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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 martensitic 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
A, 1o 800 °C at a rate of 62 °C/s. X-ray microanalysis 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 a'-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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AHHOmMayus. ABTOPEI UCCIIEIOBAIN MAPTEHCUTHOE IPEBPAIllCHIE B IOPUCTHIX CIICYEHHBIX cTalaX. [Ipy aHamu3e mpouecca pa3BUTHSA MapTEHCHT-
HOTO NpEBpAlleHUs YYTEHO BIMAHUE JBYX (HAKTOPOB: 00eIHEHME YITIEPOJOM IPUIIOBEPXHOCTHBIX CIOEB IHOP; M3MEHEHHE DHEPreTHYEeCKOro
GayaHca 3a CUeT pelaKCalluy HAIPSDKEHUI IPeBPAIeHUs Ha CBOOOIHBIX OBEPXHOCTIX Hop. VccnenoBanus IpoBOJMINCE HAa 00pa3Iax IOpH-
CTBIX CTaseil ¢ cofepxkanueM yruepona 1,56 mMac. %, ModyueHHBIX [OC/IE IPECCOBAHUS U CIleKaHHs B arMocdepe BOA0po/a NpH TeMIeparype
1200 °C cmecu nopomnixos xene3a IDKPB u rpadura I'K-3. IIpoBoaunacs Taxxke razosas HeMeHTanus mpu Temmeparype 1100 °C u romore-
HM3allUs, MO3BOJISAIONAs JOCTUTHYTh YKa3aHHOTO COZEp)KaHHUs yriepozaa. 3akajika oOpa3loB IPOXOAMIA B PacTBOPE IOBAPEHHOH conu mpu
temneparype 27 °C. [IpuMmeHsIoch IpeiBapuTeNbHOE NOJACTykuBaHue ¢ Temneparyp A_ 10 800 °C co ckopoctbio 62 °C/c. Pentrenocrnek-
TpaJIbHBI MUKpOAHAIU3 pacrpeesieHus yriepoaa BeinonHscs Ha yctaHoBke CAMECA. Microsonde M.S. 46 npu auamerpe 30HIa 2 MKM.
OOHapyXeHO IIPEHMYIECTBEHHOE 00pa30BaHKe IIACTUH MapTEHCHTa Ha MOBEPXHOCTSX IIOp, a TakKe OIHM3Kas K poMOounanbHOU opma Ux
nornepeyHoro ceyenus. IloayueHHble 1aHHBIE 0 MOP(OIOTHH KPUCTAILIOB 0/-(a3bl, pacTyIIUX OT II0P, U UCCIE0BAHUSA METOJIOM PEHTI€HOCIEK-
TPaJIbHOTO MUKPOAHAIIHN3a paclpeeleHns yIIepoaa BIOoMIb Hanboaee KPYIHBIX IIACTHH MapTEHCUTA IOATBEPIKIAI0T OTCYTCTBHE KAaKUX-IHO0
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CYHICCTBEHHBIX M3MEHCHUH KOHICHTpalUH yrjiiepoaa. Kak CJICICTBUC, UX BJIMAHUE HA PA3BUTUEC MAPTCHCUTHOTI'O ITPEBPAILICHNSA B paﬁOHe Iop HE
SIBJISICTCST BEAYIIUM. Z[.]'IS[ CIICYCHHBIX MMOPUCTBIX cranen HCYyCTpaHUMbIM (baKTOpOM TIOBBIIICHUS TEMIICPATYPhI SABIACTCS HAJIUIUEC ITIOPUCTOCTU
B OTIIMYHE OT YCTPAHUMOTI'O (baKTOpa HCOAHOPOAHOCTH XUMHYECKOI'0 coCTaBa, KOTOopas 06ycn013neHa HETIOJHOTOM IpoHeCcCcOB roMOreHmu3annu
CIlIaBa Kak IIPpH CIICKAHUH, TaK U B IIPOLECCC ayCTCHUTU3AllUH, Hpe;[meCTBy}omeﬁ 3aKalIke.

Kawueswle cao8a: MapTEHCHUT, CIICYCHHAs1 CTaJlb, IIOPHI, CBO60I[HaSI TIOBEPXHOCTD, 3aKaJIKa, pelaKkcanus HaHpSDKeHI/Iﬁ
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Y TIOPUCTOCTH CIICYCHHOM CTalH Ha Pa3BUTHE MAPTEHCUTHOTO MpeBpatleHus. Mzeecmus 6y308. Yepnas memannypeus. 2024;67(4):417-423.
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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 M_
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 y-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 nucleation
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 development
of the martensitic reaction in sintered steels. Another
potential reason for the increase in the M_ 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 M_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 O, 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.
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[ RESEARCH METHODOLOGY

The potential influence of chemical composition inho-
mogeneities near the pores on the y — o 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 °C 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 pm.

[ 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 um were also observed (Fig. 1, ¢).

Cooling down induced the precipitation of Fe,C
at grain boundaries, as well as within the y-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 o'-phase with various morphological types,
approximately 3 um in size, were found (Fig. 2, b). De-
carburization near the Fe,C plates was detected, as con-
firmed by X-ray microanalysis (Fig. 3). The thicknesses
of the decarburized layer near Fe,C, determined by both
X-ray microanalysis and microstructural analysis, were
consistent.

In cases where the y — o' transition at the pore edge
is initiated by decarburization, this should be distinctly
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Fig. 1. Microstructure of sintered Fe — 1.56 % C steel after quenching:
a — ¢ — various sections of the microsection

Puc. 1. Muxpoctpykrypa crieueHoit Fe — 1,56 % C cranu nocne 3akaiku:
a — ¢ — pa3IM4HbIe YYaCTKU MUKpOIUTHha

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

Puc. 2. Crpyxrypa nopucroit Fe — 1,57 % C cranu ¢ BblAelICHUsIMU KapOUJIOB IIPU MOACTYKUBAHHU:
a, b — paznu4HbIe Y4acTKH MUKpoLLTHda

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 a'-phase crystals
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Fig. 3. Results of microanalysis (intensity of K -radiation C)

in the perpendicular direction from Fe,C precipitates:
Y — austenite regions; o’ — martensite edges; 6 — cementite regions

Puc. 3. Pe3ynprarel Mukpoananusa (uarencuBHocTH K -nsinyuenus C)
B [IEPIICHANKYIIPHOM HAlpPaBlIeHUH OT Bblaesnenuii Fe,C:
Y — YUaCTKH ayCTEHHTa; o' — OTOPOUKH MAPTEHCUTA;
0 — y4acTKH [IeMeHTHUTa

(Fig. 1, ¢), did not reveal significant differences in carbon
content. Consequently, their influence on the y — o' 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 7.

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]:

—0
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where b, is the Burgers vector of the i-th dislocation

loop; G,y is the shear stress induced by the dislocation

ensemble; Y, is the ordinate of the i-th loop plane; S, is

the cross-sectional area of the plate in the i-th loop plane.
Then,

—0 —j

Gry =Y Gxy; (2)
= __ uh
o ) = i)
(x+5)“x+gf—(y—nf}
2 272 -
[(sz) +(y-1)) } (3)
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where p is the shear modulus; v is Poisson’s ratio;
lj is the absolute value of the j-th loop abscissa;

|Y j+1| Yo Y, 1s thze macroscopic shear along
the x-axis (assuming y < v, 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:
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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

Puc. 4. IlpencraBneHue MONepeIHOro CeUeHUs
3apobIIIel MAPTEHCUTA IIUIITUYECKOM,
MIPSIMOYTOJIbHOM U POMOOBHIHON (opMm:

@ — HETIPEPBIBHO PaCIOIOKECHHBIC JMCIIOKAIUK B CIUIOIIHOM Cpese;
b — B ciy4ae 00pa3oBaHusi OT CBOOOIHOM MOBEPXHOCTH
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Based on the _d+ata from [17], it is possible to cal-
culate the value oy, which determines the relaxation
of transformation stresses at the pore edge, and subse-
quently compute the values of E,(c) and E,(c), where
¢ = a/r (with a and r being the half-thickness and radius
of the martensite crystal, as shown in Fig. 4). The resul-

Eile)
v

ting dependencies, recalculated per unit volume as

E(c
and 2; ), 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 7).
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 < ¢ < 0.4 the curves
E,(c)
V
are described by linear equations of the form

Ei(c)
vV

and assuming ¢, < 1 with an accuracy of € <35 %,
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Fig. 5. Dependencies M, Eyc) and E© for plates
v Ey(c)

with a rhomboidal (curves 1, 1', 1"); rectangle (curves 2, 2', 2");
ellipse (curves 3, 3', 3") cross sections

Puc. 5. 3aBucumMocTtn El(c), Exle) E(C
V Ez(C)

C IONEePeuHbIM ceueHueM B popme pombda (kpusbie /, 1', 1");
npsiMoyroiibHUKa (Kpusskie 2, 2', 2"); smnunca (kpusbie 3, 3', 3")
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2
Ee) s (1.188¢+0.03) 1/m, J/m*;  (6)
vV n(l-v)

2
5O _ W (07460 +0.019) 1/m, Jm’.  (7)
14 n(l—v)

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

2 41
F* _ 2 o A .
27 (Afoc—>y . A*)
_dE(e)/V (8)
de

4 :[E(C)j_A'-
Vv

From equation (8), the M_ point for nucleation
at the pore surface (denoted as 7, in this context) can be
derived if 7 is known — the M_ temperature during mar-
tensite formation within the austenite volume between
pores:

bl

A!

AT = Jj: (A=) - 4)+ 4, ©9)
2

where 4 and 4 correspond 4; and 4,, 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 p=8-10""N/m?* v=0.23; y =0.18;
6 =0.2 N/m% Af“~*(T,)=1.75-10% J/m? [18] for steels
with a carbon concentration of 0.4 — 1.2 %, the increase
in T, over T is approximately 75 K.

The following conclusions can be drawn from these
results:

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

Fig. 6. Arrangement of two-dimensional plate at angle o
to the pores’ free surface

Puc. 6. Pacnionoxenue AByMEPHOH MIACTHHBI 110 YTIIOM o
K CBOOO/THOI MOBEPXHOCTH TIOP

inclined relative to the surface (Fig. 6), where the mar-
tensite start temperature would be even higher. The poten-
tial increase in the M_ point depends on the angle o
(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 sina. In the case of a spherical pore, any
angle may be equally probable; thus, as a decreases,
the probability of nucleation from the pore diminishes
according to the sina 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 M_ point increases by about
100 °C [2; 19].

2. As observed from equation (9), the increase in
T, over T, 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 M_ 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 M_ temperature allows it to be
fixed only when more than 1 % of the o'-phase volume
fraction appears, thereby clearly illustrating the depen-
dence of M_ 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 ¢ < 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 M_ 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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