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CREEP OF ODS COPPER IN TWO DISTINCTLY
DIFFERENT TEMPERATURE INTERVALS
AS INTERPRETED IN TERMS OF THE TRUE
THRESHOLD STRESS

KVETA KUCHAROVA', JOSEF CADEK'*

The creep data for copper strengthened with fine alumina particles — a commercial
GlidCop Al-15 alloy, presented by Broyles et al. — are interpreted in terms of the true
threshold stress. It is shown that at high testing temperatures 973 and 998 K the mini-
mum creep strain rate is apparently controlled by lattice self-diffusion in the alloy matrix
— copper — and that the true stress exponent of minimum creep strain rate is very close
to that reported for copper, i.e. close to 5. At much lower testing temperatures of 748 and
773 K, the minimum creep strain rate is found to be controlled by the dislocation core
diffusion in copper, and, accordingly, the true stress exponent of minimum creep strain
rate is close to 7. The creep data available for these two temperatures made it possible
to prove that the apparent activation energy of creep is much higher than the activation
enthalpy of dislocation core diffusion, which is essentially due to the temperature depen-
dence of the true threshold stress; the contribution of the temperature dependence of
the shear modulus of copper is not significant. Independently of the testing temperatures
under consideration, the origin of the true threshold stress is discussed in relation to the
detachment stress characterizing the strength of attractive dislocation/particle interaction
— the stress necessary to athermally detach a dislocation from an incoherent interacting
particle. It is suggested that the measured true threshold stress can be identified with the
above-defined detachment stress only if the relaxation factor appearing in the expression
for the detachment stress increases with increasing temperature.
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INTERPRETACE CREEPU MEDI ZPEVNENE DISPERZI
CASTIC OXIDU HLINIKU VE DVOU ROZDILNYCH
TEPLOTNICH INTERVALECH NA BAZI KONCEPCE
SKUTECNEHO PRAHOVEHO NAPETI

Creepové data pro méd zpevnénou jemnymi ¢asticemi oxidu hliniku — komeréni sli-
tinu GlidCop Al-15 — prezentovana Broylesem se spolupracovniky, jsou interpretovany na
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bazi koncepce skutecného prahového napéti. Je ukazano, ze pfi vysokych teplotach 973 a
998 K je minimdalni rychlost creepu fizena autodifuzi v mfizce matrice slitiny — médi — a
ze skutedny napétovy exponent miniméalni rychlosti creepu je blizky exponentu pro éistou
méd, to je 5. Pfi vyrazné nizsich teplotach 748 a 773 K je minimaln{ rychlost creepu fizena
difuzi jadry dislokaci v médi a tomu odpovidad hodnota skuteéného napétového exponentu
minimalni rychlosti creepu blizka 7. Creepova data pro teploty 748 a 773 K umoziuji
prokazat, ze zdanliva aktivacni energie creepu je podstatné vyssi nezli aktivaéni entalpie
difuze jadry dislokaci. To vyplyvé pfedevsim z teplotni zavislosti skute¢ného prahového
napéti; prispévek teplotni zavislosti smykového modulu je minoritni. Nezéavisle na uvazo-
vanych zkusebnich teplotach je diskutovan ptvod skutecného prahového napéti v relaci
k napéti potfebnému k atermickému odpoutani dislokaci od nekoherentnich ¢astic. Je pfi-
jata idea, Ze mérené skuteéné prahové napéti lze identifikovat s napétim odpoutavani dis-
lokaci jediné tehdy, vzrasta-li relaxac¢ni faktor vystupujici ve vyrazu pro napéti odpoutani
se vzrustajici teplotou.

1. Introduction

The commercially produced oxide dispersion strengthened (ODS) copper alloy
— copper dispersion strengthened with fine and homogeneously distributed alumina
particles known as GlidCop Al-15 alloy — was developed for special applications at
which the combination of high thermal and/or electrical conductivity with high
temperature fatigue strength and creep strength is required. The GlidCop Al-15
alloy is produced by in situ oxidation of the aluminium in atomised Cu-0.15Al
alloy; the oxidation results in an oxide volume fraction of ~ 0.007. The powder
processing consists in consolidation, densification and hot extrusion into rods of
desired cross sections.

In the GlidCop Al-15 alloy investigated by Broyles et al. [1] (see also Refs.
[2] and [3]) the alumina particle diameter ranged from 8 to 20 nm and the mean
interparticle spacing calculated assuming an average particle diameter of 10 nm
was 86.5 nm. The é,,(0,T) creep data (¢y, is the minimum creep strain rate, o is
the tensile applied stress, and T is the test temperature) as presented by Gibeling
[3] are reproduced in Fig. 1. At the temperatures 773 and 973 K the measured
creep strain rates €, cover four and five orders of magnitude, respectively, while
at 748 K and, especially, 998 K the intervals of the measured creep strain rates are
considerably narrower. The relations between €, and o suggest the true threshold
creep behaviour at least at temperatures 773 and 973 K. For these two temperatures
the curves fitted to €y, (o) data points by the present authors are shown in Fig. 1.
It is clearly seen that at these two temperatures the apparent stress exponent of
minimum creep strain rate, m., defined as

Olné,,
Me = ( Olno )T’ (1)

increases with decreasing applied stress; e.g. at 973 K m. = 7 at ¢ = 55 MPa and
me = 13 at stresses ~ 20 to ~ 25 MPa. Nevertheless, Broyles et al. [1] attempted to




KOVOVE MATERIALY, 40, 2002, ¢. 4 233

interpret creep in the GlidCop Al-15 alloy in terms of thermally activated de-
tachment of dislocations from fine incoherent alumina particles applying the
Rosler-Arzt model of creep [4] (see also

Refs. [5-8]). In their analysis, the au- 1072 ——
thors [1] took into consideration only ODS Copper
the én(0,T) data for &, > 1076 s~ 10°° - 7]
since above this creep strain rate the .
€m(o) data can be well approximated 0 ]
by straight lines in double logarithmic — sl |
co-ordinates for any temperature. Ap- o 10
plying the Rosler-Arzt model of creep, & 108 _
Broyles et al. [1] estimated the relax-
ation factor kr appearing in the rela- 107+ —
tion for the stress o4 necessary to ather-
mally detach a dislocation from an in- 108 - m
teracting (alumina) particles to 0.90. . 1 |
The detachment stress is expressed as 107, e |1oo 200
[97 10] o [MPa]
Fig. 1. The én (0,T) creep data for ODS
0d = 00BY/ 1- k%(’ (2) copper reported by Broyles et al. [1], see
also Ref. [3]. The &, (o) data for 773 and
where oop is the Orowan bowing stress. 973 K are[ f]itted by cslrz/es by the present
The relaxation factor kr characterizes authors.

the strength of an attractive disloca-

tion/particle interaction. The above relatively high value of kg the authors ac-
counted for by their finding that the fine alumina particles appearing during in
situ oxidation are partially coherent with the alloy matrix — copper [1].

In the present paper, an attempt is made to interpret the €y, (0, T) creep data
presented by Broyles et al. [1] (see also Ref. [3]) in terms of the true threshold
stress concept in the whole region of external conditions of applied stresses and
temperatures considered by these authors (Fig. 1). According to the true threshold
stress concept, the minimum creep strain rate can be expressed as (e.g. Refs. [11,

12))

where D is the appropriate coefficient of diffusion in the alloy matrix, b is the
length of the Burgers vector of mobile dislocations, A is a dimensionless constant,
n is the appropriate true stress exponent, G is the shear modulus and oy is the
true threshold stress that generally depends on temperature but — by definition —
not on applied stress.
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2. Data analysis and discussion

To analyse the £,,(0,T) creep data for the alloy under consideration, the
numerical values of the minimum creep strain rate corresponding to various ap-
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Fig. 2. Minimum creep strain rates ém plot-
ted against applied stress ¢ in double lin-

1/n

ear &y vs. o co-ordinates; the true stress

exponent n = 5.

plied stresses ¢ and various tempera-
tures T" must be known. The values of
€m corresponding to various values of o
and T as read from &y, (0, T) data pre-
sented in Fig. 2 of Ref. [3] are listed
in Table 1. Just these numerical val-
ues of €, 0 and T were used to ob-
tain Fig. 1 already mentioned in Sec-
tion 1.

The true threshold stress oty was
estimated applying the well known and
commonly used linear extrapolation
technique [11, 12]. The true applied
stress exponent of minimum creep strain
rate in copper as controlled by the lat-
tice self-diffusion was reported to be
4.8. Accle/%)tmg n = 5, the relations be-

tween £;1° and o can be approximated

by straight lines for all temperatures under consideration, Fig. 2. The true thresh-

old stress values obtained extrapolating linearly é%n/ ® vs. o relations to €m = 0 are

Table 1. ODS Copper (GlidCop Al-15 alloy). Minimum creep strain rates én, corre-
sponding to various applied stresses o and various temperatures T as read from the
ém (0,T) data presented in Fig. 2 of Ref. [3]

748 K 773 K 973 K 998 K
g[MPa]  ém[s™] g[MPa]  ém[s™!] g[MPa]  ém[s™] g[MPa]  ém[s™]
100 2.7 x 1077 80 1.3 x 1078 20 3.0 x 107° 35 1.7 x 107°
110 4.6 x 1076 8 7.1 x 1078 30 5.0 x 1077 40 1.8 x 107°
115 8.5 x 107° 90 3.7 x 1077 35 1.5 x10°° 45 3.3 x107°
125 4.6 x 1075 95 4.3 x10°° 40 1.3 x107° 50 8.9 x 107°
140 5.4 x 1074 100 4.4 x 107° 45 1.2 x 107°
105 1.08 x 107° 50 6.8 x 107°
115 2.6 x 107° 65 4.5 x 107*
120 1.25 x 1074
125 7.9 x 107°
125 2.15 x 1074
130 3.5 x 107*
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Table 2. True threshold stress oty at temperatures 748 to 998 K estimated assuming
true stress exponent n = 5 and at temperatures 748 and 773 K estimated assuming true
stress exponent n = 7. Linear correlation coefficients R, oru/G ratios

n 5 7

T [K] 748 773 973 998 748 773
oru[MPa] 90.5 73.5 17.3 20.9 79.9 63.1

R. 0.9890 0.9797 0.9892 0.9815 0.9956 0.9840
oru/G 2.62 x 1072 2,15 x 1072 5.61 x 107* 6.87 x 107* | 2.31 x 1072 1.85 x 1073

listed in Table 2, together with the values of the correlation coefficient R, and the
values of oy /G ratio (for G = G(T), see Ref. [13]). Note that at 748 K the o1y /G
is greater than at 773 K. On the other hand, the oy /G is greater at 998 K than
at 973 K, apparently because of only four and rather scattered (o) data points
are available for 998 K (Fig. 1).

In Fig. 3 the values of oy (estimated assuming the true stress exponent n = 5)
are plotted against temperature together with the values of the o1y /G ratio. The
oru vs. T and oy /G vs. T shown in this figure may seem satisfactory. But the
next Fig. 4 will show that they are not acceptable.

Accepting the true stress exponent n = 5 and the corresponding values of oy
(Table 2), the minimum creep strain rate normalized to the coefficient of lattice
self-diffusion Dy, in copper and the length of the Burgers vector b, é,b%/Dy, (the
activation enthalpy AHy, = 197.0 kJ-mol~! [13]), are plotted against the normal-
ized effective stress (0 — orn)/G in double logarithmic co-ordinates in Fig. 4. It
can be seen that the é,,(0,T) data for 973 and 998 K can be rather satisfactorily
fitted by a single straight line, while the data for lower temperatures of 748 and
773 K lie above those for 973 and 998 K. This strongly suggests that the diffusion
that controls the creep strain rate at temperatures 748 and 773 K is faster than
the lattice self-diffusion.

Apparently, the data for 748 and 773 K presented in Fig. 4 may suggest the
dislocation core diffusion as the process controlling the creep strain rate at these
temperatures. For such a creep strain rate controlling process, the true stress expo-
nent n equal to 7 is characteristic (e. g. Ref. [14]). The coefficient of self-diffusion
along dislocations (dislocation core diffusion) is expressed as

(4)

AH,
Dp = Dpo exp [— RTD}’

where for copper the frequency factor Dpo = 1 x 107% m?.s7!, the activation

enthalpy AHp = 147.4 kJ-mol~! [15], and R is the gas constant.
Since the €, vs. o relation for 773 K suggests the threshold creep behaviour
similar to that for 973 K, the true threshold stress values were estimated for 748 and
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Fig. 3. Values of oru and oru/G plotted

against temperature. The threshold stress

oTH estimated accepting the true stress ex-

ponent of the minimum creep strain rate
n = 5.

Fig. 4. Normalized minimum creep strain
rates émb? /Dv plotted against normalized
effective stress (¢ —orn)/G. The mini-
mum creep strain rate is assumed to be
controlled by lattice self-diffusion at all

temperatures under consideration, the true
threshold stress orn estimated assuming
the true stress exponent n = 5.

773 K accepting the true stress exponent n = 7. In Fig. 5 the relations between érln/ "

and o are shown in double linear co-ordinates for the true stress exponent n = 7.
The values of oy and R, following from this figure are listed in Table 2 together
with the values of o /G ratio. Note (Table 2) that at temperatures 748 and 773
K the values of the correlation coefficient R, for n = 7 are noticeably higher than
those for n = 5.

In Fig. 6 the normalized minimum creep strain rates &b? /Dp are plotted
against the normalized effective stresses (0 — oru)/G. If the minimum creep strain
rate is dislocation core diffusion controlled (D = Dp), the &y, (0, T') creep data for
both temperatures should fit a single straight line in the co-ordinates under consi-
deration. The correlation between é,,b%/Dp and (o — orn)/G is fairly satisfactory.
Thus, the minimum creep strain rate at the temperatures 748 and 773 K is, most
probably, controlled by dislocation core diffusion, while at much higher tempera-
tures of 973 and 998 K, it is apparently controlled by the lattice self-diffusion in
the ODS matrix.
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Fig. 5. Minimum creep strain rates ém plot- Fig. 6. Relations between émb?/D and
ted against applied stress o for 748 and 773 (0 — o) /G. At temperatures 973 and
K in double linear /" vs. o co-ordinates; 998 K, Dr. is set for D and oru is that
the true stress exponent n = 7. estimated for n = 5. At temperatures 748

and 773 K, Dp is set for D and oy is that
estimated for n = 7.

In ODS alloys, the apparent activation energy of creep ., defined as
Olnéy,
o=zt ®)

is usually higher or even much higher than the true activation energy of creep.
When the creep is associated with the true threshold stress, this difference can be
essentially explained by the ory /G ratio decreasing with increasing temperature.
This seems to be the case of the GlidCop Al-15 alloy as well, at least at temperatures
748 and 773 K. In fact, the ,,b°/D, /G data points for various temperatures do
not fit a single curve for any diffusion coefficient D (i.e. Dp or D). At any value
of oru/G the difference of é,b%/D for two temperatures is associated with the
contribution of the temperature dependence of the true threshold stress to the
apparent activation energy of creep Q.. The relations between é,b%/D and o/G
for 748 K and 773 K, assuming dislocation core diffusion control (D = Dp), and
for 973 K and 998 K, assuming lattice diffusion control (D = Dy,), are shown in
Fig. 7. It can be seen that the curve for 773 K is shifted to values of &b /Dp
higher than those for 748 K. Similarly, the curve for the temperature 998 K should
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Fig. 7. The émb?/D data plotted against Fig. 8. Relations between én and o/G
the /G ratio in double logarithmic co- in double logarithmic co-ordinates for all
ordinates. temperatures under consideration.

be shifted to the values of £,b%/Dy, higher than those for 973 K. But this is not
the case, Table 2, for the reasons mentioned above.

For the temperatures 748 K and 773 K the apparent activation energy as
estimated from the &y, vs. o/G relations amounts to 312.4 kJ - mol~! at o /G equal to
3 x 1073 (Fig. 8). The contribution to the apparent activation energy following from
the temperature dependence of oryr, AQ expressed by Eq. (A7) in Appendix, for
the same o /G ratio as estimated from Fig. 7, amounts to 164.8 kJ-mol~!. Finally,
the contribution to Q. following from the temperature dependence of the shear
modulus G, AQY, expressed by Eq. (A8) in Appendix, amounts to 14.6 kJ-mol .
Thus Q. = AHp +AQ" + AQS = 327.0 kJ-mol~!. This value of Q. is in excellent
agreement with the value of 312.4 kJ-mol~! as obtained above for the apparent
activation energy Q. from &, vs. o/G relations.

From the expression Eq. (A9) in Appendix, it follows that the apparent stress
exponent m, is generally higher than the true stress exponent n and that it should
increase with decreasing temperature, since oy /G decreases with increasing tem-
perature. For /G ratio equal to 3 x 1073, values of m. equal to 28 and 21 follow
from the &,b%/Dp vs. o/G relations (Fig. 7) for 748 and 773 K, respectively, while
from the above mentioned expression — Eq. (A9) — values of m. equal to 30.4 for
748 K and 18.2 for 773 K are obtained. The agreement between these two sets of
m, values is certainly very good.
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As it can be seen from Fig. 7, an estimate of the contribution of AQ for
temperatures 973 and 998 K cannot be made. However, in this respect, one result
of the recent analysis of €y, (0, T") creep data for copper strengthened with zirconia
particles [16] is worth mentioning. At temperatures 923 and 973 K, at which the
creep strain rate is lattice diffusion controlled, the difference between the apparent
activation energy (). and the activation enthalpy of lattice self-diffusion in copper
could be very well accounted for by the temperature dependence of the threshold
stress org. There does not seem to be any reason of why at 973 and 998 K the
situation in creep of the GlidCop Al-15 alloy — copper dispersion strengthened with
alumina particles — should be different.

From the relation between ¢y, and o at temperature 973 K (Fig. 1) for o = 40
MPa, m. equal to ~ 9.0 is obtained. On the other hand, from Eq. (A9) the apparent
stress exponent m. = 8.8 follows for the same applied stress and oty = 17.3
MPa. Thus, at least for 973 K the apparent stress exponent as obtained from the
experimental €,,(c) data is in excellent agreement with that estimated by means
of Eq. (A9). The difference between m. and n can be again well accounted for in
terms of the threshold stress concept.

3. Additional remark

The true threshold stress originates from attractive interaction of dislocations
with fine incoherent alumina particles. However, it can be identified with the de-
tachment stress oq, expressed by Eq. (2), only if the relaxation factor kg is admitted
to increase with increasing temperature [17] since the Orowan bowing stress is pro-
portional to the shear modulus [18]. Unfortunately, the relaxation factor cannot
be calculated from the first principles at present. Nevertheless, some considera-
tions (e.g. Ref. [19]) suggest that the relaxation factor increasing with increasing
temperature may be reasonably expected.

4. Summary and conclusions

The creep data for ODS copper — a GlidCop Al-15 alloy — reported by Broyles
et al. are reanalysed applying the true threshold stress concept. The true threshold
stress values are estimated using the linear extrapolation technique. The analysis
leads to the following conclusions.

1. The true threshold creep behaviour occurs at all temperatures at which the
(minimum) creep strain rates were measured, i.e. 748 and 773 K on one side and
973 and 998 K on the other one.

2. At temperatures 748 and 773 K the creep strain rate controlling process was
identified with dislocation core diffusion in the copper matrix and the true stress
exponent n of minimum creep strain rate was found close to 7. The difference
between apparent activation energy of creep Q). and the activation enthalpy AHp
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of dislocation core diffusion amounting to 164.5 kJ-mol~! was fully accounted for
by the observed temperature dependence of both the true threshold stress and the
shear modulus. Also the difference between the apparent stress exponent m. and
the true stress exponent n was fully explained in terms of the true threshold stress.

3. At temperatures 973 and 998 K, the creep strain rate was found to be
controlled by the lattice self-diffusion in the alloy matrix; the true stress exponent
n is close to 5. Because of deficiency of éy,(0,T) creep data for the temperature
998 K, the apparent activation energy of creep, )., could not be determined, and,
thus, the contribution of the temperature dependences of oty and G to Q. could
not be estimated. For 973 K the apparent stress exponent as obtained from the
€m(0) data was found in a very good agreement with that estimated by means of
Eq. (A9). Again, the difference between m. and n can be well accounted for in
terms of the true threshold stress concept.
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Appendix

Combining the definition equation for the apparent activation energy Q.,
Eq. (5), with the creep equation — Eq. (3) — the following expression for Q. is
obtained

QC:AH_

2 _
nRT < G dorg n-1 dG>’ (46)

G 0 — 0TH dT n ﬁ

where AH is enthalpy of the appropriate diffusion that controls the creep strain
rate (AH = AH], for the lattice diffusion and AH = AHp for the dislocation core
diffusion). The term
nRT2 dO’TH
0 — O0OTH dr

= AQh (A7)

in Eq. (A6) represents the contribution to Q. following from the temperature de-
pendence of the true threshold stress oy and the term

2 dG
) G = a0e (48)

represents a relatively small contribution to Q. following from the temperature
dependence of the shear modulus G.
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Combining the definition equation for the apparent stress exponent m. — Eq.

(1) — with the creep equation — Eq. (3) — the following expression for m, is obtained

3]

[4]
[5]
[6]
[7]
8]
[9]
[10]
[11]

[12]
[13]

[14]
[15
[16]
[17]
[18]
[19]

Me = —0 (A9)
0 —O0TH
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PRIPRAVA Cu/FeS NANOCASTIC
MECHANOCHEMICKOU REDUKCIOU
SULFIDU MEDI

PETER BALAZ!, LASZLO TAKACS?, JIANGZHONG JIANG?,
MAGDA LUXOVA!, ERIKA GODOCIKOVA!, ZDENEK BASTL?,
JAROSLAV BRIANCIN®

V praci sme Studovali mechanochemickt redukciu sulfidu medi Zelezom. Na analyzu
povrchového zlozZenia, velkosti a tvaru ¢astic vznikajiceho Cu/FeS nanokompozitu sa po-
uzili metédy XPS, REM, EDAX a metdda nizkoteplotnej adsorpcie dusika. Nanocastice
v produktoch redukcie sa skladajt z elementarnej medi a z hexagonalneho 2C-troilitu. Sta-
dium mechanizmu a kinetiky mechanochemickej reakcie pomocou magnetickych merani,
rtg difraktometrie a Mdssbauerovej spektroskopie ukazalo, ze ide o komplikovany proces
pozostavajuci z transforméacie sulfidov medi, syntézy kubického FeS a jeho premeny na
hexagonalny 2C-troilit a vlastnej mechanochemickej redukcie sulfidu medi elementarnym
zelezom. Analyza Cu/FeS nanocastic ukézala, ze ide o agregaty platnickového tvaru vel-
kosti desiatok mikrénov. Priemerné velkost nanocastic medi je v zavislosti od podmienok
mletia v rozmedzi 10-25 nanometrov.

PREPARATION OF Cu/FeS NANOPARTICLES
BY MECHANOCHEMICAL REDUCTION
OF COPPER SULPHIDE

The mechanochemical reduction of copper sulphide with elemental iron was studied.
The methods of XPS, SEM, EDX, and low temperature nitrogen sorption were used to
analyse the surface composition and the composite particles formed from elemental copper
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and hexagonal 2C-troilite. The study of the mechanism and kinetics of the mechanochemi-
cal reaction by magnetic measurements, XRD and Mossbauer spectroscopy has revealed
the details of the process.

The transformations of copper sulphide, the synthesis of cubic FeS and its transfor-
mation to the hexagonal form are associated with the primary mechanochemical reduction
of copper sulphide by elemental iron. Platelets of Cu/FeS nanoparticles are formed as ag-
gregates, tenths of micrometers in diameter. However, the average grain size of the freshly
formed copper is between 10 and 25 nanometers depending on the milling conditions.

Key words: copper, iron sulphide, nanoparticle, mechanochemical reduction

1. Uvod

Intenzivne mletie patri medzi progresivne postupy aplikované pri priprave na-
nokrystalickych materidlov. Tejto problematike sa venovalo mnoho prehladnych
¢lankov [1-11].

Proces intenzivneho mletia réznych anorganickych soli v zmesiach s reduku-
jucimi kovmi sa aplikoval na pripravu zaujimavych a perspektivne pouZzitelnych
materidlov. Tieto, tzv. mechanochemické oxida¢no-redukéné reakcie je mozné zna-
zornit zjednodus$enou vSeobecnou rovnicou

MelX + Me2 — Me1 + MQQX, (1)

kde Me; je kov (vSeobecne), Mes je redukujtci prvok (Ca, Zn, Ti, Zr, Ta, C, B,
Cr, Gd, Er, Sm, V, Al, Mn, Fe, Si), X je kyslik, chldr, sira.

V citovanych prehladoch sa povazuje za prvii pracu mechanické redukcia oxidu
medi védpnikom za tvorby nanokrystalickej medi [12], avSak uz v r. 1974 je mozné
v literattre najst zmienku o redukcii SnO4 uhlikom, volfrdmom, kremikom a hlini-
kom [13]. Viiésina préc sa venuje mechanochemickej redukeii oxidov a v poslednom
case tiez chloridov.

Moznost mechanochemickej redukcie vybranych sulfidov sa $tudovala v praci
[14]. Autori venovali pozornost sulfidom Fe, W, Mo, Cu, Co, Pb a Zn aplikdciou
standardného mlecieho testu (24 hodin, atmosféra Ar). Analyzou kinetiky a me-
chanizmu mechanochemickej redukcie sa nezaoberali.

Cielom tejto prace je stidium mechanizmu a kinetiky mechanochemickej re-
dukcie sulfidu medi elementarnym zelezom. Této reakcia, v zjednodusenom zapise

CuaS + Fe — 2Cu + FeS, (2)

je charakterizovand negativnou hodnotou Gibbsovej energie (AG = —16 kJ pri
25°C) [15], a je teda termodynamicky mozné. Priebeh reakcie tak ovplyviiuja len
kinetické parametre. Mechanizmus a kinetika reakcie (2), ako aj vlastnosti vzniknu-
tého Cu/FeS nanokompozitu sa skiimaji metédami rtg difrakcie, Mossbauerovej,
XPS a EDX spektroskopie, ako aj metédami analyzy velkosti povrchu a morfoldgie
Castic.
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2. Experimentalna ¢ast

Priebeh mechanochemickej redukcie sme sledovali v reakénej zmesi, pozostava-
jucej z pragkov Cuy g6S (velkost Castic < 200 pm) a Fe (Johnson-Matthey, velkost
Castic < 100 pm) v stechiometrickom zlozeni podla reakcie (2) s celkovou hmot-
nostou 3 g. Sulfid medi (Cuy g6S) sa pripravil vysokoteplotnou (1300°C) reakciou
medzi elementarnou medou a sirou v kremennej trubici v argénovej atmosfére [16].

Vzorky sa mleli v planetdrnom mlyne PULVERISETTE 6 (Fritsch, Nemecko)
v komore z karbidu volfrdmu s objemom 250 ml s mlecimi gul6¢kami (50 ks) z kar-
bidu volfrdmu s priemerom 10 mm v inertnej atmosfére (argén) pri otackach mlyna
300-550 min—!.

Rtg difrakéné merania sa uskutocnili pouzitim difraktometra Philips X’Pert
v rezime: — © — O geometria; pri pouziti CuK« ziarenia. Rtg difrakéné Ciary sme
identifikovali porovnanim nameranych difraktogramov s idajmi JCPDS databazy.
Stupen konverzie o sme definovali nasledovne:

ICu

o = m -100 [%], (3)

kde Icy a Ipe st intenzity difrakéngych éiar Cug=2,0ss [100] & Feq=2 030 [100]. Velkost
¢astic sme vypoditali podla Scherrerovho vztahu.

Mossbauerove spektra sa merali pri laboratérnej teplote pomocou konvenc-
ného spektrometra s konstantnym zrychlenim za pouzitia 50 mCi ®’Co/Rh zdroja
~-Ziarenia. Izomerné posuvy st vyjadrené vo vztahu k a-Fe posuvu pri laboratérne;j
teplote.

Fotoelektrénové spektrd sa nasnimali na spektrometri VG ESCA 3 MKII (VG
Scientific, Velk4 Brit4nia) s vakuom < 1076 Pa. Na excitaciu elektrénov sa pouzilo
ziarenie AlK« (1486,6 eV). Spektrometer pracoval v rezime konstantnej transmisie
analyzatora s transmisnou energiou 20 eV. Plochu piku sme vyhodnotili po od¢i-
tani nelinedrneho pozadia podla Shirleyho [17]. Na vypocet hodndt atomérnych
pomerov sme intenzity korigovali na fotoionizacné prierezy vypocitané podla Sco-
fielda [18]. Zavislost strednych volngych drah fotoelektrénov od kinetickej energie
sme vypocitali postupom podla Seaha a Dencha [19]. Hodnoty vizbovych energii
Eg sme urdili s presnostou +0,2 eV. Prekryvajice sa spektralne ¢iary sme roz-
lozili do jednotlivych zloziek pomocou modifikovanej verzie fitovacieho programu
Hughesa a Sextona [20].

Merny povrch Sa sme stanovili metédou BET pouzitim analyzatora GEMINI
2360 (Micromeritics, USA) pri nizkoteplotnej adsorpcii dusika.

REM snimky a EDX kvalitativne prvkové analyzy sme nasnimali na rastrova-
com elektrénovom mikroskope BS-300 (TESLA, Brno) a na pristroji EDS-L7200,/60
(Philips, Holandsko).
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3. Vysledky a diskusia
3.1 Stidium podmienok mechanochemickej redukcie

V prvej sérii experimentov sme sktimali vplyv vybranych parametrov ovplyv-
nujucich priebeh mletia. Sktimal sa vplyv rychlosti otd¢ok mlyna (n;), mdélového
pomeru Zelezo : sulfid medi (n2) a pomeru hmotnosti mlecich guloéok a vsadzky
materidlu do mlyna (ns) na Specificky povrch produktov mechanochemickej reduk-
cie, ako aj na stupenl konverzie definovany vztahom (3).

Vysledky st zhrnuté v tab. 1.

Tabulka 1. Zavislost Specifického povrchu produktov (Sa) a stupiia konverzie o od
rychlosti otd¢ok mlyna (n1), mélového pomeru Fe:CuzS (n2) a pomeru hmotnosti mlecej
naplne a vsadzky reaktantov do mlyna (ns3); ¢as mletia 10 min
Table 1. Dependence of specific surface area (Sa) and conversion degree (a) on the

rotation speed of the mill (n1), the molar ratio of Fe:Cu2S (n2) and the weight ratio of
milling balls to the reactant mass (n3); the milling time: 10 min

Premenny Sa e Konstantny
parameter [m?.g '] (%] parameter
ni [minfl} ns = 1,0
300 0,20 21 n3 = 120
350 0,22 38
400 0,35 62
450 0,23 66
500 0,19 77
550 0,19 83
ng [-] n1 = 400 min~*
1,0 - 62 n3 = 120
1,1 - 51
1,2 - 51
1,3 - 50
14 - 50
ng [ n1 = 400 min~*
72 - 26 nz = 1,0
216 - 49
120 - 62

7Z vysledkov vyplyva, ze stupen konverzie mechanochemickej redukcie je priaz-
nivo ovplyviiovany rychlostou ota¢ok mlyna ni. Hodnoty $pecifického povrchu pri-
tom prechadzajti maximom pri n; = 400 min~—'. Pokles jeho hodnét pri n; > 400
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min~! je pravdepodobne dosledkom nastupu agrega¢nych efektov. V intervale stu-
dovanych hodnét mdélového pomeru Fe : CusS (n2) a pomeru hmotnosti mlecich
gulocok a vsadzky do mlyna (n3) sa najvyssie hodnoty stupiia konverzie o dosiahli
pri ng = 1,0 a ng = 120.

Pre nasledné stadium mechanizmu mechanochemickej redukcie sme zvolili hod-
noty n; = 400 min~! a ny = 120. Dévodom volby uvedenej hodnoty parametra n;
bol maximélny povrch reakénej zmesi a nie prilis vysoka hodnota stupna konverzie,
ktora umoznila Siroku variaciu ¢asu mletia ako zakladného parametra pre stadium
kinetiky procesu.

© Cu
= Fe 10 min
S a Cu
[0] Cu
= N . L SN
20 min
a Fe b JC‘L Fe
b 60 min
Cu Cu
b b b b
1 i 1 1 1 i
30 40 50 60 70 80

20

Obr. 1. Rtg zdznamy vychodiskového sulfidu medi (0 min) a produktov mechanochemickej

redukcie (1-60 min): 1 — djurleit Cuy 94S (JCPDS 23-0959), 2 — chalkozin CuzS (JCPDS

23-0961), 3 — sulfid medi Cuy 5, S (JOPDS 41-0959), a — sulfid zeleza FeS (JCPDS 23-1123),
b — sulfid Zeleza, troilit FeS (JCPDS 75-0602).

Fig. 1. XRD patterns of starting copper sulphide (0 min) and products of mechano-

chemical reduction (1-60 min). The lines: 1 — djurleite, Cui,04S (JCPDS 23-0959), 2 —

chalcocite, Cuz2S (JCPDS 23-0961), 3 — tetragonal copper sulphide, Cuy 1S (JCPDS 41-

0959), a — cubic iron sulphide, FeS (JCPDS 23-1123), b — hexagonal iron sulphide, troilite,
FeS (JCPDS 75-0602) and metals copper (Cu) and iron (Fe) are marked.
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32 Rtg fadzova analyza produktov mechanochemickej
redukcie

Mechanochemicka redukcia sulfidu medi Zelezom je komplikovanym viacstup-
novym procesom, ktory pozostava:

— z transformaécie sulfidov medi,

— 7z vlastnej mechanochemickej redukcie sulfidov medi zelezom,

— z transformacie kubického pyrotinu na jeho hexagonalnu formu.

Produkty mechanochemickych premien sa podrobne analyzovali metédou rtg
difraktometrie (obr. 1). Uz po jednej minite mletia klesd medzi sulfidmi medi re-
lativne zastipenie djurleitu Cuj 94S(1) a narastad zastupenie chalkozinu CusS(2).
V produktoch mletia sa objavuje nova faza Cuy g15(3), pricom z podrobného §ta-
dia JCPDS zdznamov sa nevylucuje ani pritomnost dalsej fazy CuyS. Ukézalo sa,
ze k vlastnej konverzii sulfidov medi dochadza uZ po Styroch mindtach mletia.
Po desiatich minatach sa na rtg zdzname nachadzaja len reflexy nezreagovaného
Fe a produktov reakcie — elementiarnej Cu a kubického FeS. Aplikacia dvadsat-
minutového mletia a vysSich ¢asov ukoncuje proces mechanochemickej redukcie
transformaciou kubického FeS na troilit, hexagonalnu modifikaciu FeS.

3.3 Méssbauerova analyza produktov transforméacie zeleza

Maossbauerove spektra st uvedené spolu s parametrami ziskanymi ich spraco-
vanim na obr. 2 a v tab. 2.

V spektrach prevladaji dva vzajomne sa prekryvajace sextety s paramagnetic-
kym dubletom v ich strede. Parametre prvého sextetu (sextet 1) zodpovedaju ele-
mentarnemu Zelezu. Jeho relativne zastipenie v produktoch reakcie klesé (obr. 3),
¢o koresponduje s priebehom mechanochemickej redukcie. Druhy sextet (sextet 2)

Tabulka 2. Méssbauerove parametre produktov mechanochemickej redukcie sulfidu
medi Zelezom: H — magnetické pole [T], IS — izomérny posun [mm-s~ '], @S — kvadrupé-
lové Stiepenie [mm-s™ "]

Table 2. Mossbauer parameters of the products of mechanochemical reduction of copper
sulphide with iron: H — magnetic field [T], I.S — isomeric shift [mm-s™'], QS — quadrupole
splitting [mm-s™*]

Cas Parameter
mletia sextet 1 sextet 2 dublet
[min] H 18 QS H IS QS H 1S QS
1 33,21 0,00 0,00 - - - - 0,44 0,38
10 32,61 —0,02 0,00 30,37 0,75 —-0,07 - 0,48 1,05
20 33,24 —0,02 —0,01 30,87 0,76 —0,08 - 0,44 1,04
60 - - - 30,05 0,75 —0,08 - - -




274 KOVOVE MATERIALY, 40, 2002, ¢. 4

80

—n— sextet 1)

Relativna absorpcia [%]

——e—— dublet

——a—— sextet 2|

Y

12 8 4 0 4 8 12 0 10 20 30 40 50 60
Cas mletia [min]

Rychlost [mm s-1]

Obr. 2. Mossbauerove spektra vzoriek po Obr. 3. Relativne zastipenie Mossbauero-

mechanochemickej redukcii sulfidu medi vych subspektier v zavislosti od ¢asu mle-
zelezom (Casy mletia st uvedené na zazna- tia.
moch). Fig. 3. Relative intensities of the Moss-

Fig. 2. Mossbauer spectra of samples af- bauer spectra as a function of milling time.
ter mechanochemical reduction of copper
sulphide (Cu2S) with iron (milling times

are marked at patterns).

prevlada pri vyssSich ¢asoch mletia a jeho parametre s typické pre sulfidy Zeleza.
Dublet v centralnej ¢asti spektier je pravdepodobne désledkom neusporiadaného
stavu v Strukttre sulfidu Zeleza. Avvakumov [21] pozoroval prechod sextet—dublet
ako dosledok mechanického porusenia submriezky Zeleza pri aktivacii pyrotinu (sul-
fidu Zeleza). Toto moZe byt vysvetlenim pre dublet pozorovany v nasich experi-
mentoch. Jeho parametre nevyluc¢uji pritomnost dvojmocného alebo trojmocného
zeleza v sulfidoch [22].

34 Mechanizmus a kinetika mechanochemickej redukcie

Na zaklade vysledkov rtg fazovej analyzy a Mossbauerovej spektroskopie je
mozné celkovy proces mechanochemickej redukcie sulfidu medi Zelezom opisat su-
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borom rovnic zahftiajicich rozklad sulfidu medi (4), syntézu kubického sulfidu Ze-

leza (5) a jeho polymorfni premenu na hexagonalnu formu (6) a vlastni redukciu
sulfidu medi (7):

2Cug_zS — (2 — 2)CuaS + xS,

xS + zFe — zFeS(cub),

zFeS(cub) — xzFeS(hex),

(2 —z)CuzS + (2 — z)Fe — 2(2 — 2)Cu + (2 — z)FeS(hex).

W

ot
—_ D —

~—~ Y~~~
(=2}

Suméciou rovnic (4)—(7) dostdvame vyslednt rovnicu (8) opisujicu sumérny proces
mechanochemickej redukcie sulfidu medi:

Cuz_;S + Fe — (2 — 2)Cu + FeS(hex). (8)

Kinetika polymorfnej premeny sulfidov Zeleza prebiehajaca podla rovnice (6)
bola sledovana na zéklade analyzy intenzity vybranych reflexov na rtg zdznamoch
produktov mechanochemickej redukcie [23]. Casovy priebeh tejto premeny je zna-
zorneny na obr. 4. V ¢asoch reakcie do 10 minit sa FeS nachédza vylucne vo svojej
kubickej forme. Pri vyssich ¢asoch dochadza k jeho premene na hexagonélnu formu
FeS, tzv. 2C-troilit. Tato faza je jedinou formou sulfidov Zeleza v produktoch mletia
pri ¢asoch 40 minut a vyssich.

Strukttra sulfidov zeleza je komplikovand, pretoZe tieto zli¢eniny maji ten-
denciu tvorit nestechiometrické zlti¢eniny [24]. Tieto zlGéeniny, vSeobecne nazyvané
pyrotiny, maji NiAs Struktiru, v ktorej atémy siry tvoria tesne usporiadané vrstvy
a atomy zeleza obsadzuju oktaedrické polohy medzi vrstvami siry. VSetky oktaed-
rické polohy st obsadené pri troilite, zatial ¢o pri ostatnych pyrotinoch st niektoré
polohy pre Fe-atémy prazdne [25].

Zatial ¢o kubicky FeS je metastabilnou formou a je paramagneticky, 2C-troilit
je antiferomagnetikom a patri medzi stabilné formy sulfidov Zeleza [26]. Rozdiely
v stabilite a magnetickych vlastnostiach mozu byt vysvetlenim priebehu polymorf-
nej premeny na obr. 4 a relativneho zasttipenia paramagnetického dubletu na obr. 3.

Kinetika mechanochemickej redukcie sulfidu medi bola hodnotena pomocou
Avramiho rovnice [27]

—In(1 — z) = kt", (9)

kde x je zastupenie Fe v produktoch mechanochemickej reakcie, vypocitané z Moss-
bauerovych merani, k je rychlostna konstanta reakcie, ¢ je ¢as mletia, n je poriadok
reakcie.

Rovnica (9) nasla siroké uplatnenie pri opise kinetiky heterogénnych procesov
a vSeobecne sa aplikuje pre nukleaciu a rast zarodkov novej fazy.
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Obr. 4. Zéavislost Ires(x)/(Iresx) + Ires(n)) Obr. 5. Zavislost In[— In(1—z)] vs. In ¢t ilus-

od casu mletia. trujica aplikdciu Avramiho rovnice pre vy-
Fig. 4. IFeS(k)/(IFeS(k) +IFes(h)) vs. milling pocet poriadku reakcie.
time. Fig. 5. In[—In(1 — z)] vs. Int plot illustra-

ting the application of Avrami equation for
the calculation of the reaction order.

Transformécia rovnice (9) na tvar
In[—In(l —z)] =Ink+nlnt (10)

umoznila zo smernice zavislosti In[— In(1 — z)] vs. In¢ vypo¢itat hodnotu poriadku
reakcie n = 1,021 (obr. 5). Této hodnota podla Sakovi¢a [28] poukazuje na che-
mickt reakciu ako riadiaci (rychlost urcujtici) dej mechanochemickej redukcie sul-
fidu medi zZelezom.

3.5 Povrchova analyza produktov reakcie

Pritomnost prvkov v povrchovej vrstve produktov mechanochemickej redukcie
sulfidu medi Zelezom mletych 1 min (1) a 60 min (2) je prezentovand vo forme
prehladného XPS spektra na obr. 6. Okrem medi a Zeleza je mozné identifiko-
vat aj kontamina¢ny uhlik a kyslik, ktoré st pritomné pravdepodobne v doésledku
adsorpcie CO4 zo vzduchu.

Fe2p spektrd namerané v rezime vysokého rozliSenia (Eg = 700-930 eV) na
identifikdciu oxidaénych stavov zeleza v povrchovej vrstve si zobrazené na obr. 7.
V povrchovej vrstve produktov reakcie mletych 1 min je uz pritomné dvojmocné
zelezo (Ep = 711,2 e€V), pricom elementarne Zelezo nebolo identifikované. Po 60
min mletia v povrchovej vrstve produktov reakcie je taktiez identifikované charak-
teristickymi vyraznymi pikmi pri Eg = 710,1 eV (Fe2ps/;) a pri Eg = 723,5 eV
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Obr. 6. XPS prehladné spektrum pro-
duktov mechanochemickej redukcie sulfidu
medi mletych 1 min (1) a 60 min (2).
Fig. 6. Survey XPS spectrum of products
of mechanochemical reduction of copper
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Obr. 7. Fe2p spektrum produktov mecha-
nochemickej redukcie sulfidu medi mletych
1 min (1) a 60 min (2).

Fig. 7. XPS Fe2p spectrum of products of
mechanochemical reduction of copper sul-

sulphide, milled for 1 min (1) and 60 min  phide, milled for 1 min (1) and 60 min (2).

(2)-

(Fe2py /2) dvojmocné Zelezo s tym rozdielom, ze v porovnani s produktmi reakcie
po 1 min mletia sa obsah (Fe?t) dvojmocného Zeleza zvysil. Pik pri Eg = 710,1
eV v silade s tabelarnymi hodnotami zodpoved4 FeS.

V préci [29] boli pre dany systém $tudované fotoelektrénové spektra medi. Sti-
dium spektier ukazalo, Ze po 60 minatach mletia je mozné v povrchovych vrstvach
produktov mechanochemickej redukcie identifikovat elementarnu med.

Mechanochemické redukcia sulfidu medi je sprevadzand okrem zmeny povr-
chového zlozenia aj zmenou tvaru a velkosti ¢astic. Morfoldgia prekurzorov mecha-
nochemickej reakcie (sulfid medi, elementérne zelezo), ako aj jej produktov (nano-
Castice Cu/FeS) je ilustrovana na obr. 8-10a.

Elementarne zelezo (obr. 8) pozostdva z moduldrnych éastic nepravidelného
tvaru s rozmermi radovo 20-80 mikrometrov. Castice sulfidu medi na obr. 9 si re-
prezentované angularnym tvarom, pre ktory st charakteristické ostré hrany a drsné
polyedrické formy. Rozmer tychto ¢astic je rddovo niekolko desiatok mikrometrov.
Zatial ¢o obidva prekurzory mechanochemickej redukcie predstavuji monolitné
Castice, mikroskopicka analyza produktov reakcie sved¢i o tvorbe agregovanych
platnickovych ttvarov velkosti 50-150 pum, ktorych analyza pri dalSom zvicSeni
(obr. 10a) ukazuje, Ze pozostavajl z primarnych zfn ¢asto rozmerov mensich, ako
je b mikrometrov.
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Obr. 8. REM snimok prekurzoru mechano- Obr. 9. REM snimok prekurzoru mechano-
chemickej redukcie (8): elementérne Fe. chemickej redukcie (8): sulfid medi.
Fig. 8. SEM micrograph of mechanochemi- Fig. 9. SEM micrograph of mechanochemi-
cal reduction (8) precursor: elemental Fe. cal reduction (8) precursor: copper sulp-
hide.

Metddou rtg sa zistilo, ze velkost krystalitov zeleza poklesla v priebehu mecha-
nochemickej redukcie zo 105 nm pri vzorke mletej 1 minatu na 44 nm pri vzorke
mletej 20 minat, pricom tento pokles bol maximalny pocas prvych desiatich minit
reakcie. Priemernd velkost zfn vznikajicej elementérnej medi bola 25 nm, pri¢om
v priebehu mechanochemickej redukcie poklesla az na hodnotu 10 nm.

EDX analyza povrchu produktu mechanochemickej redukcie (obr. 10b — bod 2)
ukézala, ze vzdy boli pritomné Zelezo, sira a med. V konfrontécii s rtg kvalitativnou
analyzou a vypocéitanymi hodnotami velkosti ¢astic mozno konstatovat, Ze ide o
nanocastice Cu/FeS.

4. Zaver

Zo studia mechanochemickej redukcie sulfidu medi elementarnym zelezom je
mozné vyvodit tieto zvery:

1. Proces mechanochemickej redukcie sa skladéd z niekolkych vzdjomne sa pre-
kryvajucich ¢iastkovych procesov, ako si: vzdjomné transformécia sulfidov medi,
syntéza kubického FeS a jeho premena na hexagonalny 2C-troilit a vlastnd mecha-
nochemické redukcia sulfidu medi elementarnym Zzelezom za tvorby Cu/FeS nano-
Castic.

2. Kinetiku mechanochemickej redukcie je mozné opisat Avramiho rovnicou
pre nukleaciu a rast zarodkov novej fazy. Experimentélne zistena hodnota poriadku
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Obr. 10. a) REM snimok produktov mechanochemickej redukcie (8): nanocastice
Cu/FeS, b) EDX spektrum z bodu 2 na obr. 10a.

Fig. 10. a) SEM micrograph of products of mechanochemical reduction (8): nanoparticles
Cu/FeS, b) EDX elemental microanalysis from point 2 of Fig. 10a.

redukcie (n = 1,021) poukazuje na chemicki reakciu ako na riadiaci dej.

3. Produktom mechanochemickej redukcie st Cu/FeS nanocastice pozostava-
juce z platnickovych agregatov primarnych castic. Zatial ¢o priméarne Gastice s
velké niekolko mikrometrov, velkost agregatov je 50-150 pm. Priemernd velkost
nanocastic medi je 10-25 nm, v zavislosti od podmienok mechanochemickej reduk-
cie.
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