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Аннотация. Авторы исследовали мартенситное превращение в пористых спеченных сталях. При анализе процесса развития мартенсит-

ного превращения учтено влияние двух факторов: обеднение углеродом приповерхностных слоев пор; изменение энергетического 
баланса за счет релаксации напряжений превращения на свободных поверхностях пор. Исследования проводились на образцах пори-
стых сталей с содержанием углерода 1,56 мас. %, полученных после прессования и спекания в атмосфере водорода при температуре 
1200 °С смеси порошков железа ПЖРВ и графита ГК-3. Проводилась также газовая цементация при температуре 1100 °С и гомоге-
низация, позволяющая достигнуть указанного содержания углерода. Закалка образцов проходила в растворе поваренной соли при 
температуре 27 °С. Применялось предварительное подстуживание с температур Аст до 800 °С со скоростью 62 °С/с. Рентгеноспек-
тральный микроанализ распределения углерода выполнялся на установке CAMECA. Microsonde M.S. 46 при диаметре зонда 2 мкм. 
Обнаружено преимущественное образование пластин мартенсита на поверхностях пор, а также близкая к ромбоидальной форма их 
поперечного сечения. Полученные данные о морфологии кристаллов α′-фазы, растущих от пор, и исследования методом рентгеноспек-
трального микроанализа распределения углерода вдоль наиболее крупных пластин мартенсита подтверждают отсутствие каких-либо 
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Abstract. The article is devoted to the study of martensitic transformation in porous sintered steels. When analyzing the process of development 

of marten sitic transformation in porous sintered steel, the influence of two factors was assessed: depletion of carbon in the near-surface layers 
of pores and a change in the energy balance due to relaxation of transformation stresses on free surfaces of the pores. The martensitic trans-
formation was studied in porous steel with a carbon content of 1.56 wt. % obtained after pressing and sintering of a mixture of PZhRV iron 
powders and GK-3 graphite in hydrogen atmosphere at 1200 °C. Gas carburizing at 1100 °C and homogenization helped to achieve the specified 
carbon content. The samples were quenched in a sodium chloride solution at a temperature of 27 °C. Pre-cooling was used from temperatures 
Ast to 800 °C at a rate of 62 °C/s. X-ray microanaly sis of carbon distribution was carried out using the installation CAMECA Microsonde 
M.S. 46 with a probe diameter of two microns. The martensite plates predominantly formed on the pores’ surfaces and their cross section had 
shape close to rhomboidal. The data obtained on the morphology of α′-phase crystals growing from pores and the study by X-ray spectral micro-
analysis of carbon distribution along the largest martensite plates convince us of the absence of any significant changes in carbon content and, 
as a consequence, their influence on development of martensitic transformation in the area of pores is not the leader. For sintered porous steels, 
an irremovable factor in the increase in temperature is the presence of porosity, in contrast to a removable factor – inhomogeneity of the chemical 
composition, which is caused by incompleteness of the alloy homogenization processes, both during sintering and during the austenitization 
process that precedes quenching. 
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 Introduction

The characteristics of martensitic transformation in 
porous sintered steels have been studied in considerable 
detail [1 – 3]. For sintered steels, an increase in the Ms 
point (martensite start temperature) is characteristic as 
porosity (the ratio of pore volume to the total volume 
of the product) increases. This phenomenon is gene-
rally explained by the reduction in resistance to plas-
tic deformation in the γ-phase, which is characteris-
tic of martensitic transformation [1; 4; 5]. However, 
the nucleation of martensite occurs in regions with 
significantly smaller diameters than those of the pores 
and the distances between them, so considering the pro-
perties of steels with normal density allows for a more 
precise understanding of nucleation processes. Additio-
nally, the influence of the free surface on the nuclea tion 
of martensite needs to be studied. Thus, elastic interac-
tions between martensite crystals and the free surfaces 
of pores can play a decisive role in the deve lopment 
of the martensitic reaction in sintered steels. Another 
potential reason for the increase in the Ms point could be 
segregation factors, which often occur in sintered steel 
due to segregation processes and incomplete solubility 
between components [1; 6 ‒ 8]. The factor of decarburi-
zation, leading to a shift in the Ms point due to the forma-
tion of carbides along pore boundaries (near the surface) 
during quenching, cannot be excluded. A similar effect 
has been observed during the precipitation of cemen-
tite and other carbides at grain boundaries. In stu-
dies [9; 10], carbide precipitation was associated with 
grain boundary segregation processes of sulfur, which 
induces carbon mobility. In porous sintered steel, con-
centrations of S and P are ≤ 0.05 % and О2 is ≤ 0.25 %, 
so segregation processes at various types of boundaries 
are also possible. The studies [11; 12] considered mar-
tensitic transformation that can be initiated by carbide 
precipitates during the aging of high-alloy austenitic 
steels. These processes also need to be examined for 
porous sintered steels.

In this study, we examined the martensitic transfor-
mation in sintered steels, considering the potential for 
carbon depletion in areas near the surface of the porous 
material and alterations in the energy balance resulting 
from relaxation processes occurring at the pores.

 Research methodology

The potential influence of chemical composition inho-
mogeneities near the pores on the γ → α transformation 
was evaluated in experiments with samples obtained 
by sintering PZhRV iron and GK-3 graphite powders. 
The pressing and sintering were conducted in a hydrogen 
atmosphere at a temperature of 1200 °C for half an hour, 
resulting in a carbon concentration of 1.25 %, which was 
subsequently increased to 1.56 % during the carburizing 
process at 1100 °C and homogenization annealing. 

Quenching was performed in an aqueous NaCl solu-
tion at a temperature of 27 °C. Pre-cooling was also 
applied before quenching, reducing the temperature from 
above the SE line to 800 °С at a rate of approximately 
62 °C/s.

The carbon distribution was analyzed using X-ray 
microanalysis with a CAMECA Microsonde M.S. 46 sys-
tem with a probe radius of 2 µm.

 Results and discussion

Microstructural analysis revealed that martensite 
crystals predominantly formed at the surfaces of pores, 
with the crystals exhibiting a near-rhomboidal shape 
(Fig. 1, a, b). Twinned crystals ranging in size from 40 
to 60 µm were also observed (Fig. 1, c).

Cooling down induced the precipitation of Fe3C 
at grain boundaries, as well as within the γ-matrix. Con-
sequently, the subsequent quenching led to the forma-
tion of martensite in carbon-depleted austenitic regions 
adjacent to cementite plates, characterized by a mixed 
crystal morphology with a predominant lath structure 
(Fig. 2, a, b). In microvolumes of austenite free from 
cementite precipitates, twinned martensite was observed 
(Fig. 2, b). Near the carbide formations, regions of low-
carbon α′-phase with various morphological types, 
approximately 3 µm in size, were found (Fig. 2, b). De -
carburization near the Fe3C plates was detected, as con-
firmed by X-ray microanalysis (Fig. 3). The thicknesses 
of the decarburized layer near Fe3C, determined by both 
X-ray microanalysis and microstructural analysis, were 
consistent.

In cases where the γ → α′ transition at the pore edge 
is initiated by decarburization, this should be distinctly 

существенных изменений концентрации углерода. Как следствие, их влияние на развитие мартенситного превращения в районе пор не 
является ведущим. Для спеченных порис тых сталей неустранимым фактором повышения температуры является наличие пористости 
в отличие от устранимого фактора неоднородности химического состава, которая обусловлена неполнотой процессов гомогенизации 
сплава как при спекании, так и в процессе аустенитизации, предшествующей закалке. 
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observable in microstructural analysis. However, the mor-
phological analysis of martensite crystals formed from 
the pore, along with the results from X-ray microanalysis 
of carbon concentration near the largest α′-phase crystals 

(Fig. 1, c), did not reveal significant differences in carbon 
content. Consequently, their influence on the γ → α′ tran-
sition process in the pore region appears to be negligible.

The influence of porosity on the transformation 
during quenching was theoretically analyzed, taking 
into account the potential for stress relaxation at the free 
surface of the pores, which occurs during transformation. 
It was assumed that, in the case of heterogeneous nuclea-
tion, part of the free energy associated with interactions 
between martensite and defects remains unchanged in 
the pore region and between the pores. It was considered 
that nucleation from the pore edge would occur if the other 
components of free energy necessary for homogeneous 
nucleation at the pores and between them were identical. 
Additionally, it was assumed that the form of the energy 
function for both cases remains constant. Thus, the free 
energy values were equated for homogeneous nucleation 
at the pores and between them when the nucleus reached 
the critical radius r*.

The martensite crystal was modeled as a flat nucleus 
with elliptical, rectangular, and rhomboidal shapes 
(Fig. 4). Shear deformation was modeled using con-
tinuously distributed dislocations [13 ‒ 15]. The elastic 
shear energy during nucleation can be determined as fol-
lows [16]:

             (1)

Fig. 1. Microstructure of sintered Fe – 1.56 % C steel after quenching: 
а – c – various sections of the microsection

Рис. 1. Микроструктура спеченой Fe – 1,56 % C стали после закалки: 
а – c – различные участки микрошлифа

Fig. 2. Structure of porous Fe – 1.57 % C steel with carbides released during cooling-down: 
а, b – various sections of the microsection

Рис. 2. Структура пористой Fe – 1,57 % C стали с выделениями карбидов при подстуживании: 
а, b – различные участки микрошлифа

Fig. 3. Results of microanalysis (intensity of Kα-radiation C) 
in the perpendicular direction from Fe3C precipitates: 

γ – austenite regions; α′ ‒ martensite edges; θ – cementite regions

Рис. 3. Результаты микроанализа (интенсивности Kα-излучения С) 
в перпендикулярном направлении от выделений Fe3C:

γ – участки аустенита; α′ ‒ оторочки мартенсита; 
θ – участки цементита
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where bi is the Burgers vector of the i-th dislocation 
loop;  is the shear stress induced by the dislocation 
en semble; Yi is the ordinate of the i-th loop plane; Si is 
the cross-sectional area of the plate in the i-th loop plane.

Then,

            (2)

        (3)

where μ is the shear modulus; v is Poisson’s ratio; 
lj is the absolute value of the j-th loop abscissa; 
bi = |Yj – Yj + 1| γx; γx is the macroscopic shear along 
the x-axis (assuming , dilation is not considered).

In the case of growth from a pore (Fig. 4, b) 
of a nucleus with the same cross-sectional area, the elas-
tic energy is determined by similar dependencies:

            (4)

       (5)

Based on the data from [17], it is possible to cal-
culate the value  , which determines the relaxation 
of transformation stresses at the pore edge, and subse-
quently compute the values of Е1(с) and Е2(с), where 
с = a/r (with a and r being the half-thickness and radius 
of the martensite crystal, as shown in Fig. 4). The resul-  
 

ting dependencies, recalculated per unit volume as   
 

and , are illustrated in Fig. 5. It becomes evident  
 

that the shape of the nucleus does not significantly 
impact the obtained data, although the elastic energy dur-
ing nucleation from a pore decreases more markedly in 
the case of a rhomboidal cross-section (Fig. 5, curve 1ʹ). 
Experimentally, such rhomboidal-shaped plates growing 
from pores have been observed (Fig. 1). Therefore, all 
subsequent relationships refer to a plate with a rhomboi-
dal cross-section.

Within the range of 0.1 ≤ с ≤ 0.4 the curves   
 

and  assuming с2  1 with an accuracy of ε < 5 %,  
 

are described by linear equations of the form

Fig. 4. Representation of the cross-section of martensite nuclei 
ofellipsoidal, rectangular and rhomboidal shapes: 

a ‒ continuously located dislocations in a continuous medium; 
b ‒ in the case of formation from a free surface

Рис. 4. Представление поперечного сечения 
зародышей мартенсита эллиптической, 
прямоугольной и ромбовидной форм: 

a ‒ непрерывно расположенные дислокации в сплошной среде; 
b ‒ в случае образования от свободной поверхности

Fig. 5. Dependencies ,  and  for plates 

with a rhomboidal (curves 1, 1ʹ, 1″); rectangle (curves 2, 2ʹ, 2″); 
ellipse (curves 3, 3ʹ, 3″) cross sections

Рис. 5. Зависимости ,  и  для пластин 
 

с поперечным сечением в форме ромба (кривые 1, 1ʹ, 1″); 
прямоугольника (кривые 2, 2ʹ, 2″); эллипса (кривые 3, 3ʹ, 3″)
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          (6)

          (7)

Using the traditional approach [18], the value 
of the “classical” nucleation barrier can be determined 
as follows:

    (8)

From equation (8), the Ms point for nucleation 
at the pore surface (denoted as Т2 in this context) can be 
derived if Т1 is known – the Ms temperature during mar-
tensite formation within the austenite volume between 
pores:

   (9)

where  and  correspond  and  , respectively, 
in the case of nucleation within the austenite volume 
between the pores (index 1) and at the free surface 
of the pores (index 2).

For the values μ = 8·1010 N/m2; v = 0.23; γx = 0.18; 
σ = 0.2 N/m2; Δf  α′ → γ(Т1) = 1.75·108 J/m3 [18] for steels 
with a carbon concentration of 0.4 ‒ 1.2 %, the increase 
in Т2 over Т1 is approximately 75 K.

The following conclusions can be drawn from these 
results:

1. Stress relaxation at the pore surface (Fig. 5) is 
mi nimal compared to the scenario where the crystal is 

inclined relative to the surface (Fig. 6), where the mar-
tensite start temperature would be even higher. The poten-
tial increase in the Ms point depends on the angle α 
(Fig. 6), with the maximum being the equilibrium tem-
perature of the transforming phases. As the angle var-
ies from 90 to 0°, the number of habit planes changes 
by a factor of sin α. In the case of a spherical pore, any 
angle may be equally probable; thus, as α decreases, 
the probability of nucleation from the pore diminishes 
according to the sin α function. The modeling results 
show good agreement with experimental data: in steels 
with a carbon concentration of 0.4 – 1.2 % and a porosity 
of approximately 30 %, the Ms point increases by about 
100 °С [2; 19].

2. As observed from equation (9), the increase in 
Т2 over Т1 for Fe – 0.4 ÷ 1.2 % C steels is independent 
of alloy composition, which is also experimentally con-
firmed [2; 20].

3. The well-known linear dependence of the Ms tem-
perature of sintered steels on porosity can be attributed 
to the approximately linear increase in the specific free 
surface area of the material. The accuracy of experimen-
tal determination of the Ms temperature allows it to be 
fixed only when more than 1 % of the α′-phase volume 
fraction appears, thereby clearly illustrating the depen-
dence of Ms on porosity.

4. Experimental data indicate that for crystals formed 
at an angle of 90° from the pore, the maximum ratio 
of half-thickness to radius was с ≤ 0.23. Theoretically, 
the maximum value is 0.25.

 Conclusions

The calculation results indicate that martensite crys-
tals oriented at a 90° angle to the pore have the highest 
probability of nucleation, with the ratio of their half-
thickness to radius approaching the maximum pos-
sible value. It has been demonstrated that the difference 
in the martensite start temperature between nucleation 
at the pore surface and nucleation between pores is inde-
pendent of the alloy composition. The well-known linear 
dependence of the martensite start temperature on poro-
sity is determined by the increase in the specific free sur-
face area. Therefore, in sintered porous steels, porosity 
is an unavoidable factor that raises the Ms temperature. 
Segregation effects, which arise due to incomplete homo-
genization during sintering or during austenitization prior 
to quenching, can be excluded.
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