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ABSTRACT 
The United States Federal Aviation Administration (FAA) highly recommends the use of process 
control for fabrication of structurally bonded composite joints for aircraft structure as outlined in 
guidance circular AC-107B.   Surface preparation of composites, which includes peel ply, 
manual or automated grit blast and sanding, and energetic methods including plasma and laser 
ablation, is considered to have a high impact on bond performance based on a thorough risk 
analysis of the bonded joint fabrication operation.  The surface preparation step could be made 
more robust with better process control.  Quantification of the surface preparation operation has 
been a challenge due to the lack of consistent correlation between surface analysis tool outputs 
and the surface preparation presence or levels. Surface analysis tools for color, gloss, Fourier 
transform infrared spectroscopy (FTIR), and optically stimulated electron emissions (OSEE) 
have been previously identified to have the ability to quantify the level of sanded surface 
preparation.  These were investigated again here for detection of laser surface preparation with 
success.  Additionally, an emerging method in the aerospace field, laser induced breakdown 
spectroscopy (LIBS), also demonstrated the ability to quantify laser surface preparation.  
Threshold limits were defined enabling the surface analysis tools to be used for process control 
of the bonding operation.  It is recommended to define these limits prior to establishing a 
certification test plan to reduce the risk in bonded joint fabrication upstream prior to initiating 
time consuming and costly certification test plans.  This will lead to the eventual reduction in 
timeline to certify aircraft with bonded composite structure and achieves the main goal of the 
National Aeronautics and Space Administration (NASA) Advanced Composites Project (ACP). 

1. INTRODUCTION 
1.1 Process Control of Composite Bonding 
This work was performed to support the overall objective of the National Aeronautics and Space 
Administration (NASA) Advanced Composite Project (ACP) to reduce the time required to 
develop composite structures and certify aerospace vehicles in partnership with industry and 
academia.  For bonded joints, verification of a robust bonded joint fabrication process prior to 



 
 

any subsequent time consuming and extensive certification testing supports this goal and is 
demonstrated here in this work. 

Process control is a key component of the Federal Aviation Administration’s (FAA) guidance 
document on certification of aircraft with bonded joints [1,2].  In the aerospace industry process 
control is recommended to ensure quality of a manufactured part including fabrication of a 
bonded joint [3].     

As discussed in previous work [4], the steps in executing process control for the bonded joint 
fabrication are outlined below: 

1. Fully document the bonding system components and processes 
2. Assess bonded system risks and identify parameters with highest risk 
3. Evaluate and identify tools that can quantify high risk process steps 
4. Measure and assign threshold values for analysis tool outputs 
5. Verify bonded joint is affected by high risk process steps through bonding tests 
6. Incorporate threshold values into bond process monitoring system and quality control 

 
Steps 1-4 were conducted previously for a “bonded system” that was nearly identical to the one 
tested here except that instead of laser surface preparation it used manual sanded surface 
preparation.  That work identified that defects from surface preparation were highly likely to 
occur and had a high consequence of causing a bad bond for sanded surface preparation [4]. In 
this work, automated laser ablation is the selected composite surface preparation method.  Risks 
associated with laser surface preparation include 1) ability to verify the automated laser surface 
preparation step has been performed and 2) if the laser settings, such as power level, were correct 
to achieve the targeted surface preparation. 3) verification that silicone contamination was 
removed below a threshold level. 

Work here demonstrates the correlation between the surface preparation step and bond 
performance.  Additionally, surface analysis tools that detect the threshold levels of the laser 
surface preparation were identified (Step 6).  These tools can easily be incorporated into a 
process control system to verify composite surface preparation and silicone contamination level 
and produce reliable and robust bonds. 

1.2 Surface Analysis Tool Background 
The Air Force funded Composite Affordability Initiative (CAI) program [5, 6, 7, 8], the Defense 
Advanced Research Projects Agency (DARPA) Transition Reliable Unitized STructure 
(TRUST) project [9] and previous NASA ACP work [10,11,12] investigated some of the surface 
analysis tools presented here for the purposes of detecting contaminates on pre-bond surfaces for 
prevention of bond performance degradation.  In this work, surface analysis tools were 
investigated for detection of surface preparation with the goal of utilizing them for process 
control of bonded joint fabrication.  Selected surface analysis techniques include contact angle 
goniometry (to measure the dispersive component of the surface energy), Dyne solutions, 
optically stimulated electron emissions (OSEE) and Fourier transform infrared spectroscopy 
(FTIR), all of which have been shown to be capable of measuring the presence and/or level of 
laser, plasma, peel ply, grit blast and/or sanding surface preparation [13].  Additionally, color, 
gloss, FTIR and OSEE surface analysis tools were successful at measuring the level of sanded 



 
 

composite surface preparation [4,14]. Many of these tools along with others such as laser 
induced breakdown spectroscopy (LIBS) were further investigated here for their ability to 
specifically detect trace contaminants after laser surface preparation of carbon fiber epoxy 
composite surfaces. This paper builds on that previous work by correlating surface analysis tool 
results and identifying threshold limits for composite laser surface preparation.   

Surface analysis tools investigated here were targeted for process control of high risk steps such 
as surface preparation in the manufacturing environment to be utilized manually for quality 
control checks as well as potentially on automated, in-line systems. Tools were selected based on 
their ability to be non-contact, require minimal or no post signal processing with minimal 
measurement time, no sample preparation, portable and minimal or no utilities required.  Tools 
able to assess large surface areas would be beneficial; however, none of the tools to date have 
been identified to have this capability unless mounted on a robotic controlled motion system.  
Another beneficial criterion is integration of the analysis method into the laser surface 
preparation step. LIBS, while it does require external utilities, has this potential since it uses the 
same laser that is used for surface preparation. 

2. EXPERIMENTATION 
2.1 Composite Adherend Fabrication 
Composite substrates were fabricated using 10 plies of carbon fiber reinforced epoxy prepreg 
cured at 177 ºC (350 ºF). The eight inner plies were unidirectional tape (Torayca P2352W-19 
T800S/3900-2B UD) and the two outer plies were fabric (Torayca FM6673G-37K T830H-6K-
PW/3900-2D).  Plies were laid up on an invar tool treated with Frekote 710NC mold release 
agent and the panels cured in an autoclave for 120 min at 177 ºC (350 ºF). Large panels were cut 
into 18 cm x 30 cm (7 in x 12 in) adherends.  
 
2.2 Bonded Coupon Fabrication 
Composite-composite assemblies were bonded using Henkel™ EA 9394 paste adhesive cured at 
82 ºC (180 ºF) in a press. The bonded assembly configuration is shown below in Figure 1. 
Coupons were trimmed to dimensions of 2.5 cm x 25 cm (1 in x 10 in) in accordance with 
ASTM D5528 [15]. 

 
Figure 1. EA9394 paste bonded assembly configuration 

 

Laser surface treatment, 
various power levels 



 
 

2.3 Fracture Toughness and Failure Mode Analysis 
Double cantilever beam (DCB) coupons were tested in accordance with ASTM D5528 [15] with 
a loading rate of 25 mm/min (1 in/min) after the specimen was precracked by hand.  A 2.50 mm 
(0.098 in) hole was drilled through the centerline of the coupons and a pin and clevis tool (Figure 
2) were used to apply the load. 
 

 
Figure 2. DCB coupon loading using a pin and clevis tool 

 
The propagated strain energy release rate G1P, or fracture toughness, was calculated using the area 
under the load displacement curve in accordance with Equation 1.  

  G1P = E / (A x B)        Eq. 1 
E – area of the load deflection curve between the initial and final crack positions  
A – crack length extension corresponding to E, initial crack tip to final crack tip  
B – specimen width  
 
Failure modes were quantified in accordance with methods and terminology used in ASTM 
D5573-99 [16] and ASTM D5573-ADJ [17] using ImageJ software analysis. 
2.4 Surface Treatment 
Prior to surface preparation, panels were solvent wiped with Eastman™ methyl propyl ketone 
(MPK) - methyl isobutyl ketone (MIBK) mixture [18] using cleaning cloths that meet the 
requirements of AMS3819B Class 2 Grade A [19]. 
 
Laser treatment was performed at NASA Langley Research Center using a frequency tripled 
Nd:YVO4 laser at 355 nm and 400 kHz with a nominally 10 ps pulse duration (Ekspla, Atlantic 
20-355 from PhotoMachining, Inc.) (Figure 3). A thermopile sensor (model 3A) and Nova II 
power meter from Ophir Spirocon LLC were used to monitor the average laser power. Laser 
ablation was performed at a pulse frequency of 400 kHz, and a line pitch of 12.7 μm (0.0005 in), 
which enabled adjacent laser scan to slightly overlap.  The scan speed used was 50.8 cm/sec (20 
in/sec). Laser passes were made parallel to the roll direction of the prepreg and peeling direction 
of the mode 1 opening direction of the test specimens. 

 



 
 

 
Figure 3. Picosecond laser treatment system at NASA Langley Research Center. 

 
Eight different levels of laser treatment were performed by varying the power level (50, 100, 
200, 300, 400, 500, 600, and 800 mW) on the toolside (Figure 4) and bagside of a witness panel. 
 

   
 
Figure 4.  Laser surface treated witness panel for surface analysis tests – toolside (left) and bagside 
(right) 
 
For the bonded coupons, laser power levels used were 0, 100, 200, 300, 400, 500, 600, and 
700mW.  Only toolside coupons were laser surface treated and bonded, not bagside.  
2.5 Surface Analysis 
Surfaces were evaluated before and after laser surface treatment with color, gloss, FTIR, LIBS, 
OSEE, and ballistic water contact angle (BWCA) surface analysis tools, on both the toolside and 
bagside (Figure 5).   
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Figure 5.  Surface analysis tools:  color, gloss, FTIR, LIBS, OSEE, BWCA (from left to right) 
 
Color was measured with a BYK Gardner spectro-guide 45/0 gloss Model CC-6801 using a 
Commission Internationale de l'Elcairage (CIE) L*a*b* color scale.  L* (gray scale), a* (red 
green), and b* (blue yellow) values were collected and used to calculate ΔE* values based on 
Equation 2. 

 
∆𝐸𝐸∗ = �∆𝐿𝐿∗2 + ∆𝑎𝑎∗2 + ∆𝑏𝑏∗2 Eq. 2 

 
Gloss measurements taken at 20, 60 and 85 degree illumination angle geometry were also collected 
using a BYK Gardner micro-TRI-gloss micro Model 4435 instrument.  
 
FTIR spectroscopy was performed with an Agilent Model 4100 "Exoscan" spectrometer, using a 
gain of 243, 64 scans, 8 cm-1 wavenumber resolution between 650 and 4000 wavenumbers and a 
diffuse reflectance attachment. Area under the peak analysis was performed in the following 
regions: 

• 3016-2785 cm-1 representing the C-H bonds of the epoxy polymer 
• 1546-1498 cm-1 representing the aromatic ring in the epoxy resin 
• 1628-1572 cm-1 representing the amino group C-NH2 of the epoxy hardener  
• 1279-1230cm-1 representing the Si-CH3 bond from polydimethysiloxane from residual 

Frekote mold release agent. 
All spectra were auto baseline corrected and are shown in this work on a common scale. 
 
LIBS data was collected using instrumentation at NASA from various locations on the witness 
panels (Figure 4) and on the toolside of the pre-bond adherends (Figure 6). The LIBS system used 
the same laser system described above for surface treatment. The laser beam was focused by a 250 
mm focal length f-theta lens (S4LFT6062/075, Sill Optics). The LIBS emission was measured 
using a 328 mm, f/4.6 Schmidt-Czerny-Turner (SCT) spectrograph (IsoPlane SCT 320, Princeton 
Instruments). The spectral response was recorded using an electron-multiplier intensified charge-
coupled device (emICCD) camera (PI-MAX4: 1024 EMB, Princeton Instruments). The plasma 
emission was collected with a collimator and guided to the spectrograph via an optical cable with 



 
 

19, 200-μm fibers. A grating with 600 grooves/mm blazed at 300 nm and a slit width of 10 μm 
were used. The emICCD camera was externally triggered by the laser trigger output.     
 

 
Figure 6.  Example of location of LIBS measurements on bonded coupons (100 mW sample 
shown).  Black, upper row, numbers are the Si/C ratio before the laser treatment and the red, 
bottom row, numbers are the Si/C ratio after laser treatment. 
 
OSEE data presented here was previously generated by NASA using nearly identical laser surface 
treatment parameters with the exception being that the panels were fabricated with unidirectional 
tape and did not have woven fabric on the outer most plies. Instrumentation and parameters for the 
OSEE measurement are documented in literature [20].  
 
BWCA was measured using a Surface Analyst Model SA1001 from BTG Labs.  Water contact 
angle, as indication of the polar component of surface energy, was calculated based on the 
deposition area of a ballistically deposited water droplet of known volume (1.55 µL).  Five 
measurements were taken and averaged. 
 
 

3. RESULTS 
3.1 Bond Performance 
Strain energy release rate values from bonded DCB coupons after laser surface treatment with 
various power levels are shown in Figure 7.  The failure modes were quantified in Figure 7 as 
well as indicated by black for adhesion failure mode (unfavorable) and gray and textured gray 
for cohesive and light fiber tear failure modes (favorable).  A known G1P value of 0.10 kJ/m2 for 
EA9394 paste adhesive with laser surface preparation is shown as well based on historical data 
in [13].   There was no significant difference in fracture toughness values with increasing laser 
power level.     



 
 

 
Figure 7. DCB coupon facture toughness values and ratio of failure mode 

 
However, there was a significant correlation between laser power level and favorable failure 
mode, mainly light fiber tear, of the bonded DCB coupons. An overall image of the fractured 
DCB coupons is shown in Figure 8 and magnified images after various levels of laser treatment 
in Figure 9.  Image analysis results with quantified cohesive failure mode content are shown in 
Figure 10.  The light fiber tear favorable failure mode clearly increased with increasing 
composite laser ablation power. Based on this information the goal was to identify surface 
analysis tools that could capture the laser treatment power levels.  It is interesting to note that the 
laser treated bonded specimens exhibited lower fracture energy and higher adhesion failure than 
the corresponding untreated ones even though the laser treated surfaces had much lower silicone 
contamination (see LIBS section).  

 
Figure 8. DCB coupon fracture surface failure modes 
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Figure 9. DCB coupon fracture surface failure modes – magnified 

 
 

 
Figure 10. Failure mode quantification of DCB coupons versus laser treatment power level 
3.2 Surface Analysis Tools 
Previous work investigated various surface analysis tools for detection of the level sanded 
surface preparation [4].  Based on those prior results, the same array of surface analysis tools 
were investigated herein for detection of laser surface treatment. 

The ability of the tools to detect presence of laser treatment (Laser / No Laser) were investigated 
as well as their ability to detect the level of surface treatment.  Many of the tools leveled off in 
their ability to detect surface treatment above 100 mW thus a threshold limit was able to be 
established at this power level.  Additionally, it was determined that 400 mW laser power level 
was sufficient to remove a majority of Si residue based on LIBS presented below in the LIBS 
section.  As a result, the ability to set a target threshold at 400 mW is also assessed. 



 
 

Color 
Color values (L*, a*, b*, ΔE*) are shown in Figure 11 for both bagside and toolside.  Values for 
color were in the same range for bagside and toolside indicating that surface roughness on a few 
micron scale did not have an impact on surface measurement.  The L* (gray scale) value and E*, 
value which takes into account the L* value based on Equation 2, had the best correlation to laser 
surface treatment power level.    ΔE*, individual maximum, was the best differentiating color 
value between laser power levels on both the bagside and toolside (Figure 12).  Color ΔE* 
individual maximum was the best surface analysis tool over all (see Table 2) based on the fact 
that it is a method that did not appear to be influenced by roughness of the surface, was portable, 
did not require significant post signal processing and did not require additional utilities to 
operate. 

   
Figure 11. Color (L*, a*, b*, ΔE* avg) of surface treated composite vs laser power level, 

toolside (left), bagside (right) 
 

 
Figure 12. Color (ΔE*, indiv max) of surface treated composite vs laser power level 
 
 



 
 

Gloss 
Gloss values at 20, 60, and 85 degree detection angles were plotted on a log scale versus power 
level for both toolside and bagside (Figure 13).  Gloss values for the bagside were approximately 
20 times lower than for the toolside indicating that the bagside surface roughness did have an 
impact on gloss surface measurement.  There were very strong correlation coefficients for a 
power function fit with trend lines, >0.9.  The best correlations to laser power level were found 
with 85 degree detection angle gloss on toolside surfaces and 60 degree detection angle gloss for 
bagside surfaces (Figure 14).  This suggests that different gloss detection angles should be 
investigated in order to capture the best correlations to surface treatment data.   

    
Figure 13. Gloss (20, 60, 85 deg) of surface treated composite vs laser power level, toolside (left) 

and bagside (right) 
 

 
Figure 14. Gloss of surface treated composite vs laser power level, 85 deg toolside and 60 deg 

bagside 
FTIR 
FTIR spectra are shown in Figure 15 for toolside (left) and bagside (right) surfaces.  On the 
toolside, the spectra showed that with increasing laser power there was a reduction in the overall 
FTIR signal likely due to the removal of the epoxy resin.  There was an inverse relationship on 
the bagside potentially due to the surface roughness impacting the standoff distance and signal 



 
 

collection.  Between 4 to 11 FTIR measurements were taken for each power level but only one 
spectra is shown for each power level to demonstrate the correlation. 
 

   
Figure 15. FTIR spectra and peaks investigated overall, toolside (left) and bagside (right) 

 
Several chemical bonding peaks were identified to correlate to laser surface treatment power 
level including the C-H bonds and aromatic ring of the epoxy compound, the amino group of the 
epoxy hardener and the Si-CH3 bond from residual polydimethysiloxane from the Frekote mold 
release agent.  An example of the C-H bonding region peak areas utilized is shown in Figure 16. 
 

 

 
Figure 16. Example of FTIR bonding peak area used to detect surface preparation of epoxy resin, 
C-H bond, toolside 
 
FTIR correlation results are summarized in Table 1. 
 



 
 

Table 1.  FTIR spectra and peaks investigated overall, toolside (left) and bagside (right) 
Chemical 
bond 

Peak Area 
Region 

Toolside Bagside Chemical structure 

-C‐H, -C-H2,  
-C-H3

 Alkanes 
Epoxy 

3016-2785 
cm‐1 

Correlation  
 No correlation 

 

 
 

Amino group, 
Epoxy 

1628 – 1572 
cm‐1 

Correlation  
 No correlation 

 

Si‐CH3 
bond, PDMS 

1279- 1230 
cm‐1 

Correlation  
 

Correlation  
 

 

Aromatic 
ring, 
Epoxy 

1546-1498 
cm‐1 

Correlation  
 

Correlation, 
peak shift at 
higher laser 
power  
 

 

 

C=O, 
Carbonyl 

1900cm‐1 & 
1720cm‐1 No change No change Indication of oxidation  

 
There was no change in the carbonyl group indicating no oxidiation of the surface after laser 
treatment. 
 
FTIR bonding peak areas were plotted on a log scale versus composite laser surface treatment 
power levels.  For toolside surfaces, all four chemical bonding FTIR peaks investigated 
correlated to laser power level (Figure 17).   For toolside surfaces the 50mW laser treatment 
level interestingly did not align with the trend and was excluded from the trendline fit equation 
for C-H bonding.   
  

  
Figure 17. FTIR bonding peak areas versus toolside composite laser surface treatment power 
levels, C-H epoxy (left) and aromatic ring, amino and silicone (right) 
 
For bagside surfaces, only the aromatic ring and silicone peaks showed the best correlation 
(Figure 18).   



 
 

  
Figure 18. FTIR aromatic ring and silicon (Si-CH3) peak areas versus bagside composite laser 
surface treatment power levels 
 
In both bagside and toolside surfaces there was a strong trend line fit to the power function as 
shown with the correlation R2 values being greater than 0.9. 

FTIR was identified to be a good tool for detection of surface preparation effects on the surface 
based on the good correlation fit lines.  FTIR captures the chemical composition of the organic 
epoxy resin and mold release residues, is portable, does not require addition utilities and requires 
no sample preparation.  FTIR does require some post signal processing including baseline 
correction, peak selection, peak area calculation (Figure 17, Figure 18).  However this is not an 
insurmountable issue if, for example, a chemometric model is developed based on array of 
calibration standards a handheld unit programmed (Figure 5).   

LIBS 
LIBS results demonstrated that there was a good correlation between Si/C ratio and laser surface 
treatment power level of both toolside and bagside composite surface (Figure 19).  The 
correlation is likely due to the removal of silicone, from polydimethylsiloxane in the Frekote 
mold release agent, with increasing laser power level.  Traditionally it is assumed that silicone 
based mold release agents in the bondline are detrimental to adhesion even though in this is not 
evident in the test results from this work if one considers the baseline condition alone.  Other 
elements, such as fluorine from FEP for example, can also be detected using LIBS. However, 
fluorine is quickly removed from the surface by the laser treatment so F/C ratios would be more 
of a “laser / no laser” check tool rather than a level check. LIBS utilizes the laser induced plasma 
plume from a point detection on the surface using the same laser that is used for surface 
treatment. Thus, there are opportunities for LIBS to be enabled for in-line process control of 
surface treatment. 
 
 
 



 
 

 

  
Figure 19. LIBS signal versus composite laser surface treatment power levels, toolside (left) 

bagside (right) 
 
Laser depth information from literature [21] on a nearly identical unidirectional substrate was 
plotted versus the Si/C ratio (Figure 20).  The chart indicates that a nearly zero level of Si is 
accomplished with a laser ablation depth of 10um.  This depth of ablation is achieved with 
400mW of laser power. This resulted in the identification that a 400 mW power level was 
necessary to remove most of the detrimental silicone present. 
 

 

 
Figure 20. LIBS Si/C signal and laser power versus depth of laser ablation  

 
OSEE 
OSEE data collected at NASA on a nearly identical substrate suggests that OSEE is a good 
indicator of composite laser surface treatment Figure 21.  There is a clear differentiation between 
treated and untreated surface potentially due to the influence of the UV by the exposure of 
carbon fibers.  OSEE however was not a good indicator of the effects of different power levels 
used in laser surface treatment. 
  



 
 

 
Figure 21. OSEE photocurrent response as a function of the average laser power used in surface 

treatment [21] 
 
BWCA  
BWCA did not capture differences in laser surface preparation as shown in Figure 22.  Previous 
data demonstrated that ballistic water contact angle was good at capturing the effects of 
contamination such as silicone and plasma surface treatment. However, it has historically not 
been a good indicator of the effects of composite surface abrasion and ablation methods 
including random orbital sanding, grit blast, and laser surface treatment [4, 13].  This suggests 
that BWCA is better at capturing chemical residue information or at assessing the effects of 
surface preparation methods that chemically activate the surface and not necessarily composite 
ablation or abrasion steps.  This instrument only captures the polar component.  Previous surface 
energy results suggests that the dispersive component of the surface energy does capture surface 
preparation. It is important to note that the additional surface roughness introduced by abrasion 
or laser ablation may influence the way liquid droplet rests on the surface affect the contact angle 
measurement. 

 

Figure 22. Ballistic water contact angle as a function of composite laser surface treatment power 
levels 

 



 
 

Results for all of the surface analysis tools is shown in Table 2.  The ability to detect presence 
(Laser / No Laser) of composite laser surface treatment on toolside and bagside surfaces is 
shown.  The ability to detect 100mW Laser / No Laser is also shown to capture the capabilities 
of all the instruments that may not have had Laser / No Laser capabilities (Figure 18).   
Additionally, some tools leveled off at higher power levels.  As a result the tools that could 
differentiate between power levels above 400 mW, best case scenario, is documented as well.  
The 400mW level is also important as it indicates the ability to detect nearly 100% removal of 
silicon (Figure 20).   

Table 2.  Summary of surface analysis tool results 

Surface Analysis Overall Rating Laser / No Laser Target threshold 
value >100mW 

Target threshold 
value >400mW 

Toolside Bagside Toolside Bagside Toolside Bagside 

Color -L*color 
values (gray 

scale) 
o 50-300mW range 

only no no yes yes no no 

Color -a* (red-
green) - no no no no no no no 

Color - b* (blue-
yellow) - no no no no no no no 

Color - ΔE* color 
values + 

ability to detect 
presence and level 

of laser, 0-
300mW range 

yes yes yes yes yes no 

Color  - ΔE* 
indiv max ++ 

ability to detect 
presence and level 

of laser 
yes yes yes yes yes no 

Gloss - 20 deg o 
ability to detect 

presence of laser, 
bagside only 

no yes no no no no 

Gloss - 60, 85 
deg + 

ability to detect 
presence and level 

of laser 
yes yes yes yes no no 

FTIR + 
ability to detect 

presence and level 
of laser 

yes no yes yes no no 

LIBS + 
ability to detect 

presence and level 
of laser 

yes yes yes yes no no 

OSEE o 
ability to detect 

presence of laser, 
toolside data only 

yes no data no no data no no data 

Ballistic Water 
Contact Angle - no no no no no no no 

 

4. CONCLUSIONS 
The work presented demonstrates the correlation between selected surface analysis tools and 
levels of laser surface treatment on composite adherends.  Certain tools provided an indication of 
robust, reliable bonding based on improved failure mode and, as a result, are ideal for process 
control of bonded joint fabrication processes. Overall, color and gloss were both good indicators 
of the effects of laser surface treatment on the adherends.  FTIR and LIBS also showed potential. 



 
 

 
A summary of conclusions is below: 
 

• Increasing laser power during surface treatment of carbon fiber epoxy substrates resulted 
in an increased percentage of favorable (light fiber tear) failure mode of the DCB mode 1 
coupons even though fracture toughness and strain energy release rate did not increase. 

• A laser power level of 400 mW was identified as a target based on an indication of 
removal of nearly all detrimental silicone residue based on LIBS data. 

• Color, specifically delta E* individual maximum, had the most success at assessing laser 
surface treatment and favorable failure mode and bond performance up to and beyond 
400 mW.  The instrument is portable, requires minimal utilities, and provides an 
instantaneous measurement. 

• Gloss, 60 degrees bagside and 85 degrees toolside, was also was successful at assessing 
laser surface treatment. Similar to color the instrument is portable, requires minimal 
utilities, and provides an instantaneous measurement. 

• FTIR was very successful at monitoring the surface conditions after laser surface 
treatment based on selected peaks on both bagside and toolside.  It does require post 
signal processing but, similar to color and gloss is portable, requires minimal utilities. 

• LIBS was very successful at detecting the effects of the different power levels used in 
laser surface treatment in addition to providing information about silicone residue based 
on the Si/C output values.  LIBS requires no sample preparation or special atmosphere, 
provides real-time data, and there is potential to integrate it into laser surface treatment 
systems with further development. 

• OSEE was a good “Laser / No Laser” detection tool. The instrument used is portable and 
requires no sample preparation, however, it requires special atmosphere conditions (e.g. 
argon) and contact with the surface to enable repeatable measurements.  It would need 
further commercial development before it can be implemented in a manufacturing 
environment. 

• BWCA did not show a correlation to laser surface preparation, however, opportunities 
were identified to investigate the dispersive component of surface energy, instead of 
polar, which might provide more information on laser surface treatment and is worth 
investigating.   

• None of the tools investigated here required sample preparation prior to analysis.   

Surface analysis tools identified here can be easily incorporated into a bond process control 
system to verify surface preparation and establish and maintain a reliable and robust bond 
fabrication process.  The threshold limits established here are specific to one bonded system 
however there are opportunities to utilize these for detection of other surface preparations, 
adhesives and processes. Surface analysis tools were demonstrated to have portability and ability 
to rapidly provide qualitative and quantitative results, required minimal sample preparation and 
utilities among other benefits.   
 
It should be noted that this paper is not advocating a “no treat” surface preparation nor 
advocating this particular laser surface prepreparation due to the discrepancy in bond 



 
 

performance results between untreated panels and laser treated panels.  There are opportunities 
for optimization of the laser parameters for improved fracture toughtness bond performance. 
 
This work supports the overall NASA ACP goals to reduce timeline to certify aircraft vehicles 
with bonded composite joints through establishing a robust bonded system in advance of 
executing full certification test plans.  It provides guidance to the industry on methods to reduce 
risk of defects in process steps upstream of finalizing bonded joint configurations and defining 
certification testing.  It also provides tools and methods to carry out FAA recommendations to 
perform process control, as outlined in their certification guidance document [1], to verify 
dependable, consistent bonding.   
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