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Me[JIeHHOH pernakCaudd B 23M0KCuAHOM cMolle

HiaMepsamach MOmMHOCTB TEIUIOBbORMIEeHUA Q(TI,TO, t) nocne 6pICTPO
ro M3MCHeHHA TEMNEepATYpsl OT HauanbHoro smavenus T,(1,1 K < Ty <
<25 K po koreuHon Benuuunsl Tg(1,1 K £ Tg<4,2 K) ana
0,2 4y £ ££700 u. Mpu rEskux TemiepaTypax, Ty, Tg<2 K, pe-
3yJIBTaTH XOPOWO COrNacywTCA C TYHHENbHOH TeopHeH H_CooTBeT-
CTBylmAsl MIOTHOCTL COCTOAHHI ABYXypoBHeBmx cuctem Pp = 1,0-
<1039 /1x.r. /lna 6Gosiee BuICOKHX TeMiepaTryp HabawAawTCa CymecTBeH—
Hhle OTKJIOHEHWA OT TYHHEeNBHOH TEeOpHH. S

PaboTa BumnonHexHa B JafopaTopHH sLepHsIX .nmpobieM OHAH.

[penpunt O6renHHeHHOrCo MHCTHTYTa ANepHbIX MCcrenoBaHWA. [ly6Ha 1986
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Experimental Study of Low—Temperature Long-Time
Relaxation in Epoxy Resin

The power Q(T;, Ty, t) released after rapid temperature
change from initial Ty4(1.1 K ¢ T, < 25 K) to final Tg(1.1 K &
< Tg € 4.2 K) for 0.2 h€t<700 h was measured. At low tempe-
ratures, T;, Tg9 < 2 K, the results agree with the tunneling
theory well, and the corresponding density of states of two-
level systems Py = 1.0-103%/Jg. For higher temperatures, es—
 Isential deviations from the tunneling theory are observed.

The investigation has been performed at the Laboratory
of Nuclear Probiems, JINR.
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1. Introduction

According to the experimental research of recent years /1'6/,
long~time heat relaxation is a characteristic feature of amorphous
materials: the power release é(T1,T°,t) observed after rapid tempera-
ture change from the initial temperature ’I‘1 to the final (measuring)
temperature To falls down very slowly. This heat relaxation ~ as well
as some other features of amorphous solids -« may be treated within
the phenomenological tunneling model /1,8/

According to this model, localized two-level systems with quan-~
tum turmeling through the barrier between two wells, exist in glass-
eS. Bach system may be characterized by the asyummetry energy A , the
barrier energy VE’ the well separation d , the tunneling coupling
energy A , = ha)oepr-ﬂ), ﬁlvo being the zero-point energy in
either well, and the turmmeling parameter A = d(ZmOVE)1/2/h (m, is
the mass of a tunneling particle). The energy splitting between the
lowest two states in the two~well system is E = (& 2+zx§)1/2.

To exvlain time and temperatnre hent rananity Adanendence  oboorer-
ed in glasses, the distribution function P(A,1) of two-level systems
does not need actually to depend on A and A: for small A and A N
contributions of which manifest themselves for T £ 1K and short measu-
ring time, an assumption of uniform distribution is usually made,
namely

P(A,A) = P = const. (1)

This leads to the time dependent distribution function for the density
of states,

n () = (B/2)In(4t/ T ), (2)

where t'min is the shortest relaxation time, and to the heat re-~
lease of the form

ATy, Ty, 1) = (F2k2/24)Bv(12-12)¢77, (3)

where V 1is the volume of the specimen and kB is the Boltzmann
number.

Indeed, an accurate t dependence of the heat release was ob-
served in amorphous vitreous silica /1-3/, and in amorphous F°80314Sis
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and CoégFe4.5Cr25i2.5B22 /5’6/. Heat relaxa?ion proceeds a little
slower in organic materimsls, for instance Q 1is proportional to
37075 g epoxy resin Stycast

T1-dependence of the heat release was measured in vitreous sili-~
ca /3/ and two metallic glasses /5’6/. The power released is propor-
tional to Tf-Tg for rather low T4 and To only. One can explain the
deviations from (3) observed for higher T, assuming more complicated
distribution function for the density of states, namely

n(E,t) = n,(t)/(1+exp((E~E; )/kgTy)), (4)

where Ep, = kgl. and T, are constgnts.
With the distribution (4), the heat release is

a(ry,7,,1) = (Tgk%/24)§vf1(12(T1/Tf,mb)'rf'—xz(wo/mf,Tb)'rg), (5)
where
/T,
I,(1/7,,1,) = 2(1,/1) j (T/14)14 (/14,1 )A(T/T,) (6
. ) .
> T xzexp(—x)dx ’ :
I1(T/Tp,Ty) = (6/T ).j > < (N
(1+exp(~x)) (1+exp((xT/Tr—1)/(Tb/Tr)ll

0

The tunneling parameter A was assumed to be independent of
temperature both in (3) and (5). However, the heat relaxation in amor-
phous -metals after "short heating” indicates that 2 may‘dépend on
T for T 250.1Tf « Such experiments are performed as fdllows: af-
ter complete relaxation at To, the specimen is heated rather rapid-
ly to the "heating" temperature TH and after the time.interval ty
is rapidly cooled to T, again; then the heat release Q(TH,TO,tH,t)
is measured. Ce .

With temperature independent A ; the ratio r of Q for two
different ty (and the same T  and Ty) is

r - Q(TH’Toth1:t) 1 + t/tHE ®)
ATy Ty s tygnst) 1+ /4y,

and does not depend on the value of Ty /6/.
To eiplain the dependence of r on TH observed in glassy
me tals /6 s an assumption that

N= XA - L/ o

is made, where o/ 1s constant. This leads to the ratio

1+ (t/tHz)exp(-,LTHQ/Tf)/exp(~=LT°/Tf) (10)
= 10
i 1+ (t/tyy)exp(~ LDy, /Ts)/exp(~ AT /T;)

which is in good agreement with the experimental results for t = 1h,
typ = 20h, ty; = 0.2h and tyy = 0.5h in the region 0.1 é:TH/'Pf <1,
if one takes oL = 6.

Generally, the T, dependence of the power release may signifi-
cantly differ from that of (3) or (5), if )\ is temperature depen -
dent.

Until now, measurements with varying TO have only been perform=-
ed for vitreous silica, and only for T << Tp= 13K (0.05K$T°41.08K)
/1'3/; the results agree with (3) well.

In this paper we present the results of the heat release measu-
rements in epoxy resin EPILOX T-20-20, hardened with dipropylenetri-
amine in stoichiometric proportions at room temperature, in a fairly
extended region of parameters T,, TH’ To’ tH and te.

2. Experimental

The specimen (a cylinder 48 mm in diameter, 29 mm high) consist-
ed of 57.54 g of EPILOX T-20-20 and 11.90 g of copper foil (30 pum
thick) for thermal contact with the thermometer (germanium resistor
SI-N1), the heater and the heat switch, connecting the specimen with
the body of the calorimeter.

The experimental arrangement was the same &s in_/g/. The speci-.
men with the thermometer and the heater hangs in the calorimeter on
8 Kapron threads (0.13 wm in diameter, 31 mm long).

The resistance drift R of the thermometer was measured as a
function of time t after cooling the specimen from the equilibrium
temperature T1 to To‘ The corresponding power releage was then .
determined from the directly messured power relense Qm, the heat
leak QA and the heat background QB ag

-

ATy, T,t) = Q- Q - Qo (1)

where
Q, = RC/(IR/DT) (12)
E)A = A(Tg - T) (13)

ﬁ is the germanium thermometer resistence drift; C, the heat
capacity of the specimen, 9R/9OT, the sensitivity of the thermo-



meter;and A, the coupling constant between the specimen (temperature
T) and the body of the calorimeter (temperature TK); usually, TK==T.
The coupling constant A with the heat switch off was slightly tem-
perature dependent, A = (78+3)pW/mK at 1.3K. Time variations of the
thermal background power, QB = 1150 pW, approximately equal to 100 pW,
determined the accuracy of measurements.

3. Results and discussion

Separate measurements of EPILOX T-20-20 heat capacity yielded
data consistent with / 19211/ (see Fig. 1),

The results of two various measurements of the heat release per
gram of epoxy resin - d(292K,To,t) = d(292K,To,t)/m (mn is the wmass
of FPILOX T-20-20) - after cooling from room temperature to To = 1¢3K
and T = 1.15K are presented in Fig. 2. Experimental points (dots and
open dots) for both T, lie on the same curve, q ~ t~ <7® zor
t 2> 1.5h. The value of q for 20h < t < 200h is very close to the
Stycast data with and without the filler, i.e. does not signifi-
cantly depend on the consistence of the epoxy resin.

’ The heat relaxation ob-
gerved is thus slower than
in glassy metals 5,6/ or in
vitreous silica 1'3/, possi-
bly due to the increase of
the distribution function
P(a,A) with increasing A .
In EPILOX T-20-20 there is
no experimental evidence of
changing t'o‘76 dependence
even after $00 hours - thus
the maximal relaxation time
Tpax >1000 he As for vitre-
(/)us 8ilica (Tmax > 200 h)
3/ and gmorphous metals
(Tpop >60 1) 7208/, it was
impossible to determine ex-
perimentally the upper limit
of the relaxation time spec-
trum.

¢/T3, uy/gkd

10 L 1 n 2 1
0,5 1 2 5 10

Fig. 1. Specific heat of epoxy resin.
1 - EPILOX T-20-20, this paper; 2 -
EPILOX T-20-20, ref. 10; 3 -~ EPIKOTE
828, ref. 11.

The measurements, results
of which are shown in Fig. 3,
were performed after the main
heat release decreased to the

Pig. 2. Power released af= T T

ter cooling from 292K to T . q,nW/g
§ - power released in 1g

of epoxy resin; t ~ time af-
ter cooling to To; e - EPI-
LOX T-20-20, T = 1.3K; O -
EPILOX T-20-20, T = 1.15K;
A - Stycast 1266, T, =
0.05k /37, A -Stycast 2850 o1l
with filler, T_=0,05k /%/;

solid line: q Alt-o.76;
broken line: q-~1t~ 1.

0,01 \\ B
value of 34 pW/g. Then the I t,h
gpecimen was successively P * 1b + . 160 . ‘1000

heated to various T1

(1.78K £ Tq £ 22.2K) and

kept for tH = 20 h at that temperature; after another cooling to
1.1K, the time dependence of d(T1, 1.3K,t) was measuregoa%ain. The
proportionality to t ~° is ob-
gerved in all cases, at least for
t >1h.

Dependence’ of power d(T1,TD,
1h) (T, = 1.15K or 1.3K), releas-
ed one hour after cooling, on
12-7% is plotted in Fig, 4. The
proportionality éPvTi-Ti accor-
ding to (3) only holds for low T,
(14 £ 2K). Here the distribution
parameter P = P/p ( P is the
density of EPILOX T-20-20) can be
determined, P_ = (1.010.1)°10%/Jg.
This value is not far from Pm =
341039/3g for pmua 74/, and is

Fig. 3. Power released after cool-
ing from different T, to 1.3K.

q - power released in 1g of EPILOX
T-20-20; t - time after cooling to
1 1.3K. Straight lines: q~ 70270,
Values of T4 are indicated inside

the figuree.
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Fig. 4. Teuperature dependence of the heat release. &(1h) - power
released in 1g of EPILOX T-20-20 1 hour after cooling from T1 to To;
e~ T 1.3K, heating time t; = 20h; o - T, = 1.15K, t; = 20 h,
&4-T =1.3K, ty = 0.2h, A = P = 1,15k, t, = O:2h.

o H - o 39 H
Curve 1: equation (3) with P, = 1.0°10 /Jg; curve 2: equation (5)
with B = 1.0°102%/5g, T, = 16.5K, T,/T; = 0.2; curve 3: equation (5)

- v 1039 _ _
with B = 1.0°1077/3g, T, = 15K, T, = O.

essentfally larger than vitreous silica and glassy metals P 's
(4.5'1037/Jg /35 and (1.2 + 2.3)'1037/Jg respectivelyh %ith Em =
1.0°10%9/5g and T, = 16.5K, T,/T, = 0.2, the distribution function
(4) yields values in good agreement with the experiment even for
higher T, (see curve 2 in Fig. 4). The value of T, is slightly higher
than that for vitreous silica (13K /3,6 ) and lower in comparison
with amorphous metals (20K for Fe80B14Si6 and 24K for
0069Fe4.50r2812;5B22); in all these materials T, is muc?1gyaller than
the glass temperature Tg (‘1‘g = 353K for EPILOX T-20-20 e

The experimental results of the power released 1 hour after cool-
ing, when the heating time tH at TH was short, are shown in Fig. 4
(triangles), too. The ratio of this power for tyy = 0.2h and ty, =
20h),

4(0.2h,1h)/q(1h) = &(TH,TO,O.zh,1h)/é(TH,TO,20h.1h)

as a function of Ty (TO = 1.3K and 1.15K) is shown in Fig. 5. Unlike

.
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Fig. 5. Ratio of power released 1h o T
after cooling from Ty with short i G(0,2h, 1h1/4(1h) |
heating time (tH1 = 0.2h) to that

after cooling from equilibrium Ty =

- 2

T, (tygp = 20h).
@ - T =1.3K, 0o - T_ = 1.15K; 05 1

o o °
curve 1: equation (8); o’
curve 2: equation (10), T, = 16.5K, -
v 6 ) Tk

0 5 10

(8) (broken line 1 in Pig. 5), this

ratio increases with TH. As in amorphous metals, (10) with oL = 6
(putting T, = 16.5K) holds well for EPILOX T-20-20, when ty = O.2h,
t = 1h (curve 2 in Fig. 5). Such coincidence may be in principle due
to the existence of a universal dependence of the low-temperature
heat release on TH/Tf and To/Tf. Varying TH’ tH and t more signifi-
cantly, we have found out:

* For low values of heating temperature Ty < 2K, deviations
from (10) were not seen for 0.2 £ tH/t < 4 (see Fig. 6). For higher
TH and sufficiently largexr tH/t, more two-level systems are excited,
than is implied in (9), (10) (Fig. 7). Trying to explain such beha-
viour within the tunneling model, we have to assume such a deformati-
on of the distribution function P(A , A) at higher T, or/and Ty that
variations of large A are greater than those of small 1 (short
relaxation time): o in (9), (10) is greater for greater values
of A . This yields a maximum of the function P(A, A) at certain
A= Z’max’ which drifts to lower 7} , when temperature increases.
This deformation of the tunneling-level spectrum allows us to explain
another experimental fact: measuring alternatively the heat release

after cooling from various equilibrium
T1 to fixed Tozr 1.15K, and heat ab-

1 T T T T
qlt,,1h)/q1h) N
Fig. 6. Dependence of the heat releas-
ed on the heating time.
1 2 4(ty, 1h) - power released 1h after
05f p cooling from TH = 1.92K to To = 1.15K"

with the heating time ty; q(1h) ~ power
released 1h after cooling from equilib-
rium Ty = Ty = 1.92K (ty = 20h) to T =
1.15K; curve 1: equation (10), Ty =
16.5K, L = 6: curve 2: equation (8).
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ratures To, T1.

Thus, when temperature increas-—
es the number of states with long
relaxation time decreases and the

Fig. 8. Heat release after cooling
(1, < T1) and heat absorption after
heating (1, >-T1) for various T, and
To'

4 - absolute value of power released
or absorbed in 1g of EPILOX T-20-20;
t - time;

full dots - release,

open dots - absorption.

Fig. 7. Time dependence of
power released after cooling
from Ty (1.9K$TH$8.61K) to
To = 1.15K with various iy
(0.2h £ t;<20h).

t - time; solid curves - ex-

>

S,
G,

periment; broken curves -
equation (10) with Tp = 16.5K
and oL = 6.

—

sorption after heating from
equilibrium T, to T, (Fig. 8),
we see that for sufficiently
large T1, absolute values of
release and corresponding ab-.
sorption significently differ '
in contradiction to (3) and

(5). Because of maximum appear-

ing at higher temperature, the
observed heat absorption is

greater than corresponding ’
heat release, which is measur-

ed at the lower of both tempe-

TK K TKTK
1,30 1,09 W 1,90 1,14 '
©1,1Z 1,300 1,13 1.92)
v 1,64 1,11 A3,02 114
¥ 1,10 1,634 1,11 2,99
©4,02 114
© 1,15 3,99

q.pW4

10°

Fig. 9. Heat absorption after sub-
sequent small steps between 1.16K
and 3.96K.

q - power released in 1g of EPILOX
T-20-20; t - time; solid curves -
experiment; broken line q ~ =0+76,

number of short-relaxation-time
states increases. Higher density
of the latter states will after
all imply lowering the thermal
conductivity. The obgerved plate-
au of the thermal conducfivity
for vitreous silica

and epo-
Xy resin /10'11/

between 0.3‘1‘f
and Tf seems to be reasonable
from this point of view.

The results of absorption
measurements after amall steps

3

10"’ L E— T —

TK To.K
1,16 1,69
1,68 2,23 ]
2,23 2,71
2,73 3,33
331 3,95

gopadq

10%

10’

between T, and T, TO—T1<<T°,T1 - probably, more convenient for
theoretical analysis - are presented in Fig. 9. Variations of mean
temperature T =‘(T1 + To)/2 esgentially affect the time dependence of
the absorption. In the first approximation at time to, the largest

10°[ 7 g —
qlt,)/AT, pW/gK

part of é(to) is due to transi-
tions with relaxation-time value
T, (and corresponding A ) in

the vicinity of toe The time de-~
pendence of the heat release va-
ries according to the difference
between A and 1max: decreas-

Fig. 10. Temperature dependence
of the heat release (absorption)
at fixed time to after cooling
(heating).

é(to)/A T - power absorbed (re-
leased) t, hours after transiti-
on from T, to To divided by A T=
[T=To 15 T = (Ty + T,)/2; open
dots -~ ebsorption, full dots -
release; solid curves - experi-
ment; broken line - Q(to)A'T2AﬂL



ing distance between ) , and Py max LWplies increasing the heat
release. According to this simple model, the curve to = 5h (fixed to -
fixed )_0) in Fig. 10 illustrates, how for T > 1.2K with increasing
T the corresponding )-max approaches _);0 from the right, the
difference _Ao - A max belng zero around 2.7K, and negative for

T > 2.7K with the absolute value increasing with T. Fig. 10 iz re-
arranged Pig. 9, showing clearly the temperature dependence of
c}(to)/AT (AT = lT.l - T, | )+ In the region below the maximum
é(to)/a‘r is approximately proportional to 72,

Mnother evidence of the deformation of the distribution function
P()_) while measuring temperature increases can be seen in Fig. 11:
after 3.83h (16h) of measurement at 1.15K, when g ~ 7076 ana
q(3.83h) = 0.5 nW/g (q(16h) = 0.27 nW/g), measuring temperature was
elevated to 4.2K; q increased to 1.2 nW/g (0.4 nW/g), but the rela-
xation proceeded faster, é.a«t_1’4. It is probably due to still
higher density of states with maximum at A lower than }.O.

Summing it up, it seems impossible to explain the dependence of
the heat release g on the measuring temperature TO and TH in the tem-
perature range over O.1Tf within the standard tunneling thgory.

T L — T T T T

0 © AT=292K
O® T-=185K 1
o A OT=115K
8 6 T,-420K

H i A 1 i A 1

! 10 100

Fig. 11\ Dependence of the heat release on measuring temperature.

d - power released in 1g of EPILOX T-20-20; t - time; at t1, t2, measu-

ting temperature To was rapidly elevated from 1.15K to 4.2K.
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4. Conclugions

1. For sufficiently low temperatures, TQ’T1 £ 2K, experimental
heat release in EPILOX T-20-20 agrees with the standard tunneling
theory well. It enables us to determine the density of states of
two-level systems. Its value is fairly closge to that in PMMA, and
essentially higher than in vitreous silica and metal glasses.

2. Temperature dependence of the heat release for T1 > 2K and
To 4 1.3K can be understood within the modified version of the tun-
neling theory, assuming the existence of a maximum energy Ep = kB’l‘f
in the distribution function. Corresponding Tf = 16.,5K is not far
from those for vitreous silica and amorphous metals, but much smaller
than the glass temperature Tg. .

3. At last, it is necessary to take into account temperature
dependence of the tunneling parameter A for explaining experimen-
tal results on heat release and heat abgorption for different TO and
Ty» Tos Ty > 1.3K. Since dependence of Q(TH,TO,tH,t)/Q(TH,TO,t) on
TH/Tf seems to be the same for both epoxy resin and two amorphous
metals, an idea arises about a universal temperature dependence of
the tunneling parameter A, which is controlled by the characteris-
tic temperature Tf.
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