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ABSTRACT The asymmetric double cantilever beam fracture test was used to measure the critical energy 
release rate, or fracture toughness, G,, of an epoxy-polystyrene (PS) interface as a function of the gr&ing 
density, X, and degree of polymerization, N ,  of carboxylic acid terminated deuterated polystyrene chains 
(dPS-COOH). The chain ends anchor to the epoxy, and their tails penetrate into the PS homopolymer. 
Forward recoil spectrometry (FRES) on the fracture surfaces provided a method to determine the total 
X as well as the mechanism of interface failure. For N = 159 the grafted chains were too short to entangle 
and pull out of the PS, leading to  no enhancement in G, over that of a bare interface. When the chain 
length was increased to N = 412 and 535, there was sufficient stress transfer to initiate crazes in the PS 
that break down by either disentanglement or scission of dPS-COOH chains in the craze fibrils. For 
long, well-entangled chains of N = 688,838, and 1478 the chains broke near the epoxy-PS interface at 
low X before significant crazing of the PS occurs. A transition from chain scission to crazing occurred at  
& = 0.03 chaindnm2 for all three chain lengths, agreeing with experiments on diblock copolymer modified 
thermoplastic-thermoplastic interfaces' and with the prediction from the fracture mechanism map2 that 
the transition is independent of chain length. We observed a nearly linear decrease in the maximum 
achievable X as N increased that can be explained in part by an entropic barrier that opposes the addition 
of new chains to the grafted brush. The toughest interfaces occurred with intermediate length grafted 
chains, N = 838, when the chains were well entangled and the grafted brush was dense enough, X > Z, 
to cause energy dissipation through craze formation. 

1. Introduction 
Interface adhesion has important consequences in 

many technologically critical areas. For example the 
interface impacts the toughness of rubber-modified 
glassy polymers, the success of lamination in polymer 
composites such as printed circuit boards, and the 
efficacy of polymer coatings such as paint to plastic 
parts. Mechanisms to improve adhesion with polymers 
may rely upon interpenetration of molecules across the 
interface or the complexationheactivity between the two 
layers, often enhanced by the addition of a dopant 
adhesion promoter.  Through controlled experiments on 
an isolated interface, correlations can be made between 
the microscopic interface structure and the adhesion. 
An asymmetric double cantilever beam technique has 
been developed3 and applied extensively to measure the 
adhesion of planar interfaces between immiscible 

and at  polymerhonpolymer interfaces7y8 
modified with diblock copolymers as well as with 
alternative architectures such as random  copolymer^.^-^^ 
Substantial advances have been made in these and 
related studies on understanding the microscopics of the 
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interface failure by combining the fracture test with 
methods for locating the labeled copolymer aRer fracture 
such as forward recoil spectrometry (FRES), Rutherford 
back-scattering (RBS), secondary ion mass spectrometry 
(SIMS), and X-ray photoelectron spectrometry (XPS). In 
this paper we present an experimental study of a 
thermoset-thermoplastic interface modified with chains 
end-anchored to the thermoset. As the degree of polym- 
erization N of the grafted chains increases, their tail 
becomes progressively more entangled with the ther- 
moplastic and different failure mechanisms are ob- 
served. 

The fracture mechanism map2 shown in Figure 1 
predicts that the interface modified with short grafted 
chains will fail by pull out of the grafted chains from 
the thermoplastic when a stress, uppullout, is reached. This 
stress depends linearly on the degree of polymerization 
N ,  the areal density of graRed chains X, and the (static) 
friction coefficient fmono between a monomer of the 
grafted chain and the surrounding matrix. As N 
increases, additional stress will be required to fracture 
the interface and eventually a chain scission mechanism 
will become active. For longer grafted chains a t  low X, 
the interface will fail when there is sufficient force, fi, 
on the backbone of the grafted chains to  cause chain 
scission and fracture will occur when the interfacial 
stress exceeds OR,ission = m. As C increases, the areal 
density of entanglements between the grafhd brush and 
the matrix will provide effective enough stress transfer 
across the interface to cause large scale plastic deforma- 
tion. In our case, the stress required to craze the 
thermoplastic, a,,,,, is less than the yield stress of the 
thermoset and we expect a transition from chain scis- 
sion to crazing at %. As the stress is increased further, 
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Figure 1. Tensile stress on the interface, u, plotted versus 
the grafting density of chains anchored by one end to the 
interface, X. The PS craze widening stress is shown with a 
dot-dashed line. The stress required to break the backbone 
bonds of the grafted chains is shown with a dashed line. Pull 
out of the grafted chains from the PS matrix requires the stress 
shown with a solid line. 
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Figure 2. (a) Thermoset resin, diglycidyl ether of Bisphenol 
A (DGEBA), manufactured by Dow Chemical Co., DER332. 
(b) Thermoset hardener, triethylenetetramine (TETA), DEH24. 
(c) Carboxylic acid terminated deuterated polystyrene (dPS- 
COOH) with degree of polymerization N .  

fracture of samples with Z > & will occur by craze 
failure via pull out of the grafted chains from the craze 
fibrils or by scission of chains in the fibril structure. 

2. Experimental Section 
2.1. Materials. The thermoset for this study was con- 

structed from the epoxy resin diglycidyl ether of Bisphenol A 
(DGEBA) having a molar mass of 350 g/mol. The structure of 
the resin and that of the curing agent triethylenetetramine 
(TETA) are shown in Figure 2. The main cure reaction 
between the resin and hardener is shown in Figure 3a. For 
the thermoplastic, commercial grzde polystyrene (PS) was 
purchased from Aldrich Chemical Co. with a number average 
degree of polymerization of 1500 and a polydispersity index 
of 2.1 as measured by gel permeation chromatography (GPC). 

Carboxylic acid terminated deuterated polystyrene (dPS- 
COOH) was chosen as the adhesion promoter for several 
reasons. Synthesis via anionic polymerization12 could be used 
to  prepare a range of dPS molecular weights having narrow 
molecular weight distributions. In addition, the polystyrenyl 

/O\ 
R-CH-CH2 + :>N-R' 

Q" 
I 

-L R-CH-CH2-N-R' 
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Figure 3. (a) Main cure reaction. (b) Possible grafting 
reaction. 

Table 1. Weight Average Degree of Polymerization N, 
Weight Average Molar Mass MW, and Polydispersity 

Index MA& of the Carboxylic Acid Terminated 
Deuterated Polystyrene (dPS-COOH) 

N 159 412 535 688 838 1478 1788 
M ,  16580 42895 55690 71500 87 140 153670 186000 
M d M n  1.03 1.02 1.04 1.07 1.1 1.06 1.2 

anion can be reacted with COz to provide a carboxylic acid 
chain end.13-le The -COOH functional group is known to bond 
with reactive sites in thermoset systems; for example, liquid 
modifiers such as carboxyl-terminated polybutadiendacryloni- 
trile (CTBN)I' can be incorporated into thermosets. A possible 
grafting reaction of the carboxylic acid chain end is shown in 
Figure 3b. Labeling the end-anchored chains with deuterium 
allows both the grafting density on the interface and the 
location of chains a h r  fracture to be determined so that the 
failure mechanism can be monitored. Deuterated styrene was 
purchased from Aldrich Chemical Co. (98 atom % deuterium), 
filtered through activated alumina to remove inhibitors, and 
distilled away from CaHz just prior to  use. A 100 mL round 
bottom flask was attached to a vacuum line, evacuated, and 
then refilled with dry nitrogen. In the flask 5 g of deuterated 
styrene monomer, 35 mL of dry cyclohexane (passed over 
activated alumina prior to use), and 15 mL of dry tetrahydro- 
furan (THF, passed over activated alumina prior to use) were 
combined, and protic impurities were removed by titration 
with a sec-butyllithium solution (in cyclohexane). Polymeri- 
zation was initiated with the addition of a sec-butyllithium 
solution and was accompanied by formation of the red color 
characteristic of polystyrenyllithium and a slight polymeriza- 
tion exotherm. After polymerization for 1 h, stirring was 
discontinued and the nitrogen atmosphere was replaced with 
COZ. Termination of the chain ends was monitored by disap- 
pearance of the red anion color, which required between 15 
and 60 min. The polymers were then precipitated into 
methanol containing 5 volume % concentrated hydrochloric 
acid (to convert COzLi end groups to C02H) and dried in a 
vacuum oven to remove residual solvent. Molecular weights 
were determined by GPC with THF effluent flowing at  a rate 
of 1.0 mumin through six GPC columns (three mixed porosity, 
three single pore size), and output was detected using both 
UV and refractive index detectors. The GPC elution volume/ 
molecular weight response was calibrated using narrow mo- 
lecular weight polystyrene standards. Molecular weights and 
polydispersity indices for the dPS-COOH samples are listed 
in Table 1. 

2.2. Interface Preparation. The resin was first heated 
above 45 "C in a flask to melt any crystalline material. The 
hardener was added and then stirred under a roughing 
vacuum to remove bubbles created during mixing. The stoi- 
chiometry of the mixture was calculated by assuming each 
amine hydrogen of the curing agent reacts with one epoxide 
group of the resin and that no side reactions occur. The epoxy 



Macromolecules, Vol. 28, No. 6, 1995 

formulation contained a 50% molar excess of amine hardener 
or a stoichiometry S = 1.5. By varying the epoxy preparation 
it was possible to manipulate X. In general, higher values of 
2 were obtained when mixing was stopped close to the gel 
point. Here we describe the most common interface prepara- 
tion and will point out important modifications on the proce- 
dure where necessary. 

To ensure flat epoxy surfaces, the mixture was poured into 
molds constructed from two pieces of l/4 in. thick glass 
sandwiched around a polytetrafluoroethylene (PTFE) spacer. 
Using cleaning and deposition techniques presented else- 
where: the glass was coated with a self-assembled monolayer 
as a mold release agent produced from octadecyltrichlorosilane 
(OTS). The epoxy was then subjected to  a B-stage cure in air 
for 2 h a t  a temperature between 70 and 120 "C. m e r  the 
epoxy was removed from the mold, at least a 1000 A thick film 
of the end-functionalized polystyrene was deposited on the 
surface. Most of dPS-COOH films were spun cast from toluene 
after the solution, typically less than 3 weight % polymer, was 
allowed to  stand for 30 s on the epoxy, a step that initially we 
thought would ensure more uniform coverage of the epoxy. 
Some samples were constructed with a solventless transfer 
technique where the dPS-COOH solution was spun cast onto 
a glass plate, floated onto the surface of a water bath, and 
transferred by bringing the epoxy into contact with the floating 
film from above. To provide the -COOH groups with the 
mobility to diffuse to  the epoxy surface, the bilayers were 
annealed at  160 "C, well above the glass transition tempera- 
ture for PS, for up to 20 h. The unanchored chains were 
removed by washing in tetrahydrofuran in an ultrasonic bath 
for 20 min with a final squirt bottle rinse with fresh solvent, 
followed by a drying step of at least 2 h at  80 "C under 
roughing vacuum. 

The interface was then formed against a compression- 
molded slab of PS at 160 "C for 2 h under contact pressure to 
allow the tails of the anchored chains to entangle with the PS. 
The sandwich was cooled, cut with a diamond saw into sticks, 
and dried at  80 "C under vacuum for at least 2 h before 
fracture. The final sample geometry consisted of 50 mm long 
by 7 mm wide strips with epoxy and PS beams of 1.54 mm 
and 3 mm thickness, respectively. 
2.3. Fracture Toughness Measurement. The asym- 

metric double cantilever beam fracture test was employed to 
determine the critical energy release rate of an interfacial 
crack. Since the crazing stress of PS, a, = 55 MPa,' is less 
than the yield stress for similar epoxy,l* we chose an asym- 
metric beam g e ~ m e t r y . ' ~ ~ ~ ~  This choice maintains crack propa- 
gation along the interface, while minimizing craze formation 
in the PS and preventing fracture of the brittle epoxy. At room 
temperature in air, a razor blade was inserted at the interface 
and driven at a constant rate of 3 x d s .  From the 
measured steady state crack length, a, and the expression 
derived by Creton et al.,I which extends Kanninen'sZ1 descrip- 
tion for a beam on an elastic foundation to an asymmetric 
bimaterial interface, the fracture toughness, G,, can be com- 
puted. Values of Young's modulus used to  determine G, were 
E,, = 3500 MPa for the epoxyz2 and EPS = 3000 MPa for PS.' 
The error bars reflect the standard deviation of approximately 
16 measurements of G, made using two different razor blade 
thicknesses, 0.22 and 0.64 mm. m e r  fracture, forward recoil 
spectrometry (FRESY3 was used on the two fracture surfaces 
to determine the areal density of deuterium atoms. The areal 
chain (grafting) density, X, was computed from the total 
deuterium areal density of both surfaces. 

3. Results and Discussion 
3.1. Fracture. The fracture toughness of the bare 

interface was measured as a baseline against which to 
compare G, of our grafted brush modified interfaces. The 
interface preparation procedure described above was 
followed, spin casting pure toluene onto the epoxy of the 
bare interface to mimic the effects of the solvent during 
the deposition of the end-functionalized dPS. The 
fracture toughness was consistently 4 f 0.5 Jlm2 for a 
variety of epoxy mixing and cure conditions. 
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Figure 4. (a) Fracture toughness, G,, plotted versus the 
grafting density, 2, of dPS-COOH chains with N = 159 on 
epoxy prepared with S = 1.5. (b) Fraction of deuterium found 
on epoxy fracture surface plotted versus X. Samples 
prepared via spin casting dPS-COOH onto the epoxy are shown 
with open squares and via water floatation with solid squares. 
Lines are provided as a guide. 
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Figure 5. Results for N = 412, S = 1.5. The symbols are 
identified in Figure 4. 

The results for each chain length are presented in 
Figures 4-10. The shortest anchored chains used for 
this investigation had length N = 159, just less than 
the length for entanglement in PS, Ne = 173.24 In 
Figure 4a almost no enhancement in G, occurs with 
increasing grafting density over the bare interface 
strength, shown with a diamond. In Figure 4b, the 
fraction of the deuterium found on the epoxy fracture 
surface, Zfi, is plotted versus Z. In all samples the 
deuterium is found completely on the epoxy, signifying 
interface failure via the pull out mechanism. In some 
samples the frictional force necessary for chain pull out 
causes a slight increase in G, over the bare interface 
value. Optical micrographs of the fracture surfaces 
revealed no roughness typical of plastic deformation in 
the interface region. This result agrees with the 
expectation that chains that are not sufficiently en- 
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Figure 6. Results for N = 535, S = 1.5. The symbols are 
identified in Figure 4. 
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Figure 8. Results for N = 838, S = 1.5. The symbols are 
identified in Figure 4. 
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Figure 7. Results for N = 688, S = 1.5. The symbols are 
identified in Figure 4. 

tangled provide little stress transfer across the interface, 
resulting in a weak adhesion and a low G, value. 

At the lowest Z values for N = 1478, chains more than 
8 times longer than Ne,  G, increases approximately 
linearly (Figure 9a). Starting at grafting densities of 
approximately 0.03 chaindnm2, there is a sharp increase 
in G, leading to an enhancement of the fracture tough- 
ness to a value more than 10 times that of the bare 
interface. This dramatic increase correlates with the 
onset of large scale energy dissipation through the 
formation of crazed PS ahead of the crack tip. Optical 
microscopy revealed roughening of the fracture surfaces, 
consistent with cra2ing.l Over the entire range of Z 
measured, most of the deuterium was found on the PS 
fracture surface with approximately 20% remaining on 
the epoxy (Figure 9b). This result is characteristic of 
scission of the grafted chains close to the epoxy/PS 
interface. The interface failure of samples prepared via 
spin casting of the dPS-COOH onto the epoxy in the 
region of the transition (open symbols of Figure 9) is 

0.2 
0 

0.0 I I I I 
0.00 0.05  0.10 0. I 5  

X (chains/nm2) 
Figure 9. Results for N = 1478, S = 1.5. The symbols are 
identified in Figure 4. 

similar to those samples prepared with water floatation 
(solid symbols). 

Similar behavior is seen in interfaces modified using 
grafted chains of N = 688 (Figure 7) and N = 838 
(Figure 8). For both dPS-COOH samples we were able 
to prepare higher Z samples that allowed further 
investigation of the interface deformation at fracture. 
There is a sharp increase in G, at =0.03 chains/nm2, 
reaching values of more than 20 times that of the bare 
interface. A transition in failure mechanism is seen at  
the same Z where G, sharply increases in the plots of 
&,,E. At low Z the grafted chains break near the 
interface but the deuterium distribution gradually shifts 
to larger values of &,,E with increasing Z, leveling off 
with 90% of the deuterium found on the epoxy fracture 
surface. This result points to fracture occurring within 
the craze at the interface between the grafted brush and 
the PS homopolymer above Z in these samples with 
intermediate length grafted chains. 

To summarize briefly, for three different length 
grafted brushes a transition is seen from chain scission 
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Figure 10. Results for N = 1788, S = 1.5. The symbols are 
identified in Figure 4. 

to crazing at & FX 0.03 chaindnm2, demonstrating that 
Z is independent of N as predicted by the fracture 
mechanism map. Although the transition to crazing in 
our system shows some width around Z, it agrees well 
with Z observed for the interface between PS and poly- 
(2-vinylpyridine) (PVP) modified with PS-b-PVP when 
both blocks are longer than their respective entangle- 
ment molecular weights.l 

The longest grafted chains used had N = 1788. For 
these interface preparations only an extremely limited 
I: range was achieved, producing little or no increase in 
G, over the bare interface (Figure loa). Deuterium was 
found completely on the PS fracture surface in all 
samples, showing interface failure via chain scission at 
the epoxyPS interface. These results and the deute- 
rium distribution seen in the N = 1478 samples are 
similar to observations by Creton et a1.6 of block 
copolymer modified interfaces. For well-entangled chains 
interface failure occurs not a t  the brush tip-craze 
interface but near the grafted chain end or near the joint 
of the block copolymer. The limited I: achieved both in 
the N = 1788 case and for N = 1478 is in part the 
consequence of an entropic barrier to grafting and will 
be discussed in detail below. 

For intermediate length grafted chains, N = 412 and 
535,2.3 and 3 times the entanglement length, respec- 
tively, there is sufficient entanglement to produce the 
gradual increase in G, with Z seen in Figures 5 and 6. 
For both cases G, reaches a constant value of ap- 
proximately 11 J/m2 for N = 412 and 16 J/m2 for N = 
535. From the deuterium distribution on the fracture 
surfaces of both interface types we observe some samples 
that fail by chain pull out, &,,E = 1, as well as some 
that fail by chain scission ZJZ < 1. Smooth fracture 
surfaces were observed with optical microscopy for the 
N = 412 samples with G, 11 J/m2 and rough fracture 
surfaces for the samples with G, greater than the 
plateau value. The N = 535 samples consistently 
showed roughening of the fracture surfaces for 2 > 0.05 
chaindnm2. This texture is typical of the crazed PS 
formed ahead of the crack tip. The small enhancement 
in G, over the bare interface for the N = 535 brushes 
compared with those with N > 688 and the rough 
fracture surfaces agrees with previous observations of 
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craze instability in low molecular weight bulk PS.25 
Thus, for the N = 412 and 535 samples the chains are 
sufficiently well entangled to allow a craze to form in 
the PS, however the craze that forms is weakly coupled 
to the interface and breakdown occurs in the craze 
fibrils either by chain pull out or chain scission. 

In the N = 412 and N = 535 data, several samples 
had G, values that are distinctly different from the 
average behavior. Furthermore, the maximum G, value 
observed for these chain lengths are unexpectedly lower 
than the fracture toughness for PSPVP interfaces 
modified with block copolymers where both block lengths 
are comparable to the end-anchored chains using Ne as 
a reference. For example, the bare PSPVP interface 
has a fracture toughness of about 1 J/m2 which is 
increased to 22 J/m2 with the addition of 510-b-540 PS- 
b-PVP at  Z = 0.1 chains/nm2. Similarly, for 800-b-870 
at the same Z, G, = 80 J/m2.4 In addition, if we compare 
the failure mechanism of the N = 412 and N = 535 dPS- 
COOH modified epoxy-PS interfaces with the PS-PVP 
interface we find another mismatch. 5104-540 and 800- 
b-870 both show a clear transition in the deuterium 
distribution from chain scission at the interface to 
crazing with failure at the block copolymer brush 
interface with the homopolymer. For the samples 
measured we do not see comparable behavior until N 
= 688. From the fracture mechanism map and previous 
block copolymer experiments we can estimate the N 
where we would first expect to see evidence of &. 

with a PS- 
b-PVP block copolymer that shows a transition from 
block pull out from the PVP to crazing of the PS, they 
were able to quantify the static frictional force required 
per monomer for pull out, Eo = 6.3 x N/mer. 
Since PS and PVP are both glassy polymers, where the 
yield stress of PS, e is similar or slightly less than 

it is reasonable to assume that E:,, I Eo. From 2 and the fracture mechanism map, Creton et a1.l 
estimate the force to break a C-C bond of the PS 
backbone to be fb FZ 2 x Nhond. From these 
values, at low Z we should expect to  see a transition 
from pull out of the grafted chains to scission when 
uppullout = Uhsaioi-, or when N* = 350. However, investiga- 
tions of chain pull out fracture revealed that when Ne 
< N < N* there is an extra friction force because of 
entanglements in addition to the static friction force 
used to predict N*.27 Therefore, the signature of pure 
pull out, = 1, should occur only for samples with N 
< Ne. Indeed, this is observed for N = 159 but, using 
the values offmono and the PS crazing stress a,, we also 
expect to see a transition from pull out to crazing at Z* 
= 0.055 chains/nm2. Our experiments show no hint of 
such a transition like that seen with 5804-220 PS-b- 
PVP at a PS-PVP interface, when both G, and &,,E 
would show a discontinuity at Z* with the onset of large 
scale energy dissipation through formation of crazes.26 
Additionally, interface failure by scission is not uni- 
formly observed for all samples with N = 412 and N = 
535, both having N > N*; more definitive evidence of 
chain scission is seen when N = 688. These inconsis- 
tencies may be explained if the dPS-COOH penetrates 
the epoxy surface, resulting in effectively shorter tails 
available for stress transfer through entanglement with 
the PS homopolymer chains. Therefore, we next inves- 
tigated the detailed structure of the epoxy-PS interface 
using a combination of direct space profiling (FRES) 
with high-resolution neutron reflectometry. 

From experiments by Washiyama et 
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Figure 11. Forward recoil spectrum of an interface between 
epoxy of S = 1.5 and pure dPS, N = 1800. The dashed line 
assumes a uniform dPS film of thickness 485 A. The solid 
line assumes a uniform dPS film on the epoxy with a decay of 
the dPS volume fraction, 4, to a depth of more than 2500 A 
into the epoxy. Both profiles are smeared by a Gaussian with 
a width of 480 A. 

3.2. Interface Width. For detailed profiling of the 
interface with neutron reflectometry (NR), a technique 
reviewed in detail the epoxy mold was 
altered slightly to produce a sample with minimal 
curvature, as this curvature would cause a decrease in 
the resolution of the neutron reflection technique. A 2 
in. diameter by 3/16 in. thick silicon single crystal was 
used to  provide a rigid support for the interface. This 
wafer was recessed in a hole slightly below the surface 
of a PTFE block. The epoxy mixture was poured on top 
of the silicon and another l/4 in. thick silicon wafer, 
coated with OTS, was pressed onto the epoxy mixture 
and then subjected to 85 "C for 2 h. This procedure 
created a film =lo pm thick. To produce a sharp 
contrast in deuterium content at the interface, and thus 
neutron scattering length density bN, we replaced both 
the end-functionalized polymer and the polystyrene 
homopolymer with commercially available monodisperse 
dPS, N = 1800, purchased from Polymer Laboratories. 
The dPS was spun cast from toluene onto the epoxy 
after the solution was allowed to stand on the surface 
for 30 s, a typical interface preparation that we felt 
might result in the most severe penetration of the dPS 
into the epoxy. This sample was allowed to dry in air 
for 5 h before it was annealed at  160 "C for 1 h. It was 
then washed for 40 min in THF, dried, and subsequently 
coated again with 6 0 0  h; for N = 1800 dPS. It was 
then annealed for 2.5 h at 160 "C to  simulate the 
interface welding step done for the fracture specimens. 

Figure 11 shows the deuterium signal measured as a 
function of depth with FRES. The dashed line assumes 
a uniform 485 h; thick dPS film on top of the epoxy 
smeared by a Gaussian. From a comparison with the 
data one sees that there is substantial penetration of 
dPS into the epoxy to a depth of ~ 2 5 0 0  h;. Since the 
resolution of FRES is poor, we used NR to probe the 
interface structure in more detail. In Figure 12 the 
reflection spectrum taken at  two incident angles is 
plotted as Rk4 versus k where R is the neutron reflec- 
tivity and k is the perpendicular component of the 
neutron wave vector. The solid line through the data 
is calculated on the basis of the bN profile shown in 
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Figure 12. Neutron reflection spectra from an interface 
between epoxy with S = 1.5 and pure dPS, N = 1800, plotted 
as Rk4 versus k where the R is the neutron reflectivity and k 
is the perpendicular component of the neutron wave vector. 
Data taken at two incident angles 0.88 and 1.29" are offset 
for clarity. The solid line is a fit to the data based on the solid 
line mattering length density b N  or volume fraction 4 profile 
shown in the inset. 

the inset with a solid line. The oscillations in the data 
are the result of interference between waves reflected 
from the air surface and from the dPS-epoxy interface. 
The period is inversely related to the dPS film thickness 
found to be 485 h; in this sample. The decay of the 
amplitude of the oscillations with increasing Fz is sensi- 
tive to the contrast between the scattering length 
density of the pure dPS layer, (b/V)ldps = 6.28 x 

and that of pure epoxy, (b/V)lep = 1.04 x 
the value calculated from the density of epoxy. Simula- 
tions of the reflectivity assuming no penetration of dPS 
into the epoxy (dashed line profile of the inset) do not 
fit the decay of the oscillation amplitude. A volume 
fraction of dPS in the epoxy at the interface of 4 = 0.267 
with an interface roughness of 30 A dramatically 
improves the fit and is presented in Figure 12. Profiles 
comparable to that measured by FRES, a gradual deca 

into the epoxy, produce reflectivity spectra indistin- 
guishable from profiles with a uniform distribution of 
dPS at cp = 0.267 throughout the epoxy. This ambiguity 
is a consequence of NR's sensitivity to  sharp gradients 
in bN. The results from both FRES and NR validate 
our suspicion that the interface is diffuse and the brush 
molecules anchor beneath the epoxy surface. 

3.3. Grafting. For interfaces with the longest end- 
anchored molecules, N = 1788, we were not able t o  
produce samples with Z > & where energy dissipation 
occurs through the formation of crazed PS. When we 
plot the maximum grafting density achieved for the 
fracture studies, Fax, for each length of grafted chain 
in Figure 13, a clear trend emerges. There is a nearly 
linear decrease in the Fax with the increasing degree 
of polymerization. The same trend is also observed in 
experiments where parallel samples, undergoing identi- 
cal grafting conditions, with dPS-COOH of varying N 
are grafted to epoxy cut from the same slab. We briefly 
explore the thermodynamics of grafting end-function- 
alized polymers to an interface and the dependence of 
the ultimate grafting density on the chain length. 

from cp = 0.267 at the interface to 4 = 0 over e2500 1 
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In our interface preparation the grafted brush is 
constructed by drawing chains from a thick film reser- 
voir of dPS-COOH. If we treat the grafted brush 
polymers as a separate phase from the unanchored 
chains, the chemical potential for a grafted chain, p, can 
be written using notation of S h ~ 1 1 ~ ~  

The first term accounts for the free energy of the 
grafting reaction. The entropy lost with confinement 
of the chain end to a region of interface width 6 is given 
by the logarithm term, where R, is the radius of 
gyration of the dPS chain. The entropy penalty of 
stretching the grafted molecule to accommodate other 
chains in the brush is pst/kBt, a function of the normal- 
ized coverage of the epoxy surface, z*/Rg, where z* = 
W e o  and eo is the segment density. The chemical 
potential for a chain just before anchoring, with its end 
located a distance from the wall equal to the statistical 
segment length, a, is given by 

Thus, p*/kBT is the height of the potential barrier that 
a chain end must overcome to reap the energetic gain 
of the grafting reaction, Af-/kBT. The barrier height 
can be calculated using results of S h ~ l l ~ ~  who carried 
out numerical calculations for end-anchored chains in 
a melt using self-consistent mean field theory. Shull's 
tabulated values for p,JkBT for grafted chains much 
shorter than the matrix polymer are used in Figure 14 
to calculate the lines of constant barrier height in the 
graph of normalized coverage versus chain length. The 
symbols come from Pax of the G, experiments normal- 
ized with the appropriate R,. Except for N = 159, the 
general trend of the data agrees with the thermody- 
namic prediction of a monotonic decrease of the equi- 
librium coverage with increasing chain length. In other 
grafting experiments with N = 159 we have observed 
values of z*/Rg as high as 1.88, which is more in line 
with the behavior of the intermediate length grafted 
chains. Thus, for increasingly long molecules, a poten- 
tial barrier opposing the addition of new chains limits 
the ultimate grafting density. This limited tethering 

0.0 I 1 I I 1 I I I I I  I 1 1 1 I I 1 I  

100 1000 10000 

Figure 14. Normalized interfacial coverage, ZVR,, plotted 
against the logarithm of the degree of polymerization, N .  
Noted next to  each line is p*IkBT, the height of the chemical 
potential barrier used to calculate each curve. The symbols 
are calculated from the maximum value of the grafting density 
achieved in our preparations of the fracture interfaces. 

N 

of chains to a wall has been more cleanly observed in 
studies of adsorption of block copolymers from solu- 
ti0n.3~ 

In our system, if only one chemical reaction is active 
between the dPS-COOH chains and the epoxy, Af- 
should be the same in all samples and at equilibrium 
the height of the barrier p* should be constant across 
all samples. This is not the case, especially for N = 1478 
and 1788 in Figure 14. As alluded to in the description 
of the interface construction, does depend on the 
preparation of the epoxy: mixing temperature, mixing 
time, B-stage curing conditions, and presumably stoi- 
chiometry. In the N = 1478 experiments many unsuc- 
cessful attempts were made to produce samples with Z 
>> &. This evidence led to an exploration of the grafting 
mechanism via a study of the kinetics of brush forma- 
tion. 

As chains graft to  the epoxy, the kinetics should 
reflect the time necessary for a new chain to penetrate 
the existing brush.31 Assuming the grafting reaction 
is irreversible (i.e. Af- is strongly negative), we ignore 
the flux of chain ends desorbing from the wall. The flux 
of chain ends arriving at the wall, Jh, is then identical 
to the grafting rate, Wdt ,  and depends on the diffusion 
coefficient, D, of dPS in PS and the change in n, the 
-COOH concentration, over distance x from the wall 

(3) 

The density of ends in the bulk, far away from the 
interface, is n, = edN. In the grafted brush there will 
be a depletion in the density of reactive end groups that 
is related to the chemical potential. At a distance a from 
the wall, n depends on the chemical potential barrier 
height as 

n(a) = n* = n, exp - ( &) (4) 

Over the interface width a where grafting occurs, - dn/ 
be re n*/a since the ends have reacted right at the epoxy 
surface (n(0) = 0). Combining the above expressions 
and rewriting the result in terms of the normalized 
interfacial coverage, 5 = z*/Rg, we can integrate to arrive 
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Figure 15. Grafting density predicted as a function of time 
for different chain lengths, N ,  noted next to each curve. 

at the following time dependence of grafting 

( 5 )  

The parameters of the characteristic time to = RpID 
have been measured for PS at 160 0C.32,33 The kinetics 
based on the above prediction are plotted in Figure 15. 
The rate of grafting is large over the first 50 s but then 
slows down to produce a gradual increase in Z with 
continued annealing. Shorter chains reach higher 
grafting densities faster than longer chains. This trend 
with chain length agrees with both grafiing experiments 
using dPS-COOH with several values of N grafted to 
pieces of the same epoxy for a fixed annealing time and 
with the monotonic decrease we see in the fracture 
experiments of Fax with N (Figure 13). However, the 
predicted grafting density is considerably larger than 
that of any samples we made. 

To test the general shape of these curves and the time 
scale over which grafting occurs, epoxy was prepared 
by following steps that have been observed to give the 
largest 2. Two batches of epoxy were mixed, bringing 
them close to the gel point, at 52 "C for 17 min for S = 
1.5 and 49 "C for 17 min for S = 0.75. They were 
allowed to sit at room temperature overnight and then 
cured at 120 "C for 2 h. A layer of dPS-COOH of N = 
838 was deposited by spin casting onto a large plate of 
each epoxy. The plate was then broken by cleaving into 
multiple pieces, each annealed at 160 "C for different 
amounts of time and washed for 20 min in THF to 
remove unreacted chains. The open symbols of Figure 
16 show the grafking density measured by FRES plotted 
against the time allowed for the ends to anchor to the 
S = 1.5 epoxy. A sharp increase in Z occurs in the first 
180 min, and then the rate of anchoring slows. The 
scatter and the data point a t  2800 min, which shows a 
lower Z, may result from inhomogeneities in the epoxy 
surface. The same curve shape has also been measured 
for N = 688 end-functionalized polymer up to 800 min 
where most of the grafting occurred in the first 60 min. 
In general, the shape is remarkably similar to that 
predicted from our simple model of the chain end 
diffusion through the grafted brush at short annealing 
times, although the time scales differ by nearly 1 order 
of magnitude and the experimental Z's are much lower 
than predicted. The difference in time scale suggests 
that end-anchoring is not limited by the diffusion time 
for chain ends to reach a grafting site in or on the epoxy. 
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Figure 16. Grafting density obtained versus annealing time 
at 160 "C of a pure layer of N = 838 dPS-COOH on amine 
rich, S = 1.5, epoxy. The open symbols are the Z value with 
one deposition of dPS-COOH and annealing. The solid sym- 
bols are samples annealed for the time indicated on the x-axis 
with the additional surface treatment of a second spun cast 
layer of dPS-COOH annealed at 160 "C for an additional 920 
min and then washed. The line is provided as a guide. 
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Figure 17. Grafting density obtained versus annealing time 
at 160 "C of a pure layer of N = 838 dPS-COOH on epoxide 
rich, S = 0.75, epoxy. The open symbols are the Z value with 
one deposition of dPS-COOH and annealing. The solid sym- 
bols are samples annealed for the time indicated on the z-axis 
with the additional surface treatment of a second spun cast 
layer of dPS-COOH annealed at 160 "C for an additional 920 
min and then washed. The line is provided as a guide. 

When the epoxy stoichiometry is changed to have an 
excess of resin, S = 0.75, the grafting kinetics shows a 
very different behavior (Figure 17). There is a faster 
rate of grafting in the initial 60 min of annealing than 
that for the S = 1.5 stoichiometry, but Z reaches a peak 
value of 0.18 chains/nm2 before it falls off to 0.10 chains/ 
nm2, The initial rate of grafting is comparable to the 
prediction from diffusion-controlled grafting up to the 
time where Z begins to decrease. This time dependence 
was also observed for N = 688, with the peak occurring 
at nearly the same time. The decrease in Z at long 
annealing times implies that another chemical reaction 
causes some ungrafting of the end-anchored chains and 
prevents subsequent reanchoring. That Z does not 
increase with time in either stoichiometry as predicted 
also suggests that maybe the availability of grafting 
sites in or on the epoxy has been depleted by the 160 
"C treatment, which effectively completes the cure, or 
the reactivity of the -COOH ends has degraded. 

The interaction of the -COOH acid with the strong 
basic amine groups, primary and secondary, of the epoxy 
network is known to lead to deprotonation and creation 
of a carboxylate anion. The negative charge is spread 
over the three atoms of the carboxylate making attack 
of the sheltered carbonyl carbon by the nitrogen to form 
an amide extremely unlikely. Upon annealing at 160 
"C, two processes are likely to compete. The carboxylate 
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Figure 18. Maximum fracture toughness, Gmmc observed in 
fracture experiments versus the degree of polymerization, N ,  
of the dPS-COOH grafted chains. The line is a spline fit to  
the data. 

anion may attack residual epoxides, although in the 
amine rich (S = 1.5) epoxy samples this may not occur 
as readily since the amine is a stronger nucleophile than 
the carboxylate anion. The other possible process is 
decarboxylation of the polystyrene, probably in the 
presence of the ammonium ion leading to loss of COZ 
and the formation of a polystyrenyl anion stabilized by 
the benzene ring. If the ends are deactivated for this 
or another reason, replenishing the reservoir with fresh 
dPS-COOH may lead to higher E. To test this hypoth- 
esis, three epoxy chips from each stoichiometry were 
selected for a second surface treatment. A layer of end- 
functionalized polymer was spun cast on top of the 
existing grafted layer, annealed for 920 min at 160 "C, 
and washed, and the Z data were measured. These 
samples are shown as the solid squares in Figures 16 
and 17 at  the annealing time of the first dPS-COOH 
deposition. Essentially no increase in Z is observed. 
This result implies that after the formation of the brush 
the epoxy reactivity becomes important to continued 
buildup of the brush. Changes in the mold surface from 
OTS to  other surfaces (Teflon, Mylar, air, dPS-COOH) 
or grinding of the epoxy to expose fresh material yielded 
no increase in C and, in many cases, led to a decrease. 

The limitation on the grafting density for long chains 
has the net effect of reducing the maximum obtainable 
fracture toughness for the longest grafted chain as 
compared to intermediate chain lengths. In Figure 18, 
GF", the maximum fracture toughness observed, is 
plotted for each N .  There is a peak near N = 838 which 
results from the combination of the decrease in achiev- 
able Z with the increase in N and the variation of the 
interface failure mechanism with N .  In samples with 
short grafted chains, N = 159, large Zs are possible but 
the interface failure mechanism is chain pullout and the 
interfaces are weak. At the largest Z values in samples 
with N > Ne, as N increases, a craze forms ahead of the 
crack tip. At intermediate chain lengths (412 I N I 
838) craze failure occurs partly by chain disentangle- 
ment of the grafted chains from the craze. The signa- 
ture for this failure mechanism is that nearly all of the 
dPS-COOH is found on the epoxy fracture surface. 
When N is raised above 838, a transition from craze 
breakdown by disentanglement to craze failure by chain 
scission occurs, as signaled by the finding that the dPS- 
COOH is mostly on the PS fracture surface. In the N 
= 1478 and N = 1788 samples, the anchored chains are 
well entangled but the maximum fracture toughness 
observed is lower than in the N = 838 samples due to 
the limited Z achieved, a consequence of a combination 
of an entropic barrier to grafting and the chemical 

anchoring mechanisms active in this material system. 
A similar tradeoff is observed when well-entangled 
diblock copolymers modify the interface between im- 
miscible  thermoplastic^.^ The number of diblock co- 
polymer chains required to form a complete lamellae 
decreases as the length of the diblock copolymer in- 
creases. This space-filling condition therefore limits the 
number of diblock copolymer chains that cross the 
interface, decreasing the maximum obtainable tough- 
ness as the copolymer length increases. When engi- 
neering the toughness of practical interfaces, it will be 
critical to  take such effects into account. 
4. Conclusions 

A systematic study of the adhesion between a ther- 
moset (epoxy) and a thermoplastic (polystyrene) as the 
length of end-anchored chains was increased revealed 
the following results using an asymmetric double can- 
tilever beam fracture test. Carboxylic acid termination 
is enough to anchor chains to an epoxy surface while 
the dPS entangles in the PS, increasing the energy per 
unit area required to fracture the interface by as much 
as 25 times. The fracture toughness G, and mechanism 
of interface failure, determined with FRES, depend on 
the grafting density E and chain length N .  For chains 
with N < Ne,  no enhancement in G, over the bare 
interface is observed and all the deuterium was found 
on the epoxy fracture surface consistent with interface 
fracture via chain pullout. The transition from chain 
scission near the interface to craze failure via scission 
in the craze fibrils near the grafted brush-craze inter- 
face occurred around Z = 0.03 chains/nm2 for three 
different chain lengths. This result is consistent with 
the prediction from the fracture mechanism map2 that 
& is independent of N and with observations of Z in 
block copolymer modified polymer interfaces. Some 
penetration of the dPS-COOH chains into the epoxy is 
seen with both FRES and NR, effectively shortening the 
brush molecules available for entanglement and thus 
stress transfer. As N increases the maximum observed 
value of Z decreases approximately linearly. Conse- 
quently, the optimum grafted chain length to produce 
the largest enhancement in G, was observed for inter- 
mediate length grafted chains N = 838. These results 
can be attributed to a combination of an entropic barrier 
to grafting opposing the addition of new chains to an 
existing brush and limitations of the particular interface 
chemistry being exploited in this study. 
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