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=« Models for thermal life prediction most commonly used

=« Short description of Arrhenius method of lifetime prediction
= Ageing curves and searching the times to the end-point and their uncertainties

= Arrhenius diagram, its slope (E,), uncertainty of life prediction and of E,

« Sources of E, uncertainty — determination of uncertainty of:
= decisive property and its end-point (elongation at break; el. strength, weight loss)
= Material inhomogeneity (tested batch; long-term production)
» agemgtime and time to the end-point;
= temperature:
- thermometers calibration;
. temperature field inhomogeneity within all specimens in thermal chamber,

Ly I N

»« Degradation (Arrhenius) weighted average temperature
of accelerated thermal ageing — influence of E, and temperatures; examples
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Models for thermal life prediction Py

» 10-degree (Q,y; Van’t Hoff’s) rule (1884) can be written like

0 e &

- AT
Q1o = (iﬁ%;) ~2for AT =T, —T1y =10°C

where K(T;) is the rate of a chemical reaction at the temperature T;

« Arrhenius model (1912): Rate of a chemical reaction k&

depends on 1/ 7 by the relation
EaA _EA(T2-T1)
k=Ae T = t;=t,-e KksTiTz

« Arrhenius equation relates simulated service life £, at the
temperature T, [K] of a material with the time £; of its
accelerated thermal ageing at the temperature 17 .
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Arrhenius model for thermal life prediction
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« Activation energy E, of
thermal degradation iIs

proportional to the

slope a of the plot in the

(x; y) coordinates

(x=1/T; y=Int)
nt=a-(1/7)
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Arrhenius model for thermal life prediction 33%3

« Activation energy E, of In¢
thermal degradation is L N
proportional to the

6
slope a of the plot in the 10
(x; y) coordinates 105
(x=1/T; y=Int) 107
nt=a-(1/7)+b 103
1; — ageing temperature 107
| = 3 (commonly 4 to 6);
T~ Ty 2 10K

(recommended) 1/T [K7]
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Ageing curves determination
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Finding the time to the end point and its uncertainty

=« Ageing curves have to be fitted to find the time to the end-point

= Usually relative decrease (eventually rel. increase) of to-the-ageing sensitive and
functional property to 50 % of its original value

= E.g., for elongation at break, the linear regression in the transition region is
recommended, or the fitting by a sigmoidal curve can be performed

« The standard deviation (s.d.) of the slope S, of a linear regression line is not given
in the MS Office 365 Excel SW. (Only function ,=SLOPE(y; x)“ is available.)

= The s.d. of the slope S, 1 Zn . S
n—2 1=1 =1

Z?:1 (x; — T)?

2
where the term Z&‘Iz = Z(V' -b-a-x) g called sum of residuals®,

has to be calculated by the relation: Sa -

and the degree of freedom is n — 2. The n is the number of all data points,
.e., of all specimens used for regression line determination. The quantity S
Is not the same as the quantity ,the s.d. of linear regression s,z‘ which serves

to the determination of s.d. of the predicted value Yored for a given value of X,



Ageing curves, other example
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Ageing curves, other example of smoothing E‘ig‘iﬁ

Insulating tubes made of PEEK based compound — Ageing curves
(ageing times were corrected to the reference temperatures
providing the 15t preliminary value of Exyelim-1) = 1.38 €V)
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Finding the time to the end point and its uncertainty

1 .
§2 = — ;(y,. —-b-a-x, ) (in the Excel ,=STEYX(y; X))

Standard deviation

of the linear regression line serves to determination of predicted
value Ypred for a given value of x ¢

S
S, =—L. |p+1+3

The uncertainty of time to the end point (in logarithmic (In) scale)
for the given x... can be determined by the relation

1 1
— —- ? = —- ?
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Evaluation of thermal ageing records, finding the Arrhenius
weighted (degradation equivalent) average temperature

Temperature record chart @ 140 °C
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Evaluation of thermal ageing records, finding the Arrhenius
weighted (degradation equivalent) average temperature
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Arrhenius weighted (degradation equivalent) g«Cld

28V | wsrmure
average temperature T ,— Calculation relation
E 1 £l (1e -2\
gl
T, K =-—2 = ——2/In| =) te ™
- . k f
° Z f . — ) /'
In—=

il
where [ = Z TE.,
i=1

t., resp. T; — the time, resp. the temperature,
in the I-th section of ageing



Arrhenius weighted average temperature,
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sensitivity to E and temperature, examples

Calculation of mean temperature of ageing
(according to Arrhenius rule)

:

200 - _1189.7°C
................................................................... 181,6
—————————————————————————————————————— 174.,0

T — T=150-200
3“150 ---EA=0,50 3B
> ---- EA=1,00 3B
g --- EA=2,00 3B
q=9 —T=50-100
> 100 _: _________________________ s _ 93,5
o i 87,4
—————————————————————————————————————— 78,9°C
50 i I
0:00 0:30 1:00 1:30 Bpems 2:00



Lifetime prediction and its sensitivity to E,, by

examples
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Determination of service life
from the lifetime plot —
calculation of uncertainty
of extrapolation

Input data:
EA=1,09 eV (£0,10 eV)
T, =135,0 °C (#1,2 °C)
T2 60 °C (£0,5 °C)

= 14 days (336 hrs),
t2 = ?7? service life ?7?

Calculation:

Normal distribution
of service life:

t,=41 £29 years

Logarithmic-normal distribution
of service life:

t, = 41f;21 years
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Arrhenius weighted average temperature, gg%yg
sensitivity to E, and temperature s

Calculation of mean temperature of ageing
(according to Arrhenius rule)

« Effect of activation enerqgy:
Higher activation energy results in higher Arrhenius average
temperatures. But for low temperature differences (=1 °C and
the less), the effect is insignificant.

« Effect of temperature shift:
Increasing temperature shift reduces Arrhenius average
temperatures.

- Effect of overheating: Even relatively short-term overheating
Increases the Arrhenius average temperature substantially.
But the short-term temperature decrease is insignificant.

|| [




Arrhenius weighted average temperature — elimination
of time inhomogeneity of ageing temperature

 The problem (?):
The activation energy is not known before the measurement!

 The solution (1):

1. As apreliminary value of E,,, use any temporary one known from similar

materials, from last measurements, or try to guess it. Or use, e.g., EA =
1.00 eV.

2. Calculate Arrhenius weighted average temperatures (AWAT) of thermal
ageing individually for all ageing temperatures and for all aged batches.

3. Determine the Arrhenius plot and calculate the second preliminary value
of E,;, while all ageing time are related/recalculated to the reference

temperatures of ageing 7} I=1to n,where n is here the number of
ageing temperatures.

4. Repeat the iteration loop until, e.g., | EAJ. - EAJ.+1 | <0.005eV.
(The beginning of the second iteration from the step 3 is sufficient in
comparison to a relatively low sensitivity of AWAT to EA value.)



Arrhenius plot — examples
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time, [h]
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Cable jacket made of "HFLS polyolefin” compound
(Arrhenius plot for abs. & relat. 50-% EtB end-point criteria) T o
emperature, [°C]
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Rel. crlterlon & lin. time scale for end-point determination
Rel. criterion"& log. time scale for end-point determination

Abs. criterion & lin. time scale for end-point detrmination

Abs. criterion & log. time scale for end-point determination (average Ea = 1.21 eV)
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Arrhenius plot — examples
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time, [h]

Cable jacket made of "HFLS polyolefin® compound
(Arrhenius plot for abs. & relat. 50-% EtB end-point criteria) Temperature, [°C]

50 60 70 80 90 100 110 120 130 140 150 160170

1E+7 <
130 140 150 160 170
1E+4 } } } } }
4 1y
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+ I
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(1/7), [K™]
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XLPE insulation compound, orange cable core -
(Arrhenius plot for abs. 50-% eEtB end-point criterion) Temperature, [°C]
70 80 90 100 110 120 130 140 150 160 170
1E+7 - : : : : : : : : : :
\\1 30 140 150 160 170
1 E+6 | 1E+4 } } } i i
60y
40y
1E+5 - 10y
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@
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Arrhenius plot — examples

Insulating tubes made of PEEK based compound

(Arrhenius plot for rel. and abs. 50-% EtB end-point criterion) Temperature, [°C]

120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280
1E+7 ; ; ; ; : ; ; ; ; ; ; : ; ; ; ; ;
¢ Relative end-point criterion & log time scale for it; average Ea = 1.216 eV
A Absolute end-point criterion & log time scale for it; average Ea = 1.173 eV
1E+6 | | Two-sided lower 95-% confidence level band for thermal life prediction (relative end-point criterion) -
e Two-sided lower 95-% confidence level band for thermal life prediction (absolute end-point criterion) 1 60 y
— Weighted Arrhenius plot for relative end-point criterion (the number of source data points considered) T 40 V4
1E+5 = \Veighted Arrhenius plot for absolute end-point criterion (the number of source data points considered) 10
N e = y
1E+4 | SR . e ———S—_——_—|
w 3880, Nigsc = 48 4790 h !‘1195 °c = 48 B 1 y
E 1780 h; Npqgoc = 25 2569 h; Nyqg ¢ = 25
g 1E¥3 L 1220 h; Mg - = 301 1447 y;, gz -0 = 30 w11 month
£ 477 h; Nysg oc = 35, 620 h; Nysg o = 35
h 259.0 h; Npsgoc =35 422.2 h; Ny o = 35 1 1 week
1B+2 e 1835 h; Myop o = 40] [237.7 hi Mg =40 2 1 L
1 1 day
1 E+1 | N B : | B B : [ B B : [ S : I R B I [ N B I L1 : | N B
0,0026 0,0025 0,0024 0,0023 0,0022 0,0021 0,0020 0,0019 0,0018

(1/T), [K]
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Conclusions oV

« It was presented the iterative method eliminating the time
variance of temperature during thermal ageing for life
prediction by Arrhenius method

« The large sources of EA determination are:
« The temperature field inhomogeneity
« The variance among production batches
« The complete eliminating the time variance of temperature

during thermal ageing decreses the total EA uncertainty mainly

when many ageing breaks are applied (black-outs, specimen
manipulations, etc.)
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Discussion
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Thank you for attention!
Viadimir.Hnat@ujv.cz

UJV Group
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