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Abstract—The goal of this investigation is to validate the
IPM-Arrhenius electro-thermal life model by means of the
results of Accelerated Life Tests performed at different
voltages and temperatures on polypropylene blends put
forward in the NEWGEN project. Part 1 of this study focused
on theoretical arguments and on this validation of such IPM
on a ternary blend developed in a first stage. Part 2 (this
paper) is devoted to a binary blend developed in a next stage
to improve the performance of PP blends from the
manufacturing viewpoint. As observed in Part 1 for ternary
blends, also the values of life exponent of the IPM found for
binary blends in this Part 2 of the investigation are fairly high,
thus proving the good voltage endurance of all these PP
blends. Again, also for binary blends failure times are
scattered and depend strongly on electric field and
temperature, as expected. Here, the different behavior of the
life exponent of the IPM versus temperature found for blends
without and with space charge suppressing additive is
explained theoretically and experimentally relying on the
influence of space charges. Indeed, space charges lead to an
increase of the local field enhancement factor with field and
temperature. This raises the life exponent with temperature
for the binary and ternary blends without space charge
suppressing additive, while the life exponent of the binary
blend with space charge suppressing additive decreases
with temperature as expected. Thus, the additive performs
well also from the viewpoint of the life exponent of the IPM.
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Index Terms— Accelerated Life Tests,
insulation, HVDC Transmission, Life
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“New generation of high-voltage direct current insulation

materials, cables and systems”, various binary and ternary

polypropylene (PP) insulation blends were formulated by
VTT Technical Research Centre of Finland - coordinator of the
Horizon Europe (HEU)-NEWGEN research project. Such
blends were subjected in WP1 to a thorough screening of short-
term physical-chemical, electrical, thermal, mechanical and
rheological characteristics [1],[2],[3],[4]. As pointed out in
previous Part 1, the two most promising PP copolymer-based
blends appeared to be (i) a ternary RACO/HECO/PEC blend
and (ii) a binary RACO/HECO blend, where RACO is a
homophasic PP random copolymer, HECO is a heterophasic PP
copolymer and PEC is a propylene-ethylene copolymer. In the
initial short-term dielectric screening, the ternary PP blend
performed very well, but when up-scaling to pilot-scale
compounds, and later to full-size HVDC cable prototypes,
challenges in material processability and dielectric performance
were observed. Hence, the binary RACO/HECO PP blend,
which showed improvements over ternary PP blends in this
regard, was selected for further analyses including ALT testing.
Polymeric additives for the suppression of space charge were
also developed [5]. The primary and most mature strategy
focused on modifying commercial polyolefins via maleic
anhydride (MAH) grafting, followed by functionalization with
arange of amines bearing e.g. different polar, apolar, aromatic,
heteroaromatic, electron-rich and electron-poor functionalities.
In this paper, the focus is on polypropylene-grafted-maleic
anhydride (PP-g-MAH) additive which forms the basis for the
above group of amine-modified grafted additives.

IN the effort of developing novel insulating materials for a
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As pointed out in previous Part 1 [6], the goal of this study is to
validate the IPM (Inverse Power Model)-Arrhenius electro-
thermal life model — recast as a time-dependent electrical IPM,
see [6] for details — developed in WP4 of NEWGEN via the
results of Accelerated Life Tests (ALTs) performed at various
voltages and temperatures on the ternary and binary PP-based
blends. The investigation is split into two:
1) the first part — a previous paper [6] — has focused on the
ternary blend without space charge suppressing additive;
2) the second part — this paper — is devoted to the binary
blend, without and with a PP-g-MAH additive specifically
conceived for space charge suppression.
The main outcome of both the first and the second part of this
investigation is that the values attained for the life exponent of
the IPM exceeded sharply 10, taken in Cigré Technical
Brochure (TB) 852 [7] as a conservative value for HVDC
extruded cable insulation. This indicates the good voltage
endurance behavior of the developed PP blends. Moreover, also
in the case of the binary blend, ALT failure times have exhibited
a large scatter and a strong dependence on electric field and
temperature, as expected from the experimental practice on
electro-thermal ALTs on HV cable insulation flat specimens.
In addition, the puzzling behavior of the life exponent of the
IPM versus temperature already found in Part 1 was confirmed
for binary blends and explained in the present Part 2. Indeed, as
hinted at for the ternary blends treated in Part 1 [6], such
behavior can be interpreted resorting to the influence of space
charges, in particular to the increase of the local field
enhancement factor caused by space charges as electric field
and temperature rise. Such influence is illustrated theoretically
and experimentally in this paper, thereby explaining:

o the wunexpected increase of life exponent with
temperature exhibited by both the binary blend without
additive treated here and by the ternary blend without
additive treated in [6];

o the expected and satisfactory decrease of life exponent
with temperature exhibited by the binary blend with the
PP-g-MAH additive treated here, specifically conceived
in NEWGEN for suppressing space charge storage and
the relevant undesired effects on the voltage endurance
of HVDC cable insulation. Hence, the additive
performance appears satisfactory also from the
viewpoint of the life exponent of the IPM.

Let us emphasize that long-term lifetime extrapolation under
cable operating conditions is skipped in this study, as focusing
on the operating field and size of HVDC cables installed on site
is not the aim of the investigation reported in Part 1 and Part 2.
Our aim here is to select the best PP blends and space charge
suppressing additives from the viewpoint of endurance to
electro-thermal stress. The best blends will be later tested on
minicable size — this is going on now — to optimize their features
and performance in the perspective of manufacturing full size
prototypes of HVDC cables to be installed in the field.

The theoretical background required to validate the IPM-
Arrhenius model developed in NEWGEN via ALTs is common
to both Part 1 and Part 2 and has already been described in
Section II of Part 1 [6]. The structure of Part 2 paper is as
follows. Section II illustrates PP ternary blend compounding.
Section III describes the ALT procedure for PP ternary blend.

Section IV shows the IPM fitting results at the various test
temperatures obtained from ALTs on ternary blend specimens,
both without and with the PP-g-MAH space charge suppressing
additive. Section V discusses these results comparing those
without and with space charge suppressing additive, providing
more insight into the role of space charge induced field
enhancement factor on the behavior of the IPM life exponent.
Section VI draws final conclusions about Part 1 and Part 2.

II. COMPOUNDING OF THE BINARY BLEND

As detailed in Part 1 of this study [6], the PP insulation blends
used in this study were produced at VIT Technical Research
Centre of Finland in a pilot-scale clean compounding facility,
using a Leistritz ZSE18 MAXX twin-screw extruder (48D)
followed by downstream film-processing to obtain flat
specimens for ALT tests. The binary PP insulation blend
contained 60 wt-% medium-modified homophasic PP random
copolymer (RACO; MFI 1.8 g/10 min, density 0.90 g/cm?) and
40 wt-% heterophasic PP copolymer (HECO; MFI 0.8 g/10
min, density 0.88 g/cm?). A standard antioxidant package was
incorporated to prevent thermo-oxidative degradation during
melt processing. For the additivated blends, 1 wt-% PP-g-MAH
(Sigma Aldrich; estimated MAH content 8—10 wt-%, melting
point 156 °C) was added without further modification. The
processing conditions were: extrusion temperature 220-230 °C,
throughput 2.5 kg/h, screw speed adjusted to maintain a specific
energy input of ~0.21 kWh/kg, 84-mesh filtration, and chill-roll
temperature of 70-85 °C. Films with target thicknesses of
100 um and 200 um were produced. The films used in the ALTs
on binary blend have the same thickness as those used in Part 1
for ALTs on ternary blend [6], namely 100 pm.

[ll. ACCELERATED LIFE TESTS FOR THE BINARY BLEND

The ALTs carried out on the RACO/HECO binary blend
without and with space charge suppressing additive have been
performed at Tampere University (TAU), Finland.

Table I reports the temperatures and the electric fields of the
ALT test plan on binary blend. The Table shows that the same
3 test temperatures were selected as in Part 1 (thus J=3, see
Section II.A of [6]), i.e. 71=90°C, T>=70°C and 75=50°C [8],
chosen as representative estimates of service temperature of
HVDC extruded cables on site [6].

Three values of electric field were selected for the ALTs at each
test temperature (thus K=3, see Section II.A of [6]). These test
fields are neither the same as in Part 1, nor the same for the three
test temperatures. The values of electric field E; at each
temperature were chosen based on breakdown strength (BDS)
values from binary blend specimens without and with space
charge suppressing additive, so as to have a mean failure time
in the order of hours for the highest test field, days for
intermediate test fields, weeks for the lowest test fields. Binary
blend BDS values were different from ternary blend BDS
values, as well as binary blend BDS values without space
charge suppressing additive were different from binary blend
BDS values with space charge suppressing additive. As a result
test fields for binary blend are quite high, even higher than those
for the ternary blend in Partl, ranging on the whole from 320 to
240 kV/mm (they ranged from 260 to 207 kV/mm for ternary
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blend in [6]). These values are in line with the even higher
values of BDS exhibited by the RACO/HECO binary blend
pilot scale specimens at room temperature with respect to the
RACO/HECO/PEC ternary blend, i.e.:
e 63.2" percentile of BDS for binary blend without
space charge suppressing additive = 521 kV/mm;
e 50" percentile of BDS for binary blend without space
charge suppressing additive =501 kV/mm.
e 63.2" percentile of BDS for binary blend with space
charge suppressing additive = 585 kV/mm,;
e 50" percentile of BDS for binary blend with space
charge suppressing additive = 569 kV/mm.

At each field and temperature, a test end after a pre-defined time
tena #1 month was set to make the whole test time acceptable,
also considering the many ongoing activities that need to be
completed by Oct. 2026 (closure date of the NEWGEN project).
In the case of ALTs with a few specimens still surviving at Z.,q,
the relevant samples were singly-censored in the Weibull
statistical processing [9],[10],[11], as described in detail in
Section I1.B of [6].

A unique test setup was developed at TAU to perform ALTs on
flat specimens, used for both the ternary blend treated in [6] and
for the binary blend treated in this Part 2 paper. The test setup,
whereby up to 3 test fields and 4 test temperatures can be
applied to 32 samples at the same time is described in Section
IV of [6]. All tests on binary blend specimens carried out at
TAU are reported here for the first time in the literature, see
next Section IV.

IV. RESULTS FOR THE BINARY BLEND

Weibull statistical processing (see Section I1.B of [6]) and [PM
fitting (see Section II.C of [6]) of reference failure times
percentiles #p from the ALTs listed in Table I have been carried
out at the University of Bologna (UBO), lead of WP4. The
relevant results are reported hereafter:
e in Section IV.A for the binary PP blend without space
charge suppressing additive;
e in Section IV.B for the binary PP blend with PP-g-
MAH space charge suppressing additive.

A. Binary blend without additive

For each of the ALTs on binary blend without additive listed in
Table I, Table II reports: test temperature 7 and test electric
field E; total number of tested specimens N and number of
failed specimens r; estimated values of the shape parameter £,
of the scale parameter a (corresponding to tg3,9,) and of the
median failure time tsqo, of the Weibull distribution of failure
times. Indeed, a=t43,9, and tsqq, are the chosen failure time
reference percentiles zp, as done in [6] and as it often happens
in Weibull-related literature on ALTs [12],[13]. The Least
Square Regression (LSR), with single Censoring by Measured
Quantity (CMQ) scheme (Section I1.B of [6]) has been used for
the values of B, a and t5qo, in Table II as it tends to be more
conservative (see Section V of [6]). As most Weibull values of
shape parameters [ obtained with the LSR CMQ single
censoring method are below 0.6, indicating severe dispersion of
failure time data, also the Maximum Likelihood Estimation

TABLE |
ALT PLAN ON PP BINARY BLEND WITHOUT AND WITH SPACE
CHARGE SUPPRESSING ADDITIVE.

Test Temperature (°C) — 90 70 50
Additive — | No | Yes | No | Yes | No | Yes
Test Electric Field (kV/mm){
320 X X
310 X X
300 X X
290 X
280 X X X
270 X X
250 X X X X
240 X X
TABLE Il

RESULTS OF THE STATISTICAL PROCESSING OF THE ALTS ON
PP BINARY BLEND WITHOUT ADDITIVES PERFORMED AT
TAU, OBTAINED WITH LSR CMQ (SINGLE CENSORING BY

MEASURED QUANTITY) AND MAXIMUM  LIKELIHOOD
ESTIMATION (MLE).
T B [ lam | tou® [ B [ ath) [ tsouh
(°O)|(kV/mm) LSR CMQ MLE
310 [6]6]0.255] 1416 0.337 10.302 ] 1.189 0.353
90 250 |6]6]1.446] 259.8 201.7 1.910 | 247.1 203.9
240 [8]4|0.401| 2103 843.8 0.988 | 1271 876.9
310 [7]7]0.314] 2.025 0.629 [0.339] 1.86 0.630
70 290 |7]6|1.347| 297.5 226.6 | 1.361 | 290.7 222.1
250 [8]7]0.599| 850.2 | 461.2 |0.879 | 742.6 489.3
320 |5]5]0.284| 34.35 9.464 | 0.449 | 24.88 10.98
50 300 [6]6]1.060] 98.36 69.61 1.343 | 94.46 71.90
280 |5]4[1.409| 287.2 221.4 | 1.586 | 280.1 2223
TABLE Il

LIFE EXPONENT 7 AND CORRELATION COEFFICIENT |R| FROM
IPM FITTING OF o=fs320 AND MEDIAN LIFETIME=ts0;, FROM
ALTS ON BINARY BLEND WITHOUT SPACE CHARGE
SUPPRESSING ADDITIVE AT 90, 70, 50°C, OBTAINED WITH

LSR CMQ AND MLE.

T (°C)[n(ts3.200) [n(t50r) R (t3.206) [ IR I(E5000) [1(t3.206) [ (esn) R [(t3206) | R [(£50%)
LSR CMQ MLE

90 27.11 3030 0.991 ([~1.000.| 26.44 |30.22| 0.997 |~1.000.

70 24.58 126.35| 0.839 0.801 | 24.26 [26.66| 0.829 0.808

50 15.90 |23.53|~1.000.| 0.985 | 18.11 {22.46| 0.997 0.987

(MLE) method has been used to check LSR CMQ results. As it
can be seen from Table II, overall the estimates of 5, & and t5g,
obtained with CMQ and MLE are similar, so that these two
different methods do not affect the estimate of the life exponent,
as confirmed by Table III - commented in more detail hereafter.
Table IT shows that, for the binary blend without additive, the
reference percentiles of failure time, @ and t5qo,, Span over a
wide range, i.e. from ~1 hour at the highest test fields to several
hundred/few thousand hours at the lowest test fields. The scatter
of failure times is often fairly-high for the binary blend without
additive — as it was mostly for the ternary blend in [6] — as
proven by the fact that 5 values of § in Table II are below 0.6,
and none exceeds 1.45 [9].

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



This article has been accepted for publication in IEEE Transactions on Dielectrics and Electrical Insulation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TDEI.2026.3710179

4

IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION

330 ~ \
hS
320 LN b‘
N
o 310} — & o R
3 \ \
©_ 300} N —Q—
@ > A
o 290f N %
- ~
E 280f b 0—1}-‘
= N
Z 2o} N \\
= = = *IPMregression at 90 °C ~ \
& 2601 | HOH gy, at90°C LN 5
-L.—f IPM regression at 70 °C N ~ \
E 01 to3.09, AL70°C e ~ \
u — = :IPMregression at 50 °C Moo
F N —
240 o+ tﬁ] 2% at50°C AN
A
230 : :
102 10° 10° 10°

Time to failure tas 20 [h]. Iog10 scale

@

310 L 4

o i, a90°C

IPM regression at 90 °C
90% confidence interval
of IPM regression at 80 °C|

w

o

=]
T

N
©
=

N

o]

o
T

Electric field [kV/mm] , Iog10 scale
nN N
(=2} ~
o o

N

13

=]
T

240 - . *
102 10° 10? 10* 108
Time to failure taa 0, [h, Iogm scale

©

330 ~ A
N
320 N t b\
N \
o 3M0p F— 1o
o Ry N
fu]
N
I3} | by
mo 300 N '_O_'
o ~ N
g 200f ~ x
- N N
E 2801 e Ot
£ M s
2 270t N \
o — — -IPM regression at 90 °C ~ N\
2 260 | HH tgg, at90°C \ < \\
-.}:’ IPM regression at 70 °C \ LN
L o y. -l
B8 250 tsg, aL70°C I---\ \\
u = = +IPM regression at 50 °C [N N
- . ———
240 FoH tg, at50°C <
hY
230 . . . .
102 107 10° 10’ 10° 10° 10*
Time to failure teoo [h]. Iogm scale ()
320 L}
315 ® 1y, at50°C ]
° IPM regression at 50 °C
= 90% confidence interval
g 310 of IPM regression at 50°C ||
(=]
8 305
E
E 300 [
=
T 2951
(1)
=
2
£ 200}
kY
i}
285
280 t L
10° 10° 10°

Time to failure toa.0m, [h, Iogm scale

(d)

Fig. 1. ALT plot in log(E)-log(tr) scale of: (a) tss.24 values obtained with the CMQ censoring scheme at 90°C, 70°C,
50°C with 90% confidence bounds (horizontal bars) of ALT points and IPM LSR fitting of y=log(tr) vs. x=log(E); (b)
same as previous, but for tsoe; (c) log(E)-log(tp) plot of fs3.2¢ values (CMQ) at 90°C with IPM LSR fitting and relevant
upper and lower 90%-confidence interval curves (shaded band); (d) same as previous, but for 50°C.

Binary blend without additive.

Table III shows the life exponent n as a function of test
temperature (90 °C, 70 °C, 50 °C) obtained via the IPM fitting
of log(E)-log(tp) ALT data points for binary blend without
additive according to linear Least Square Regression (LSR) of
y=log(tp) vs. x=log(E) (Section II.C of [6], (17)-(24)); this Table
lists both the values of n obtained for 7329 and 750 calculated
with the LSR CMQ), and the values of n obtained for 7322 and
tso% calculated with the MLE method, to check LSR CMQ
results. All relevant values of correlation coefficient [R| are
reported. The values of life exponent obtained with CMQ and
MLE are fairly close for both a and t5qo,. Moreover, |R| is high
(> 0.80 at 70 °C) or very high (> 0.98 at 50 °C, > 0.99 at 90 °C)
for both CMQ and MLE results, indicating good or very good
linearity of IPM fits. The good fitting and the similarity of the
outcomes of the two different methods fosters the credibility of
linear IPM fitting and of the relevant values of model
parameters.

Figure 1(a) shows the log(E)-log(tp) ALT data points Ej,
te3.2%; ), (k~=1,...3; j=1,..,3) for binary blend without additive
with the relevant 90%-confidence bounds, and the relevant IPM
fitting according to linear LSR of y=log(tp) vs. x=log(E)
(Section II.C of [6], (17)-(24)) at each test temperature 7;
(Th'=90°C, T»=70°C, T3=50°C, in red, orange, blue,

respectively). Figure 1(b) is the same, but for ALT data points
Ep, tso%; - Failure times are often quite scattered, as proved by

the corresponding low value of the Weibull shape parameter 8
in Table II: overall, the scatter tends to be greater at extreme
values — highest and lowest — of electric field, which give rise
to the largest confidence bounds of a in Fig. 1(a) and t5qe, in
Fig. 1(b).

Figure 1(c) and Figure 1(d) show, for test temperatures
T1=90°C and 75=50°C, respectively, the log(E)-log(tp) ALT
data points Ej, t63.2%; for binary blend without additive, with

the relevant IPM fitting according to LSR linear regression of
y=log(tr) vs. x=log(E), and the upper and lower 90%-
confidence interval curves (CI) of such LSR IPM fitting. The
very narrow confidence interval curves of the LSR IPM fitting
of E, t63.29% 1 data points at 50°C displayed in Fig. 1(d) is due
to the perfect alignment of such data points, witnessed by the
value of |R|=1.000 in Table III. As emphasized in [6] let us point
out that the lower confidence interval curve of the IPM
regression line provides a conservative estimate of the life
forecast obtained from the IPM fitting at each test temperature.
On the whole, Table III and Figures 1(a), 1(b) show that the life
exponent ranges from 15-24 at 50°C to 25-26 at 70°C, to 27-30
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at 90°C, well above the conservative value n=10 used by TB
852 for computing the duration of prequalification and type test
load cycles of HVDC extruded cables [7]. Such values, similar
to those found in literature on other PP blends for DC cables
[14], indicate good voltage endurance of the PP binary blend
without additive developed in the NEWGEN project — similarly
to what found in Part 1 [6] for the PP ternary blend also
developed in NEWGEN.

As expected, the scatter and the confidence bounds of ALT data
points are fairly large, especially at extreme fields, suggesting
a possible variation in the value of » at field values above the
highest and below the lowest. Tests at fields below the lowest
would be particularly interesting, as such fields are closer to the
expected practical design fields of HVDC cables. Unfortunately
tests at lower electric fields to assess possible changes in the
trend of the life exponent at fields closer to the expected
practical design fields of HVDC cables are not feasible in the
framework of the present investigation and of the whole
NEWGEN project. Indeed, they would take too long times
compared with the duration of the NEWGEN project, as
pointed out in Part 1 [6]. It might be said— for the binary blend
as for the ternary blend — that the very promising behavior at
high fields of PP-blends developed in NEWGEN makes it
infeasible to test them at lower fields; such fields might be one
of the activities to be performed in a continuation of the
NEWGEN project.

Surprisingly the values of n rise as temperature increases, which
is unexpected and puzzling [12],[13]. This same behavior has
already been observed for the ternary blend in Part 1. Let us
discover in Section IV.B that this behavior is not observed for
the binary blend with space charge suppressing additive;
Section V will explain why, relying on space charge effects on
the life exponent as field and temperature rise.

B. Binary blend with space charge suppressing additive

For each of the ALTs on binary blend with PP-g-MAH space
charge suppressing additive in Table I, Table IV reports: total
number of tested specimens N and number of failed specimens
r; estimated values of the shape parameter [, of the scale
parameter a (= tg3.40,) and of the median failure time t5qq, of
the Weibull distribution of failure times. As done for Table 11,
both the LSR CMQ single censoring scheme (Section II.B of
[6]) and the MLE method have been used, to compare each
other’s results. As already seen in Table I, also in Table IV the
estimates of 8, a and t5q0, obtained with CMQ and MLE are
similar on the whole, so that these two different methods do not
affect the estimate of the life exponent. Again, this is confirmed
by Table V - commented in more detail hereafter.

Table IV shows that — similarly to the binary blend without
additive in Table II — also for the binary blend with additive the
reference percentiles of failure time, a and t5q,, Span over a
wide range, i.e. from ~1 hour at the highest test fields to several
hundred/one thousand hours at the lowest test fields. As once
more expected, the scatter of failure times is mostly fairly-high,
as proven by the fact that 7 values of § out of 9 in Table IV are
below 0.6, and the highest value of § is 1.135, thus it exceeds 1
just slightly [9].

Table V shows the life exponent n as a function of test
temperature (90 °C, 70 °C, 50 °C) obtained via the IPM fitting

TABLE IV
RESULTS OF THE STATISTICAL PROCESSING OF THE ALTS ON
PP BINARY BLEND WITH SPACE CHARGE SUPPRESSING
ADDITIVE PERFORMED AT TAU, OBTAINED WITH LSR CMQ
AND MLE.

T B [y lam [ toum [ B | at) | topu
(°C)|(kV/mm) LSR CMQ MLE

270 |8]8[0.392| 82.47 | 3239 [0421| 78.89 32.98

90 250 [6]5]0.539] 138.8 7031 |0.538 | 203.9 103.2

240 |6]6[1.135| 1043 755.5 1.286 | 1007 757.4

280 16]5(0.217| 7.879 1451 [0.286| 5.986 1.660

70 270 |8]5]0.472| 382.5 176.0 | 0.688 | 329.3 193.2

250 |7]7]0.251| 454.8 105.9 0479 | 266.2 123.7

320 |7]6/0.374| 1.102 | 0.414 | 0.431| 0.805 0.344

50 300 [8]8]0.409] 15.88 6.476 | 0.538 | 14.05 7.113

280 |8]8|0.833] 284.5 1832 0937 | 275.8 186.5

TABLE V

LIFE EXPONENT 7 AND CORRELATION COEFFICIENT |R| FROM
IPM FITTING OF a=fs3.2% AND MEDIAN LIFETIME=ts50s, FROM
ALTS ON BINARY BLEND WITH SPACE CHARGE SUPPRESSING
ADDITIVE AT 90, 70, 50°C, OBTAINED WITH LSR CMQ AND
MLE.

T (°C)|n(tss.20) [n(ts00) [ IR I(23.250) [ R [(£5000) [ 1(Es3.200) [ (£s00) IR (23 25) [ IR I(25024)
LSR CMQ MLE

90 19.63 [24.58 | 0.876 0.896 | 20.42 |25.08| 0.949 0.946

70 30.57 {30.94| 0.771 0.679 | 27.85 |31.22| 0.715 0.688

50 | 41.59 |45.67=1.000.| 0.999 | 43.70 |47.15| =1.000 |~1.000

of log(E)-log(tp) ALT data points for binary blend with additive
according to linear LSR of y=log(tp) vs. x=log(FE) (Section II.C
of [6], (17)-(24)); as Table III for the binary blend without
additive, Table V lists both the values of n obtained for #3.2%
and #soy calculated with the LSR CMQ, and the values of n
obtained for #3.% and fs¢o, calculated with the MLE method, to
check each other’s results. All relevant values of correlation
coefficient |R| are reported. The values of life exponent
obtained with CMQ and MLE are fairly close for both a and
tsoo,- Moreover, |R| demonstrates from acceptable to very good
linearity of IPM fits for both CMQ and MLE results, as it ranges
from a minimum of 0.68-0.77 at 70°C to a maximum >0.999 at
50 °C. The good fitting and the similarity of the outcomes of
the two different methods fosters the credibility of linear IPM
fitting and of the relevant values of model parameters also for
the binary blend with additive.

Figure 2(a) shows the log(E)-log(tp) ALT data points Ej,
te3.20% (k=1,..,3; j=1,..,3) for binary blend with additive,
together with the relevant 90%-confidence bounds, and the
relevant IPM fitting according to LSR linear regression of
yv=log(tp) vs. x=log(E) (Section II.C of [6], (17)-(24)) at each
test temperature 7; (77=90°C, 7,=70°C, T3=50°C, in red,
orange, blue, respectively). Figure 2(b) is the same, but for ALT
data points Ej, t50% - Failure times are mostly quite scattered,

as proved by the corresponding low values of the Weibull shape
parameter [ in Table IV: now, the scatter seems greater at
intermediate fields, although it is hard to find a rule. This
illustrates how the Weibull shape parameter affects lifetime
extrapolation in log—log regression.

On the whole, Table V and Figures 2(a), 2(b) show that the life
exponent ranges from 42-46 at 50°C to 30-31 at 70°C, to 20-25
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same as previous, but for s0%. Binary blend with additive.

at 90°C: quite high values, far greater than 10 [7]. Such values,
again comparable to those found in the literature on other PP
blends for DC cables in [14], indicate quite good voltage
endurance also of the PP binary blend with space charge
suppressing additive developed in the NEWGEN project.
However the scatter and the confidence bounds of ALT data
points are fairly large for the PP binary blend with space charge
suppressing additive. As already highlighted for the other
blends, unfortunately tests at lower electric fields to assess
possible changes in the trend of the life exponent at fields closer
to the expected practical design fields of HVDC cables are not
feasible in this investigation, as they would take too long times
compared with the duration of the NEWGEN project.

What is important to emphasize in Table V and Figures 2(a),
2(b) is that for the binary blend with space charge suppressing
additive eventually the values of n decrease as temperature
increases, which is the expected behavior of the life exponent
with temperature [13]. This behavior is opposite compared to
the ternary blend in Part 1 and to the binary blend without
additive illustrated here in Section IV.A. As anticipated, this
satisfactory behavior can be explained resorting to the effect of
space charges — in particular to the influence of the local field
enhancements associated with space charges as a function of
electric field and temperature [6], as shown in Section V.

V. DISCUSSION ON THE INFLUENCE OF SPACE CHARGES ON
THE LIFE EXPONENT FOR TERNARY AND BINARY BLENDS

Plenty of space charge measurements in the literature — among
which those performed on NEWGEN compounds [2],[3],[4],
[5] — show that the insulation of DC cables and accessories can
store space charge under applied DC field [15]. This
characteristic is generally the result of a local imbalance
between conduction properties of different regions of the
material, from macro to microscopic scales. Being conductivity
a function of both temperature and electric field, temperature-
dependent threshold fields for space charge storage are
common, and have been shown in the literature [16], possibly

giving rise to local enhancements of the electric field as such
threshold fields are exceeded.
The field enhancement factor (FEF) is usually defined as [S]:

E

FEF = 24X _q 1
Eave

Ege=V/d 2)

where Ej4x is the maximum local field and E,,, is the average
field or stress (see [7], Clause 1.5.1) in the specimen, with
V=applied voltage and d=specimen thickness.

As FEF > 0 — as long as voltage is kept constant during tests —
if space charge dynamics and storage tend to be greater, such
value should generally increase. As a result, the actual testing
field will be greater than the average (or nominal) field applied,
at least locally, somewhere within the thickness of the
insulation, depending on the distribution of charge density.
Hence, a discrepancy arises in testing, as the nominal field can
severely differ from the actual maximum stress applied in the
tested insulation. In this condition, a reduction of endurance
should be expected, at least considering an insulation as a series
reliability system, where failure is defined by the first local
breakdown of the material.

Now, let us consider the implications of these space charge-
related field enhancements on a simplified version of the IPM
of (2) in Part 1 [6], i.e

L=C-E™ (3)

With the merely indicative but not exhaustive values of
parameters C = 1x102%,n = 8, the blue log(E) vs. log(L) life
line in Fig. 3(a) is obtained. Testing an insulation characterized
by no charge accumulation at any given field, hence FEF = 0,
should result in endurance times coherent with such curve.

On the other hand, if we consider field enhancement, test results
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function of the temperature at a high electric field E=90 kV/mm, and (b) as a function of the electric field at T=70 °C.
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Measurement points are indicated by the circles, while the curves represent the interpolation.

should be more in line with endurance times that would be
obtained at fields corresponding to Ejy4x. In other words, the
life result, L,,,;, obtained after testing at E,,,, should differ from
the life L predicted from (3) by some amount, at each nominal
test fields. A life decrease is to be expected, as FEF > 0, hence
Emax 2 Eqpe:

Liest = C - Eifiy <L 4)

The main issue comes from the fact that in testing only E,,, is
known, and is typically kept as the reference variable to define
life curves and model parameters, potentially introducing a
theoretical inconsistency, especially in the estimation of n.

Considering for example a constant FEF = 0.5 for all nominal
test fields, the log-log plot of the average field E,y e Vs. Liegt »
which is what is typically done, results in the orange curve in
Fig. 3(a). It can be noticed how in this case, where FEF is a
constant, the whole life line shifts uniformly to the left. The life
exponent n estimated after those tests would still be valid and
in line with the value of n = 8, correctly characterizing the

insulation.

Issues arise considering that FEF is usually not a constant, as
temperature and electric fields applied are strictly connected to
charge accumulation dynamics in dielectrics. Whether an
increase in temperature and/or average field results in an
increase of stored charge, hence field enhancements, strictly
depends on the dual effect those stresses have on injection and
transport of charge. On the one hand, higher stresses promote
charge injection from electrodes, increasing chances of charges
being trapped in the lattice of the dielectric, but on the other
hand the same stresses promote charge transport, in turn
reducing the possibility of charge storage. As a result, charge
storage and field enhancement can either increase or decrease
with stresses, depending on the mechanism dominating for the
material employed.

Firstly, let us consider a monotonically increasing FEF with
E,,e: this is a reasonable assumption, and a more frequent
situation, especially at high fields and temperatures. For
example, let us consider a FEF rising from 0 to 1 for Eg,,
increasing from 20 to 300 kV/mm (Fig. 3(b)); by applying the
same reasoning as above, each life value is reduced (shifted to
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Fig. 5. Space charge density distribution patterns at 90 kV/mm, 70°C for: (a) ternary blend without additive; (b) binary

blend with SC suppressing additive. Poling and depolarization time are in the abscissa: total poling time = 10800 s,
total depolarization time = 3600 s; insulation specimen thickness is in the ordinate; charge density amount in C/m3 is
indicated by hot colors for positive, cold colors for negative charge.

the left) by a different amount, and the life line obtained after
testing ends up non-linear and tilted downwards (the yellow line
in Fig. 3(a)), featuring a clearly increased value of # - in this
casen = 9.2.
The opposite happens if FEF is monotonically decreasing from
1 to O for E,,, increasing from 20 to 300 kV/mm. Following
the same reasoning of the previous case, it is obvious to
understand how in this case the estimated value of n will be
lower than the reference one (n = 6.7, violet line in Fig. 3(a)).
This reasoning could be the basis for explaining the puzzling
results obtained from ALTs on the ternary blend and binary
blend without additive, where an increase of test temperature
leads to an increase of the value of n due to the downward tilting
of life lines at higher test fields: see Fig. 1(a), 1(b) of [6] for the
ternary blend and Fig. 1(a), 1(b) here for the binary blend
without a space charge suppressing additive. Such effect is
expected to cease as the field goes below a proper threshold. If
space charge effects are of lower importance — e.g. thanks to the
presence of a space charge suppressing additive — such effect
might be partially or completely hidden. This is exactly the case
of the binary blend with a space charge suppressing additive,
see Fig. 2(a), 2(b) here.
Such effect is proven experimentally by Fig. 4, which reports
value of FEF for PP ternary blend without additive (red dashed
curves), PP binary blend without additive (black dashed curves)
and PP binary blend with additive (solid black curves) derived
from space charge measurements performed by means of the
PEA technique on 200 um thick flat specimens of PP-ternary
blend without additive, PP-binary blend without additive and
PP-binary blend with PP-g-MAH additive. These results are
reported in Fig. 4(a) as a function of the temperature at a high
electric field £=90 kV/mm, and (b) as a function of the electric
field (30, 90 kV/mm, this latter quite a high value of the electric
field for PEA measurements) at 7=70 °C. Figure 4 clearly
shows that:

1) in the ternary blend and in the binary blend without

space charge suppressing additive, space charge
accumulation rises with temperature and field, since:

o FEF increases with temperature at constant field;
o FEF increases with field at fairly high temperature.

2) in the binary blend with PP-g-MAH space charge
suppressing additive, space charge accumulation is
mitigated by much, since:

o FEF decreases with temperature at constant field
o FEF remains constant with field at high temperature.

It should be noted that the FEF in Fig.4 is measured at a
maximum field of 90 kV/mm, which is well below the high-
field range (240-320 kV/mm) of ALTs. However, while it is
theoretically possible that the FEF trend could exhibit non-
linear behavior or saturation at extreme fields approaching the
breakdown limit, the mechanism proposed in the present
Section V demonstrates that the trend of the FEF is the
dominant factor influencing the life exponent, rather than its
absolute value. Moreover, further analysis of FEF effects at
fields exceeding 100 kV/mm is extremely -challenging
experimentally; specifically, the required applied voltage would
exceed the operational limits of our current experimental setup.
Furthermore, we considered the possibility of using thinner
specimens to achieve higher fields with lower applied voltages.
However, this approach would most probably introduce
significant geometrical biases on the results, as documented in
[17],[18],[19]. Therefore, to ensure the coherence of the space
charge data and the ALTs, the current specimen thickness was
maintained.

Despite these limitations, the primary objective of the FEF
measurements was to identify the behavioral trend of space
charge accumulation. As demonstrated in the theoretical
analysis of Figure 3, the variation of the life exponent n is
driven by the monotonic trend of the FEF rather than its
absolute magnitude. The data obtained up to 90 kV/mm clearly
establishes that FEF increases with temperature and field for the
binary blend without additive, providing a consistent physical
basis for the observed increase in # at higher test fields.
Regarding the space charge behavior, FEF values presented in
Figure 4 provide the quantitative parameter necessary to model
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the impact on the IPM fitting. To enhance the intuitive clarity
of the mechanism and to provide direct evidence of the charge
accumulation patterns that underpin the calculated FEF values,
the space charge density maps obtained by PEA at 70°C, 90
kV/mm (the technical limits of our instrument) are shown in
Figure 5(a) for the ternary blend and in Figure 5(b) for the
binary blend with additive. As Figure 5(a) clearly shows, at the
highest PEA measurement temperature, i.e. 70°C, and field, i.e.
90 kV/mm — the closest to the ALT fields — the ternary blend
without additive exhibits a fairly large amount of positive space
charge stored in the bulk of the specimen, as well as negative
hetero-charge close to the anode, resulting in a significant
FEF=40% (see Fig. 4). On the contrary, Figure 5(b) highlights
that at the same highest PEA measurement temperature and
field the binary blend with SC suppressing additive exhibits
overall a much smaller amount of space charge in the bulk and
at the electrodes, resulting in a small FEF=6% (see Fig. 4).

VI. CONCLUSION

The goal of this study has been to validate the IPM-Arrhenius
electro-thermal life model for HVDC cable insulation relying
on the results of ALTs performed at various voltages and
temperatures on thin plates of PP-based blends developed in the
NEWGEN research project. The first part of the investigation
(previous Part 1 paper) was devoted to theoretical arguments —
among which recasting the IPM-Arrhenius as a temperature-
dependent electrical IPM to ease the validation — and to the
validation of such IPM on a RACO/HECO/PEC ternary blend
developed in a first stage. The second part of the investigation
(this paper) is devoted to a RACO/HECO binary blend
developed in a next stage to improve the performance of PP
blends from the manufacturing viewpoint.

The main outcome of both the first and the second part of this
investigation is that the values attained for the life exponent of
the IPM exceeded sharply 10, taken in Cigré Technical
Brochure (TB) 852 [7] as a conservative value for HVDC
extruded cable insulation. This indicates the good voltage
endurance behavior of the developed PP blends. Moreover, for
the ternary blend in Part 1 the direct verification of the
Arrhenius model on failure times obtained at different
temperatures for a same value of applied electric field was
possible at two different test fields —i.e. at 260 kV/mm and 220
kV/mm - thereby fully motivating the use of the combined
electro-thermal IPM-Arrhenius model.

Part 2 has confirmed that, also in the case of the binary blend,
ALT failure times show a large scatter and a strong dependence
on electric field and temperature, as expected from the
experimental practice on electro-thermal ALTs performed on
thin flat specimens of HV cable insulation.

In addition, the core innovations of the present Part 2 with
respect to previous Part 1 are the following.

1) In Part 2 the decreasing behavior of the life exponent of
the IPM versus temperature already observed in Part 1
with ternary blends was confirmed for binary blends
without space charge suppressing additive, while the life
exponent was found to be decreasing with temperature —
as expected — for the binary blends with PP-g-MAH space
charge suppressing additive.

2) In Part 2 these contrasting behaviors were explained
theoretically and illustrated experimentally. Indeed, in
Section V of Part 2 such behavior was shown to be due to
the influence of space charges, which tend to lead to an
increase of the local field enhancement factor as field and
temperature increase. This effect explains: a) the
(unexpected) increase of the life exponent with
temperature observed for the binary and ternary blends
without space charge suppressing additive, where space
charge is easily accumulated at high fields; b) the
(expected) decrease of the life exponent with temperature
observed for the binary blend with the PP-g-MAH
additive for suppressing space charge storage, where
space charge accumulation is mitigated.

Anyway, the values of life exponent found both in the first and
in the second part of the investigation indicate a quite good
voltage endurance of the PP blends developed in NEWGEN.
Let us emphasize that the 100 um thickness of the specimens
tested in the ALTs reported in this investigation is far from the
real cable insulation size, and the test field (240-320 kV/mm)
is much greater than the actual operating field of HVDC cables.
The size effect and field-scale effect on space charge
accumulation and lifetime extrapolation are of course of
paramount importance when addressing the design and
performance of HVDC cables to be installed on site. Long-term
lifetime extrapolation under actual cable operating conditions
and key engineering properties (e.g. thermal stability,
mechanical performance) are skipped in this study, so the
engineering applicability of the results obtained here cannot be
fully proved yet. On the other hand, focusing on the operating
field and size of HVDC cables installed on site is not the aim of
the stage of the investigation reported in Part 1 and Part 2
papers. Our aim here is to select the best PP blends and space
charge suppressing additives from the viewpoint of endurance
to electro-thermal stress. The best blends will be later tested on
minicable size — this is going on now in the NEWGEN project
— to optimize their features and performance in the perspective
of manufacturing full size prototypes of HVDC cables to be
installed in the field.

Funded by the
European Union

ACKNOWLEDGMENT

Funded by the FEuropean Union Grant
Agreement No 101075592. Views and opinions
expressed are however those of the author(s)
only and do not necessarily reflect those of the
European Union or CINEA. Neither the
European Union nor the granting authority can be held
responsible for them

REFERENCES

[11 G. Mazzanti et al., “The Horizon Europe NEWGEN research project: for
a new generation of high voltage DC insulation materials, cables and
systems after 24 months since the start of the project,” IEEE Ind. Appl.
Mag., vol. 31, no. 4, pp. xx—=xx, Jul-Aug. 2025, doi:
10.1109/MIAS.2025.3559863.

[2] B. Diban et al., “Characterization of isotactic-polypropylene-based
compounds for HVDC cable insulation,” in Proc. IEEE Int. Conf.
Dielectr.  (ICD), Toulouse, France, 2024, pp. 14, doi:
10.1109/ICD59037.2024.10613139.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



This article has been accepted for publication in IEEE Transactions on Dielectrics and Electrical Insulation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TDEI.2026.3710179

10

IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION

(3]

[10]

[11]

M. Niittymiki et al., “Screening of suitable random copolymer
polypropylene blends for HVDC cable insulation,” in Proc. IEEE Int.
Conf. Dielectr. (ICD), Toulouse, France, 2024, pp. 1-4, doi:
10.1109/ICD59037.2024.10613125.

B. Diban et al., “Polypropylene copolymers and blends for HVDC cable
insulation: Initial characterization and pilot-scale production,” in Proc.
IEEE Conf. Electr. Insul. Dielectr. Phenom. (CEIDP), Auburn, AL, USA,
2024, pp. 1-5, doi: 10.1109/CEIDP61745.2024.10907748.

M. Niittyméki et al., “Novel grafted polypropylenes as space charge
mitigating additives for extruded HVDC cable insulation,” in Proc. IEEE
Conf. Electr. Insul. Dielectr. Phenom. (CEIDP), Manchester, U.K., 2025,
pp. 572575, doi: 10.1109/CEIDP61707.2025.11218281.

G. Mazzanti, B. Diban, R. E. Diaz, P. Seri, I. Rytoluoto, K. Lahti, M.
Niittyméki, A. Perez, and A. Leproux, “Influence of space charges on the
life exponent from accelerated life tests on PP-based HVDC cable
insulation. Part 1: Ternary blends,” submitted for publication.

CIGRE TB 852, Recommendations for Testing DC Extruded Cable
Systems for Power Transmission at a Rated Voltage up to and Including
800 kV, WG B1.62, 2021.

B. Diban et al., “ALT data fitting for polypropylene-based HVDC cable
insulation developed in the HEU-NEWGEN project,” in Proc. IEEE Conf.
Electr. Insul. Dielectr. Phenom. (CEIDP), Manchester, U.K., 2025, pp.
105-108, doi: 10.1109/CEIDP61707.2025.11218479.

W. B. Nelson, Accelerated Testing: Statistical Models, Test Plans, and
Data Analyses. New York, NY, USA: Wiley, 1990.

M. Cacciari, G. Mazzanti, and G. C. Montanari, “Comparison of
maximum likelihood unbiasing methods for the estimation of the Weibull
parameters,” IEEE Trans. Dielectr. Electr. Insul., vol. 3, no. 1, pp. 18-27,
Feb. 1996, doi: 10.1109/94.485511.

G. C. Montanari, G. Mazzanti, M. Cacciari, and J. C. Fothergill,
“Optimum estimators for the Weibull distribution of censored data:

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Singly-censored tests,” IEEE Trans. Dielectr. Electr. Insul., vol. 4, no. 4,
pp. 462-469, Aug. 1997, doi: 10.1109/94.625364.

G. Mazzanti, G. C. Montanari, and L. Simoni, “Insulation characterization
in multistress conditions by accelerated life tests: An application to XLPE
and EPR for high voltage cables,” IEEE Electr. Insul. Mag., vol. 13, no.
6, pp. 24-33, Nov.—Dec. 1997, doi: 10.1109/57.637151.

G. Mazzanti, “Updated review of the life and reliability models for HVDC
cables,” IEEE Trans. Dielectr. Electr. Insul., vol. 30, no. 4, pp. 1371-
1390, Aug. 2023, doi: 10.1109/TDEI1.2023.3277415.

S. Lee, H. Kim, L. Kwon, and J. Lim, “Evaluation of electrical
performance and life estimation of PPs for HVDC power cable,”
Energies, vol. 14, no. 18, Art. no. 5673, 2021.

G. Mazzanti, et al., "Space charge measurements on flexible factory joints
for HVDC extruded cables," IEEE Trans. Dielectr. Electr. Insul., vol. 33,
n. 1, pp.528 — 539, Feb. 2026, doi: 10.1109/TDEI.2025.3587638

L. A. Dissado, C. Laurent, G. C. Montanari, and P. H. F. Morshuis,
“Demonstrating a threshold for trapped space charge accumulation in
solid dielectrics under DC field,” IEEE Trans. Dielectr. Electr. Insul., vol.
12, no. 3, pp. 612-620, Jun. 2005, doi: 10.1109/TDEL2005.1453464.

Y. Murakami and G. Chen, "Influence of film thickness on space charge
formation under DC ramp voltage," 2013 IEEE International Conference
on Solid Dielectrics (ICSD), Bologna, Italy, 2013, pp. 448-451.

Z. Ma, L. Yang, M. S. Bhutta, H. Bian and M. Z. Khan, "Effect of
Thickness on the Space Charge Behavior and DC Breakdown Strength of
Cross-Linked Polyethylene Insulation," IEEE Access, vol. 8, pp. 85552-
85566, 2020.

Z. Lv, X. Wang, K. Wu, X. Chen, Y. Cheng and L. A. Dissado,
"Dependence of charge accumulation on sample thickness in Nano-SiO2
doped IDPE," in IEEE Transactions on Dielectrics and Electrical
Insulation, vol. 20, no. 1, pp. 337-345, February 2013, doi:
10.1109/TDEL2013.6451375.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/




  𝛽


  𝛼


    t  63 . 2 %


    t  50 %


  𝛼


    t  63 . 2 %


    t  50 %


  𝛽


  𝛼


    t  50 %


  𝛽


  𝛼


    t  50 %


  𝛽


  𝛼


    t  50 %


  𝛽


  𝛼


    t  50 %


  𝛼


    t  50 %


  𝛽


  𝛼


    t  50 %


    t    63 . 2 %  j , k


    t    50 %  j , k


  𝛽


  𝛼


    t  50 %


    t    63 . 2 %  j , k


    t    63 . 2 %  j , k


  𝛽


  𝛼


    t  50 %


  𝛽


  𝛼


    t  50 %


  𝛽


  𝛼


    t  63 . 2 %


    t  50 %


  𝛽


  𝛼


    t  50 %


  𝛼


    t  50 %


  𝛽


  𝛽


  𝛼


    t  50 %


    t    63 . 2 %  j , k


    t    50 %  j , k


  𝛽


  F E F =     E  M A X    E  a v e − 1


    E  a v e


  V / d


    E  M A X


    E  a v e


  F E F ≥ 0


  L = C ⋅   E  − n


   ( 3 )


  C = 1 (  10 20 ,   n = 8


  F E F = 0


    E  M A X


    L  t e s t


    E  a v e


  L


  F E F ≥ 0


    E  M A X ≥   E  a v e


    L  t e s t = C ⋅   E  M A X  − n ≤ L


   ( 4 )


    E  a v e


  n


  F E F = 0 . 5


    E  a v e


    L  t e s t


  F E F


  n


  n = 8


  F E F


    E  a v e


    E  a v e


  n = 9 . 2


    E  a v e


  n


  n = 6 . 7


  n

