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Abstract—The sintering Kinetics is investigated and the activation energy of sintering of milled powders of
iron and mechanically alloyed mixture “iron—0.5% carbon—5.6% ferrophosphorus” is calculated. The dislo-
cation density increasing to 10'! cm~2 is calculated by X-ray phase analysis and metallography, and ordering
of dislocations in milled powders of iron and mechanically alloyed mixture upon increasing the milling time
is found. Based on the values of porosity, which vary during isothermal sintering at 900—1100°C in powders
milled in different times, coefficients of the Ivensen equation and activation energy of sintering and concen-
tration of structural defects, which are present in the beginning of isothermal sintering, are calculated. The
results of investigations showed that the formation upon milling the dislocation structure with a high density
of thermally unstable dislocations slightly activates sintering, and structural defects formed during the forma-
tion of solid solutions during mechanical alloying and heterodiffusion affect the activation of sintering much
more strongly.
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INTRODUCTION

It is known that dispersed powders possess high
activity to sintering [1, 2]. When sintering dispersed
particles, the process moving force is the gradient of
the thermodynamic potential, which is caused by the
gradient of the concentration of vacancies that appears
at curved surfaces. We can substantially vary the defect
density of the crystal structure and surface curvature of
powders upon milling the powders and thereby acti-
vate sintering.

Structural defects affecting the increased activity
should possess stability in the high-temperature
region, where the activity manifests itself. Such defects
are dislocations and macroscopic defects of the type of
interfaces between structural elements, pore surface,
etc. [2]. It is known that porous compacts made of
ultradispersed powders cannot be sintered to the low-
porosity level. One cause of this is the fact that certain
stoppers are overcome at low temperatures, while the
remaining ones are insurmountable [2].

The description of the sintering kinetics is very com-
plex in view of multitude of variables. However, the phe-
nomenological description proposed by Ivensen, which
is based on the continuously observed regularity of
independence of the relative reduction of the porosity
from the initial density of the powder body, is recog-
nized as the most realistic one until now [3]:

V= V(gmt+1)"", (1)

where V and V, are the pore volumes in the initial
instant of sintering and in the beginning of isothermal
holding; ¢ is the constant, the physical sense of which
is the rate of the relative reduction of the pore volume
in the instant of the beginning of isothermal sintering;
m is the constant that characterizes the intensity of
lowering the reduction rate of the pore volume with
the sintering time; and t is the time of isothermal
holding during sintering.

Among all known empirical equations, only this
equation is able to describe both the rapid compaction
in the first minutes of isothermal sintering and strongly
retarded compaction after hours-long sintering; it is
verified for powders of various metals and compounds.

We can establish the processes occurring at various
stages of sintering by the values of equation constants.

When fabricating the powders using various meth-
ods, crystalline particles of powders differ not only by
the total level of general imperfection, but also by the
number of defects as well, which determines the main
features of reduction of the porosity volume. It is
established in computational studies of foreign
researchers that, when milling the powders, the ratio
of the number of mobile and immobile dislocations is
determined by the material nature—hardness, melt-
ing point, and binding energy [4, 5]. The dislocation
structure formed during milling will obligatorily affect
sintering. When heating the powders with a high dislo-
cation density, the annihilation rate of dislocations
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rapidly decreases due to the retarding action of fas-
tened dislocations against the motion of active dislo-
cations. It is known that the activation energy is inde-
pendent of temperature if it is calculated for one mate-
rial having a definite type of active structural
imperfections.

In terms of reasons of the phenomenological the-
ory, active imperfections can form due to the coagula-
tion of vacancies [3].

This study is targeted at investigating the influence
of the microstructure of milled and mechanically
alloyed iron powders on the kinetics and properties of
powder materials and revealing the relation between
the main parameters of sintering.

EXPERIMENTAL

Mechanical milling of the carbonyl iron powder of
the VMS-1 grade was performed using a Pulverizette 4
planetary mill with a weight ratio of balls and powder of
30 : 1 for 0—100 h in argon (the ball diameter is 8§ mm,
ball material is steel ShKh135, cuvette diameteris 14 cm,
orbital motion velocity is 284 rpm, and drum rotating
velocity is 1298 rpm). Milled powders were compacted
under a pressure of 500 MPa and sintered in hydrogen
at 900—1100°C for 5 min, 1 h, and 2 h.

Mechanical alloying (MA) of the mixture of pow-
ders of iron (PZhR 2.200.28), carbon (0.5%), and fer-
rophosphorus (5.6%) was performed in a Kh38NOOT
water-cooled planetary mill (orbital motion velocity is
700 rpm and drum rotating velocity is 1570 rpm) with
a weight ratio of balls and powder of 30 : 1. The MA
time was varied from 1 to 25 min.

The MA powders were compacted under a pressure
of 700 MPa and sintered in hydrogen at temperatures
of 900—1050°C for 5 min, 0.5 h, and 2 h. The density
and porosity of the samples was measured after sinter-
ing. “Etching holes” were revealed in metallographic
cross sections etched by a 2% solution of picric acid in
ethanol [6].

The size distribution of conglomerates of powder
particles and their shape were determined using an
Analyzette 22 laser diffractometer. The average size of
particles entering the composition of conglomerates
was calculated based on the measurements of nitrogen
adsorption over the specific surface of the powder
(a Sorbi 4.0 device). The type and formation kinetics
of point defects during crushing was judged by the
variation in the interatomic distance established using
a Shimadzu XRD 600 diffractometer. The distribution
character of dislocations was analyzed by the broaden-
ing ratio of X-ray lines k = 3;,o/B0: if k is close to the
ratio of tangents of line angles, then the dislocation
distribution is chaotic, and if it is close to the ratio of
secants, then the dislocations form low-angle walls. In
the case of the cellular dislocation distribution, their
density was calculated by formula p = 3/D?, where D is
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the size of coherent scattering regions (CSR) for the
chaotic distribution: p = A%, A =2 x 10'* cm=2.

To find constant m, we determined the ratio of pore
volumes before (V) and after (V) sintering with the
isothermal holding for 0 h (or 5 min), t, and 7,.

Denoting V/V,, = V; for sintering for 0 h, V; for 1,,
and V, for t,, we calculated m for various sintering
temperatures according to the formula:

V./ V)" =1
Wl o o, )
vi/v) -1
Constant g was found according to the equation
v/ V)" -1
0.5m

We calculated the annihilation energy of imperfec-
tions (E,) (further, the activation energy of sintering)
as 1.5AFE [3], where AE = E,— E, and E; is the activa-
tion energy of flow processes of the crystalline sub-
stance.

We calculated AE as follows:
logm, — logm,
-7,
where m, is the coefficient at temperature 7} and m,—

at T,.
We calculated for various temperatures
alN; = gmexpE,/(RT), (5)

where N, is the imperfection concentration in the
beginning of isothermal sintering.

AE = , 4

EXPERIMENTAL INVESTIGATION
INTO THE STRUCTURE
OF MILLED IRON PARTICLES

The influence of milling time (from 0 to 100 h) of
the carbonyl iron powder (particles 3—10 pum in size)
on the particle-size distribution (Table 1) is investi-
gated. The experimental data show that the average
sizes of conglomerates of particles (d,,) decrease with
an increase in the crushing time, most intensely after
milling for 32 h; such a character of decreasing the
sizes can be associated with the accumulation of
defects of the crystal structure. A small increase in d,,
to 4 pm with the milling duration of 100 h can be
caused by the appearance of nanodimensional parti-
cles liable to agglomeration. The granulometric com-
position contained about 10% nanoparticles with sizes
smaller than 100 nm after 100-h milling.

A continuous increase in the dislocation density in
power to p; = 21.79 x 10'° cm~2 after 100-h milling
and an increase in the magnitude of microdistortions
(Aa/a), most intense after 32 h, were observed during
milling. The accumulation of defects of the crystal
structure led to an increase in hardness and brittleness
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Table 1. Microstructural characteristics of iron powders after milling

L Average size . Microdistortions | Dislocation Dislocation Lattice parameter, A
Milling CSR sizes . . R
duration. h of conglomerates D. nm of crystal lattice | density py, distribution o oo
" |of particles d,,, um ’ Aa/a, % 10" cm™2 Bi10/Bao*
5 6.3 100 — 1.0 0.35(chaot.) | 2.869 2.8670
32 5.8 95.28 0.043 3.3 0.30(chaot.) | 2.8728 2.8652
54 3.2 52.82 0.204 10.7 0.43 (bl.) 2.8626 2.8626
74 2.8 50.29 0.221 11.8 0.48 (bl.) 2.8515 2.8617
100 4.0 37.1 0.362 21.79 0.45 (bl.) 2.8748 2.8641
* The distribution is chaotic if 3¢/B2y0 is closer to 0.251 and blocked if it is closer to 0.51.
Table 2. Shape of MA particles of iron-based mixtures
Milling Apparent Circle Ellipsis Particle
duration, h density, g/cm? factor factor Roundness shape
0 1.8 1 1 1 (@)
5 1.7 0.91 0.979 0.688 @ )
32 1.5 0.78 0.941 0.69 £
54 1.6 0.83 0.866 0.61 @D
74 1.4 0.974 0.992 0.77 o@D
100 1.2 0.93 0.988 0.766 -

of milled powder and promoted the destruction of par-
ticles and their conglomerates, as well as a decrease in
d,,- The dislocation distribution ordered after 54-h
milling. The failure mechanism of particles is prefer-
entially friction, since the dislocation density consid-
erably increased. The rain size in milled powders was
1 pm.

The shape of conglomerates of particles increas-
ingly larger deviated from the ball with an increase in
the milling time and was characterized by cut edges
(Table 2). In addition, the intraparticle porosity
formed when conglomerating the particles; this poros-
ity and relief surface of conglomerates decreased the
apparent density of the particles (the weight of freely
poured powder in the volume unit responsible for the
compaction of particles when pressing) (see Table 2).

The porosity of compacts under the more pro-
longed powder milling increased in connection with a
decrease in the size of particles; rise of their micro-
hardness; and, consequently, variation in the stressed
state of powder particles [7].

The porosity of compacts made from milled pow-
der particles reduced after sintering at 900 and 1100°C
(Table 3).
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EXPERIMENTAL INVESTIGATION
INTO THE STRUCTURE OF MECHANICALLY
ALLOYED MIXTURE OF POWDERS
“IRON—CARBON—-FERROPHOSPHORUS”

The spread iron powder has a spherical shape and
sizes of 50—200 um. Surface layers of iron particles are
intensely bombarded by milling balls during the MA,
which is accompanied by the incorporation of graphite
and ferrophosphorus into the surface (Fig. 1a); micro-
hardness of the surface light layer (ferrophosphorus) is
6150 MPa, and that of the internal part (alloyed fer-
rite) is 3600 MPa. It was revealed by optical micros-
copy that, by the end of the MA process, each particle
of the composite under study represents a conglomer-
ate, which includes multitude of finer (true) particles
(Fig. 1b), the size of which, as was determined by the
adsorption method, was 1—2 pm. The chemical com-
position of each particle leveled during the MA and
the variation coefficient of the phosphorus concentra-
tion decreased following the exponential law from
0.16 to 0.02 with an increase in the alloying time. The
CSR sizes of particles of iron—carbon—ferrophospho-
rus mixtures during milling were decreased to 20 nm,
which is apparently the limiting value of D (Table 4).
The CSR sizes also reduced to 16—25 nm under simi-
lar MA conditions of iron powder with chromium,
Vol. 56
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Table 3. Porosity before and after sintering the briquettes from milled iron powder

Porosity after sintering under isothermal holding
Milling duration, h Compact porosity
5 min 1h 2h

Sintering temperature of 900°C
5 0.425 0.375 0.31 0.284
32 0.43 0.364 0.31 0.281
54 0.43 0.35 0.30 0.277
100 0.448 0.38 0.317 0.287

Sintering temperature of 1100°C
5 0.44 0.425 0.263 0.233
32 0.442 0.39 0.23 0.205
54 0.444 0.36 0.23 0.212
100 0.473 0.37 0.253 0.223

molybdenum, manganese, and carbon [8, 9]. It is
known that the minimal grain (particle) size during
milling or MA is determined by the material nature—
hardness, melting point, binding energy, and ratio of
the number of mobile and immobile dislocations [4].
For example, the minimal particle size after milling
calculated for iron, which cannot be larger than the
CSR size, is 8.1 nm according to the data [10].

The dislocation density increased during the MA
from ~1 x 10'%to ~2 x 10! cm~2. Since the dislocation
mobility decreases as the solid solution is formed and
the dislocation density is increased [11], while the
ordering of the mutual arrangement increases, the for-
mation and growth of dislocation walls apparently
occur due to blocking the dislocations at stoppers.

CALCULATION OF KINETIC PARAMETERS
OF SINTERING OF MILLED
AND MECHANICALLY ALLOWED POWDERS

The calculated coefficients of the Ivensen equation
for sintering the milled iron powder are presented in
Table 5. Their analysis showed that a nonmonotonic
(quasi-periodic) dependence of constant m on the sin-
tering temperature is observed with an increase in the
milling time. The activation energy of sintering is also
nonmonotonic; in addition, it varies oppositely to m.
The maximal values of constant g (the rate of relative
reduction of the porosity volume to the initial instant
of isothermal sintering) and aV; (the imperfection
concentration in the beginning of isothermal sinter-
ing) are attained for a milling time of 54 h, which can
be associated with the formation of a sufficiently high
density of mobile dislocations, which are still low-
ordered. Coefficient m decreases with an increase in
the sintering temperature of powders milled for 5 h,
which is characteristic of metals. The value of m rises
with an increase in temperature, which is caused by a
complex shape of particles and gas pressure in intra-
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particle pores. This fact should be taken into account
when milling the powders with the addition of surfac-
tants, which will be adsorbed during milling and iso-
late during sintering.

Fig. 1. Structure of particles of the iron—carbon—ferro-
phosphorus MA mixture mechanically alloyed for
(a) 1 min and (b) 25 min (etched).
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Table 4. Microstructural characteristics of iron—carbon—ferrophosphorus powder mixture after milling

Milling Average size CSR sizes Dislocation D.151(.)cat¥on Average particle | Particle number
duration, min of cor}glomerates D, nm density py, cm™2 distribution size, um in conglomerate
of particles d,,, um ’ Bi10/Bazo
0 35+23 - 10° 0.25 (chaot.) 1.4 20
13+11 — 1010 0.33 (chaot.) 1.0 13
5 12+ 11 60 0.28 (chaot.) 0.6 20
10 11+10 25 - — 1.1 10
25 6t4 20 2 x 10! 0.44 (bl.) 0.4 15

Table 5. Coefficients of the Ivensen equation and activation
energy of sintering for milled iron powder

Milling 1 E, 1
duration, | ¢,h m kJ/mol oN;, h
min

Sintering temperature of 900°C

5 0.33 5.0 27 1.65

32 0.34 2.0 69 0.68

54 0.60 4.1 42 2.50

100 0.38 2.0 51 0.76
Sintering temperature of 1000°C

5 5.90 4.5 27 26.5

32 5.00 4.0 69 20.0

54 9.16 6.5 42 60.0

100 0.80 3.3 51 2.64

It was expected that the longer the milling time and
the higher the density of dislocations and other defects
are, the more active sintering will be; however, the
powder milled for 54 h turned out to be most active.
The shrinkage intensity in the case under consider-
ation was caused by the maximal number of disloca-
tions thermally stable to the beginning of sintering,
which is confirmed by the highest value of aV,.

The calculated activation energies of sintering of
milled iron powders coincide in order of magnitude
with the results of other authors and with our experi-
mental data for other systems based on dispersed iron
powders. For example, when sintering the iron powder

Table 6. Coefficients of the Ivensen equation and activation
energy of sintering for milled iron powder

M | an! " ij/Eri;ol o b
Sintering temperature of 1000°C
25 1.9 1.2 240 3.08
1 0.84 9.0 257 7.56
Sintering temperature of 1050°C
25 7.3 2.01 240 19.8
1 0.6 3.5 257 2.16
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140 nm in size [12, 13], E, = 29—31 kJ/mol; for the
coarse-dispersed PZh3 powder, 51—-58 kJ/mol, and
for the carbonyl powder [3, 14], 196 kJ/mol. The acti-
vation energy of sintering the carbonyl iron powder
with the addition of 14% of nickel nanopowder was
64 kJ/mol, while that of nanodimensional powders of
the same composition was 34 kJ/mol [15, 16].

The observed variation in the magnitude of E, dur-
ing sintering depending on the milling time of iron
powders is apparently mainly caused by the disloca-
tion structure—the quality, number, and mobility of
dislocations in powders milled for various times.

When calculating coefficients of the Ivensen equa-
tion for the MA system, it is established that, as the
sintering temperature increases, the magnitude of m
decreases for a mixture alloyed for 1 min and increases
for a mixture alloyed for 25 min (Table 6). In the sec-
ond case, this is associated with the presence of pores
inside the conglomerates and an increase in the gas
pressure in closed pores at the more uniform distribu-
tion of the liquid phase in a more dispersed system.
The lack of mobile dislocations in the material under
study was caused by the formation of the block dislo-
cation structure after the MA.

The activation energy of sintering of powder steels
mechanically alloyed with phosphorus and carbon was
lower after the MA for 25 min and comparable in mag-
nitude with the activation energy of sintering of carbo-
nyl iron powders [12—16]. When comparing E, of sin-
tering of milled powders of iron and mechanically
alloyed mixtures, it is seen that this quantity is inde-
pendent of the time of milling or MA, but is deter-
mined by the type of the powder used: E, for carbonyl
powders is smaller by a factor of 3—8 compared with
the mechanically allowed spread powder.

The value of aV, after sintering in the solid phase at
1000°C was smaller in the system mechanically
alloyed for 25 min; it is evident that even at a higher
dislocation density and their high degree of ordering,
the annihilation activity of defects is higher. Thus, het-
erodiffusion exerts no substantial effect on the activa-
tion of sintering for the sufficiently rapid heating to the
temperature of solid-phase sintering.

Another situation is revealed at a sintering temper-
ature of 1050°C: the value of .V, is larger for the 25-
min mixture than for the 1-min mixture (see Table 6).
Vol. 56
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In addition, the absolute concentration of imperfec-
tions in the 25-min mixture to the beginning of sinter-
ing at 1050°C is almost sevenfold higher than to the
beginning of sintering at 1000°C. It is evident that the
vacancy concentration abruptly increases to the begin-
ning of liquid-phase sintering due to heterodiffusion.
This concentration substantially exceeds the number of
imperfections remaining to the beginning of sintering
after the MA. Indeed, the calculated diffusivities in
iron—ferrophosphorus diffusion pairs sintered at 900,
950, and 1000°C increase, while the width of the dif-
fusion zone increases from 110 to 300 um. Columnar
grains elongated in the diffusion direction are formed
in the structure of the diffusion zone at the side of iron
during the liquid-phase sintering (Fig. 2). The disloca-
tion zone revealed by the variation in microhardness
turned out wider than the diffusion one, i.e., the diffu-
sion was accompanied by the formation of dislocations
[8]. The positive influence of the MA, which leads to
an increase in dispersity and concentration of imper-
fections of powders, on the activation of sintering can
be judged comparing not only the residual porosity
(Table 7) but the magnitude of o./V; as well in the mix-
ture alloyed for 1 min. The value of aNV; decreases as
the sintering temperature increases (see Table 6),
while the structural imperfections caused by heterod-
iffusion in the coarse-dispersed structure are still not
formed to the beginning of sintering.

Thus, the defects formed when milling the powders
turn out less stable to heating than the defects formed
during the heterodiffusion. One more important con-
clusion follows form the comparison of the data of
Tables 5 and 6: the activation of sintering is observed at
the highest concentration of imperfections that are
present in the beginning of sintering, and a certain
degree of ordering of their distribution imparts stabil-
ity to these imperfections.

INVESTIGATIONS INTO THE STRUCTURE
AND PROPERTIES OF SINTERED
MECHANICALLY ALLOYED
PHOSPHOR STEELS

The strength for sintered steels increases with an
increase in the ML duration from 1 to 25 min almost
twice, while impact toughness and relative elongation
increase by an order of magnitude (Fig. 3). The forma-
tion of the liquid phase additionally intensifies shrink-
age and improves mechanical properties.
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Fig. 2. Structure of the iron—ferrophosphorus diffusion
zone sintered at 1000°C for 6 h, etched (x400).

a, kJ/m? o,, MPa S, %
800
800
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400 116
600 11
2001 400 48
- 4
04 400 E— 0
0 5

10 15 20 25 30

Fig. 3. Strength (o},), impact toughness (a), and relative
elongation (&) of sintered MA steel PK 50F depending on
the MA duration.

MA-alloyed steels possess a porosity of 3—6%, grain
size of 5—6 um, ultimate strength up to 770 M Pa, relative
elongation up to 14%, impact toughness up to 700 kJ/m?,
and fracture toughness of 45—60 MN/m?*2. The dislo-
cation structure of the powder mixture prepared by the
joint crushing of components promotes the activation
of sintering and prevents the segregation of phospho-
rus at the boundaries during sintering; a microstruc-
tural analysis of sintered steels shows the formation of
platelet steadite in steels without the MA (Fig. 4a) and

Table 7. Porosity before and after sintering of briquettes from the iron—carbon—ferrophosphorus powder mixture

Milling duration, Compact Sintering Porosity after sintering under isothermal holding
min porosity temperature, °C 5 min 05h 27h
1 0.25 1000 0.23 0.20 0.18
1 0.25 1050 0.21 0.18 0.10
25 0.40 1000 0.34 0.21 0.11
25 0.40 1050 0.25 0.11 0.60
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vol. 56 No.3 2015
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Fig. 4. Microstructure of sintered powder steels PK50F
(etched). (a) MA time of 1 min and (b) 25 min. Magnifi-
cation (a) x200 and (b) x800.

point distribution in MA steels (Fig. 4b). The disloca-
tion density in the MA steel after sintering evaluated
by the etching patterns on the metallographic cross
section constitutes 10° cm~2. In addition, certain
ordering is retained in the dislocation distribution
after sintering as well. Properties of MA phosphor
steels, especially the relative elongation at a high
strength, are better than those of analogs of powders
PNC60 produced by Hoganas (Sweden) at a consider-
ably lower temperature of activated sintering.

CONCLUSIONS

It is established based on the analysis of coefficients
of the Ivensen equation, activation energy of sintering,
and concentration of imperfections:

(i) The Ivensen equation describes well sintering in
the iron—carbon—ferrophosphor MA system.

(ii) Imperfections of the structure of the crystal lat-
tice of iron formed during milling are thermally unsta-
ble and annihilate upon heating to the onset of iso-
thermal holding; a high value of a/V, promotes the
activation of sintering (both in the milled powder and
in the mechanically activated system).

RUSSIAN JOURNAL OF NON-FERROUS METALS
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(>iii) Structural imperfections formed during het-
erodiffusion rather than during milling promote the
activation of sintering in the iron—carbon—ferrophos-
phorus system. It is established that mechanical alloy-
ing positively affects the activation of heterodiffusion
and sintering.

(iv) The activation energy of sintering is not sub-
jected to a substantial variation under the milling and
MA of definite systems.
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