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Abstract—Positron annihilation spectroscopy (PAS) has proven to be a very useful technique for, e.g., the
study of defects in materials and the characterization of polymer free-volume. Positron lifetime, Doppler
broadening of the annihilation radiation (characterized by the so-c8lftameter) and angular correlation

of annihilation radiation (ACAR) are the techniques used mostly. In the last few years these techniques have
been extended to the study of physical defects at the atomic level of coating systems. These studies show
that positron lifetime and th& parameter can monitor the degradation of the coating due to environmental
changes (water or UV exposure). The present work is focused on the behavior of coatings under external
stresses as studied by PAS. Results of positron annihilation measurements (before and after stretching) on
interstitial free (IF) steel coated with epoxy using the Delft variable energy positron (VEP) beam facility are
discussedl] 2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION degradation of the polymers caused by the exposure

L . I and a correlation was found with free radical forma-
The application of positron annihilation spectroscop}/ion

for studying the.degradanon of polymeric coatings Apart from weathering effects, some other proper-
has been described by several authors [1-5]. The . .
; S ties of the coatings are of interest. For example,
results of positron annihilation lifetime spectroscop - - .
. .. "Mechanical properties and the behavior under stress

(PALS) and Doppler broadening of the annihilation

L . . of the polymer on the metal systems are very
radiation (DBAR) techniques are discussed. In those - -

: : important for the so-called on-line coatings. The qual-
articles excellent correlation was observed betwee . - .

X e .ty of the polymer adhesion to the metal is crucial for
positron annihilation parameters and the properties Q

the coatings. Leidheiseet al. [1] show a relation such applications. In .thls paper we present the first
results of DBAR positron beam analysis measure-

between the positron lifetime and the barrier qua“t¥nents dealing with interstitial free (IF) steel samples

of epoxy goatmg; on steel in an aC|d.enV|ronment. lr%]oated with two types of epoxy and subjected to
poor barrier coatings larger voids will be present a . .
external tensions. The samples were strained by up to

the metal/coating interface that can be detected by, % of their original lenath resulting in plastic defor-
high value ofz; (longest positron lifetime). The effect mation 9 9 gmnp

of water saturation on the coatings was studied by
Mandaniet al. [3] and MacQueeret al. [4] using
PALS and by Nielseret al. [5] using DBAR in a 2. EXPERIMENTS
positron beam system. The UV irradiation effect wa;
studied using DBAR by Caet al. [2] and showed a
significant decrease in tHgparameter ascribed to the The samples studied were two different types of
epoxy-based polymer. The first (type 1104) was a
solid epoxy with an epoxy equivalent weight, EEW

* To whom all correspondence should be addressed. Fa cratio between molecular weight and the amount of

2.1, Sample preparation

+31-15-278-6422. poxide groups), of 950, while the second (type 828)
E-mail address: rescobar@iri.tudelft.nl (R. Escobar Was a standard liquid epoxy with an EEW of 190. The
Galindo) epoxies were dissolved in a 10% solution of organic
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solvent (acetone). Then they were cross-linked with B

a Lonzacure M-DEA amine with an active hydrogen S= A+BiC

equivalent weight, AHEW=ratio between molecular

weight and the amount of active hydrogen), of 77.5, - AE s

spin-coated on IF steel samples and cured at@50 % =

for 2 h. The steel substrates (1 mm thick) were pol- 2 :

ished with a diamond paste (#m), annealed for2h o A

at 1000 K and finally electro-polished to provide a A s B ?‘._ C

smooth defect free and flat surface to the coating. The Sy

thickness of the coating layer was determined by . >(’ o 3{

positron beam analysis. The Laboratory of Coatings :

Technology in Eindhoven provided both epoxy W = _D+F

samples and the amine. D+E+F

2.2. Positron annihilation experiments w . , .
The positron annihilation experiments were perfor- 3 AEW AE W

med with the Delft variable energy positron beam % . A : :

(VEP) [6, 7]. The positrons were injected in the : P

samples with energies tuned between 100 eV and 25 - D SE % I

keV. Energy spectra of the annihilation radiation j \

around the 511 keV peak were recorded with a single : ' : '

Ge solid-state detector as a function of the positron 506 511 516

implantation energy. All experiments were carried out Ey (keV)

at room temperature under a vacuum of about®10
Pa. The data were analyzed with the VEPFIT prorig. 1. Schematic definition of shape parame$eand wing

gram [8]. parameterW of the 511 keV annihilation photopeak. Ti&
parameter is defined as the ai&#defined by the energy win-
2.3. Tensile experiments dow AEy) divided by the total are&+B+C. The W parameter

) . is defined as the area of the wingsand F (defined by the
A tensile/compression substage from Kammrath & energy windowAE,) divided by the total area.

Weiss GmbH sited in the Materials Science Center of

the University of Groningen was used to strain the

coated samples. The cross-sectional area of thd to trace positron trapping in, e.g., layers as in the
samples was 2.9 cn? and loads from 0.3 up to 3 samples described here. In general, the measH(fgd
kN were applied to the samples in order to obtaidnd W(E) are a sum of the characterist® and W,
strains ranging from 1 to 35% of the original lengthvalues of the trapping layers weighted by the fraction
The strain rate of the experiments wagi/s. of positrons trapped in each layR(E):

N
3. RESULTS AND DISCUSSION SE) = D f(E)S (1a)

Measurements of the Doppler broadening of the et

positron-electron annihilation radiation are generally

characterized by th& (shape) parameter, defined as N

the ratio between the central part of the annihilation W(E) = D f(E)W, (1b)
spectra and the total spectra. This parameter reflects i1

the positron annihilation with valence electrons (low

momentum). In general, a high value 8findicates

positron annihilation in open volume defects. If thewith N the number of trapping layers.

material allows the formation of a positronium state The analysis of the data is done with the aid of
(Ps), this will contribute to the DBAR with a narrow the VEPFIT [8] program. This program provides an
component because of the low intrinsic moment adlgorithm that simulates the implantation and solves
the positronium. A second useful parameter for ththe diffusion equation, taking into account the trap-
analysis of DBAR is theV (wing) parameter, which ping and annihilation of the positrons in the material.
reflects the positron annihilation with high momenThe samples studied here are described as a stack of
tum electrons (core electrons). Figure 1 schematicalpositron trapping layers characterized by a thickness
shows the definition of both parameters and th), S and W, parameters and a positron diffusion
energy windowsAEg and AE,, set to define the inte- length ().

gration areas. In the study of interfaces, both para- In Fig. 2 theS parameter of epoxy-coated samples
meters can be combined ®W maps with a third is plotted against the positron implantation energy.
variable (i.e., implantation energy, temperature/ery similar behavior is observed in both samples
strain...) as a running parameter. These maps are uséth a slightly lowerS parameter for the 828 epoxy.
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058 a ‘ ‘ ' ' takes place in a broad energy interval due to the strag-
gling of the implantation profile and the long dif-
0.56 - fusion length of the steel (108 nm, see Table 1). In
b other words, positrons implanted far from the epoxy
054 L layer can end up annihilating on the polymer/steel
interface.
5 052 ] I So from theS(E) plot two different layers were
g characterized: a thin layer of epoxy500 nm) and
8 15 | the thick IF steel substrate. Each layer was defined
n c by the fitted §, W, coordinates. Assuming that
annihilation occurs only in these two layers, the data
048 1 X points in theS-W map must lie on a straight line con-
necting theS, W, cluster points of epoxy and steel.
0.46 1 J I This is due to the linear definition of both parameters.
In Fig. 3 such a plot is shown for the epoxy 1004. It
0.44 , . . ‘ can be observed that there is a deviation from lin-
0 5 10 15 20 25 earity, so a third trapping layer has to be included in
Energy (keV) between the other two. This third trapping site is

Fig. 2. Svs positron implantation energy curves for an IF stee?scnbed t(_) the |nter_fa(_:e between b‘?th materials _and
sample coated with: (a) epoxy 1004 (solid), (b) epoxy 82#s study will be crucial in understanding the cohesion
(liquid). Both curves are compared with (c) IF steel withouof the polymer to the metal.
coating. Continuous lines show the VEPFIT results. With the aid of VEPFIT, the data &-W measure-
ments were analyzed in terms of three positron trap-
) ) . o ping layers. The results of this analysis are summar-
For low implantation energies, there is first aneq in Taple 2. It shows that the diffusion length of
increase inS followed by saturation until approxi- yhe epoxy layer is very short compared to that of the
mately 5-6 keV. The high value @is attributed 10 gtee| |n the model the interface was assumed to be
the formation of positronium in the epoxy layer and, perfect sink for positrons. In Fig. 4 the positron
the following saturation indicates the short diffusioqanergy dependence of the fraction of positrons annihi-
length of the positrons inside the polymer, due 10 itgying in the different layers is shown. It can be seen
amorphous state. For a short diffusion length, posfnat even for high implantation energies of 10-15 keV
trons implanted in the material will not diffuse backipere is still an important fraction of positrons annihil-
to the surface. At energies higher than 5-6 keV ging at the interface. Because of the high diffusion
decrease in th& parameter is obse.rved apprqachmgength in the steel, positrons implanted deep in the
the value of uncoated IF steel. This change in #1€ gee| can diffuse back to the interface and become
parameter determines the boundary of the epoxy laygthneq there. One very interesting experiment would
and can be used to determine the thickness of e 55h1ving an electric field to the samples, drifting
coating. The positron implantation profile is usuallfne nositrons to the interface. That kind of experiment
parameterized by a Makhovian profile giving a meag;ij provide very interesting information about the

implantation depth [9] of: interface of the coating.
_ o
zZ= I;E" (2 0.11
0.10 A

0.09 4

wherea = 4.0 pg/cn?, n = 1.62,p is the density of
the material ancE is the energy of the positrons in £ 0081
keV. The thickness of the layer was accurateIE 007 1
determined by the VEPFIT program, resulting in 53!&

nm (see Table 1). The transition from annihilation 0= 0081 @ % s |
positrons in the polymer to annihilation in the stee 0.05 { ®n €poxy}

()
0.04 1 @

Table 1. Multilayer VEPFIT analysis of IF steel coated with epoxy 100¢  0.03 T T T T T T
and epoxy 828. Diffusion lengths and boundary location are show 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58
Errors of the fitted values are typically in the order of 10%

interface

S parameter

Sample Lepory (M) Lateer (M) Doounaany("M) - Ei 3 5 \Wmap of the IF steel sample coated with epoxy 1004.
The dotted lines show linear regressions of tBeW) points

Epoxy 1004 24 108 535 to determine graphically the positron trapping sites marked by

Epoxy 828 2.4 124 496 larger circles. Arrows indicate the direction of increasing posi-

tron implantation energy.



4746 ESCOBAR GALINDOet al: POLYMER/METAL COATING UNDER STRESS

Table 2. VEPFIT analysis db-W parameters for IF steel coated with epoxy 1004 during stretching. Errors affect the last significant digit

Strain (%) Sepoxy Wepoxy Shrerface Wintertace Seel Wteel
0 0.5680 0.039 0.517 0.064 0.457 0.107
1 0.5685 0.0385 0.517 0.064 0.457 0.106
10 0.5690 0.0384 0.517 0.064 0.475 0.095
20 0.5700 0.0385 0.518 0.064 0.479 0.093
35 0.5700 0.0384 0.519 0.064 0.484 0.089
L 0.12
1.0 4 . b .. . F 0%
0.9 4 .' . | (o] —8— S epoxy vs W epoxy
. * 0.10 —w— Sinterface vs W interf:
0.8 - . / i —=— S steel vsvzsteellne oee
. . . d 35%
0.7 B L3
c 064 " | g 0.08 1 peformation of the substrate
S0 . . ] (metal vacancies) No change in the interface
8 05 1 . . L @
i . 2 0.06 A b
0.4 1] . L=
0.3 . L a
3 p 0.04 4 F
02 f e T ~ — . @
Fl a .. No change in the epoxy
0.1 1 T~ L
----- 0.02 T T T T T T
0.0 f T y y 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58
0 5 10 15 20 25

Energy (keV) S parameter

Fig. 4. VEPFIT fitted results of energy dependent fractions o'f:ig' 5.5-Wmap of the IF steel sample coated with epoxy 1004

positrons annihilated at: (a) the surface, (b) in the epoxy laye ith the strain as the rur_mln.g parameter. The cwples mark the
(c) at the interface, and (d) in the steel substrate for IF ste ree positron trapping sites: (_a) epoxy Iayer,_ (b) _|nterfa_ce, and
coated with epoxy i004 without stretching. The vertically dot C) steel substrate. The arrow indicates the direction of increas-
ted line indicates the location of the interface boundary (535 ing strain from O to 35%.

nm) according to VEPFIT analysis.

is known that this kind of polymer is used normally as

The samples of epoxy 1004 were measured ag;ﬁprimer in coatings so the adhesion to the substrate is
after stretching to different strains levels. The ducgxcellent. It would be interesting to coat the samples
tility of the IF steel is 43% so strains from 1 to 35%With another type of polymer. When cavities are
were applied in order to have a wide range of elongd@rger than nanometer size they will be clearly
tions. The behavior previously described for a coatedPserved by positron beam analysis.
sample before stretching was observed in all the
samples after elongation. At least a reduction in the 4. CONCLUSIONS:
thickness of the layer was expected because of the ] ) o )
strain; as in plastic deformation, the volume should Poppler broadening of positron annihilation radi-
be conserved. However, on stretching, although trion presents some advantages for the study of inter-
length increased, the width decreased, creating faces and th_erefore the adhesmr_]_of coatm_gs. Itis a
“neck”. So the thickness was not affected by th@on-destructive and _d_epth sensitive technique, and
stretching and no differences were found with th@!SO offers some additional features &V plots to
positron experiments. A5-W map with the strain trace change§ in the system _durlng treatment. In the
as a running parameter might shed more light on t@@mples studied no decohesion of the epoxy on the
differences in the coating due to the applied stresg'etal after stretching was observed. The technique is
In Fig. 5 such a map is presented. An increase gensitive enough to detect sr_naII varlatlo_ns in the open
the S parameter at the interface would be a sign ofolume defects in the material, _but no 5|gn|f|can_t dif-
decohesion due to the creation of open volumierence was measured at the interface. Experiments
defects. As it turns out, no differences are noticet Which electric fields are applied to drift the posi-
either at the epoxy layer or at the interface. On thikons tp the polymer/m_etal interface vv_|II complet@T this
other hand, after 10% elongation, the effect optudy in order to obtain a more detailed analysis.
deforming the steel substrate is observed by the
increase in thé& parameter and by the decreaséNin  AcknowledgementsThis work was financially supported by
The epoxy coating seems to follow the surface of thiée Dutch Technology Foundation STW (project number
steel perfectly. We conclude that the strain rate wgzNS-4901). Dr C. V. van Nostrum and R. D. van de Grampel

. . om the Laboratory of Coating Technologies in Eindhoven,
low enough to permit the polymer to rearrange itse yrovided the epoxy and the amine samples and their notes
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