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Abstract
The regularities of phase and structural transformations are studied in composition diffusion change 
within the compacted powder mixture of alloys, in which the alloying elements concentration 
corresponds to a standard high-speed steel, but carbon content is different. In one component of 
the mixture, the carbon percentage does not exceed 0.2% while in the other one it is close to the 
eutectic mixture (~3.8 %). The method of geometrical thermodynamics is applied to determine the 
diffusion streams at leveling off the carbon concentration in the powder mixture during heating and 
holding at temperature higher than a melting temperature of the eutecticum. In the paper, we show 
the dependency regularities of carbide phase transformation while sintering its volume fraction and 
holding time.
Key words: phase transformation, mixture of powders, high speed 
steel, liquid-phase sintering, geometric thermodynamics, structure, 
diffusion, eutecticum, Stefan problem, spheroidization, crystallization



59Metallurgical and Mining IndustryNo.1— 2017

Metallurgy and heat treatment of metals
Introduction
The conventional technology for high-speed tool 

production is based on casting and hot working on the 
blank. This practice has a number of notable draw-
backs, including carbide inhomogeneity and low ma-
terial utilization [1, 2]. However, the problem to ob-
tain dispersion homogeneous structure can be solved 
by means of contemporary powder metallurgy, the                                                                                           
advantages of which are recognized [3, 4]. The high 
rate of cooling when spraying molten high-speed 
steel prevents ledeburite eutectic local zones for-
mation, therefore carbide inhomogeneity in powder 
high-speed steels is absent. If we compare the results 
versus those received by the conventional technology, 
we can find that the dispersion of carbides is 15…20 
times better than that of the conventional technology 
steel (1…2 μm instead of 8…10 μm). The durability 
of the tool in this case is 1.5…3.5 times higher (it de-
pends on the steel composition and tool dimensions) 
[5, 6].

The next production process we would like to 
touch in relation to the topic is ASEA-STORA pro-
cess, one of the most widely applied production pro-
cess schemes for blanks of high-speed steel-cutting 
tool [7, 8]. This scheme incorporates powders com-
paction by hot gasostatiс technique and the subse-
quent forming. However, the high cost of equipment 
for hot gasostatiс compacting plays in favour of the 
other scheme to be thought as a more perspective one. 
The latter includes temper annealing for the sprayed 
powder, cold compacting in rigid dies and vacuum 
sintering [9]. Its process permits us to manufacture 
the blanks, which are maximum close to the geometry 
of the final tool, and therefore the material utilization 
ratio is enhanced. Here, there are also opportunities to

increase the density in the sintered blanks by means 
of supersolidus liquid-phase sintering at temperature 
which is several degrees higher than that of solidus. 
At this temperature, 4-9% of liquid phase is formed 
within the structure of the blank under sintering [10]. 
However, this solution possesses significant draw-
backs as follows: the necessity to determine solidus 
temperature for every chemical composition and to 
observe strictly the sintering temperature within the 
narrow range because even a slight overheat above 
the optimal regime causes a sharp coarsening of the 
constituents. Regarding all the above mentioned, it 
could be considered promising to manufacture high-
speed steel by the method of compacting and sintering 
the two powders in which the alloying elements con-
centrations are as high as those in the standard high-
speed steel but the carbon content is different. The 
carbon concentration in one component mixture is not 
higher than 0.2%, while in the other one, the carbon 
content is close to the eutectic (~3.8%). In addition, 
this technique is based on the researches reported in 
the earlier papers on phase and structural transforma-
tions in diffusion changes within the compositions   
alloyed as required for high-speed steels [11, 12].

The current paper is devoted to determining the 
regularities in phase and structural transformations 
at carbon concentration diffusion leveling off with-
in compacted powder mixture when operations of 
heating and holding at temperature above eutecticum 
melting. 

Materials and study techniques
The experimental alloys were prepared in the              

inert atmosphere within the resistance furnace. Their 
chemical compositions are shown in Table 1.

Table 1. Experimental alloys chemical compositions

С, % W, % Mo, % Cr, % V, % Si, % Mn, % Cu, % S, % P, %
Alloy І 0.09 6.18 5.26 4.33 1.90 0.17 0.26 0.23 0.013 0.015
Alloy ІІ 3.82 6.45 5.12 4.16 1.84 0.19 0.20 0.10 0.021 0.026

Before feeding, the alloys were mechanically milled 
as large as 250 μm. The material was compacted at 
pressure of 600 MPa in capsules made from stan-                                                                                   
dard high-speed steel, sealing was applied at this. We                 
obtained compacted alloys density of 95-98% volume 
ratio, at this the carbon average concentration within 
the mixture was 1.10…1.12 % wt. The capsules were 
heated up to the temperature of 1150 °С (the calcu-
lated time of through heating was 10 minutes) and 
held during 30 minutes, 60 minutes and 90 minutes. 
In order to carry out fixation of the structural state, 

the samples were quenched in water after completion 
of their processing. The transformations within these 
compacts were studied with optical microscopy and 
geometric thermodynamics.  

The results and discussion
The microstructures of the experimental alloys in 

the initial state are given in Figure 1. Alloy І struc-
ture is a coarse grain ferrite with a small number of 
carbide inclusions of globular form (Figure 1a). The 
structure of high carbon alloy ІІ is ledeburite eutecti-
cum (Figure 1b). Figure 2 displays the plot of Fe-W-C
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diagram at 1150 °С. This diagram is built with the 
data submitted in [13]. If the tungsten equivalent 
is taken to stand for the concentrations of the main             
alloying elements in the alloy, then one can make 
analysis on the equilibrium in the system under study 
in the form of approximation ternary diagram and 
the methods of geometric thermodynamics, including 
lever rule, could be applied. The dashed line in Fi- 
gure 2 identifies the chemical composition of alloy 
I – alloy II diffusion couple within the range from 
minimal to maximal carbon concentrations. The line 
passes through several zones of many phases, there-
fore the diffusion change in the carbon concentration 
is accompanied by a number of phase and structu-                    
ral transformations. After heating up to 1150°С, the                       
eutectic component of II mixture composition turns 
into liquid (L) and the process of carbon concentra-
tion diffusion leveling off is set off. The generally 
recognized condition for phase transformations kinet-
ic analysis is thermodynamic equilibrium (equality of 
component chemical potentials) on phase boundary. 
At the temperature of sintering, alloy І has a ferrite 
and carbide structure. If the equilibrium condition is 
observed then there proceeds the formation of auste- 
nite or austenite-carbide layer between the ferrite and

carbide constituent and the liquid high-carbon one 
within the mixture. When carbon concentration is           
increased in the ferrite and carbide constituent due to 
the carbon transfer from the high-carbon part through 
the layer, the disperse carbides (М6С) are singled out 
within the ferrite while the initial carbides grow in 
sizes. If carbon concentration reaches point 1 on ab 
side, which belongs to α+γ+М6С triangle, then α-fer-
rite of composition a, М6С carbide of composition b, 
and austenite (γ) of composition c are in the state of 
equilibrium. The further increase in the carbon con-
centration causes ferrite decomposition into austenite 
and М6С carbide. The carbide is distinguished within 
the inclusions, which have already been found in the 
structure (Figure 3a). This corresponds to the results 
obtained earlier with cementation of low carbon ma-
trix alloys of high-speed types [14, 15].

After austenite layer formation, the melt composi-
tion of high-carbon constituent on the boundary with 
this austenite layer corresponds to point 5 on fh line, 
which distinguishes zones L and L+γ. The carbon 
concentration profile at the initial instant of interac-
tion is given in Figure 4a. In order to determine the 
rate of interphase boundary movements, we apply 
Stefan problem with the following data:
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where Cn is carbon concentration at an appropriate 
point or phase; v1, 2 - rates of interphase boundary mo-

vements; Df – carbon diffusion coefficient in f phase.

                                               a)                                                                                            b)

Figure 1.  Microstructure initial states of the alloys under research: 
a – alloy I, b – alloy II
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In this case, the Stefan problem does not possess 

an analytical solution unless significant simplifica-
tions. However, without numerical calculations to 
carry out one can state as follows. Taking into account 
that Dα >> Dγ and convective transfer of the melt, it 
is thought that crystallization at the initial instant of 
interaction is impossible because of the intensive de-
livery of carbon to the interphase boundary. On the 
contrary, some shift of austeniteно-carbide layer to 
the side of low carbon constituent is quite possible 
along with the amount increase in the liquid phase. 
The crystallization begins only when the melt compo-
sition approaches point 5 and decreases gradient
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According to [16], the decarburization of the melt 
with such composition causes austenite crystallization 
accompanied with the shift of the alloying elements 
into melt. The melt is gradually saturated with the al-
loying elements and reaches f composition (Figure 2). 
The further decarburization activates the mechanism 
similar to eutectic, which makes similar crystalliza-
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tion of γ and М6С phases. The projection of lines sep-
arating single-phase L field and two-phase L+γ and 
L+M6C field into carbon loss value allows us to de-
termine transverse gradient of main alloying elements 
concentration in the melt. During crystallization, all 
these elements are to be distributed completely be-
tween γ and М6С phases. The eutectic morphology 
is similar to that of the standard high-speed steel in 
the cast form [16]. However, metallographic analysis 
performed on the sintered samples showed that there 
was no pure austenite at the area where the two con-
stituents of the mixture contact. Probably, it was due 
to a small difference in concentrations in point 5 and 
point f with short diffusion paths and this resulted in 
greater gradient carbon concentration; the crystalli-
zation process had the fast rate while the austenite 
crystallization was being suppressed. The carbon 
distribution within the sintered couple in equilibrium 
process is reported in Figure 4b. 

After completion of crystallization, the further 
carbon concentration leveling off within the sample 
volume is described by the following expression:

(3)
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Figure 2. Scheme for a plot of isometric section diagram for Fe-W-C state at 1150 °С
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                                      a)                                                                                         b)

Figure 3. Microstructure of the powder mixture under analysis during the sintering process: a – initial state, b – after 30 
minutes of sintering

                                      a)                                                                                         b)

Figure 4. Carbon distribution in diffusion couple by means of spherical coordinates for symmetric case. The origin of 
coordinates is in the melted particle: RL -  radius of the melted particle; R -  half a distance between the melted particle 
and the neighboring one; r1 – location of  L / γ+ М6С boundary; r2 – location of  γ+ М6С / α+ М6С boundary; the digits 

in the graph correspond to figure 2;  a – initial instant of interaction; b – stability stage

Even if С (r, 0) is invariable, nevertheless this               
expression allows us to assess the time when the 
maximum amplitude of Fourier expansion decreases 
down to the value acceptable by the requirements to 
the appropriate steel grade. 

The volume fraction of М6С carbide with account 
to the density of 12000-12500 kg/m3 can be deter-
mined by state diagram (Figure 2) with lever rule. At 
carbon concentration leveling off and resultant de-
crease from 1.5 to 1.05 (point 3 and point ІІІ respec-
tively), the vоlume fraction of carbide decreases from 
0.09 to 0.07. The eutecticum in this alloy has a ske- 
leton morphology that is close to that of rod-like type. 

The phase morphology in the form of a continuous 
rod is stable at its volume fraction higher than 0.155 
while at lower one the globular morphology shows its 
stable character. Therefore, the skeleton morphology 
of eutecticum in alloy ІІ is unstable. One of the meth-
ods to simulate transformations of the fibres carbides 
into globulars (spheroidization) is the method of su-
perposing cosinusoidal perturbations with infinitesi-
mal amplitude (δ) onto the fibre [17]:

)cos()( 0 zrzr ⋅⋅+= ωδ , (4)

where r0 – radius of  fibre perturbation; 
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2πω
λ

= , λ -  length of perturbation wave;

z – coordinate directed along the fibre axis. 
Main curvatures of the fibre surface are calculated 

with the accuracy to the first order with respect to δ 
and written as:
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Fibre surface curvatures lead to the development 
of Laplace pressure on the surface and the subsequent 
shift of the boundary equilibrium concentrations of 
the alloy components. Directed along the fibre sur-
faces, the components diffusion flows, which appear 
during this process, either develop or smooth the su-
perposed perturbations. The perturbation is smoothed 
if δ and ω are equal at high values of r0 while at low 
ones they are developed. The perturbation growth 
proceeds with the increasing rate and spheroidization 
completes fast. 

Figure 3b illustrates the structure of high-carbon 
grains after its 30 minute processing. The longer 
holding did not show any significant structural chan- 
ges but only accompanied with carbon concentration 
leveling off in the austenite matrix of the material.

Conclusions
The results reported in this paper permit us to re-

veal a number of issues of structure formation and 
phase transformation at sintering with liquid phase 
carried out for powder mixture of low carbon high-
speed steel and high-carbon alloy, produced by tech-
nology for high-speed steel alloying. They have not 
been studied before. Sintering combined with crys-
tallization and spheroidization enables one to obtain 
the material without inhomogeneity. Moreover, the 
presence of component with around 70% ferrite in 
the powder mixture allows us to exclude temper an-
nealing at the stage before compacting from the pro-
duction scheme. The data received give opportunities 
to control the final structure of certain articles more 
profoundly and subsequently to solve the real prob-
lems of improvements on production and operational 
characteristics for powder high-speed cutting tool. 
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