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Theoretical treatment of the nonlinear anelastic internal friction peaks
appearing in the cold-worked Al-based solid solutions
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The longitudinal and transverse diffusion equations of solute atoms along the dislocation core formulated
based on the dislocation kink model are solved with the numerical difference method. The theoretical internal
friction and modulus defect curves versus temperature and strain amplitude were calculated for the nonlinear
anelastic internal friction peak®,, P;, andP’ peak$. The manifestations of these curves are compared with
the experimental results previously obtained in cold-worked Al-Mg and Al-Cu solid solutions around room
temperature[S0163-18207)04025-3

[. INTRODUCTION been computed by analytically solving the diffusion equation
and were found to be nonlinear with respect to the applied
The nonlinear effect or strain amplitude dependence ostress amplitude. However, the IF and modulus defect ob-
the internal friction(IF) is a universal phenomenon at a rela- tained by assuming the relaxation process to be nearly a De-
tively high strain level, which is mainly due to the nonlinear bye type with nonlinear relaxation time and relaxation
interaction between defects in materials. At a very low strairstrength are_approximate in the case of the amplitude-
amplitude, the IF is amplitude independent as pointed out b§lependent IF. To check the model more quantitatively, a
the linear anelasticity. In a higher-strain-amplitude rangeMore accurate method must be applied, i.e., these equations
however, the IF is generally amplitude dependent. In generaMust be solved under the case of sinusoidal external stress.

there are two types of amplitude-dependent IF. One increase? In tthr:s ga;l)er tthe dn‘fus:con tﬁql:ﬁt'ons ofkthe solulte gtoTh
monotonously with an increase of the strain amplitude an ong the disiocation core for the hree peaks are solved wi

can be explained quite well by the model of dislocation he numerical difference method in the case of externally

breakaway| Granato-Ligke (GL) model in which the point applied sinusoidal stress. The manifestation of the derived

defects interacting with the dislocation are treated as unmqtrheoretical curves of the I and modulus defect is quite dif-
2 erent from that obtained by the approximate method in Ref.
bile pinnerst The other, which was observed by %ia cold- ! y pprox! I

. . . 7, but to a greater extent consistent with experimental results
worked Al-Cu solid solutions and attributed to a model of 9 P

: , ) , , previously obtained.
dislocation dragging the mobile point defe¢s®lute atomy
increases at first with the increase of the strain amplitude and
decreases after passing a maximum, exhibiting an amplitude Il. THEORETICAL TREATMENTS
peak when the IF is plotted as a function of strain amplitude A Dpiffusion equation of the solute atom along dislocation core
Because it exhibits at the same time a temperature peak of , e . .
the relaxation type, it is thus assigned bi/%ﬁi?h the na&e - I_n the case of thé; pe_a_tk, the dlffusmn_equqnon and its
of “nonlinear anelastic IF peak” and the characteristics re-!nltlal and boundary condition can pe rewritten in the fOHOW_'
lated to this phenomenon are called “nonlinear anelasticlng . fosrm _whgn a qua5|stat|c external - stress s
ity.” applied” Diffusion equation:

In a previous paper by K&the mathematical analysis of

the dislocation core diffusion of point defects by Winkler- ﬂ: %i (ﬂ_ o? ) 1)
Gnieweket al® (designated as the WG moglen the basis gt L? 9¢\ o¢ P>
of a double-loop string model was described. It was shown
that the theoretical IF curves derived by WG conform, in aboundary condition:
certain extent, to the manifestations of the nonlinear anelastic

IF peaks appearing in cold-worked Al-Cu and Al-Mg speci- {&p,_ pL
-7 TapL
23

BE a®py

=0; (2
E=-1

mens around room temperature which were attributed to the
dislocation core diffusion. However, it was pointed out that
the physmal_plcture on the basis of the string model is nOtnormaIized condition:
clear, especially for the transverse core diffusion.
Recently, the diffusion equations of the solute atom along i

the dislocation core were figured out on the basis of the -

) oo p oo LpL(€,1)dé=1; ()
dislocation kink modef:” The relaxation time and the relax- -1
ation strength associated with the longitudinal and transverse
core diffusion of solute atoms under quasistatic stress hawviaitial condition:

g=+1
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andk is Boltzmann constani is the absolute temperature, '_________7;’_____________._._._._._._.5,0 %
t is the time,b is the magnitude of the Burger’s vectdr s 1 /S aen—bmal, -
the height of kinksL is the dislocation segment length, co- ° A_MA,A—A—A’A SSa,
ordinatesx andy are along and perpendicular to the dislo- 2- /QLA’“’ o 1o
cation line, respectively ; is the longitudinal core diffu- ° . h_g_g_g_g,u—n'“’ Tmo~ong_,
sion coefficient of the solute atom situated on the middle of 0‘225”’0“'“'“ o~ .
the kink, andp, (&,t) is the longitudinal distribution function Temperature (K)
of the solute atoms in the dislocation core and relates to the P
total distribution functiorp(¢,y,t) by 20 S . s
XEO:E'Q‘E;:&::.;.E_ mimAeEeEmEe
ey 00 ,3 e B(y_yo)z. o /{/gz f=omimfugabng=s
pLEY D=L 27kT 2kT | 15 /‘f N
: \\ (b)
The anelastic strain can be calculated by ] c\,\ T <
< 104 4 \’\,\ ——:320 10 %
3Aa(bh)’L +1 o] A / —o— 340 X
SA(t)_— +|— pL(ED)éEdE|l. (7) = o-a., 360 -
4P 9 -1 / E.\\
) 54 X//a D\g\g\x\
In the case of a sinusoidal external stress, the result: 1 ”\3:§§§5§S§= _
stated above are still true, as long as the changing frequenc D/a = =§5§§§£§£§sg d
of the external stress is very low, e.g., in the low-frequency 3 . A ; o 12
IF measurement. Therefore, we can simply substigtteth 10% .

o= 0 Sinwt in Egs.(1)—(7) in the case of sinusoidal exter-

nal stress. FIG. 1. Internal friction and modulus defect curves of g

" H H :
In the case oPy andP’ peaks, the diffusion equation and peak vs temperatur@ and strain amplitudéb). In (a), curves 1—3
the initial and boundary conditions can be rewritten as fol-correspond to the strain amplitude 0.5, 4, andx716~, respec-

lows (only in the case of sinusoidal external stress fively; in (b), curves 1-4 correspond to the temperature 300, 320,

= oosinwt):  diffusion equation: 340, and 360 K, respectively.
dp. Do 9 <3PL ) 2| 3 2
ot L 9&\ 9¢& e L KT tand,
boundary condition:
5 5 tand wh?kT (L2=)
ang= =—— (L“—x%),
LI ﬂﬂm} 0. © ©TT=3PLD;
9% g=+1 9% g=-1
lized dition: and D, and D¢ are the longitudinal and transverse core
hormalized condition: diffusion coefficients of the solute atom situated on the ex-
‘1 tremities of the kink, respectively.
f Lo (&1)dé=1; (10) The total distribution functiom(&,y,t) is now the form
initial condition: Bly—4()]” 8(t)]°
p(&y.=pL(¢, t)\/ q’ kT |
1 (13
PLED =5, (1
where
where
; 5(0)=cosp T8 st - ) (14
a =co si — ).
=23 sirwt— - & 0034 Sim(wt—¢) BkT >

+ yoSin( ¢)cog wt — @), (12 The anelastic strain can be calculated by the equation
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FIG. 2. Internal friction and modulus defect curves of thg

and P} peaks vs temperatur@) and strain amplitudéb). In (a), -

curve; 1-3 correspond to the strain amplitude 0.3, 1, and 3.5 FIG. 3. Internal friction qnd modulus d_efECt curves Of,m? .

X 107, respectively; irb), curves 1-5 correspond to the tempera- peak vs temp_egature at varlousisfrequenmes for two strain ampli-

ture 320, 330, 340, 350, and 370 K, respectively. tudes of 3>_<10 (a) and O.$< 10" ° (b). Curves 1-4 ina) corre-
spond to different frequencies 0.05, 0.25, 1.25, and 6.25 Hz, respec-
tively, and curves 1-4 irb) correspond to different frequencies

Ab (1 ® 0.01, 0.05, 0.25, and 1.25 Hz, respectively.
ea()=—- f_ldf f dy Su(&pr(£Y.0) o eopecivey

2
=AL3 % f_ll[4§2 sinot+ (1— £?)cosp Aw= fﬁ o de=— 3€ & do
_ Aog(bhL)? e
Xsin(wt—¢)]p (& 1)déE+ —ap Sinwt. =—0y JZO cogjAt)e(jAt)At.
(15 (16)

The stored elastic energy equals to the work done by the
applied stress in the first quarter of a vibration cycle minus a

B. Internal friction and modulus defect quarter of the dissipated elastic energy:

of the Py, P;, and P] peaks

To calculate the IF and modulus defect under a periodical 5/ fﬁlza de— A_W
external stressy= osinwt, the partial differential equation 0 4
(1) or (8) with its initial and boundary condition&®)—(5) or
(9)-(12) must be solved numerically, and then the strain pro- T . .

duced by the sidewise motion of the kink chain as a function - UOS(E) ~ 90 JZO codjAte(JADAL= ==

of time can be obtained from Ed7) or (15). A definite

difference method is adopted to integrate the longitudinal (17)
distribution function with small steps of time amxdcoordi-  Internal friction is by definition

nate, and the IF and modulus defect can thus be computed by

the following equations. . AW

The dissipated elastic energy per vibration cycle is Q 27w’ (18)

7I2At
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Modulus defect is by definition perature is same as that of Ref. 7, its shift amount is much
smaller and is more consistent with the experimental results

A_M_ 2GW_1 (19 of the P; peak in Al-Mg solid solutions.
M Uoz ’ Figure 2 shows the variations of the IF and modulus de-

] ) ] ] .. fect versus temperatur@ and strain amplitudéb) for P,
whereAt is the integration step of the time varialile=wt 5,9 P/ peaks. At a low strain amplitude, the two peaks

used in the process of solving the partial differential equatior“;,0 andP}) overlap each other. Thi, peak is very small

ande(t') =ea(t") +0/G is the total strain. while the P! peak is relatively large. The modulus defect for
the two peaks increases with the increase of temperature. As
. RESULTS the strain amplitude increases, tfy peak shifts toward
wer temperature and increases in height. In contrast, the

B ical calculation, we take the typical < . |
in Aly Cnr;rsntz{."ngi%uoeflog be\,N:e 5t2Ve taﬁdtgzi%gpbar?ra:ter 1 peak shifts toward higher temperature and decreases. At a

. . relatively high strain amplitude, the modulus defect increases
;nnedaéurevrceelztaf\iquendyls set to be 1 Hz. Concernirig, at firs_t and then decreases with the increase of temperature,
T showing an abnormal effect. In the temperature range of the
Hy, Hy, Py peak, the amplitudg IF curves shown in Figb)zexhipit .
DL1=DL10exp( _ﬁ)' DL2:DL209XF{ _W)’ a peak at an appropriate temperature and their shift with
temperature is same as that of figpeak in Fig. 1b). All of
H these characteristics of tHe, and P] peaks are consistent
DTZDToeXF{ — _T> with experimental results in Ref. 9. However, the amplitude
kT IF curves in the temperature range of ¢ peak are rather
and takeH ;=H,,=0.5 eV andH,=0.6 eV® The values erratiq, although anomaloqs. ampIi;ude dependence appeared.
of D_10, D( 50, andD , were chosen so that the optimum To illustrate the anelasticity exhibited by the IF peaks, we

/ " - - hoose thé?] peak as an example. In Fig. 3 shows the varia-
temperature oy, and P;, and P] peak is, respectively, ¢ 1 .
320, 340, and 360 K ak,~0 (extrapolatefiand f=1 Hz. tion of the IF and modulus defect versus temperature at vari-

In Eia. 1 are aiven the variations of the IF and modul ous measurement frequencies calculated at two strain ampli-
g. 1 are given the variations ot the 1 a 0aUlUSy des[(a) 3% 1078, (b) 0.5 10 8]. It can be seen that the

defect versus temperatuf@ and strain amplitudév) for the 4oy harature IF peak and modulus defect curve shift toward
P1 peak. As the strain amplitude increases, fiepeak in-  higher temperature with an increase of frequency, exhibiting
creases at first and then decreases in height and hardiife characteristic of relaxation type. Although the tempera-
changes position, as shown in Figall This feature of the ture dependence of the peak height at two strain amplitudes
P; peak is contrary to that predicted by the approximateis different, as shown in Fig. 3, the apparent activation ener-
method in Ref. 7, but does appear in our recent experimengies at two strain amplitudes calculated by the method of
At a very low strain amplitude, thB] peak is nearly a stan- peak temperature shift with frequency are same and both
dard Debye peak as considered approximate|y in Ref. 7, blﬁOI".ISiSte.nt with the activation energy fOf d.islocation core dlf-
at high strain amplitude, thB} peak is very broad and be- fuspn, ie., 0.5 eV: Therefore the activation energy for dis-
comes asymmetrical, as can be seen apparently in Fag. 1 location core diffusion can be experimentally obtained by the
which is in accordance with the experimental results in Refnonlinear anelastic IF measurement.
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