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Abstract: Ophthalmic resin lenses are widely used to correct myopia and defend harmful light
waves. Ophthalmic lens with anti-reflective (AR) coating has become the mainstream product in the
lens market. The AR coating is composed by inorganic metal oxides, which is very different to the
organic lens substrate in thermal expansion coefficients. In a normal wearing environment, coating
delaminating often occurs resulting that AR function is disabled. How to evaluate adhesion of the
AR coating is important. In this paper, a specially designed cutting tool was used to scratch two grids
on each surface of the lens. The peel off operation was carried out with the tape within specified
adhesion range. The coating detachment was evaluated by visual inspection and microscopy based
on the methods defined in ISO 2409 and GB 10810.4, the applicability was compared and discussed.

Keywords: anti-reflective coating; adhesion; scratch/cut test

1. Introduction

The vital role of the eye is to create the external world image. The imaging quality of a real object
is, however, affected by refractive errors, dispersion, diffraction effects, and scattering [1,2]. The vision
impairment proportion of the population has increased substantially [3,4]. To correct eyesight as well
as to protect eyes against hazardous exposure to ultraviolet radiation [5], ophthalmic resin lenses are
widely used and prevalent globally due to convenience and cost performance [6,7].

Surface coatings like primer coating, abrasion resistant hard coating, and anti-reflective (AR)
coating are designed to improve optical quality of ophthalmic lens [8]. Of these functional coatings,
AR coating is the most widely used. Usually, one or more thin films deposit sequentially on lens
surface to form AR coating. By destructive interference between the light waves reflected from the
surfaces and interfaces of thin films, an AR coating reduces the reflected light intensity for better
transparency as well as vision [9]. The vast majority of commercial AR coatings on ophthalmic lenses
are produced by physical vapor deposition (PVD) techniques [10,11]. Oxide coatings are well known
to minimize surface reflections [12]. AR coatings are usually composed of inorganic metal oxides,
like silica, titania, or zirconia [13,14]. However, during deposition process of the above inorganic

Coatings 2020, 10, 979; doi:10.3390/coatings10100979 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-9813-532X
http://www.mdpi.com/2079-6412/10/10/979?type=check_update&version=1
http://dx.doi.org/10.3390/coatings10100979
http://www.mdpi.com/journal/coatings


Coatings 2020, 10, 979 2 of 11

metal oxides onto resin lens surface, several factors are still under investigation, namely low surface
compatibility, deposited films homogeneity, and reflective behavior [15]. Large difference in thermal
expansion coefficients between AR coating and resin lens substrate causes low surface compatibility
which restricts the achievable level of durability and adhesion of AR coating [9]. In the case of avoiding
coating detachment, adhesion evaluation method shall be a primary and key indicator for examining
the durability of coatings at initial stage [16,17].

It is noteworthy that no formal standardized approach exists to evaluate coating adhesion of
ophthalmic lens, although ISO 8980.4 [18] specifies durability test method for AR coatings on ophthalmic
lens. Pull-off, twist-off, peel-off test, bend test, impact test as well as their combination or derivation
test are standardized methods to measure adhesion of metallic coatings on metallic substrates [19],
paints and varnishes on deformable or rigid panel [20–22], coatings for automobile construction [23],
and adhesives [24,25]. However, these test methods are not suitable for ophthalmic resin lens for
reasons like specific application, characterization aim, substrate limit, and so on. Another type of test
method for adhesion can be catalogued to scratch/cut type. Under certain conditions, special cutting
tools are used to draw expectant patterns on the coated samples, and partly detached coatings are
removed by tape with action of “paste” and “peel off”. Results are obtained by inspecting the flaking
situation of the patterns [26–31]. This type of test is flexible and unlimited by substrate shape. It is
amicable for testing ophthalmic lens with convex and concave surface. As far as we know, evaluating
adhesion of AR coatings for ophthalmic lenses by scratch/cut test has been scarcely reported in the
literature. In this work, we used a special blade set to draw 100 small squares on AR coatings of lenses,
and then a tape with specific adhesive force range to “paste” and “peel off” squares. We carried out
systematic research and comparative analysis using two inspections to evaluating coating adhesion on
ophthalmic resin lens according to different characterization method.

2. Materials and Methods

Sixteen pieces of AR coating lenses with a diameter of 70 mm as well as convex and concave
curvature between 0.00 and 8.00 D were used as evaluation samples numbered from No. 1 to No.
16 (Note: in lens industry, curvature = (refractive index − 1)/radius of curvature). All of them were
offered by China National Inspection Testing Center for Ophthalmic Optics Glass and Enamel Products
(Shanghai, China).

Reflectance spectra from 380 to 780 nm were recorded by Ultraviolet-Visible-near-IR (UV-VIS-NIR)
spectrophotometer (UV-3600, SHIMADZU, Kyoto, Japan). Base-lens without AR coatings was involved
in testing reflectance as comparison.

Two positions were selected on convex surface of lens and the other two positions were selected
on concave surfaces of the same lens. All four positions were selected at 5–10 mm from the lens edge.
They were named as position A, position B, position C, and position D as shown in Figure 1. A flaw
was not allowed in the selected positions.
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The lens was placed and stabilized by finger pressure on a fixed tabletop. A hand-held cutting tool
with five blades (Figure 2) was applied to scratch the lens surface. The cutting tool was moved under
uniform pressure in one direction with moderate force, and then 6 parallel scratches of 1 mm spacing
and 20 mm long were engraved. The scratch depth penetrated the coating down to the substrate lens.
Another parallel scratch series were engraved perpendicularly across the center of the former scratch
series. Therefore, a grid set (Figure 1, position A) was formed. The rest grid positions of lens were
scratched in the same way. Finally, a total of 100 small squares on the lens were formed.
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Figure 3. Schematic diagram of well contact between tape and lens.

After waiting for 90 ± 30 s, the tape was removed backward at a direction parallel to the lens
surface (as close as 180◦), evenly and quickly. The coating detachment situation was evaluated using
visual inspection and stereo microscope (SZ61 model, 20×magnification, OLYMPUS, Tokyo, Japan)
observation, respectively.

The whole experiment process was carried out at a temperature of (23 ± 2) ◦C and a relative
humidity of (50 ± 5)%.
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3. Results and Discussion

Compared to base-lens without AR coatings, the AR coatings on No. 1–16 samples reduce the
reflected light intensity as illustrated in Figure 4, implying the effectiveness of the AR coating.
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Due to the bent face designed to achieve vision correction effect, adhesion performance as well as
thickness of the AR coating deposited via PVD on ophthalmic lens may vary at different positions for
each lens. In order to be identical, position A and B locate on convex surface while position C and D
locate on concave surface on lens. The following results show a discrepancy of adhesion performance
at different positions exists. A microscope magnification image of No. 6 sample is taken as an example
shown in Figure 5. From Figure 5, it is visible that coating adhesion performances at position A and C
are not as good as those at position B and D.
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According to ISO 2409:2013 [27] widely applied in paints and varnishes on plate substrate, coating
detachment level can be divided into six classifications mainly based on detachment percent of grid
area. The evaluation criterion is listed below (Table 1).

Table 1. Evaluation criterion according to ISO 2409.

Classification Description Appearance of Grid Sets

0 The edges of the cuts are completely smooth and
none of the squares of the lattice is detached. —

1
Detachment of small flakes of the coating at the
inter-sections of the cuts. A cross-cut area not
greater than 5% is affected.
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Based on Table 1, detachment area of the No. 6 sample at position A (Figure 5a) is greater than
65% which can be classified into Classification 5. All 25 squares of the grid set at position A occur
detached phenomenon. But at position C, only 40–44% of area can be recognized as detachment from
AR coating of the lens which can be classified into Classification 4. It is noteworthy that there are
14 squares of the grid set existing detached phenomenon while five squares detach completely from
the AR coating of lens. However, the AR coating at position B and D show good adhesion as no
detachment appears (Classification 0). The large discrepancy at different positions on the same AR
coating of one lens suggests that it is necessary to select four positions to evaluate coating adhesion
performance as precise as possible. Thus, four positions named as position A to D are examined on
each lens to evaluate adhesion integrally in order to avoid randomness. To evaluate adhesion strictly,
the worst classification of four positions is chosen as the final result. Therefore, for the No. 6 sample,
the adhesion result can be catalogued into Classification 5.

As an account of this criterion, the results of the remaining lens samples are evaluated by visual
inspection and microscope observation, respectively, in the same test environment and shown in
Table 2. None of the 16 lenses shows optimal coating adhesion of Classification 0, implying that it is
necessary to evaluate adhesion of coatings at the initial stage.



Coatings 2020, 10, 979 6 of 11

Table 2. Results comparison by visual inspection and microscope observation based on ISO 2409.

Sample Number
ISO 2409 Method

Visual Inspection 20×Microscope

Classification Classification

1 2 2
2 1 1
3 4 4
4 1 2
5 3 3
6 5 5
7 2 2
8 4 3
9 4 3

10 1 1
11 1 2
12 2 2
13 1 1
14 1 1
15 3 3
16 5 5

For comparison, the classification results of Table 2 are plotted on a graph shown in Figure 6.
It can be seen that classification results are in good agreement by visual inspection and microscopic
observation, except for four lenses (No. 4, 8, 9, and 11). A 25% difference exists between visual
inspection and microscopic observation. By visual inspection, coating adhesion results for lenses
of No. 4 and No. 11 rank at Classification 1, while for lenses of No. 8 and No. 9, the results rank
at Classification 2. Since Classification 1 means less detachment of small flakes of the coating, it
seems that lenses of No. 4 and No. 11 show better coating adhesion than lenses of No. 8 and No. 9.
When magnifying microscope observation is introduced, the classification for lenses of No. 4 and
No. 11 is lowered, while the classification for lenses of No. 8 and No. 9 is increased. The reason
for opposite results may lie in the substrate nature and magnifying effect. Ophthalmic lenses are
transparent substrate, so visually evaluating method is difficult to decide whether the square grids are
already destroyed by peeling off or not when flaking is slight. Magnifying microscopic observation
can compensate for absence of slight flaking area. Thus, classification belonging to satisfied coating
adhesion (like Classification 1) may lower by microscopic observation instead of visual inspection.
On the other hand, for coating adhesion that is not that good (like Classification 2), irregular grids
are more widespread on lenses. So, the test operator may add the level of partially detached grid
subjectively. Magnifying the tiny grids can redress misjudgment, resulting increased classification for
lenses of No. 8 and No. 9.
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Microscopic observation has the advantage of saving clear and magnifying photographed images.
From the point of reproducibility, microscopic observation seems more suitable than visual inspection
in evaluating detachment area. Moreover, owing to magnifying photographed images, detachment area
can be evaluated more precisely. However, microscopic observation relies on microscopy equipment
which is not common or essential in lens manufacture factory. It is impracticable to evaluate adhesion
by microscopic observation after AR coating deposited on lens in most of lens manufacture factory.
Besides, considering that ISO 2409 method requires comprehensive evaluation of the area ratio of
detachment area, evaluation is highly demanding on the test operator’s professional experience and
professional level. Result discrepancy among different test operators caused by subjective factor seems
in existence. To avoid difficulty of evaluation detachment area, another evaluation criterion on account
of counting detachment flakes amount is carried out as following.

In fact, evaluation criterion in Table 3 is from Chinese standard GB 10810.4 [32]. According to
specification of currently effective standard GB 10810.4, the results are shown in Table 4. As mentioned
above, there are four positions selected to evaluate adhesion, therefore, average detachment amount is
introduced as an index to determine whether coating adhesion is qualified or not integrally. The value
of “average detachment amount” equals that the sum value of detachment amount at four positions
(A–D) is divided by four.

Table 3. Evaluation criterion according to GB 10810.4.

Classification Description

—

The edges of the cuts shall be completely smooth; none of the squares of
the lattice shall be detached.
If the coating has flaked along the edges and/or at intersections of the
cuts, the number of flaking grids shall be smaller than 15%.
Completely detachment of coating within one grid is not permitted.

Table 4. Results obtained by visual inspection and microscope observation based on GB10810.4 respectively.

Lens
Number

GB 10810.4

Visual Inspection 20×Microscope Observation

Detachment Amount Average Detachment
Amount 1 Detachment Amount Average Detachment

Amount

1 13 3 13 3
2 18 5 21 5
3 31 8 40 10
4 37 9 41 10
5 10 3 25 6
6 39 10 39 10
7 8 2 9 2
8 22 6 22 6
9 12 3 27 7

10 7 2 13 3
11 25 6 27 18
12 35 9 45 11
13 16 4 28 7
14 10 3 15 4
15 25 6 41 10
16 30 8 35 9

1 Average detachment amount means the sum detachment amount of 4 grids divided by 4.

It can be seen that the value of average detachment amount for each lens is close, though the value
of sum detachment amount is quite different when judging by visual and microscopic observations,
respectively. According to GB 10810.4, the proportion of detachment amount shall be smaller than
15%, in other words, the average detachment amount shall be less than 3.75. When No. 5, 9, and 14
lenses are judged by the two observation means, adverse evaluations of qualified and unqualified
occur, as shown in Figure 7. By visual inspection, No. 5, 9, and 14 lenses are qualified. The reason may
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be that lens sample is transparent and the scratching 100 squares are tiny. It is easy to ignore part of
partially detached grids.
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Table 5 is the microscope image of the three lenses of No. 5, 9, and 14. It can be seen that if the
coating has flaked neatly and partially along the edges, results obtained by visual inspection and
microscope observation are in discrepancy. The reason may be that lens sample is transparent and
the scratching 100 squares are tiny. It is easy to ignore part of partially detached grids, especially in
counting detachment amount.

Table 5. Microscope images of No. 5, 9, and 14 lenses.

SampleNumber Front Surface Back Surface

Position A Position B Position C Position D

5
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Microscope observation with magnification effect can make tiny detachment much more apparently
than visual inspection which is beneficial to obtain precise result. Although there are many advantages
by microscope observation, it is more suitable in an elaborate lab test. It should be recognized that
wider application in evaluating AR coating adhesion happens in factories for lens coating where it
is scarcely possible to fit microscope equipment. Visual inspection is still an epidemic and effective
means. A difference of 18.75% exists between visual inspection and microscopic observation according
to counting detachment amount. Regarding lower difference and wider application for detachment
amount evaluation (GB 10810.4) than detachment area evaluation (ISO 2409), detachment amount
evaluation is recommended. It is worth mentioning that counting detachment amount is easier to
operate and less error-prone. In addition, bent lens surface causes deformation of detachment area
comparing to plane surface. Evaluation detachment area of tiny scratching grids is also more difficult.

In further work, more lens samples and test labs as well as manufacture factories should be
involved in adhesion test for AR coating on ophthalmic lens so that an optimization standardized
characterization method can be investigated.

4. Conclusions

In this paper, two evaluation methods (ISO 2409 and GB 10810.4) and two inspection means
(visual inspection and microscope observation) for evaluating adhesion of an AR coating on ophthalmic
lenses are studied. There is a 25% difference based on evaluation detachment area (ISO 2409) and
an 18.75% difference based on counting detachment amount (GB 10810.4) by using visual inspection
and microscope observation, implying that counting the detachment amount is more consistent. It is
comprehensible that counting the amount is easier and more objective than estimating area. Transparent,
bent lens surface, as well as tiny grids, exacerbate difficulty in estimating area. Although microscope
images can be recorded to watch repeatedly and be evaluated by different testers to estimate deviation,
it is more suitable in a lab testing scene. Visual inspection has the advantage of more application
scenarios due to independence of certain equipment. Although visual inspection and microscopic
observation results have statistics discrepancy, they are still within acceptable limits.
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