AEROSPACE ARP4252™ REV. B
wrernationat. [ RECOMMENDED PRACTICE [issied 108907

Noncurrent 2006-08
Reaf. Nonc. 2017-01
Stabilized 2017-09

Superseding ARP4252A

Instrumental Methods of Determining Surface Cleanliness

RATIONALE

ARP4252B stabilizes this document because this document contains mature technology that is not expected to change and
thus no further revisions are anticipated.

STABILIZED NOTICE
ARP4252B has been declared "STABILIZED" by SAE AMS Finishes Processes and Fluids Committee B. This document
will no longer be updated and may no longer represent standard industry practice. Previously this document was reaffirmed
non-current. This document has not been revised. Users of this document should refer any certification issues (e.g.,
exceptions listed on the certification report) to the cognizant engineering organization for their disposition.

NOTE: In many cases the purchaser may be a sub-tier supplier and not the cognizant engineering organization.

SAE Technical Standards Board Rules provide that: “This report is published by SAE to advance the state of technical and engineering sciences. The use of this report is entirely
voluntary, and its applicability and suitability for any particular use, including any patent infringement arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be revised, reaffirmed, stabilized, or cancelled. SAE invites your written comments and
suggestions.

Copyright © 2017 SAE International

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording, or otherwise, without the prior written permission of SAE. =

TO PLACE A DOCUMENT ORDER:  Tel:  877-606-7323 (inside USA and Canada) SAE values your input: 10 i vide f&e
Tel:  +1724-776-4970 (outside USA) Technical Report, please visit:  Document Sharing Hub
Fax:  724-776-0790 http://standards.sae.org/ARP4252B
Email: CustomerService@sae.org

SAE WEB ADDRESS: http://lwww.sae.org

Full document details: SAE ARP4252B


http://www.sae.org/technical/standards/PRODCODE
http://www.avadocuments.com/doc/sae-arp4252b
http://www.avadocuments.com/doc/sae-arp4252b

SAE INTERNATIONAL ARP4252™B Page 2 of 39

1. SCOPE:

1.1 Scope: This Aerospace Recommended Practice is intended as a guide toward
standard practices for the determination of surface cleanliness that are
applicable to field operation. Some of these methods can also be used to
de?erminedquality assurance that a surface has been properly prepared and
maintained.

The instrumental methods are: HWettability, Surface Potential Difference
(SPD), Ellipsometry, and Optically Stimulated Electron Emission (OSEE).
Each instrument is described with respect to measurement techniques,
Timitations, and advantages and types of available instruments. Elementary
theoretical principles and examples of the use of each instrument are also
given.

1.2 Application: The application of the instruments recommended here is to
establish that the state, or quality, of a surface is satisfactory for its
intended use. Surface cleanliness refers to the absence of materials that
would degrade the surface with respect to its intended use. In the case of
adhesive bonding, the contamination is usually organic oils or greases; for
soldering, welding, coating, or plating, it may be oxide or hydroxide films;
for painting it may be water condensate. For example, for adhesive bonding,
a properly prepared metal surface may require a hydroxide film that is
stable with respect to heat and moisture. The presence of an oxide or
hydroxide film that is not stable to heat and moisture, or that is
mechanically weak, would be considered a contaminant.
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2. INSTRUMENTS: The type of instrument recommended for surface qualification
will depend upon factors such as: the amount of information needed, the
frequency of need of information, and whether samples of specified size and
shape need be inserted into the instrument or if the sensor can be placed on
or near the actual surface of interest. Other considerations are: cost of
the instrument, maintenance requirements, and needed operator training.
Table 1 gives a comparison of the various types of instruments as to:
principles of operation, what is measured, approximate depth of measurement,
field of application, estimated proficiency level to operate, estimated
proficiency level to interpret results, and estimated cost range.

2,1 Hettability Tests:
2.1.1 Measurement Techniques:

2.1.1.1 There are two wettability tests in use. They are the "Water Break Test"
and the "Hydrophobic Surface Films by the Atomizer Test." The most
common method for the determination of the surface cleanliness has been
the "Water Break Test" (ASTM F22). This test simply entails placing a
drop of clean water on the surface and observing whether the water
spreads. It is assumed that if the water spreads, the surface is clean
and is proper for the intended use (e.g., adhesive bonding, soldering,
plating, etc.). However, the test only indicates that the attraction
between water molecules and surface atoms is sufficient to overcome the
attraction of water molecules to themselves (i.e., overcome the liquid
surface tension).

2.1.1.2 The reason the "Water Break Test" has been so useful, is that the most

common surface contamination has been nonpolar organic oils and greases,
which have a very low attraction for highly polar water molecules. The
polar nature of a molecule is simply related to the distance of
separation between the positive charge of the atomic nucleus and the net
negative charge of the orbiting electrons. A quantitative expression of
this is given in the dipole moment of molecules which will be more fully
described in the Surface Potential Difference method.

2.1.1.3 Since oils and greases are usually nonpolar, they have weak attraction
to themselves and to other molecules; consequently, they can slip past
each other and separate easily, making good lubricants, but poor
adhesives.

2.1.1.4 The "Hydrophobic Surface Films by the Atomizer Test" (ASTM F21), deemed
a hundred times more sensitive than the "Water Break Test," involves the
spray of a water mist on the surface and the observation of whether or
not water droplets form.
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2.1.2 Limitations and Advantages:

.12,

1

The wettability tests are 1imited to the detection of nonpolar
contamination that results in an observable contact angle. There are
many materials that are polar enough to reduce the contact angle (©)

to zero but still degrade the surface with respect to its intended use.
For example, strong, environmentally durable adhesive joints may require
strong, stable, hydroxide layers. This is the case for adhesive bonding
of aluminum and titanium parts for aerospace purposes. HWeak unstable
oxide or hydroxide layers may be very wettable but totally unsuitable
for bonding.

Another Timitation is the difficulty of automated measurement in the
field. The techniques are primarily performed by a person and are
subject to human error.

These techniques give no information about the elemental content of the
contamination, other than its polar nature.

The wettability tests are Timited to high energy surfaces such as
metals, ceramics, or glasses. They are not suitable for Tow energy
surfaces, such as most plastics and some composites.

The wettability tests may be a source of contamination, in that the
presence of water, or contaminants within the water, could be
detrimental.

It should be pointed out that when it may be required to test the
underside of aircraft for cleanliness, the "Water Break Test" is
difficult.

Available Instruments:

The simplest method for surface cleanliness testing is the use of an
atomizer, a syringe, pipette, or any container for dispensing clean
water onto a surface, followed by visual observation of whether the
water beads up or spreads.

Reflective goniometers to measure liquid contact angles are available to
observe the shape of the side view of the drop as in Figure 1a, for a
drop with © 90 degrees and Figure 1b for a drop with © 90 degrees.

A protractor eyepiece is provided so that a hair 1ine can be aligned
with the tangent to the curvature of the drop, at the liquid-solid
intercept. The contact angle is read directly from the protractor
scale. The goniometer usually has an environmental chamber so the
contact angle can be measured with controlled temperature and
environment.

2.2 Surface Potential Difference (SPD):

Measurement Techniques:
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2.2.1.1 If two parallel metal plates are connected by a conductor, an electric
field is formed between them due to the difference in the work function
between them. The work function is the energy needed to remove
electrons from within the metal. If one of the plates is used as a
reference electrode, i.e., constant with time and other measurement
conditions, then changes in the potential between the reference
electrode and the measurement surface reflect the changes in the work
function of the measurement surface. The difference in potential
between the two electrodes is referred to as the contact potential
difference (CPD), and any changes that take place in the work function
of the measurement surface is referred to as its surface potential
difference or SPD.

2.2.1.2 There are two SPD measurement techniques: (1) the vibrating capacitor
(known as a Kelvin probe), and (2) a technique for which the reference
electrode has a layer of radioactive material, such as polonium or
americium 241. The radioactive material is covered with a thin layer of
metal to prevent leakage of the radioactivity.

2,2.1.3 The reference electrode is placed near the surface that is to be
measured for cleanliness, and a voltmeter connected between the
measurement surface and the reference electrode is observed and
recorded., If the voltmeter is connected to a recorder or the data
acquisition components of a computer, a permanent record of SPD can be
attained as a function of the sample, of the position on a sample, or
with respect to time.

2.2.1.4 The distance that the reference electrode must be held with respect to
the surface is determined by observing the voltage as the probe nears
the surface. As the probe approaches within a critical distance, the
voltage remains constant. The critical distance depends on a number of
factors, such as radioactivity level in the radioactive method, or the
vibration frequency in the Kelvin method, but is usually of the order of
a few millimetres, so that, although the measurements are made without
contact, great care with respect to positioning is usually not necessary.

2.2.1.5 As for all methods for determining surface cleanliness, SPD can be used
for surface quality assurance by empirical means, without much
understanding for instrument principles or theory. Measurements are
made for a set of samples, that are known to be satisfactory, to obtain
an acceptance window or range. This window is expanded so that
acceptable surfaces are not rejected. Then surfaces that do not fall
within the acceptance window are rejected or routed for further

preparation.

2.2.2 Limitations and Advantages:

2.2.2.1 1In general, contamination by nonpolar greases or oils will increase SPD,
but as for wettability measurements, this cannot be used as a sure
measure of surface quality.
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2.2.2.2 SPD gives no information as to elemental composition of contamination.

2.2.2.3 In order to measure SPD, it is assumed that during the time of
measurements the reference electrode does not change, so that SPD =
change in CPD. This is usually not the case and one can never be sure
which electrode is changing. 1In reference 1, reference electrodes made
of nickel, polytetrafluoroethylene (PTFE) sprayed nickel, as well as
gold and platinum showed some drift with time.

2.2.2.4 Although the radioactive SPD instrument is simple to operate, it has the
disadvantage that a state license is required for the use of radioactive
material. The vibrating electrode, although considerably more
complicated, can be used without a license.

2.2.2.5 SPD has the advantage over wettability in that it can be automated,
relying less on human judgement. The sensor is small and can be taken
to the surface of interest. Although SPD is theoretically limited to
the surface monolayer, indirect relationships exist between SPD and much
thicker films. For example, a linear relationship exists between SPD
and hydroxide film thicknesses to 720 nm (7200 R) on aluminum (See
Figure 8). There must be a direct correlation between the surface
dipole structure and anodize voltage, just as there is a direct
correlation between the anodic film thickness and voltage.

2.2.2.6 The SPD probe does not touch the surface it is measuring and is
therefore a nondestructive, noncontaminating source.

2.2.2.7 Given sufficient calibration with respect to surfaces and anticipated
contamination, SPD can be a useful surface inspection technique.

2.2.3 Available Instruments:

2.2.3.1 Figure 2a is a schematic equivalent circuit diagram for the radioactive
SPD technique. The current "i" flowing in the circuit can be expressed
by Ohm's law:

i=CPD/(R+r)=e/r (nm

where CPD is the contact potential difference, R is the air gap
resistance between the sample surface and the reference electrode, r is
the electrometer resistance, and e is the electrometer voltage reading.
A radioactive substance, sealed behind a metal foil on the reference
electrode, is used to provide ionization of the air between the
electrodes, thus reducing R such that R r. In this case:

i=CPD/r=e/r (2)
and CDP=e, the electrometer reading. To demonstrate that R r, e is

measured as a function of distance between the electrodes. As long as e
is independent of distance, R v
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2,2.3.2 Figure 2b shows a schematic equivalent circuit for the vibrating
electrode SPD instrument. The vibrating capacitor is connected in
series with a resistor R and a voltage source Eg + ER. In general,
for Eg + ER = O(V), an electric field will exis? in the gap between
the p?ates of the capacitor because CPD is not zero. The sinusoidal
variation of the capacitor spacing will lead to an alternating current
in the external circuit. To determine CPD, Ep + ER is varied until
there is no currrent flowing in the external circuit and hence no field
in the gap. At this null point, Eg + ER is equal to CPD.
The voltage V developed across R is:

eoAawR £

Vo =
0 o

(CPD - Eg - ER) coswt for Vp (CPD - Eg - ER) (3)

where dg is the mean capacitor spacing, doa is the amplitude of
vibration at the frequency w and A is the area of the plates. Since
Vo is proportional in magnitude and sign to (CPD -Eg-ER), it can be
used as an error signal for a simple servomechanism. The phase
sensitive detected DC signal proportional to (CPD - Eg - ER) is
applied as the bucking voltage Ep + ER. The feedback is negative
and continous balance is maintained with the output voltage given by

E =(CPD-ER)/(1+1/G) (4)

where G i1s the open Toop gain. This servomechanism was first used by
Pa]avskyz in a vibrating capacitor electrometer.

2.3 Ellipsometry:
2.3.1 Measurement Techniques:

2.3.1.1 An ellipsometer is an optical instrument that measures the ellipticity
of a beam of monochromatic 1ight that reflects from the surface of
interest. The incident beam passes through a polarizer, through a
compensator (quarterwave plate), refiects from the surface, and finally
passes through another polarizer (referred to as the analyzer) into a
photodetector.

2.3.1.2 Plane polarized Tight can be resolved into two beams that are at right
angles (orthogonal). The orthogonal beams are in phase and thus the
resultant plane polarized beam remains in the same plane as it
propagates through space. If no compensator is present, the surface
will cause the reflected orthogonal beams to be out of phase. Thus the
reflected beam vector rotates as it propagates. The projection of the
rotating reflected beam is an ellipse with major and minor axes that
represent the amplitude of the orthogonal components. The orientation
of the ellipse represents the phase shift of the orthogonal components.
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2.3.1.3 An ellipsometer measures the ellipticity of the reflected beam, as two
parameters, tan g, which is the ratio of the amplitudes of the
orthogonal components, and A, which is the phase shift of these
components that results from reflection.

2.3.1.4 The elliptically polarized light carries with it information about the
surface from which it was reflected. If the surface is absolutely
clean, the refractive index of the surface can be computed from A and
¢. If a thin film is present, the thickness and refractive index of
the film can be computed. Ellipsometers are remarkable with respect to
the sensitivity the phase shift has with film thickness. In fact, the
phase shift A is so sensitive that one thousandth of one monolayer of
oxide on metals can be detected. However, ellipsometers are usually
used to measure film thickness in the range 0 to 6000 nanometres.

2.3.1.5 The refractive index of a surface or a film is a complex number
represented as

A
N = NC1-iX) (5)

where N, the real part of the complex number is the refractive index,
which measures the refraction or change of direction of the light as it
passes from the ambient into the material and x, the imaginary part is
the absorption index, which measures the fraction of the light that is
absorbed as it passes in and out of the material upon reflection.

2.3.1.6 Figure 3 shows a plot of A vs ¢ for a theoretical film (solid curve)
on aluminum. The ticks and corresponding numbers on the curve indicate
the thickness (in A) of a transparent film of index N = 1.3, X = 0.
The solid points in Figure 3 are the measured values of A and y for
an aluminum mirror.

The point O (V) shows the original oxide to be aRout 15 nm (150 R). At
2(V) anodize, the thickness is about 80 ng (800 A); at 4(V), about 175 nm
(1750 R); and at 6(V) about 325 nm (3250 A).

2.3.2 Limitations and Advantages:

2.3.2.1 At 8(V) the film thickness in Figure 3 is not 45 nm, but about 350 + 45
or 395 nm. The value of thickness at which the A, ¢ values begin to
repeat is called the first order film thickness and points out a
limitation for an ordinary ellipsometer. To determine the film
thickness one must know the order of the film. This limitation is
removed by measuring at two wave lengths or two angles of incidence.
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2.3.2.2 The theory of ellipsometry is limited to films of uniform refractive
index on perfectly smooth substrates. Perhaps the most difficult
Timitation of the interpretation of ellipsometry is the effect of
roughness. However, roughness does not prevent precision measurements
from being made. An example i1s given in Figure 4 for aluminum samples
that had been etched (very rough) in sulfuric-acid-dichromate solution
and then anodized in phosphoric acid solution at various voltages.

2.3.2.3 It is observed that the A, y data go around a loop as in Figure 3,
but the loop is distorted due to the roughness. A comprehensive
analysis on the effect of roughness on ellipsometry can be found in
Ref. 3.

2.3.3 Available Instruments:

2.3.3.1 There are four types of commercially available instruments. These are
the nulling type, the rotating analyzer type, the comparison type, and
the TRI-BEAM type. The nulling type is represented in Figure 5a. The
manually operated nulling ellipsometer is the most precise instrument
available. Typically these instruments have verniers that allow reading
of A and ¢ to 0.01 degree. There are automated nulling
ellipsometers which typically measure A to 0.1 degree and ¢ to
0.05 degree.

2.3.3.2 The second type, the rotating analyzer ellipsometers, takes 1ight
intensity data as the analyzer rotates through 360 degrees. From light
intensity data vs analyzer azimuth, values of A and y are calculated
and typically resolve to 1.0 and 0.5 degree, respectively.

2.3.3.3 The third type, the comparison ellipsometer, has the arrangement in
Figure 5b., This ellipsometer utilizes polarized white 1ight and makes a
direct visual comparison between a test surface and a reference standard
that has known properties. There are no moving parts. The operator
looks through the analyzer and sees rainbow hues where the two surfaces
are dissimilar and a total extinction of 1ight where the two surfaces
have identical properties. The dark extinction line is compared to a
scale that indicates the film thickness.

2.3.3.4 An advantage of the comparison ellipsometer is that the film thickness
is read directly, with no computer calculations needed. A severe
disadvantage is that a wedge-shaped film standard is necessary, with
identical index of refraction to that of the sample to be measured.
This type of ellipsometer does not measure refractive index as do the
other types.
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2.3.3.5 The fourth type, the TBE (tri-beam) ellipsometer, is based on the
analysis of Ref. 4. The principle is similar to the rotating analyzer,
except that the intensity of 1ight is monitored at O degree, 45 degree
and 90 degree azimuth of the analyzer. There are no moving parts in the
ellipsometer and all 1ight intensity readings are automatically entered
into a computer via an A/D converter. The computer calculates A and
y from the three intensities and then calculates film thickness and
refractive index. A1l the other ellipsometer types must have samples
produced and placed in the ellipsometer. This prevents measurements
being made directly on production T1ines or on large production parts.
The three-intensity type ellipsometer has a small hand held sensor that
can be placed on production lines or scanned over large production parts.

2.3.3.6 Except for the comparison ellipsometer, the typical measurement time
varies from 5 to 50 seconds per measurement. Due to having no moving
parts and being entirely electronic and computer controlled, the
TBE (tri-beam) type ellipsometer can make measurements at about 0.001
seconds per measurement, or as fast as the computer can take the data.
This has the advantage that two dimensional surface mapping can take
place in a relatively short time. For example, a map of 1000 data
points can be made in a matter of seconds as compared to hours for the
other ellipsometers.

2.4 Optically Stimulated Electron Emission (OSEE):
2.4.1 Measurement Techniques:

2.4,1.1 An OSEE instrument has a sensor that contains a lamp that emits
ultraviolet (UV) 1ight and a collector for collecting electrons emitted
by the surface. The UV light stimulates the emission of electrons from
the surface. The electrical current resulting from the electron
emission is composed of electrons and molecules that capture electrons
to become negative ions. '

2.4.1.2 The use of OSEE for surface inspection relates the high sensitivity of .
electron emission to contaminants on the surface. As for SPD and
Ellipsometry, OSEE is restricted to a very thin surface layer (~ 0 to
a few hundred Angstroms) that will allow electrons to escape. As for
SPD, thicker layers can affect the emission and attenuation
characteristics of the outer layer in a systematic way, and thus make
OSEE useful for the measurement of the thicker films.

2.4.1.3 The position of the OSEE with respect to the surface is not critical and
can vary from millimetres to centimetres. However, once an appropriate
distance has been chosen, it must be maintained for further measurements
because the current is attenuated by the gas between the electrodes.
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2.4,

1.4

2.4! .

3l

4.2.2

eid

2.4

The OSEE instrument can be used as a quality assurance tool with very
1ittle knowledge of the theoretical principles or details regarding its
function. As mentioned for SPD, samples of known utility can be used to
obtain an acceptance window and after expanding the window to eliminate
rejection of acceptable parts, signals outside of the acceptance window
can be used to reject unacceptable parts.

The electronic signal from the OSEE instrument can be given directly to
a computer via an A/D converter and peripheral interface adaptor (PIA),
for data acquisition management, or to operate automated corrective
action apparatus.

.2 Limitations and Advantages:
a2

OSEE has one important limitation, that of surface changes due to
exposure to the UV light. This can be overcome, in most cases, by
minimization of the exposure. It is well known that exposure of the
surface to UV light can be used to clean a contaminated surface. The UV
1ight produces ozone which reacts with hydrocarbon contamination to form
carbon monoxide and carbon dioxide, which leave the surface as gas.

Another limitation relates to the surface depth of UV penetration and
electron escape.

OSEE does not reveal information as to the elemental composition of
surface layers, but might be useful in this regard with extensive
calibration studies.

Due to the mechanism of electron and ion current flow through the air,
and the effect of distance on the electric field between the surface and
the collector, measurements must be made with a constant distance
between the probe and the surface for reproducibility. This is usually
easily achieved.

.3 Available Instruments:

.3.1 There is only one type of OSEE instrument presently available. As for
the other instruments, the physical configuration (See Figure 6) is
simple, but the actual development of a reliable, Tow noise instrument
is complex and difficult.

THEORETICAL PRINCIPLES AND EXAMPLES:

3.1 Hettability Tests:

3.

1

.1 Theoretical Principles:
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3.1.1.1 The contact bgtween a liquid and solid is defined by Figure 1. Zisman
and coworkers? have developed detailed procedures for experimental
measurement of liquid-solid contact angles. Zisman showed that a plot
of Cos r versus liquid surface tension q, for a homologous liquid
series against a common solid, tends to produce a linear curve.
Extrapolation of the Cos r versus q to Cos r = 1 defines a
critical 1iquid surface tension, Yc, for wettability of the solid.
Any Tiquid with surface tension less than the critical surface tension
will spread on the solid surface (i.e., r = 0).

3.1.1.2 The energy to separate a liquid from a solid is referred to as the work
of adhesion, Wa, and is related to r and q by the following equation:

Wa=q(1+Cos r) (6)

From Eq. (6) it is observed that since the contact angle can vary from 0
to 180 degrees, Wa must be at Teast 2q. The strength of adhesion, or
the bond between molecules in the 1iquid and molecules or atoms in the
solid, can be estimated by measuring the contact angle and obtaining the
1iquid surface tension from the handbooks for physics and chemistry.
However, since r cannot be less than zero, the strength of the bonds
that are greater than 2q cannot be determined this way.

3.1.1.3 The theory for the "Atomizer Test" is essentially the same as for the
"Water Break Test," except that the water is placed on the surface as
extremely small droplets or mist.

3.1.2 HWettability Examples:

3.1.2.1 Figure 7 indicates that a single layer, two molecules thick (from 1
dip), of a natural grease (myristic acid) can increase the contact angle
from approximately zero to over 90 degrees for a smooth aluminum
mirror. The contact angle does not change after the first dip because
each dip deposits a bilayer with a polar acid group sandwiched between
the nonpolar hydrocarbon chains, so that the water only sees the ends of
the hydrocarbon chains. To show the dramatic effect extremely thin
layers of grease contamination can have, the deposition of only one
monolayer of myristic acid (molecular chain lying flat on the surface)
increased the contact angle by 36 degrees and decreased the lapshear
bond strength by 324 psi (2234 kPa).

3.2 Surface Potential Difference (SPD):
3.2.1 Theoretcial Principles:
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