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Abstract
Thorough analysis of the paper published by Jane G. Clover entitled, “Military specifications applicable to optical coatings,” deduces that coating specifications classify their own separate entity; where just as much emphasis is placed on the coating specification as on the optical component itself to ensure affective performance in the final optical design.   The author touches on the principle specifications and testing as outlined in the Military Handbook regarding physical and environmental requirements of thin film coatings of optical materials.  A general consensus of coating specification is that most of the methods of qualifying an optical coating are somewhat ambiguous, and subject to the inspector’s experience and/or visual interpretation of the component.  Concluding examination of this somewhat outdated paper compared to more recent publications and references regarding coatings speculates, that, although military standards are still commonly used in numerous industrial settings, the trend seems to be moving towards abolishing these standards completely to adopt the ISO 9211 international standards; which would provide a more thorough and uniform method of specifying optical coatings. 
Introduction
Optical coatings serve as a significant constituent in all optical design today, whether it be for high-performance systems, or low-grade commercial products.  Typically, coatings are applied to crystal, fiber, glass, metal, or polymer substrates to produce optical components with desired effects.  These coatings reduce reflection both internally and externally, increasing the amount of light that reaches the eye and improving brightness and contrast.  Some of the most common optical coatings include:

· Antireflective coatings- produce two reflected waves which interfere, either totally or partially canceling each other out. They may also produce two reflections that are 180° out of phase. 
· Beamsplitter coatings - divide a beam incident on a substrate into two or more separate beams. 
· Dielectric coatings –consist of layers of ¼ -wave film alternating between a high refractive index and a low refractive index relative to the substrate. 
· Filter coatings - used to block a specific range of wavelengths such as infrared (IR) or ultraviolet (UV) light, depending on the specific application. 
· High-reflector coatings –used to produce mirrors that reflect more than 99% of incident light.

· Indium tin oxide (ITO) coatings – specific type consisting of alloys deposited as a transparent film to produce conductive substrates. 
· Protective coatings – limit scratching or damage without altering a substrate’s optical properties.
As seen from above, optical coatings are utilized for a myriad of applications ranging from medical and dental to military and aerospace applications.  However, because of their wide array of uses, they present their own problems (separate from the optical component itself) related to tolerance and specification allowances.    
The most important factor in specifying optical coatings deals with defects.  As will be discussed in further detail, coating defects are most accurately measured by their scratch-and-dig tolerance, which determines what is allowable for the optic to pass inspection.  Coating defects are counted separately from substrate defects on the optic itself, and therefore can significantly contribute to the level of tolerancing and effects on the final optical system.  Because of this, surface defects on an optical element coating such as scratches, voids, pinholes, dust, or stains, are explicitly called out to a certain tolerance in order to pass spec.  Also, the coating needs to qualify for a number of general durability and environmental tests in order for the optic as a whole to be considered acceptable.
The author, Jane Clover, of this paper discusses the physical and environmental requirements of thin film coatings of optical materials as referenced in the following sections of the military handbook:

· MIL-C-675A

· MIL-C-00675B

· MIL-O-13830A

· MIL-C-13508C

· MIL-C-14806A

· MIL-C-48497

· MIL-F-48616

· MIL-STD-810C

Although some of these sections are somewhat outdated, or have since been revised, the fundamental specification concepts still remain the same.  
Analysis

The paper is broken up into two main categories:  Physical Attributes of Coatings and Environmental and Physical Durability of Coatings.  Key points of each will be generally discussed, as much of the significant designation data for quantitative analysis must be looked up in tables or charts throughout the military handbook.  
I. SURFACE QUALITY OF COATED COMPONENTS
In an attempt to quantify the number and types of defects allowed, MIL-O-13830 was issued containing the first reference to the famous Frankford Arsenal Visual Comparison Standards for scratches and digs.  More common in industry today, MIL-F-48616 is used to quantify scratches and digs to ensure the optical coating passes inspection.  A brief summary of these sections is provided below. 
A.) Scratch and Dig Check 

MIL-F-48616 – Scratch and Dig (section 4.6.7.2) 
These are the most important surface quality features of coated components.  The coated substrate must be examined for scratches and digs by reflection or transmission, as applicable, using the inspection technique specified in 4.6.4.  Magnification techniques are often used in these examinations.  The length and width of scratches, and the dig (hole) diameters are determined by use of interferometers, microscopic measuring devices, calibrated precision comparators, or similar applicable precision measuring devices.  The width, length and density of all scratches in the coating or substrate must conform to the requirements of 3.4.1.2 and 3.4.1.2.1. The diameter and density of all digs in the coating or substrate must conform to the requirements of 3.4.1.3 and 3.4.1.3.1.
3.4.1.2 Scratches - Surface scratches on the coating should not be in excess of the values specified on the component drawing.  Scratches are permissible provided the width does not exceed that specified by the scratch letter.  In general, the accumulated length of all maximum scratches shall not exceed 1/4 of the average diameter of the element.  The scratch letter and corresponding width are shown in Table I.
	Scratch Number 
(per MIL-PRF-13830B)
	Scratch Letter
	Scratch Width
	Disregard Scratch Widths less than

	
	
	Millimeters
	 Inches
	Millimeters
	  Inches

	5
	A
	.005
	.00020
	.0010
	.00004

	10
	B
	.010
	.00039
	.0025
	.00010

	20
	C
	.020
	.00079
	.0050
	.00020

	40
	D
	.040
	.00157
	.0100
	.00039

	60
	E
	.060
	.00236
	.0100
	.00039

	80
	F
	.080
	.00315
	.0200
	.00079

	120
	G
	.120
	.00472
	.0200
	.00079


TABLE I, Scratch Identification (See 6.3.1)
3.4.1.3 Digs – Similarly, surface digs on the coating should not be in excess of the values specified on the component drawing.  Digs are permissible on a surface provided the average diameter does not exceed that specified by the dig letter and no more than (1) maximum size dig occurs in any 20mm (0.8”) diameter circle on the substrate.  The dig letter and corresponding average diameter are shown in Table II.
	Dig Number
(per MIL-PRF-13830B)
	Dig Letter
	Average Dig Diameter
	Disregard Digs Smaller Than

	
	
	Millimeters
	Inches
	Millimeters
	Inches

	5
	A
	.05
	.0020
	.010
	.0004

	10
	B
	.10
	.0039
	.025
	.0010

	20
	C
	.20
	.0079
	.050
	.0019

	30
	D
	.30
	.0118
	.050
	.0019

	40
	E
	.40
	.0157
	.100
	.0039

	50
	F
	.50
	.0197
	.100
	.0039

	70
	G
	.70
	.0276
	.200
	.0079

	100
	H
	1.00
	.0394
	.250
	.0099


TABLE II, Dig Identification (See 6.3.1)
6.3.1 Scratch and dig identification - This is specified by two letters separated by a hyphen (i.e. F-F). The first letter of the pair is the maximum scratch letter. The second letter is the maximum dig letter.
These standards consist of graded scratches or digs on transparent glass substrates enclosed in a glass and wooden frame.  Scratches are graded by the visual weight of each one when compared to the master standard, and dig numbers are either visually compared or measured under MIL-O-13830.  In either case, the optic must be back lit or edge lit to for transmission viewing while comparing it to the standards.  This poses a major problem for performing visual comparison for opaque substrates, such as germanium and silicon.  Although industry has adopted various techniques to get around this problem, in the absence of any other official surface quality standard, two specifications (MIL-F-48616 and MIL-C-48497) specify surface quality for non-transparent substrates.    
It is important to note that inspection of the optical surfaces for scratches is accomplished by visual comparison to scratch standards.  Thus, it is not the actual width of the scratch that is ascertained, but the appearance of the scratch as compared to these standards.  A part is rejected if any scratches exceed the maximum size allowed.  Digs, on the other hand, specified by actual defect size, can be measured quantitatively.  Because of the subjective nature of this examination, it is critical to use trained inspectors who operate under standardized conditions in order to achieve consistent results. 
B.) Other Physical Defects
These are meant to include other physical blemishes that may be obvious on the coated surface such as stains, color change, haziness, etc.  These cannot usually be quantified, but also do not usually affect the functional performance of the optic, so they are ignored. These defects are referred to as “cosmetic defects,” as they are only visual.  However, it seems as though for some cases (imaging applications) it may be a bit risk to ignore such characteristics, and further testing would have to be carried out to spectrally check the coating before a decision can be made as to whether a defect of this type is cosmetic or functional.   
II. ENVIRONMENTAL AND PHYSICAL DURABILITY
Environmental and physical durability of the coating usually entails the testing of the coating to ensure it will uphold in the necessary application conditions.  However, environmental tests of thin film coatings are accelerated life tests, and are therefore destructive.  Because of this, witness samples are used which are coated alongside the actual optical elements.  These witness samples are then submitted to the environmental tests, and the valuable finished optic is not sacrificed in the testing procedure.  Also, it should be noted that the passing qualification for most (if not all) of the environmental/durability tests are “visual.”  Again, this generates much ambiguity as to whether or not the coating meets spec. Some of the most significant tests for optical coatings are explained below.  
Adhesion Test 
MIL-F-48616 - Adhesion (section 4.6.8.1)
The coated component, or witness piece, is subjected to an adhesion test using 1/2" (12.7 mm) wide cellophane tape conforming to type I of L-T-90. The adhesive is pressed over the surface of the cellophane tape firmly against the coated surface so as to cover the stained area.  It is then quickly removed at an angle which is normal to the coated surface.  Immediately following the removal of the adhesive tape, the coated surface of the component, or witness piece, is examined by reflection using the inspection technique specified in 4.6.4.   The coating must conform to the requirements of 3.4.2.1.1. Subsequent to this test, the coated component, or witness piece, shall be subjected to the test in 4.6.8.2 (the Humidity Test).
Humidity Test
MIL-F-48616 - Humidity (section 4.6.8.2)
The coated component, or witness piece, is placed into an environmental controlled test chamber and exposed to a temperature of +120° +/-4°F (49° +/-2°C) and 95% to 100% relative humidity for a minimum of 24 hours.  Subsequent to this exposure, the coated component, or witness piece, shall be removed from the test chamber, cleaned, dried, and then subjected to specific examinations. The coating must conform to the requirements of 3.4.2.1.2.  The coated component, or witness piece, shall then be subjected to the test specified in 4.6.8.3 (the Cheesecloth Test).
Moderate Abrasion Test (Cheesecloth Test)
MIL-F-48616 - Moderate Abrasion (section 4.6.8.3) 
Within one hour after the humidity test of 4.6.8.2 the coated component, or witness piece, is subjected to a moderate abrasion be rubbing the coated surface with a 1/4 inch (6.4mm) thick by 3/4 inch (9.5mm) wide pad of clean dry, laundered cheesecloth conforming to CCC-C-440 affixed to an abrasion tester that conforms to drawing D7680606. The cheesecloth pad should completely cover the eraser portion of the tester and be secured to the shaft with an elastic band.  The pad is then rubbed across the coated surface from one point to another over the same path for 25 complete cycles (50 strokes) with a minimum force of 1.0 pound (0.45kg) continuously applied.  The length of the stroke should be approximately equal to two widths of the cheesecloth pad when the diameter of the area of the component permits. 

Subsequent to the rubbing operation, the component, or witness piece, shall be cleaned, dried and then subjected to an examination by reflection using the inspection technique specified in 4.6.4 for evidence of physical damage to the coating. The coating on the component, or witness piece, must meet the requirements of 3.4.2.1.3.

Other pertinent specialized tests may include:  
· 240-hour exposure to cycling temperature/humidity
· Salt Fog

· Solubility (water or salt solution)

· Temperature influence

· Cleanability

These particular tests are deemed necessary depending on the specific applications of the optic, and the type of environment it will need to endure in its lifetime.  

Conclusion

Since the publication of this paper, many military specifications that relate to optical products with coatings have been revised, declared inactive, or in some cases cancelled.  Although military specifications are still commonly used in industry and current manufacturing techniques, there is a push for uniformity in optical coatings specs and replacement by the International Standards ISO 9211 “Optics and optical instruments – Optical coatings.”  
The four-part ISO 9211, Optical Coatings standard currently exceeds any existing standard in its thoroughness and detail.  Part I covers definitions of coating terminology and the definition of several coating types according to their function, also listing tables for types of coating imperfections.  Part 2 is concerned with the optical properties of coatings, outlining the properties of the coating that need to be specified.  Part 3 describes the environmental durability of coatings as intended, and contains a list of 14 different environmental tests ranging from abrasion to mold growth.  Finally, Part 4 defines the methods for the environmental tests for specific coatings.  

Although the attempts of ISO 9211 standards are targeted at uniformity and thoroughness, the same subjective problems pertaining to optical coating specifications still exist.  Generally, coating specification methods are still quite ambiguous in the sense that they are subject to an inspector’s experience and visual interpretation of the component as compared to a standard.  This makes it difficult for precise quantification of any one component, and, qualitatively, could vary depending on the inspector. The fact that a witness piece, and not the actual component, actually undergoes many of the environmental and physical durability tests is also a bit disconcerting.  However, these are problems that must be addressed with advancements in technology, and until this is possible, the specifications applicable to optical coatings remain quite similar from the publication date of this paper (1979) to current methods.  
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