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The fracture energy required to delaminate PMDAiODA polyimide films from 
aluminum substrates was determined using the circular blister test. Films were prepared 
by spin coating the polyamic acid of PMDA and ODA onto polished aluminum 
substrates, by vapor co-deposition of PMDA and ODA monomers onto polished 
aluminum substrates, or by spin-coating the polyamic acid onto polished aluminum 
substrates that were first coated with thin layers of y-aminopropyltriethoxysilane (y- 
APS). Elastic and elastoplastic analyses were used to extract the fracture energies from 
the blister test results. Elastoplastic analysis provided fracture energies that ranged from 
579 J/m’ for spin-coated films on polished substrates to 705 J/m’ for vapor-deposited 
films on polished substrates and to 750 J im’  for spin-coated films on silanated substrates. 
These values were intermediate between those provided by the two diff‘erent elastic 
analyses. Differences in fracture energy determined by the three direrent analysis 
methods were related to plastic deformation in the films and, in the case of the two 
elastic analyses. to differences in the approach used to extract the fracture energy from 
experimental results. Failure of specimens prepared by spin-coating PMDA/ODA films 
onto aluminum substrates occurred cohesively within the polymer, near the interface 
between well imidized polymer in the hulk of the tilins and poorly imidized polymer in a 
layer near the aluminum surface. For the case of specimens prepared by vapor co- 
deposition of PMDA and ODA monomers, failure occurred within the vapor deposited 
films. close to the aluminum/film interface. Failure of spin-coated films on silanated 
substrates occurred mostly within the y-APS hut leaving “islands” of polyimide and 
silane on the aluminum. 
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Keywords: Polyiniide/aluminum interphases; Cohesive zone model; Traction-separation 
law; Blister test; Interfacial fracture; Thin film delamination 

INTRODUCTION 

Polyimides are widely used in the microelectronics industry because of 
their good thermal, mechanical and chemical stability, excellent 
dielectric properties, and good film-forming characteristics [ 1 - 31. 
Numerous investigations of the molecular structure of polyimide films 
as well as the interfacial structure and the adhesion of the films with 
various substrates have been reported. However, there have been few 
reports in which fracture mechanics methods have been applied to the 
delamination of polyimide films when the film/substrate “interphase” 
was carefully prepared and controlled. The purpose of this paper is to 
describe results that we have obtained using the circular blister test to 
determine the adhesive fracture toughness of polyimide/aluminum 
interphases. The interphases were prepared by spin-coating the poly- 
amic acid of PMDA and ODA onto polished aluminum substrates, by 
vapor co-deposition of PMDA and ODA monomers onto polished 
aluminum substrates, and by spin-coating the polyamic acid onto 
polished aluminum substrates that were first coated with thin layers of 
y-aminopropyltriethoxysilane (7-APS). Elastic and elastoplastic ana- 
lyses were used to extract the adhesive fracture energies from the 
experimental blister test results. 

Most polyimides used in microelectronics are prepared by reaction 
of pyromellitic dianhydride (PMDA) and oxydianiline (ODA) to form 
a polyamic acid (PAA). Films are usually applied to substrates by 
spin-coating a solution of PAA in a strong solvent such as n-methyl- 
pyrollidone (NMP). The films are then heated to drive off the solvent 
and to convert the PAA to the corresponding polyimide. Alternatively, 
the PAA films can be chemically imidized. Chemical imidization is 
usually done by immersing polyamic acid films into acetic anhydride 
solutions that contain either pyridine or triethylamine. The base acts 
as a catalyst for the imidization reaction while acetic anhydride acts as 
a scavenger for water. 

Many investigations of the molecular structure of interfaces between 
spin-coated polyimide films and metal substrates have been reported. 
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POLYIMIDEiALUMINUM INTERPHASES 26 1 

Kim L J t  ul. [4,5] used transmission electron microscopy (TEM) to 
investigate interfaces formed by thermal curing of polyamic acid spin- 
coated onto copper substrates. Cross-section TEM results showed 
small copper-rich particles distributed in the polyimide at distances 
greater than 80-200nm from the copper surface. It was suggested 
that the polyamic acid reacted with copper to form a complex that 
decomposed during thermal imidization, resulting in the formation of 
copper-rich particles in the polyimide. 

Burrell et a/. [6] utilized XPS and IR to investigate thin films of 
polyimide prepared by spin-coating polyamic acids onto copper and 
aluminum substrates and then thermally imidizing the films. Films 
prepared on Al substrates were completely imidized during the heat 
treatment, as shown by XPS and IR measurements. Thus, the peaks 
near 284.6 and 286.0eV in the C(  Is) spectra of polyamic acid, which 
were assigned to carbon bound to other carbons or hydrogen and 
carbon bound to oxygen and nitrogen, respectively, appeared sharper 
in the C( ls )  spectra of the polyimide film. Peaks near 287.9 and 
289.0eV due to carbonyl carbon in amide and acid groups merged into 
a single carbonyl component near 288.6 eV after thermal imidization. 
The O(ls) spectra showed a decrease in intensity of the C-0 
component relative to the C =  0 component. N( Is) spectra showed 
the appearance of a peak near 400.6eV due to imide and the disap- 
pearance of a peak near 399.9 eV due to amide in polyamic acid. These 
observations indicated the formation of polyimide films on Al sub- 
strates. Reflection - absorption infrared (RAIR) spectra were char- 
acterized by bands near 1780 and I730 cm - ’ which were assigned to 
imide groups. supporting the conclusions obtained from the XPS 
investigation. 

In the case of polyimide/copper interfaces, the C( Is) spectra ex- 
hibited several carbonyl components that were not related to the 
cured polyimide. The peak near 399.9 eV associated with the amide 
groups was still observed in N(ls)  spectra. Peaks due to Cu(1) and 
Cu(I1) were both present in the Cu(2p) spectra. In the infrared spectra 
of the polyimide on copper substrates, the band characteristic of imide 
functionality near 1730 cm ’ was not observed. Instead, a broad band 
near 1650cmp’ was observed which was attributed to the super- 
position of the amide carbonyl band and one or more bands due to 
new chemical species. Another new band indicative of cuprous oxide 
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262 K .  M. LIECHTI et al. 

was also observed near 640cm-'. As a result, i t  was proposed that 
copper/polyamic acid complexes were formed when polyamic acids 
were deposited onto copper substrates. A portion of these complexes 
was able to react with the amide group to yield imide groups plus 
oxide during thermal curing. However, formation of the copper/ 
polyamic acid complex prevented films from curing completely during 
thermal treatment. 

An alternative technique for forming polyimide films on metal 
substrates involves co-condensation of the monomers from the vapor 
onto the metal substrates. The monomers react rapidly on the surface 
to form polyamic acid, which may be thermally or chemically imidiz- 
ed. Films deposited in this manner fill small features better than spin 
coated films, but tend to follow the surface topology and do not 
planarize the surface as well as spin coated films [7,8]. 

Several authors have investigated the vapor deposition of ultra-thin 
films of PMDA and ODA monomers onto various substrates [9- 141. 
PMDA appears to chemisorb onto silver and copper as a bidentate 
carboxylate salt [9,13]. ODA monomer has been reported to fragment 
during adsorption onto silver [9]. It has also been reported that ODA 
physisorbs onto copper and silver surfaces [13,14]. 

Grunze and Lamb [lo, 151 used XPS to investigate vapor deposition 
of PMDA and ODA onto polycrystalline silver surfaces. PMDA and 
ODA were both chemisorbed on the silver surface through the oxygen 
atoms in the PMDA and ODA fragments. Co-deposition of PMDA 
and ODA followed by thermal treatment of the films led to formation 
of thermally-stable polyimide films. Peaks were observed near 286.2, 
286.9, and 290.0 eV in the C( 1 s) spectra of co-deposited PMDAiODA 
films having a thickness of about 1 I A. These peaks were assigned to 
aromatic carbon in the ODA, carbon in the PMDA ring and carbon 
attached to the nitrogen or oxygen in ODA, and carbonyl carbon, 
respectively. The calculated intensity ratio of these peaks was 
4 : 9.5 : 9.6, while the ratio for a stoichiometric PMDAjODA polyimide 
was 4 :  10: 8. The relatively high intensity of the low binding energy 
C(1s) peak near 286.2 eV was explained by the presence of fragmented 
PMDA and ODA in the polyimide/silver interface. Contributions of 
fragmented PMDA and ODA to the spectra of the thin film were also 
evident in the O(ls) spectra where a peak near 531.5eV was attributed 
to oxygen bonded directly to the silver surface. Therefore, it was 
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POLYIMIDE/ALUMINUM INTERPHASES 263 

concluded that the adhesion of polyimide films to silver surfaces 
involved bonding to fragments of PMDA and ODA, which were 
chemisorbed on the silver surface. 

Other workers have described the vapor deposition of thick films 
onto silver surfaces [ 161. Analysis with Raman spectroscopy suggested 
that the films were deposited as polyamic acid with a slight amount of 
ring closure to the imide structure. Heating at 200°C for 30 minutes 
resulted in films that were completely imidized and were spectro- 
scopically identical to films of spin-coated PMDA/ODA. 

Previous work also suggested that the bulk structure of vapor- 
deposited polyimides was very similar to that of spin-coated materials 
and that the qualitative adhesion to silicon was excellent [17]. How- 
ever, the relationship between interfacial structure and the adhesion of 
vapor-deposited polyimide films to silicon and other substrates has 
not been reported. 

Adhesion promoters based on silane chemistry can be used to 
improve polymer/metal adhesion. Silane coupling agents have the 
general structure X3Si- R -  Y ,  where Y is an organofunctional group 
selected for bonding to specific organic polymers and X is a 
hydrolyzable group which forms silanol (SiOH) groups in aqueous 
solutions. Silanol groups are thought to be capable of reacting with 
mineral hydroxides (MOH) through hydrogen bonding or through 
condensation to form oxane (SiOM) bonds. The combination of 
strong, stable bonds between the polymer and the organofunctional 
groups and between the substrates and silanol groups improves the 
strength and durability of interfaces significantly. 

Silane coupling agents are sometimes used to improve adhesion of 
polyimides to inorganic substrates [IS]. In particular, y-aminopropyl- 
triethoxysilane (y-APS) is used as an adhesion promoter for SO2/  
polymide interfaces. The mechanism by which aminosilanes enhance 
adhesion between SiO-, and polyimides appears to involve formation 
of imide linkages between the polyamic acid and the primary amine of 
the adhesion promoter [19]. Although this must result in chain scission 
of the amic acid during ring closure, the strength and hydrothermal 
stability of these interfaces is significantly improved over that obtained 
from unsilanated surfaces. 

The pressurized circular blister test configuration [20] was used to 
determine the adhesive fracture toughness of the different interphases 
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considered in this study. Gent and Lewandowski [21] used the results 
of a membrane analysis by Hencky [22] to analyze the elastic debond- 
ing of pressurized, thin circular blisters. As a result, the adhesive 
fracture energy can be determined from measurements of pressure and 
central deflection during debonding. Chu rt al. [23,24] extended the 
Gent and Lewandowski analysis so that, in constant flow rate 
experiments, only pressure-time histories following initiation needed 
to be measured in order to extract the adhesive fracture energy. 

One concern with the test, especially for the film thicknesses that 
were used here, was that any determination of the adhesive fracture 
energy would be masked by the global plastic deformation in the 
blistering film. Unless accounted for, the accompanying plastic 
dissipation would mask the true values of the adhesive fracture energy 
as Kim and Aravas [25] showed in their analysis of steady state, 
elastoplastic peeling. Kinloch el al. [26] included the effect of crack tip 
rotation in a similar analysis and showed that i t  was an important 
effect for thin film peeling. More recently, Wei and Hutchinson [27] 
have made similar distinctions between the intrinsic toughness of an 
interface and plastic dissipation in transient thin film peeling by 
making use of a traction-separation law to represent the interface. This 
so-called fracture process zone model approach to analyzing inter- 
facial crack growth problems was pioneered by Needleman [28,29]. I t  
has been used by Tvergaard and Hutchinson [30,31] and Swadener 
and Liechti [32] to examine the role of plasticity in explaining the 
asymmetrical shielding effect [33] that occurs under shear-dominant 
loadings. The approach was also applied to circular blistering by 
Shirani and Liechti [34] in a companion paper that developed the 
procedures that will be used in this paper. 

As indicated above, the purpose of this paper is to describe results 
that we have obtained using the circular blister test to determine 
the fracture energy required to delaminate PMDAjODA films from 
aluminum substrates. Three different methods of film deposition were 
considered. In the first case, the polyamic acid of PMDAjODA was 
spin-coated onto mechanically-polished and plasma-etched aluminum 
and then thermally imidized. In the second, the films were prepared 
similarly except that the substrates were first coated with thin films of 
y-APS. The third type of film was prepared by vapor co-deposition of 
PMDA and ODA onto polished aluminum substrates. It will be shown 
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PO LY I M ID E, A L U M  IN U M I NTE R PI4 ASES 365 

that each deposition process produced a different interphase. In order 
to account for global plastic deformation of the films during blister 
testing, data obtained from several samples were analyzed using fin- 
ite element analyses where the different interphases were essentially 
modeled as separate constitutive entities. This analysis allowed parti- 
tioning of the total energy release rate into components due to global 
plastic deformation and to other processes. including separation. The 
results gave insight into the nature of the mechanical properties of the 
interphase regions where failure occurred. 

EX PER1 MENTAL 

This section is used to describe how the specimens were processed and 
how the fracture surfaces were analyzed. The blister experiment is also 
described. 

Specimen Preparation 

Substrates for blister testing were prepared from 606 1 -T6 aluminum 
disks having a diameter of 101.6 mm and thickness of 25.4 mm. A hole 
having a diameter of 5.0mm was drilled along the centerline of the 
substrate and threaded. This hole was used to pressurize the film/ 
substrate interface during blister testing. I t  was threaded to facilitate 
connection to the pressurization system. The substrates were mecha- 
nically polished on 180. 400 and 600 grit S i c  polishing discs and then 
on nylon cloths using 6.0pm and 1.0pm diamond polishing com- 
pound suspended in a hydrocarbon fluid. Between polishing steps, the 
substrates were thoroughly cleaned by wiping with acetone-soaked 
Kimwipes " . 

After the final polishing and cleaning step, the hole along the 
centerline of the substrates was plugged with a thin disk of KBr 
formed in-situ. This provided a smooth surface for the subsequent 
application of films. Aluminum substrates were then placed in 
a capacitively-coupled radiofrequency ( 13.56 MHz) plasma reactor 
(Advanced Plasma Systems) and etched in an oxygen plasma at 500 
mtorr pressure, 150 watts power, and 0.15 sccm total flow of oxygen. 
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After plasma cleaning, an aluminum substrate was affixed to the 
chuck of a spin-coater using double-sided adhesive tape. 2.5ml of 
polyamic acid solution in N,N-dimethylpyrrolidone (NMP) (PI- 
2645D, DuPont Electronics) was flooded onto the surface of the 
substrate using a plastic syringe and the substrate was spun at 3000 
rpm for 3 - 5  seconds. This resulted in the formation of a smooth, 
continuous film having a thickness of approximately 40 pm. The 
polyamic acid film was heated in an oven at 100°C in air for 1 hour to 
drive off the solvent and was then heated at 200°C for 1 hour in a N? 
atmosphere to convert the polyamic acid to polyimide. Although 
PMDA-ODA polyimides are usually cured at 350 to 400°C, curing 
the films at temperatures above 200°C destroyed the SERS substrates 
that were used for nondestructive evaluation of interphases. This 
means that comparing any data obtained in this study with others 
should be done with caution. The KBr plug was then dissolved in 
water and the substrate was connected to the pressurization system. 

Some aluminum substrates were silanated before the polyamic acid 
was spin-coated. A 1.0% solution of y-APS (Petrarch Systems, Inc.) in 
deionized water was prepared and allowed to hydrolyze for 5 minutes. 
A cleaned, polished aluminum substrate was immersed into the 
solution for 10 seconds, withdrawn, and blown dry using a stream of 
NZ. The substrate was then dried under vacuum in an oven at 100°C 
for 10 minutes to condense the y-APS film on the aluminum surface. A 
film of the polyamic acid of PMDAjODA was then spin-coated onto 
the silanated substrate and thermally imidized as described above. 

In some cases, thin films of PMDA and ODA were deposited onto 
aluminum substrates by vapor co-deposition of the monomers using a 
modified diffusion-pumped thermal evaporator. Monomers were sub- 
limed from independently heated aluminum crucibles. The evapora- 
tion crucibles were contained within a cylindrical aluminum baffle, 
equipped with a heater to prevent condensation of the vaporized 
monomer on its surface. The target substrate was suspended about 
1 cm above the cylindrical baffle. Both the crucibles and the substrate 
base were equipped with chilled water cooling. This helped improve 
the rate of condensation on the substrate during deposition and 
allowed for rapid cool-down of the monomer crucibles at the end of a 
deposition cycle. Closed-loop PID temperature controllers controlled 
the temperatures of the crucibles, baffles, and substrate. System 
pressure during deposition was around 5 x l o p 6  torr as measured with 
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POLYIMIDEIALUMINUM INTERPHASES 267 

an ionization gauge located on the bell jar baseplate remote from the 
cylindrical baffle. 

Vapor-deposited films were thermally imidized under nitrogen using 
the same temperature profile as for spin-coated films. However, the 
films were too thin for blister testing, so thick films of PMDAjODA 
polyamic acid were spin-coated on top of them and thermally imidized, 
again using the same procedure. Prior to applying the overlayer, the 
vapor-deposited films were treated in an oxygen plasma to ensure 
adhesion of spin-coated polyimide. This procedure resulted in 
composite films with identical bulk mechanical properties to  spin- 
coated films, but with a metal/polymer interface that consisted of 
vapor-deposited polyimide. 

Fracture Surface Spectroscopy 

Infrared microscopy was used to obtain reflection -absorption 
infrared (RAIR) spectra of the "substrate" failure surfaces of some 
blister test specimens and to determine the locus of failure. A Nic-Plan 
(Spectra-Tech) microscope equipped with a grazing angle objective 
lens and interfaced to a Magna 760 optical bench (Nicolet) was used to 
obtain the spectra. All spectra were obtained by averaging 51 2 scans 
at 8 cm- ' spectral resolution. The spectrum of a clean, polished 
aluminum substrate was used as a baseline. 

XPS spectra of the "substrate" and "polymer" failure surfaces were 
obtained using a Physical Electronics Model 5300 X-ray photoelectron 
spectrometer with Mg K n  radiation at a power of 300 W. The pass 
energy was 44.75eV (0.5-eV step; 2.5-ms dwell time per step) and 17.90 
(0.05-eV step; SO-ms dwell time per step) for the survey and high- 
resolution spectra, respectively. During analysis, the pressure was kept 
between lo- '  and l o p 9  Torr. A take-off angle of 45" was used to 
obtain all spectra. The XPS spectra were corrected for charging by 
referencing the C( 1 s) peak of aliphatic and aromatic hydrocarbons to 
a value of 284.6eV. Elemental compositions of the various surfaces 
were determined by integration of the areas under the individual 
elemental peaks in the high-resolution spectra. The spectra were fitted 
using a 90'/0/ 10% GaussianjLorentzian peak shape. 

The thickness of the films was determined by using a Rudolph 
Research Model 436 ellipsometer to examine the metal substrates 
before and after deposition of the films. A computer program 
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268 K M LIECHTI ('I ul 

developed by McCrackin [35] was used to compute the film thickness 
from the ellipsometry parameters A and I). 

Blister Apparatus 

Figure 1 is a schematic view of the apparatus that was used for the 
blister experiment in this study. The pressurization system consisted of 

FIGURE I Circular blister apparatus. 
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POLYIMIDE/ALUMINUM INTERPHASES 269 

a syringe pump, a pressure transducer and deionized water. In order to 
minimize the effect of compliance, the components were designed to be 
as close as possible to one another. A syringe pump with flow rates 
ranging from 0.02 pl/hr to 500 ml/hr and with an accuracy of 0.5% 
with a 10 cc plastic syringe was used to control the volume flow rate of 
deionized water at 20 ml/hr. In most of the experiments, especially for 
blister initiation from the pressure porthole, an applied pressure up to  
1.05 MPa was required, thereby ruling out the use of glass syringes. 
The resulting pressure was measured with a Sensotec pressure 
transducer with a resolution of 0.25% of full range and a maximum 
capacity of 1.38MPa. The applied pressure was recorded by a 
computerized data acquisition system with 16-bit resolution. A video 
camera and recording system along with a digital image analyzer were 
used to measure the dimensions of the crack front and the change of 
volume of the blisters. 

The projected grid method was adopted [34] for measuring the 
blister shape. The lateral deflection, A, of the lines (Fig. 1) is related to 
the out-of-plane displacement of the surface. The viewing from above 
provides a precise way of determining the shape of the crack front. 
Depending on the magnification that was being used, a light source 
with grids of 20, 10 or  5 lines/mm was used to project a shadow of the 
lines on the specimen. The video system recorded the change in line 
spacing while the test was in progress. Prior to each test, a two- 
dimensional calibration of length/pixel was necessary for each 
magnification level. 

The following procedure was adopted for determining the deflec- 
tion, w, of the blister at any particular location. The image analysis 
system was used to digitize recorded frames and then to scan the video 
image to obtain profiles of intensity of light versus pixel position. The 
location and order of the dark or bright lines were determined by 
identifying maxima and minima in the intensity profiles. The relative 
positions of the same bright or dark line in the undeformed and 
deformed configurations allowed the shift, A, to be determined. The 
deflection is related to the shift and the angle of illumination, a,  
through 
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The lines were projected at an angle of 30" giving rise to a resolution of 
50 pm with a grating of 20 lines/mm by counting bright and dark lines, 
which could be located to within 0.1 mm. The overall accuracy of this 
technique was found to be 3% by using a calibrated 45" wedge [36]. 

Once the film displacement was determined, the change in volume, 
Av, was obtained by integrating the area under the deflected shape in 
the following manner. First, the change in volume is given by 

Av = 27r w(r)rdr la 
where r is the distance from the center of the blister. In discrete form, 
Eq. (2) can be expressed as 

A v = 2 1 r e (  wi - Wi+l  )r;Ar, 
I =  I 

(3) 

where i denotes the ith data point. 
In most experiments, crack growth was slow enough so that cracks, 

once initiated and grown for about 2mm, could then be arrested by 
unloading, leaving a new starter crack for the next experiment. In this 
way, a single specimen could be used to conduct several experiments, 
so that enough data were obtained for each processing mode. 

ANALYSIS 

In this section, we describe the steps that were taken to develop the 
analyses used to extract the adhesive fracture energies associated with 
the interphases that were created by the different processing routes. 
The first was an entirely elastic analysis of quasi-static debonding of a 
thin film from a rigid substrate following the approaches of Gent and 
Lewandowski [21] and Chu et al. [23,24]. However, the kinematics 
were more general than those that were employed in the analysis of 
Hencky [22], which was the basis of the two analyses that were just 
referenced. The second was a finite element analysis that included the 
interface as a separate constitutive entity, while the polyimide was 
taken to be elastoplastic and the aluminum rigid. The details of the 
more general elastic analysis and the finite element analysis are given 
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in Shirani and Liechti [34]. The procedures and results are summarized 
here. 

Elastic Debonding 

The elastic debonding analysis was based on the stress analysis of a 
clamped plate that deformed radially and out-of-the plane with 
displacements u and CL', respectively. As a result, the analysis essentially 
incorporated bending and membrane effects. In-plane residual stresses 
were also included in the analysis. However, for the range of blister 
radii and thicknesses and processing temperatures that were con- 
sidered in the experiments conducted here, the membrane term is 
dominant, so that the volume change, Av, is given by 

A V  = C1 TL?CVO (4) 

where a and lt'O are the blister radius and central deflection, 
respectively. The constant in Eq. (4) depends on the boundary 
conditions and the Poisson's ratio of the film, which was 0.3. Under 
these conditions, the pressure ( p )  vs .  central deflection (w0) response is 
given by 

where E is the Young's modulus and C2 is also a coefficient whose 
values depend upon the value of Poisson's ratio, v, and the boundary 
conditions. For a Poisson's ratio of 0.3 and clamped boundaries, 
Cl = 0.519 and C2 = 0.706, which differ slightly from Hencky's [22] 
original result due to the inclusion of the radial displacement in the 
stress analysis. Equations (4) and (5) result in a pressure-volume 
response that is given by 

(6) 
3 p = h.(Av)- 

where n = [ (ClC2=u)3(~/Eh) lp  I .  

Thus, for elastic deformations, the value of n can be obtained from 
pressure and volume measurements, thereby allowing the Young's 
modulus to be extracted. 
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Following the energy balance approach of Gent and Lewandowski 
[21] for a slowly propagating blister, albeit with slightly different 
kinematics, the adhesive fracture energy, r(,, can be related to the 
pressure and central deflection through, 

where C3 = 0.619 and is 4.6% lower than the value (0.649) from Gent 
and Lewandowski [21]. Thus, the adhesive fracture energy during 
elastic blistering can be determined from measurements of the pressure 
and central deflection. 

Chu et al. [23,24] expressed Eq. (7) in terms of pressure and time so 
that the central deflection would not heve to be measured. This was 
achieved by introducing the volume flow rate so that a linear 
relationship between p-3  and time, t ,  results. 

where tr is the time when debonding begins, pc is the critical pressure, 
Rfis the constant volume rate of fluid injection and C ,  and C2 are the 
coefficients from the membrane analysis in Eqs. (4) and (5). From Eq. 
(8), we can introduce the slope, N,, of the plot o f p - '  11s. ( t - t , . )  as 

The constant K ,  was obtained from Eq. (16) of [21], which applies 
to the quasi-static debonding stage of the experiments. For this 
analysis 

K,  = (C4Ehl?%)1'4, 

where 

c4 = (--) 4 3  
~ C I  C2 
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The value of N,, can be extracted from each experiment. Combining 
Eqs. (9) and (lo), one finds that 

where 

The analysis of Shirani and Liechti [34] yielded C5 = 0.431 compared 
with C5 = 0.395 based on the kinematics used in Ref. [21]. This leads to 
a 9 %  difference in rCl values. 

Nonetheless, it can be seen from Eq. (12) that the adhesive fracture 
energy, rrl, can be determined from measurements of the pressure 
history ( N J  and the rate of fluid injection ( R f ) .  This greatly simplifies 
the data reduction process, because a height or  volume measurement is 
not required, if the loading device compliance is low. 

Paek and Durning [37] have recently conducted an analysis of 
circular blistering when the delaminating film is neo-Hookean and the 
kinematics are those of a spherical cap. The analysis indicated that 
delamination under volume control is still stable. 

Elastoplastic Debonding 

In Liechti and Shirani [38], i t  was shown that large scale yielding 
(spanning the film thickness, but not necessarily the whole blister 
diameter) could occur in circular blister specimens with an adhesive 
fracture energy of 100 J/m2. In some cases, there was complete yielding 
of the delaminating film, so that J-dominance would no longer apply. 
In order to account for the large amount of yielding and still extract 
the adhesive fracture energy, the fracture process zone approach of 
Needleman [28,29] and Tvergaard and Hutchinson [30,3 I] was 
adopted by Shirani and Liechti [34] for the analysis of circular 
blisters. This approach essentially involves attributing a traction- 
separation law to the interface and, because it allows crack growth to 
occur, the associated plastic dissipation f;om loading and unloading of 
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points that are passed by the crack front is accounted for. As a result, 
the area determines the adhesive fracture energy under the chosen 
traction-separation law. The dominant scale of the fracture process 
zone in many interface systems can, indeed, be measured in microns 
rather than nanometers. Thus, the traction-separation law for an 
interface should be regarded as a phenomenological characterization 
of the zone where the separation takes place along the interface and 
not necessarily a description of atomic separation. As the experimental 
results will show later, the traction separation laws obtained here 
represent the deformation characteristics of the different interphase 
regions that were formed. 

The projected grid measurements indicated clearly that the crack 
front was circular. An axisymmetric analysis was, therefore, conducted 
(using the finite element code ABAQUS) by considering the aluminum 
to be rigid and using four-node shell elements to represent the 
polyimide layer. The polyimide was modeled as a J2  flow theory 
material with isotropic hardening. A Ramberg Osgood fit with 
parameters n and go derived from bulge tests [34] was used to 
represent the stress- strain curve. 

Spring elements in the ABAQUS finite element code were used to 
simulate the traction separation laws in the directions normal and 
tangential to the interface. The particular values of the parameters of 
the traction-separation law were chosen by making fits to pressure- 
volume and crack opening displacement data. 

The separation law of the interface contains a number of 
parameters: the adhesive fracture energy, Fa. the value of peak stress, 
3, the critical displacement ratio (6;/6:) (subscripts n and t ,  
respectively, refer to the normal and tangential directions to the 
interface), along with others that define its shape. Earlier studies by 
Tvergaard and Hutchinson [30] and several cases that were considered 
[34] suggest that the details of the shape of the separation law are 
relatively unimportant. As a result, we considered an essentially 
triangular traction separation law so that 

L 

which shows that Fa and 3 are the two most important parameters 
for characterizing the fracture process in this model. The study on 
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mixed-mode interface toughness using this model [31] showed that the 
predictions do  not seem to be very sensitive to other features of the 
traction-separation law, such as the relative peak in the shear traction 
to normal traction as specified by the parameter (St;/S:), which 
we, therefore, took to be unity. Use of the potential function ensures 
that the work of separation, r(,, is independent of the combination 
of normal and tangential displacements taking place in the process 
zone. 

The values of To and (5 for each interphase were determined in an 
iterative manner by comparing the predicted pressure - volume 
responses and the crack opening displacements (COD) with the 
measured ones. About 10 iterations were usually required in order to 
obtain a reasonable fit to the data. The sensitivity of the responses to 
the choices of I?(, and 5 was examined by Shirani and Liechti [34]. 

RESULTS AND DISCUSSION 

Four specimens (designated A ,  B, C and D) were used in the study. 
Specimen A was prepared by spin-coating polyamic acid on the 
aluminum and imidizing. Specimens B and C were prepared via vapor 
deposition and then spin-coating. I t  was later discovered that specimen 
B had been contaminated. Nevertheless, it provided us with another 
surface for which to determine the traction-separation law. Unfortu- 
nately, no attempt could be made to link the contamination to the 
traction-separation law. Specimen D had the silane treatment followed 
by spin-coating. The thicknesses of the films are tabulated below. 

The pressure histories of the four specimen types are compared in 
Figure 2. In each case, the highest pressures were experienced during 
the first experiment where the crack was not sharp. The initial 
experiment was useful for determining the stress strain behavior of the 
polyimide for each method of applying the polyimide. The properties 
obtained from the bulge tests are given in Table 11. No significant 
differences were encountered from specimen to specimen. 

The subsequent experiments on each specimen type produced stable, 
quasi-static growth in all cases. Only three such runs could be made 
with the silane-treated specimen (D) due to a pinhole in the specimen 
that caused a leak. 
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a 
E 
P 1 

Time. 1 (a) Time. I (s) 

P 

B 
Time, I (a) Time, I (s) 

FIGURE 2 Pressure histories of the four specimens 

TABLE I Blister thicknesses 

Specimen Specimen preparation Thickness ( p m )  

A Spin-coat PMDAjODA 52 

C Vapor deposition plus spin-coat 61 
D Silane plus spin-coat 96 

B Vapor deposition plus spin-coat (contaminated) 53 

TABLE I1 The mechanical properties of polyimide PMDAjODA 

Young's Yield Ramberg Osgood Ramberg Osgood 
modulus, E (GPa) stress, uy ( M P a )  exponent, n stress, uo ( M P a )  

2.15 31 5.85 26 

The shape and deformation of each blister were measured as 
described earlier. Blisters A and B were circular from beginning to  end, 
growing in an entirely self-similar manner. Blister C maintained a 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
8
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



POLY IMlDEiALUMlNUM INTERPHASES 211 

nearly circular crack front but grew in a preferential direction due to a 
concomitant thinning of the film. The initial crack front in D was 
irregular but subsequent crack fronts were very circular. The measured 
central displacements were used to construct the pressure vs. dis- 
placement responses shown in Figure 3. The corresponding predic- 
tions for a single growing crack are also shown. The jagged nature of 
the predictions was due to the way the traction separation law was 
discretized [34]. In each case, the traction-separation law of the 
interface was adjusted to match the debonding response that had been 
measured in the experiments. The measured inflation response prior to 
the initial blow-off matched [34] the expected Gent and Lewandowski 
[21] cubic relationship. However, the measured inflation responses 
prior to stable growth in the subsequent experiments tended to be 
initially much stiffer than that of the expected cubic relation. Residual 
stresses do stiffen the pressure-displacement responses of pressurized 
films [36] but not to the extent that was experienced in the experiments. 
Although the unloading responses were not fully measured in all cases, 

I 

a) Surface A 
1.52lUn 

i I I  4 m m  
a, i 1 2 8 m m  

a, i l S . 1  mm 
a,- 143mm 

S 

Maximum displacement. wo (mm] 

2 M  P 
(psi1 

ISD 2 

$ 
I 

z 
P 

so 

0 
'0 2 4 6 8 1 0  

Maximum displacement, wo lmm) 

ID, I 

Maximum displacemenl. wo (mm) 

Maximum displacement, wo (mml 

FIGURE 3 Pressure vs. central displacement responses of the fou r  specimens 
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there were signs of hysteresis (Fig. 3c). Both observations are 
consistent with viscoelastic effects, which could not be accounted for 
at  this time. However, these effects were probably small during steady 
state propagation, which was used to establish the process zone 
parameters. 

Adhesive Fracture Energies 

The adhesive fracture energies that were obtained from the elastic and 
elsastoplastic analyses are now presented and compared. The results 
from the elastic analyses come from Eqs. (7) and (12). The elasto- 
plastic results are from the finite element analyses. 

Elastic Analyses 

The values of adhesive fracture energy obtained from Eq. (7), which is 
valid for Au > 0, are plotted against crack radius in Figure 4. The 
values of energy release rate prior to crack extension (Aa = 0) were 
obtained from Eq. (2.21) in [36]. Together, the two equations essen- 
tially produce the resistance curves that can be seen in Figure 4. 

For surface treatments A and B, the adhesive fracture energies 
quickly reached steady state. The steady state values of treatment A 
were consistent from experiment to experiment, whereas those as- 
sociated with treatment B rose slightly with increasing initial crack 
radius. The stable crack growth portions of the resistance curves for 
preparations C and D were longer due to the higher toughnesses. If 
anything, there was a slight drop in the steady state values for surface 
C in going from experiment to experiment. This may have been due to 
the slight (unaccounted for) changes in thickness referred to earlier. 
The resistance curves for preparation D had distinctive maxima but 
were consistent throughout the experiments. 

The average of the adhesive fracture energy values was taken from 
the steady state values across all experiments with each surface 
treatment. Table 111 compares the values extracted in this way with the 
averages that were obtained by applying Eq. (121, which will be 
discussed shortly. From the second column, we see that specimen B 
had the most brittle interphase. This was apparently due to some 
contamination that was introduced during its processing. The toughest 
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Crack lengih. a (om) 

I I 

c) Surface C 
h = 6 7 p m  

I 
5 10 15 

Crack length. a (mm) 

Crack length. a (mm) 

I 200 I 1 I I [ d) Surface D 
h=96prn  

5 10 IS 20 

Crack length. a (mm) 

FIGURE 4 Resistance curve5 based on Eq. (7) during growth. 

TABLE 111 Comparison of average adhesive fracture energies from elastic analyses 

interphase was the one that was produced by the silane treatment ( D ) ,  
although vapor deposition ( C )  resulted in an adhesive fracture energy 
value that was not much lower. 
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Shown in the third column are the toughness values that were 
obtained from Eq. (12) and from the pressure-time histories (Fig. 3 )  
that were obtained in the initial pressurization and subsequent 
delamination experiments. In all cases except preparation D, the 
pressure levels encountered during subsequent experiments were 
considerably lower. The initial blister in preparation D was irregular 
but became circular for the subsequent experiments. The correspond- 
ingp-  vs. t plots are shown in Figure 5 and the extracted values of r, 
are compared in Table 111. The data shown in Figures 5a, b and c were 
for the linear portion. When all the data were plotted [34], the response 
immediately following initiation was usually nonlinear. These plots 
yielded consistent values of adhesive fracture energy for each surface 
treatment. 

ooooo- 

0 2m 303 Joo sm 600 

Time. t (9) 

30, I I 1 
c) Stdace C 

h:67pm 
dvlh = 15 m l h  

Time. 1 (9) 

I! 

f 11 

0 

6 
n 

3 I 

d."" mm 
0 2M 250 303 3% 4al 

I 

Time. t (9) 

FIGURE 5 Linear fit  of p ~ "' YS. time for the four specimens. 
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The values of adhesive fracture energy that are listed in column 2 of 
Table I11 were calculated based on the volume flow rates of fluid which 
were extracted experimentally and are shown in Table IV. These 
volume rates are lower than the nominal applied volume rates for each 
specimen and, consequently, yield lower adhesive fracture energies 
from Eq. (12). 

It can be seen (Tab. 111) that the contaminated surface B gave rise to 
the lowest adhesive fracture energy. The adhesive fracture toughness 
of the basic surface (preparation A )  was lower than the values 
obtained by vapor deposition of polyiniide and silane treatment. The 
latter provided the highest adhesive fracture energy at 700.1 J/m2. 

While the ranking of surface treatments was still the same, the 
adhesive fracture energies from Eq. (12) were consistently lower than 
those from Eq. (7). The percentage difference with respect to the values 
obtained from Eq. (12) ranged from 21.8 to 63.2%. These values of the 
adhesive fracture energies will now be compared with the results from 
the cohesive zone modeling. 

Elastoplastic Analysis 

The predicted pressure vs. central deflection responses from the 
elastoplastic analyses are compared with the measured values in 
Figure 3. In a l l  cases, the match in responses during the propagation 
phase was good, indicating that a reasonable choice of interfacial 
constitutive behavior had been made for each surface treatment. This 
was further confirmed in comparisons of crack opening displacement 
data and predictions (Fig. 6). The predictions matched both the crack 
radius and the crack opening displacements. 

The total fracture energy, adhesive fracture energy and plastic 
dissipation rate for each surface are plotted in Figure 7. The adhesive 

TABLE IV Volume rates for each surface treatment 

Actual volume 3.433 4.074 3.879 3.726 
rate (miniis) 
Nominal volume rate 4. I67 5.556 4.167 4.167 
(rnm'/s) 
Error (%) 17.6 26.7 6.9 10.6 
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d) Specimen h = % p m  D 0 Expt @=395kF'a 

o Exp @=310kPa 
- FEA 

FEA 

Wal position. r (mm) 

FIGURE 6 Comparison of measured and predicted crack opening displacements 

fracture energies are compared (Tab. V) with those that were extracted 
via Eqs. (7) and (12). 

The values of adhesive fracture energies that were obtained from 
Eq. (12) were 7 to 20% lower than the values obtained from the 
springs that were chosen for the cohesive zone model. On the other 
hand, the adhesive fracture energies extracted from Eq. (7) were all 
higher than the values extracted from Eq. (12) and the finite element 
analysis. The reason for the higher ra values from Eq. (7) is that, 
although the analysis was elastic, it was applied to the measured 
pressures and central displacements. Since yielding was experienced in 
the experiments, the central displacements are higher than their elastic 
counterparts at a given pressure, thereby leading to higher ra values. 
This is confirmed by the fact that the values of adhesive fracture 
energy derived from Eq. (7) were close to the T r  values obtained from 
the finite element analyses, and plastic dissipation is included in rr.  
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7% 

- 

lM0,  I 

a) Surface A 
h 5 2  prn 
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FIGURE 7 Comparison of total energy release rates, adhesive fracture energies and 
plastic dissipation in the four specimens. 

TABLE V Comparison of adhesive fracture energies 

A 646 530 579 6.3 
B 51 1 313 390 4.6 
c 883 67 1 705 7.5 
D 90 I 700 750 8.1 

At the same time, it is initially surprising that the values of adhesive 
fracture energies obtained from Eq. (12) and Figure 5 were so much 
lower than the values from Eq. (7). Equation (12) was derived from the 
elastic analysis that led to Eq. (7) and essentially uses the volume flow 
rate instead of the central displacement. However, the volume flow 
rate is (in spite of some machine compliance) the independent variable, 
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which means that it is not affected by any inelastic response of the film. 
As a result, the values of adhesive fracture energy that were obtained 
from Eq. (12) and the data in Figure 5 were quite close to the values 
that were derived from the finite element analysis. 

On the basis of the cohesive zone model, we see (Tab. V) that the 
silane treatment (D) resulted in the largest adhesive fracture ener- 
gy (750 Jim'). The vapor-deposited polyimide interface was a close 
second at 705J/m2. The spin-coated polyimide ( A )  gave rise to an 
adhesive fracture energy of 590 J/m2, while the contaminated surface 
( B )  had the lowest adhesive fracture energy at 390 J/m2. These values 
are all lower than the fracture toughness of neat polyimide in bulk 
form, which is about 1 kJ/m2. They are also much greater than the 
thermodynamic work of adhesion, which is of the order of 0.1 J/m2. 
We can conclude that the cohesive zone model is apparently 
representing the toughness of the material in the fracture plane. As a 
result, indications are that the material near the fracture plane differed 
from the bulk, as will be seen from spectroscopic analyses of the 
fracture surfaces that will be discussed later. 

Also shown in Table V are the maximum traction levels (normalized 
by the yield strength of the polyimide) that were used in the traction- 
separation laws for each interface. The ranking of the different 
surfaces based on maximum traction levels correspond to those based 
on adhesive fracture energy. The values are quite large compared with 
those that were used in the examples of Tvergaard and Hutchinson 
[31]. Such high strengths may be possible on the small scale of the 
interphases. They may also be an artifact of the cohesive zone 
modeling process, as pointed out by Tvergaard and Hutchinson. 

The distinction between surfaces C and D was lost when the total 
fracture energy was considered (Fig. 8). This was because the thickness 
of the polyimide layer in specimen C was smaller and the increase in 
the amount of plastic dissipation was sufficient to overcome the 
differential in adhesive fracture energies that was noted in Table V. 
The plastic dissipation rates are compared in Figure 9. The increase in 
plastic dissipation rate with crack radius is very striking in all cases. 
The film thickness effect can also be seen by comparing the responses 
of specimens C and D. The specimen with the thinner film (C) and the 
lower adhesive fracture energy had slightly more plastic dissipation. 
Specimens A and B had almost the same film thickness (52 and 53 pm, 
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FIGURE 8 Adhesive fracture energies of the four specimens. 
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FIGURE 9 Plastic dissipation in the four specimens. 
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respectively) but, since surface A had a higher adhesive fracture energy 
and required higher pressures for delamination, the global plastic 
dissipation rates were higher. When the global plastic dissipation was 
normalized by the adhesive fracture energy (Fig. lo), the percentages 
ranged from 19 to 38%. The largest amount of relative plastic 
dissipation occurred in specimen C,  due to its relatively high adhesive 
fracture energy and lower film thickness. Even though specimen D had 
the highest adhesive fracture energy, it had the thickest film of all the 
specimens and the relative amount of yielding was on a par with that 
of specimens A and B. 

Spectroscopic Analysis of Failure Surfaces 

Sample A (PMDNODA Spin-coated onto Aluminum) 

The XPS survey spectra of the polymer and aluminum failure surfaces 
of a blister test specimen that was prepared by spin-coating the 
polyamic acid of PMDAjODA onto aluminum and then thermally 

+ A 1 5 2  

+B/53 

-0-Ct67 

25 
0.1 

0 5 10 15 20 

Crack length, a (mm) 

FIGURE 10 Relative amount of global plastic dissipation in each of the four 
specimens. 
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imidizing the polyamic acid are shown in Figure 1 1 .  The elemental 
composition for the polymer failure surface was 74.3% carbon, 19.2% 
oxygen, and 6.5% nitrogen, while that of the aluminum failure sur- 
face was 46.7% carbon, 37.6% oxygen, 3.4% nitrogen, and 12.2% 
aluminum. Observation of peaks due to aluminum and nitrogen in the 
spectrum of the aluminum failure surface indicated that failure was 
close to the substrate surface and that some polymer remained on the 
substrate. 

High-resolution C(1s) and N( Is) XPS spectra for the polymer failure 
surface are shown in Figures 12 and 13, respectively. The C(1s) 
spectrum was typical of a highly-imidized polyimide and consisted of 
five components [39]. The main peak at 284.6eV was assigned to 
aromatic carbon atoms. The strong peak shifted upward from the 
main peak by 1 .O eV was assigned to carbon atoms singly bonded to 
nitrogen (C-N) and to the carbon atoms in the aromatic rings of the 
PMDA moieties. The C( 1s) binding energy of these aromatic carbon 
atoms was shifted upward from its usual position near 284.6 eV by the 
electron withdrawing effect of the imide rings. The peak shifted 
upward by 1.7eV was assigned to aromatic carbon atoms singly 
bonded to oxygen (C-0). Components shifted upward by 4.0eV and 
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FIGURE 11 XPS survey spectra of (A) ~ polymer and (B) ~ aluminum failure sur- 
faces of a blister test specimen that was prepared by spin-coating the polyamic acid of 
PMDA/ODA onto aluminum and then thermally imidizing the polyamic acid. 
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FIGURE 12 High-resolution C(ls) XPS spectra for the polymer failure surface of a 
blister test specimen that was prepared by spin-coating the polyaniic acid of PMDA/ 
O D A  onto aluminum and then thermally imidizing the polyamic acid. 
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FIGURE 13 XPS high-resolution spectrum of the N(ls) region of the polymer hilure 
surface of a blister test specimen that was prepared by spin-coating the polyamic acid of 
PMDAjODA onto aluminum and then thermally imidizing the polyamic acid. 
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6.1 eV were characteristic of carbonyl groups in imide rings and the 
T+T* transition of carbon atoms in the aromatic rings, respectively. 

By comparison, the C(1s) spectrum of the neat polyamic acid 
consists of six components. A strong band due to carbon atoms in the 
aromatic rings is located at 284.6eV. There are additional weak bands 
shifted upward in binding energy by 0.9, 1.7, 3.1, 4.5 and 5.9eV that 
are assigned to C-N, C-0, carbon atoms in amide groups, carbon 
atoms in acid groups, and T+T* transitions of aromatic carbon atoms, 
respectively. 

The spectrum in Figure 13 shows that the N( Is) binding energy was 
about 400.5eV. Considering that the N(ls) binding energy is about 
399.5 eV for the polyamic acid and 400.3 eV for the polyimide, it was 
evident that the polymer Failure surface consisted of well-imidized 
polyimide. This conclusion was consistent with that reached from an 
analysis of the C( I s) spectra. 

The C(  1 s) and N( 1 s) XPS spectra for the aluminum failure surface 
are shown in Figures 14 and 15, respectively. The C(ls) spectrum was 
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FIGURE 14 XPS high-resolution spectrum of the C( Is) region of thc aluminum failure 
surface of a blister test specimen that was prepared by spin-coating the polyamic acid of 
PMDAiODA onto aluminum and then thermally imidizing the polyamic acid. 
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FIGURE 15 XPS high-resolution N(ls)  spectrum of the aluminum failure surface of a 
blister test specimen that was prepared by spin-coating the polyamic acid of MPDA/ 
ODA onto aluminum and then thermally imidizing the polyamic acid. 

composed of five components characteristic of polyamic acid or 
poorly-imidized polyimide. The main aromatic carbon peak was 
present at 284.6 eV. The peak shifted upward by 1 .O eV was assigned to 
C-N and to aromatic carbon atoms with their C( Is) binding energy 
shifted upward by the electron-withdrawing effect of imide rings. 
However, this component was less intense in the C( Is) spectrum of the 
aluminum failure surface than in the spectrum of the polymer failure 
surface (Fig. 12), indicating less formation of imide rings in the 
polymer remaining on the aluminum failure surface. Further evidence 
for limited imide formation on the aluminum failure surface was 
provided by the observation of a component in the C(ls) spectrum 
that was shifted upward from the main peak by about 3.1 eV and 
assigned to carboxylate species. Some evidence for imide formation 
was provided by the observation of components in the C( Is) spectrum 
that were shifted upward from the main peak by 1.7 and 4.0eV and 
assigned to C-0 and imide carbonyl, respectively. The N( 1s) 
spectrum of the polymer remaining on the aluminum failure surface 
(Fig. 15) consisted of a strong band near 400.2eV and a very weak 
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band near 399.0eV which were assigned to carbon atoms in imide 
carbonyl groups and isoimide groups, respectively. The relatively 
low binding energy of the main N(1s) band confirmed that poly- 
mer remaining on the aluminum failure surface was only partly 
imidized. 

From these results, i t  was evident that the fracture plane of blister 
test specimens prepared by spin-coating PMDAjODA films onto 
aluminum substrates was cohesive within the polymer, near the 
interface between well-imidized polymer in the bulk of the film and 
poorly-imidized polymer in a layer near the aluminum surface. The 
interaction of the aluminum ions on the substrate surface and the 
polyamic acid adjacent to the substrate formed carboxylate salts, 
which hindered imidization of the polyamic acid. 

Sample C - PMDNODA Vapor Deposited 
and Spin-coated onto Aluminum 

The elemental composition of the polymer failure surface was 
74.8% carbon, 18.9% oxygen, 5.6% nitrogen, and 0.7% aluminum. 
For the aluminum failure surface, the elemental composition was 
50.0% carbon, 32.8% oxygen, 4.7% nitrogen, and 12.6% aluminum. 
Aluminum was present on both the polymer and aluminum failure 
surfaces, indicating that failure occurred very close to the interface 
between the vapor-deposited film and the aluminum substrate. 

High-resolution C( Is) and N( Is) XPS spectra of the polymer failure 
surface were similar to the spectra shown in Figures 12 and 13, 
respectively. The C(1s) spectra consisted of the five peaks character- 
istic of well-imidized polyimide. They included a strong band at 
284.6eV, assigned to aromatic carbon atoms, and a strong peak 
shifted upward in binding energy by 1 .O eV that was assigned to C-N 
and to the electron-withdrawing effect of the imide rings on the carbon 
atoms in the PMDA moieties. A peak shifted by 1.7 eV was assigned to 
the aromatic carbon singly bonded to oxygen. Peaks shifted upward 
from the main hydrocarbon peak by 4.0eV and 6.1 eV were 
characteristic of the imide carbonyl group and the T+T* double bond 
transition from the aromatic rings, respectively. 

The N(ls) spectrum consisted of a strong band near 400.6eV and a 
weak band near 399.0eV. The band near 400.6 eV was again indicative 
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of well-imidized material on the polymer failure surface while the band 
near 399.0eV indicated the formation of a small amount of isoimide. 

C(1s) and N(1s) high-resolution XPS spectra for the aluminum 
failure surface were also similar to the spectra shown in Figures 12 and 
13, respectively. Both spectra indicated the presence of highly-imidized 
polymer on the aluminum failure surface. The XPS results indicated 
that failure occurred within the vapor-deposited film, very close to the 
aluminum/vapor-deposited-film interface. It was also evident from 
XPS that there was very little carboxylate formation at the locus of 
failure. 

Sample D - PMDWODA Spin-coated 
onto Aluminum Coated with y-APS 

The elemental composition of the polymer failure surface was 76.9% 
carbon, 17.8% oxygen, 4.0% nitrogen, and 1.2% silicon while that of 
the aluminum failure surface was 50.2% carbon, 30.8% oxygen, 4.1 YO 
nitrogen, 9.9% aluminum, and 4.9% silicon. Since the aluminum 
failure surface contained nitrogen, aluminum, and silicon, it was clear 
that failure was close to the substrate surface but with some silane and 
polymer remaining on the surface. 

High-resolution C( 1s) and N( 1s) XPS spectra of the polymer failure 
surface were similar to the spectra shown in Figures 12 and 13, 
respectively. The high-resolution C( Is) spectrum consisted of five 
peaks characteristic of a well-imidized polyimide while the N( 1s) 
spectrum consisted of a single peak near 400.5eV, which was also 
characteristic of a well-imidized polyimide. 

The XPS high-resolution C( 1 s) and N( 1s) spectra for the aluminum 
failure surface were also similar to the spectra shown in Figures 12 and 
13, indicating that the polymer remaining on the aluminum failure 
surface was relatively well imidized. XPS high-resolution AI(2p) 
spectrum of the aluminum failure surface consisted of components due 
to aluminum oxide and elemental aluminum at 74.5 and 72.0eV, 
respectively. 

The XPS results supported the conclusion that failure was mixed, 
occurring mostly within the y-APS but leaving residual clumps of 
polyimide on the aluminum failure surface. This conclusion was 
supported by results obtained from FTIR microspectroscopy. An IR 
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microscope with a grazing angle objective lens was used to  obtain 
reflection - absorption infrared (RAIR) spectra of several different 
spots on the aluminum failure surface. In some locations, the RAIR 
spectra were characteristic of the silane but in others the spectra were 
clearly characteristic of the polyimide. 

DISCUSSION 

First, it is clear that the adhesive fracture toughnesses that were 
obtained were those of interphase regions, rather than being associated 
with purely interfacial crack growth. This renders any comparison of 
the adhesive fracture energies with thermodynamic work of adhesion 
tenuous. The spectroscopic results indicate that the degree of 
imidization near the aluminum was greatest in samples C and D. 
These were also the samples with the highest adhesive fracture 
energies. In sample C ,  failure was within the vapor-deposited film, 
which contained very little carboxylate. In sample D, the locus of 
fracture passed through the silane coupling agent as well as regions of 
well-imidized polyimide. On the other hand, carboxylate formation in 
sample A inhibited proper imidization near the aluminum, which led 
to the formation of the most brittle interphase region of the group of 
controlled treatments. These observations are consistent with the fact 
that the adhesive fracture energies that were found here were less than 
the toughness of bulk polyimide. First, this was due to the incomplete 
imidization that was seen in sample A and second, even when 
imidization was complete, the close proximity of the stiff aluminum 
substrate provides constraint and should lower toughness. At the same 
time, the values of adhesive fracture energy that have been found are 
three orders of magnitude greater than the thermodynamic work of 
adhesion. Thus, although global plastic dissipation has been 
accounted for in the extraction process, other forms of dissipation 
must be active within the cohesive zone. These could include highly 
localized inelastic deformations [40]. 

Goldfarb and Farris [41] conducted a study where polyimide was 
peeled from aluminum and vice-versa. In addition to the usual 
measurements of peel force and displacement, they measured the heat 
flow from the specimens as they were peeled. These measurements 
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allowed the heat flow to be subtracted from the work done to yield 
what was termed the internal energy change associated with fracture. 
The locus of fracture was the same when either the polyimide or the 
aluminum was peeled. While the work done in each case was of the 
same order, the internal energy change when the polyimide was peeled 
was 350 J/m2 compared with 50 J/m2 when the metal was peeled. This 
is due to the fact that, when aluminum is strained into its inelastic 
range, a large fraction (95%) of the work done is dissipated as heat 
and very little is stored. The fraction dissipated as heat drops to nearly 
50% when the polymer is strained. Because the fracture characteristics 
were the same, regardless of which material was peeled, it was 
estimated that about 50 out of the 350J/m2 of internal energy of 
peeling the polyimide can be thought of as the adhesive fracture 
energy. The rest (300 J/m2) is stored in the polyimide as a high-energy 
structural change. 

In the experiments that were conducted as part of the work 
described here, the processing of sample A (spin-coat) comes closest to 
that used by Goldfarb and Farris. The polyimide thickness was also 
quite similar. The adhesive fracture energy extracted from the cohesive 
zone modeling was 579 J/m2, about double the internal energy of 
peeling that Goldfarb and Farris found. The simplest explanation for 
the difference is that the removal of all organic compounds via the 
plasma etching that was used here produces a cleaner aluminum 
surface and better bonding. Nonetheless, it is also clear that the 
cohesive zone models that were used here failed to differentiate 
between stored energy in the polyimide and the energy consumed by 
separation. Such an effort was beyond the scope of the analysis that 
was conducted here and would have to involve a coupled stress and 
heat transfer analysis within and without the fracture process zone. 

CONCLUSIONS 

The adhesive fracture energies of four different polyimide/aluminum 
interphases were extracted from three different fracture analyses of 
debonding. The first two were elastic in nature, whereas the third 
accounted for plastic dissipation in the bulk of the peeling polyimide 
film and modeled the intense deformation in the fracture process zone 
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via a traction-separation law. The first of the elastic analyses requires 
the adhesive fracture energy to be obtained from measured values of 
pressure and central displacement. Although the ranking of adhesive 
fracture energies was the same, the values extracted in this way were 
consistently the highest. This was due to the fact that the central 
displacement contained a plastic component. The second elastic 
analysis is based on the first but only requires measured values of 
pressure and volume flow rate. Values of adhesive fracture energy that 
were obtained in this way were consistently lower but quite close to 
those that were obtained from the cohesive zone modeling. This was 
presumably due to the fact the volume flow rate is prescribed in the 
experiments and is, therefore, unaffected by any inelastic deformation 
in the peeling member. These results suggest that, if the adhesive 
fracture energy is required, then the approach pioneered by Chu and 
Durning [23] provides reasonable values in a simple manner. The 
cohesive zone model revealed that global plastic dissipation was 19 to 
38% of the adhesive fracture energy or the energy dissipated in the 
process of separation. 

The silane treatment ( D )  gave rise to the highest value adhesive 
fracture energy (750 Jim2), followed closely (700 Jim’) by the process 
where the polyimide was vapor-deposited on the aluminum. XPS 
spectroscopic analyses revealed that the polyimide was fully imidized 
all the way to the aluminum in both cases. This was not so when the 
polyimide was spin-cast onto the aluminum surface (treatment A ) .  
Instead, carboxylate species were formed close to the aluminum and 
polymer remaining on the aluminum fracture surface was only 
partly imidized. As a result, the adhesive fracture energy was only 
579 J/m2. 

The values of adhesive fracture energy that were determined here 
were all lower than that of bulk polyimide and much higher than the 
thermodynamic work of adhesion. The comparison with the bulk 
toughness is consistent with the formation of interphases that differ 
from the bulk (treatment A )  and the proximity of the fracture path to 
the constraining aluminum substrate (treatments C and D) .  At the 
same time, the adhesive fracture energies were much higher than the 
thermodynamic work of adhesion. This is probably due to the fact that 
separation can result in highly localized deformations, which polymers 
store as internal energy. 
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