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Abstract After 50+ years of research to discover a way

of determining the in situ strength of an adhesive bond, a

method has been found to probe this key parameter. The

initial testing on composite joints has shown it to be

accurate and reliable. While effective, it is expensive to

implement in a production environment and then during the

final stages of assembly. A second method of probing the

adherent surface prior to bonding is presented that offers

the promise of determining adhesion potential before final

bond consolidation. These new inspection methods should

enable significant increases in structural performance for

structures that utilize composite materials. Before exam-

ining these two new methods a brief review of past work on

adhesive bond strength determination is presented.

Introduction

Composite materials are chiefly used for secondary aircraft

components while primary structural components are fab-

ricated from traditional metals. A major impediment to the

wider application of composites in aerospace structures has

been the lack of a reliable and efficient joining method.

Metallic structures, on the other hand, are assembled from

subcomponents to produce larger structures via mechanical

fastening or metallurgical bonding, e.g., welding, brazing,

diffusion bonding, etc. Unfortunately, mechanical fastening

does not allow the aircraft designer to utilize the many

structural advantages of composites. Adhesive bonding

would be the preferred joining method for composites, but

is not used because it has not been proven to be a reliable

joining methodology [1, 2]. There have been instances

where adhesive bonding was used reliably for several years,

but then for unknown reasons began to produce low strength

joints. The traditional method of dealing with a lack of

reliability in metal structures is to use a nondestructive

inspection (NDI) technique to detect the underlying cause

of substandard performance and to alter the manufacturing

or maintenance procedures to eliminate it. While NDI has

proven to be a valuable asset in guaranteeing reliability in

mechanical fastened structures, there has been no similar

inspection capability that could detect low strength adhe-

sive bonds. Without this fundamental capability composite

materials could not be effectively utilized in high perfor-

mance structures. In addition, without adhesive bonding as

a joining option the composite structure can be more

expensive than one fabricated from aluminum [1].

A brief history of bonded joint inspection

In the late 1990s the US Air Force began the Composite

Affordability Initiative (CAI) to explore a number of

approaches to reduce the cost and increase the reliability of

aircraft components fabricated from carbon fiber reinforced

polymers (CRFP). Several new technological approaches

to achieving these goals were demonstrated during this

program. One goal of the program was to make composite

structural components economically competitive with

mechanically fastened aluminum components. However,

this can only be achieved if adhesive bonding can be used
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as a reliable joining method. The principle conclusions at

the end of the CAI effort as stated by the government

engineer responsible for its conduct are––(1) ‘‘the key to

affordability … is the integration of parts and bonding

parts’’ and (2) ‘‘The inability to discriminate between a

good bond and a ‘‘kissing’’1 bond has been the key road-

block to further use of bonded structures’’ [1, 2]. Thus,

adhesive bonding was identified as an enabling technology

to the widespread use of composites in aircraft structures

and the lack of a NDI capability to guarantee a minimum

joint strength is fundamental to achieving both economical

and reliable composite structures. The NDI community has

long recognized the need for this inspection capability, and

there have been a great many research programs over the

years attempting to discover a method of ‘‘nondestructively

measuring the strength of an adhesive bond.’’ A brief

examination of those research efforts and the reason for

their lack of success follows.

Nondestructive inspection has provided data about flaws

and other strength limiting conditions of metal structures

for well over 70 years using an array of instruments and

techniques [3–12]. This information is conveyed to the

engineering community and used in fracture mechanic

analysis of structural performance and reliability. These flaw

data and fracture mechanics analysis may provide the basis

for recommended repair procedures. The combination of the

analytical methods of fracture mechanics with reliable

inspection data permits the engineering community to use

the damage tolerance philosophy for both the design and

maintenance of flight critical structures [13, 14]. At its core

the damage tolerance philosophy assumes that all structures

contain flaws at the time of fabrication whose sizes can be

estimated from a quantification of the inspection capability

of the manufacturer. Furthermore, these initial flaws will

grow as a result of the service environment in a defined way

so that service intervals for the structure may be determined

in a quantifiable manner to guarantee safety of flight. Since

the implementation of this philosophy, aircraft structures

have been designed so that the initial flaws do not grow to

critical size2 during a specified service interval, if proper

maintenance and inspection procedures are followed. The

same formalism is applied to any service induced damage.

Since its adoption by the US Air Force, the damage tolerance

design philosophy has been eminently successful in guar-

anteeing the safe operation of large fleets of aircraft. Within

the damage tolerance paradigm inspectors are charged with

detecting and quantifying strength limiting flaws or material

conditions, while the fracture mechanics community uses

these data to predict structural performance. Unfortunately,

this paradigm was not applied to the inspection of bonded

components where there has been an attempt to directly

predict joint strength without the steps of detecting and

quantifying strength limiting flaws [15–23]. In this case, the

philosophy was to measure a physical parameter which was

then correlated with bond strength. This process of NDI

measurement and prediction evolved separately from that

used in the damage tolerance philosophy for metal structures

and we will examine why this occurred next.

NDI of bond strength

As early as the 1950s there was a great deal of interest in

using adhesive bonding as a joining technique for aircraft

structures. As the inevitable failures occurred with this new

technology, there was increased pressure on the inspection

community to develop a method to detect inadequate/

under-strength bonds during the manufacturing process. In

response to this need Fokker Aircraft in the Netherlands

developed an instrument (the Fokker Bondtester) which

seemed to be the universal answer to detecting substandard

bonds during manufacturing [24–28]. This instrument was

based upon two characteristics of the adhesive used by

Fokker at that time. Firstly, the Redux adhesives [29] used

by Fokker are forgiving of many deviations in surface

treatments used to anodize aluminum components. Sec-

ondly, the principal defect of the Redux adhesive is

excessive porosity. Fokker recognized that this condition

could be detected with a low frequency acoustic instrument

[25, 30–34]. The Fokker Bondtester measures the band-

width or Q and resonant frequency of a small vibrating

mass that is acoustically coupled to the structure. Since this

coupling is via a viscous gel the instrument was not

scanned but instead was used in selected locations with a

suspect bond or one that sustains high stresses. Many later

NDI research papers [25–27, 30–35] and the user’s manual

for this instrument show graphs relating ‘‘bond quality

units,’’ a meter reading on the instrument, with the strength

of a lap shear joint. An example of such an image is shown

in Fig. 1 for a lap shear joint.

Because the Fokker Bondtester provided strength esti-

mates for adhesively bonded joints, it seemed to be the

ideal solution to inspection bonds. The instrument was used

from the 1960s through the 1990s to inspect many epoxy

bonded structures, but the predictions of joint strength

proved to be unreliable. The problem was principally due

to a failure to recognize that the Redux adhesives and

epoxies fail via different mechanisms. A Redux adhesive

bond usually fails due to a lack of material or excess

porosity. Epoxy bonds are sensitive to both the adherend

surface condition and to small ‘‘crack like’’ flaws and fail

1 A kissing bond is a one in which there is an intimate contact

between adhesive and adherend but with little adhesion between

them.
2 A critical flaw is one that would initial brittle fracture.
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via brittle fracture. Neither of these conditions is easily

detectable using the Fokker Bondtester. Furthermore, the

presence of cracks or ‘‘crack like’’ defects are not signifi-

cant unless they are close to the edge of a joint where the

stresses are highest [26–28, 36, 37]. Unfortunately, this is

the region of the joint that is the least inspectable because

the edge diffracts the relatively long wavelength acoustic

waves and results in inconsistent signals. There have been

several structural failures3 that were traced to bonded joints

that had passed inspection with the Bondtester (R.N.

Hadcock, 1997, Personal Communication). Nonetheless, a

number of researchers have claimed that their data show

that it is possible to measure the strength of adhesive bonds

with the Bondtester. Others researchers have expanded

their prediction capability to include a range of acoustic

and ultrasonic methods. The most popular ultrasonic

method uses through transmission ultrasound [15–17, 20–

22, 38–77]. While the specifics of each of the ultrasonic

techniques differ slightly, the basic configuration is similar

to the through transmission configuration shown in Fig. 2.

In this figure, two ultrasonic transducers are shown in

contact with the specimen. The transducers are often sep-

arated from the specimen in a water bath that serves as an

acoustic couplant. In this configuration, the specimen may

be scanned in a raster pattern to provide the inspector with

a planform image of internal voids and delaminations.

Since the acoustic waves interact with the specimen at a

normal incidence, longitudinal acoustic waves are used for

this inspection configuration [6, 78].

As shown in Fig. 2 through transmission ultrasound is

used to interrogate the joint in the middle, away from its

edges. Near an edge diffraction of the sound waves can

obscure sound reflected from small defects making their

detection quite difficult. The important stress carrying

regions at the edge of the joint therefore do not provide

much data to the inspector. This is unfortunate as it well

known that for lap joint configurations, the edge of the

adhesive joint carries nearly the entire load and therefore is

the most sensitive region to defects. It is even possible to

eliminate the central region of this joint without affecting

the structural performance of the joint [37]. While this non-

uniform stress distribution is well known in the mechanics

community [79–83], its significance was not recognized by

the NDI research community. Because of this omission the

engineering design community cannot use NDI strength

predicting correlations. The influence of the Fokker

Bondtester based literature prejudiced many researchers to

continue to pursue correlations using ultrasonic data for

many years. Recently several NDI research groups have

switched from predicting strength properties to predicting

‘‘bond quality’’ using the same ultrasonic data. Unfortu-

nately, ‘‘quality’’ is not defined and progress was not

forthcoming. Other types of ultrasonic inspection using

different acoustic waves have been tried, but these too

failed to produce a robust correlation between ultrasonic

data and strength [84–98].

Proof testing

The other approach to estimating the strength of bonded

joints is proof testing, wherein a ‘‘proof’’ load is applied to

the structure that is either close to or even above the

maximum load expected in service. If the joint fails, then

under-strength joints are eliminated from service. Many

methods of applying the proof load have been tried,

including high power ultrasound, electron beam heating,

plate impact, and electromagnetic pulses [69, 99]. Unfor-

tunately, these methods suffered from two deficiencies.

Firstly, the proof load is usually applied to a relatively

large area and therefore has the potential of overloading

areas not designed for such large loads. This is a problem

associated with many proof load schemes since it is

difficult to apply the load in a manner similar that is

experienced in service. For example, the proof loads on an

Fig. 1 Strength prediction using Fokker Bondtester for a lap shear

joint with a Redux adhesive

Fig. 2 A typical experimental setup for ultrasonic examination of a

bonded lap-shear joint. XMTR is the transmitting transducer and

RCVR is the receiving transducer for this through transmission

configuration

3 Unfortunately references to such failures are rarely cited in the

engineering and scientific literature.
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aircraft wing are applied with pads and therefore not uni-

form in a manner similar to aerodynamic forces. This

means that there will be high shear loads applied at the

pads which are not present from aerodynamic loading.

Secondly, the loads are applied at a slow rate so that the

entire thickness of the specimen is stressed simultaneously

and again a portion of the structure may be over stressed. A

further difficulty of some proof loading schemes is the

requirement for specialized facilities, e.g., a vacuum

chamber in the case of electron beam heating. Plate impact

loading requires precise alignment between plate and

structure since a slight misalignment will mean that a very

large overload will be applied along one edge at the plate-

structure interface during the impact.

This was the state-of-the-art of adhesive bond inspection

when a fortunate accident occurred to one of the authors in

May 1996. During examination of several laser shock

peened (LSP), high cycle fatigue test specimens with an

ultrasonic microscope the author noticed that the LSP

process had produced many very small delaminations in

the center of the specimens. Images from one microscope

scan are shown in Fig. 3 [100, 101]. This was a surprising

result since no one had expected that the laser shock

peening could fracture a specimen made from a high

fracture toughness alloy, such as Ti-6Al-4V.4 Because the

laser pulse can be as short as a few hundred nano seconds,

the induced compressive and tensile pulses are on the order

of several times the thickness of an adhesive bond. Fur-

thermore, since the fluence of a high power laser can be

accurately controlled the LSP process can be used to proof

load a bond so that cohesive and adhesive strengths might

be probed nearly independently.

The reason for the fractures or induced delaminations of

the specimen shown in Fig. 3 may be explained as follows.

During the LSP process a high power laser pulse is incident

on specimen’s surface and produce high amplitude com-

pressional waves within the specimen. These compression

waves reflect off the opposite free surfaces as tensile waves

and overlap in its center to produce very large tensile loads

that may fracture the specimen or bond––see Fig. 4 [101].

The resulting tensile stress may be nearly as large as twice

the magnitude of each original compressive stress.

Proof loading of a joint in a small internal area therefore

could then be used to fracture and thus detect low strength

bonds. Substandard bonds will break and can be detected

with standard ultrasonic scanning methods or by noting the

deflection of the surface produced by the traversing stress

pulses [102, 103]. If the area of the proof loading is small,

then even if the bond is fractured, the structure may still

meet acceptance standards. Furthermore, this interrogation

method can be conducted in areas that carried little or no

load, e.g., far from the joint edge, and thus would not be

detrimental to joint integrity or durability. One aircraft

structural designer has suggested that these small delam-

inations are the equivalent of an insignificant increase in

the amount of porosity that is assumed to be present in all

adhesive bonds (M. Pourmand, 2001, Personal Communi-

cation Northrop-Grumman Corp.).

Current certification requirements for primary bonded

structures, as mandated by the US Federal Aviation

Administration and the US Department of Defense, require

proof testing to ensure adhesive joints meet minimum

strength levels. Unfortunately, conventional proof testing is

often too costly to be used on a routine basis. However,

using LSP to proof load a small area avoids these diffi-

culties since only a small fraction of the structure is loaded

and even if a fracture occurs, it is unlikely to be significant

from a structural standpoint. This latter point has not been

proven with long-term structural testing and is only the

opinion of one structural engineer (M. Pourmand, 2001,

Personal Communication Northrop-Grumman Corp.).

Based upon these findings, work on laser shock loading of

adhesive joints in composite specimens was continued and

expanded under the CAI program, and is reviewed next

[99, 102, 103].

Fig. 3 Ultrasonic microscope images of a thin Ti-6Al-4 V specimen

which had been laser shock peened to prevent high-cycle-fatigue

crack growth

Fig. 4 A schematic explanation of why laser shock peening produces

a large tensile stress at the center of a bonded composite specimen

[101]

4 A titanium alloy with 6% aluminum and 4% vanadium.
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Specimens were fabricated with Cytec Fiberite 3 K-70-

PW T300 934 graphite/epoxy composite material and

Loctite Hysol EA 9394 adhesive bonds––for further details

of the specimen preparation see [103]. The surfaces of

several specimens were prepared using three different

techniques to determine if these changes could be detected

with the LSP proof loading. The methods of treating the

adherent surface were as follows: (1) ‘‘as-tooled’’ or

untreated after consolidation; (2) sanded and wiped with a

solvent; and (3) grit blasting. These samples were LSP

proof tested and the results showed that these conditions

could be distinguished by their different adhesive strengths

with the untreated, sanded and solvent wiped, and grit

blasted specimens having progressively higher adhesive

strength levels––see Fig. 5. The damage parameter shown

on the ordinate was assigned to the tested specimen in the

following manner. Specimens without detectable delam-

inations, determined with ultrasonic C-scanning [78], were

classified as having no damage. Those with barely dis-

cernable delaminations at the LSP impact site were

classified as having a damage parameter of 0.5, while those

with clear delaminations were classified as having damage

levels of 1.0.

To test the ability of the proof loading to distinguish

between adhesives of differing cohesive strength levels, the

EA 9394 paste epoxy was mixed with various ratios of

resin and hardener. Three differing levels of strength were

achieved with static cohesive strength levels of 50%, 70%,

and 100%. Again these were easily detected with the LSP

proof testing––see the results in Fig. 6.

Lastly, there was an attempt to determine if contami-

nation could be detected with the LSP proof testing.

Composite adherents were prepared with the standard

processing and the surfaces were then grit blasted. The

bondline surfaces were then intentionally contaminated

with two levels of Frekote 1711. One set of specimens was

left uncontaminated as a control group. As expected, con-

tamination degraded the adhesive strength, and this is

apparent from the LSP proof loading as shown in Fig. 7.

The data shown in Figs. 5–7 indicate that LSP proof

loading can be used to detect differences in the adhesive

and cohesive strength of bonded composite specimens.

Fig. 5 Effect of surface preparation on the adhesive strength of

bonded composite specimens as detected with laser shock peen proof

loading. The circles represent strength data for specimens without any

surface treatment before bonding, while the triangles represent

strength data for specimens which had been sanded and wiped with

a solvent. The small squares represent strength data from specimens

which had received grit blasting before bonding. Used with permis-

sion [103] ‘‘Reprinted by permission from the Society for the

Advancement of Material and Process Engineering (SAMPE)’’

Fig. 6 Effect of the adhesive resin-hardener ratio on the cohesive

strength of bonded composite specimens as detected with laser shock

peen proof loading. The circles represent strength data for specimens

which had been bonded with an adhesive (EA 9394) with insufficient

hardener so as to yield 50% strength joints. The triangles represent

strength data for specimens with a 75% strength adhesive and the

squares represent strength data from specimens prepared with full

strength adhesive. Used with permission [103] ‘‘Reprinted by

permission from the Society for the Advancement of Material and

Process Engineering (SAMPE)’’

Fig. 7 Effect of contamination by Frekote 1711 on the adhesive

strength of bonded composite specimens as detected with laser shock

peen proof loading. The circles represent strength data for specimens

with the greatest surface contamination with Frekote 1711, while the

triangles represent strength data for specimens with a lesser amount of

contamination. The squares represent strength data from specimens

which had received only grit blasting. Used with permission [103]

‘‘Reprinted by permission from the Society for the Advancement of

Material and Process Engineering (SAMPE)’’
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This method is significant because it detects a parameter

that is directly related to the strength of the bond joint. It

should be noted that the ultimate load bearing capability of

the complete structure is not probed with this technique

because the defect distribution at the edges of the joint is

not probed. However, the method does detect the existence

of under-strength bonds and permits the inspector to cull

those with substandard adhesive or cohesive strengths.

Proof loading conclusions

At this point one may draw several conclusions. Firstly, a

method has been found to test the fracture/strength prop-

erties of an adhesive bond in situ. This capability is a

necessary component of the inspection process in order for

aircraft designers to have confidence that adhesive bonding

can be used reliably as a joining method for composite

structures (W.G. Baron, 2001, Personal Communication

Air Force Research Laboratory, Air Vehicles Directorate,

Wright Patterson AFB, OH 45433). Secondly, while this is

a destructive test procedure, which the NDI community

may choose to exclude from their repertoire of tools.

However, it is similar to acoustic emission in that minor

physical damage is done to the structure during the testing

procedure.5 This does not seem to be a major concern for

aircraft designers who consider any small delaminations

induced by LSP proof loading to be equivalent to a slight

increase in the porosity that is assumed to exist in all

adhesive bonds. Furthermore, these delaminations may be

created in the area of the joint that effectively carries little

or no load, so their presence may be of little or no con-

sequence to the strength and durability of the joint. Thirdly,

this technique will probably never be used over large areas

of a bond due to cost and time involved in its application.

Therefore, traditional inspection techniques must be uti-

lized to detect and quantify physical flaws, such as

delaminations, excess porosity, inclusions, missing adhe-

sive, etc. These flaw types must be detected in high stress

areas of the structure where their presence is significant to

the reliability of a bond. Finally, this technique is expen-

sive and is applied late in the manufacturing cycle, i.e.,

after the part has been assembled and the adhesive cured.

Since a common cause of low adhesive strength is con-

tamination or improper surface preparation of the adherend

surface before the adhesive is applied, if a method of

detecting these conditions could be found, then these parts

could be reworked and the components salvaged. If con-

tamination can be detected before adhesive application,

then the source of contamination might be discovered and

eliminated.

NDI for contamination detection

In the 1970s the US Air Force conducted a program called

‘‘Primary Adhesively Bonded Structural Test’’ (PABST) to

determine if adhesive bonding could be used reliably as a

joining method for the primary components in aluminum

airframes6 [104–107]. During this program a great deal of

attention was given to all aspects of the manufacturing

process that could affect the long-term durability of an

adhesively bonded joint. A review of previous failures and

those that occurred during the PABST program indicated

that most were traceable to inadequate surface preparation

of the anodized aluminum prior to priming and adhesive

application. There were a few failures traced to physical

flaws, such as delaminations but most were associated with

contamination or damage to the adherent surface.7 As a

result, particular attention was paid to prevention of con-

tamination of the anodized aluminum surface with rigid

process controls. In addition, several research efforts were

initiated to discover and develop a method and/or device

that could detect the presence of contamination on anod-

ized aluminum [108–116]. The conclusions reached at the

end of these efforts may be summarized as follows. Firstly,

all surfaces are contaminated with a non-native material.

Extraneous substances are present in the environment and

many condense on the surface of the anodized components

before it is primed. Secondly, almost all of these contam-

inants are benign since most are soluble in the adhesive

during curing. Only a few contaminants are pernicious,

e.g., silicone greases used in the pumps that circulate the

hot anodizing fluids. Thirdly, there are several physical

measurements capable of detecting a foreign substance on

the surface of the aluminum components [35, 108–115,

117–129]. While several instruments were quite effective

at detecting contamination, none could easily or quickly

distinguish between benign and pernicious contaminants.

Therefore, instead of using an instrument to detect con-

tamination, rigid process controls were instituted in an

attempt to eliminate the damaging contamination. While

the importance of surface condition is recognized as the

key to adhesive bonding [1, 2, 116, 127, 128, 130–133], no

technique has yet emerged that can detect the presence and

chemical character of surface contamination.

5 The data recorded during acoustic emission testing is generated by

many sources including the extension of previously existing cracks

and/or the generation of new flaws.

6 The test article chosen for this program was the C-17 fuselage.
7 It is possible to physically damage the oxide on the anodized

surface and significantly degrade the adhesive bond strength, but this

seemed to be a rare condition.

J Mater Sci (2008) 43:6682–6694 6687

123



Surface energy and adhesion

One area of technology that is particularly well equipped to

both detect and characterize contamination is the science of

surface chemistry. Previous work in this field has demon-

strated that surface energy measurements are an excellent

predictor of adhesive bond performance [118, 134–136].

However, the measurement of solid surface energies using

contact angle techniques is time consuming and tedious,

particularly for non-ideal surfaces, such as those that are

curved and in a non-horizontal position. However, the

adhesion of pressure sensitive adhesive (PSA) tapes to a

surface is a function of surface energy, and peel strength

measurement could be used as a predictor of adhesive bond

performance, even on highly roughened surfaces. There-

fore, a research effort was initiated to investigate the

relationship between surface energy, the work of adhesion,

and peel strength of pressure sensitive tapes on epoxy/

carbon fiber composite laminates as a function of a limited

range of surface conditions.

Adhesive tapes are based on PSAs and fall into two main

classes: (1) natural rubber (cis-polyisoprene) and (2) acrylic

copolymers, commonly either butyl, or 2-ethylhexyl acry-

late and acrylic acid. Masking tapes tend to use natural

rubber-based compounds, while the familiar plastic-backed

Scotch-type tapes frequently use acrylic formulations. This

study utilized two PSA tapes––one based upon an acrylic

adhesive (Loparex 974660) and one based upon a natural

rubber adhesive (3M #200).

Adhesion of a PSA tape to a surface may be predicted

using a rheological model [136–138]:

G ¼ WaUðv; TÞ ð1Þ

where G is the peel adhesion strength, Wa is the thermo-

dynamic work of adhesion, U is the rheological loss in the

adhesive during peel, v is the peeling velocity, and T is the

temperature. Because of the viscoelastic nature of PSAs, U
can be larger than Wa. However, at low peel rates and/or

low temperatures, U?1 and G?Wa. Therefore, the work

of adhesion may be related to the surface energy between

the adhesive and the adherend or substrate.

The relationship between the surface energy of the

substrate, csv, the surface energy of a liquid in contact with

its vapor, clv, and the energy of the liquid/substrate

boundary, csl, is shown schematically in Fig. 8.

Accounting for all the surface energy terms, the Young

Eq. (2) may be easily derived.

csv ¼ cs � ps ¼ clv cos hþ csl ð2Þ

where cs is the true surface energy of the substrate, ps is the

spreading pressure of the liquid, and h is the contact angle

between the liquid and the substrate. Usually ps is set to 0

for solids, and with csv being equal to cs, a simpler

relationship and more familiar Young equation is obtained.

clv is usually known because a standard liquid is used for

the drop and h is measured experimentally [139]. In order

to determine cs, the energy of the solid/liquid interface, csl

must also be known. For this purpose the linearized

Kaelble equation for csl is applied [140].

csl ¼ cs þ clv � 2ðcd
s c

d
lvÞ

1=2 � 2ðcp
s c

p
lvÞ

1=2 ð3Þ

where cd
lv is the dispersive component of the liquid–vapor

energy and likewise the term clv
p is its polar component.

Equation 3 assumes surface energies of both the liquid and

solid have been separated into their constituent dispersion

and polar forces. This separation is shown explicitly for the

liquid–vapor surface energy by Eq. 4.

clv ¼ cd
lv þ cp

lv ð4Þ

If Eq. 3 is substituted into Eq. 2, a relationship between

the contact angle and the dispersive and polar components

of the surface energies of the liquid and solid is obtained.

cos h ¼ �1þ ½2ðc
d
s c

d
lvÞ

1=2 þ 2ðcp
s c

p
lvÞ

1=2�
clv

ð5Þ

By measuring the contact angle of a liquid with a liquid

of known surface energy clv = clv
d + clv

p and substituting

this value into Eq. 5 a single equation is produced with two

unknowns, cs
d and cs

p. To determine these two unknowns, it

is necessary to measure the contact angle of a second liquid

with well-characterized surface properties. These two

equations may then be solved for the two unknowns cs
d

and cs
p, yielding a more complete description of the surface

energetics of the solid surface.

The relationship between work of adhesion of Eq. 1 and

the surface energies of the adhesive, ca
d and ca

d, and sub-

strate, cs
d and cs

d, is given by Eq. 6.

G! Wa ¼ 2ðcd
a � cd

s Þ
1=2 þ 2ðcp

a � cp
s Þ

1=2 ð6Þ

Using Eq. 6 and noting that G is related to Wa, which is

directly related to the surface energies of the substrate, the

peel strength of an adhesive may be predicted if the surface

energies of the adhesive and substrate are known.

Conversely, the surface energy of the substrate may be

determined from the peel strength of a standard PSA. In

most inspection processes, it is only necessary to detect a

Fig. 8 A schematic representation of the Young diagram and the

surface energy relationships for a liquid drop on a solid substrate
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change in material properties from a standard state. Since a

change in the surface energies of the substrate may be

detected from the peel strength of a standard adhesive, a

simple peel test should be a sensitive indicator of surface

condition. Therefore this test should be capable of detecting

surface conditions that are deleterious to adhesive bond

strength, such as improper preparation and/or contamination

with a substance incompatible with the adhesive.

While in practice the threshold values for G are 100–1,000

times larger than Wa, the correlation between G and Wa is

well known. For example, acrylic PSAs are known to adhere

more strongly to polar surfaces than rubber-based PSAs, but

less strongly to non-polar surfaces, such as polyethylene

[141]. For example, polar acrylics may exhibit 50% lower

peel adhesion to polyethylene than to steel [142].

In addition to a correlation with surface energy of the

substrate, peel strength of a PSA has been shown to correlate

well to the presence of contaminants that affect bond strength

[142]. Figure 9 shows the relationship between peel force

and peel rate for surfaces coated with various release coat-

ings. The reader will note that the effect of contamination on

peel strength is much greater at low peeling rates. This val-

idates Eq. 1, which indicates a much greater role of the

thermodynamic work of adhesion at low rates where visco-

elastic energy dissipation is at a minimum.

Experimental procedure

The PSA tape and an application roller, used for a paint

adhesion test (ASTM D2510), were used to ensure repro-

ducible application of the tape to the laminate surfaces. The

peel testing apparatus shown in Fig. 10 consists of a motor-

driven sample stage and a force gauge. The tape was peeled

from the composite surface at a 180� angle and a rate of

2.54 mm/s. The 180� peel test is a much simple configu-

ration to instrument than a 90� peel test, which requires the

force gauge to follow the advancing peel interface between

the tape and substrate.

Table 1 shows the types of adhesive tapes acquired for

this investigation. Infrared spectroscopy indicated all the

tapes except the 3M #200 had very similar acrylic polymer

PSA composition. The PSA on the 3M #200 was an ali-

phatic rubber. The surface energies of the Loparex 974660

and the 3M #200 were determined using the linearized

Kaelble approach [140]. Surface energies cited in this study

were determined with the proof liquids listed in Table 2.

All surface energies are in mJ/m2.

Laminates were evaluated as-received, with no additional

cleaning attempted. Tape was applied to one edge of the

laminate and the rubber-coated roller, with a force of 20

Newtons. The roller was rolled four times back and forth

(eight total passes) over the tape. The force in Newtons

required to remove the tape was divided by the tape width to

obtain the peel strength. In some cases, the tape peel tests

were repeated several times by re-applying a fresh piece of

tape to the area previously evaluated and the debris present

on the peeled tape evaluated with a stereo microscope.

Table 3 shows the panels evaluated for peel strength.

Figure 11 shows a series of grit blasted laminates that

had PSA tape applied and removed either once, twice,

thrice, or a maximum of four times. The reader will note

that with each successive tape peel less grit blast debris was

left on the surface of the specimen. When viewed under

higher magnification the presence of debris was more

dramatic.

The peel energy for the initial tests fluctuated widely as

the test progressed, but subsequent peel tests showed much

more stable peel energy data as the test progressed. How-

ever, the average peel energy remained consistent for

multiple tests with remarkably little variation in the aver-

age strength from test to test. Grit blast debris seemed to

have very little effect on the average peel strength even

Fig. 9 Effect of release coatings on peel strength of a pressure

sensitive adhesive for several peel rates. (O) Acrylic release coating;

(P) Quilon C release; (Q) polyethylene release coating; (R) silicone

release coating. From [142]

Fig. 10 Apparatus used for evaluating the 180� tape peel strength of

pressure sensitive adhesive tapes on a composite surface
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with a relatively large amount of debris present on the

laminate. If an adhesive has low fracture toughness, then

the joint might be more sensitive to the blast debris that

could serve as crack initiators. However, due to their vis-

coelastic nature PSAs have a higher toughness and

therefore are relatively insensitive to debris, which had

little effect on peel strength of the tape.

The force required to remove PSA tape from a surface is

usually considered to increase with increased surface

roughness, if for no other reason than higher roughness

surfaces have greater surface area. To test the sensitivity of

the tapes used in this study to surface roughness, the values

of peel strengths are plotted as a function of surface

roughness as shown in Fig. 12. There seems to be a very

little correlation between roughness and peel strength for

the tapes used in this study––an acrylic adhesive (Loparex

974660) and one based on natural rubber adhesive (3M

#200).

Figure 13 shows strong correlation between peel

strength and total surface energy for composite specimens.

This plot shows that a tape peel measurement has strong

potential as a probe of surface energy. The governing

equation for peel strength involves the work of adhesion,

not the total surface energy. Wa (see Eq. 6) is only

Table 1 Adhesive tapes used

as surface probes
Tape Type Adhesive Surface energy

cd cp cs

3M #600 Packing Acrylic

3M #2090 Safe-release masking Synthetic

Loparex 974660 High-tack masking Acrylic 29.9 2.4 32.3

Loparex 591260 Low-tack masking Acrylic

3M #200 X-hatch masking Natural rubber base 35.9 0.14 36.0

Table 2 Liquids used for determination of solid surface energies

Proof liquid Dispersive Polar

Glycerol 34.0 30.0

Water 22.0 50.2

Ethylene glycol 29.3 19.0

DMSO 34.9 8.7

CH2I2 48.5 2.3

Formamide 32.3 26.0

Tricresylphosphate 36.2 4.5

Table 3 Panels used in tape peel tests

Surface type cd cp cs Surface

roughness (Ra)

S1 as-tooled 35.5 4.6 40.1 20

S2 as-tooled 35.6 4.6 40.3 20

S3 150 hand sanded 40.1 9.6 49.6 50

S4 220 garnet blast media 39.4 11.3 50.7 148

S5 220 blast media Al2O3 39.6 11.6 51.1 40

S6 as-tooled 35.2 0.3 35.5 18

S7 as-tooled 32.6 1.0 33.6 18

S8 150 hand sanded 38.2 12.7 50.9 47

S9 220 blast media garnet 40.1 8.8 48.9 156

S10 220 blast media Al2O3 41.2 7.2 48.4

Fig. 11 Surfaces of composite specimens after removal of a pressure

sensitive tape. The composite has been grit blasted with 80 grit garnet.

Tape from first peel is on the left, with the second and third and fourth

tape peels shown progressively to the right. Note that less debris

remains on the composite surface after each application of the tape

and its removal

Fig. 12 Pressure sensitive adhesive tape peel strengths plotted as a

function of surface roughness
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indirectly related to the total surface energy (cs
d + cs

p). But

as seen in Fig. 14, correlation of the peel strength to the

work of adhesion is no better and, in the case of the acrylic

PSA, not as strongly correlated.

Tape peel tests were performed on as-grit blasted as well

as contaminated composite surfaces to determine if peel

strength is sufficiently sensitive to surface energy to be

used as a contamination detection tool. Composite laminate

samples were first grit blasted with 220 grit alumina using

N2 at a pressure of 2.4 bars. Care was taken to uniformly

roughen the surface without removing the resin cap over

the first ply fibers. A control sample was left in the as-grit

blasted condition, while other samples were contaminated

to different levels with solutions of Frekote 44, a cross-

linkable mold release material. Contaminated samples

were cured in a 125 �C oven for 15 min as per Frekote 44

instructions. Surface energy and DMSO8 drop diameter

measurements9 were made on one end of samples, and PSA

tape peel tests were performed on the other end.

3M 250 Flatback Masking tape (with a natural rubber

PSA adhesive) was applied using 8 passes with a 2 kg

roller to obtain a reproducible tape application to the

laminate surface. 180� peel tests were performed using a

motor-driven device at a rate of 2.54 mm/s. Surface energy

measurements and drop diameters of a standard liquid,

DMSO were obtained. A calibrated pipette was used to

place 3 lL drops of DMSO on the surface of the composite

and the diameters of each drop measured after it had spread

to its maximum extent. Table 4 lists the contaminated

composite surface energies as determined by a linearized

Kaelble analysis [140].

Results from tape peel tests of these surfaces are shown

in Fig. 15.

These data show a strong dependence of tape peel

strength on surface energy for grit blasted epoxy laminates.

The correlation seems to be stronger for surface energies

below about 40 mJ/m2. The amount of contamination

present on these higher energy surfaces may not have been

sufficient to affect peel strength.

DMSO drop diameter was similarly a good predictor of

peel strength, as shown in Fig. 16.

For drop diameters up to approximately 4.5 mm, the

correlation with peel strength is particularly strong. For

larger DMSO drop diameters (corresponding to surface

energies [ 43 mJ/m2,), peel strength reached a maximum

of approximately 4.4 N/cm. The relationship between PSA

adhesion and surface energy suggests that this technique

could form the basis of a tool for measuring surface energy

and thus to gauge readiness of a grit blasted composite

surface for adhesive bonding.

As these results suggest, either the DMSO drop or the

tape peel test could be utilized to detect the presence of at

least one type of common contaminant on composite sur-

faces before bonding. It must be noted that only a limited

range of contamination levels was investigated during this

study. Furthermore, while a mold release compound, such

as Frekote 44 is a likely contaminate in a composite

Fig. 13 Peel strength for pressure sensitive adhesive tape plotted as a

function of total surface energy

Fig. 14 Peel strength for pressure sensitive adhesive tape plotted as a

function of the thermodynamic work of adhesion (Wa)

Table 4 Dispersive (cs
d), polar (cs

p), and total (cs
t) surface energy of

contaminated composite laminate samples used for PSA tape peel

adhesion test

Time in spray (s) cd
s (mJ/m2) cp

s (mJ/m2) ct
s (mJ/m2)

Saturated 14.53 1.12 15.66

3.0 43.38 0.48 43.87

1.5 47.76 0.75 48.51

0 44.21 6.10 50.31

8 DMSO is dimethyl sulfoxide (DMSO) a liquid commonly used

as surface energy standard. See http://en.wikipedia.org/wiki/

Dimethyl_sulfoxide or http://www.vp-scientific.com/hydrophobic_

coating.htm for more information about this substance.

9 The diameter of a drop with a specified volume is directly related to

the contact angle between the drop and the substrate.
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fabrication facility, it is not the only one. With many

possible contaminants available in any modern manufac-

turing facility, further testing and evaluation needs to be

conducted before the likelihood of detecting pernicious

contaminants is proven. Furthermore, since only one type

of pernicious contaminant was included in the test matrix,

additional testing will be necessary to demonstrate that this

method can distinguish between the many types of con-

taminants that could affect bond strength and durability.

While the drop test appears to be more sensitive to

changes in peel strength, particularly at low surface ener-

gies, this could prove to be a difficult procedure to

implement in a production environment. One can easily

conceive of many inexpensive, simple mechanical imple-

mentations of a tape peel test that would be fast and easy to

apply in a fast paced environment of the production floor.

Conclusions

The general conclusion from the work discussed in this

paper is that the Holy Grail of adhesive bond NDI has been

found [143]. It is now possible, albeit expensive (CT

Walters, 2007, Personal Communication 6145 Scherers Pl,

Ste F, Dublin, OH 43016-1284), to provide the structural

engineer with a direct measurement of a strength property of

an adhesive joint. This is crucial information for structural

designers as it enables them to perform hitherto unfeasible

deterministic design for bonded composite structures. In

addition, this design approach allows the designer to sig-

nificantly reduce the weight of composite aircraft structures.

However, LSP proof testing has several limitations,

including the need for access to two surfaces and the high

expense of the instrumentation. However, given the

importance of weight savings in transport structures and the

need to assure structural reliability of bonded composite

joints, this approach to determining joint properties in situ

seems justifiable for weight critical applications.

During the fabrication steps before the final assembly of

a composite structure, a major concern for the NDI engi-

neer is the detection of pernicious contamination. The tape

peel test offers an approach that is potentially inexpensive

and could be implemented in a fast paced production

environment. Unfortunately, there is insufficient data at

this time on a wide range of possible contaminants and the

possible levels of concentration for this approach to be

rapidly applied. However, it does offer an approach to

providing the NDI engineer an important tool to access the

adhesion potential of a composite surface before the

consolidation of a component.
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