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Fine-scale morphology of ultraviolet-ozone etched 
polyethylene 
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The process of ablation of the surface of polyethylene using ultraviolet radiation in the 
presence of ozone has been studied. The average rate of material erosion is quite small but is 
selective, preferentially etching the amorphous regions. The resultant fine scale surface 
topography has been examined using transmission electron microscopy of replicas, and 
lamellae are readily visible. The light source emitted two principal wavelengths, with the 
shorter wavelength affecting measured etching rates more strongly. 

1. Introduction 
It is well known that organic polymers are sensitive to 
ultraviolet (UV) radiation [1], and are also degraded 
in the presence of ozone. The combination of the two 
has been reported to accelerate degradation processes 
[2]. Ozone can be produced from molecular oxygen 
irradiated with UV of wavelengths shorter than 
242 nm [3]. Hence illumination of a polymer surface, 
with short wavelength UV in the presence of air gener- 
ates ozone at the polymer surface, which together with 
the UV causes rapid ablation of the polymer speci- 
men. The reported rates of removal of thin hydrocar- 
bon contamination layers deposited on synchrotron 
optical components [4], suggested that such a tech- 
nique may be useful as an etching method to reveal 
lamellar microstructure in polyethylene. In addition, 
there is some interest in using such techniques to clean 
semiconductor surfaces [5] and to modify polymer 
surfaces chemically as a preparation for subsequent 
processing [6]. 

Other techniques used to attack polyethylene in- 
clude the use of ozone for selective degradation of 
single crystals [7] and the standard permanganic acid 
etch [8]. More recently, air plasma [9] and vacuum 
UV [10] have been applied. The purpose of the pres- 
ent work was to study the fine-scale morphology pro- 
duced in high-density polyethylene subjected to 
UV-ozone  etching. 

2. Experimental procedure 
Polyethylene (Sclair resin, Dupont, Canada) with 
a known large spherulite size was chosen for these 
experiments so that large-scale microstructural fea- 
tures could be clearly identified. The material had 
a density of 0 .96gcm -3 and was compression 
moulded from pellets at 205 ~ and slowly cooled. The 

spherulite diameter was typically about 50 ~tm and 
appeared banded under the optical microscope. Poly- 
ethylene of varying octene co-monomer content was 
obtained from Dew Chemical Canada Inc.. Nominal 
density values for these polyethylenes ranged from 
0.875 0.945 g cm -3. These materials were used to 
study the effect of the crystalline-amorphous phases 
on the etching behaviour. 

Differential scanning calorimetry (DSC) data were 
generated on a TA Instrument TA2200 thermal analy- 
sis system equipped with a TA2910 DSC module. 
Calibration was done with indium metal standard 
with the heat of fusion and onset of melting control 
charted and in statistical control. The 3cy values were 
_+ 0.2~ and + 0.9 j g-1, respectively. A H D P E  

standard was control charted to determine technique 
reproducibility; 3~ values were 130.9 _+ 0.5~ and 
218 _+ 17 J g - <  

All polyethylene samples were conditioned to the 
same thermal history (200 ~ for 2 min then cooled at 
10 ~ min-  1 to 25 ~ The sample stood for 24 h prior 
to analysing to ensure completion of latent crystalliza- 
tion. The thermal curve data was taken at 10 ~ min-  1 
from 0-200~ Helium was used as a purge gas at 
a flow rate of 50 ml rain" 1. Per cent crystallinity was 
calculated using a heat of fusion value of 293 J g -  1 for 
pure crystalline polyethylene. 

The compression-moulded samples were etched at 
varying distances from a fused quartz low-pressure 
mercury vapour lamp. Such lamps produce 
wavelengths of 185 and 254 nm. The light source was 
in the form of a flat grid with an area of approximately 
5 cm x 15 cm. The source cross-sectional dimensions 
were much larger than the source to specimen dis- 
tance. The sample and source were contained in 
a glass bell jar with a slow circulation of air pumped 
into the bell jar. 
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Figure ] Depth of etching as a function of time for increasing 
sample to source distances: (a) 0.300, (b) 0.825, (c) 1.295, (d) 1.765, (e) 
2.245, (f) 3.195, (g) 5.095 cm. 

sion electron microscope (TEM) using an operating 
voltage of 80 kV. 

3. Results and discussion 
3.1. Mass loss m e a s u r e m e n t s  
The mass loss resulting from progressive UV-ozone  
attack was measured for increasing sample to source 
distances, starting at 0.30 cm. Assuming the mass loss 
was entirely from the surface facing the source, and 
knowing the area of the exposed face, the measured 
mass loss could be converted to an average decrease in 
thickness. The average loss in thickness increases lin- 
early with exposure time, with rates of attack increas- 
ing with decreasing source to sample distance (Fig. 1). 
The plotted lines in Fig. 1 represent linear regressions 
which fit very well to the data. 

The rate of thickness loss averaged over the exposed 
surface showed an exponential decay with distance 
(Fig. 2), and the curve fitted to a function of the form 

dz 
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Figure 2 Rate of etching versus sample to source distance. 

The compression-moulded surface was etched in 
one set of experiments. Most of the etching was per- 
formed on surfaces cut with a steel blade in a plane 
normal to the compression-moulded face. 

The changes in mass of the specimen were measured 
using a microbalance which allowed measurements to 
a precision of _+ 0.002 mg. 

Two-stage replicas for transmission electron 
microscopy were prepared using a standard method. 
Cellulose acetate softened in solvent was pressed on to 
the etched surface, dried and removed. The replica was 
shadowed with a thin layer of AuPd in a vacuum 
evaporator at a nominal angle of 15~ ~ with respect 
to the surface. This was backed by approximately 
40 nm carbon, also vacuum evaporated. The cellulose 
acetate was dissolved carefully in a solvent, and the 
metal-shadowed carbon, replica deposited on a grid. 
These were then examined in a Jeol 100CX transmis- 

where z is the source to sample distance and t is 
time (h). 

The form of the function suggests that the rate of 
ablation of the sample is proportional to the intensity 
of radiation at the sample surface. This intensity de- 
creases exponentially with increasing absorption path 
length according to the simple Lambert-Beer  function 

I = I o e x p ( -  gz) (2) 

where I is the intensity of the radiation after passing 
through a medium of thickness z with an absorption 
coefficient bt. The intensity at the source is Io. 

The experimental data were also fitted to a sum of 
two exponentials; a functional form is expected if the 
two principal wavelengths of 184.9 and 253.7 nm radi- 
ation were in combination affecting the rate of abla- 
tion. The second exponential term is effectively insig- 
nificant, indicating the predominant influence of one 
wavelength in the ablation process. 

The two wavelengths from the lamp are both 
needed to produce the rapid ablation rates. The 
185 nm light dissociates molecular oxygen to produce 
ozone. The longer wavelength initates decomposition 
of the ozone to counterbalance the generation of the 
gas [3]. At the specimen surface, valence electronic 
excitation is predominant at wavelengths longer than 
200 nm, and photo-ionization becomes predominant 
below 150 nm [11. The shorter wavelength is thus 
expected to generate significant amounts of chain scis- 
sion in the polyethylene. Ozone, of course, reacts 
strongly with carbon double bonds in rubber, it also 
reacts with polyethylene to form free radicals, which in 
turn oxidizes the polymer, The rapid mass loss meas- 
ured shows that volatile compounds are formed. 

Vig [2] presents empirical data which show that the 
most rapid mass loss in thin organic contamination 
layers on quartz occurs in the presence of the radi- 
ation of the two principal wavelengths with ozone. 
Interpretation of his data suggests that the 185 nm 

4656 



12 

10 

8 % 

v 

o 6 

�9 

._{2 4 
t -  

F- 

I I I I I I 

0 2 4 6 8 10 12 14 

T i m e  ( h )  

Figure 3 Incubation time of approximately 1 h for etching as- 
moulded surfaces (b) compared to a previously etched surface (a). 
Sample to source distance = 1.30 cm. 
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Figure 5 Density as a function of crystalIinity for the different 
resins. 

-1  c)  --. 

' 9  - 2  ( d )  - ~ - "  / 

o -3 ; i - ;  ............................................ = ............. , ! l |  

~9 -4 
03 s \ \  [ 

-5 !i (a) 

U 
- 6  . . . .  i . . . .  i . . . .  i . . . .  , . . . .  , . . . .  

0 2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  

T e m p e r a t u r e  ( ~  ) 

Figure 4 DSC thermal curves for five ethylene-octene co-polymers. 
(a) 0.950, (b) 0.875, (c) 0.905, (d) 0.915, (e) 0.920, (f) 0.930 g cm -3. 

radiation is more important in accelerating the or- 
ganic mass loss. This is consistent with the observa- 
tions made here in polyethylene, in which the mass 
loss is principally affected by the 185 nm radiation. 

It is possible to estimate the concentration of ozone 
using the data in Fig. 2. The published total photo- 
absorption cross-sections for 185 nm radiation show 
that ozone is many orders of magnitude more absorb- 
ing than is oxygen [11] and presumably also to nitro- 
gen. Very small concentrations of ozone would affect 
the intensity at the specimen surface. Calculation of 
the relative amounts of ozone compared to oxygen 
show that about 2 -3% of the molecules in this region 
between the source and the specimen are ozone mol- 
ecules. 

In Fig. 2 the datum at the distance of 1.3 cm lies 
above the exponential curve fitted to all data. Repeat- 

ed experiments around this distance show that this 
discrepancy is a reproducible experimental result, and 
is statistically significant. The interpretation of this 
result is not clear, but is likely related to the coupling 
of the UV irradiation damage processes and the con- 
centration of ozone at the reactive surface of the 
sample. 

3.2. Microstructural effects 
The plots of the mass loss versus time of etching could 
be used to reveal the presence of a surface layer or 
"skin" on as-moulded specimens. Fig. 3 shows the 
data compared for two specimens. The first set of 
results is for a compression-moulded sample, in which 
the moulded surface is etched. The second set of re- 
sults is for a similarly compression-moulded sample in 
which the moulded surface layer has been previously 
etched away. The pre-etched sample shows a linear 
regression which extrapolates back through the ori- 
gin. The as-moulded sample shows a shift to higher 
times. The two samples etch at the same rate, but the 
moulded sample hasan  incubation time of about 1 h 
before significant, rates of ablation begin. 

This would suggest that the microstructure at the 
surface, and its susceptibility to etching are different 
from the bulk. From the incubation time measured, 
the thickness of this surface "skin" appears to be 
approximately 0.9 gin. Such a layer would be difficult 
to observe using most standard methods of micro- 
structural examination. The surface layer is unlikely to 
be chemically distinct from the bulk, but may be 
microstructurally different because of the thermal 
gradients generated during solidification. The direc- 
tion of the shift in ablation rates is surprising in view 
of the results discussed later, in which amorphous 
polyethylene etches considerably faster than does the 
crystalline phase. The surface layer will cool more 
rapidly than the interior, and thus may have a lower 
crystallinity than the interior. 
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Figure 6 Depth of etching versus time for different crystallinities: (a) 
9%, (b) 31%, (c) 44%, (d) 55% and (e) 74%. Sample to source 
distance = 0.87 cm. 
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Figure 8 Contrast of crystalline-amorphous structure assuming no 
lateral etching. The contrast is defined as the etched depth difference 
between the two phases. 
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Figure 7 The linear dependence of the rate of etching on crystal- 
linity. 

3.3. T h e  e f f e c t  o f  c r y s t a l l i n i t y  
The differential scanning calorimetry (DSC) scans of 
the samples showed the expected increase in peak area 
with increasing crystallinity (Fig. 4). The density of the 
different materials decreased linearly with decreasing 
crystallinity as expected (Fig. 5). Rates of ablation 
were plotted versus sample crystallinity (Fig. 6). The 
rates were constant with time, and systematically in- 
creased with decreasing crystallinity. The data plotted 
are for previously etched surfaces, and no incubation 
times is observed. The incubation time before rapid 
ablation commenced was observed for as-moulded 
specimens for each crystallinity. 

The rate of etching of the surface decreased linearly 
with mass fraction of crystallinity (Fig. 7) for a fixed 
specimen to source distance. This is expected in 
a simple model of etching of a two-phase (crystal- 
l ine-amorphous) material. For  a two-phase micro- 
structure, the areal fraction of one phase exposed on 
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Figure 9 Schematic diagram of the topographic contrast developed 
with etching. 

the etched surface is equal to the volume fraction. If 
the two phases etch at different rates the average rate 
is weighted according to the areal fraction of each 
phase, and the linear relationship of Fig. 7 is expected. 

3.4 .  E t c h e d  m i c r o s t r u c t u r e s  

In Fig. 7, the etch rates for the pure crystalline and 
pure amorphous phases can be estimated. For a two- 
phase crystalline-amorphous structure, the average 
height difference between the amorphous and crystal- 
line phases after etching for different times can be 
approximated. This average peak to valley height 
difference is a measure of the topographic contrast in 
the etched surface (Fig. 8). This predicted contrast 
does not take into account the different rates of etch- 
ing for different crystallographic orientations, which is 
discussed in the following section. Nor  does the pre- 
dicted contrast account for the etching which occurs 
laterally on protruding peaks in the topography. At 
long etching times, the lateral etching rates would 
erase high aspect ratio etched structures (Fig. 9). 
Hence small structures, such as edge-on lamellae, 
would best be observed after short etching times. Fur- 
thermore, in order to resolve the lamellae at short 
etching times, the surface must be prepared with as 
little deformation and damage as possible. 

The resolution of microstructure typical of the bulk 
finally will depend on removing the surface layer of 
material which apparently has a different microstruc- 
ture. This will require etching for at least 1 h. 



Figure 10 Low-magnification transmission electron micrographs of replicas. The original samples have been etched for increasing lengths of 
time: (a) no etch, cut marks are visible; (b) 30 min, (c) 2 h, the banded spherulitic structure is visible; (d) 4 h. 

3.5. Morphology of etched surfaces 
A surface cut from a compression-moulded sample is 
shown in Fig. 10. The cut marks are clearly visible, 
and the plastic deformation associated with the cut 
obscures any underlying microstructure. The replicas 
show topographic structure to scales of approximately 
10 nm over large areas of the TEM specimen. The 
progressive evolution of the surface topography with 
increasing exposure to the UV-ozone etching is 
shown in Fig. 10b-d; the areas shown are typical of 
each sample. 

After 30 rain exposure (Fig. 10b), the original cut- 
ting marks are only slightly visible. This microstruc- 
ture originates from a surface etched back an average 
distance of 417 nm from the original cut surface. With 
a total of 2 h etching, the periodic banded structure, 
evident in optical micrographs, is visible. The banding 
arises from the coherent twisting of the lamellae grow- 
ing outwards from the spherulite centre. The large 
white areas observed correspond to regions where the 
lamellae are oriented parallel to the surface. The rep- 
licas show high electron transmission (white in these 
micrographs) in those areas with no AuPd coating. 
Hence these areas are in the shadow region of the 
AuPd evaporation step and are therefore much lower 
on the original etched surface. It is thus clear that the 
rate of ablation of the polyethylene lamellae is strong- 
ly orientation dependent, being considerably faster for 
the regions in which the lamellae lie flat and the 
lamellar normal is parallel to the direction of etching. 

It is further expected from the etching rate-crystal- 
linity dependence (Fig. 7) that amorphous regions 
would etch faster than the crystalline regions. Evid- 

Figure 11 High-magnification images showing periodic structures 
with spacings similar to those expected for lamellae. 

ence for this is seen in Fig. 10c, in which specimens 
etched for 2 h show regions of lamellae etched edge- 
on. The spacing between successive dark lines in 
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Figure 12 Long, edge-on lamellae visible only faintly (1 h etch with 
no xylene wash). 

lamellae to be about 40 nm. These measured widths 
will depend on the orientation of the lamellae with 
respect to the etched surface. 

Washing in xylene after exposure enhances the im- 
ages at high magnification. The lamellae are more 
easily observed over larger areas of specimen. This can 
be seen by comparing high-magnification images of 
the replicas for specimens not washed in xylene 
(Fig. 12) with specimens washed in xylene (Fig. 13). 
Sadler and Keller [12] reported that low molecular 
weight polyethylene is selectively removed by washing 
in xylene at 35 ~ The UV irradiation of the surface 
is expected to cause chain scission and a reduction of 
molecular weight. The improvement in lamellar con- 
trast seen on washing in xylene suggests there is 
a significant difference in UV-generated radiation 
damage rates in the crystalline and amorphous 
phases. 

The improvement in lamellar resolvability with xy- 
lene washing is observed only after approximately 1 h 
UV-ozone etching. At shorter times (for example at 15 
and 30 min), no lamellar image enhancement is found. 
This is consistent with the earlier observation of a. sur- 
face skin (Fig. 3) which is effectively removed after 
approximately 1 h etching. 

It appears that the explanation consistent with all 
experimental observations (visibility of lamellar peri- 
odicity, reduced etching rates within the 1 gm surface 
layer, and relative etching rates of lamellae oriented in 
different directions) is that the surface layer consists of 
lamellae oriented with their normals lying in the plane 
of the surface, but with an interlamellar spacing small- 
er than can be resolved with this technique (less than 
20 nm). 

4. Conclusion 
Transmission electron microscopy of replicas of poly- 
ethylene etched under a UV ozone source has re- 
vealed the fine-scale morphology. Lamellae can be 
resolved, although not as clearly as seen elsewhere 
with permanganic etching. The rates of mass loss have 
been measured and found to increase with decreasing 
crystallinity, and to depend on the crystallographic 
face exposed to the radiation. The 185 nm wavelength 
UV appears to be the most important component in 
determining ablation rates, being principally respon- 
sible for the chain scission and for the formation of 
ozone at the surface. 

Figure 13 Lamellae are much more visible after washing in xylene 
(etching similar to Fig, 12). 

Fig. 10c is approximately 30 nm. Higher magnifica- 
tion of selected areas reveals ,more clearly these lamel- 
lar structures(Fig. 11): Fig. 1 lb shows the width of the 
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