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ABSTRACT: It is shown that a fracture test using an asymmetric double cantilever beam
test geometry is a powerful tool to study the effect of interfacial reactions on the
improvement of the interfacial fracture toughness (Gc ) of immiscible polymer systems.
The Gc values between a partially aromatic polyamide (PA) and a poly(arylether sul-
fone) (PSU) can be increased significantly when reactive PSUs are used which are
obtained by grafting with maleic anhydride by introducing pyromellitic anhydride end-
groups or by introducing carboxylic acid groups via copolymerization. Optical and
atomic force microscopy investigations of the fracture surfaces show different failure
mechanisms for weak and strong interfaces. For weak interfaces it was possible to
determine the crack opening geometry using interference microscopy. For significantly
reinforced interfaces rib marking lines on the PSU fracture surface can be observed.
X-ray photoelectron spectroscopy (XPS) measurements reveal that with increasing
toughness of the interface more and more cohesive failure of the PA occurs. This results
in an increasing amount of nitrogen detected on the PSU fracture surface and simulta-
neously no sulfur is detected on the PA fracture surface. q 1997 John Wiley & Sons, Inc.
J Appl Polym Sci 65: 567–579, 1997

INTRODUCTION highly incompatible character of the blends, it is
necessary to improve the strength of very weak
interfaces. Several methods to promote interfacialRecently the combination of engineering plastics
adhesion have been proposed, such as using pre-with different application profiles has become
formed block or graft copolymers2 and random co-more and more popular for several reasons.1
polymers, respectively.3 But the most efficientBlending of different engineering materials may
way to increase the interfacial strength is reactiveincrease their range of potential applications by
blending.4 Here the formation of block copoly-achieving synergistic effects leading to improved
mers, graft copolymers, or networks occurs di-mechanical, electrical, or thermal properties. En-
rectly at the interface during reactive blending orgineering plastics, e.g., polysulfones, poly(aryl-
processing.ether sulfone)s, polyimides, and poly(ether ether

This study deals with the interfacial reactionketone)s, are relatively expensive and their appli-
of modified poly(arylether sulfones) (PSU) withcation is rather limited for specialties. Blending
a partially aromatic polyamide (PA). Both poly-may broaden the spectrum of application for these
mers are engineering plastics and have their spe-polymers substantially. Because of the frequent,
cial application profiles. PA is a semicrystalline
polymer with a melting point of 2957C and a glass
transition temperature, Tg , of 1007C. PSU is aCorrespondence to: Jörg Kressler.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/030567-13 complete amorphous polymer and has a Tg of
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568 MÄDER ET AL.

1877C. Blending of both polymers might result in by XPS. Very rarely, inorganic impurities such as
salts or oxides were detected on the surface of thenew material properties. Because of the highly

incompatible character of both polymers, it is ne- polymers by scanning electron microscopy coupled
with EDX (energy dispersive X-ray analysis) .cessary to compatibilize them. Therefore, the

PSU, which is a condensation product of bisphenol
A and dichlorodiphenylsulfone (DCDPS), is modi- Synthesis of Poly(arylether sulfone)-g-Maleic
fied by grafting with maleic anhydride, by copoly- Anhydride (PSU-g-MA)
merization with 4,4-bis (4 *-hydroxyphenyl )val-

Eighty g of PSU were dissolved in chlorobenzeneeric acid, commonly known as diphenolic acid
and the solution was heated to reflux. Eighteen g(DPA), or by introducing pyromellitic anhydride
of maleic anhydride and 5.4 g dicumylperoxideendgroups. The carboxylic acid or anhydride
were added over a period of 4 h. After refluxinggroups are able to react with the amine groups of
for another hour the solution was cooled to roomthe polyamide, which is a condensation product
temperature and the polymer was isolated by pre-of hexamethylenediamine, terephthalic acid, and
cipitation in ethanol. The polymer was filterede-caprolactam. The fracture toughness is mea-
and redissolved in NMP and again precipitatedsured by an asymmetric double cantilever beam
in a mixture of NMP/H2O (2 : 8). After filtration(ADCB) test5 of multilayer specimens in order to
the polymer was extracted with hot water andstudy the efficiency of the interfacial reactions.
dried. Finally, the product was dried at 1307C inMicroscopic techniques such as light microscopy
vacuum for 12 h. The amount of grafted anhydride(LM) and atomic force microscopy (AFM) are em-
units was determined to be 0.4 wt % (equal toployed to study the fracture mechanisms. Finally,
1.8 mol % of repeat units shown in Table I) byX-ray photoelectron spectroscopy (XPS) is used
potentiometric titration in N,N-dimethylform-for a quantitative analysis of the chemical compo-
amide.sition of the fracture surfaces.

Synthesis of Poly(arylether sulfones) Containing
Diphenolic Acid Units (PSU-COOHx)EXPERIMENTAL
DPA, bisphenol A, DCDPS, and K2CO3 were dis-
solved in dry NMP. The mixture was heated toMaterials
1907C for 6 h under nitrogen. During this time

For the reactive blending studies, PSU copoly- the azeotropic mixture of NMP and water was
mers with different amounts of diphenolic acid continuously removed. The solution was cooled to
(DPA) were synthesized according to procedures room temperature, diluted with NMP, and fil-
given in the literature.6–8 Anhydride function- tered. After this procedure an excess of acetic acid
alized PSUs were prepared by either grafting PSU was added to the solution and after further stir-
with maleic anhydride9 or by the reaction of ring (30 min) the polymer was isolated by precipi-
amino-terminated PSU with an excess of pyromel- tation in water. The polymer was extracted three
litic dianhydride.10 DPA, maleic anhydride, bis- times with hot water and dried for 12 h at 1307C.
phenol A, DCDPS, dicumylperoxide, and pyromel- The amounts of incorporated DPA units (x [mol
litic dianhydride were obtained from Aldrich. %]) were estimated using 1H-NMR-spectroscopy
N-methyl-2-pyrrolidone (NMP) was dried with (in CDCl3/CF3COOD 1 : 1). The ratio of monomer
CaH2 and distilled. units derived from DPA and bisphenol A was cal-

The nonmodified PSU as well as the PA are culated using the signal intensities in the 1H-
commercial products of BASF, Ultrasont S and NMR-spectra, taking into account the signal in-
Ultramidt T, respectively. All characteristic data tensities of the CH2-groups of DPA (d Å 2.2 ppm
of the polymers are given in Table I. All function- and 2.5 ppm) with respect to the signal intensity
alized PSUs have a molecular weight well above of the CH3-groups of the units derived from bis-
the entanglement molecular weight of PSU, which phenol A (d Å 1.6 ppm).
is Me Å 2260 g/mol.11 Because both polymers are
commercial products, it is possible to detect small

Synthesis of Poly(arylether sulfone) withamounts of impurities in both materials. The
Pyromellitic Anhydride Endgroups (PSU-t-PyA)presence of very small amounts of silicon-con-

taining compounds could be detected at the sur- This product was synthesized according to the
procedure given by Myers.10 First amine-termi-face as well as in the bulk phase of both materials
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Table I Used Polymers, Their Abbreviations, Structural Units, and Physical Properties
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a The glass transition temperatures of the polymers were determined by DSC measurements (Perkin-Elmer DSC 7) using a heating rate of 10 K /min.
b The samples were characterized by GPC measurements in THF solution; molecular weights and molecular weight distributions were estimated based on polystyrene 

standards using a UV detector. The PA sample is measured after conversion with triÒuoroacetic acid.
c VN means viscosity number. The viscosity number was measured at a concentration of 1 wt % in NMP at 25ƒC.
d u 5 52 mol %, v 5 48 mol %.
e Measured from a 1 wt % solution in H¤SO› (96 wt %).
f x means DPA units (in mole percent).
g x 5 1.7.
h x 5 4.5.
i x 5 8.8.
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570 MÄDER ET AL.

nated PSU was prepared by copolymerization of To make the sample asymmetric, the PA side was
always glued onto a glass plate. A double-edgedp -aminophenol as endcapping reagent during the

condensation of DCDPS and bisphenol A.12 The razor blade was inserted at the interface and
pushed slowly into the sample until the crackamine-terminated PSU and pyromellitic dianhy-

dride were dissolved in NMP and xylene was started to propagate into the nonfractured in-
terfacial region. Then the razor blade was notadded to remove formed water as an azeotrope in

order to give anhydride end-capped PSU. After pushed anymore and the length of the crack was
allowed to reach a constant value. The crackreacting at 1987C for 1.5 h the product was iso-

lated by precipitation in methanol. The polymer length, a , was measured under a light microscope
(Olympus Vanox AH2 Research Microscope).was extracted three times with hot water and

dried for 12 h at 1307C. The amount of pyromel- This procedure was repeated several times for
each fracture test specimen and at least five speci-litic anhydride end groups was 10.6 mol % refer-

ring to one repeat unit. mens were employed. Using the thickness of the
PSU plates, d , and the Young modulus, E , of the
PSU, values of the fracture toughness, Gc ( frac-

Preparation of Joint Specimens ture energy per unit area), were evaluated by the
relation5The PSU and the PA pellets were injection-

molded into disks of 6 cm in diameter. Thin films
of the modified PSUs were prepared by spin coat- Gc Å

3Ed3b2

8a4F1 / S0.64
d
aDG

4
(1)

ing of 3 wt % solutions of the functionalized PSU
in cyclohexanone directly onto the polyamide disk.
This procedure could be used as the PA is not
swollen by the cyclohexanone. The thickness of

where E (PSU) Å 2600 MPa.13 A typical data setfilms prepared on a silicon wafer under identical
at a certain annealing time consisted of Ç 15–conditions was measured by AFM and was Ç 250
20 measurements for each sample. In order tonm for all reactive polymers. The coated PA disks
determine the contribution of Gc which is due toand the PSU disks were dried separately at 407C
pure interfacial adhesion, the nonreactive system,for 24 h in vacuum prior to further thermal an-
just consisting of a PA/PSU joint specimen, wasnealing. The PSU and the coated PA disks were
treated and annealed under the same conditionsthen brought into contact so that the spin-coated
as described for the reactive systems. An asym-film was located in the middle of the two polymers.
metric test geometry was also used by otherThese specimens were placed into a hot press. To
groups for reactive systems.14–17 The main reasonachieve intimate contact between the two disks,
to use this asymmetric test is to prevent crazing,slight pressure was applied. The samples were
which appears in symmetric samples when thealways isothermally annealed in the hot press at
more compliant material also has a lower crazing2157C, well above the glass transitions of the PSU
stress than the other one.18

and the PA, but still below the melting point of
the PA, as it was a temperature that could be

Atomic Force Microscopy (AFM)sustained for a longer time period by the PA with-
out any substantial degradation. Also, the dimen- The topography of the polymeric surfaces after
sions of the specimens did not change. Using thin the fracture test was studied with an atomic force
films of reactive PSUs in sandwich specimens was microscope in the tapping mode (Nanoscope III,
necessary because only small amounts of these Digital) . Standard silicon tapping mode cantile-
materials were available. Thus the reinforcement vers were used. The smallest force was always
of the interface is not only a matter of reaction applied in order not to alter the fracture surface.
kinetics but it is also influenced by diffusion kinet- The images were treated with standard planefit
ics, as will be outlined below. and flatten procedures without applying any fil-

ters. Detailed information about AFM on polymer
surfaces may be found elsewhere.19,20

Fracture Toughness Test

After annealing for different periods of time, the
X-ray Photoelectron Spectroscopy (XPS)joint specimens were cut into strips of 5 1 50 mm

in length. The sample was fractured using an The surface chemical composition of the as-re-
ceived polymers and of the fracture surfaces wasasymmetric double cantilever beam (ADCB) test.
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PSU/PA INTERACTION 571

measured by XPS using a VG ESCALAB 5
spectrometer with nonmonochromatized MgKa
(1253.6 eV) radiation emitted by a 200 W anode
power. Survey spectra were taken with a 50 eV
pass energy and detailed spectra with 20 eV pass
energy in the constant analyzer mode. The base
pressure in the spectrometer was õ 1008 Pa. The
sample charge was corrected by setting the bind-
ing energy of the hydrocarbon component of the
C1s peak at 285.0 eV.21,22 C1s peaks were fitted
according to the references of pure polymers21

with a width (FHWM) of 1.7 eV and fixed binding
energies. The composition of the sample was de-
duced from the integral of the peaks after a Shir-
ley background substraction. For XPS measure-
ments fractured samples at two matching pieces
were taken, i.e., from the PSU and the exactly
opposing PA side. The XPS spot was placed in
the middle of the new fracture surface which was
formed during failure.

RESULTS AND DISCUSSION

Fracture Test

Figure 1(a) shows the fracture toughness, Gc , of
the systems PSU/PSU-COOHx /PA with different Figure 1 Fracture toughness, Gc , as a function of an-
degrees of functionality, x , plotted as a function of nealing time. The open circles represent the nonreac-
annealing time. For comparison, the nonreactive tive system. (a) PSU/PSU-COOHx /PA; (b) PSU/PSU-
system PSU/PA is also depicted. In the case of t-PyA/PA, PSU/PSU-g-MA/PA.
the reactive systems a PSU-PA graft copolymer
is formed by the interfacial reaction between the
carboxylic acid groups of the copolymer and the toughness is therefore a result of two separate

effects, namely the reaction rate of amine end-amine endgroups of the PA. It can be seen that
the fracture toughness of the reactive systems in- groups of the PA with carboxylic acid groups of

the PSU and the decrease of the concentration ofcreases with reaction time significantly, whereas
the nonreactive system shows a comparable small reactive groups by interdiffusion. The diffusion

coefficients of the functionalized PSUs used wereincrease. The maximum Gc is reached after an
annealing time of 12 h. The fracture toughness determined by nuclear reaction analysis.23 It was

found that PSU-COOH1.7 and PSU-COOH4.5 haveof the nonreactive system originates from pure
physical adhesion. The system with the reactive approximately the same diffusion coefficient of

0.91 1 10014 and 0.96 1 10014 cm2 s01 (at 1907C),compatibilizer PSU-COOH8.8 has the most sig-
nificant effect of the interfacial grafting reaction respectively, whereas PSU-COOH8.8 is only par-

tially miscible with PSU. As already discussed,on Gc . The systems containing fewer carboxylic
acid groups have slightly different characteristics. Gc increases with the amount of carboxylic acid

groups for a comparable annealing time. Thus itThe increase of Gc is smaller and can be explained
by a smaller degree of functionalization leading can be concluded that Gc is a function of the degree

of functionality, x , especially for the systems PSU-to a smaller number of linkage points at the inter-
face. This effect is most pronounced for the COOH1.7 and PSU-COOH4.5 , which have a nearly

identical diffusion coefficient. The system PSU-COOH-modified PSU with a degree of functional-
ity of 1.7. Another effect arises from the interdiffu- COOH8.8 with a higher COOH-content does also

fit into this tendency. All investigated systemssion between the thin layer of functionalized PSU
and the PSU bulk phase. The measured fracture reach their highest fracture toughness after 12 h
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572 MÄDER ET AL.

Table II Maximum Gc of the Systemsand show a slight decrease in Gc for an annealing
PSU/PSUx/PA Under Investigationtime of 24 h. This can be explained by XPS mea-

surements and will be discussed in detail below.
PSU/PSUx/PA Maximum Gc (J m02)Figure 1(b) shows the fracture toughness versus

annealing time of the PSU/PSU-g-MA/PA and
PSU 16.3the PSU/PSU-t-PyA/PA system isothermally an- PSU-t-PyA 34.3

nealed at 2157C (the nonreactive system is added PSU-COOH1.7 26.2
for comparison). It can be seen that the fracture PSU-COOH4.5 79.8
toughness of PSU/PSU-g-MA/PA increases with PSU-COOH8.8 130.2
reaction time significantly, whereas the system PSU-g-MA 185.2
PSU/PSU-t-PyA/PA shows a comparable small

t Å 12 h, T Å 2157C.increase. PSU-g-MA has a significantly smaller
diffusion coefficient with PSU (0.17 1 10014 cm2

s01) compared to the other systems under investi-
and reaches always its maximum value after 12gation due to a lower mobility caused by a higher
h. In Table II the maximum values of Gc aremolecular weight and Tg . The small diffusion coef-
shown for all systems, i.e., the reactive and theficient implies that PSU-g-MA is significantly
nonreactive systems, after an annealing time oflonger present directly at the PSU/PA interface
12 h. The maximum increase of the fracturecompared to the other systems. Furthermore, it is
toughness at the interface, i.e., the difference be-well established that anhydride groups are more
tween the nonreactive system and the systemreactive with amine groups than carboxylic acid
PSU/PSU-t-PyA/PA, is only 18 J m02 . In thegroups. Therefore, it can be concluded that the
other systems graft copolymers are formed duringhigh fracture toughness in the system PSU/PSU-
the chemical reaction. With increasing COOH-g-MA/PA might be caused by the faster reaction
content the maximum Gc is almost increasing lin-rate between the reactive components and simul-
early in the systems PSU/PSU-COOHx /PA and ataneously by the slow diffusion of PSU-g-MA into
maximum Gc of 130.2 J m02 is achieved. However,the PSU bulk phase.
the best improvement in Gc is achieved in the sys-According to Guégan et al.24 an increased reac-
tem PSU/PSU-g-MA/PA, where Gc reaches ation rate can be expected for reactions at polymer
maximum value of 185 J m02 after an annealinginterfaces compared to polmer-polymer reactions
time of 12 h. Thus it is possible to obtain samplesin the homogeneous state, as the chain ends are
with a broad range of interfacial toughness in or-enriched at polymer interfaces. Therefore, the
der to study details of the PSU/PA interface rein-pyromellitic anhydride endgroups of PSU-t-PyA
forced by chemical reaction.should be enriched at the interface and highly

accessible for amine endgroups of PA, which again
are enriched at the polymer interface. This would Crack Opening Geometry
lead to the assumption that a high concentration
of functional groups is present at the PSU-t-PyA/ The crack opening geometry can be evaluated

quantitatively by interference light micros-PA interface, and high reaction rates and eventu-
ally high conversions can be expected. Therefore, copy.25,26 Figure 2 shows an interference light mi-

crograph obtained for the system PSU/PSU-high values for the interfacial fracture toughness
should result. However, this system has very low COOH1.7 /PA after an annealing time of 12 h. A

typical interference pattern of converging lines atGc values, as can be seen in Figure 1(b). These
comparable small values are reached despite the the crack tip can be observed. According to Döll25

and Döll and Könczöl26 the occurrence of this pat-fact that the diffusion coefficient is similar to that
of the carboxylic acid functionalized systems (1.11 tern can be seen when i) the material is transpar-

ent, ii ) the crack opening displacement is at least1 10014 cm2 s01) .
The fracture toughness at the interface is in- in the order of magnitude of the wavelength of

the applied light, and iii) the surfaces at the crackcreased significantly by the chemical reaction be-
tween functionalized PSUs and PA at the polymer opening are smooth and well-defined and the re-

fractive index differences at the reflecting sur-interface compared to the nonreactive system
PSU/PA. This is observed for all reactive compati- faces are large enough, as it is the case for poly-

mer/air.bilizers. With increasing annealing or reaction
time, the fracture toughness rises considerably If there is a craze zone in front of the crack tip,
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PSU/PA INTERACTION 573

ing geometry is described consistently. Figure 3
depicts the crack opening geometry for the system
PSU/PSU-COOH1.7 /PA after different annealing
times. The opening geometry after 12 h of anneal-
ing is obtained using the photograph shown in
Figure 2. All crack opening geometries have a
more parabola-like shape close to the crack tip.
With increasing distance from the crack tip the
geometry changes to a hyperbolic form. Because
of the increase of 2n(y ) with increasing annealing
times, it can be concluded that the stress absorp-
tion at the crack tip improves with longer anneal-
ing times. This is synonymous with the formation

Figure 2 Interference light micrograph of the crack of more chemical bonds across the interface, and
tip for the system PSU/PSU-COOH1.7 /PA after an an- thus related to the increase of Gc .nealing time of 12 h. The arrow in the inset indicates
the crack tip from where the photograph is taken.

Examination of the Fracture Surface

Light Microscopy Measurementstwo bands of converging interference lines appear,
which meet at the crack tip.18 This can generally The fracture surfaces on both sides of the failed
not be observed for the systems under discussion. interface are studied by light microscopy (LM)
This might be caused either by the fact that craz- and atomic force microscopy (AFM). The micro-
ing does not appear or that the crazes have dimen- graphs shown in Figure 4(a,b) are obtained by
sions much smaller than the wavelength of the reflection light microscopy. They are taken at ex-
light used. It is also found that the interference actly opposing sides of failed fracture surfaces of
pattern occurs only for relatively weak interfaces the system PSU/PSU-g-MA/PA after an anneal-
(Ç Gc õ 40 J m02) . At higher fracture toughness ing time of 12 h. This system is chosen because it
the surfaces are plastically deformed, and thus has the highest Gc value. In order to obtain these
requirements for interference are not met any- micrographs the sample is completely separated
more. This will be discussed in detail below. Using after reaching its equilibrium crack length, and
the interference theory25 it is possible to calculate the former arrested crack tip is indicated by
the crack opening geometry from the interference arrows on both sides. The artifact at the lower
pattern. Eqs. (2) give the relation for the calcula- part of the photographs is shown in order to make
tion of the crack opening, 2n, as a function of the
distance from the crack tip, y

2n(y ) Å l

2m Sn 0 1
2D 2n(y ) Å l

2m
n

n Å 1, 2, 3, . . . (2)

where l is the wavelength of the light (Ç 600
nm), m is the refractive index of air (m Å 1), and
n is the order of the interference fringe. The left
equation is for positive interference, the other
equation for negative interference. It should be
mentioned that the first interference fringe is as-
signed to n Å 1. In the case that the crack tip has
already a large opening, the first visible interfer- Figure 3 Crack opening geometries after different
ence fringe might be already of higher order. This annealing times for the system PSU/PSU-COOH1.7 /
would result in a shift of the crack opening dis- PA. (l ) , negative interference; (s ) , positive interfer-

ence.placement toward higher y values, while the open-
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574 MÄDER ET AL.

Figure 4 Reflection light micrographs of the fracture surfaces of the system PSU/
PSU-g-MA/PA after annealing for 12 h at 2157C. (a) PA surface; (b) PSU surface. The
direction of crack propagation is from bottom to top. (c) as (b), but enlarged; the crack
propagation direction is from top to bottom.
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PSU/PA INTERACTION 575

Figure 5 Schematic representation of the morphology of the PSU fracture surface
after failure, according to Figure 4(b).

sure that exactly the complementary fracture sur- spectively, and the PA at the interface, a polymer
with an anchor function is formed which is capa-faces are probed. On the PA side only a few traces

are identified, whereas on the PSU side a regular ble of reinforcing the originally weak PSU/PA in-
terface. Thus the chemical reaction reinforces thepattern can be observed. Behind the crack tip,

parallel parabola-like lines perpendicular to the interface to such a level that not only adhesive
failure at the interface occurs but the level of cohe-crack propagation direction which occur quite reg-

ularly are visible. Repeating units of these lines sive failure of the bulk materials is reached.
consist of a rough and a fine structure and occur
quite regularly. The fracture surface of PSU AFM Measurements
shows more lines caused by plastic deformation
than the fracture surface of PA. The most pro- To get more detailed information about the PSU

fracture surfaces, AFM measurements of speci-nounced lines can be seen on both sides of the
failed interface and appear exactly complemen- mens with different annealing times were carried

out. Figure 6(a,b) show tapping mode AFM mea-tary. Figure 4(c) shows the PSU fracture surface
with a higher magnification. The rib marking-like surements of the PSU fracture surface after 6 and

12 h of annealing at 2157C, respectively. It is clearlines have a substructure which appears wound.
The bright spots on the rib marking lines are de- that the failure mechanism changes for different

annealing times. The specimen after an annealingformed material which is elongated during the
fracture process. The surface morphology of the time of 6 h has more and less deformed areas

uniformly distributed over the whole fracture sur-failed PSU side is schematically shown in Figure
5. Behind the crack tip, parallel parabola-like face [Fig. 6(a)] . Lines are arranged relatively

parallel and perpendicular to the crack propaga-lines perpendicular to the crack propagation di-
rection which occur quite regularly can be identi- tion direction, but they have branching points,

which means that the lines are partially con-fied. The width of the intervals decreases toward
the crack tip. These intervals start with a smooth nected. Thus it can be concluded that the stress

at the crack tip is released continuously duringunstructured surface which is followed by a bunch
of lines which are almost perpendicular to the propagation. The fracture seems not to occur in

regular steps at the whole crack front, but thecrack propagation direction. They are followed by
a group of parabola-like lines which are equidis- failure occurs continuously at different spots dur-

ing the crack propagation. This is caused by thetant. The whole appearance of the surface mor-
phology can be explained using a slip-stick-like less reinforced interface after an annealing time

of 6 h compared to longer annealing times. Figurecrack propagation mechanism. The jerky crack
propagation can also be observed in the light mi- 6(b) depicts regular and well-defined lines per-

pendicular to the crack propagation direction. Ascroscope, i.e., the crack jumps from one rib mark-
ing line to the next. The smooth start of the inter- has been described in Figure 5, the sample an-

nealed for 12 h shows a regular pattern of in-vals is a result of the relatively fast crack propaga-
tion. Then the crack propagation slows down and tervals consisting of three major regions. The

AFM measurements are done in the area of thestops. This is connected with a build-up of a stress
which is released after reaching a critical value. parabola-like regular lines. The measured lines

correspond to the former propagation front andCaused by the coupling reaction between the an-
hydride and carboxylic acid-modified PSUs, re- represent the location where the interface has be-
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as FTIR can not be used because the signal-to-
noise ratio is too poor for the detection of an in-
terfacial reaction in samples with such a small
concentration of reactive groups.27 A PA disk is
coated with a 250-nm thick layer of PSU-g-MA
and the coated sample is annealed at 2157C for 3
h. After removing the nonreacted PSU-g-MA by
extraction with tetrahydrofuran, the remaining
PSU grafted onto PA is detected by XPS. Besides
carbon, nitrogen, and oxygen, it is possible to de-
tect sulfur, which belongs definitively to PSU co-
valently bonded to PA.

To determine the mode of failure of the PSU/
PSU-g-MA/PA system, PSU and PA fracture sur-
faces—obtained after different annealing times
at 2157C—are analyzed by XPS. The as-received
PSU and PA surfaces are also analyzed and are
taken as references for the chemical composition
of each polymer and for the fit of the C1s peak.
On both sides of the fracture surfaces, traces of
silicon are detected. The PSU composition corre-
sponds well to the theoretical values, but the PA
nitrogen content (7.5 at. %) is found to be far
smaller than the value calculated from the struc-
tural unit of the polymer (11.5 at. %). This differ-
ence was also reported for other commercial poly-
amides.28

Figure 7 shows N1s and S2p XPS detailed spec-
tra of the PSU fracture surfaces of the system
PSU/PSU-g-MA/PA annealed for different times
at 2157C. It can be seen that the nitrogen content
of the PSU fracture surface increases continu-
ously with longer annealing times [Fig. 7(a)] and
reaches 5.5 at. % after 24 h of annealing. Comple-
mentary to the nitrogen content on the PSU frac-
ture surface, the sulfur content decreases continu-
ously, to be almost zero after 24 h of annealingFigure 6 AFM micrographs of PSU fracture surfaces
[Fig. 7(b)] . The intensity of the nitrogen peakafter annealing times of (a) 6 h and (b) 12 h at 2157C
can be directly related to the amount of PA onfor the system PSU/PSU-g-MA/PA. The direction of
the PSU surface, because only the PA containsthe crack propagation is from the left to the right.
nitrogen. Therefore, the amount of PA on the PSU
fracture surface increases continuously with an-
nealing time. On the contrary, it is impossible togun to fail in response to the applied load. The
detect any amount of sulfur on the fracture sur-fracture occurs in regular steps (slip-stick mecha-
face of the PA side, i.e., PSU is not present onnism) at the whole crack front that correspond to
the PA surface after the fracture. Therefore, thethese rib marking-like lines. On these lines hill-
failure of this sample is mainly of cohesive nature,ocks are visible (bright dots). These lines are
i.e., the system does not fail at the interface, butÇ 300–400 nm high and the distance to another
in the PA material. With increasing anneal-line is Ç 20–30 mm.
ing time the chemical reaction between the
PSU-g-MA and the PA becomes more completelyXPS Measurements
achieved and the sample tends to fail more and
more in the PA phase during the fracture test.In order to prove the interfacial reaction between

functionalized PSU and PA, a direct method such This proves the efficiency of the chemical reaction
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has increasing contributions of signals at higher
binding energies with increasing annealing time.
Already after an annealing time of 1 h, the peak

Figure 7 XPS spectra of the fracture surface of the
PSU side of the system PSU/PSU-g-MA/PA after dif-
ferent annealing times at 2157C: (a) nitrogen N1s; (b)
sulfur S2p.

induced by the addition of PSU-g-MA at the inter-
face.

The cohesive fracture process can be confirmed
by fitting the C1s peak of the PSU [Fig. 8(a)] and
of the PA [Fig. 8(b)] fracture surfaces of PSU/
PSU-g-MA/PA after different annealing times.
According to the references of PSU and PA XPS
measurements22 and to the fit of the as-received
surfaces, the measured C1s peak (dotted line) of
the PSU fracture surface can be fitted with two
peaks for the as-received sample, with three or
four peaks for the annealed samples. The signal
of the aromatic and aliphatic carbon atoms (E
Å 285.0 eV) is taken as reference to correct the
spectra for the charging effect. The ether carbon
(C{O{C) has a shift of DE Å 1.45 eV, and the Figure 8 C1s XPS spectra of the fracture surfaces of
amide carbon (CONH) has a shift of DE Å 2.9 the system PSU/PSU-g-MA/PA isothermally annealed

at 2157C for different times: (a) PSU side; (b) PA side.eV. As it can be seen in Figure 8(a), the C1s peak
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Table III Content of Nitrogen and Amide Carbon (CONH) on the PSU Side of the System
PSU/PSU-g-MA/PA after Different Annealing Times at 2157C, and Calculated Amount of Cohesive Failure

Nitrogen Cohesive Failure CONH Cohesive Failure
t (h) (at. %) (%) (at. %) (%)

0 0 — 0.6a —
1 2.1 28.0 2.1 20.0
3 3.3 44.0 3.5 33.3
6 4.1 54.7 4.2 40.0

12 5.2 69.3 6.7 63.8
24 5.5 73.3 6.9 65.7

PA (as received) 7.5 — 10.5 —

a Originates from fitting procedure.

corresponding to amide carbon is visible. This sig- that of the PA phase (7.5 at. %), or that the
amount of detected amide carbon on the PSU frac-nal stems from the failed PA on the PSU fracture

surface. This signal increases continuously with ture surface equals the amount of amide carbon
in the PA phase (10.5%). It has to be mentionedincreasing annealing time, reflecting the increas-

ing amount of PA on the PSU side. firstly, that the percentage of the amide carbon
originates from a fit which leads to a larger errorThe C1s XPS spectra of the PA fracture surface

of PSU/PSU-g-MA/PA [Fig. 8(b)] are fitted with in the further calculation and, secondly, that the
small amount of amide carbon on the PSU surfacethree or four peaks, depending on the annealing

time. The a-carbon next to the nitrogen of the after an annealing time of 0 h is caused by the
fitting procedure and is not significant. Onceamide group ({CaH2{NH{) is fitted with a en-

ergy shift of DE Å 1 eV, and the amide carbon again, it is obvious that the percentage of cohesive
failure in the PA phase increases steadily with(CONH) with DE Å 2.9 eV. These three signals

remain approximately constant for all fits up to increasing annealing times, and reaches a plateau
value of Ç 70%. This plateau occurs after 12 h of12 h. Therefore, the fits of the C1s peaks confirm

that the fracture is mainly of cohesive nature, and annealing, which corresponds to the point where
the limit of Gc is reached.thus occurs into the PA side. Moreover, cohesive

failure of the PSU can be excluded. Similar behavior, namely partially cohesive
failure in one of the materials, has been observedIt is clear that the failure mechanism changes

from adhesive failure at the weak interface (PSU/ for several other systems such as polystyrene/
polystyrene-block-poly(methyl methacrylate)/PA system) to dominant cohesive failure in the

PA bulk phase when the interface is sufficiently poly(methyl methacrylate) (PS/PS-b-PMMA/
PMMA), poly(styrene-co-acrylonitrile)/PMMA, andreinforced by the chemical reaction. Taking into

account the amount of nitrogen and the contribu- poly(styrene-co-acrylonitrile)/polycarbonate.29–32

For all these systems, a cohesive fracture occurstion of the amide carbon atoms in the C1s peak
measured on the PSU fracture surface (Table III) , to some extent in the most compliant polymer or

in the polymer with the lower entanglement den-it is possible to estimate the ratio of adhesive fail-
ure to cohesive failure. In the case of sole cohesive sity and lower craze stress.

The fits of the C1s peaks are also able to providefailure, e.g., of sole failure in the PA phase, the
amount of nitrogen found on the fracture surface a reasonable explanation of the small decrease of

the fracture toughness for annealing times longerof PSU must be equal to that of the PA bulk phase.
This assumption holds only when the fracture than 12 h. As it can be observed in Figure 8, an

additional peak is necessary to fit the measuredsurface is covered with a homogeneous layer ú 5
nm because the depth probed by XPS measure- data of both sides of the fracture after an anneal-

ing of 24 h. The shift of the binding energy isments is in this range.22 This assumption is rea-
sonable because the radius of gyration of polymers found to be Ç DE Å 4 eV. It seems reasonable

that during the degradation process of polyamideshas approximately the same dimension. To calcu-
late the values in Table III, it is assumed that free carboxylic acid groups are formed. Therefore,

this additional peak can be attributed to the sig-100% cohesive failure means that the nitrogen
content of the PSU fracture surface is equal to nal of COOH. This peak occurs exclusively at an-
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