Al 2003

ANALYTICAL SERIES

Chemiluminescence for the Early
Detection of Weathering
Effects of Coatings

Part |: Fundamentals

by Yolker Waghtendorf and Anja Geburtlg
Oahl Fedaral Institute for Materials Research and Tosticrg

I this two pait setles, the analviical
technique of chamiluminascance for sany
detection of woathanng effects iz pre
santed. Part ) inlraduccs the fundamean-
tals of chermiumincscernce. Pt I, o e
published i noxt month's CoatingsTech,
wiil prescnt the experimental sel up ahd
examineg chemifumineseaenos maodes and
corhinations with other techmiges.

INTRODUCTION

Weathering tasts arc part of Lhe group
of hong term tests designed to Charactorize
the aging ot materials, Even after decades
af use on thousands of differenl matetials,
these Lests stll are necessary to charas
Lerize newy materials as their oufoome is
rraterial specific (enee, conclusions fram
matarial & 1o material B cannot be drawn).
There still is no physicalchemical model
to characlerize the sging process as an
allernative to the experimental svalua-
tion, Sinee Lhe aging, in terns of & certain
properly varsus its exposure time, doss
nat run in parallel for different malerials, it
i not suilicient to improve the nttial value
of a property. Only Lhe experimentsl evalu-
gtian of the aging curve is able Lo ensure
that e aged value of the propoy 15 still
within specifications,

Achvarices in the LW slabtlization of
coalings have resulted in incroased ser-
vice litotirne, Subsoguertly, aslificial tests
of long-term stability nead 10 last longer.
At the same lime, however, dernands to

shorten the duration of testing have be
came more stringeni. Particularly during
the develnpmeant phase of new coating
systams. long tosting times are prohind
tive, &ny methad 1hal can sharen the
time for artificial teets, therefore, is much
in demand.

The tost duration shortening strategy
followed hare is to use chomilurmings-
eENCE 85 A Sensitive detecior for weather
ing cffocts. This imeans that woathering
toutdoor or artificial) is carded oulin the
comeentional way. but for the evaluation
of degradation effects caused by wealher-
ing exposure, Use is made of chemilumi-
nescence detoction.

FUNDAMENTALS

Coricepts to Reduce the
Testing Duration

Three main concepts that address the
goal of reducing Lthe duration of artificial
wealhering tests can e differentiated.

»  Exagdaration of exposure conditions
far beyund the conditicns ooourring
unter field condiions. Expecially the
EXPOSEUTE 1o higher lemperatures and
foz irvachialion with spectral conbribu-
ticns below the qut off of natural glotbal
radiavion (below 220 nm) has A fair
probability to result hoa loss of correla
tian ot the atificial Lest ta field cendi-
tinng L This concept can be labelled as
“sxtrome acceleration with completely
erratic correlation ta ficld results.”




4
Lystarn t

Property

¥

& Dwration of Exposure

Figure 1—Differen? degratkation rate hehavior of Lwo malcr
als resulzing in final values of a property at duration (2] that
are not corralates to the initial values before weathesing {a).

*  Time lapse, currertly s the mosl applied strat-
epy. Those exposure phases that cause the
highest weathoring offocts are applied mors
frequently than under lield conditicns, e g, rain
phases are used more aften; or instead of fol-
lewing the divrnal change of irradiance of the
sun, the madimum irradiance ovcurring at noon
is applied constantly for 24 hr, This stratogy
can be labolcd as "moderate acneleration with
Eond correlation Lo field results.”

*  [Dedeclion lhat is more sensitive allows shorten-
ing the duration of the tost since usually the
weathering test has to be conlinued up until
wealhering effects can be detected or diffor-
BNt systems can ho difforontiated in terms of
wieathering effects. This is Lhe slralegy followed
ir: Lhis work, with the uee of chamiluminos-
cence as the sonsitive detection technioue.
This can be labelled as “rmoderately to highly
shartaning in duraticn with moderate to Eood
carrclation to field results.”

Even though coatings are Lhe focus of our
cansiderations, the tenm "polymer” is uscd hore a5

the more gereral chemical ingredient of both bulk
plastics and of coatings.

Limitations of an Early Detection Method

Ay early delection method, not just chemilumi-
nescence, has to oboy physicocherninsl priroiphes
that limit its correlation to real-lime detectior. This
iz due to poseible inconsiztencies in the aging bo-
havior of early and advanccd aging stades.

The sensitivity to dogradation under 3 wealber
ing cuposure changes Mram oneg material to the nest,
Thiz manilests itsel n different degradation ratos.
Initizk performance rarkings may change complelely
during a westhering exposure (see Fgune 1),

This imeans Lhal even if the evaluation of ef-
fecls only aims at rankings of propery changss for
different samples, for 8 comparisen with rankings
oh a differenl momeant of the exposure duration,
ciifferant rankings can ke ohtaircd n the case of in
tersecting aging curves of different sanples under
imvestigatinn. Furlher complicstion can arnise if the
evaluation technigues uacd for carly stages [(3] n
Figure 1] arc not related closely encugh o the tech-
nique: used for advanced stages [0 in Figuee 11

PRINCIPLES OF CHEMILUMINESCENCE*?

“Chemi-lumires conco—as tho word implies s
light goncrated in & chiemical reaction. The detec-
tion of lighl emitted as chemiluminescence {CL)
allows manitaring the Xinctics of an ongoing nxida-
tion roaction. 4s mosl aging ArocEsses are con-
recied with of consist of adidation reactions, the
detection of CL allows following aging reaclions, or
the other way round, establishing the residual oxi-
dalive stabilization in a system,
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I Lhe first appraach, the CL emissinon can bo
described to ho propertional to the reaction rate of
the oxidaticn reaction:

IE =GDr (1

where:

.. ohserved CL emission

3o the instrument's delection officiency for cach
photcn smitted

@ the material specific quantum efficiency of
Lhe progess (0 < o = 1)

¥ the rate of the GL reaction

The gquanium efficicncy is specific to the mate-
tial used and can vary by orders of magnitudos,
Far the oxidation of Lepical polymers, its typical val-
wes can be veny low, inthe range 10% =P = 105,
ILis difficult to dotenmine, but it cspecialy 15 impor
tant to be considerved for comparisons of chemi-
cally different samples if the absalute emission is
Lhe megsure,

The GL emission is linked to the ongaing oxida-
tion reaction via the radical chain character of the
aulo-oxidation process {see Fidurc 2), which bt
legst tor saturated carbon bonds s regarded As
the dominatitng mechanism.

The autc-oxidation scheme® consists of threc
different phases:

* |nitiesticn

» Aulo-oxidation chain

= Chain termination

The initiation wusualy is the rate delermining step
in the whole process, 10 response o exposurs wilh
LY, heat, and catalyzed by metal ions, hydropenos-
ides [ROH? can be decompeosod into bwo radicals
allowing ore hydrogen ta be absliacted fram & paly-
et R-H undear farmation of polymer radicals Re.
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Figure 3—Principal course of @ CF cured showing an
induction perind fallowed by 3 propagation haze,
which iz ended by reaching a maximum, after which the
critlssicn levels off. The investlgation temperalure is as-
smeed canstant for the diration of the measarement,

Theso polymer vadicals R= are the starling
point of the auto-oxidation chain as they readily
reedch with ouygen to farm perosy radicals ROO .
The whol: cycle repeats itself several timas LRt
the concentration of RGO« g sufficiently high for
termination reactions to becorme mora likoly.

Among scveral possible leymination steps in
which froe radicals can react with cach olher with
a cartain probakility atter a certain number of
pycles in the propagation slep, the depicted termi-
nation steps render an electromically sexciled car-
borwyl group RO*. The latter can relas 1o a ground
slale hy emission of a CL pholon. This way. CL
hecormes a lap counter of the ongoing nxidation
reaction. The ratio of terminations Lo propafgaiion
pyeles is specific to a polymier and to the reaction
conditions (especially the termporatures].

Thise events on a molecular scale are
reflected in the macroscopical world of a CL
rieasuremeht. The typical shape of 3 CL curve is
depicted in Figure 3,

At the start of the CL measurament, the CL
emission is at a very low [evel, This is the so
callad induction period, and on the melecular
scale of Lhe auto-oxidation cyole Lhis is equivalanl
Le the initiation pericd. As Lhe energy as well
as the kinetic barrier to break a C-H bond ara
C T bond ina polymoer is rather bigh, only very
few polymer radicals are formed that could react
with ouwgen (i the auto-oxidation chaint and
ultirnately farm an cxcited carbory! fanmination
step that could relax by emitting a L pholorn,
The polymer itself has an inherent sLabilization
thal might be incroased by adding a stabilizer.
The few potymer radicals ultimatcly generating &
{:L photen are responsible for the low CL emissian
detected in this phase.

At the end of the induction period, the CL
cission slans 1o increase: with ceasing congen
Lration of stabilizer and an increasing amaunt of
axidizable polvmer molecules formedd, 1he stabi-
lization of the palymor against oxidation iz not,
efficient cnough any lenger and morg radicals are
tormed than are scavenged by the stabilizer, As
in Lhe radical chain reaction of the aute-oxidalion,
more radicals are formed than thore are going
into it, the reaction auto-acceleratas, and the
propagation phase is observed as a rapidly rising
CL ocmission.

The maximum of the CL emission indicates
the paint where the oxidation reactien does not
accelerale Turther, and aftor which it usually
slows desvh, 10 terms of the auto-oxidation pro-
cossg, this means that from this point an the num-
her ol lermination reacticns thal reduece the num-
her of radicals outnumbers nesw radicals farmed
in the chain reaction with oxygden.
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Figure 3—5superposition of chemilcal reaclicns
[oxidation of the polyrmer) and tramsport prooesses
[oxyger dirfusion nte sotid polymer] during the ©1,
inywostigation,

As the oxidation reaction in our case efers Lo
A solid polymer hal reacls with axygen from the
gaseous atmosphere, physical transport procosscs
alse influcnce the cherical regction and hence the
CL ermission.

The influence of temperature during the CL cx-
periment is twofold:

It incroases the reaction rate, r, of the oxidalion
reaclion vig e lemperature dependence of the

reaction rate constant ki (r — K ¢, . o)

It increases the diffusion rate of owgen into
the polymer via the temperalure dependence of
the diffusion constant D

Superposition of the Oxidation Reaction by
Transpovt, Procasses

The CL emission reflects the rate of the ongo-
ing oxidation reactionis! in the samplc material,
which are not absorbed from zample layvers abowve
Lhe ares that the respective emission is originating
from and that finally reaches the detector.

External influences on the rate of the reaction
are Lhe lemperature twhich influences the reaction
rate constant) and the cxyecn patial pressure.
Cygen, being the reaclant 1o the sample, already
may ke in the sample (dissolved oxypon or oxyEen
fram tho decomposition of peroxides) or may dif-
Muse inle Lhe solid sample from the surrounding
atmosphere (Figue 4],

Apart from the sarmple material, the diffusion
rale g bolh fluenced by the temperature in tho
sample and partial pressure gradient of oxygan in
the sample and Lha surrounding almosphere, The
temperature dependence of the diffusicn rate is
capocially oritical near the glass transitinn Lem-
pEralure, TE. of amorphous and semi<rystalling
pelymers and the vitrification tomperature (gel
point] of duramers ithermoselling resins), whers
many related properties can changs by arders of
magnitugdes (e Hgoure 5.
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Figure 5—Property change at T, for zmorphous ar
sermi-urystalling polyers, which can change related
proparties lke tle diffusion =ale by arders ol mag
nitudes,

This alsa means & fecdback ol chernical reaclion
to cfiffusion rated as the chemical reaction consumes
oygen in the sample. cspocially at high oxidation
ratcs, the diffusion of new axyden rom oulside nlo
the zample can become rate determining.

€L Detection of Weathering Effects*?

In & weathering 1es1, Y Lhe stability of a rel-
evdanl property under the action of a weathoting
expsUre is cxamined. " The aging process rani-
togts itself in the change of certain properties of
the material under investigation, which usually
Mmeans a degradation of functicnal properties,
Both chemical reaclions (most important: axida-
Linn yeactions) and physical procosscs (such as
transport reactinns] contribute to the aging pro-
cess, but usually the chemical reactions are the
dominant ones in terms of the magnitude and
persistonoe of resulting effects.

Initiated moslly by UV radiation, the degrada-
Lion praocess usually stars with single molecules on
the surfact, then spreads over the whole surlface,
and finally can reach ever-decper layvers of the bulk
of the material'™ (2o Ngwe 8.

Unexpnred Saparate Surlace EBulk
Molecules

Duratien of Weathering

Figure a—acharnatic llustrattoe of the weathering process
swarting at separatz moleciles, spreading over the surface,
and finally reaching aver-deepar lzvars of the bulk of the
rnatenal.
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Figure —Titraticn of tho
respective woatharing
stage in termis ol residual

skabilization using CL E Gt
107 URInE &L £ | Emissinn
@

_Macrescopic
A Property

If the concantratich of degradation praducts
an the surfare has acourmulated beyond certain
threshold values, cven macroscapical physical
propertios can change, Depending on their na-
ture, macroscopic properties can he related more
closely o molecular changes (for instance, el Lo
ing to the formation of double bands] or they Can
b anly very indirecty rolated dike gloss retontion
to carbonyl-group fermalion),

# wieathoring test usually has Lo be continued
until changess in certain properlies of the mate-
vial can he detectod. Many established deteotion
lechnigues arg nit able 1o detect the dogradaticn
products but detect o physicat ar toechnological prog-
oty (such as glogs or mechanical wLrangthl, which
rieads depradation products 1o be acournulared until
this physical property is affected. That means that &
transler function mediates the changs in coneentra-
tion as a change of a physical paoperty. This extra
transfer function implies a logs in senstivity and se-
leelivity as well 35 A differentiztion of ditferent prop-
erties jn terms of the shapes and exposure response
of their cUrve over Cxposure dureation.

Replacing conven liohal detection with more
sensihle means of detection lechnigues that are
capable of detecting separats molecules, it s pos-
sible ta shorten the necessary weathering duration
by at least & factor of two.

The most uscful approach to use CL tor the
charactorization of weathoring-induccd material
dogradation consists in making CL irwestiga-
Hions not anly of the unexposed matevial and af
the finally wealherad state but 1o define several
shorter weathering intervals, atter which a sample
is remaved from the weathering and investigated
in CL. However, as Gl means a desiructive testing
tachnigue, each wealhering stage 1o e evaluated
with Cl. needs & separate sample, which needs to
he weathered in parallel with the samgples of dif-
ferent weathering stages, GL Lhis way can be Laed
to “tivate” the resulting stabilization at 2 sertain
weathering stags as indicated in Figure 7.

Exposire Duratlon

SUMMARY

There is an evat-increasing dernand far accel-
aratod tesls Lhat will mid in predicting the service
life of coatings. Chemilurminescence is a seneitive
detection tochnigue that is offered as 3 racthod for
shortening Lhe time tor artificiad weathoring LESTS.
In this first articlo, the fundamentals of Lhe tech-
nigue anc presented, Part |l to be publishiod T Lhe
May 2010 issue of CoatingsTech, examines Lhe
experimanta) st up and applicatians oof eherniwimi-
nescence. Special CL modes and the advantagdes
that can be attaincd through combination with
gther techniques will be prasentod. &
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