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Figure 4.63. SEM photomicrographs of failure surfaces for a non-treated lap specimen.
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Table 4.26. XPS results (atomic %) for non-treated lap specimens.  Two different failure

surfaces of the same lap specimen analyzed; arbitrarily labeled side A and side B.

Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the adhesive)Element

Side A Side B

C 72.9 ± 1.2 73.4 ± 0.5

O 18.4 ± 1.2 18.0 ± 0.5

N 4.9 ± 0.1 5.1 ± 0.2

Si 3.6 ± 0.2 3.2 ± 0.3

Ti < 0.2 < 0.2

Al < 0.3 < 0.3

F < 0.2 < 0.2
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nitrogen, and silicon (glass scrim cloth) are typical of the values anticipated for failure surfaces

that are produced via debonding within the scrim cloth supported FM-5 adhesive.  Also, the

shape of carbon 1s photopeak is indicative of polyimide adhesive.  The elements titanium,

aluminum, and fluorine were either not detected or were present in very small amounts (≤ 0.3

atomic %).

4.4.2 Thermally Treated Lap Specimens

4.4.2.1  Lap Specimens Thermally Treated at 177°C and 204°C (Bond and Heat)

The average lap-shear strengths and failure modes (detected by visual inspection) for specimens

that were thermally treated at 177°C and 204°C for various times are summarized in Table 4.27.

The lap shear specimens that were thermally treated at 177°C for 4 weeks and at 204°C for 1

week exhibited the same failure strength as that for the non-thermally treated specimens.  The

lap-shear strength decreased to about 44.6 MPa and 44.9 MPa for specimens that had been

thermally treated at 177°C for 4 months and at 204°C for 4 weeks, respectively.  Visual

examination of the failure surfaces for thermally treated (177°C and 204°C) specimens revealed

that the debonding occurred primarily in the adhesive (cohesive failure).  The visual observations

were confirmed by XPS and SEM analysis of the failure surfaces.  The SEM photomicrographs of

failure surfaces for lap specimens thermally treated at 177°C in air for 4-weeks and 4-months,

respectively, are shown in Figure 4.64.  Figure 4.65 shows the SEM photomicrographs of failure

surfaces for lap specimens thermally treated at 204°C in air for 1-week and 4-weeks,

respectively.  The weave-type features are evident in the SEM photomicrographs of the failure

surfaces which are characteristic of the pattern of the woven glass scrim cloth in the adhesive.

The XPS results for lap specimens thermally treated at 177°C for 4 weeks and 4 months and at

204°C for 1 week and 4 weeks, respectively, are summarized in Tables 4.28 and 4.29.  The XPS

results confirm that the failure is in the adhesive at the scrim cloth-adhesive interface.  The XPS

results for the two failure surfaces (Side A and Side B) are equivalent.  The atomic
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Table 4.27. The lap-shear strengths and failure modes (visual) for specimens thermally treated

in air at 177°C and 204°C for various times.  Standard deviations are reported at

the 95% confidence limit.

Failure mode (%)Treatment conditions Lap-shear strength (MPa)

cohesive failure
(within the adhesive)

adhesive failure
(interfacial)

No treatment 49.5 ± 1.5 100 0

177°C/4-weeks 48.8 ± 1.5 100 0

177°C/4-months 44.6 ± 1.8 99 1

204°C/1-week 50.2 ± 1.2 100 0

204°C/4-weeks 44.9 ± 0.7 96 4
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Figure 4.64. SEM photomicrographs of failure surfaces for lap specimens thermally treated at

177°C in air for (a) 4 weeks and (b) 4 months.
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Figure 4.65. SEM photomicrographs of failure surfaces for lap specimens thermally treated at

204°C in air for (a) 1 week and (b) 4 weeks.
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Table 4.28. XPS results (atomic %) for lap specimens thermally treated at 177°C, in air, for 4

weeks and 4 months.  Standard deviations are reported at the 95% confidence

limit.

Element 4 weeks 4 months

Side A Side B Side A Side B

C 74.5 ± 0.1 73.4 ± 0.8 75 ± 0.3 73.8 ± 0.1

O 17.5 ± 0.3 18.2 ± 0.4 17.9 ± 0.7 18.0 ± 0.7

N 4.8 ± 0.2 4.7 ± 0.3 4.7 ± 0.1 4.9 ± 0.6

Si 2.8 ± 0.3 3.4 ± 0.2 2.2 ± 0.8 2.9 ± 0

Ti < 0.2 < 0.2 < 0.2 < 0.2

Al < 0.3 < 0.3 < 0.3 < 0.3

F < 0.2 < 0.2 < 0.2 < 0.2

Table 4.29. XPS results (atomic %) for lap specimens thermally treated at 204°C, in air, for 1

week and 4 weeks.  Standard deviations are reported at the 95% confidence limit.

Element 1 week 4 weeks

Side A Side B Side A Side B

C 74.5 ± 0.5 74.3 ± 0.8 72.5 ± 0.3 74.2 ± 1.8

O 17.1 ± 0.3 17.4 ± 0.7 19.1 ± 0.2 17.5 ± 1.2

N 5.1 ± 0.1 4.9 ± 0.4 4.8 ± 0.4 5.1 ± 0.3

Si 2.7 ± 0.2 2.7 ± 0.1 3.4 ± 0.1 2.8 ± 0.3

Ti < 0.2 < 0.2 < 0.2 < 0.2

Al < 0.3 < 0.3 < 0.3 < 0.3

F 0.3 ± 0.1  0.4 ± 0.1 < 0.2 < 0.2
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concentrations for carbon, oxygen, nitrogen, and silicon (glass scrim cloth) are typical of the

values for failure surfaces that are produced via debonding within the adhesive.  Also, the shape

of carbon 1s photopeak is indicative of polyimide adhesive, for example, see Figure 4.66.  The

elements titanium, aluminum, and fluorine were either not detected or were present in very small

amounts (≤ 0.3 atomic %).

As discussed in the previous section (for wedge-test data), the loss in lap-shear strength for

specimens that were thermally treated at 177°C for 4 weeks and at 204°C for 4 weeks is due to

chemical degradation (e.g., chain scissions via thermal oxidation) of adhesive.

4.4.2.2  Lap Specimens Thermally Treated at Elevated Temperatures (350°C-399°C)

The average lap-shear strengths and failure modes (visual inspection) for thermally treated

(350°C to 399°C) specimens are summarized in Table 4.30.  The lap-shear strengths, as well as

the extent of cohesive failure (%), decreased with an increase in treatment time at a given

temperature or with an increase in treatment temperature at a comparable time.  For example, the

photographs of both sides of the failed lap joints for a non-treated specimen and for specimens

thermally treated at 399°C for 0.5 hour and 3.0 hours are shown in Figure 4.67.  For non-treated

lap specimen, the failure is 100% cohesive within the adhesive; scrim cloth is clearly visible on

both sides of the failed joint.  For the lap specimen thermally treated at 399°C for 0.5 hour, the

failure is visually determined to be 55 % cohesive within the adhesive.  For the lap specimen

thermally treated at 399°C for 3.0 hours, the failure is 100% interfacial (failure within the oxide);

both surfaces of the failed joint show metal-like smooth features.  For lap specimens thermally

treated at 350°C, 371°C, 385°C and 399°C two distinct failure regions were noted on the failed

specimens.  The regions corresponded to adhesive (interfacial – at the oxide/adhesive interface)

or cohesive (within the adhesive) failures.  XPS analysis revealed that what appeared (visually)

to be a interfacial failure was in fact a failure primarily in the oxide (oxide failure).  In a failure

that is purely cohesive in the adhesive, the two sides are equivalent and can be arbitrarily
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Figure 4.66. The carbon (C 1s) XPS photopeak for Side A failure surface for a lap specimen

thermally treated at 204°C for 4 weeks.
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Table 4.30. The lap-shear strengths and failure modes (visual) for specimens thermally treated

in air at 350°C, 371°C, 385°C and 399°C for various times.  Standard deviations

are reported at the 95% confidence limit.

Failure mode (%)Treatment conditions Lap-shear strength (MPa)

cohesive failure
(within the adhesive)

adhesive failure
(interfacial)

350°C/0.5 hour 39.8 ± 4.7 90 10

350°C/1.0 hour 31.4 ± 1.4 92 8

350°C/2.0 hours 30.2 ± 2.3 91 9

350°C/3.0 hours 35.7 ± 5.8 96 4

350°C/5.0 hours 20.9 ± 1.7 73 27

350°C/11.0 hours 15.2 ± 1.7 59 41

350°C/24.0 hours 9.2 ± 0.5 3 97

371°C/0.5 hour 25.1 ± 1.5 92 8

371°C/1.0 hour 19.7 ± 3.8 68 32

371°C/2.0 hours 14.1 ± 1.1 78 22

371°C/3.0 hours 11.5 ± 2.4 29 71

385°C/0.5 hour 21.7 ± 2.0 82 18

385°C/1.0 hour 9.7 ± 1.0 33 67

385°C/2.0 hours 11.3 ± 2.1 25 75

385°C/3.0 hours 4.1 ± 1.3 3 97

399°C/0.5 hour 11.7 ± 2.2 56 44

399°C/1.0 hour 10.6 ± 1.3 28 72

399°C/2.0 hours 6.2 ± 1.3 1 99

399°C/3.0 hours 3.2 ± 1.2 0 100



190

(b)

(c)

(a)

Side B

Side A

Side B

Side B

Side A

Side A
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Figure 4.67. The photographs of Side A and Side B failure surfaces for (a) non-treated lap

specimen and for specimens that were thermally treated at 399°C for (b) 0.5 hour

and 3.0 hours.
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assigned Side A and Side B.  In a joint failure that exhibits interfacial failure in addition to

cohesive failure (both types of failure), the side that has an oxide coating on top of adhesive film

in an interfacial failure region is indicated as Side A.  The other side that has a very thin coating

of oxide on the surface is designated as Side B.

The SEM photomicrographs of the cohesive failure region and interfacial failure region on each

failure surface for lap specimens that were thermally treated at 350°C in air for various times, are

shown in Figures 4.68 and 4.69, respectively.  Each SEM photomicrograph shows the two

different sides (Side A and Side B) of the same lap sample; however, the photomicrographs are

not necessarily of the corresponding spots on each failure surfaces.  The SEM photomicrographs

of the cohesive failure region (see Figure 4.68) for specimens thermally treated for 0.5 hour show

a weave-type pattern on each failure surfaces.  However, as the thermal treatment-time is

increased, the lap specimens show progressively less and less of weave-type patterns (the only

exception being the specimens thermally treated for 3 hours) on each failure surface.  The SEM

photomicrographs of the cohesive failure region thus suggest that as the treatment-time is

increased the location of failure changes from largely scrim cloth/adhesive interface for

specimens thermally treated for 0.5 hour to entirely within the adhesive for specimens thermally

treated for greater than or equal to 5 hours.  However, lap specimen that was thermally treated at

350°C in air for 3 hours showed a weave-type pattern on each failure surfaces.  Recall that for

these specimens the lap-shear strength was also significantly higher (contrary to the observed

trend) than that for specimens thermally treated for only 1.0 and 2.0 hours, respectively.  This

discrepancy in data has not been resolved.

For specimens thermally treated at 350°C for various times, the SEM photomicrographs in the

interfacial failure region (see Figure 4.69) show increasingly smooth features for both oxide-

covered sides A and B.  The adhesive film underneath the oxide coating is clearly visible at many

places on Side A failure surfaces, and the corresponding oxide covered surface of Side B shows a

few adhesive film patches.  The bright spots in SEM photomicrographs for the failure surfaces
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Figure 4.68. The SEM photomicrographs of the cohesive failure regions on each failure surface

for lap specimens that were thermally treated at 350°C in air for various times; (a)

0.5 hr, (b) 1.0 hr, and (c) 2.0 hrs.
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Figure 4.68. (Continued) The SEM photomicrographs of the cohesive failure regions on each

failure surface for lap specimens that were thermally treated at 350°C in air for

various times; (d) 3.0 hrs, (e) 5.0 hrs, and (f) 11.0 hrs.
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Figure 4.69. The SEM photomicrographs of the oxide failure regions on each failure surface

for lap specimens that were thermally treated at 350°C in air for various times; (a)

1.0 hr, (b) 2.0 hrs, and (c) 3.0 hrs.
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Figure 4.69. (Continued) The SEM photomicrographs of the oxide failure regions on each

failure surface for lap specimens that were thermally treated at 350°C in air for

various times; (d) 5.0 hrs, (e) 11.0 hrs, and (f) 24 hrs.
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Side B

Side A

Figure 4.70. The SEM photomicrographs of the interfacial failure region for side A and Side B

failure surfaces for a lap specimen that was thermally treated at 371°C for 1.0 hr

in air.
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represent the exposed adhesives.  The SEM photomicrographs in Figure 4.70, obtained at higher

magnification, clearly show exposed adhesive film underneath the oxide coating on the Side A

failure surface, and an adhesive patch (transferred from Side A) on the corresponding Side B

failure surface for a lap specimen thermally treated at 371°C for 3.0 hrs in air.  A representative

EDX analysis result for the Side A failure surface of a thermally treated (350°C for 5.0 hrs in air)

specimen is shown in Figure 4.71.  It is apparent from the SEM photomicrographs and the EDX

analysis that the oxide failure regions on the failure surfaces contain some small cohesive failure

regions as well.  This observation is consistent with the XPS results for the oxide failure regions

for which small amounts of nitrogen and silicon (indicative of adhesive presence) were found on

the failure surfaces.  It is also observed that as the treatment-time increased, the extent of

cohesive failure in a largely oxide type failure region decreases; this is indicated by a progressive

decrease in the number of spots where adhesive is exposed on the Side A and Side B failure

surfaces.

The SEM photomicrographs of the oxide failure regions for lap specimens thermally treated in air

for 371°C, 385°C and 399°C for 0.5 hrs, 1.0 hr, 2.0 hrs and 3.0 hrs, respectively, are shown in

Figures 4.72 – 4.74.  The surface features are similar to the features noted in the oxide failure

regions for lap specimens thermally treated at 350°C for various times.  In general, it is also

observed that at a comparable thermal treatment-time, the extent of cohesive failure in a largely

oxide type failure region is less for specimens treated at higher temperatures.  The SEM

photomicrographs of various failure surfaces of thermally treated lap specimens thus suggest that

as the thermal treatment-temperature or -time is increased, the oxide failure regions on the failure

surfaces increasingly become purely an oxide failure.

XPS analyses of the cohesive failure regions and interfacial failure regions are given in Tables

4.31 – 4.49 for lap shear samples that had been bonded and thermally treated in air at 350°C,

371°C, 385°C and 399°C, respectively, for various times, and tested.  Irrespective of the thermal

history of the sample, the XPS results for both failure surfaces in the cohesive failure regions

were equivalent.  These “cohesive” failure surfaces contain carbon, oxygen, nitrogen, and silicon



198

(b)

(a)

O

Si C

Ti

Figure 4.71. SEM photomicrograph and EDX analysis of interfacial failure region for Side A

failure surface for a lap specimen thermally treated at 350°C for 5.0 hrs in air; (a)

SEM photomicrograph and (b) EDX analysis results for titanium (Ti), oxygen (O),

silicon (Si) and carbon (C).
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Figure 4.72. The SEM photomicrographs of the oxide failure regions on each failure surface

for lap specimens that were thermally treated at 371°C in air for various times; (a)

0.5 hr and (b) 1.0 hr.
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Figure 4.72. (Continued) The SEM photomicrographs of the oxide failure regions on each

failure surface for lap specimens that were thermally treated at 371°C in air for

various times; (c) 2.0 hrs and (d) 3.0 hrs.
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Figure 4.73. The SEM photomicrographs of the oxide failure regions on each failure surface

for lap specimens that were thermally treated at 385°C in air for various times; (a)

0.5 hr and (b) 1.0 hr.
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Figure 4.73. (Continued) The SEM photomicrographs of the oxide failure regions on each

failure surface for lap specimens that were thermally treated at 385°C in air for

various times; (c) 2.0 hrs and (d) 3.0 hrs.
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Figure 4.74. The SEM photomicrographs of the oxide failure regions on each failure surface

for lap specimens that were thermally treated at 399°C in air for various times; (a)

0.5 hr and (b) 1.0 hr.
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Figure 4.74. (Continued) The SEM photomicrographs of the oxide failure regions on each

failure surface for lap specimens that were thermally treated at 399°C in air for

various times; (c) 2.0 hrs and (d) 3.0 hrs.
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 Table 4.31. XPS results (atomic %) for both failure surfaces in the cohesive failure region for

lap specimens thermally treated at 350°C for 0.5 hour, in air.  Standard deviations

are reported at the 95% confidence limit.

Element Cohesive failure (within the adhesive)

Side A Side B

C 77.0 ± 1.0 75.0 ± 1.5

O 15.7 ± 0.6 17.0 ± 0.9

N 4.7 ± 0.4 4.6 ± 0.1

Si 2.1 ± 0.5 3.1 ± 0.6

Ti < 0.2 < 0.2

Al < 0.3 < 0.3

F 0.4 ± 0.3 < 0.2

Table 4.32. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 350°C for 1.0 hour,

in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 78.0 ± 0.4 78.1 ± 0.6 57.4 ± 1.4 52.7 ± 1.5

O 14.9 ± 0.3 14.9 ± 0.4 25.3 ± 0.7 30.8 ± 1.2

N 5.0 ± 0.3 5.0 ± 0.3 3.7 ± 0.3 1.4 ± 0.1

Si 2.0 ± 0.1 1.8 ± 0.2 1.7 ± 0.2 7.6 ± 0.4

Ti < 0.2 < 0.2 5.9 ± 0.2 5.5 ± 0.8

Al < 0.3 < 0.3 1.9 ± 0.1 1.4 ± 0.2

F < 0.2 < 0.2 4.2 ± 0.3 0.6 ± 0.4
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Table 4.33. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 350°C for 2.0

hours, in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 77.9 ± 0.9 77.7 ± 0.2 56.9 ± 2.8 60.1 ± 0.9

O 14.9 ± 0.8 15.6 ± 0.2 25.0 ± 2.3 26.2 ± 1.0

N 4.1 ± 0.5 4.7 ± 0.2 3.2 ± 0.7 2.5 ± 0.6

Si 2.6 ± 0.1 1.8 ± 0.4 1.5 ± 0.4 2.7 ± 0.3

Ti < 0.2 < 0.2 6.2 ± 0.8 5.8 ± 0.2

Al < 0.3 < 0.3 1.8 ± 0.2 1.3 ± 0.1

F < 0.2 < 0.2 5.3 ± 0.6 1.3 ± 0.2

Table 4.34. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 350°C for 3.0

hours, in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 75.9 ± 0.4 75.5 ± 1.3 53.5 ± 5.0 51.8 ± 4.7

O 16.9 ± 0.7 16.8 ± 0.9 28.3 ± 2.4 33.8 ± 2.9

N 4.5 ± 0.2 5.0 ± 0.3 3.0 ± 0.1 2.6 ± 0.7

Si 2.5 ± 0.3 2.4 ± 0.2 1.5 ± 0.7 2.3 ± 0.8

Ti < 0.2 < 0.2 6.9 ± 1.3 7.4 ± 1.4

Al < 0.3 < 0.3 1.7 ± 0.4 1.4 ± 0.6

F < 0.2 < 0.2 5.0 ± 1.0 0.8 ± 0.6
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Table 4.35. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 350°C for 5.0

hours, in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 74.3 ± 1.1 75.0 ± 2.1 48.7 ± 2.7 42.5 ± 2.3

O 17.8 ± 1.0 17.2 ± 0.9 30.6 ± 1.1 39.2 ± 2.0

N 3.9 ± 0.5 4.3 ± 0.4 2.4 ± 0.4 2.2 ± 0.1

Si 3.6 ± 0.5 3.2 ± 0.8 1.2 ± 0.2 2.5 ± 0.6

Ti < 0.2 < 0.2 9.0 ± 0.4 9.8 ± 0.6

Al < 0.3 < 0.3 2.4 ± 0.2 2.2 ± 0.2

F < 0.2 < 0.2 5.7 ± 0.7 1.7 ± 0.1

Table 4.36. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 350°C for 11.0

hours, in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 72.3 ± 1.8 66.5 ± 0.1 42.6 ± 3.1 37.7 ± 1.8

O 19.1 ± 1.8 22.7 ± 0.2 34.4 ± 1.5 43.0 ± 2.0

N 3.8 ± 1.6 3.3 ± 0.6 2.2 ± 0.3 1.8 ± 0.3

Si 4.4 ± 1.8 6.7 ± 1.0 1.2 ± 0.4 1.6 ± 0.8

Ti < 0.2 0.5 ± 0.5 9.7 ± 1.0 11.8 ± 1.0

Al < 0.3 < 0.3 3.2 ± 0.3 2.3 ± 0.6

F 0.3 ± 0.1 < 0.2 6.8 ± 0.7 1.7 ± 0.1
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Table 4.37. XPS results (atomic %) for both failure surfaces in the interfacial failure region for

lap specimens thermally treated at 350°C for 24.0 hours, in air.  Standard

deviations are reported at the 95% confidence limit.

Adhesive failure (interfacial)Element

Side A Side B

C 24.5 ± 2.9 30.4 ± 8.7

O 38.4 ± 1.1 45.3 ± 5.7

N 1.7 ± 0.2 0.8 ± 0.3

Si 2.3 ± 0.4 3.6 ± 0.2

Ti 13.0 ± 0.2 13.1 ± 1.5

Al 4.4 ± 0.3 2.6 ± 0.8

F 15.7 ± 1.2 4.2 ± 0.5
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Table 4.38. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 371°C for 0.5 hour,

in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 76.8 ± 0.4 74.9 ± 0.3 46.9 ± 1.9 44.2 ± 4.9

O 15.6 ± 0.3 17.7 ± 0.2 31.5 ± 1.9 38.0 ± 3.5

N 5.1 ± 0.1 4.4 ± 0.2 2.3 ± 0.3 2.0 ± 0.1

Si 2.2 ± 0.1 2.9 ± 0.1 1.5 ± 0.2 2.8 ± 0.5

Ti < 0.2 < 0.2 9.1 ± 0.6 9.7 ± 1.2

Al < 0.3 < 0.3 2.5 ± 0.3 1.8 ± 0.3

F < 0.2 < 0.2 6.2 ± 0.9 1.5 ± 0.4

Table 4.39. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 371°C for 1.0 hour,

in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 78.2 ± 0.4 77.8 ± 0.4 38.0 ± 1.0 33.9 ± 2.7

O 15.0 ± 0.6 15.3 ± 0.4 34.4 ± 0.5 44.0 ± 1.9

N 4.7 ± 0.3 4.5 ± 0.5 1.9 ± 0.1 1.6 ± 0.2

Si 1.9 ± 0.1 2.2 ± 0.4 2.3 ± 0.2 4.0 ± 0.2

Ti < 0.2 < 0.2 10.7 ± 0.4 11.9 ± 0.7

Al < 0.3 < 0.3 3.3 ± 0.2 2.3 ± 0.1

F < 0.2 < 0.2 9.4 ± 0.7 2.4 ± 0.1
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Table 4.40. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 371°C for 2.0

hours, in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 72.1 ± 1.8 75.2 ± 0.6 35.7 ± 1.5 28.7 ± 1.3

O 19.1 ± 1.2 17.3 ± 0.4 35.1 ± 0.6 47.7 ± 1.4

N 4.2 ± 0.2 4.2 ± 0 2.2 ± 0.3 1.8 ± 0.1

Si 3.3 ± 0.2 2.6 ± 0 2.3 ± 0.4 3.9 ± 0.6

Ti 0.7 ± 0.4 0.3 ± 0.3 11.0 ± 0.6 12.2 ± 0.1

Al 0.3 ± 0.1 < 0.3 3.6 ± 0.1 2.2 ± 0.2

F 0.3 ± 0 0.3 ± 0.3 10.1 ± 1.0 3.4 ± 0.3

Table 4.41. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 371°C for 3.0

hours, in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 71.8 ± 5.2 71.5 ± 4.3 28.4 ± 4.7 27.2 ± 4.4

O 19.8 ± 3.0 19.8 ± 2.6 38.4 ± 0.3 47.7 ± 1.1

N 3.9 ± 0.4 4.2 ± 0.5 1.5 ± 0.2 1.4 ± 0.4

Si 4.1 ± 2.4 4.0 ± 2.1 2.7 ± 0.2 3.8 ± 0.3

Ti < 0.2 < 0.2 12.5 ± 1.1 13.6 ± 1.2

Al < 0.3 < 0.3 3.9 ± 0.3 2.7 ± 0.4

F < 0.2 < 0.2 12.6 ± 3.3 3.6 ± 1.8
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Table 4.42. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 385°C for 0.5 hour,

in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 77.6 ± 0.2 77.8 ± 0.8 60.8 ± 14.8 46.9 ± 3.0

O 14.9 ± 0.3 15.0 ± 0.1 23.7 ± 7.9 35.6 ± 2.5

N 5.3 ± 0.3 4.7 ± 0.4 3.4 ± 1.1 1.9 ± 0.3

Si 2.1 ± 0.1 2.2 ± 0.5 2.2 ± 0.3 3.7 ± 0.5

Ti < 0.2 < 0.2 4.7 ± 4.1 8.5 ± 0.6

Al < 0.3 < 0.3 1.6 ± 1.2 1.6 ± 0.3

F < 0.2 < 0.2 3.7 ± 3.0 1.9 ± 0.2

Table 4.43. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 385°C for 1.0 hour,

in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 70.3 ± 4.1 72.3 ± 1.2 27.9 ± 4.6 20.5 ± 1.6

O 19.3 ± 1.6 18.8 ± 1.0 37.9 ± 2.2 51.3 ± 0.4

N 3.9 ± 0.3 4.1 ± 0.2 1.5 ± 0.3 1.4 ± 0.2

Si 4.2 ± 0.1 3.9 ± 0 3.3 ± 0.4 5.7 ± 0.9

Ti 0.9 ± 0.9 0.6 ± 0 12.1 ± 0.8 13.8 ± 0.5

Al < 0.3 < 0.3 3.9 ± 0.5 3.0 ± 0.4

F 1.2 ± 1.1 < 0.2 13.4 ± 0.8 4.4 ± 0.4
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Table 4.44. XPS results (atomic %) for both failure surfaces in the interfacial failure region for

lap specimens thermally treated at 385°C for 2.0 hours, in air.  Standard deviations

are reported at the 95% confidence limit.

Adhesive failure (interfacial)Element

Side A Side B

C 23.7 ± 2.7 22.4 ± 1.6

O 39.3 ± 0.5 50.2 ± 1.4

N 1.4 ± 0.6 1.3 ± 0.4

Si 2.5 ± 0.3 4.1 ± 0.3

Ti 13.0 ± 1.0 14.3 ± 0.3

Al 4.8 ± 0.3 3.1 ± 0.2

F 15.3 ± 0.9 4.6 ± 0.4

Table 4.45. XPS results (atomic %) for both failure surfaces in the interfacial failure region for

lap specimens thermally treated at 385°C for 3.0 hours, in air.  Standard deviations

are reported at the 95% confidence limit.

Adhesive failure (interfacial)Element

Side A Side B

C 18.5 ± 1.7 15.3 ± 2.3

O 39.0 ± 1.6 54.9 ± 0.5

N 1.5 ± 0.2 0.9 ± 0.2

Si 3.9 ± 0.3 5.7 ± 0.3

Ti 12.7 ± 0.1 15.4 ± 0.3

Al 5.1 ± 0.5 2.9 ± 0.4

F 19.3 ± 0.3 5.0 ± 1.0
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Table 4.46. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 399°C for 0.5 hour,

in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 75.8 ± 0.8 75.0 ± 0.6 35.0 ± 1.8 29.9 ± 2.5

O 16.4 ± 0.9 16.9 ± 0.4 36.9 ± 2.3 47.1 ± 0.9

N 4.5 ± 0.4 4.4 ± 0.3 1.8 ± 0.3 1.4 ± 0.1

Si 3.0 ± 0.5 3.5 ± 0.9 2.5 ± 0.2 4.5 ± 0.2

Ti < 0.2 < 0.2 11.2 ± 0.6 12.3 ± 1.6

Al < 0.3 < 0.3 3.6 ± 0.3 2.5 ± 0.2

F < 0.2 < 0.2 9.0 ± 1.3 2.3 ± 0.7

Table 4.47. XPS results (atomic %) for both failure surfaces in the cohesive failure region and

interfacial failure region for lap specimens thermally treated at 399°C for 1.0 hour,

in air.  Standard deviations are reported at the 95% confidence limit.

Cohesive failure (within the

adhesive)

Adhesive failure (interfacial)Element

Side A Side B Side A Side B

C 73.8 ± 0.4 74.3 ± 0.4 34.5 ± 1.5 30.9 ± 2.0

O 17.5 ± 0.4 17.7 ± 0.3 37.0 ± 0.6 47.0 ± 1.0

N 4.2 ± 0.2 4.3 ± 0 1.7 ± 0.1 1.5 ± 0.1

Si 3.7 ± 0.3 3.1 ± 0.4 3.2 ± 0.3 4.6 ± 0.4

Ti 0.4 ± 0.2 0.3 ± 0.2 11.1 ± 0.3 11.7 ± 0.5

Al < 0.3 < 0.3 3.6 ± 0.6 2.4 ± 0.3

F 0.3 ± 0.1 < 0.2 9.0 ± 0.4 1.9 ± 0.2
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Table 4.48. XPS results (atomic %) for both failure surfaces in the interfacial failure region for

lap specimens thermally treated at 399°C for 2.0 hours, in air.  Standard deviations

are reported at the 95% confidence limit.

Adhesive failure (interfacial)Element

Side A Side B

C 26.6 ± 1.9 31.3 ± 8.1

O 40.4 ± 2.8 46.7 ± 5.5

N 1.4 ± 0 1.2 ± 0.1

Si 4.6 ± 0.3 5.4 ± 0.5

Ti 10.9 ± 0.2 11.5 ± 1.6

Al 4.1 ± 0.3 2.1 ± 0.2

F 11.9 ± 0.8 1.8 ± 0.5

Table 4.49. XPS results (atomic %) for both failure surfaces in the interfacial failure region for

lap specimens thermally treated at 399°C for 3.0 hours, in air.  Standard deviations

are reported at the 95% confidence limit.

Adhesive failure (interfacial)Element

Side A Side B

C 18.1 ± 4.5 24.4 ± 11.8

O 36.9 ± 1.0 48.2 ± 8.2

N 0.9 ± 0.2 1.0 ± 0.4

Si 6.1 ± 0.6 6.7 ± 0.6

Ti 11.2 ± 1.2 13.1 ± 3.9

Al 5.0 ± 0.3 2.4 ± 0.1

F 21.8 ± 2.9 4.2 ± 1.0
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at concentration levels that are indicative of failure within the adhesive.  Only the specimen

thermally treated at 350°C for 11.0 hours showed a slightly higher concentration of silicon on

Side B failure surface.  The shapes of carbon (C 1s), oxygen (O 1s), nitrogen (N 1s), and silicon

(Si 2p) XPS photopeaks in the cohesive failure regions are indicative of polyimide adhesive.

Representative XPS spectra for the C 1s, O 1s, N 1s, and Si 2p peaks from a cohesive failure

region, from both failure surfaces, for a lap specimen thermally treated at 371°C for 3.0 hrs in air

are shown in Figures 4.75 and 4.76.

The XPS results in the interfacial failure regions reveal significant amounts of titanium,

aluminum, fluorine, and oxygen (which are all primarily associated with oxide), in addition to

smaller amounts of carbon, nitrogen and silicon (which are all primarily associated with the FM-5

adhesive) on both failure surfaces.  Representative XPS spectra for the C 1s, O 1s, N 1s, Si 2p, Ti

2p, Al 2p, and F 1s levels from interfacial failure region, from both failure surfaces, for a lap

specimen thermally treated at 371°C for 3.0 hrs in air are shown in Figures 4.77 – 4.80.  The

shape of carbon (C 1s), nitrogen (N 1s) and silicon (Si 2p) XPS photopeaks in the interfacial

failure regions are indicative of polyimide adhesive, and the shape of titanium (Ti 2p), aluminum

(Al 2p) and fluorine (F 1s) XPS photopeaks are indicative of anodic oxide.  The shape of oxygen

(O 1s) XPS photopeak in the interfacial failure region is indicative of anodic oxide (primarily

TiO2) as well as of polyimide adhesive.  In general, as the treatment time is increased the

amounts of titanium, aluminum, fluorine, and oxygen increase, and those for carbon and nitrogen

decrease on both failure surfaces (see Tables 4.31 - 4.49).  The XPS data are consistent with the

SEM results for oxide failure region.  The oxide failure surface was increasingly smoother and

was completely covered by an oxide coating as the thermal treatment time was increased at any

given treatment temperature.  These data support the notion that interfacial failure occurs within

the oxide layer, rather than at the interface between the adhesive and oxide coating.  In general,

for each set of XPS failure analysis results, failure surface Side A exhibits a greater concentration

of fluorine and aluminum, while the content of oxygen is significantly greater; titanium is slightly

greater on the Side B failure surfaces.  The non-equivalent nature of the respective failure
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Figure 4.75. Carbon (C 1s) and oxygen (O 1s) XPS photopeaks for Side A and Side B failure

surfaces, in cohesive failure region, for a lap specimen thermally treated at 371°C

for 3.0 hours in air.
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surfaces, in cohesive failure region, for a lap specimen thermally treated at 371°C
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Figure 4.77. Carbon (C 1s) and oxygen (O 1s) XPS photopeaks for Side A and Side B failure

surfaces, in interfacial failure region, for a lap specimen thermally treated at

371°C for 3.0 hours in air.
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Figure 4.78. Nitrogen (N 1s) and silicon (Si 2p) XPS photopeaks for Side A and Side B failure

surfaces, in interfacial failure region, for a lap specimen thermally treated at

371°C for 3.0 hours in air.
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surfaces indicates that failure is promoted in a boundary region where one domain is rich in

aluminum fluoride along with titanium oxide, and the other region is characterized by titanium

and aluminum oxides with smaller contributions from fluorine-containing components

(principally with aluminum).

The binding energy of titanium, in the interfacial failure regions, suggests that titanium is present

as a titanium(IV) oxide on both Side A and Side B failure surfaces (see Figure 4.79).  Ti 2p XPS

photopeaks for Side B failure surfaces suggest that the oxide coating is very thin (5-10 nm); a

small peak is observed for elemental titanium at around 454 eV.  Al 2p XPS photopeaks for Side

B failure surfaces also show a small peak (barely visible due to signal-noise) for elemental

aluminum (~72 eV), for example see Figure 4.79.  The measured binding energies for aluminum

suggest that aluminum is present not only in an oxide form but also as fluoride, for example, see

Figure 4.81 which shows the curve-fit analyses for aluminum photopeaks for a specimen

thermally treated at 371°C for 3.0 hrs in air.  The curve fit analyses for the fluorine photopeak

are consistent with fluorine as an adsorbed fluoride and as fluoride in aluminum fluoride.  See

Figure 4.82 which shows the curve-fit analyses for fluorine photopeaks for a specimen thermally

treated at 371°C for 3.0 hrs in air.  The binding energies for aluminum and fluorine as fluoride

from the curve fit results were 76.2 ± 0.2 eV and 686.6 ± 0.2 eV, respectively.  These binding

energies are in good agreements with the reported values for aluminum and fluorine in AlF3 [207,

208].  These findings are similar to the results discussed earlier in the analysis of failure surfaces

from the wedge specimen durability tests.  It was also noted that the amount of “aluminum

fluoride” on the failure surfaces increased with increasing treatment temperature and duration of

treatment.  The presence of fluorine and aluminum fluoride in significant concentrations on the

interfacial failure surfaces suggests that the formation of an “aluminum fluoride” is associated

with the degradation and debonding process for bonded lap shear specimens treated at elevated

temperatures.

The high-temperature studies were carried out in the temperature range 350°C to 399°C, for a

much shorter time, 0.5 hour to 3 hours (24 hours only at 350°C), in air.  At this treatment
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for a lap specimen bonded and thermally treated at 371°C for 3.0 hrs in air; (a)

Side A failure surface (b) Side B failure surface.
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temperature and experimental time scale, the extent of oxygen dissolution into the metal is not

large enough to cause any significant decrease in oxide strength.  As discussed before, the

metal/oxide interface is sharp and no significant tail of the oxygen signal is observed in an Auger

sputter-depth profile for a thermally treated (at 371°C in air for up to 3.0 hrs) CAA Ti-6Al-4V

alloy.  However, the XPS and AES characterization results suggest that failure takes place within

the anodic oxide coating, primarily near the oxide/metal interface.  The XPS results for the

interfacial failure region reveal significant amounts of titanium, aluminum, fluorine and oxygen,

in addition to smaller amounts of carbon, nitrogen and silicon.  The presence of adhesive as well

as fluorine in the oxide coating on both failure surfaces suggests that the locus of failure is not at

the oxide/metal interface.  Recall that one failure surface (Side A) has relatively larger amounts

of aluminum and fluorine compared with the other failure surface, side B.  Side A has a relatively

thicker oxide coating on top of the adhesive film and side B has a very thin oxide coating (5-10

nm).  For example, the AES sputter depth profile results of failure surfaces for a lap specimen

thermally treated at 399°C for 3 hrs in air are shown in Figure 4.83.  Since a metal surface is

easily oxidized upon exposure to air, a thin oxide layers on the metal side (side B) of the failure

surface may indicate bond failure at the metal/oxide interface.  The fact that the XPS surface

analysis reveals fluorine (one of the chemical constituents of the CAA oxide coating) on side B

indicates that failure is definitely in the anodic oxide.  The AES sputter-depth profile of side A

indicates a relatively thick oxide coating on the adhesive film.  However, the oxide/adhesive

interface is not sharp.  The presence of carbon in the oxide layer indicates good wetting of the

porous oxide by the adhesive film during the bonding process.

4.4.2.3  Kinetics of Lap-joint Failure

In the thermal treatment studies, it was reasoned that the formation of aluminum fluoride species

weakens the oxide and promotes failure within the anodic oxide coatings.  Therefore, it is

meaningful to follow the reaction kinetics for the formation of aluminum fluoride species.  The

binding energies for fluorine and aluminum as aluminum fluorides are different from what they

would be as adsorbed ions and oxide, respectively.  Thus, fluorine and/or aluminum with their
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characteristic photopeak position in aluminum fluoride can be used as fingerprints to follow the

reaction kinetics of aluminum fluoride.  By plotting the concentration of fluorine or aluminum as

fluorides versus thermal treatment time at various temperatures, the rate of aluminum fluoride

formation is obtained at the respective temperatures.  The activation energy (Ea) for the

formation of the aluminum fluoride species is then determined from the slope of the Arrhenius

plot (log (reaction rate) vs. 1/T).

The average concentration of fluorine, as aluminum fluoride, on the failure surfaces of thermally

treated lap specimens is determined from the XPS curve-fit analysis of the fluorine photopeak.

Similarly, the average concentration of aluminum, as aluminum fluoride, on the failure surfaces

of thermally treated lap specimens is determined from the XPS curve-fit analysis of the aluminum

photopeak.  XPS test results from only side A of the failure surfaces were used for studying

aluminum fluoride reaction kinetics.  The reaction rate data for the formation of aluminum

fluoride species using fluorine and aluminum as fingerprint elements are shown in Figures 4.84

and 4.85.  With just four data points at each temperature, it is difficult to determine, with a good

degree of confidence, the rate law for the reaction.  However, data for the formation of

aluminum fluoride species fit reasonably well (R2 ≥ 0.90) a linear reaction rate equation of the

form y = kt + c, where y is the concentration of fluorine or aluminum as aluminum fluoride; k is

the reaction rate constant; t is the elapsed time of the reaction (thermal treatment time); and c is

a constant.  The first order reaction rate constants, as determined from linear plots of aluminum

and fluorine kinetics data at various temperatures, are listed in Table 4.50.  The rate of aluminum

fluoride formation as a function of treatment temperature in the form of an Arrhenius plot is

shown in Figure 4.86.  The activation energy values obtained from Arrhenius plots using

aluminum and fluorine kinetic data are about the same.  The average activation energy for the

formation of aluminum fluoride species is approximately 149 kJ/mole.  The high activation

energy suggests that the rate of aluminum fluoride formation is substantial only at high

temperatures.
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Table 4.50. Linear rate constants for the aluminum – fluorine reaction.

Temperature (°C) Fluorine (cts-eV.sec-1.hr-1) Aluminum (cts-eV.sec-1.hr-1)

350 579 169

371 1574 601

385 3627 1065

399 4641 1156
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As discussed in the wedge test results, both aluminum oxide and aluminum metal could react with

hydrofluoric acid to produce aluminum fluoride.  However, the reaction between aluminum metal

and hydrofluoric acid is thermodynamically more favorable (see Table 2.1).  For thermally

treated lap specimens, the failure in the oxide coating always occurred close to the oxide/alloy

interphase.  This would then suggests that the reaction between aluminum metal and hydrofluoric

acid at the oxide/alloy interphase is significant.  Recognizing that failure occurred near/or at the

oxide/alloy interphase, it is reasoned that the activation energy value obtained for the formation

of aluminum fluoride species is more likely that for a reaction between aluminum metal and

hydrofluoric acid.
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Chapter 5. Conclusions and Summary

The chromic acid anodization of Ti-6Al-4V alloy produces a porous oxide morphology.  The

average oxide thickness for CAA Ti-6Al-4V alloy (5 Volts, 20 minutes) is 45 ± 5 nm.  The porous

oxide morphology is retained by CAA Ti-6Al-4V alloy when it is thermally treated in air at

371°C for up to 24 hours.  The thermally treated CAA Ti-6Al-4V alloy exhibits an increase in

oxide thickness (due to thermal oxidation of the alloy) and a slight thickening in the oxide cell-

wall.  When immersed in boiling water for up to 15 hours, the basic porous nano-rough oxide

morphology is retained by CAA Ti-6Al-4V alloy.  The boiling water-treated CAA Ti-6Al-4V

alloy exhibits a great degree of hydroxylation of the oxide surface.  The relative extent of surface

hydroxylation varies in the manner 192 hrs treatment > 0.5 hr treatment > non-treated ≈

thermally treated (371°C/3hrs/air).  The boiling water treated CAA oxide surface produces a

relatively non-uniform rough oxide morphology on a micrometer scale, which is attributed to

stress induced cracking and spalling of the oxide coating.

The wedge test results show excellent durability in air for CAA Ti-6Al-4V alloy, adhesively

bonded with FM-5 polyimide adhesive, in the temperature range –25°C to 177°C.  From the

average crack length versus exposure time data, the bond durability follows the order –25°C >

24°C > 177°C.  Irrespective of the temperature of exposure, bonded joints failed cohesively at

the scrim cloth/adhesive interface in each case.  The decrease in bond durability at elevated

temperatures is attributed to polymer chain-breaking and visco-elastic effects.

From the average crack length vs. boiling water exposure time data, no significant differences are

observed in durability for specimens that are thermally treated, bonded (heat & bond) and then

immersed in boiling water compared to non-thermally treated specimens.  Wedge specimens that

are bonded, thermally treated (bond & heat) at 371°C for 0.5 hour and 1.0 hour, and then

immersed in boiling water also exhibit durability similar to that by the non-thermally treated

specimens.  In each case, the bonded joint fails cohesively within the adhesive and specifically at

the scrim cloth/adhesive interface.  The crack propagation is entirely within the adhesive in
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boiling water test, and is attributed primarily to water induced plasticization of FM-5 adhesive at

the crack tip.  For wedge specimens that are bonded and thermally treated (bond & heat) at

371°C for 3 hours, the joint fails in the anodic oxide immediately upon the wedge insertion.

Based on the surface analysis results and thermodynamic considerations, it is reasoned that oxide

failure in the durability tests is due to the formation of an aluminum fluoride which destroys the

integrity of the CAA anodic oxide.  The degradation occurs in the bonded specimens during the

“bond/heat” thermal treatments.

The durability of as-bonded (non-treated) CAA Ti-6Al-4V wedge specimen in boiling water is in

sharp contrast with that in dry atmosphere at elevated temperatures, especially since crack

propagation in each case is entirely within the adhesive.  Wedge specimens immersed in boiling

water show a significant decrease in bond durability, i.e., higher crack growth and lower strain

energy release rate, in a relatively very short time (~150 hrs) compared to wedge specimens kept

in a forced-air oven at 177°C.  These results suggest that, for Ti/FM-5 bonded joints, the boiling

water environment is much more severe than a high temperature (< 177°C) dry air environment.

The lap shear specimens that are thermally treated at 177°C and 204°C for various times fail

primarily within the adhesive.  The lap shear specimens that are thermally treated in air at 177°C

for 4 months and at 204°C for 4 weeks exhibit a small loss (9 to 10%) in lap-shear failure

strengths compared to non-treated lap specimen (failure strength = 49.5 MPa), the loss in

strength is most likely due to chemical degradation (e.g., chain cessions via thermal oxidation)

and visco-elastic effects of the FM-5 adhesive.

For lap specimens that are thermally treated at higher temperatures (350°C to 399°C), the

principal finding is that the lap-shear failure strength, as well as the extent of cohesive failure

within the adhesive, decreases with an increase in thermal treatment-time at a given temperature

or with an increase in treatment-temperature at a comparable time.  The XPS results for

debonded lap specimens suggest that failure is promoted by the formation of an “aluminum

fluoride” that results from a reaction of residual fluorine from the anodizing bath and aluminum
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alloy.  The formation of aluminum fluoride is facilitated by treatment at elevated temperatures.

The average activation energy for the formation of aluminum fluoride species is approximately

36 kcal/mole.  It is argued that the formation of aluminum fluoride weakens the CAA anodic

oxide.  A number of reasons for the weakening of the CAA anodic oxide have been suggested:

(1) The formation of aluminum fluoride species as a result of reaction between hydrofluoric acid

and aluminum oxide introduces large compressive stresses in the oxide due to an increase in the

oxide volume.  These compressive stresses in the oxide could result in cracking and spalling of

the oxide coating under minimal load (mechanically weak oxide film).  (2) The fluoride ions

could directly react with the metal at the oxide/metal interface to form products at the interface,

which could lead to weakening or even debonding of the oxide from the metal (e.g., 2Al + 6HF =

2AlF3 + 3H2).  (3) Any significant differences in the coefficients of thermal expansion (CTE)

between oxides and fluorides could result in a stress build-up inside the oxide when the test

sample is cooled after the thermal treatment.  Such stresses could promote failure in the oxide.

The dissertation results suggest that adsorbed fluorine in the anodic oxide coatings is detrimental

to the bond strength of adhesively bonded Ti-6Al-4V alloy when exposed to elevated

temperatures (≥ 350°C).

Future Work

In the current work, it is reasoned that adsorbed fluorine in the anodic oxide coatings is

detrimental to the bond strength of adhesively bonded Ti-alloy when exposed to elevated

temperatures (≥ 350°C).  It was observed that adsorbed fluorine is completely desorbed from the

oxide coating when a CAA Ti-6Al-4V alloy specimen is thermally treated at 371°C in air for as

little as 0.5 hr.  However, the mechanism by which adsorbed fluorine in the CAA oxide is

thermally desorbed is not completely understood.  Fluorine when present in the anodic oxide

coating purely as HF and/or associated with water, should desorb when the CAA Ti-6Al-4V alloy

specimen is thermally treated at 200°C (pure hydrofluoric acid (HF) boils at 19.54°C, and

HF(35.35%) + H2O boils at 120°C).  However, the very reason that a temperature higher than
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200°C is required to completely desorb fluorine from the CAA oxide coating suggests that during

the thermal treatment a part of fluorine reacts with some element(s) such as titanium to form a

new fluoride species which is stable up to a certain temperature, after which it thermally

decomposes.  In the absence of detailed investigation, the chemical nature of the new fluoride

species could only be speculated.  The new species could be titanium tetrafluoride (TiF4).  It is

known that the reaction between titanium dioxide (TiO2) and hydrofluoric acid (HF) to form

titanium tetrafluoride is thermodynamically feasible at room temperature, and it is also known

that TiF4 sublimes at about 285°C.  This could be a plausible mechanism by which fluorine is

removed from the oxide coating of the CAA Ti-6Al-4V alloy when it is heated to 371°C in air.

However, a detailed investigation of the mechanism for removal of fluorine from the oxide

coating is required to assess the validity of the proposed mechanism.

Another extension of this work would be to investigate the performance of FM-5 bonded to

sodium hydroxide anodized (SHA) Ti-alloy.  The anodic oxide coating on Ti-6Al-4V alloy could

be prepared via sodium hydroxide anodization (SHA), however, unlike CAA oxide coating,

fluorine is not incorporated in the oxide coatings.  The thermal stability of oxide coatings

produced via SHA treated Ti-6Al-4V alloy should be compared with SHA oxide coatings

containing fluoride ions.  Fluorine could be incorporated into the SHA oxide coating via

absorption from solution containing fluoride ions.
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