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Summary. A theoretical analysis of the kinetics of sof-
tening processes occurring in the powder porous body during
deformation at high temperatures has been conducted. Consti-
tutive equations relating the deformation parameters and struc-
ture formation parameters that are characterizing dynamic
softening processes during deformation. The linear depend-
ence of the axial stress logarithm and accumulated defor-
mation of hard phase as a function of the reciprocal of the
temperature. The activation energy of dynamic softening at
uniaxial compression estimated. It has shown that at low de-
formation temperatures the softening mechanism is dynamic
recovery and polygonization while dynamic recrystallization
is taking place at elevated temperatures. Porosity decreases the
activation energy of dynamic softening. The dynamic soften-
ing mechanism in powder material was confirmed by metallo-
graphic analysis.

Key words: mathematical model, recovery, polygoni-
zation, recrystallization, activation energy.

INTRODUCTION

A wide variety of working conditions of ma-
chine parts require the development of materials
with special properties that ensure high wear re-
sistance [1, 2]. This problem may be solved by im-
plementation of new materials produced by a com-
bination of heat treatment and plastic forming pro-
cesses. The power and kinematic parameters of
plastic deformation during hot and semi-hot de-
formation take an influence on structure of powder
materials and changing of their operational proper-
ties. Consequently, investigation of the defor-
mation of powder materials is important for solv-
ing problem of interrelation of deformation param-
eters and structure formation. This question has
deeply studied for deformation of compact materi-

als [3, 4]. It has shown clearly that temperature,
strain rate and intensity of deformation take an in-
fluence on structure formation parameters that are
determining the mechanism of softening process
[5]. It has established theoretically and experimen-
tally that increment of material’s plasticity at small
degrees of deformation and low temperatures is
stipulated by dynamic recovery and polygoniza-
tion, while it is connected with the kinetics of dy-
namic recrystallization at increasing of the temper-
ature and degree of deformation [6, 7, 8]. Increas-
ing of strain rate leads to growing resistance of
deformation, decrease in plasticity due to intensifi-
cation of hardening processes [9]. Obviously, the
same dynamic softening processes may be ob-
served into the solid phase of powder material
[10]. However, the kinetics of softening processes
is under the influence of pore phase presented in
powder materials.

This paper is aimed in theoretical analysis of
the kinetics of softening processes taking place in
the powder material during plastic deformation at
elevated temperatures and determination of de-
pendences between deformation and structure for-
mation parameters.

MATERIALS AND METHODS

Plastic forming at any conditions, on a basis
of dislocation representations, may be character-
ized by changing of dislocation structure in hard
phase of powder material, which causes the devel-
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opment of two mutually balanced processes - hard-
ening and softening. The expression of changing
the dislocations’ density during plastic deformation
may be written as [11]:

p=ns—kp, (1)

where: p — is the dislocation density; k& — is the
Boltzmann function; & — is the strain rate; 7 — is
the coefficient that characterises the ability of hard
phase to accumulate dislocations at particular
strain rate.

The first term on the right side of the equa-
tion (1) describes the hard phase hardening and
increment of dislocation density per unit of time
that is growing with the strain rate &. The second
term describes decreasing of strength through dec-
rementing of dislocation density due to thermally
activated processes expressed by the Boltzmann
function:

k=kyexp(—E/kT ), )

where: k, — is the frequency factor that is inde-

pendent of temperature; E — is the activation ener-
gy of softening processes; 7 —is the absolute tem-
perature.

The equation (1) has a solution [12] at the
constant strain rate £(t)= ¢ = const and bounda-

ry conditions p(0) = p:

ng ®) 7
= pp= L exp| k2 |+ 2=, @
p (Po p jexp[ g] p 3)

where: @-— is the accumulated deformation with
taking into account the influence of porosity.

The accumulated deformation of hard phase
is determined by the following expression [13]:

T
w=IWdT, “4)
0

where: /W — is the rate of changing the accumulat-
ed deformation of powder material; T — is the pe-
riod of time.

The rate of changing the accumulated de-
formation of powder material may be written in the
following way [13]:
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(6))

1 2 2
W=t Jwe? + o2,
,—1_0 4 (4

where: ¥, ¢ — are porosity functions; e — is the
volume changing rate; y — is the shape changing
rate.

Porosity functions may be calculated by ex-
pressions [13]:

_2(1-6)°

Lo=(1-0), 6
3 2 p=(1-0) (6)

and assuming of (Eq. 4) and (Eq. 5),

T
1 2 2
O=|— + dr. 7
i,—]_gx/coy e dr @)

The volume changing rate for uniaxial com-
pression may be written as:

e=e, +2e,, (®)

a shape changing rate may be determined us-

ing the formula:
v 1 z|ez _er| )
3

(€)
considering the equation:
e r—
L=y= , (10)
e 2+r

after substitution to (Eq. 8) the volume
changing rate has transformed to the formula:

ez(l+2v)ez. (11)

A spherical component of the stress tensor:

1
pP=-50;,

12
3 (12)

the intensity of shear stress is determined by

the formula:
= §|az |
‘ 3

(13)
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Loading surface of powder body with taking
into account pore formation process may be im-
plemented in the form of:

alp—af +pr* =c2, (14)

where: a,f,a,c — are coefficients that are de-
pendent on the porosity [13].

The following equation that describes di-
mensional changes during uniaxial compression

has obtained in [7] on the basis of the plasticity law
(Eq. 14) while considering (Eq. 12) and (Eq. 13):

_12[1_31}

3p op

la —6a,8—\/02(a+6ﬂ)—6aﬂa2
3B aa—\/cz(a+6ﬂ)—6aﬂa2

(15)

The equation of axial stress under uniaxial
compression looks like:

o = 3oa _\/g\/c2(a+6ﬂ)—6aﬂa2
Z_a+6/3 a+6p

. (16)

Therefore, changing of porosity and accu-
mulated deformation during forming operation
may be calculated from the expressions:

ﬁ:(z—a)(z—w),

de,

d 1 2 1 "
w —\/__(p_|_[//(]—2V)Sign(€z)'

de, J1-6\3,2

It is possible to determine the axial stress
and accumulated deformation from (Eq. 16) and
(Eq. 17). The right side of (Eq. 17) contains non-
linear functions of porosity, consequently, solution
of differential equations’ system was performed
numerically by the Newton-Raphson method. The
function (Eq. 3) describes a decrementing change
of dislocations' density p [11]. The value of p

asymptotically goes to the limiting value 7¢/k at

@—> o and 7—> . The value of 77¢/k depends

on the deformation temperature and activation en-
ergy of thermally activated softening process ac-
cording to (Eq. 2) at the condition 776 = const .
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The ultimate density of dislocations under
the given conditions of deformation goes to the

value of 7¢/k based on the expression (3). The

average dislocations’ density for maximum stress
reached for this stage of deformation defined simi-
larly to [12]:

ns

Pk =X

18
i (18)

where: y - is the ratio that is within 0< y <1.
The dependence of the maximum flow stress
o, for the certain deformation stage from the dis-

location density p; may be assumed in the fol-
lowing way [8]:

o, =Alp ), (19)
where: 4 and n - are constants.

The expression (Eq. 19) after the substitu-
tion of (Eq. 18) looks like:

n
o, = A( x Ej ) (20)

k

After taking the logarithm, substitution of
(Eq. 2) and transformations obtained:

n
Ino,=In A[;{EJ +£

. 21
kg rr Y

Obviously, the maximum flow stress o, for
certain forming stage is corresponding to the ac-
cumulated deformation @y . Then, substituting the

expression (3) the value of accumulated strain and
equating (3) and (8), after transformations we ob-

tain:
c k "y
o =—anpo j(;c—l) } (22)
k ne

-1

It has assumed from (Eq. 22) that the factor
an(pok /(ng—l))(;(—])_lj in case of balance be-

tween hardening and softening processes tends to a
constant value for a certain flow stress. In this
case, the rate of changing the dislocation density
goes to zero. The following equation obtained from
(Eq. 1) at a constant strain rate:
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=, (23)

Then:

lanO%—lj()(—])_1}21;1[[2—2—1](1—1)_1} (24)

It has accepted that the dislocation density of
the hard phase before and after deformation are
different by 10-100 times [14], and ¥ =0,8+0,9,
means that the value of (Eq. 24) may be approxi-
mately determined as In 10 = 2,3 .

The equation (Eq. 22) was transformed to
the form:

0, ~2352235 ef L] (25
k= "ky C\RT

than, after taking the logarithm, obtained:

nw, = (26)

Equations (Eq. 21) and (Eq. 26) are relations
connecting the main parameters of the deformation
of the porous body flow stress, accumulated de-
formation of hard phase, strain rate, temperature
and structural characteristics of the powder materi-

al (n,k, E, p,), which characterizes softening
process during deformation at the elevated temper-
atures. A linear character of dependences of the
accumulated deformation and corresponding stress
from the reciprocal temperature follows from these
equations with a slope of the line equal to the acti-
vation energy of dynamic softening process flow-
ing by one or another mechanism.

A slope of the function Inaw, = f(I/T) is
E/RT and corresponding to (Eq. 26). Conse-
quently, the slope of the function lno, = f (]/ T )
is nE/RT according to (Eq. 21). Therefore, slopes

of these functions different by the value n are
characterizing a maximum possible density of dis-
locations.

RESULTS AND DISCUSSION

Verification of the mathematical model has
performed for evaluation of the activation energy
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perrormea 10r evdaiuauon Or ne dcuvauon encergy
of dynamic softening processes at uniaxial com-
pression of copper-titanium powder material. Sam-
ples were prepared from charge consists of copper
powder PMS-1 and titanium powder BT1-0 with
a mass fraction of titanium 0.5% and a porosity of
5-10% after sintering at 900 — 920 °C during 3
hours into a synthesis gas atmosphere. Samples
were deformed on the testing machine ZD—4 at
temperatures of 100, 300, 400 and 600 °C with
strain rate 0.01 s” while recording of the indicator
diagram.

The accumulated deformation values were
calculated using (Eq. 17), axial stress values - by

(Eq. 16), Ino,-1/T
Inw, —1/T (Fig. 1) have drawn.

The obtained dependences are straight lines,
except for the points at 400 °C, in which there are
gaps of functions due to deformation aging.
Straight lines consist of two branches - low tem-
perature branch that is characterizing deformation
process at 100—-300°C and high temperature
branch for deformation process at 400 — 600 °C.
Slopes of these functions define the activation en-
ergy of dynamic softening passing through a par-
ticular mechanism. The degree of deformation
characterizes by the stage N .

The low-temperature branch possess the
lowest activation energy (Fig. 2a) with values
within 0.20-0.39 eV at 5 % porosity samples and
0.12-0.28 eV at 10 % porosity, which is the result
of dynamic recovery and polygonisation [9].

The activation energy at high temperatures
grows more than 10 times (Fig. 2b) that indicates
more intensive softening. The greatest increment
of activation energy 2.3-2.6 eV has observed at
high temperatures during the third stage. In this
case, the activation energy of softening comparable
with the activation energy of self-diffusion of pure
copper, equal to 2.79 eV [14], so we can assume
that softening during the third step carries out by
dynamic recrystallization.

It should be noted that the value of activa-
tion energy of softening process depends on the
initial porosity of samples and takes higher values
at 5% porosity (Fig. 2).

dependences and

The presence of pores decelerates the dy-
namic softening that has confirmed by experi-
mental studies [15]. For example, £=2.6¢V at
0y= 5% and E=2.3¢eV at g,= 10% for high tem-

perature deformation when softening takes place
by dynamic recrystallization.
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Fig. 1. The dependences Ino, —I/T—a, |Inw, |—1/T— b: A —6y=5%;0-0p=10%; 1,2-N=1;3,4- N=2;5,6 - N=3
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Fig. 2. Variation of activation energy during softening process: a — is the low-temperature branch; b — is the high-temperature branch;

A—90 :5%;0—90:10%.

The existence of low-temperature and high-
temperature branches on dependences Ino, —I/T,

that characterize softening mechanism has been
verified by metallographic analysis. The character
of structure changes in the powder material with
0.5 % Ti and 10 % porosity depends upon the tem-
perature of deformation and observed at magnifica-
tion *4000 (Fig. 3). Grain shape and condition of
their boundaries characterize the processes occur-
ring in the powder material during its deformation
[16]. These experiments allowed to explain ob-
served phenomena, establish the beginning of dy-
namic recrystallization and follow the kinetics of
its development.

The starting structure after sintering of the
powder material into a synthesis gas atmosphere at

900 — 920 °C is characterized by the presence of cop-
per grains, pores and titanium particles (Fig. 3, a).
A considerable inequigranularity of microstructure
has been observed. It has connected with inhomoge-

neous development of static recrystallization during
sintering due to inhomogeneous stress state formed at
compaction of charge from copper and titanium
powders into a closed matrix [17].

Shapes of deformed copper grains observed
on the photo of metallographic section of sample
deformed by compression to the degree of defor-
mation 0.69 at temperature 100 °C and strain rate
0.001 s (Fig. 3, b) are different of equiaxed grains
formed during sintering (Fig. 3, a). The dynamic
recovery does not lead to rebuilding of structure,
so distorted boundaries appeared as the conse-
quence of severe deformation of hard phase. The
refinement of grains has observed near titanium
particles due to a local increase of internal stresses
around the particles of alloying addition.

Deformation at 400 °C leads to formation of
complex-shaped boundaries (Fig. 3, c) that indi-
cates processes associated with the migration of
grain boundaries and formation of new ones. New
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interfaces presented by coherent particles of pre-
cipitates have formed at 400 °C as the result of
decomposition of a supersaturated solid solution
during deformation of the copper-titanium materi-
als [18, 19] that promotes the primary recrystalliza-
tion [20]. However, the development of dynamic
recrystallization inhibited due to blocking of grain
boundaries by particles, thus preventing of their
migration and resulting in assuming of serpentine
shape (Fig. 3, ¢).

The microstructure of the sample after de-
formation at 600 °C is characterized by the pres-
ence of equiaxial copper grains formed as the re-
sult of dynamic recrystallization (Fig. 3, d).

The recrystallized grains have a polygonal
shape. Intragranular twins, appeared during dy-
namic recrystallization, have formed by separation
of growing twins from double angle boundaries
[21] as the result of recrystallized grain growth. It
should be noted that equiaxial structure is formed
by the volume of sample. It allows to suggest a
uniform and complete flow of dynamic recrystalli-
zation at 600 °C.

Increase of titanium content up to 2 % in the
powder material of 5 % porosity at low tempera-
ture deformation leads to growing of the stress and
ultimate degree of deformation that is correspond-

a

b
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ing to changing the activation energy and, conse-
quently, the deformation mechanism. These pro-
cesses provide grain refinement during compres-
sion to various degrees of deformation (Fig. 4).
Different barriers like grain boundaries and pores,
twin boundaries and titanium particles are places
of defects concentration in copper-titanium powder
materials, where the most fine- grained structure
has been observed (Fig. 4, b). Grain refinement on
boundaries of copper and titanium particles during
plastic deformation is a consequence of differences
in the plastic and elastic properties of copper and
titanium.

Formation of finer grain size less than 2 um
has been observed near titanium particles (Fig. 5, a)
as a result of compression of samples containing 2 %
of titanium at 400 °C until the degree of deformation
0.081. High values of stresses and deformations in
these places promotes to beginning of dynamic re-
crystallization leading to formation of new grains.
However, intermediate phases, precipitated as a result
of the strain aging [19], are inhibiting growth of dy-
namically recrystallized grains [22]. Consequently,
anisomerous structure near titanium particles pre-
served up to degree of deformation 0.262 (Fig. 5, b).
Further compaction to the degree of deformation
0.673 forms a homogeneous fine-grained structure

2
ZHpm

x4 .88k 28.8kU
d

Fig. 3. Microstructures of samples with 0.5% Ti and 10 % porosity; a — after sintering; after deforming to degree of de-
formation 0.69 at strain rate 0.001 s': b—¢ =100 °C; ¢ — t =400 °C; d — 7 = 600 °C.
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Fig. 4. Microstructure of samples: 2% Ti; 5% porosity; compres-
sion at 100 °C and strain rate of 0.001 s: a - 0.079 the degree of
deformation; b - the degree of deformation of 0.26

with the copper grain size 7.28 pum by improving of
completeness of the dynamic recrystallization.

Deformation at 600 °C follows by intensive
decrease of copper grain size while increasing degree
of deformation, which is typical for copper-titanium
powder material with 0.5 % and 2 % of titanium
(Fig. 6). Metallographic studies have shown that ani-
somerous structure observed at low deformation de-
grees of 0.040 — 0.046 and caused by inhomogeneous
development of dynamic recrystallization. Formation
of a homogeneous fine-grained structure due to in-
creasing of dynamic recrystallization rate have oc-
curred, while increasing of deformation degree to
0.118.

The microstructures of samples with 2 % and
0.5 % Ti after compression is characterized by copper
grains with serrated boundaries (Fig. 6). The structure
of samples with 0.5% Ti is less stable, grain bounda-
ries are extremely tortuous and include a large num-
ber of "tips." The reason of serration is local hetero-
geneity of deformation in the border volumes and the
consequent difference in the density of defects into
local volumes on both sides of the original boundary
that is stimulating migration of small areas to the vol-
ume with higher density of defects. Toothed shape of
boundaries indicates the dynamic recrystallization
[23]. Reduction of curvature of grain boundaries in

Fig. 5. Microstructure of samples: 2% Ti; 5% porosity; compres-
sion at 400 °C at a strain rate of 0.001 s a - 0.081 the degree of
deformation; b - the degree of deformation of 0.262.

Fig. 6. The microstructure of samples of 10% porosity after com-
pression strain rate of 0.001 s™ at a temperature and deformation
degree 600 °C 0.916: and - 0.5% Ti, b - 2% Ti.
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samples with 2 % Ti is associated with inhibition of
grain boundaries’ migration by pores, titanium parti-
cles and disperse precipitations (Fig. 6).

Increasing of the deformation temperature
causes softening of hard phase and, as shown by
metallographic analysis, softening of copper begins
at 100 °C for the account of recovery and above
300 °C — by the dynamic recrystallization.

Commercially pure titanium (BT1-0) re-
crystallizes at temperatures 750 — 800 °C [24].
Therefore, we can assume that in the investigated
temperature range (100 — 600 °C) softening takes
place for the account of the dynamic recovery.

Obviously, the dynamic recovery does not
allow to complete internal release of stresses re-
moval and titanium particles are crushed because
of high intensity of plastic deformation.

CONCLUSIONS

1. Theoretical analysis of the kinetics of softening
processes has been conducted for deformation
at high temperatures and based on the disloca-
tion concepts of plastic deformation and plastic-
ity theory of porous powder bodies. Constitu-
tive equations that are relating the main pa-
rameters of the deformation - flow stress, ac-
cumulated deformation of hard phase, strain
rate, temperature and structural characteristics
of the material - ability to accumulate disloca-
tions, Boltzmann function, activation energy,
density of dislocations, which may be used for
evaluation the mechanism of dynamic softening
during deformation of porous powder materials
at the elevated temperatures.

2. The linear character of the dependencies
Ino, —1/T and Inw, —1/T, which allows to

determine the mechanism of dynamic softening
of porous bodies has found. It has established
by estimating of activation energy that at low
temperatures the deformation mechanism is dy-
namic softening and recovery polygonization, at
high temperatures - dynamic recrystallization.
The presence of porosity phase reduces the ac-
tivation energy of softening and makes its de-
velopment less intensive.

3. The mechanism of dynamic softening was
confirmed by metallographic examination of
structure evolution in compression samples
from copper-titanium powder materials of dif-
ferent titanium content.
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12.

13.
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B3ANMOCBS3b ITAPAMETPOB
IINTACTUYECKOI'O JE©OPMHWPOBAHUA
N CTPYKTYPOOBPA3OBAHIA
B ITOPOIIKOBBIX MATEPUAJIAX

Pestome. IIpoBeneH  TeopeTMuecKMil — aHAIM3  KUHETHKU
PasyNpoOYHAIONMX IIPOLECCOB, INPOXOAAIMX B IOPOIIKOBOM
HOPUCTOM TeJie NPH 1e(OPMUPOBAHNM B OOJIACTH MOBBILICHHbIX
TeMIIeparyp. Tlomy4enst OIIPEEIAIOLINE ypaBHEHUS,
CBS3BIBAIOINIE  MapaMeTpsl  eopMall W IapaMeTpsl
CTPYKTYpOOOpa30BaHKs, KOTOPbIE XapaKTePU3yIOT IIPOLECCHI
MHAMIYECKOTO  pas3yNpodHeHHs TpH  JehOpMHUpPOBAHMN.
INoka3ana JmHeifHas  3aBHCHMOCTb  JIOTapu(Ma  OCEBOTO
HANpsDKEHWST ¥ HAKOIUICHHOW JedopMaru TBepHoi (a3l B
(dyHKIMK 00paTHO Temreparypbl. BbimoiHeHa OLeHKa SHEPrun
AKTHUBALIMUM  JUHAMUYECKOIO pPasynpovyHEHUsT IIpU OAHOOCHOM
oxkarun. [TokasaHo, 4TO IIPU HU3KUX TeMmrieparypax aedopmarnm
MEXaHU3MOM Pa3ylpPOUHEHHUs SIBJIACTCS JMHAMUYECKUI BO3BpaT U
NOJIMTOHU3alMs, IpPU  MOBBIIEHHBIX  TEMIEparypax  —
IMHAMHMYECKas — pekpucTawmsanusd.  llopucrocTs  cHmkaeT
DHEPIrUI0  AaKTUBALMU  JUMHAMUYECKOTO  Pa3ylPOYHCHHMS.
Mertamnorpadpudecknii  aHaJdW3 — MOATBEP)KIACT  MEXaHH3M
JIMHAMUYECKOTO pa3yNpOYHEHNsI IOPOILIKOBOIO Marepualla.

KiroueBbie  cjioBa:  Maremarudeckas — MOJENb,  BO3BAT,
OJIMTOHU3ALINS, PEKPUCTAIUTM3ALMSL, SHEPIHsl aKTUBALUU.






