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Radiation resistance and other safety aspects
of high-performance plastics by ERTA

M. Tavlet, CERN - TIS, CH-1211 Geneva 23
and

H. van der Burgt , ERTA-EPEC, B-8700 Tielt

Abstract:

High-performance plastics, PEEK (polyether-ether-ketone), Ertalon 4.6 (polyamide PA 4.6), PEI
(polyether-imide), PES (polyether-sulfone) and PSU (polysulfone), were supplied to CERN by ERTA-
EPEC (B) for testing of their radiation resistance. The fire behaviour of pure PEEK and PEI complies
with the requirements of the CERN Safety Code and Instructions. PES and PSU could emit toxic and
corrosive fumes when involved in a fire; PA 4.6 is not flame retardant in the standard grade. PEEK,
PEIL, PES and PA 4.6, as well as PSU to a lower extend, are usable at high temperature, but they are
often brittle at cryogenic temperature. Mechanical tests have been carried out, prior and after irradiation
up to doses as highas 100 MGy, to assess the radiation resistance; flexural strength, deformation at
break, limit of elasticity and modulus of elasticity have been measured. The results show that the
modulus and the limit of elasticity are usually not affected by radiation. They also allow to sort the
materials from the most resistant one to the most sensitive one: PEEK, PEIL, PA 4.6, PSU and PES.

1. Introduction

The selection of insulating and structural materials
is an important part of the CERN Large Hadron
Collider (LHC) project. The selected materials have
to fulfil the CERN safety requirements which means
that in addition to their mechanical, electrical,
thermal, and environmental endurance properties,
they have to present a good radiation resistance, and
a good fire behaviour: they must be flame retardant,
and in the event of a fire, the smoke emission must
be low and the resultant gases must be non-toxic
and non-corrosive, this implies that they be
halogen-free.

Numerous mechanical tests have been carried out at
CERN and in many other institutes to assess the
radiation resistance of various types of materials,
and a lot of data is now available [1, 2]. Most of this
data concerns glass-fibre reinforced thermosets.
Since a few years, high-performance thermoplastics
are available on the market. These products present
interesting properties on a mechanical point of view,
as well as good radiation resistance. They are still
often more expensive than common thermosets, but

the possibility to mould complicated pieces of
equipment makes their process faster and cheaper.
The semi-crystalline ones (PEEK and PA 4.6) also
present a better wear resistance and a lower friction
coefficient. With respect to the standard engineering
plastics (PA, POM, PETP and PC) the high-
performance thermoplastics also offer a better
chemical and hydrolysis resistance especially PEEK
which has a chemical resistance almost comparable
to PTFE.

2. Selected engineering thermoplastics

ERTA-EPEC (B) supplies stock shapes in high-
performance thermoplastics (EPEC stands for
‘Engineering Plastics, Extruded and Cast), five of
them have been selected for testing of their
radiation resistance: PEEK (polyether-ether-ketone),
Ertalon 4.6 (polyamide PA 4.6, also commercialized
under the trade-name Stanyl), PEI (polyether-
imide), PES (polyether-sulfone) and PSU
(polysulfone). All of them are pure plastics, but
PEEK is also available in the carbon-black grade, in
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a lubricated reinforced bearing grade, or with 30%
of glass-fibers.

Their chemical structures appear in Fig.1 below.

Figure 1: Chemical structures.
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Their main physical properties appear in Table 1 [3].
Some of their thermal properties, such as CTE and
thermal conductivity are comparable to the best
epoxies. They are usually more sensitive to water
absorption and moisture, especially PA 4.6 which is
Very sensitive.

3. Fire behaviour criteria and tests

At CERN, the requirements for fire safety are
described in the Safety Code E and its appendices,
among them, the Safety Instruction IS 23 and the
Safety Note NS 11 [4, 5, 6]. The requirements and the

corresponding standards are summarized in another
paper of this conference [7].

The UL rating and the limit of oxygen index (OI)
appear in Table 1. The data about the toxicity and the
corrosiveness of fire gases as well as the smoke
density are general data for these types of materials,
taken from (8], they are summarized below.

PA 4.6, as other polyamides, burn readily exhibiting
dripping. Its use must be restricted in components
where fire propagation is impossible because of
confinement. Flame retardant grades are sometimes
available but their smoke and toxic fume emission
should be controlled before selection.
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PEEK and PEI present good heat resistance and very
good fire retardancy without resort to the use of
additives. When involved in a fire, it emits low smoke
and toxic and corrosive fume.

PES and PSU also present good heat resistance. PES
is rated V-0 in the UL test, PSU is rated V-1 or HB
that indicates a rather poor flame-propagation
behaviour, even if both types of materials are difficult
to ignite. When involved in a fire, they emit sulphur
dioxide at high temperature.

4. Radiation-test methods
4.1. Irradiation conditions

The samples have been irradiated either in a cobalt
source (6°C0) at a dose rate of the order of 1 Gy/s, up
to 1 MGy, or in a nuclear reactor at a dose rate of the
order of 50 Gy/s up to 100 MGy. In both cases the
irradiations took place in air, at temperatures between
15°C and 60°C which are well below the glass-
transition temperatures of the materials.

PEEK and PA 4.6 have also been irradiated in the
cobalt source at the same dose rate, but up to 7 MGy,
in several times spread over a period of two years.

More details about the irradiation conditions can be
found in [9].

4.2. IEC 544 Standard

The international recommendations for radiation
damage tests are described in the IEC 544 standard,
“Guide for determining the effects of ionizing
radiation on insulating materials™ [10]. As it has been
observed that electrical breakdown of insulating
materials is wusually a consequence of severe
mechanical deterioration (see eg. [2]), the
recommended test procedures for permanent effects
are testing of mechanical properties, which in the
case of structural materials is the only valid method.

The IEC standard recommends that flexible plastics
(e.g. cable insulations) be submitted to tensile tests
(according 10 ISO/R527 and ISO/R37) and that rigid
plastics, including composites and prepregs, be
submitted to flexural tests (ISO 178). IEC 544
recommends that these tests are carried out to rupture
of the material: flexural strength and ultimate
deformation are measured at the breaking point. This
is an appropriate way for assessing the severe
mechanical deterioration and the consequent
electrical possible failure of an insulator.

In real life, the structural materials are never used up
to their breaking point; the strain is usually limited to
less than 1% (usually between 0.2% and 0.6%) to
minimize long-term creeping (which may never be
neglected for plastic materials). If stress and strain
are limited, the modulus is often an important
property to be considered for the behaviour of the
material; the flexural modulus is calculated from the
slope of the stress—strain curve at its origin.

IEC 544 recommends that the limit of usability of a
material is the absorbed dose at which the critical
property (the most sensitive one; often the flexural
strength) is reduced to 50% of its initial value, and
defines a radiation index (RI) as the logarithm (base
10) of this dose.

4.3. Mechanical tests at CERN and criteria

At CERN, the flexural tests are based on a three-point
loading system carried out on an Instron 1026
machine, with a crosshead speed of 5 mm/min. It is
known that the three-point loading test creates local
stresses opposite to the central loading support, but as
all samples are tested the same way, the observed
reductions of properties are well representative of the
degradation of the materials. More details about our
test methods can be found in [9].

From the recorded load—-displacement curves it is
possible to calculate the stress—strain curves, the
modulus of elasticity and to determine the limit of the
pseudo-elastic region.

The flexural strength at maximum load, the ultimate
deformation (at break), the limit of proportional
deformation and the flexural modulus of elasticity are
given in the results below (Table 2). They are defined
as follow :

Flexural strength at maximum load :
ox=(3.L.Px)/(2.B.T% (in MPa)
Flexural modulus of elasticity :
E=(’.F/Y)/(4.B.T> (in MPa)
Ultimate deformation (at break) :
€x=6.Dx.T/L? (in %)
Limit of proportional deformation :

ep=6.Dp.T/L? (in %)

With, L the span length between the outer
supports (= 67.065 mm),
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B the width of the test piece (= 10 mm),

T the thickness of the test piece
(=5.04 + 0.05 mm),

Px the maximum load (N),

F/Y the slope of the load—displacement
curve in its early linear region,

Dx the deflexion at break (mm),

Dp the limit of proportional deflexion (mm),

Note that for technical reasons, the maximum
deflexion, in the flexural cage, is 23 mm, the
corresponding ultimate deformation is 15 %. The
radiation indices will be calculated on the base of the
reduction of the flexural strength at break and of the
reduction of the deformation at break; the value to be
taken for the limit of usability is the most restrictive
one.

5. Radiation test results
5.1. Flexural test results

The variation of the mechanical properties with dose
appears in the tables and graphs in appendix, they are
summarized in Table 2 for the five selected materials.
Two values of the radiation index are given for each
material: one based on the reduction of the ultimate
flexural strength, the other one based on the reduction
of the ultimate deformation; the latter is the lowest
one (based on the most sensitive property), it is the
value to be considered for the limit of usability of the
materials.

5.2. Tensile tests on PEEK film

Insulating films made of PEEK (not supplied by
ERTA), of 130 and 25 micrometre thicknesses, have
been submitted to tensile tests (according to ISO R37,
which is not the appropriate standard for films, but
which can be used to observe the radiation
degradation). After irradiation in the nuclear reactor,
it appears that the films are more degraded than the
bulk material; the degradation is even more
pronounced for the 25 micrometre film which suggest
an oxidative effect; RI = 6.8 (see in appendix).

5.3. Long-term irradiation

After the long-term irradiations up to 7 MGy, one
sample of PEEK has been tested and show no
degradation. The four samples of PA 4.6 have been

M. Tavlet, H. van der Burgt

tested; the results show that it is heavily degraded
(see the results with an asterisk in Table 2).

5.4. Mechanical tests at low temperature

It is known that the flexibility of the polymers is
reduced at cryogenic temperature; their modulus as
well as their strength increase slightly or
significantly, their ultimate strain as well as their
impact resistance decrease. A literature survey has
shown that the reduction of the mechanical properties
with irradiation is about the same whether the
material has been irradiated at room temperature or at
cryogenic [11]. For example, Spindel et al. found that
the strength and modulus of PEEK and PEI increase
sensibly at cryogenic temperature (4 K), and that the
irradiation up to 10 MGy still increases these values
[12]. ERTA materials, PEIL, PES and PSU have been
included in a radiation test programme carried out at
low temperature (77 K) at the Atominstitut der
Osterreichischen  Universitiiten [13]; the same
behaviour has been observed, their ultimate
deformation prior to irradiation is of the order of 5%.
Regarding their ultimate deformation, PES and PSU
have an RI of 6.3 which is higher than after a room-
temperature irradiation.

The 130 micrometre film has also been included in
the same programme. Its ultimate elongation prior to
irradiation is of the order of 6%, and is unchanged up
to 60 MGy. This confirms that PEEK is prevented
from radio-oxidative degradation when irradiated in
liquid nitrogen.

6. Discussion and conclusion
6.1. Validity of the tests

As said in 4.2., if stress and strain are limited, the
modulus of elasticity and the limit of the pseudo-
elastic region (quasi-proportional) are important
properties to be considered for the behaviour of the
material. The radiation test results show that these
properties are almost not affected by radiation.

On the other hand, the decrease of the flexural
strength and of the ultimate deformation are
representative of the degradation of the material), the
ultimate flexibility is always the critical parameter.

Ageing of polymers, due to (ime—temperature
degradation as well as other environmental factors
such as radiation combined with fatigue, appears as a
change in the fracture mode, from ductile to fragile.
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Table 2 : Variation of mechanical properties of High Performance Plastics
TIS Trade name Dose Strength Deformation (%) Modulus
No (MGy') (MPa) at break prop. {GPa)
520 Erta PEEK 0.0 177 > 15 2.4 4.3
5.0 179 > 15 2.9 4.1
7.0% 187 > 15 1.6 3.0
10. 161 11.6 2.7 4.2
50. 111 3.8 1.5 4.3
100. 143 5.8 1.9 4.2
RI > 8.0 7.0
526 Ertalon 4.6 0.0 126 3.7 1.2 5.8
3.0 133 3.4 1.6 5.9
7.0% 50 1.2 1.0 3.0
10. 64 1.4 1.5 3.7
50 33 1.5 1.0 1.9
RI 7.0 6.8
533 Erta PEI 0.0 171 > 15 2.1 3.1
1.0 174 > 15 2.0 3.2
3.0 179 > 15 2.1 3.3
10.0 158 10.9 1.2 3.2
50.0 102 3.3 2.2 3.3
RI > 7.7 7.0
534 Erta PES 0.0 141 > 15 2.9 2.7
0.5 134 > 15 1.9 2.8
1.0 132 11.7 2.0 2.9
3.2 47 1.7 1.6 3.1
10.0 14 0.5 0.4 3.3
RI 6.3 6.0
535 Erta PSU 0.0 120 > 15 2.1 2.6
0.5 114 > 15 1.9 2.7
1.0 102 9.6 1.8 2.8
3.2 58 2.1 2.0 3.0
10.0 19 0.7 0.6 3.0
RI 6.4 5.9

* long-term Iirradiations

The measurement of the ultimate properties as done  and hence of real ageing of the material. Therefore,
in the tests recommended by the IEC 544 standard is  the reduction of one of these properties is a valid base
representative of the transition in this rupture mode  for the limit of usability.




6.2. Cryogenic behaviour under radiation

At cryogenic temperature, polymers are not ductile
and their fracture always occurs in the fragile mode.
Irradiation at constant low temperature does not
increase the degradation compared to a room
temperature irradiation, the presence of the cryogenic
fluid even impedes the radio-oxidative degradation.

6.3. Long-term behaviour under radiation

As other polyamides, PA 4.6 is sensitive to radio-
oxidative degradation and to moistore. Its fire
behaviour characteristics prohibit its use in places
where fire propagation presents a danger. All of this
restricts the use of this high-performance
thermoplastic in confined vessels without oxygen and
where the atmosphere is controlled.

6.4. Ranking

The results show that the modulus and the limit of
elasticity are usually not affected by radiation, the
flexural strength is slightly affected, the deformation
at break is the critical property.

The results also allow to sort the materials from the

most resistant one to the most sensitive one: PEEK,
PEI, PA 4.6, PSU and PES.
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DETERMINATION OF EFFECTS OF IONIZING RADIATION ON INSULATING MATERIALS, IEC 544
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CERN MATERIAL No. 1 520

MATERIAL PEEK
TYPE (natural polystherstherkstone)
SUPPLIER ERTA (via Angst & Pfister)
REMARKS
TEST RESULTS :
Dose | Dose Flexural Defiexion Module of
Rate Strengih at break Elasticity
(op)| (@y/H) | S (wpa) D (WM) M (cPa)
0.000 - 1769 £+ 257 230 £ 0.0 43 + 0.1
5.000 ‘|.8x10s 1786 &+ 03| 23.0 £ 00 41 + 0.0
10.000 ‘IB)(‘I()5 161.0 £ 35.2 17.3 + 8.4 4.2 £+ 01
50.000 2.1)(105 111.1 £ 283 56 = 2.0 43 + 01
00.000 |2.2x10°| 143.2 £ 21.6 8.7 &+ 23 4.2 % 0.1

RADIATION INDEX ( 2.2x10° Gy/h ) : 7.0

DETERMINATION OF EFFECTS OF IONIZING RADIATION ON INSULATING MATERIALS, |EC 544

ABSORBED DOSE (Gy)

10°

CERN MATERIAL No. : 703
EH MATERIAL Polysther—ether—ieton
TYPE LITREX (amorphous)
SUPPUER PetroChernie Denubia
REMARKS flim 130 micron
TEST RESULTS :
10
Dose Dose Tenslle properties Hardnesa
rate Strength Elongation Shore D
(Moy) | (Gy/H) | R (MPo) E (X) H (Degree)
»e 0.000 - 938 £ 79 181.0 £ 12.4 53.0 £ 0.0
1.000 | 4800.0 | 98.3 +11.1 1470 £ 139 5§7.0 £ 0.0
. 3.000 2.2!10‘ 86.8 + 5.7 1330+ 65 59.0 £ 0.0
10° 110.000 2.2x105 825 + 55 72.0 + 34.0 62.0 &+ 0.0
50.000 | 2.2x10° 40.2 + 32 08 %+ 0S5 56.0 £ 0.0
RADIATION INDEX ( 2.2 10° Gy/h ) : 6.8
10° Y BT BT e Fm 10°
0. 10 10" 10 10

OXYGEN INDEX NOT MEASURED

)

NCA
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DETERMINATION OF EFFECTS OF IONIZING RADIATION ON INSULATING MATERIALS, IEC 544

103 1 T T T Ty T T 7Ty 102 CERN MATERIAL No. : 526
S,IM ip MATERAL  : Polyamide 4.6
] TYPE : Ertalon 4.6
< SUPPLUER : ERTA (via A & P)
g REMARKS : = Stanyi by DSM
TEST RESULTS :
10
Dose | Doze Flexural Deflexion Module of
Rate Strength at break Eiastlclly
(MGy) | (6y/H) S (MPa) D (Mm) M (GPa)
0.000 - 126.1 £ 1.4 55 + 0.2 58 +£ 0.3

3.000 2.4)(105 133.1 &+ 88 50 +£ 04 59 + 0.7
70001 10000} 504 + 58| 1.9 % 02 | 3.0 % 0.1
17 |10000{2.1x10°| 640+ 75| 21 % 02 | 37 + 04
3 50.000 |2.1x10°| 333 + 94| 22 4 08 | 1.8 + 0.4

RADIATION INDEX ( 2.4x10° Gy/h): .8

—rer@rrry

MPa,GPa 3
®D>Oo
T ow
L L A ll‘lll
MM

10 ekt aasnal W RETIT | L) 10

77
0. 10 10° 10 10" ‘
ABSORBED DOSE (Gy) @\J
N
DETERMINATION OF EFFECTS OF IONIZING RADIATION ON INSULATING MATERIALS, IEC 544
3
10 1 ey rTrorrrrg vovrrragm 102 CERN MATERIAL No. : 833
S, IM 1D MATERIAL : Polystherimide
] TYPE : Era PEI
4 . SUPPUER : ERTA
L REMARKS : based on Uttem 1000
TEST RESULTS :
1L 1
E E Dose | Dose Flexural Defiexion Module of
DU_ 3 E Rote Strength ot break Elasticity
) i 7 (m0y) | (Gy/H) S (MPo) D (MM) M (GPa)
Lf'. = 0.000 - 1710 £ 12| 230 + 0.0 31+ 0
b 1= 1.000| 4000.0 | 1741 £ 15| 230 * 0.0 3.2 £+ 09
\ 3.000{2.2x10%| 1782 + 1.2| 230 £ 0.0 33 £ 0.
10 —~ 10 [10.000 [2.2x10%| 1579 + 286 162 + 84 32 00
3 . 50.000 |2.2x10°| 1018 + 68| 49 + 04 33 + 00
9. © s o —o—_ o —& , RADATION INDEX ( 2.2x10° Gy/h ) : 7.0
A D
- 0 M -
0 -1
10 Ao AW ETTT | FEE WYY a2 asaad 10
0. 10 10° 10’ 10"
CERN
ABSORBED DOSE (Gy) ns
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10 T ——rrrrr——r—rrrrrryg 10 CERN MATERAL No. : 534
S, M iD MATERIAL Polystharsuitone
] TYPE Erdo PES
. SUPPLIER ERTA
g REMARKS based on Victrex
i
, TEST RESULTS :
10 10
] Dose | Dose Flexural Defiexion Module of
0? b Rate Strength at break Elostlcity
o b {Moy) | (6y/H) S (MPa) D (MM) M (GPa)
o S | 0000f ~— | 1407 + 14| 230 % 00 | 27 + 00
S 1= | 0500| 40000 | 1344 + 08| 230 + 00 | 28 % 01
1.000 | 40000 | 1320 + 55| 174 + 68 | 2.9 + 0.1
10' —1¢ | 3.000(2.2x10%| 468+ 34| 25+ 02 | 31 % o1
3 10000 |2.2x10°] 143 + 63| 07 + 03 | 33 + 03
_:_Z_o_‘__,_,__«p RADIATION INDEX { 1.1x10° Gy/h ) : 6.0
o M 4
° T PP NPT BT+)
10" Led i . 10
0. 1¢° 10" 10 10°
ABSORBED DOSE (Gy)
DETERMINATION OF EFFECTS OF IONIZING RADIATION ON INSULATING MATERIALS, IEC 544
? ¢
10 ' v T T T8N "‘ T LR SR EAE] " Ll LER IR ALS 1 CERN “ATEmL N°0 : 535
S, IM ip MATERIAL Polysuifone
] TYPE Era PSU
4 . SUPPUER ERTA
| REMARKS based on Udel P 3500
TEST RESULTS :
10 410
[ b Dose { Doas Flexural Deflexion Module of
cE - 4 Rate Strength of break Elasficlty
(L] 1 (MOy) | (Gy/H) S (MPa) D (Mm) M (GPa)
o = | 0000 - | 1201+ 08| 230 + 00 | 28 + 0.1
=T 1= 0.500 | 4000.0 | 1139 + 08| 230 £ 0.0 2.7 £ 0.0
. 1.000| 4000.0 | 101.6 + 11.4] 143 £100 | 2.8 £ 0.0
0L 10 | 3000|22x10°| 82+ 25| 31 % 01 | 3000
F 3 10.000 | 2.2x10%| 188 + 26| 1.1+ 091 | 30 % 01
| O's ] RADIATION INDEX ( 1.1x10° Gy/h ) : 5.9
é —a-p—0—06——¢
L o .
0 P\
10 ,,‘ ot A asaasl A2 aaaasl Aas sassat 10
0. 10 10" 10 10"

ABSORBED DOSE (Gy)




