

composition. 

 

a 

 
b 

c d 

 
Fig.2.Microstructure of samples A (a,b) and C (c,d) with a carbon content in the original condition of 0,35% 

prepared by electric contact heating sintering (a,c) and by furnace heating (b,d) after compaction at 600MPa. 

 

 Metallographic studies showed that efter electric contact and furnace sintering the 

matrix has a different structure.This may be explained by the different cooling rate for 

specimens: after electric contact sintering it was is 250deg/min and after furnace sintering it 

was only 15deg/min. As a result of this the structure of electric contact sintered specimens of 
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both alloys is ferrite-bainite-martensite with predominance of the martensitic phase. After 

electric contact sintering there is also some structural heterogeneity caused by nonuniform 

distribution of carbon, particularly with short (1 and 5 min) isothermal exposure at the 

sintering temperature. In this case due to the short-term nature of sintering carbon does not 

manage to be redistributed uniformly throughout the specimen volume.With a high graphite 

content (0,4% or more) insoluble residues of it are identified in the structure. In material C 

apart from spheroidal pores there are also traces of a eutectic, which also points to local 

formation of a considerable amount of liquid phase during electric contact sintering of 

samples. After furnace sintering the matrix structure in both materials is pearlite and it is more 

homogeneous.  

 As is well known, strength in bending characterizes a material mainly from the point 

of structure and shape of interparticles joints. Therefore the structure of broken sintered 

specimens was studied. Fracture surface morphology for both specimens after electric contact 

sintering was similar. In material C after electric contact sintering smooth surfaces revealed 

pores of spherical shape that were not observed in the fracture surfaces of the same material 

sintered by the furnace method (Fig.3). Apparently the liquid phase that forms at interparticle 

contacts envelops the surface of pores, fills all of the uneveness, and makes is smooth. Within 

the fracture of electric contact sintered samples there were coarser interparticle joints with a 

more complete structure and shape than with furnace sintering. The pitted or linear nature of 

the surface of the surface of these joints points to good pore development. With electric 

sintering there were also often joints with the minimum contact of particles a sign of greater 

sintering intensity. 

 

 
Fig.3.Fractograms of samples sintered by electric contact heating (a,c) and furnace heating (b,d) of alloys A 

(a,b) and C (c,d) with a carbon content in the original condition of 0,17% compacted with 600MPa. 

 

 As is well known, under rapid heating conditions for iron and alloys based on it 

sintering is accelerated. This is due to the fact that the high-temperature phase (austenite) is 

characterized by a greate extent of boundaries, smaller subgrains, and increased dislocation 

density. The length of trevel for excess vacancies in this structure is small, which points to a 

high rate for diffusion processes. The rate of diffusion processes governing sintering intensity 

is due to the heating method, the defectiveness of the structure, and the capacity of vacancy 

sources to compensate for the insufficient number of vacancies for equilibrum. 
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 Development of microstresses in electric contact sintered alloys is due to two factors: 

material shrinkage as a result of compaction and subseqent sintering; structural and phase 

transformation that occur with introduction of  carbon into the alloy composition, and also 

with subsequent rapid heating (sintering) and relatively rapid cooling. Compaction consist of 

several stages and leads to sintering of particles, as a result of which thei are displaced, 

regrouped, deformed and form contacts with each other as a result of breakage of oxide films 

covering them. In order to form contacts uniform throughout a whole specimen volume, even 

with the use of weakly oxidized powders, a relative high compaction pressure is necessary. In 

the particle contact zone there is a marked increase in dislocation density as a result of an 

increase in microstresses. 

 When an electric current is pased through a specimen, in the contact zone due to an 

increase in electrical resistance there is a local increase in current density. The change in 

microstresses is by more than an order of magnitude, which we have observed in electric 

heating sinterered samples of alloys A and C with a diferent graphite content, and it is 

connected apparently with phase and structural transformations that occur during electric 

sintering under the action of the carbon introduced into the alloy composition. The first factor 

caused by compaction and shrinkage, results probably in only the differences (by about an 

order of magnitude) in microstress in compacted unisintered and then sintered materials. The 

efect of a second factor, connected with phase and structural transformations, is more marked. 

On sintering carbon introduced into an alloy composition in the form of graphite dissolves 

throughout the whole specimen volume. A small part of the graphite remains in the form of 

undissolved segregates which creates structural nonuniformity and the higher the graphite 

content, the greater this is, the greater are microstress. In addition, during heating of samples 

with an electric current, isothermal exposure at the sintering temperature and subsequent alloy 

cooling phase transformations occur, which also increase microstresses. After electric 

sintering the alloy structure becomes ferrite-bainite-martensite with predominance of 

martensite. The fact that microstresses depend little on isothermal exposure time at the 

sintering temperature points to the fact that in the initial stages of sintering there is a reduction 

in defect concentration (as a result of intensification of diffusion with rapid heating), due to 

wich a more uniform pore structure predominantly with small diameter pores is established 

with rapid heating to the sintering temperature. With an increase in sintering temperature from 

1373 to 1573 K the magnitude of microstresses decreases even more intensely with the same 

sintering time. 

 Depending on isotermal exposure at the sintering temperature the number of 

dislocations changes markedly in the initial stages of sintering. This is a consequence of the 

superimposition of two processes. A high rate of diffusion relaxation, whose moving force is 

dislocation elastic energy, leads to a reduction in the overall number of dislocations. 

However, the overall number of dislocations in the initial stages of sintering increases for the 

majority of test alloys and then changes little. This is apparently conneced with the fact that 

during compaction a considerable number of coarse cavities form in a material, within which 

the air is at an increased pressure. With an increase in temperature with electric heating 

isolated cavities are rafined with formation of small isolated pores. The gas presure within 

them increases as a result of both an increase in temperature and a reduction in pore volume 

with compression. If the pressure exceeds the starting stress for dislocation sources at the 

sintering temperature, then the number of dislocation increases. 
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 Thus, the main contribution to an increase strength characteristics of alloys is 

martensite formed as a result of the considerable cooling rate electric contact sintering, and 

also the coarser, structurally and geometrically more complete interparticle joints, whose 

formation is promoted by a liquid phase that develops in these areas due to a local increase in 

temperature. The results of x-ray studies of the structure of samples prepared by electric 

contact sintering coincide. The mechanical properties of these specimens are higher than for 

those sintered by the furnace method. This indicates that sintering technology by electric 

heating of samples has been developed and with appropriate semi-industrial finishing (an 

increase in equipment power for sintering larger samples) it may be introduced into 

production. 
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