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ABSTRACT 

The effect of surface preparation method and adhesive type on the bond strength of carbon-fiber-

reinforced bismaleimide composites has been examined.  The surface preparation methods 

included peel ply removal, hand sanding, and atmospheric pressure plasma activation.  Bond 

performance after aging 96 hours and after contamination with A-9 cutting fluid has been studied 

as well.  The adhesive choice has a strong impact on bond performance.  For example, the 

fracture toughness (G1C), as measured by the double cantilever beam method (ASTM D 5528), is 

7.2±0.8 psi-in for Cytec FM 300K film adhesive, compared to 10.2±0.4 psi-in for 3M AF 191K 

film adhesive.  Aging decreased the G1C values by about 15 % in both cases.  Conversely, the 

cutting fluid caused the fracture toughness to fall to 4.6±0.4 psi-in for Cytec FM 300K, but had 

no effect on the joint strength for 3M AF 191K.  In all cases, plasma activation after peel ply 

removal, or peel ply removal and sanding, improved bond performance.  This was observed 

primarily as an increase in cohesive failure mode from about 78 % to 90 % for both adhesives.  

Plasma activation was also helpful in ameliorating the impact of contamination on fracture 

toughness.  

1. INTRODUCTION 

Organic matrix composites are key components of aircraft, helicopters, satellites, and other 

aerospace systems.  Several advantages are found when joining composites with adhesives rather 

than mechanical fasteners. Adhesive bonding maximizes the bonded area while minimizing 

weight and manufacturing cost.  However, the methods used by industry to prepare surfaces for 

bonding may not be reliable and can yield subpar results in joint strength and durability.  In 

particular, the standard surface preparation method employed today is mechanical abrasion.  It 

consists of removing peel ply from the cured composite surface, roughening the material using 

an orbital sander, or both.  The objective of these methods is to produce a “clean” surface free of 

contaminants, to increase the surface energy to promote wetting of the adhesive, and to increase 

the roughness to promote mechanical interlocking at the interface. These techniques require 

manual labor, may not be reproducible, and do not adapt well to changes in material properties.  

Furthermore, abrasion techniques can mechanically stress the top resin layer of the composite, so 

that delamination occurs at lower shear strength [1-2].  

 



In this study, the surface preparation of carbon-fiber-reinforced bismaleimide composites using 

atmospheric pressure, helium and oxygen plasma to enhance the mechanical abrasion techniques 

has been examined. It has been demonstrated previously that atmospheric plasma treatment after 

peel ply removal or sanding can significantly increases the strength and durability of adhesive 

bonds to BMI [3].  Herein, we present results on the bond performance of carbon-fiber-

reinforced bismaleimide composites as a function of surface preparation method, aging for 96 

hours between surface preparation and bonding, and contamination with A-9 cutting fluid. The 

bond process was characterized by water contact angle measurements, double cantilever beam 

tests, and failure mode analysis. 

2. EXPERIMENTAL METHODS 

2.1 Materials and methods of surface preparation 

BMI composites (18 ply) covered with peel ply (Cytec 5250-4/41768) were obtained from Cytec. 

Two film adhesives were examined, Cytec’s FM 300K and 3M
TM 

Scotch-Weld
TM 

AF 191K. Four 

treatment methods were employed in accordance to prior experimental findings [3]: (1) peel ply 

(PPO) removal and bonding with FM 300K; (2) peel ply removal and plasma activation 

(PPO+plasma) and bonding with FM 300K; (3) peel ply removal and sanding (PPS) and bonding 

with AF 191K; and (4) peel ply removal, sanding and plasma activation (PPS+plasma) and 

bonding with AF 191K. These methods of surface preparation are described further below.  

Following peel ply removal (PPO) the samples were wiped with acetone and dried. After the 

application of FM 300K adhesive, samples were vacuum bagged and sealed. Curing was 

performed in accordance with the FM 300K manufacturing specifications. Carver heating press 

(model #4122) was used at 45 ± 5 psi and heated up to 350 °F in 30-60 minutes, held at 350 °F 

for 60 minutes followed by cool down. Bonded panels were water jet cut into individual coupons 

for testing.  

Samples sanded after peel ply removal (PPS) were done so with a Norton P- 220 grit sand paper, 

causing the surface to change from a matte to a glossy finish. Samples were sanded in a way as 

to not damage fibers. Following sanding, BMI samples were bonded in accordance to 

manufacturing specs for AF 191K adhesive. A cure of 60 minutes at 350 °F and 45 ± 5 psi was 

administered. 

Plasma activation was performed after peel ply removal or peel ply removal and sanding. A 

Surfx® Technologies LLC Atomflo
TM

 A500 with two inch linear beam applicator was used for 

plasma treatments. The sample surfaces were scanned with the plasma at a controlled speed 

using a Fisnar F4200 N series robot. The conditions were 180 Watts of radio frequency power, 2 

mm standoff distance and a scan speed of 23.1 mm/s with. Industrial grade (99.95 %) helium and 

oxygen were fed to the linear plasma source at a rate of 30 liters per minute (LPM) of helium and 

0.75 LPM of oxygen.  

The bismaleimide (BMI) laminates which were open air aged for 96 hours were done so after the 

last surface preparation step and prior to bonding. After samples were aged, the adhesive was 

applied and cured according to manufacturer’s specifications. Contamination experiments were 

performed by spraying samples with 6.5 mg/cm
2 

of A-9 cutting fluid and isopropyl alcohol (IPA) 

mixture. The applied contaminant mixture was allowed to dry for about 15 minutes before 



plasma activation and bonding. Contamination was applied after peel ply removal and peel ply 

removal and sanding as well as before plasma activation. Following surface preparation and 

bonding, the samples underwent surface analysis and mechanical testing. Fracture toughness and 

failure modes were analyzed for all samples and compared with corresponding surface 

preparations, out-time, and contamination.  

2.2 Testing 

2.2.1 Water contact angle 

Surface preparation methods were examined by water contact angle measurements(ASTM 5946) 

before and after aging the surface for 0, 4, 8, 16, 24, 48, and 96 hours. Water contact angle 

(WCA) measurements were made with a Kruss DSA15B digital goniometer with DSA3 software 

package provided by Kruss. All tools involved with the WCA measurements were cleaned 

thoroughly with acetone prior to any experiments.  For each measurement, six 1μL droplets were 

recorded and averaged.  

2.2.2 Mechanical testing 

Double cantilever beam (DCB) testing was performed according to the American Society for 

Testing and Materials (ASTM) D 5528
1
 for determining fracture toughness: G1c. A 50 mm 

extension was marked from the edge of each test piece. Additional marks were placed at 1 mm 

increments for the first 10 mm and every 5 mm until a graduation of 50 mm was completed. The 

DCB tests were performed with an Instron (model 3369) mechanical tester with Bluehill Lite 

software package. Video recording of crack propagation in each coupon was produced with a 

Dinolite digital microscope. During testing, the video’s time stamp, crack propagation, and load 

and displacement data were linked to calculate fracture toughness: (G1c) using the following,  

 
 

 
[1] 

 

Where, P is applied load, δ is instantaneous crack length, b is sample width and a is crack 

propagation.  

 

Mean GR was also calculated, for the bonded BMI composites.  Each specimen was horizontally 

aligned within the test frame. Then the Instron was programmed with a 0.127 cm/min 

displacement rate. The aligned specimen was stressed until initial crack propagation resulted in a 

slight drop in the applied load. The specimen was then unloaded and brought back to the initial 

horizontal alignment after which it was stressed again in the reload step. During the reload, the 

specimen was allowed to load to full failure. Subsequently, the load and displacement data were 

collected and applied in fractural toughness analysis. Mean GR was calculated according to the 

method and equations described by Popelar
2
.The height, width, and pre-crack length for each 

coupon was measured using a digital caliper while the load-displacement data was gathered from 

the INSTRON.  During the pre-crack and reload process, each DCB coupon was treated as an 

elastic beam; and the instantaneous GR obtained from, 
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Where Pi is the instantaneous load, ai is the instantaneous crack length, b is the coupon width, E 

is Young’s Modulus (  psi for BMI) and 

  
 

 

[3] 

 

 

Here, k is the spring constant, and I is moment of inertia.  

 

The compliance, C, is then calculated by, 

 

 
[4] 

Where C is the ratio of load point displacement and applied load, Δ is the initial crack length 

during loading of the initial crack phase, and a is the delamination length. The algorithm uses the 

compliance calculated from the pre-crack stage to find an ai value for each point along the 

sample. Individual matrices for crack extension, Δa, are created and imported load/displacement 

data along with panel width and height. This information is used to calculate a GR value for every 

point along the panel. The GR values are then plotted against Δa in an R-curve. The user is asked 

to select the bounds within the R-curve in which the GR values are to be averaged. In this work, 

the bounds are from the pre-crack position to 76.2 mm further down the coupon.  

2.2.3 Failure mode analysis 

An image-based algorithm was developed to acquire failure mode data for DCB test specimens. 

This algorithm allows for an automated and consistent approach for calculating adhesive, 

cohesive, and laminate failure modes. An image of the BMI fractured surface was created by 

individually scanning each face on a flat-bed scanner, as shown in Figure 1. The image was 

processed by having the user interact with the program through a series of prompts that 

configured the algorithm’s parameters. The program converts each pixel from the fractured 

surface into a binary image (black or white). It does so by computing whether the original 

intensity value is within a threshold range. A pixel-by-pixel comparison on the corresponding 

halves of the specimen was made, and the failure mode percentages computed for each image 

pair. In Figure 1, an example of a sample bonded with AF 191K adhesive is shown. The color 

blue signifies laminate failure, the red color represents adhesive failure, and the green color 

represents cohesive failure. In this particular panel about 90.0 % cohesive failure and less than 

5.0 % adhesive failure is observed. The region of interest for analysis is 76.2 mm from the 

location where pre-crack stops, as shown by the black outline in Figure 1a.  

 



 

 

Figure 1: a) Scanned surfaces of BMI panel showing both tested sides with analyzed region 

outlined in black; b) color coded map of failure modes as determine by the algorithm outlined in 

black.  

In Figure 2, an image of the BMI coupon covered with FM 300K film adhesive is shown after 

failure. Also presented is a high resolution (200x) microscope image of a small location on the 

tested surface. Two areas are encircled using red and yellow colors for the perimeters. When 

examined without a high resolution microscope, the dark areas on the panel appear to be 

adhesive failure. The region encircled in red identifies the area which was selected by the 

algorithm as adhesive failure. When examined more closely, only the area encircled in yellow 

lacks adhesive and is considered as the ‘true’ region of adhesive failure. Therefore, the area 

encircled in red is presented as mixed-mode failure. The mixed mode is considered to be a 

combination of cohesive and adhesive types.  

 

 

           
Figure 2: The fracture surface of a BMI coupon bonded with FM 300K, 16 cm long; insert is of 

the boxed area enlarged 200 times.  

Area in red is identified as adhesive 

failure by algorithm 

Area in yellow is actual adhesive 

failure identified under the 

microscope by an engineer 

a) 

b) 



 

3. RESULTS 

3.1 Water contact angle  

Water contact angle is plotted as a function of aging time and surface preparation method in 

Figure 3. Water contact angle values vary dramatically depending on the surface preparation. For 

peel ply removal only, the WCA is 29 ± 4° initially, increasing to 32 ± 2° after 96 hours of out-

time.  By contrast, the WCA for the peel ply removal and sanded sample ranges from 76 ± 2° for 

zero hours aging to 109 ± 3° after 96 hours of aging. Evidently, the open air exposure decreases 

the surface energy of mechanically abraded BMI surfaces. Following peel ply removal and 

exposure to five seconds of plasma, the WCA fell to less than 5° and remained at that level for 

96 hours of aging. The sanded and plasma treated samples, on the other hand, gave WCA values 

of 6 ± 2°, increasing with aging time of 96 hours to 23 ± 2°. 

 
Figure 3: Water contact angle as a function of ageing for peel ply removal (Δ), peel ply removal 

and sanding (◊), peel ply removal plus plasma activation (□) and  peel ply removal and sanding 

plus plasma activation (○) samples.  

 

The addition of sanding to the peel-plied surface reduces its surface energy. Any bond 

performance improvement on sanded surfaces is likely due to an increase in mechanical 

interlocking as opposed to surface energy or chemistry.  On the other hand, plasma exposure on 

the peel plied surface with or without sanding greatly increases the surface energy as illustrated 

by the much lower water contact angles observed.   



3.2 Fracture toughness and failure modes  

Presented in Figure 4 are the fracture toughness, G1C and mean GR, and the average failure 

modes for samples bonded with FM 300K adhesive. Peel ply removal only and bonding with FM 

300K adhesive yielded a G1C value of 7.0 ± 0.6 psi-in/in. Plasma activation gave a G1C value of 

7.2 ± 0.8 psi-in. Mean GR values of 7.7 ± 0.3 psi-in and 7.8 ± 0.2 psi-in was recorded for bonded 

coupons after peel ply removal and peel ply removal plus five seconds of plasma, respectively.  

As seen in Error! Reference source not found.b), plasma exposure affects failure modes in a 

positive way. The addition of plasma decreased mixed-mode failure from 19 ± 1 % to 6 ± 1 %.  

Exposure to plasma did not affect laminar failure which was calculated at 3 ± 1 % and 5 ± 1 % 

before and after exposure, respectively.  Samples exposed to plasma following peel ply removal 

yielded cohesive failure of ≥ 95 %.  Exposure to plasma does not appear to have an effect on 

fracture toughness of the bond, but does increase the cohesive failure percentages.  

 
Figure 4: The effect of plasma activation on (a) fracture toughness (b) failure modes for BMI 

composites bonded with FM 300K. Fracture toughness: G1c (black) and GR (grey).  Failure 

modes: laminar (black), cohesive (grey-dotted), and mixed-mode (hashed). 

Fracture toughness and failure mode results for BMI laminates bonded with AF 191K film 

adhesive are shown in Figure 5. Samples bonded with AF 191K adhesive, yielded G1c values of 

9.7 ± 0.3 psi-in for peel ply removal and sanding, and 10.2 ± 0.4 psi-in for peel ply removal, 

sanding and plasma activation. Additionally, mean GR analysis resulted in values of 10.3 ± 0.4 

and 10.9 ± 0.2 psi-in for these two preparation methods, respectively.  Both methods of analysis 

show an increase in fracture toughness for surfaces exposed to plasma. Exposure to plasma 

decreased average mixed-mode failure from 19 ± 1% to 7 ± 1%. At the same time, average 

cohesive failure increases from 78 ± 1% to 91 ± 1% with plasma exposure. Sanded BMI 

composite surfaces exhibit a much lower surface energy (higher WCA), than a sanded and 

plasma activated surface (refer to Figure 3). Nevertheless, both of these surfaces produce strong 

bonds to the AF 191K adhesive.  



 
 

Figure 5: The effect of plasma activation on (a) fracture toughness, and (b) failure modes for 

BMI composites bonded with AF 191K. Fracture toughness: G1c (black) and GR (grey).  Failure 

modes: laminar (black), cohesive (grey-dotted), and adhesive (hashed). 

In addition to bonding laminates right after surface preparation, the effect of 96 hour aging on 

bond performance has been studied. These results are shown in Figure 6, for surface preparation 

by peel ply removal only (PPO) and bonding with FM 300K. Non aged BMI composite panels 

result in G1c and mean GR values of 7.0 ± 0.5 and 7.7 ± 0.3 psi-in, respectively. Panels aged for 

96 hours immediately after peel ply removal, yielded G1c and mean GR values of 6.0 ± 0.2 and 

6.4 ± 0.5 psi-in, respectively.  The 96 hour aging decreases bond performance by about 15 % 

regardless of analysis method. As shown in Figure 6b), aged samples bonded with FM 300K 

adhesive yield a minimal change with respect to failure modes.  Image analysis of aged samples 

generates data which shows a minor change between 18 % adhesive failure of the non-aged 

sample to 16 % mixed-mode failure of a sample aged for 96 hours.  

 
 

a) b) 



Figure 6: The effect of 96 hours of aging between surface preparation and bonding on (a) 

fracture toughness, and (b) failure modes for BMI composites bonded with FM 300K. Fracture 

toughness: G1c (black) and GR (grey).  Failure modes: laminar (black), cohesive (grey-dotted), 

and mixed mode (hashed). 

Shown in  

Figure 7 is the effect of 96 hours of aging on BMI composites that are prepared by peel ply 

removal and sanding (PPS) and bonded with AF 191K adhesive. When compared to the non-

aged samples, a decrease of over 13 % from 9.7 ± 0.3 to 8.4 ± 0.2 psi-in was calculated for G1C. 

A much larger decrease of 47 %, from 10.3 ± 0.4 down to 5.4 ± 0.7 psi-in, was estimated for 

mean GR.  Failure mode analysis showed a decrease in average laminar failure from 19.0 % for 

non-aged panels to 4.0 % for panels aged for 96 hours. Interestingly, average cohesive failure 

increases from 78 % to 93 % for non-aged and aged samples, respectively. The reason for these 

results is not clear. Nevertheless, G1c and mean GR show that 96 hours of open air exposure prior 

to applying AF 191K to a prepared BMI surface is bad for the bond.  

 

 

 

Figure 7: The effect of 96 hours of aging between surface preparation and bonding on (a) 

fracture toughness, and (b) failure modes for BMI composites adhered with AF 191K. Fracture 

toughness: G1c (black) and GR (grey).  Failure modes: laminar (black), cohesive (grey-dotted), 

and adhesive (hashed). 

The effects of plasma on contaminated samples were analyzed next. The fracture toughness and 

failure modes recorded for BMI composite samples contaminated with A-9 cutting oil (6.5 

mg/cm
2
) and bonded with FM 300K are shown in Figure 8. Non-contaminated BMI composite 

samples bonded with FM 300K adhesive yielded a mean GR value of 7.7 ± 0.3 psi-in, while 

samples contaminated after peel ply removal saw a considerable loss in fracture toughness to 4.6 

± 0.4 psi-in. Cleaning the contaminated BMI surface with plasma resulted in an increase in 

fracture toughness to 5.7 ± 0.2 psi-in. Image analysis shows a decrease in cohesive failure from 

78 % for non-contaminated samples to 62 % for samples contaminated after peel ply removal, 

mixed-mode failure increases from 19 % for non-contaminated samples to 33 % for 

a) b) 



contaminated samples. This demonstrates the negative affect contamination has on failure mode 

and overall bond performance. Plasma exposure after contamination can aid in recovering the 

fracture toughness and bond performance.  

 

 
Figure 8: The effect of contamination with A-9 cutting oil on (a) fracture toughness, mean GR, 

and (b) failure modes for BMI composites bonded with FM 300K: (A) non-contaminated, (B) 

contaminated, and (C) plasma activation after contamination.  Failure mode key: laminar (black), 

cohesive (grey-dotted), and mixed mode (hashed).  

The fracture toughness and failure modes recorded for contaminated BMI composite samples 

bonded with AF 191K are shown in Figure 9. The effects of plasma activation in relation to 

contamination were also analyzed for BMI bonded with AF 191K adhesive. Non-contaminated 

BMI composite samples yielded a mean GR value of 10.3 ± 0.4 psi-in while samples 

contaminated after peel ply removal and sanding experienced a decrease in fracture toughness to 

8.8 ± 0.4 psi-in. When the composite surface was cleaned with plasma after contamination, 

results showed a slight increase in fracture toughness within experimental error to 9.1 ± 0.1 psi-

in. Image analysis of failure modes, as summarized in Figure 9b) shows a significant increase in 

cohesive failure from 78 % for non-contaminated samples to 90 % for samples contaminated 

after surface preparation. BMI composite samples exposed to plasma after contamination 

resulted in 95 % cohesive failure and 2 % adhesive failure. For panels bonded with AF 191K, 

plasma activation after contamination can slightly aid in the recovery of bond performance.  

a) b) 



 

Figure 9:  :  The effect of contamination with A-9 cutting oil on (a) fracture toughness, mean GR, 

and (b) failure modes for BMI composites bonded with AF 191K: (A) non-contaminated, (B) 

contaminated, and (C) plasma cleaning after contamination.  Failure mode key: laminar (black), 

cohesive (grey-dotted), and adhesive (hashed).   

 

4. CONCLUSIONS 

Bonding of BMI composites shows a complicated dependence on surface preparation and 

adhesive used. When the adhesive is Cytec FM 300K, peel ply removal followed by plasma 

activation is the preferred method of surface preparation, yielding a fracture toughness of 7.5 psi-

in.  On the other hand, when the adhesive is 3M AF 191K, the best results are obtained following 

peel ply removal, sanding and plasma activation.  Here, the fracture toughness is 10.5 psi-in.  

Aging 96 hours between surface preparation and application of the film adhesive has a much 

larger impact on bond performance for AF 191K compared to FM 300K.  In the former case, the 

fracture toughness decreased by over 40 %, whereas in the latter case, the drop in fracture 

toughness was about 15%.  By contrast, AF 191K performs better on BMI composite surfaces 

contaminated with A-9 cutting fluid.  A 15% drop in fracture toughness is recorded with the AF 

191K, compared to a 40% drop for the FM 300K.  In nearly all cases, the fracture toughness and 

cohesive failure percentage is improved when plasma exposure is added as the last step in 

surface preparation. In short, atmospheric plasma treatment is a viable method of improving the 

structural adhesion of organic matrix composites in aerospace manufacturing. 
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