Vol3 Ne2

TRANSACTIONS OF NFsoc June 1993

STABLE NONLINEAR RELAXATIONS IN
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ABSTRACT

The experiments reveal the characteristics of stable damping in a mulliphasic Al—Zn cutectloid alloy: (1) The

whole damping (07") kas the same dependence on measured [requency (), i.e. Q7'cc/™, where # is a parameter

and is independent ol temperature. (2) In a low-temperature (low—7") and low-strain-amplitude (low—4,) region,

07'=(R/ fMexp (—nH / kT), where B is a parameter, H the atomic diffusion activation energy, k& Bollzmann’s

constant, and T Lhe absolute tempcerature, n, H,(=n H ) and H arc all independent of 4, . The damping comes

from an anclastic motion of thc phase-interface. (3) In an inlermediate region including a low—27"and a high—A4,,

a middle—7 and middle 4, and a high—T and low—A, rcgions, the cquation 0= (C/ f*)exp (—nH / kT ) still

holds, bul the damping has a normal amplitude ¢llect C, n, and H all vary with 4,; the damping resulls (rom a

nonlincar rclaxation of phasc-interface. (4) In a high—T and high-4, region, there is no longer a linear relation-

ship between In@ 'and T, whereas the relation Q7 'ocf™ is still salisficd, where n increascs as A, incrcascs, and

the damping has a normal amplitude effect but one which is weaker than that in the casc (3). The damping may

be attributed to another kind ol nonlincar rclaxation between phase-interfaces.
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1 INTRODUCTION

Rccently, Zhu"conducted the detailed study
on the low [requency stable lincar damping in a
multiphasic Al=Zn cutectoid alloy which occur
within a low-tempcraturc and low-strain-ampliti-
tudc rcgion. It was [ound that the damping with-
in this region obeys the equation Q7' =(B/ f")
exp(—nf / k1), where H is the real process acli-
vation cnergy, & and # (=0.21) arc two c¢xperi-
mental parameters, f is the vibration {requency,
k is the Boltzmann’s constant and 7 the absolute
{cmperaturc. A valuc ol H=0.74 ¢V was ob-
tained, which is closcly related to the viscosity
during interfacc motion. Accordingly, a lincar
viscous interface motion modcel was put forward
and can cxplain the experimental results as well.

(C'Manuscript recetved January 18, 1993

However, in order to mect the increasing indus
trial interest in superplasticity and ncwly-devel-

3 and potential high damping applica-

oped
tions of these kinds ol multiphasic matcrials,
great cffort is still nceded and should be focused
on the understanding of nonlincar damping in
the large strain amplitude range and the corre-
sponding propertics of non-lincar motion propct-
tics ol phasc-interface. For this purpose, this pa-
per systematically studicd the stable nonlinear
damping of the samc alloy in a morc higher

strain amplitutc and tcmpcrature region.
2 EXPERIMENT

Specimens of dimensions 60 mm X 4 mm X 1
mm were cul [rom an cxtruded picce ol Al=60
at—% Zn alloy. First, all spccimcns were
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solubilized in the solid state at 370 C [or 1 h and
then quenched in watler at a temperature of 26
C . The stable damping was mecasurcd on a
forced- vibralion torsion pendulum ol our own
design  as the tlempceraturc [cll alter cach
quenched and completely decomposed specimen
was pre-anncaled at 200 T for 1 h in the cham-
ber of the pendulum. The conditions [or the spec-
imens and experiments in this paper arc identical
10 those in Rel[1].

The damping Q™' was calculated by using
the ecquation Q“:tan @, where ¢ is defined as
the phasc angle at which the strain of the speci-

men lags the stress applicd to the specimen. Be-

causc ol the florced-vibration, the [requency ol

the periodic stress applicd to the specimen was
completely controlled by a low [requency signal
generator but not, as in the casc of a [rce-decay
systcm, by the natural [requency of the specimen,
which is dependent on the modulus of the speci-
men, and conscquently by temperature. Thus the
vibration [rcquency of the spccimen in the
forced-vibration system can be kept at a [ixed va-
luc cven during changing lcmpcraturc mcasu-
rement. Because ol the forced-vibration, this
pendulum permits a very convenicent alternation
and a very accurate determination ol the vibra-
tion [rcquency as well as ol the strain amplitude.

3 RESULTS AND DISCUSSTON

(1) Division ol Q}', Q;' and Q3"

Fig.1 shows the relation between damping
07'and strain amplitude (4,) at different temper-
ature T {f=1H,). According to thc dependence
of Q”lon A, thc damping Q_'can be classilicd in-

to three regions delimited by two dotled lines in

Fig.1. Region T {called QT') is located within a
low-7" and low—A4, region, in which 807" / 24,
=0, and thc damping is independent of A4,or is
lincar. Region 1 (called Q3") is located within an
intermediale region including low—7 and high—
A;, middle—T and middle—A4,, and high—7 and
low—A, rcgions, whithin which, 307"/ 94,> 0,

9’0" /942>0, and the damping has a normal
strain amplitude ciTect. The region 1 (called Q?) is
located within a high—7" and high—A, rcgion, in
which, 207" /24,> 0, but 9’0" / 242 <0.

/=1Hz
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Fig. 1 Variation of damping with strain

amplitude A, at different temperatures; (/=1 Hz)

Il we call the critical A, valuc at which the
damping transits from 0]' 10 @, as 4,, the crit-
ical A, valuc at which, 9°07' /94 =0 or the
damping transits [rom @,' 1o 0;' as 4,,, from
Fig.1 we [ind that, as T incrcases, both 4, and
A, lor cach curve decrease. 10 we plot the differ-
7 and A4
mic form as shown in Tig.2, there arc well-de-

cnt pairs ol 4,, 2. I in a scmilogarith-
[ined lincar rclationships between Ind and T
(called linc a) and between Ind,, and T (called
lincb),i.c.

A, Xexp (—c, 1) M

and A <exp (—c,T) )
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Fig. 2 Diagram of damping regions 7
(f=1H2) T n=023 1—164 C
—_ A,=77%x107 2—126 T
(2) Dcpendence of the Whole Damping on f T@MW‘ 3100 T
Fig.3 shows the dependence of the whole = sl
damping on f. Fig.3 (a)~ (d) arc the four sets of E
plot of In@™" against Inffor dillerent T respecti- Sjgp
vely corresponding to four constant levels of A4,
. -5 -5 -5 -4 . ! -
It can be seen [rom Fig.3 that the relationship be- 64l A=12x107 2—136 C 4—90 ¢
tween InQ'and Inf in the whole damping region D
as shown in Fig.1 is always lincar, i.c. S 51F
InQ 'oc—ninf (3) =
and the slope’s absolute value » is always indc- = 38t
pendent of 17 bul becomes larger with increasing 25 J . . [
A, in rcgion Il and rcgion [I[ . However within -5 5 15 23 35 45

thcregion 1, #7(=0.21)1s independent AE'].

In addition, the borders between the regicns
as in Fig.2, discussed in scction (1), have dilTerent
respondence to £ As indicated in Fig.2, as fin-
creases, linc b moves forwards high—7 and
high—A, regions while line a almost remains at
the samc position.

In the lollowing, we will present and discuss
individually the cxperimental results of dilferent
kinds of dampings, that is, 9], @, and @;' in
different damping regions as described above.

10In(10/)

Fig. 3 Linear relation of nQ ™!

with Inf at different temperatures
(a)—A4,=1.9%107%, n=0.21; (b)—4,=2.7x 107°, n=0.22;
(€)—A,=7.7x 107, n=0.23; (d)—A4,=1.2x 107", n=0.26

(3) Damping Q;'

The damping Q7' in region 1 is just what
has been studied in the Rel. [1] and comes from a
lincar viscous phasc interface motion. For com-
parion with and discussion on other rcgion dam-
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pings alterward, we still present here brielly the
characteristics of Q7'. Q7' has the following
properlics:

1) 07" isindependent of 4,,ic.307"' / 24,
=0 (scc Fig.1 and Fig.4(a), in which the stra-
inght line In@™'— 77" at dillerent A, level re-
mains at the same position);

2) as described in section (2), InQ 'oC—ninf
or 07locf™, n=0.21 (nis independent of T and
o[ 4),

3) Q'ocexp (—H,/ k T), with the appar-
ent activation cnergy H,=0.16 ¢V (The valuc
H, is independent of 4, and is mcasurablc [rom
the slope ol the straight line InQ™'— 7 7! in
Fig.4(a));

4) the real activation cncrgy H, associated
with the rclaxation process is oblained using
cquation H.=k (dinf/ d7 ) by mcasuring the
shilt of the constant valuc of Q™' with changing
T'and f H, isfound to bc 0.74 ¢V. Here, we have
the relation H,=nH .

The combination ol items (1) to (4) lcads to
the [inal expression

07" =(B/ " Yexp (=nH./ kT) (4)

In terms ol the lincar viscous phasc-interface
motion model suggesicd in Rel[1], the parame-
ters H, n, and H, in cxpression (4) have their
spceific physical meanings and arc very impor-
tant to the understanding of motion propertics of
phasc interface. Tn this model, thc rclation
H,=nH_ (0<n<1)is always obeyed. Il the in-
terface moves without restoring {orce or pro-
duces lincar viscoeclastic damping, wc should
have n=1. In contrast, il n< 1, it means that in-
terfacc moves with a certain rcsioring forcc and
will produce anclastic damping. The modecl also
indicated that the closer to zcro the restoring
forec, the longer the relaxation time and closer Lo
1the value ol H, / H_ or n. Therclore, the value
of n can be employed as a paramenter to deler-
minc intcrlace damping propertics. In region T,
n=0.21 which is less than 1, so thec damping
Ql_I onginates [rom a lincar viscous motion

with a restoring [orce, that is, anclastic relaxation
of the interlace.
{4) Damping Q;l
As mentioned above, the damping in the re-
gion 1l is strongly strain amplitude—dependent,
ic, Q' increascs rapidly as A, incrcascs or
307"/ 94,>0and 2°Q"' /242> 0. Bul we meas-
ured the relation between @ 'and 7" and found
that the semilogarithmic plot of InQ™'—7" " still
gives a well-defined straight linc as long as the
mcasurcment is carricd out in region I . We can
sce this fact in Fig.4 (b) and Fig.4 (c) wkich res-
pectlively represent the lincar relations of an'l—
T "'in a high—A, and low—7 region and low—A4,
rcgion dampings. I['wc assumc that
inQ~'oc—H, / kT (5)
the valuc ol the apparcnt activation cnergy
H, can bc obtained [rom the slope ol the straight
linc an_'— 7 7. As the damping is A4 ~dcpen-
dent, thc valuc ol H, is also A, dependent.
Namcly H, incrcascs as A, increascs. This can
be secen in Fig.4 (b) and Fig.4 (¢} in which the
slopes ol the straight linc vary as 4, changes.
However, the experiment reveals that, when
the [requency increases, the diflerent straight line
InQ~'— 71 7" at dillerent A, levels still shifts in
dilTcrent parallel manncrs to low temperature.
The above results indicated that the amplitude-
dependent damping in region [T is a kind of re-
laxation; here we call it type— ]I nonlincar rclaxa-
tion. This mcans that the damping can be cx-
pressed as a form (hcre not a Boltzmann
supcrposition [orm of thc distribution of inter-
face mouion processes duce to their nonlincarity)
0'=f(or) (w=2nf). (6)
Il'we assumc thal the nonlincar rclaxation is
a kind ol phasc interlace (between cquiaxial o
and f phases of the alloy) controlled by interface
atom dilTusion processes, the rclaxation time 7
should obey thc Arrhenius relation t=1.exp
(H / kT). We can calculate [rom Eq. (6)!the real
aclivation cnergy associaled with the relaxaion
process by the cquation
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H. =—KpsInf/s(1/ Do, N
here H,, in {act, is a weighted average H(f, T) of
the real activation encrgy in terms of Eq. (6) and
Eq. (7). In other words, f, can bc obtained us-
ing Eq.(7) by measuring the shift of constant val-
ue of Q_1 at constant A4, level with change of T
and £ With changing f, we have mcasurcd the
shift of constant value of O 'and corresponding
shiltecd value ol 7" from a scrics of the shilted
lincs of each straight linc anFl— T
A, level as shown in Fig.4 (b, ¢).

Alicrnatively, with changing 7, wc also
measured the shilt of a constant valuc @' and
corresponding shiflted value of f from a scrics of
the shifted straight lincs of InQ~'—Infas shown
in Fig. 3 (b, ¢) at dillerent 4, Ievel. In doing so,

at cach

wc havc obtained a scrics ol pairs ol data, Inf—
T for the damping at different A, level within
the damping region II . Il we plot the relation Inf
—1 7" for different 4, levels, there still exists a
lincar rclation between Infand 7" 7', H, can be
caicuated [rom the slopc of this lincar rclation.
However, as mentioned above, when f changes,
the different straight lines Q™ '— 1 ™!
1I at diflerent A, levels shill in different parallel

n region

manners. In other words, {or dillcrent straight
line In@™'—7 7', the value ol slop ol the the lincar
relation tnf—7 "' or the values ol A, is dillerent.
That is, H, decreases when A, increascs. This can
be found in Fig.5 in which linc 1 and line 3 rc-
pectively stand for the lincar relations of Inf—7"
when 4,=1.9% 107 and 1.2x 107 within a low—
T range, but with diflerent value of f1, 1.c, 0.74
and 0.69 cV. The [act that H, decrcascs as 4, -
creascs indicates that during the nonlincar relaxa-
tion process, the stress ficld may help the localizd
atom or dcfect jump over the encrgy barricr or the
thermally-activated process.

We have measured many sics ol the para-
mcters H,, H, and n with dilfcrent 4, levels and
found that although as A, incrcascs, H, decrca-
scs, H, and n increase as indicated in the data re-
sults o[ Table 1. They always obcy the cquation
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Fig. 4 Semilogarithmic plots of InQ™'—7""! with differ-
ent A, and when /=1 Hz in the different damping regions
(a)—low—T and low—4,(Q;"); (b)—low—T7"and
high—4,(05"); (¢)—high—7"and low—4(03");
(d)—high—7"and high— 4,(07");
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H,=nH (0<n<1). (8) Fig.4 (c).
Besides, Irom the discussion on the para-
. T1/107K ™ mecter #in section (3), it is casy to realize that dur-
a 3,8 2,9 _3,0_ 31 32 33 ing thc nonlincar relaxation, as the sirain
2 2 A =19%107 amplitude (or stress) increases; the restoring force
1—LT of thc interface will decrcasc. The distribution
i 2 -HT width ol the real activation will narrow™as some
small cnergy barricr will disappcar duc to the aid
o O ol stress-activation. Therclore, » will become
= larger.
I Table1 Depedence of damping parameters (H,
L A[:;—QET] 0~ nand H,)on A, in the region I
4—HT Ax107Y H /cv n H,/cV H,=nH,
3 ‘ . L E\gvl:—;‘ 1.9 0.89 021  0.190  ycs
221 Yzj‘l/ 18"51(“26 v region 27 088 022 0.194 yes
low=1" 77 079 023  0.178 ves
high—4,

Fig. 5 Lincar plots of Inf—7 "' for a shift at
constant level of 07! in different damping regions
1—4,=19% 107 low—1, H,=0.74 cV,
(10In (1000 071 =42.5);
2-A4,=19% 107", high—-T, H,=0.92¢cV;
(10In (100007 ") =56.5)77";
3-4,=1.2x 107, low—T, H,=0.69cV,
(10In (1000071 =42.5)T_,;
4—A,=1.2% 107, high—7, H,=0.78 ¢V,
(10In (1000Q7") =56.5)

With combination ol Eq. (3), Eq. (5), Eq.
(8) and thc dependences of H, and n on A4, we
get the expression of the damping in region 1
O '=(C/ " Yexp (—nH_ / kT). (9)
Although Eq.(9) has thc samc form as
Eq.(4) in damping rcgion [, the paramcters #,
H and H,, and the constant C in Eq.(9) arc all
amplitude-dependent so  that Q;l is strongly
amplitude-dependent. I we write Eq. (9) in the
lincar form
InQ™' =InC—ninf—nH./ kT, (10)
wc can conclude that as both # and saff incrcasc
with incrcasing A,, the term InC must be a much
morc intensively incremental [unction of A4, in
order 10 maintain Q' as an incremental [unc-
tion of A,. This can be judged [rom Fig.4 (b) and

region 120 074 026  0.187  yes

As disscused in scction (2), the dividing linc
b moves toward high—7" and high—~4, arca as f
incrcascs. This proves that the type— ]I nonlincar
rclaxation will extend into more high—7 and A4,
region as f increascs.

(5) Dampmg Q;l

The damping Q3" in region I in Fig.2 is
A, dependent, but its dependence on A, 1s weak-
cr than that ol @', ic, 2Q/94,>0, but
9’07 /242<0. Tf we plot the relation between
InQ™' and T ' there is no longer such a lincar
semilogarithmic rclation was found for 7' and
0'. This can be seen in Fig.4 (d) which indicales
that the damping Q;l increascs with T'in a slow-
cr way than an cxponcential and this tendency be-
comes morc pronounced as A, increases further.
We can assumec that as A4, increascs o the critical
avluc A4, the phasc interface brecaks away [rom
samc pinning pionts such as the triangle of phasc
interface and be coupled with cach other just as
dislocation motion in a solid brcaks away [rom
its pinning points under an applicd periodic
stress ficld. In this way, the intcrface will move
morc casily so that 0~ does not increase with
increasing A, asrapidly asin the casc of 03 .
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When [ increascs, we {ind that the curve of
InQ'— 7 7! still move in a parallel manner to
higher temperature and the rclations O '+oc
/" and n< 1 (where nis enlarged as 4, incrcascs
as shown in Fig.3) arc still obeycd. We have mca-
sured a scries ol parallel curves of InQ™'— 7" 7!
with increasing fand a series of parallel straight
lincs ol InQ'—Inf with increasing 7 and [ound
that the curve InQ '— 7 7' shilts to higher 7,
while the straight line InQ™'—Inf shifts to higher
f

From the above results, it can be concluded
that the damping Q;l is still a kind of nonlincar
rclaxation (here called type—Ill ) and can be
writlen as

Q'=F (w1), (1
il’ the relaxation time 7 still obeys the Arrhenius
relation T=rt exp (H / k1) which is controlled by
some¢ kind of atomic diffusion process which
may be diflerent from the atomic dilfusion in the
casc ol damping @, as described in section (4),
As mentioned in section (4), the weighted aver-
age H_ ol the rcal activation cnergy H as in-
volveed in cquation (11) can be obtained by
mcasuring the shill ol the constant value of ¢0'at
constant 4, with changing 7 and f Linc 4 in
Fig.5 gives the lincar relation Inf—7" "' at a con-
stant valuec ol @ 'when A,=1.2x 107 lor the
casc 0['Q§1. From the slopc of the lincar relation,
we get a value ol H,=0.78 cV [or linc 4 in Fig.5.
Just as in the casc of 05", we also [ind that H, in
03" decreascs as 4, increases. This indicates that
there is a similar cllect of the stress [icld on the
activation cnergy during type—Ill nonlincar re-
laxation as that analysed in scction (4).

As described above, the paramcter n of
0;' also increases as A, incrcascs. This shows
that as the applied stress field becomes larger, the
restoring force of the relaxation becomes smaller
just as in the casc ol the damping Q5.

The variations in H, and #» with incrcasing °
applicd stress ficld as described in dampings I
05" and Q7' may not only cnable us to further
clarily the damping mechanisms but also help us E
to understand the superplasticity mechanism of
the alloy. This kind of resecarch awaits further
cxploration.

4 CONCLUSIONS

(1) The nonlincar damping in region IJ
comes from a nonlincar relaxation of the phase
intcrface, and has an cxponcntial relationship
with temperature, i.c., 0~ =(C/ f"exp(—nH_/
kT);

(2) The nonlincar damping in region |l
comes from another kind of nonlincar rclaxa-
tion. There is no longer such an cxponcntial rcla-
tionship with icmperature as that in region I,
and these is a less cvident strain amplitude effect
on the damping than that in the region 1

(3) Both in region II and rcgion Il , the
nonlincar dampings have the same dependence
on [rcquency, Q?OCfg", and the paramecter # in-
crcascs and the real activation energy decrcascs
as the strain amplitude increascs. This is duce to
the fact that, in the both cascs, the restoring lorce
of the reclaxations becomes smaller with in-
crcasing strain amplitude and some small cnergy
barricrs of the rclaxations arc overcome by
stress-activalion as the strain amplitude increases.
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