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The high-temperature internal friction spectrum of polycrystalline Zircaloy-4 is investigated in 
detail, for a wide range of frequencies. Two internal friction maxima are observed. The lower- 
temperature peak is interpreted in terms of a relaxation mechanism produced by the sliding 
of particle-free grain boundaries. The higher-temperature peak is attributed to the sliding of 
boundaries blocked by small precipitates. Values for the activation enthalpy and the pre- 
exponential factor for diffusion along grain boundaries are given, and the viscosity coefficient 
associated with grain-boundary sliding is determined as a function of temperature. 

1. Introduction 
Povolo and Molinas [1] have reported recently some 
data on the high-temperature internal friction (HTIF) 
of polycrystalline zirconium and Zircaloy-4, obtained 
at low (of the order of 1 Hz) and at intermediate (of 
the order of 70 Hz) frequencies. The damping spec- 
trum of pure zirconium, for annealed polycrystals, 
revealed one internal friction peak, P1, both at low 
and at intermediate frequencies, which has been 
reported by several authors. This internal friction 
peak was found to be strongly dependent on the ther- 
momechanical treatment given to the specimens and 
on the composition. The activation enthalpy, AH, and 
particularly the relaxation time, %, vary according to 
different authors [2, 3] but a measurement of these 
parameters over a change in frequency of two orders 
of magnitude [1] and including the data of others [2, 3] 
leads to 

AH = (270 + 30) kJmol-t,  

r0 = 1.5 x 10 ~ (1) 

These are the most reliable values for the activation 
enthalpy and the relaxation time for Peak P~ in 
annealed zirconium polycrystals. 

Two peaks have been observed, at least at low 
frequencies, on the HTIF spectrum of Zircaloy-4. 
Values for the activation enthalpy and the relaxation 
time similar to those for P~ were observed for the 
lower-temperature peak, P'~. It was not possible to 
measure the characteristic of Peak P~, occurring at 
higher temperatures, due to the fact that the peak is 
masked by the high-temperature background at inter- 
mediate frequencies and it was only resolved at low 
frequencies. Peaks P'~ and PI were tentatively inter- 
preted by us [ 1] as produced by dislocation movements 

occurring at the grain or subgrain boundaries, i.e. the 
peak present in pure zirconium and in the alloy is 
controlled by similar mechanisms. P~ was attributed 
to some precipitate at the grain boundary. 

It is the purpose of this paper to present new data 
on the HTIF of annealed polycrystalline Zircaloy-4, 
obtained at frequencies between about 0.3 and 70 Hz. 
Due to the wide range of frequencies used it was 
possible to measure the characteristics of Peak P~ and 
to improve the accuracy of the values already reported 
for Peak P'~. 

Finally, the results will be discussed in terms of 
mechanisms involving grain-boundary sliding. The 
possible influence of impurities on the sliding rate will 
be also considered. 

2. Experimental procedure 
The specimens were prepared from nuclear grade 
Zircaloy-4, supplied by Teledyne Wah Chang (Albany, 
New York) as wires with 2 mm diameter. The chemi- 
cal composition supplied by the manufacturer is given 
in Table I. 

Two types of pendulum, working in a high vacuum, 
were used for the internal friction measurements: 

(a) A low-frequency inverted torsion pendulum 
(K~'s pendulum) with a frequency between about 0.3 
and 10 Hz. The internal friction was obtained from the 
decay of the oscillations, registered by means of a 
photodiode on the screen of an oscilloscope with 
memory and on a recorder. Typically, maximum 
strain amplitudes between 3 x 10 -5 and 8 x 10 6 
were obtained on the surface of the specimens during 
free decay. 

(b) An automatic pendulum working at inter- 
mediate frequencies, of the order of 70Hz. This 
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T A B L E  I Properties of Zircaloy-4 

Composition (wt %) 
Sn 
Fe 
Cr 
Zr 

Main impurities (p.p.m. by 
C 135 
Hf 60 
N 45 
A1 35 
Ni 19 
Si 28 
Ti 18 
W <25 
O 980 

1.41 
0.19 
0.1 
balance 

mass) 

'~::>~1.5 
X % 
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Figure 1 (a) HTIF spectrum of polycrystalline Zircaloy-4 at inter- 
mediate frequencies. (b) P'l/P'z complex obtained after subtracting 
out the background (HTB), 

equipment allows measurements of the damping at 
constant maximum strain amplitude and the internal 
friction against temperature is recorded automati- 
cally. In this type of pendulum, the internal friction is 
recorded in terms of the energy required to maintain 
a given oscillation amplitude. Since this energy is 
proportional to f 2, where f is the oscillation fre- 
quency, the recorded internal friction against tem- 
perature can be distorted if the oscillation frequency 
changes considerably with the temperature. A special 
feature of the pendulum used is that this effect is 
corrected automatically so that an undistorted record- 
ing of the damping against temperature is obtained. 
The details of the pendulum are given elsewhere [4]. 

Finally, two types of specimen were used for the 
measurements: the as-received 2 mm diameter wires at 
intermediate frequencies and 1 mm diameter wires at 
low frequencies, obtained by chemically etching the 
as-received material. 

3. Results  
The average grain size of the as-received material was 
of the order of 16 #m (measured according to ASTM 
El 12 standards). Prior to the internal friction experi- 
ments, all the specimens were annealed, during 1 to 2 h 
in a high vacuum, at temperatures of the order of 
1023 K. The precise annealing treatment and the aver- 
age grain size, li, after the annealing treatment and lf, 
after the internal friction measurements, are given in 
the third and fifth column of Table II, respectively. 
The fourth column gives the oscillation frequency of 
each specimen at room temperature. 

After the annealing treatment and unless otherwise 
specifically stated, the specimens were located into the 
pendulum and heated at a rate of 320 K h l up to 
1073 K. After holding the specimen for 30 min at this 

T A B L E I I Characteristics of Zircaloy-4 specimens measured at 
different frequencies 

Specimen Annealing l i f If AHHT a 
treatment (#m) (Hz) (/~m) (kJ mol- 1 ) 

1 lh ,  1013K 19 93 21 88 
2 2h, 1023K 25 11.5 26 88 
3 2h, 1023K 25 2.3 26 80 
4 1 h, 1023 K 27 0.9 37 84 
5 2h, 1023K 25 0.38 29 80 

temperature, the internal friction curve was measured 
on cooling at an average rate of 80 K h-~. 

As described earlier [1], the HTIF spectrum of 
Zircaloy-4 consists of two peaks, P'l and P'2, and a 
high-temperature background (HTB). This is illus- 
trated by Curve (a) of Fig. 1 for a specimen measured 
at intermediate frequencies, with the automatic pen- 
dulum. This specimen, not listed in Table II, had been 
subjected to a "grain growth" treatment [1] and the 
average grain size, before the internal friction 
measurement, was of the order of 42 pro. The peaks 
can be subtracted from the total damping by assuming 
an exponential increase of the HTB with temperature 
[1, 5], i.e. the internal friction was plotted as logQ -~ 
against T-1 and a straight line was drawn through the 
data below and above the peaks. This is shown by the 
increasing broken curve of Fig. 1. The peaks obtained 
after subtracting the HTB are given by Curve (b) of 
Fig. 1. It is clear that it is difficult to resolve each 
individual peak for the data obtained at intermediate 
frequencies. The situation improves at lower fre- 
quencies, as illustrated by the curves shown in Fig. 2 
obtained for Specimens 3 and 4 of Table II. The HTB 
has been subtracted out by using the procedure already 
described. 

Table III gives the different parameters for Peaks P'l 
and P~ obtained at various oscillation frequencies, for 
the specimens listed in Table II. Tp is the peak tem- 
perature, fv is the frequency at the peak, Q~-~ is the 
height of the peak and A (T -1 ) the peak width at half 
maximum. In Table III, the first row for each speci- 
men gives the data for Peak P'I and the second row 
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Figure 2 P'I/P'2 complex at low frequencies. 

3540 



T A B L E  I I I  Characteristics of  Peaks P'l and P'2 measured on specimens listed in Table II 

Specimen fp(Hz) Tp(K) Q~l x 10 2 A(T  1 ) ( K - l  x 10 -4) fl Aj x 10 2 

1 P'I 70 982 1.8 1.4 2.8 7.2 

P'2 . . . . . .  
2 P] 8.54 932 2.2 1.7 3.5 10.7 

P'2 . . . . . .  
3 P'l 1.82 907 1.3 1.2 2.1 4.6 

P~ 1.68 983 1.0 0.97 1.44 2.8 
4 P'I 0.632 876 0.58 1.5 3.1 2.6 

P'z 0.582 977 0.52 0.62 0 0.52 
5 P'I 0.306 867 1.5 1.0 1.7 4.3 

P; 0.283 953 1.9 1.1 1.8 5.8 

those for P2, respectively. Peak P~ could not be reas- 
onably resolved at the higher frequencies so that no 
data are reported. It must be pointed out that the 
individual peaks were resolved from plots similar to 
those given in Fig. 2 and by assuming that each peak 
is symmetric about the maximum. 

On assuming [6] that the maximum occurs at 

2/~fp't" = 1 (2) 

and 

= ~0 exp (AH/kT) (3) 

then combining Equations 2 and 3 leads to 

lnfp = - l n ( 2 ~ % )  - (AH/kTp) (4) 

According to Equation 4 a plot of  lnfp against Tp 1 
should give a straight line of slope (AH/k) and inter- 
cept - ln (2~%) .  The data of Table II are plotted 
according to Equation 4 in Fig. 3. AH and r0 obtained 
from the slopes and the intercepts of the straight lines 
are indicated in the same figure. The values obtained 
for P'~ are similar to those reported earlier [1] and to 

the values obtained for Peak PI in pure zirconium, as 
shown by Equation 1. A higher value for AH and a 
lower value for ~0 is found for Peak P;. 

As already pointed out [1], an important difference 
between the H TIF  or zirconium and Zircaloy-4 is that 
the damping of  the alloy is fairly reproducible either 
on heating or on cooling. This is not the case for 
zirconium, where hysteresis phenomena are observed 
[7, 8] and the grain size is changing during the internal 
friction measurements. In fact, as shown by Table II, 
where lr indicates the average grain size of the speci- 
mens after the internal friction experiments, the grain 
size does not change substantially from the value, l~, 
obtained after the annealing treatment. Furthermore, 
Peaks P'~ and P~ do not vary appreciably on changing 
the heating or the cooling rate, or even when the 
specimen is heated above the ~-/~ transition tem- 
perature (of the order of 1073 K). This is illustrated in 
Fig. 4, for data obtained at intermediate frequencies 
on the same specimen as for Fig. 1. Curve (a) was 
measured at a heating rate of 320 K h-  1 up to point P, 
above the phase transition; Curve (b) on cooling at the 
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Figure 3 Plot of  the data given 
Equation 4. The pre-exponential 
enthalpies are as follows. For  P ' t ,  AH = 330 _+ 17kJmol  -~, 
% = 6.9 x 10 ~2~-+~)sec, forP'2,Z~H = 395 _+ 1 0 0 k J m o l - l , %  = 
1.28 x I0-(zz+3)sec. 
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Figure 4 Hysteresis observed on the HTIF  of  Zircaloy-4, (a) 
measured on heating at a rate of  320 K h ~ and (b) measured on a 
subsequent cooling from point P at the same rate. (c) Obtained on a 
subsequent heating at a rate of  80 K h-~ and (d) on cooling at the 
same rate. Curves (b') and (d') were obtained from curves (b) and 
(d), respectively, after subtracting the HTB. 
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same rate. It is seen how the internal friction peak due 
to the ~-/~ transition develops. Curve (c) was obtained 
during a subsequent heating at 80 K h- 1 and Curve (d) 
on cooling at the same rate. It is clear that only the 
HTB varies considerably during successive runs and 
only minor changes are produced in the P'~-P~ com- 
plex. This is illustrated by Curves (b') and (d'), 
obtained from Curves (b) and (d), respectively, after 
subtracting the HTB. 

Finally, the last column of Table II gives the values 
for the apparent activation enthalpy for the HTB, 
AHHTB, obtained in the different specimens from a 
linear plot of logQ-l against T-~ below and above the 
peaks. As shown before [1], AHHT B depends on the 
grain size and the values given in Table II fall within 
those given by the plot of AHm- B against l, where l is 
the grain size (see Fig. 9 of [1]). AH~TB is the same for 
all the specimens listed in Table II, within the experi- 
mental error (of the order of 10%). 

4. Discussion 
Povolo and Molinas [8] have recently studied the 
HTIF of polycrystalline zirconium in detail, and both 
the hysteresis effects present and the two internal 
friction maxima were explained by a relaxation mech- 
anism associated with grain-boundary sliding and 
segregation of impurities to the grain boundaries. 
The lower-temperature peak was attributed to the 
sliding of the particle-free boundaries and the high- 
temperature peak to the sliding of the particle-bearing 
boundaries. A similar mechanism should also control 
the HTIF of Zircaloy-4. In fact, Sun and K~ [9] have 
proposed a theory to describe the internal friction 
produced by relaxation processes occurring in the 
grain boundaries. The theory is based on a continous- 
distribution dislocation model of high-angle bound- 
aries, and the internal friction is given by 

Q - l  g(1 -- v) q 
- 2 (4p - C )  ~-~ (5)  

where 

2p+ 

C 

1 
In (l + p2)1/2 

(1 - v) lcoq/#d (6) 

1 + p2 + p(1 + p2)U2 
C 1 + p2 _ p ( 1  + p2)1/2 = 

(7) 

(1 + p2)3/2 

lr + pC(1 + p2)1/2 ----- q (8) 

v is Poisson's ratio, l the grain size, # the shear modu- 
lus, d the width of the grain boundary, co = 2rcf the 
angular frequency of the applied stress and q the 
assumed viscosity coefficient associated with grain- 
boundary sliding, p and q are defined through the 
parameter C. Equation 5 describes a peak in a Q-1 
against C plot with a maximum [9] given by 

Qm ~ = 0.293rc (1 - v)/2 (9) 

According to Sun and Kfi [9] the grain-boundary vis- 
cosity is given by 

k T d  (AHb" ~ 
q -- abDbo exp k k T }  (10) 

where b is the Burgers vector and a - b is the average 
length of a segment of grain-boundary mobile dislo- 
cations [9] and 

O b = Dbo exp (-- AHb/kT) (1 l) 

is the diffusion coefficient along grain boundaries. On 
substituting Equation 10 into Equation 6 this leads to 

c = 2, 2(1 - v) ( A , v q  
exp t kT  ) (12) 

The peak described by Equation 5 is compared with a 
Debye-type peak in Fig. 5. The detailed analysis and 
the peak width at half maximum, when the internal 
friction is measured as a function of temperature, are 
given in Appendix A. 

According to Equation 5 the maximum occurs at 
C = 4.269 (see Appendix A) and on introducing this 
value into Equation 12, taking logarithms and 
rearranging terms, this leads to 

( ~ )  4 " 2 6 9 a b D b ~  
In = In 2zr21( 1 _ v)k kT  v (13) 

A plot of ln(fpTp/#) against Tp ~ should tlaen 
give a straight line of slope (AHb/k) and intercept 
ln[4.269 abDbo/27r2(1 - v) kl]. Such a plot is Shown in 
Fig. 6 for the data obtained from Peaks P'I and P'2, 
using the fp and Tp values given in Table II and 

# = 35.5 - 0 . 0 1 9 8 ( T -  273) GPa (14) 
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Figure 5 Comparison between the internal friction 
peak (a) described by Equation 5, and (b) a Debye 
peak. 
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Figure 6 Plot of the data given in Table III according to Equation 13. 
The data reported for Peak P~ in pure zirconium [1] have also been 
included. 

as reported by Rosinger et al. [10]. Due to the 
uncertainties in the temperature dependence of  v [11], 
this parameter has been taken as independent of tem- 
perature, l has been considered constant since the 
grain size changes only slightly, as shown in Table II. 
In any case, the straight lines shown in Fig. 6, both for 
P'I and for P'2, lead to values for AH b similar to those 
for AH given in Fig. 3, since the exponential term is 
dominant in Equation 12. The data for Peak P1 in pure 
zirconium, reported at low and at intermediate fre- 
quencies [1], have been also included in Fig. 6 for 
comparison. 

It must be pointed out that the plot suggested by 
Equation 4, shown in Fig. 3 and generally used, is 
based on a Debye-type peak [6] which is associated 
with atomic jumps. In such a case % should be of the 
order of v~ ~ -~ 1013Hz, where vi~ is the Debye fre- 
quency. As shown in Fig. 3, however, the experimental 
values for T o are much smaller. The situation changes 
completely when the data are described by Equation 
13, where the pre-exponential factor has a completely 
different interpretation. The values obtained for Dbo/l 
from the intercept of  the straight lines shown in 
Fig. 6 and those for Db0, on taking for I the measured 
grain size, v = 0.3 a n d a  = b = 3.23 x 10-ram, are 
given in Table IV. Furthermore, within the experi- 
mental error it can be assumed that AHb has the same 
value for the three peaks, and since this parameter has 
been obtained for Peak P'l with the higher accuracy it 
will be assumed that AHb = 330kJmol  -~ for the 
three peaks, as indicated in the last row of  Table IV. 
The values given in the lower row for Peak P; are 
obtained when it is assumed that the straight line for 
P2 of Fig. 6 is parallel to the straight line for P'~. It is 
seen that large errors are involved in the determi- 
nation of  the parameters for Peak P~. 

TABLE IV Pre-exponential factor and activation enthalpy for 
the diffusion coefficient along grain boundaries, obtained from the 
internal friction data for zirconium and Zircaloy-4 

Peak Db0/1 (m sec- i ) Db0 (m 2 sec - t ) 

PI 6.6 x 107 5.9 x 103(l = 9 0 # m )  
P'~ 2.4 x 109 7.2 x 104 (l = 3 0 # m )  
P'2 1.6 x l0 II 4.8 x 106 (l = 30,am) 

7.9 • 106 2.4 • 102(l = 30,um) 

AH b = 330kJmol -I 

If the internal friction peaks are to be interpreted 
within the model of Sun and K~ [9], an important 
parameter to be considered is the peak width at half 
maximum. The theoretical width can be calculated 
with Equation A7 from Appendix A and AH b given in 
Table IV, which leads t o  A ( T  - 1 )  = 6.1 x 10-SK-L 
As shown in Table III the experimental widths are, in 
general, much higher. It should be pointed out, how- 
ever, that the theory assumes that all the grains are of  
the same size and have the same thickness. This is no(  
actually the case and the grain sizes are distributed 
about a mean value. The distribution is different in 
different dimensions and the grain-size distribution is 
not log normal [12]. 

For  the particular case of recrystallized zirconium 
Colin and Lehr [13] have shown that the distribution 
of the grains as a function of their mean diameter 
approximates closely the log-normal law, when the 
grains are divided into categories of  which the limits 
form a geometric progression. Furthermore, even on 
assuming that the grain-size distribution is normal in 
In I and that d is constant, it is difficult to incorporate 
the distribution into Equation 5. An estimate of the 
influence of the grain-size distribution on Q ~ can 
be made by using a procedure similar to the one 
proposed by Nowick and Berry [14]. It is shown in 
Appendix A that Equation 5 can be approximated by 

Q-1 = 0.293n(1 - v)[o)z/1 + co2~ 2] (15) 

with 

and 

z = z0 Tex p  (AHb/kT) (16) 

z0 = (1 -- v)knl/4.2691mbDbo (17) 

A distribution in I then induces a distribution in ~. The 
formalism developed by Nowick and Berry can be 
applied to Equations 15 to 17 on assuming that the 
distribution is normal in in I (log-normal distribution) 
and that a, b and Db0 a r e  constants. Extending the 
procedure given by Nowick and Berry [14] to this case 
leads to 

(AHb/k)A(T- ')  + AlnT 
r2(#) = 

2.635 

AHb 
~- 2.635 k A ( T - ' )  (18) 

Aj (19) Q~I = A(0,  #) 1 + ~ A  
2 3 

where r2(#) and f2(0, #) are functions tabulated by 
Nowick and Berry [14] as a function o f f .  The latter is 
a parameter that measures the width of  the Gaussian 
distribution (# = 0 means a single relaxation time) 
and Aj is the relaxation strength, i.e. twice the height 
of  the peak corresponding to a single relaxation time 
equal to the average value. Equation 18 can be used to 
obtain r2( f l )  from the measured values for A(T - t )  
given in Table III. Once r2(/3) is known, /3 can be 
obtained from the published tables of  r2(# ) against # 
[14]. Furthermore, Aj can be obtained by means of 
Equation 19, on using the measured Qm I values given 

3 5 4 3  



in Table III and f2(0, fl) obtained from the tabulated 
values as a function offi  [14]. fl and A i obtained in this 
way for Peaks P'~ and P~, for AHb = 330 kJ tool i, are 
given by the last two columns of Table III. No clear 
dependence on temperature is found for the parameter 
fl, and consequently the distribution is only in z0 and 
not in AHb [14]. According to the Sun and Ke model 
[9] the internal friction maximum should be given by 
Equation 9, which on putting v = 0.3 gives 

Qm I _ 0.3 (20) 

independent of the grain size. When the values given 
for Aj in Tables III are compared with the value given 
in Equation 20 it is seen that Aj is much smaller. It 
should be taken into account, however, that Aj is only 
an estimate due to the simplifications implied by 
Equations 15 to 17 and the various assumptions made 
by Nowick and Berry [14] in their treatment of the 
problem. In fact, it was assumed in the derivation of 
Equation 1 that all the grains have the same size. 
Furthermore, in the derivation of Equations 18 and 
19, i.e. in the estimation of Aj, it was assumed that the 
grain-size distribution is log-normal, which might not 
be the case. There are also large experimental errors in 
the determination of the experimental width at half 
maximum, due to the fact that the peaks are small and 
must be subtracted out from the background. In the 
case of zirconium, where the peaks are much higher 
and much better defined over the background, the 
agreement between the calculated and the measured 
maxima is much better [8]. 

In summary, it is proposed that P'~ (Peak P~ in pure 
zirconium [8]) and P~ (Peak P2 in pure ziconium [8]) 
are related to processes occurring at the grain bound- 
aries. P'1 is produced by the sliding of particle-free 
boundaries and P'z by the sliding of particle-bearing 
boundaries. In other words, P'~ will be described by the 
Sun and K~ model for an orthodox grain-boundary 
peak, and P~ will be associated with a change in the 
intrinsic viscosity of the grain boundary due to the 
segregation of solutes along certain boundaries, as 
suggested by them [9]. 

The Sun and K~ model does not consider the inter- 
action of particles with the grain boundaries. Mori 
et ai. [15] have proposed recently a theory for grain- 
boundary sliding and the associated internal friction, 
including the blocking effect of second-phase parti- 
cles. The authors did not make a detailed calculation 
of the internal friction peaks, but they have shown 
that the relaxation time for the sliding of the particle- 
bearing boundaries, r, is given by 

"C 

"t* - ( 2 1 )  
1 + (~lr/2)t 2) 

where z is the relaxation time for the sliding of the 
particle-free boundary, 2 is the interparticle spacing 
and r is the average radius of the blocking particle. On 
assuming that r* is given by Equation 2l and taking 
into account Equations 16 and 17, it is easy to show 
that the ratio between the exponentials of the inter- 
cepts of the straight lines shown in Fig. 6 is equal to 
the ratio between Dbo/l, obtained for each peak (see 

Equation 13). In fact 

explv~ (Dbo/l)p,~ 
- - 1 + ~zlr/222 (22) 

explp? (Dbo/l)v2 

where I is the intercept of the straight lines shown in 
Fig. 6. On taking the values for Dbo/l given in Table IV 
(the lower row for P~), Equation 22 leads to 

22/r = 1.6 x 10 -7 m (23) 

If r is the order of the limit of the resolution of an 
electron microscope, i.e. of the order of 10b, where b 
is the lattice parameter of zirconium, Equation 23 
gives 

2 = 70b (24) 

which is a reasonable value. Unfortunately, there is no 
information in the literature about precipitation at 
grain boundaries in zirconium and zirconium alloys. 
In any case, the value given by Equation 24 should be 
considered only as an order of magnitude estimation, 
since several assumptions are involved in the theories 
considered and the complex structure of the grain 
boundaries is oversimplified. As shown in Appendix 
B, only small amounts of impurities are necessary to 
saturate the grain boundaries. Equation 18, for 
example, gives for oxygen in zirconium an impurity 
content of 4p.p.m. by weight. Since a much lower 
content is needed to block grain-boundary sliding, it is 
clear that the effect of segregated impurities is import- 
ant even in very pure metals. Furthermore, a segre- 
gation of impurities to grain boundaries would explain 
the fact that a peak similar to P~ is observed in pure 
zirconium, and also explain the grain-size dependence 
of the hysteresis observed in the HTIF of the pure 
metal. The details are given elsewhere [8]. 

Some comments should be made about the value for 
the diffusion coefficient along grain boundaries from 
the internal friction data. P~ (and P~ ) is assumed to be 
generated by sliding of the particle-free boundaries 
(those free from particles giving rise to P~) and since 
the parameters for this peak have been determined 
with the greatest accuracy, it may be assumed that Db0 

for Peak P{, given in Table II, represents the most 
reliable value for the pre-exponential factor of D b. 

Then 

- 330 (kJ tool- ~ ) m 2 sec- i 
Db = 7.2 x 10 4 exp k T  

(25) 

It must be pointed out that this equation gives only an 
order of magnitude estimate for Oh, since l may be 
smaller than the actual grain size. In fact, ledges, pro- 
trusions and stable precipitates may act as obstructing 
sites for grain boundary sliding. AH b is much higher 
than the activation enthalpy for self-diffusion in zir- 
conium, which is of the order of 100kJmol 1 [16, 17]. 
D b obtained by internal friction techniques, however, 
has the meaning of a diffusion coefficient related to 
grain-boundary sliding and it is associated with an 
average viscosity. The values obtained for grain- 
boundary diffusion coefficients by means of other 
techniques (autoradiography, etc.) may have a 
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completely different significance. In any case, it is gener- 
ally observed that both Db0 and AHb depend strongly on 
the purity of the material [18]. Furthermore, the 
theories of Sun and K~ [9], Mori et al. [15] and Mosher 
and Raj [19] for the internal friction produced by 
grain-boundary sliding are similar in some aspects, 
except for some geometrical factors, in the sense 
that they use a continuous model description of 
grain boundaries. Within these models, the activation 
enthalpy is introduced via a diffusion coefficient along 
grain boundaries (Equation 11) and a grain-boundary 
viscosity is also introduced in terms of this diffusion 
coefficient. 

Shvedov [20] has proposed a more discrete theory of 
grain-boundary relaxation, based on the movement of 
the segments of screw grain-boundary dislocations 
where the movement of these dislocations is controlled 
by the climbing of jogs and demands vacancy flow. In 
this model 

l' ' 5Lo Uj Z Q vl4) 
Qp = Qb + Qv~0 ~ 0.693 + 

8F k Tp / 

(26) 

where Qp is the activation energy obtained from a shift 
of the internal friction peak with frequency, Qv is the 
activation energy for volume self-diffusion, Qb is the 
activation energy for boundary self-diffusion, L 0 is the 
length of a grain-boundary dislocation segment when 
relaxation is controlled only by boundary diffusion, Uj 
is the jog formation energy on the lattice dislocations 
and l' is the average spacing between jogs on the 
grain-boundary dislocations. With Qv = 100 kJ tool- ~, 
Uj = 22kJmo1-1 [17], Qb = Qv/2, Qp = 330kJmol -~ 
and Tp = 982 K, as obtained for Specimen I and given 
in Table III, Equation 26 leads to 

I'/L o "~ 3 (27) 

Equation 27 implies that L0 < l', which is physi- 
cally unaceptable. Thus, at least for zirconium and 
Zircaloy-4, Shvedov's model is not applicable. Further- 
more, it can be stated in general that in the comparison 
between the theory and the experiments there are too 
many adjustable parameters. In any case, it is clear that 
the activation enthalpy obtained from the internal fric- 
tion peak has a physical meaning only within a specific 
model. 

The exact meaning of the viscosity coefficient for 
grain-boundary sliding will become clear only in the 
framework of a detailed atomistic model of the grain 
boundary. Ashby [21], for example, has calculated the 
viscosity coefficient when grain-boundary sliding does 
not occur in a continuous way, but discontinously, by 
the motion of appropriate dislocations in the boundary 
plane. For a tilt boundary of angle 0 in a square lattice 
he obtained 

= kT/8bDb(OL) (28) 

where ~o is the linear density of dislocations in the 
boundary, L is the translation periodicity in the bound- 
ary and b is the atomic size. Equation 28 reduces to 

~I = kT/8bDb (29) 
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IO~/T(K -1) 
Figure 7 Viscosity coefficient associated with grain-boundary sliding 
against the reciprocal of temperature, for Zircaloy-4. 

when 0 = IlL. According to Ashby [21], Equation 29 
gives a lower bound for the viscosity of a symmetric tilt 
boundary. On comparing Equation 10 with Equations 
28 and 29 it is seen that ~/depends on the thickness of 
the boundary, in the first case, contrary to Equations 28 
and 29 where ~/does not depend on d. Fig. 7 shows the 
temperature dependence of q calculated with Equation 
10 and a = d = b, where b is the lattice parameter for 
zirconium and D b given by Equation 25. A straight line 
with the same slope and lower intercept, due to the 
factor 1/8, will be obtained with Equation 29. 

5. Conclusions 
The two internal friction peaks present on the HTIF of 
Zircaloy-4 can be interpreted in terms of relaxation 
mechanisms occurring at the grain boundaries. The 
lowest-temperature peak is produced by the sliding of 
particle-free boundaries and the peak occurring at 
higher temperatures has been associated with the 
sliding of particle-bearing boundaries. Similar mechan- 
isms were also proposed for the HTIF of zirconium. 

The characteristics of both peaks have been 
measured in detail and both the diffusion coefficient 
and the activation enthalpy for diffusion along grain 
boundaries have been obtained from the internal fric- 
tion data. 

Finally, the viscosity coefficient associated with 
grain-boundary sliding was determined as a function of 
temperature. 
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Appendix A 
According to Equations 5, 7 and 8, Q-r reaches a 
maximum at 

C = 4.269 

p = 1.4719 

q = 0.393 (A1) 
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and the C, p and q values at half maximum are 

Ci = 1.4367 C2 = 6.070 

Pl = 0.375 P2 = 12.954 

q~ = 0.3277 q2 = 0.4782 (A2) 

Taking the logarithm of Equation 12 leads to 

Agb 
l n C  = ln2~2(i  -- v)/fk + in T +  (A3) 

ab Dbo l, t - ~  

which on taking increments and rearranging gives 

A(T ')  = ( A l n C -  Aln  T)k/AHb (A4) 

This equation can be used to calculate the peak 
width at half maximum when the internal friction is 
measured as a function of temperature. In fact, from 
Equation A2 

A l n C  = ln(C2/C,) = 2.199 (A5) 

so that 

A(T -1) = (2.199 - A in T)k/AHb (A6) 

and substituting Equation B3 into Equation B2 leads 
to 

27trLd( 3rl 2 L )  
ni - ~ 2 ( / +  d )  3 - 1 -- (B4) 

By definition, the atomic concentration of impurities 
is given by 

c = ni/(ni + n,) ~-- ni/n a (B5) 

where 

na = &zrZ LNA/co (B6) 

is the number of  solvent atoms. Q is the density of  the 
material, co is the atomic weight of  the solvent atoms 
and NA is Avogadro 's  number. On substituting 
Equations B4 and B6 into Equation B5 and taking 
into account that l ~> d, this leads to 

In general A In T ~ 2.199 and Equation A6 reduces 
to 

A(T -1) = 2.199k/AHb (A7) 

The corresponding width at half maximum for a 
Debye-type peak is [6] 

A ( r  1) = 2.635klAN (A8) 

c - f ~ N 4  r 

Usually, 1 is much smaller than r and L and Equation 
B7 reduces to 

c _~ (3dco/noNAt) (B8) 

On comparing Equations A7 and A8 it is seen that 
Equation 5 predicts an internal friction peak slightly 
narrower than a Debye peak. Furthermore,  the inter- 
nal friction peak described by Equation 5 can be 
compared with a Debye peak with the same relaxation 
strength, i.e. 

For  the particular case of  the specimens considered in 
the paper l = 30~m, Q(Zr) = 6.506gcm 3, co(Zr) -- 
91.22g and on taking f~ = b 3 and d = b, where b is 
the lattice parameter  of  zirconium (3.23 x 10 l~ 
Equation B8 gives c -- 2.2 x 10 -5. 

Q - - I  

by introducing 

co,~ 
0.2937t(1 - v) 1 + (,o2172 (A9) 

[~(1 - v)l/4.2691~d]r 1 (A10) 

The Debye peak given by Equation A9 and the peak 
described by Equation 5 are compared in Fig. 5. 

Appendix B 
An estimation of the concentration of impurities 
needed to saturate the grain boundaries can be made 
for a specimen of given dimensions. In fact, in a 
specimen of radius r and length L, with cubic grains of  
size l and width d, the volume to be filled with impu- 
rities is 

Vi ~- (3nl 2 -  27rrL-- 2~zr a)d l >> d (B1) 

and the numbers of  impurity atoms, ni, is 

d 
ni = ~ (3nl 2 - 2 n r L -  2nr 2) (B2) 

where n in the number of  grains in the specimen and 
is the atomic volume. But 

n = nr2L/(l + d) 3 (B3) 
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