CWIEME

3-5 JUNE 2025
MESSE BERLIN

@ A Hyve Event

Advances in Aramid Paper
Insulation: Enhancing

Transformer Safety and
Performance

Radoslaw Szewczyk
Nomex® Technical Service & Development; DuPont Nomex® Energy Solutions




Contents

« Nomex® common applications

« Update on thermal performance
* Fire performance

 Portfolio of materials

« UL systems

 Emerging applications

«DUPONT»



Nomex® common applications

«DUPONT



Timeline for transformer insulation systems with Nomex®
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Common applications

Dry-type transformers

« Low voltage general purpose

* Mining, marine, railways, drives

Photo curtesy of CEEG

* Distribution transformers

Liquid-filled transformers
» Railway traction units
» Wind energy (onshore and offshore)
» Mobile power transformers
» Fast deployable, resiliency units

Robust, compact, light weight,
overloadable, fire safe
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Update on thermal performance
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Aging of Nomex"® 410 - Dielectric Strength to 300 V/mil
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Thermal performance — UL update
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Thermal performance — IEC 60216

« Demand for IEC ratings from global industry

 Reference lifetime 20 000 h vs. 60 000 h

« Certification ongoing

Thermal Index
252°C
235°C

 Dielectric:

« Mechanical:
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Thermal performance of Nomex® in transformer liquids

Long-term insulation system aging in dual- 1,000,000

temperature aging cells , |
[=180,000 h TI=98.5°C TI=112.3°C TI1=213°C

Reference: IEEE C57.100 __ 100,000
End-of-life criteria: 50% tensile retention g
£ 10,000
Suitable for class 180 (H) liquid filled % 1,000
insulation systems acc. to IEC/EN 60076-14 = Log L=10014/(273+T)-15.351
and IEEE C57.154 = - R2=0.9927
Aramid paper aging data can be used for Log L=7338/(273+T)-13.791
aramid pressboards 10 R?=0.9835

: N : 80 100 120 140 160 180 200 220 240 260 280 300
Aging data in mineral oil can be used for esters

T p o
(same or better performance) emperature (°C)

Nomex®

Kraft TUK
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Thermal performance — going beyond standards

Nomex® papers are designed to maintain superior performance when aged

« inair (UL/IEC tests),

* in liquids,
q I

* but also, in presence of Cu or Al _
g——-  Notched Alunmunum

(to model real application).

b EE— Aramid Paper

W//////%q— Aluminum

Temperature: 300°C; time in oven: 48 h

Test procedure described in: “New Test Method to Evaluate the Thermal Aging of Aramid
Materials” by S. Filliben, Electrical Insulation Conference (EIC), 2011

«DUPONT»
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» Tests conducted at DuPont CTC lab

Aging with copper — spot degradation (pinhole) effect

Layer 1 (in contact with copper) Layer 2 Layer 3

Non-satisfactory performance

Insulation of good performance

in Shanghai
» Test conditions: 48 h @ 300°C

«DUPONT»
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Different performance of aramid papers

Lower performance

DuPont™ Nomex® 410 )
aramid paper

UL/IEC thermal ratings _
- dielectric strength 220°C or higher 180-210°C

- tensile retention

220°C <150°C

Spot degradation thermal rating
- non-standard test (published in 2011)
- aging in presence of Cu

(photos: after 48 h @ 300°C)
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Different performance of aramid papers

DuPont™ Nomex® 410

Lower performance
aramid paper

UL/IEC thermal ratings _
- dielectric strength 220°C or higher

- tensile retention

220°C

Spot degradation thermal rating
- non-standard test (published in 2011)
- aging in presence of Cu

(photos: after 48 h @ 300°C)

UL94* Fire ratin
* Test method may not bge adequate for thin VTM-0 (from 0.10 mm)

papers typically used for conductor wrapping V-0 (from 0.13 mm)
application.

180-210°C

<150°C

VTM-0 (from 0.025 mm)
V-0 (from 0.25 mm)

«DUPONT»
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Fire performance
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UL94 testing:

Fire performance paper fully exposed to air

« UL94 V-0 class historically available for Nomex® papers
(>0.1 mm)

» Fire performance proven in traction, mining, marine and
other critical applications

» Fire certification as per EN 45545-2 (fire safety in railways)
— HL2/HL3

VTM-0 test

EN 45545-2:2020

» “The exposed surface of the test specimen shall be the
same as in the end use condition.”

« “Exposed surfaces of a material which form part of an
assembly shall be tested (...)"
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Fire performance

* UL94 may not be suitable for thin papers used for
conductor wrapping.

« Thin papers should be tested in conductor wrapping
or layer insulation configuration.

Thin Nomex® papers (0.05-0.08 mm) getting highest
fire performance class (HL3) when certified in
winding model (EN 45545-2).
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ATTESTAZIONE DI CONFORMITA
STATEMENT OF ARTICLES COMPLIANCE

Visti i rapporti di prova CEl n. 0448\DC\REAN2ZS5_3 & 0053\DCNTOXN2S 3
Refeming to the C3l test reports n . 0668\DCN\REANZS_3 and 005NDCNTOXN25_3
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Combined component - model of winding with DuFont Nomex® 410, 0.05 mm
[carta aramidica + barretia/piastra in rame)
{faramid paper + copper rod/plata)

Fornito da:
Supplied by:
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for the tests TO1, T10.03 and T11.02

Data di rilascicfcertificate issue date: 15/05/2025
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Different performance of aramid papers

Lower performance

DuPont™ Nomex® 410 )
aramid paper

UL/IEC thermal ratings

dielectric strength 220°C or higher 180-210°C
tensile retention
Spot degradation thermal rating 220°C <150°C

non-standard test (published in 2011)
aging in presence of Cu

(photos: after 48 h @ 300°C)

&JTL9t4*thFLre ratitnbg N N VTM-0 (from 0.10 mm) VTM-0 (from 0.025 mm)
for conductor wrapping application. V-0 (from 0.13 mm) V-0 (from 0.25 mm)
EN 45545-2 HL2 or HL3 (all thicknesses) ?
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Portfolio of materials
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Building diversified portfolio for diversified needs

* Dry-type applications
» Highest performance aramid papers

« New economical grades for less demanding applications (Nomex® 358)

« Liquid-filled transformer applications

« Grades with improved impregnability
« Wet board for high voltage systems (Nomex® Wet Board)

« Economical versions of cellulose enhanced with aramid (Nomex® 910)

« Advanced solutions for EV applications

«DUPONT»
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Nomex"® insulation components

‘1_ Photo: Weidmann

Photo: Weidmann

Photo: Weidmann

Photo: Weidmann

L \
Photo: Weidmann
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formers
. Itage power trans

_ board for high vo

Example 1 — Wet

—bubo

rd (~ =
DuPont™ Nomex® Wet Boa

Technical data sheet

rming of
Experimental pressboard grgde for wet r:‘gnts g —
. complex high voltage insulation compo

boardisan electrical "nsulating board mad,
After drying and .‘orming into insul;
Pressboards,

& from 100% Nomexe aray

Mid Material ang &,
ation Components, jts thermal perform,

foc structured uniformiy ang with no bi nders.
Nce matches the performance of other Nomexe Paper and
This material enables

making formed Cemponents for Power transformer 2pplications like those made of wet formable cellulose boarg The
tS example 2pplications could include wet formed Insulating pares like angle rings, ers,
i dge collars or snou
: ngs, edg
itable for angle rings,
. u

' ' S as per
Suitable for class H (180) insulation %ztem o) ——
. u
IEC/EN 60076-14 or IEEE Std. C57.

h hybrid or igh temperature nsulation systeme 3¢ per IEC/EN
*0n thermal class Up 10180 may be required.
The Nomex® et board

5 available in two different 9rades, Type A ang Type B, of & ifferent density.

Properties Unit Typea Typeg
Thickness mm 40150 1025
Dry material Content

Density (after drying)

022025

031035

Storage conditions /shelf life

Nomex® yer bozrd should pe stored in dust free C igi

sealed Packaging In order to avoid dn
Packaging should be maintainy

¥ing of the wet board the
ed closed in order to protact the rema; iing material. ft is critical to prevent the material from being exposed
to direct solar radiation or any other thermal effects.

* Temperature qy, 1ng transportat;

0N and storage- 10-25°C
Sheif life: 6 menths.

Visit SL.nomex.com to learn more

Photo: Schweizer
Photo: Weidmann
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Example 2 - Economical paper for wire wrapping

DuPont™ Nomex® 358

 Thermal class 180°C
For conductor wrapping in dry-type transformers

Meta-aramid paper optimized for balanced dielectric,
mechanical and thermal properties

Photos: DuPont

Product Description
DuPont™ Nomex® 358 is a 100% meta-aramid paper which is optimized for insulation applications in
thermal classes Up to 180°C, such as wrapped conductor insulation for dry-type transformerk. It has
balanced dielectric, mechanical and thermal properties,

Nomex® 358 s currently available in a 0.05mm (2-mil) thickness. Additional thicknesses of this product
may be offered in the future.

Application

Electrical properties

The preliminary electrical Property values of DuPont™ Nomex® 358 Paper are shown in Table |, The AC
rapid rise dielectric strength data, shown in Table |, represents voltage stress levels withstood for 10 to
20 seconds at operating frequencies of 50 and 60 Hz. This value differs from the long-term strength
Potential. DuPont recommends that continuous stresses intransformers should not exceed 1.6 kV/mm
to minimize the risk of Partial discharges (corona). This recommendation is based on dielectric strength
of the air adjacent to the paper. The dielectric strength data s typical values and not recommended for
design purposes. In cases where there js high potential for frequent line voltage surges or if other
abnormal conditions exist, continuous working stresses should be kept below 1.2 kV/mm for maximum
equipment life expectancy.

Table I. Typical Electrical Properties of DuPont™ Nomex® 358 in air

Property Typical Value Test Method
ACRapid Rise Breakdown
Iv/mil a0 ASTM D1uag”
kV/mm 72
Partial Discharge Inception Voltage ASTM D1gss
kv 05

Surface resistivity
ohm/square

Vzl’l:;]n(e];eslstlvny 84 x10* ASTM D257
Dielectric constant
Inair, at 60 Hz 16 ASTM D150

45 310" ASTM D257

¥0 ASTM D-149,50 mm electrades, rapid rise; eerTespond with IEC 60243-1 subelause 91 exceptfor electrode 2etup of SO mm



Different performance of aramid papers

DuPont™ Nomex® 410 DuPont™ Nomex® 358

|EC thermal ratings
dielectric strength 220°C 180°C

tensile retention

Spot degradation thermal rating 220°C 80

non-standard test (published in 2011)
aging in presence of Cu

UTL9t4*t/'7:ge ratitnbg dequate for th typically used VIM-0 (from 0.10 mm)

* Test method may not be adequate for thin papers typically us -
for conductor wra;})/ping applicaci‘ion. papers Py 52 V-0 (from 0.13 mm)

EN 45545-2 HL2 or HL3 (all thicknesses) HL3

«DUPONT» .



Enhancing transformer safety
and performance
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Advanced tests for insulation components

Dielectric tests

* Breakdown through material

e Creep strength

* PDIVin glued components

Mechanical tests

* Dynamic vs. static

* Dry material vs. oil impregnated

e Materials after thermal aging

* Adhesive materials (e.g. diamond dotted papers)
Thermal tests

* Dual temperature test for hybrid systems (hot conductor
— cool remote areas)

» Reference to cellulose aging

Chemical compatibility

e Variety of new liquids

* Impacts on solid insulations and on liquids

«DUPONT»
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UL systems
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UL Components and UL Electrical Insulation Systems (EIS)
=

Insulation materials UL 746 Standard for Polymeric Materials

LV EIS UL 1446 Systems of Insulating Materials

IEEE Std. C57.12.60 Standard for Thermal Evaluation of Insulation

EIS for dry-type transformers Systems for Dry-Type Power and Distribution Transformers

IEEE Std. C57.100 Test Procedure for Thermal Evaluation of
Insulation Systems for Liquid-Immersed Distribution, Power, and
Regulating Transformers

EIS for liquid filled
transformers

TS NI ST TS W WY U T NI BT
* Most of Nomex® papers and pressboards are UL components sk e [l bl e “

« Multiple LV systems — support to industry in construction of reliable LV equipment
(transformers and reactors)

+ Selection HV systems — 15 kV and 34.5 kV

« Unique UL system for liquid-filled transformers: “Nomex® + Ester 130"

«DUPONT




Variety of UL systems available

Authorizations

« DuPont developed multiple LV and HV systems to serve the industry

* Avoid time consuming and costly system developments
Modifications

« Existing systems can be modified to actual manufacturer needs

« List of materials (tapes, laminates, prepregs...)

Varnishes / resins

« Chemical compatibility test — typical requirement

« DuPont works on adjusting selected systems to satisfy local industry
needs

«DUPONT»
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Emerging applications
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Emerging applications benefiting from Nomex®

Photo curtesy of PDI Corporation

Additionally to existing demanding applications...
« Data center transformers (K-factor transformers, harmonic distortion)
« Large offshore wind turbine units (compactness, reliability)

« Solar PV installations (periodic loading)

« Sustainable Peak Loading units (loading flexibility)

Multiple Rating units g, o
P 9 Bushings (HV & LV) Cloud connected

* Resiliency overloadable power transformers 1(
Y

| Transformer rating=2 A\ _ R \ T
AN

Consumption

Single phase units with Optimized for
optimized geometry transportation

Source: Users viewpoint by E.DSO, 2022 ECI Transformers Workshop

‘ n u P NT ' Flexible cable Alternative Insulation Cable P"_‘g In 30
w i i connection fluid (e.g. Ester) connections
Graphic by Siemens Energy PR
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Copyright © 2025 DuPont. All rights reserved. DuPont™ and the DuPont Oval Logo are trademarks or registered trademarks of DuPont or its affiliates.

Nothing contained herein shall be construed as a representation that any recommendations, use or resale of the product or process described herein is permitted and complies with the rules or
regulations of any countries, regions, localities, etc., or does not infringe upon patents or other intellectual property rights of third parties.

The information provided herein is based on data DuPont believes to be reliable, to the best of its knowledge and is provided at the request of and without charge to our customers. Accordingly,
DuPont does not guarantee or warrant such information and assumes no liability for its use. If this product literature is translated, the original English version will control and DuPont hereby
disclaims responsibility for any errors caused by translation. This document is subject to change without further notice.
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