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ABSTRACT The changes of mechanical and electrical properties as well as lattice distortion of cold de-

formed silver with high purity of 99. 999% were studied in its recovery processes at 23 and 50 C tempera-

tures. The high pure silver showed a low recrystallization temperature of 70 C and obvious natural recovery

softening effect. The recovery process was quickened with increasing cold deformation degree and rising age

temperature, obeying an isothermal recovery rate equation: In{x¢/x ) = Ki. The recovery activation energy

of the high pure silver was found to be £ = 20k]J/ mol, and the recovery process was mainly controlled by point

defect recovering mechanism.
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1 INTRODUCTION

It was found long ago in the production that
the mechanical properties of cold deformed high-
ly pure silver were not stable, and would de
crease to a certain extent during storage, which
was called “ a natural age softening phe
nomenon.” Although this phenomenon was
studied by several authors in literatures| 1- 5],
it was still short of thorough investigation on the
substance of the phenomenon as well as the
changes of structure and kinetics.

In order to understand the substance of the
phenomenon, the changes of properties and
structure as well as the kinetics in the ageing
process were studied for the cold deformed silver

with high purity in present paper.
2 EXPERIMENTAL PROCEDURE

The silver ingot with purity of 99. 999%
was processed into wire and sheet by cold defor-
mation. The quantitative spectral analysis for 14
impurities in the silver materials indicated that
the individual content was less than 0. 000 5%
for Au, Fe, Ir, Ni, Pb, Pt, Rh, Sb, and Sn,
less than 0. 000 4% and 0. 000 3% for Mg and
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Cu respectively, and less than 0. 0002% for Al,
Bi and Pd. The sheet samples with compress
ibility €= 75% and 90% and wire samples with
section shrinkage ¢ = 98% were aged isother
mally at 23 and 50 C. The changes of hardness,
tensile strength, elongation, electrical resistivity
and lattice distortion, etc. were measured in the
isothermal ageing process.

3 RECOVERY AND RECRYSTAL-
LIZATION OF HIGHLY PURE
SILVER

3. 1 Recrystallization Temperature of

Highly Pure Silver

The recrystallization temperature of metal is
related to its purity and cold deformation degree.
In present work, the wire samples with ¢ =
98% were annealed at different temperatures for
0.5 h. The dependence of the measured tensile
strength on annealing temperature is shown in
Fig. 1.
highly pure Ag can be determined to be 70 C,

The recrystallization temperature of

which is in accord with the value of 64 C report-
ed in literature [ 3] for Ag with the same purity
and cold deformation degree.
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3.2 Changes of Properties of Ag in Re-

covery Process
3.2.1 Strength Properties
Fig. 2 shows the changes of hardness of
sheet samples with €= 75% and that of tensile
strength of wire samples with ¢ = 98% for pure
Ag. With prolonged age process, the strength

and hardness decrease rapidly, showing an obvr

Fig. I Tensile strength 0, vs annealing

temperature for cold deformed Ag
( =90, purity of Ag= 99.999%)

Fig. 2 Dependence of hardness and tensile
strength of Ag on recovery time
(€= 75%, ¢ = 98%)
1—237C;, 2—50C

ous age softening. The relative decrements of the
strength and hardness of Ag aged for 70 d are
listed in Table 1. It can be seen from Table 1
that, the higher the cold deformation degree and
the age temperature, the larger the decrements
On the other
hand, the tensile strength values of Ag aged at
23 Cfor 30 d and aged at 50 C for 20 d have
reached a stable value of about 200 MPa. Com-

pared with the corresponding data reported in

of the strength and hardness.

Ref. [ 3] for two pure silver samples with purities
of 99.999% and 99. 95% and with cold defor-
mation degree €= 90% , the stable strength val
ue got in present work is comparative, but the
recovery time for reaching the stable strength
value is between those of the two pure silver
samples in Ref. [ 3]. Seeing that the purity and
the cold deformation degree of Ag in present
work are 99. 999% and 98%, respectively, the
above comparison indicates that the higher the
purity of Ag, the faster the recovery process
when the cold deformation degree is the same;
and that the higher the cold deformation degree,
the faster the recovery process when the purity
of Ag is the same.

Table 1 Relative decrement of strength
and hardness of Ag on the 70th
day in recovery process

Age treatment Hv/ % 0, / %
€= 75% 23 C 25 -
50 C 45 _
b= 98% 23 C - 40
50 C - 50

The elongation changes of pure Ag wire
samples with cold deformation degree ¢ = 98%
in recovery process are shown in Fig. 3. The e
longation of cold deformed Ag was about 1% . In
23 C recovery process, the elongation increased
gradually and reached 25% on the 70 th day; in
50 C ageing process, the elongation increased
rapidly during early days and then reached a sta-
ble value of about 28% after 30 d.

The changing trend of the strength proper-
ties and elongation indicated that highly pure sil-
ver showed a self-softening phenomenon in the
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Fig. 3 Dependence of elongation of

Ag on recovery time
1—507TC; 2—23C

natural ageing process. Obviously, the self-soft-
ening effect is because that, under low recrystal
lization temperature of highly pure silver ( about
70 C), the recovery process can go on sponta
neously at ambient temperature. So, the self-
softening of highly pure Ag is just its recovery
softening.
3.2.2 Electrical Resistivity

The electrical resistivity of pure Ag is
1.59 HQescm. It increased with the cold defor
mation degree and reached 1. 71 BQ*em when ¢
= 98% (Fig.4(a)). In the recovery process fol-
lowed, the resistivity decreased from the value
of 1.71 to 1.64HQ*ecm at 23 C ageing and
1. 61 BQ* em at 50 C ageing for 50 d( Fig. 4
(b)) . According to the relationship between the
resistivity and the cold deformation degree, the
remnant deformation in the recovery process
could be derived to be 45% and 25% at 23 and
50 C ageing for 50d, respectively.
3.2.3 Crystal Lattice Distortion

The changes of (420) X-ray diffraction
peaks of Ag in bhoth states of cold deformation
with €= 90% and ageing at 23 C for different
times are shown in Fig. 5. Because of the lattice
distortion and crystal grain smashing, the
diffraction peaks of cold deformed silver are dif-
fusing and broadening, just like the 1 day s peak
in Fig. 5. During the natural ageing (at 23 C)
process, the full width at hal-maximum
(FWHM) of the diffraction peak reduced gradur
ally (Table 2); the two peaks of K4 and K¢

Fig. 4 Electrical resistivity (a, b) and
remnant deformation (c¢) in cold

deformation and recovery processes
1—237C;, 2—50C

Fig. 5 Changes of (420) diffraction peak
of cold deformed( €= 90%) Ag in

23 C recovery process
1—32 d; 2—20 d; 3—11 d;
4—7 d; 5—3d;, 6—1d
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were separated on the 7th day and then became
sharper and sharper. It is clear that the cold de
formed silver has a tendance of gradually reduc
ing its lattice distortion at ambient temperature.
The process was quickened as the age tempera
ture rising. The separated pesks, Kgq and K o,
became sharper at 50 C ageing for 32 d. The
diffraction peaks separated completely at 80 C
ageing( Fig. 6) ; in other words, pure Ag has re-
crystallized, and the lattice distortion caused by
cold deformation has disappeared.

Fig. 6 The (420) diffraction peak

of Ag aged at 80 C
1—7d; 2—3d; 3—1d

Table 2 Changes of FWHM of (420) peak
of cold deformed Ag in
23 C recovery process

Time/ d 20/(%) FWHM
1 114.938 0.754
114.958 0.707

7 114.936 0.426

11 114.916 0.238
20 114. 834 0.191
32 114.912 0. 180

It is well known that both crystal grain
smashing and lattice distortion would cause the
diffraction peak broadening ( except that caused
by instrument). According to the theory of
diffraction peak broadening of deformed metal,
the broadening caused by crystal grain smashing
can be expressed by Scherrer formula:

B(20) = KNL * cost (1)

and the broadening caused by lattice distortion

can be expressed as:

B(28) = 4&/d * tanb (2)
Under the cold deformation condition, both
broadenings exist simultaneously, so:

B(20) = KNML *cosb+ 4G&/d * tanB

(3)
B(20) is the width of 28 diffraction
peak; Ais the length of diffraction wave; L is

w here

the size of crystal grain or subgrain due to crystal
smashing; 0d/ d is lattice distortion. The broad-
ening expressed by formula (3) can be approxr
mative using Cauchy or Gauss functions; and
based on the approximation, a special analytical
program for grain size and lattice distortion can
be drawn up. In present work, after introducing
the width values of (311), (331), (420) and
(422) peaks to the program, the lattice distor-
tions and sizes of subgrains were found for Ag in
both states of the cold deformation with € =

90% and the recovery. Their changes in the re-
covery process are shown in Fig. 7.

The subgrain size of Ag was about 40nm in
cold deformed state and grew up to about 110nm
in aged state at 23 C for 32d. The lattice dis
tortion caused by cold deformation reduced grad-
ually in the natural recovery process. Obviously,
lattice

the evolution tendence of the

distortion is the same as that of the strength

Fig. 7 Changes of lattice distortion( a)
and subgrain size( b) of cold
deformed Ag in natural recovery
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properties of Ag, indicating that it is the relax-
ation and reduction of lattice distortion that lead
to the decrease of the strength and hardness of
Ag, namely the recovery softening.

4 KINETICS OF RECOVERY OF
COLD DEFORMED Ag

Suppose x is the instantaneous value of a
certain property at the time ¢, then, the decay-
ing rate of x in the isothermal ageing process de-

pends on x/ "7, that is:

de/dt = - (4)
and

a= Aexp(— E/ET) (5)
where FE is the activation energy; k is Bolzr

mann constant; A is a constant; T is kelvin tem-
perature.
Substitute formula (5) into formula (4) and in-
tegrate it:

In(xo/x) =— K exp(— E/kT )t (6)
Suppose E is independent of x, and

K =- K'exp(— E/kT) (7)
Then formula (6) can be rewritten as:
In(xo/x) = Kt (8)

Eq. (8) is the isothermal recovery rate e
quation, where K is the recovery rate constant.
In present work, taking the tensile strength G, as
x 1n formula (8), the plot of In(x0/x ) vs t was
obtained and shown in Fig. 8 The isothermal
recovery rate constants of Ag were found to be
1.17%10" *h™ 'at 23 Cand 2.27% 10" *h™ " at
50 C, respectively.

The recovery activation energy ( E ) calcu-
lated from formula (7) was 20 kJ/mol, lower
than the recrystallization activation energy ( 88
kJ/mol) 7l of Ag with 99.995% purity and 98%
cold deformation degree. Because the tempera
ture of recovery is much lower than that of re
crystallization, and the purity of Ag used in pre-
sent work is higher, the lower recovery activa
tion energy measured should be reasonable.

S DISCUSSION

That the resistivity of Ag increased in cold
deformation process is attributed to the increase

of the concentration of point defect and the dislo-
cation density. The concentration ( C ) of point
defect is related to the plastic deformation degree
dol.

C~10"¢e (9)

Fig. 8 Recovery rate equation of
cold deformed Ag
(In{xy/x) = Ki, x = ¢, b= 98%)
1—50C;, 2—23 C

In recovery process, both the resistivity and
remnant deformation of Ag decreased ( Fig. 4
(b), (¢)). The remnant deformation was about
45% at 23 C ageing for 50d, and about 25% at
50 C ageing for the same time, meaning that
the concentration of point defects reduced also.
On the other hand, the diffusion of vacancies
and movement of dislocations led to a series of
changes of microstructure, such as the disloca
tion loops disappearing, the dislocation dipoles
annihilating, the remnant dislocation rearrang-
ing, polygonization, subgrain growth and so on,
by means of which the storage energy of cold de
formation was freed out. So, the recovery pro-
cess of cold deformed Ag deals with a compre
hensive recovery mechanism of point, line and
plane defects. Based on the low recovery activa-
tion energy, the recovery mechanism is con
trolled, fundamentally speaking, mainly by the
recovery mechanism of point defects. Since the
driving force, namely the barrier potential need-
ed to be overcome, for recovery of point defect is
small, the lattice distortion would reduce, in
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other words, the distorted lattice would become
relaxation, and subgrains would grow up even at
ambient temperature.

So, the parameter x in formula (4) can be
considered as the intensity of point defects caus-
ing changes of properties of cold deformed metal,
and a represents the probability of disappearance
of point defect in a unit of time'°". The recovery
process of high pure Ag just reflects this charac
teristic.

6 CONCLUSIONS

(1) The recrystallization temperature of Ag
with purity of 99. 999% and cold deformation
degree of 98% was determined to be 70 'C. At
ambient temperature, the cold deformed highly
pure Ag showed a feature of natural recovery
softening, and its hardness, tensile strength, re-
sistivity and lattice distortion, etc. decreased,
whereas the elongation increased and subgrain
sizes grew up. The recovery softening process
was quickened with the increase of cold deforma-
tion degree and the rise of ageing temperature.

(2) The recovery process of cold deformed

highly pure Ag obeyed the isothermal recovery

rate equation: In(x¢/x) = Kt. The calculated
K values of highly pure Ag with cold deforma
tion degree ® = 98% were 1. 17x 1077 h™ " at
23 C ageing and 2. 27 x 10" h™ ' at 50 'C age
ing. The recovery activation energy was found to
be E = 20kJ/ mol. The recovery process of cold
deformed highly pure Ag was controlled mainly
by the recovery mechanism of point defects. In
this sense, the parameter x in formula (4) could
be considered as the intensity of point defects
causing changes of properties of cold deformed
metal, and a represented the probability of dis-
appearance of point defects in a unit of time.
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